
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization

International Bureau
(10) International Publication Number

(43) International Publication Date WO 2014/138591 Al
12 September 2014 (12.09.2014) P O P C T

(51) International Patent Classification: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
H01L 33/54 (2010.01) DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,

HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
(21) International Application Number: KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,

PCT/US20 14/02 1778 MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,

(22) International Filing Date: OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,

7 March 2014 (07.03.2014) SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,

(25) Filing Language: English ZW.

(26) Publication Language: English (84) Designated States (unless otherwise indicated, for every

(30) Priority Data: kind of regional protection available): ARIPO (BW, GH,

61/774,399 7 March 2013 (07.03.2013) US GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

(71) Applicant: QUARKSTAR LLC [US/US]; 3455 Cliff TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
Shadows Parkway, Suite 150, Las Vegas, California 89129 EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
(US). MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,(72) Inventor: SCHINAGL, Ferdinand; 568 Greenway Aven
KM, ML, MR, NE, SN, TD, TG).

ue, North Vancouver, British Columbia V7N 3C8 (CA).
Declarations under Rule 4.17 :(74) Agents: WEYDE, Markus et al; FISH & RICHARDSON

P.C., P. O. Box 1022, Minneapolis, Minnesota 55440- — as to the applicant's entitlement to claim the priority of the
1022 (US). earlier application (Rule 4.1 7(in))

(81) Designated States (unless otherwise indicated, for every Published:
kind of national protection available): AE, AG, AL, AM, — with international search report (Art. 21(3))
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

(54) Title: ILLUMINATION DEVICE WITH MULTI-COLOR LIGHT-EMITTING ELEMENTS

00 (57) Abstract: A variety of illumination devices for
general illumination utilizing solid state light sources
(e.g., light-emitting diodes) are disclosed. In general, an
illumination device can include multiple light sources
that are disposed on a substrate, where at least some of
the light sources include a light-emitting diode (LED)
and a corresponding inelastic scattering element sur
rounding, at least in part, the LED. The inelastic scatter
ing elements can have different light emission spectra.
The illumination device can further include a light-mix
ing element adapted to receive light that is output by the
light sources, where, during operation of the illumina
tion device, each inelastic scattering element inelastic -

Light Mixing Element ally scatters light emitted from its corresponding LED,
and the light-mixing element mixes the light received

130-
from the inelastic scattering elements to provide the out
put light.



ILLUMINATION DEVICE WITH MULTI-COLOR LIGHT-EMITTING ELEMENTS

CROSS-REFERENCE TO RELATED APPLICATION

This application claims the benefit under 35 U.S.C. § 119(e)(1) of U.S. Provisional

Application No. 61/774,399, filed on March 7, 2013, which is incorporated by reference herein.

TECHNICAL FIELD

The described technology relates to converting light and mixing the converted light in a

light-mixing element.

BACKGROUND

The described technology relates to illumination devices that convert light and mix the

converted light in a light-mixing element.

Light sources are ubiquitous in the modern world, being used in applications ranging

from general illumination (e.g., light bulbs) to lighting electronic information displays (e.g.,

backlights and front-lights for LCDs) to medical devices and therapeutics. Solid state light

sources, which include light-emitting diodes (LEDs), are increasingly being adopted in a variety

of fields, promising low power consumption, high luminous efficacy and longevity, particularly

in comparison to incandescent and other conventional light sources.

One example of a solid state light source increasingly being used for in luminaires is a so-

called "white LED." Conventional white LEDs typically include an LED that emits blue or

ultraviolet light and a phosphor or other luminescent material. The device generates white light

via down-conversion of blue or UV light from the LED (referred to as "pump light") by the

phosphor. Such devices are also referred to as phosphor-based LEDs (PLEDs). Although subject

to losses due to light-conversion, various aspects of PLEDs promise reduced complexity, better

cost efficiency and durability of PLED-based luminaires in comparison to other types of

luminaires.

While new types of phosphors are being actively investigated and developed, configuration

of PLED-based light sources, however, provides further challenges due to the properties of

available luminescent materials. Challenges include light-energy losses from photon conversion,

phosphor self-heating from Stokes loss, dependence of photon conversion properties on

operating temperature, degradation due to permanent changes of the chemical and physical



composition of phosphors in effect of overheating or other damage, dependence of the

conversion properties on intensity of light, propagation of light in undesired directions in effect

of the random emission of converted light that is emitted from the phosphor, undesired chemical

properties of phosphors, and controlled deposition of phosphors in light sources, for example.

SUMMARY

The described technology relates to illumination devices that convert light and mix the

converted light in a light-mixing element.

Accordingly, various aspects of the invention are summarized as follows.

In general, in a first aspect, the invention features an illumination device for generating output

light including a substrate that has a first surface; multiple light sources disposed on the first

surface, where at least some of the light sources include a light-emitting diode (LED) and a

corresponding inelastic scattering element surrounding, at least in part, the LED, and where at

least two inelastic scattering elements have different light emission spectra; and an elastic

scattering element surrounding, at least in part, light sources, where, during operation of the

illumination device, each inelastic scattering element inelastically scatters light emitted from its

corresponding LED, and the elastic scattering element elastically scatters the light that is

inelastically scattered by the inelastic scattering elements to provide the output light.

The foregoing and other embodiments can each optionally include one or more of the

following features, alone or in combination. In some embodiments at least some of the LEDs

emit blue light. In some embodiments at least some of the LEDs emit light having different

colors (e.g., blue light and green light.) In some embodiments the inelastic scattering elements

include a quantum dot phosphor material. In some embodiments the inelastic scattering elements

have a dome shape. In some embodiments each inelastic scattering element is spaced apart from

its corresponding LED and has an inner surface facing the LED. At least some of the light

sources can include a medium adjacent to the inner surface of the inelastic scattering element

that has a refractive index that is smaller than a refractive index of the inelastic scattering

element. The medium can be air or a silicone, for example. In some embodiments at least a

portion of the first surface is a diffusely reflecting surface and/or a specularly reflecting surface.

In some embodiments, the illumination device further includes electrical connections for

connecting the light sources to a power source, where the electrical connections can be arranged



such that power to at least some of the plurality of light sources is separately adjustable. In some

embodiments, the illumination device further includes electrical connections for connecting the

plurality of light sources to a power source, where the electrical connections can be arranged

such that power to each of the plurality of light sources is separately adjustable.

In some embodiments the elastic scattering element is spaced apart from the light sources

and coupled to the substrate to form an enclosure, where the elastic scattering element can have

an input surface facing the light sources and an output surface opposing the input surface. An

index of refraction of the elastic scattering element can be larger than an index of refraction of a

medium in the enclosure and larger than an index of refraction of an ambient environment. In

some embodiments, the illumination device further includes an extractor element coupled to the

output surface of the elastic scattering element. An index of refraction of the elastic scattering

element can be larger than an index of refraction of a medium in the enclosure. An index of

refraction of the elastic scattering element can be larger than an index of refraction of a medium

in the enclosure and smaller than an index of refraction of the extractor element. The extractor

element can have a transparent exit surface opposing the output surface of the elastic scattering

element that can be shaped such that an angle of incidence on the exit surface of the light

provided by the elastic scattering element that directly impinges on the exit surface is less than a

critical angle for total internal reflection at the exit surface. In some embodiments, the elastic

scattering element can be a coating applied to a surface of the extractor element and/or a

roughened surface of the extractor element. In some embodiments, the light sources and the

elastic scattering element can be arranged such that light with substantially isotropic chromaticity

is output by the elastic scattering element.

In general, in a further aspect, the invention features an illumination device including a

substrate having a base surface; two or more light sources disposed on the base surface, where

each light source includes a light-emitting element (LEE) configured to emit light and a

corresponding inelastic scattering element surrounding, at least in part, the LEE; a first optical

element having a first surface spaced apart from the two or more light sources and positioned to

receive light from the two or more light sources, where the first optical element includes elastic

scattering centers arranged to scatter light received from the two or more light sources; and a

second optical element having an exit surface, where the second optical element is transparent

and in contact with the first optical element, there being an optical interface between the first and



second optical elements at the place of contact, and where the optical interface is opposite the

first surface of the first optical element, and where the second optical element is arranged to

receive at least a portion of the light through the optical interface. A medium adjacent to the first

surface of the first optical element has a refractive index no; the first optical element includes a

material having a refractive index n l where n o < ni; the second optical element includes material

having a refractive index n2, where n0 < n2; the exit surface is a transparent surface that is shaped

such that an angle of incidence on the exit surface of the light provided by the first optical

element that directly impinges on the exit surface is less than a critical angle for total internal

reflection; and during operation of the illumination device, each inelastic scattering element

inelastically scatters light emitted from its corresponding LEE, and the elastic scattering element

elastically scatters the light that is inelastically scattered by the inelastic scattering elements to

provide the output light.

In general, in a further aspect, the invention features an illumination device for generating

output light including a substrate having a first surface; multiple light sources disposed on the

first surface, where at least some of the light sources include a light-emitting diode (LED) and a

corresponding inelastic scattering element surrounding, at least in part, the LED, and where at

least two inelastic scattering elements have different light emission spectra; and a light-mixing

element adapted to receive light that is output by the light sources, where, during operation of the

illumination device, each inelastic scattering element inelastically scatters light emitted from its

corresponding LED, and the light-mixing element mixes the light received from the inelastic

scattering elements to provide the output light.

The foregoing and other embodiments can each optionally include one or more of the

following features, alone or in combination. In some embodiments at least some of the LEDs

emit blue light. In some embodiments, at least some of the LEDs emit light having different

colors (e.g., blue light and green light.) In some embodiments, the inelastic scattering elements

include a quantum dot phosphor material. In some embodiments, the inelastic scattering

elements have a dome shape. In some embodiments, each inelastic scattering element is spaced

apart from its corresponding LED and has an inner surface facing the LED. At least some of the

light sources can include a medium adjacent to the inner surface of the inelastic scattering

element that can have a refractive index that is smaller than a refractive index of the inelastic

scattering element. In some embodiments, the medium can be air or a silicone. In some



embodiments, at least a portion of the first surface can be a diffusely reflecting surface and/or a

specularly reflecting surface.

In some embodiments, the illumination device further includes electrical connections for

connecting the light sources to a power source, where the electrical connections can be arranged

such that power to at least some of the light sources is separately adjustable. In some

embodiments, the illumination device further includes electrical connections for connecting the

light sources to a power source, where the electrical connections can be arranged such that power

to each of the plurality of light sources is separately adjustable.

In some embodiments, the light-mixing element can be a light guide or an elastic

scattering element. In some embodiments, the light sources and the light-mixing element can be

arranged such that light having substantially isotropic chromaticity is output by the light-mixing

element.

In general, in a further aspect, the invention features a method for generating output light,

where the method includes disposing multiple light sources on a first surface of a substrate,

where at least some of the light sources include a light-emitting diode (LED) and a

corresponding inelastic scattering element surrounding, at least in part, the LED, and where at

least two of the inelastic scattering elements have different light emission spectra; inelastically

scattering light emitted from each LED by its corresponding inelastic scattering element; and

mixing the inelastically scattered light by a light-mixing element adapted to receive light that is

output by the plurality of light sources.

The foregoing and other embodiments can each optionally include one or more of the

following features, alone or in combination. In some embodiments, at least some of the LEDs

emit blue light. In some embodiments, at least some of the LEDs emit light having different

colors (e.g., blue light and green light.) In some embodiments, the inelastic scattering elements

comprise a quantum dot phosphor material. In some embodiments, the inelastic scattering

elements have a dome shape. In some embodiments, each inelastic scattering element can be

spaced apart from its corresponding LED and has an inner surface facing the LED. At least

some of the light sources can include a medium adjacent to the inner surface of the inelastic

scattering element that has a refractive index that is smaller than a refractive index of the

inelastic scattering element. In some embodiments, the medium can be air or a silicone. In some



embodiments, at least a portion of the first surface can be a diffusely reflecting surface and/or a

specularly reflecting surface.

In some embodiments, the method further includes arranging electrical connections for

connecting the plurality of light sources to a power source such that power to at least some of the

plurality of light sources is separately adjustable. In some embodiments, the method further

includes arranging electrical connections for connecting the plurality of light sources to a power

source such that power to each of the plurality of light sources is separately adjustable. In some

embodiments, the light-mixing element can be a light guide or an elastic scattering element. In

some embodiments, the method further includes arranging the light sources and the light-mixing

element such that light having substantially isotropic chromaticity is output by the light-mixing

element.

Amongst other advantages, embodiments of the illumination devices include light

sources that can be configured to provide converted pump light with an emission spectrum that

can be substantially independent of practically occurring variations in the spectrum of pump

light. The illumination devices can further include a scattering element that mixes light which is

output by the light sources. The described technology can help stabilizing the emission spectrum

and thereby chromaticity and/or color temperature of the light provided by the illumination

device.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic diagram of an example illumination device including a light-

mixing element.

Figure 2 is a graph showing examples of normalized emission spectra of quantum dot

phosphors.

Figure 3 is a graph showing examples of normalized emission spectra of different types

of phosphors.

Figures 4A-4B are cross-sectional views of an example of an illumination device with

different light sources and an elastic scattering element.

Figure 5 is a perspective view of an example of an illumination device with different light

sources and a light guide.

Figures 6A-6B are examples of control circuitry for an illumination device.



Figure 7 is a schematic diagram showing an example feedback circuit used to provide

intra-system source feedback for an illumination device.

Reference numbers and designations in the various drawings indicate exemplary aspects

of implementations of particular features of the present disclosure.

DETAILED DESCRIPTION

Phosphor-based light sources can suffer losses due to Stokes shift/loss and self-

absorption. In addition, combinations of multiple phosphors can cause parasitic losses due to

absorption of light in one phosphor that was emitted by another. For example, in some pairs of

phosphors, the emission spectrum of one of the phosphors can significantly overlap with the

absorption spectrum of the other, as shown, for example, in Figure 2 . Such characteristics can

affect quantum dot and other types of phosphors. This can be particularly relevant when

designing high color rendering index (CRI) phosphor-based light sources. In such cases, rather

than employing a mixture of phosphors, multiple phosphors can be employed separately and the

light from them combined such that the combined (mixed) light better matches the Blackbody or

other desired radiation spectrum, for example. Separating different types of phosphors

furthermore can allow for independent selection of pump light sources. As such and depending

on the properties of phosphors, pumping different phosphors with different spectra pump light

can allow for reduced Stokes shifts and increased light conversion efficiencies.

As used herein a phosphor absorbs photons according to a first spectral distribution and

emits photons according to a second spectral distribution. Wavelength conversion characteristics

of a phosphor can include the first and second spectral distributions, their dependence on each

other, on the temperature of the phosphor, the amount of light to which the phosphor is exposed,

and/or other wavelength conversion characteristics of the phosphor, for example. Further details

are described in connection with Figures 2 and 3 . The terms light conversion, wavelength

conversion and/or color conversion are used interchangeably. The term "phosphor" may also

refer to a photoluminescent, light-converting, color-converting or inelastic scattering material,

for example. Phosphors can include photoluminescent substances, fluorescent substances,

quantum dots, semiconductor-based optical converters, or the like. Phosphors can include rare

earth elements.



Figure 1 is a schematic diagram of an example illumination device 100 including a light-

mixing element. The illumination device 100 includes multiple light sources and a light-mixing

element 130 (e.g., a symmetric or asymmetric light valve, a light guide, or other optical mixing

element). Each light source includes a pump light-emitting element (LEE), such as LEEs 102,

104, and 106, that is at least partially surrounded by a respective inelastic scattering element

(e.g., phosphor or quantum dot,) such as inelastic scattering element 112, 114, and 116

respectively. The LEEs 102, 104, and 106 are configured to provide pump light having emission

spectra 107, 108, and 109 respectively that is inelastically scattered in corresponding inelastic

scattering elements 112, 114, and 116.

A spectral power distribution of light emitted by a light-emitting element (also referred to

as pump light) can be blue, for instance. The spectral power distribution for visible light is

referred to as chromaticity. In general, a light-emitting element is a device that emits radiation in

a region or combination of regions of the electromagnetic spectrum for example, the visible

region, infrared and/or ultraviolet region, when activated by applying a potential difference

across it or passing a current through it, for example. A light-emitting element can have

monochromatic, quasi-monochromatic, polychromatic or broadband spectral emission

characteristics. Examples of light-emitting elements that are monochromatic or quasi-

monochromatic include semiconductor, organic, polymer/polymeric light-emitting diodes

(LEDs). In some implementations, a light-emitting element can be a single specific device that

emits the radiation, for example a LED die, or a combination of multiple instances of the specific

device that emit the radiation together. Such light-emitting elements can include a housing or

package within which the specific device or devices are placed. As another example, a light-

emitting element can include one or more lasers (e.g., semiconductor lasers, such as vertical

cavity surface emitting lasers (VCSELs) and edge emitting lasers.) In embodiments with

semiconductor lasers, a scattering element functions to reduce (e.g., eliminate) spatial and

temporal coherence of laser light, which may be advantageous where the light emitting element

may be viewed directly by a person. Further examples of light-emitting elements include

superluminescent diodes and other superluminescent devices.

The inelastic scattering elements 112, 114, and 116 inelastically scatter the received light

and are configured to provide light having different emission spectra 122, 124, and 126

respectively, during operation. The emission spectra 122, 124, and 126 of the different light



sources can be based on like or different color pump LEEs that output light into their respective

inelastic scattering elements. For example, the spectral power distributions (SPDs) of light

emitted by the LEEs 102, 104, and/or 106 can be the same or different. Furthermore, SPDs of

the pump LEEs can include peaks in blue, green, yellow, red, or other colors, and any

combination thereof. The light that is output from the inelastic scattering elements 112, 114, and

116 is received by the light-mixing element 130. The light-mixing element 130 is configured to

partially or fully mix the received light and provide light with a mixed emission spectrum 132.

Depending on the implementation, the light-mixing element can be provided by one element or a

combination of multiple elements. For example, the light-mixing element can be formed, at least

in part, by an elastic scattering element or by a light guide.

Figure 2 is a graph 200 showing a series of absorption (solid lines) and emission (dashed

lines) spectra of quantum dot phosphors separated vertically for clarity. For example, a first

quantum dot phosphor is characterized by the absorption spectrum 210 and the emission

spectrum 220. As shown in the graph 200, the absorption spectrum 210 can overlap, at least in

part, with the emission spectrum 220. Furthermore, the absorption spectrum 210 can also

overlap, at least in part, with emission spectra of other quantum dot phosphors. The overlap

between emission and absorption spectra can cause parasitic losses from self or mutual

absorption of light, particularly at shorter wavelength ranges. According to an aspect of the

present technology, mutual absorption of light can be controlled by spatially separating different

phosphors.

Figure 3 is a graph 300 showing examples of normalized emission spectra 310 of

different types of phosphors. For example, dependent on the type, a phosphor can produce light

within a green emission spectrum (in the vicinity of marker 312), a yellow emission spectrum (in

the vicinity of marker 314), a red emission spectrum (in the vicinity of marker 316), or a

combination of a green, yellow, and red emission spectrum. In combination, multiple phosphors

can be used to control color temperature (e.g., chromaticity) of mixed light emitted from the

phosphors. Furthermore, multiple phosphors may be selected whose light, when mixed properly,

may approximately match a desired spectral distribution. As such, the mixed light, when used for

illumination purposes, may provide good color rendering properties. When pumped with

multiple like light-emitting elements (LEEs), for example, blue or other short wavelength light-



emitting diodes (LEDs), differential thermal properties of such systems can be dominated by

differential thermal properties of the phosphor.

In contrast, systems with different color LEEs that are capable of generating different

color light without the use of phosphors (quantum dot or otherwise) can have significantly

different thermal characteristics which may be due to the materials used in such different color

LEEs. Such LEEs may also produce light having narrow emission spectra. Systems based on

them can exhibit complex non-linear behavior and therefore may require cost prohibitive, color

control mechanisms based on electrical, thermal and/or optical feed-forward and/or feedback.

Furthermore, color performance and lumen output of such color LEEs may be limited (e.g., for

presently available green LEDs), which may limit their utility for space illumination

applications.

According to the present technology, several multi-color phosphors can be employed in

combination with multiple light-emitting elements (LEEs), for example blue or other color LEEs,

to produce different color converted light. Light from the phosphors, both converted and

unconverted, if any, is then injected into suitable optical systems for mixing such as a symmetric

or asymmetric light valve, a light guide or other optical mixing element. Such systems allow for

high quality color rendering and/or color control/maintenance during operation. In some

implementations, the LEEs can be light-emitting diodes (LEDs).

Figures 4A and 4B are cross-sectional views of an example of an illumination device

400. Figure 4A shows a side sectional view of a portion of the illumination device 400. Figure

4B shows a top sectional view of an inner portion of the illumination device 400. The example

illumination device 400 includes a substrate 105 and three light sources 170, 180, and 190

disposed on a surface 163 of the substrate 105. Each of the light sources 170, 180 and 190

includes a pump LEE at least partially surrounded by a respective inelastic scattering element

171, 181 and 191, such as a phosphor or quantum dot (e.g., shaped as a dome or other

configuration). The substrate 105 can extend within the x-y plane up to (not illustrated) or

beyond point Rl. The surface 163 can be provided by a reflective layer (not illustrated) that can

be wider or narrower in the x-y plane than the substrate 105. Furthermore, the substrate 105 can

be disposed on a reflective layer.

The spaces 175, 185, and 195 between the inelastic scattering elements 171, 181 and 191

and the corresponding pump LEEs 173, 183, and 193, can be filled with a low or high refractive



index medium (e.g., air or a silicone). The surface 163 can be diffuse and/or specular reflective.

The reflective properties of the surface 163 can be uniform across the extension of or depend on

the location on the surface 163.

The illumination device 400 can further include an extractor 117 and an elastic scattering

element 111 (including only elastic scattering centers.) The extractor 117 is formed from a

transparent material and has a transparent exit surface 135. The elastic scattering element 111

can be located on the inside of the extractor 117 and form an optical interface 125. In some

implementations, the elastic scattering element 111 can be a layer (e.g., coating) with elastic

scattering centers. In some implementations, the elastic scattering element 111 can be a

roughening of the inner surface of the extractor 117. The extractor 117 can abut surface 163 of

the substrate 105 forming a recovery enclosure. In some implementations, the surface 163 can

be reflective. The surface 163 can be arranged to redirect light emitted by light sources 170, 180,

and 190, and/or light reflected by the elastic scattering element 111. In some implementations,

the light sources 170, 180, and 190, the elastic scattering element 111, and the extractor 117, can

be disposed on the same surface of the substrate 105.

The light sources 170, 180, and 190 are configured to provide light having different

emission spectra during operation. The emission spectra of the different light sources can be

based on like or different color pump LEEs 173, 183 and 193 that output light into their

respective inelastic scattering elements 171, 181 and 191. For example, the spectral power

distribution of light emitted by the LEEs 173, 183 and 193 can be the same, can be blue, green,

or red, or another combination. The elastic scattering element 111 has a surface 123 facing the

light-emitting elements (also referred to as a light-entry surface) that is spaced apart from, and

positioned to receive the light output from the light sources 170, 180, and 190. The elastic

scattering element 111 includes elastic scattering centers, which can be arranged to substantially

isotropically scatter the light from light sources 170, 180, and 190. The elastic scattering element

111 provides mixed light into the extractor 117. In some implementations, the illumination

device 400 includes additional light sources having the same or different emission spectra as the

light sources 170, 180, and 190. In this case, the elastic scattering centers of the elastic

scattering element 111 can be configured to scatter the light from the additional light sources to

aid in the mixing of light.



Depending on the implementation, medium 115 can be a gaseous or other medium having

a refractive index n that is greater or equal to 1 and smaller or equal to a refractive index n

of the elastic scattering element 111 ( 1 < n < nm), or the medium 115 can have a refractive

index n that is greater or equal to a refractive index n of the elastic scattering element 111

(n > nm). The refractive index of the medium 115 may have a refractive index comparable to

the refractive indices of the inelastic scattering elements 171, 181, 191, for example. The

medium 115 surrounds the light sources 170, 180, and 190 and separates the light sources from

the elastic scattering element 111. In some implementations, the medium 115 can be of a high

refractive index material (for example, a solid or a liquid).

A refractive index of the extractor 117 can be greater, equal, or smaller than a refractive

index of the elastic scattering element 111.

According to one implementation, the spaces 175, 185 and 195 are filled with gas, and

medium 115, elastic scattering element 111, and extractor 117 have like refractive indices.

According to another implementation, spaces 175, 185, 195 are filled with gas and medium 115

is gas.

In some implementations that include an extractor, the exit surface 135 of the extractor

117 is shaped as a spherical or a cylindrical dome or shell with a radius Rl in which the optical

interface is disposed within an area defined by a respective notional sphere or cylinder that is

concentric with the exit surface and has a radius Row = R l , wherein n is the refractive

index of the extractor 117. Such a configuration is referred to as Weierstrass geometry or

Weierstrass configuration. It is noted that a spherical Weierstrass geometry can avoid total

internal reflection (TIR) for rays passing through the area circumscribed by a corresponding

notional Rl/nn sphere irrespective of the plane of propagation. A cylindrical Weierstrass

geometry can exhibit TIR for light that propagates in planes that intersect the respective cylinder

axis at shallow angles even if the light passes through an area circumscribed by a corresponding

notional Row = Rl/n 117 cylinder.

It is noted that other illumination devices have exit surfaces with other shapes and/or

other geometrical relations with respect to the optical interface. For instance, a non-spherical or

non-cylindrical exit surface of the extractor 117 can be employed to refract light and aid in

shaping an output intensity distribution in ways different from those provided by a spherical or

cylindrical exit surface. The definition of the Weierstrass geometry can be extended to include



exit surfaces with non-circular sections by requiring that the optical interface falls within cones,

also referred to as acceptance cones, subtended from points p of the exit surface whose axes

correspond to respective surface normals at the points p and which have an apex of

2*Arcsin(k/nii 7) , wherein k is a positive number smaller than n 117 . It is noted that the exit

surface needs to be configured such that the plurality of all noted cones circumscribe a space

with a non-zero volume. It is further noted that k is assumed to refer to a parameter that

determines the amount of TIR at an uncoated exit surface that separates an optically dense

medium, having n 117>l, on one side of the exit surface making up the extractor 117 from a

typical gas such as air with n ~ 1.00 at standard temperature and pressure conditions, on the

opposite side of the exit surface. Depending on the embodiment, k can be slightly larger than 1

but is preferably less than 1. If k > 1, some TIR may occur at the exit surface inside the extractor

117. In some embodiments, this results in the optical interface being at least R(p)*(l-k/nn 7)

away from the exit surface in a direction normal to the exit surface at a point p thereof. Here,

R(p) is the local radius of curvature of the exit surface at the point p, and n 117 is the refractive

index of the extractor 117. For a spherical or cylindrical exit surface with k = 1, the boundaries

circumscribed by the noted cones correspond with a spherical or cylindrical Weierstrass

geometry, respectively. Some embodiments are configured to allow for some TIR by choosing k

> 1. In such cases, k/n 117 is limited to k/n 117 < 0.8, for example.

In summary, an illumination device is said to satisfy the Weierstrass configuration if a

radius Ro of the optical interface is less than or equal to Ro ≤ Row = Rl/n 117 , where Rl and n 117

respectively are the radius and index of refraction of the extractor 117. Equivalently, the

extractor 117 of an illumination device is said to satisfy the Weierstrass configuration if a radius

Ri of an extractor 117, which has an index of refraction n 117 , is equal to or larger than Ri > Ri =

n 117Ro, where Ro is the radius of the optical interface of the illumination device.

In some implementations, the exit surface 135 of the extractor 117 can have a radius Ri

that is concentric with the optical interface 125, such that the extractor 117 satisfies the Brewster

configuration Ri > RIB - The Brewster radius is given by RIB = where Ro is

the radius of the optical interface 125 of the illumination device 400, and n117 denotes the index

of refraction of the material of the extractor 117. As the extractor 117 satisfies the Brewster

configuration, an angle of incidence on the exit surface 135 of the scattered light that directly

impinges on the exit surface 135 is less than the Brewster angle, and as such, the scattered light



that directly impinges on the exit surface 135 experiences substantially no total internal

reflection and limited Fresnel reflections thereon.

In the example illumination device illustrated in Figure 4A, light propagation asymmetry

arises, for example, from the materials on the inside (index n 115) and outside (e.g., index n 117) of

the elastic scattering element 111 with index n being unequal. For instance, if n = 1.5 and

n 115 = 1.0, that is n 115 < n , a large fraction (-75%) of the isotropically distributed photons

impinging on the surface 123 of the elastic scattering element 111 will be reflected by total

internal reflection (TIR) back into the elastic scattering element 111 and only a smaller fraction

(-25%) will be transmitted backwards into a recovery enclosure from where some may reach the

light sources. At the optical interface 125, the condition n < n 117 will guarantee that

substantially all photons reaching the optical interface 125 will transition into the extractor 117,

and the Brewster condition will further guarantee that practically all these photons will transmit

into the ambient environment without TIR through the exit surface 135. Only a small fraction

(down to about -4% depending on incidence angle) will be returned by Fresnel reflection at the

exit surface 135.

The pump LEEs 173, 183, and 193 can be separated by a medium in spaces 175, 185, and

195 (e.g., a low-index medium) from corresponding inelastic scattering elements 171, 181, and

191 to maintain efficient light conversion with small light sources. In some implementations, the

pump LEEs 173, 183, and 193 can have the same color (e.g., blue). In some implementations,

the pump LEEs 173, 183, and 193 can have different colors, (e.g., violet, blue, green, yellow,

red, etc.)

Depending on the implementation, a pump LEE and a corresponding phosphor can be

paired in such a way that the combination can provide certain optical, thermal, electrical or other

properties including a desired conversion efficiency, spectral power distribution, temperature

dependence of the optical properties, or other properties. It is noted that a phosphor may be

combined with pump LEEs that emit light close to the photoluminescence peaks of the phosphor

they are pumping. Such a combination can provide light of a broader emission spectrum than the

pump LEE alone while exhibiting little Stokes loss for the converted light.

The inelastic scattering elements 171, 181, and 191 can be configured to emit light with

an average red, yellow and green color, for example, respectively. In some implementations,

each of the inelastic scattering elements can be configured to provide converted light with an



emission spectrum that can be substantially independent of certain variations in the spectrum of

the pump light. For example, if a change in operating temperature of a pump LEE changes the

center wavelength of its light, the emission spectrum of the phosphor or relevant luminous

figures derived from it may remain substantially constant. Corresponding illumination devices

may provide light of relatively stable color. As such and depending on the implementation,

chromaticity and/or correlated color temperature of the light provided by the illumination device

may vary little with temperature.

As noted herein, different inelastic scattering elements can be pumped with different

types of LEEs which can provide light of different center wavelengths. For example, a LEE 193

can be a blue LEE or a green LEE, which can help reduce Stokes loss due to the smaller

wavelength difference in comparison to the blue LEE. Like considerations can apply to the other

light sources of the illumination device. As such the illumination device can be configured to

provide good color stability of the output light with greater resilience to variations in operating

conditions of its components.

The design of light sources can be scaled to a size approaching that of conventional light-

emitting diodes (LEDs.) The package size of the light sources is ultimately limited by the size of

the pump LEE. The distance of the phosphor from the pump LEE determines the fraction of

mixed light that re-enters the pump LEEs. Pump LEEs can absorb large fractions of received

light and cause high light losses. Systems with larger distances provide smaller losses. For

example, for a pump LEE having an area of ~lmm 2, less than 1% of phosphor light emitted from

the phosphor re-enters the pump LEE, if a minimum pump LEE to phosphor separation of

approximately rf ζ that is ~2.8mm is maintained. Furthermore, less than 1%

of light from such an example light source (2.8mm radius hemisphere plus 0 .4mm phosphor

thickness provides 16mm2 cross section) reaches another light source, if the distance between

them is the light sources is larger than approximately that is ~ l lmm.

Like considerations apply when estimating amounts of light backscattered from the elastic

scattering element to the inelastic scattering elements.

In some implementations, the inelastic scattering elements can be configured to provide

isotropically or non-isotropically scattered light. Effects of non-isotropically scattered light, for

example light with substantial forward component that may include a substantial amount of



pump light, can be mixed with light from the other light sources via the elastic scattering element

111 in combination with the medium 115.

The extractor 117 and the elastic scattering element 111 can have a hemispherical or

other spherical or non-spherical shape with a curved and/or facetted exit surface.

In some implementations, asymmetric light propagation and good light mixing can be achieved

via a solid medium 115, small solid angles subtended among the light sources 170, 180, and 190,

and small solid angles subtended by the light sources from the elastic scattering element 111.

The chromaticity of the light emitted by the illumination device can be adjusted by combining a

suitable number of different light sources with different phosphor elements. The illumination

device can be configured to provide light of substantially isotropic chromaticity.

During changes of the thermal operating conditions or in effect of aging of the

illumination device 400, changes in the chromaticity and/or the amount of light provided can be

smaller than in systems with different color LEEs that are capable of generating different color

light without the use of phosphors due to fewer differential thermal properties of the components

used in the illumination device as described herein. Such effects can be compensated for via

suitable feed forward or feedback control of the amount of power provided to each of the LEEs

of the illumination device.

In some implementations (not illustrated), the light sources 170, 180, and 190 can be

configured as individual asymmetric light valve (ASLV) components, and the medium 115 of the

illumination device 400 can be a low-index medium (e.g., a gas or air).

In general, one aspect of the disclosed technologies can be implemented as an

illumination device which includes a base substrate having a base surface; two or more light

sources disposed on the base surface, where each light source includes a light-emitting element

(LEE) configured to emit light and an inelastic scattering element surrounding, at least in part,

the LEE; a first optical element (e.g., an elastic scattering element) that has a first surface spaced

apart from the LEEs and positioned to receive light from at least one of the LEEs, where the first

optical element includes elastic scattering centers arranged to scatter light from the LEEs; and a

second optical element (e.g., an extractor element) that has an exit surface, where the second

optical element is transparent and in contact with the first optical element, there being an optical

interface between the first and second optical elements at the place of contact, where the optical

interface is opposite the first surface of the first optical element, and where the second optical



element is arranged to receive at least a portion of the light through the optical interface. A

medium adjacent to the first surface of the first optical element has a refractive index n0; the first

optical element includes a material that has a first refractive index n l where n o < the second

optical element includes a material that has a refractive index n2, where n o < n2; and the exit

surface is a transparent surface that is shaped such that an angle of incidence on the exit surface

of the light provided by the first optical element that directly impinges on the exit surface is less

than a critical angle for total internal reflection.

In some implementations, the stability of color output for each light source can be

determined by inelastic scattering elements 171, 181, and 191, and the respective pump LEEs

173, 183, and 193, particularly when no different color primary LEEs are used. In some

implementations, the parasitic losses in the inelastic scattering elements (e.g., phosphor domes)

of the described illumination devices can be lower than in devices using only one inelastic

scattering element. The spatial separation into multiple inelastic scattering elements with

different emission spectra, which in superposition can provide a good match of a predetermined

high CRI spectrum, such as that of a black body radiator, can enable generation of light with

high CRI and reduce or avoid issues of phosphor-based solid-state lighting (SSL) systems that

seek to achieve similar results with one inelastic scattering element.

Implementations of the described embodiments can achieve effective thermal coupling

between the pump LEEs 173, 183, and 193, the medium 115, and extractor 117, and therefore

improve heat dissipation of the illumination device 400, even when materials used for the

medium 115 and extractor 117 have limited heat conductivity. Good thermal coupling between

the LEEs as primary heat sources and the inelastic scattering elements as secondary heat sources

can provide a short time to reach thermal equilibrium of the illumination device during operating

conditions. The inelastic scattering elements 171, 181, and 191 can be thermally coupled, for

example via medium 115, elastic scattering element 111, and extractor 117, to dissipate heat,

which can help maintain acceptable operating temperatures.

In some implementations, the illumination device 400 can include a sensor system

configured to determine the chromaticity/chromaticities of the light emitted by one or more of

the light sources, either separately or as mixed light. The sensor can be coupled with a control

loop that can be configured to dim the color or brightness of individual light sources, for

example when some light sources degrade less over time than others. For example, when the



inelastic scattering elements and/or the LEEs age, light emitted from the illumination device can

gradually shift chromaticity. A suitable control mechanism can maintain a substantially stable

chromaticity and overall light output of the illumination device. Furthermore, two illumination

devices can be controlled to provide light of substantially the same chromaticity and/or overall

amount of light.

While the illumination device 400 shown in Figures 4A and 4B includes an extractor

element, illumination devices without an extractor element are also possible. Generally, light

from the elastic scattering element (e.g., elastic scattering element 111) may be output directly

into the ambient environment without first passing through an extractor element.

In implementations of illumination devices with an extractor element, the refractive index

of the extractor element can be larger, equal, or smaller than the refractive index of the elastic

scattering element. A refractive index of materials used in the extractor element and the elastic

scattering element are generally larger than the refractive index of gaseous ambient environments

such as air. This may not be the case if the ambient environment is a liquid, for example, when

an illumination device is used in water.

Figure 5 is a perspective view of an example of an illumination device 500 including an

optical coupler 520 and a light guide 530 for mixing light that is output by three light sources

512, 514, and 516. The light sources 512, 514, and 516 are distributed along a substrate 510 of

the optical coupler 520. The illumination device 500 extends along the y-direction, so this

direction is referred to as "longitudinal" direction of the illumination device. Other examples

include non-longitudinal implementations. Such implementations may have continuous or

discrete symmetry about an optical axis or have no such symmetry. The substrate 510 and light

guide 530 extend a length L along the y-direction. Generally, L can vary as desired. Typically,

L is in a range from about 1 cm to about 200 cm (e.g., 20 cm or more, 30 cm or more, 40 cm or

more, 50 cm or more, 60 cm or more, 70 cm or more, 80 cm or more, 100 cm or more, 125 cm or

more, 150 cm or more).

The number of light sources disposed on the substrate 510 generally depends, inter alia,

on the length L, where more light sources are used for longer illumination devices. In some

embodiments, the illumination device can include between 10 and 1,000 light sources (e.g.,

about 50, about 100, about 200, about 500 light sources). Non-longitudinal illumination devices

may include fewer than ten light sources. Generally, the density of light sources (e.g., number of



light sources per unit length) will also depend on the nominal power of the light sources and

luminance desired from the illumination device. For example, a relatively high density of light

sources can be used in applications where high luminance is desired or where low power light

sources are used. In some embodiments, the lumination device 500 has a light source density

along its length of 0.1 light sources per centimeter or more (e.g., 0.2 per centimeter or more, 0.5

per centimeter or more, 1 per centimeter or more, 2 per centimeter or more). In some

embodiments, light sources can be evenly spaced along the length, L, of the illumination device.

Depending on the implementation, light sources may be arranged along the length L in a

periodic sequence by chromaticity/color or otherwise. For example, a periodic base sequence

with three colors RGY may be used. That is, while progressing along the length L, a red light

source is followed by a green light source, which is followed by a yellow light source, which

again is followed by a red light source, which is followed by a green light source, and so forth.

The sequence may be strictly periodic or employ permutations of the base sequence. Proximate

arrangements of different types of light sources allow for shorter depths D of the light guide to

achieve greater levels of light mixing at the distal end of the light guide. While a larger base

sequence with more colors allows for more permutations, proximity of light sources and depth

requirements for the light guide to achieve a desired mixing may dictate strict periodicity or limit

permutations of the base sequence in some illumination devices.

The light sources 512, 514, and 516 are configured to provide light having different

emission spectra 522, 524, and 526 respectively, as noted above with respect to Figure 4A and

light sources 170, 180 and 190. As also described above, the emission spectra 522, 524, and 526

of the different light sources can be based on like or different color pump LEEs that output light

into their respective inelastic scattering elements. For example, the spectral power distribution

of light emitted by the LEEs 512, 514, and 516 can be the same, can be blue, green, or red, or

another combination.

The optical coupler 520 includes one or more solid pieces of transparent material (e.g.,

glass or a transparent organic plastic, such as polycarbonate or acrylic) having surfaces 521-1

and 521-2 positioned to reflect light from the light sources towards light guide 530. In general,

surfaces 521-1, 521-2 are shaped to collect and collimate light output from the light sources. In

the x-z cross-sectional plane, surfaces 521-1, 521-2 can be straight or curved. Examples of

curved surfaces include surfaces having a constant radius of curvature, parabolic or hyperbolic



shapes. In some embodiments, surfaces 521-1, 521-2 are coated with a highly reflective material

(e.g., a reflective metal, such as aluminum), to provide a highly reflective optical interface. The

cross-sectional profile of optical coupler 520 can be uniform along the length L of the

illumination device 500. Alternatively, the cross-sectional profile can vary. For example,

surfaces 521-1, 521-2 can be curved out of the x-z plane.

The surface of optical coupler 520 adjacent to light input surface 531 of the light guide

530 is optically coupled to the light input surface 531. The surfaces of the interface are attached

using a material that substantially matches the refractive index of the material forming the optical

coupler 520 or light guide 530, or both. For example, optical coupler 520 can be affixed to light

guide 530 using an index matching fluid, grease, or adhesive. In some embodiments, optical

coupler 520 is fused to light guide 530 or they are integrally formed from a single piece of

material.

Light guide 530 is formed from a piece of transparent material (e.g., glass or a transparent

organic plastic, such as polycarbonate or acrylic) that can be the same or different from the

material forming optical couplers 520. Light guide 530 extends length L in the y-direction. In

the illustrated example, the light guide has a uniform thickness T in the x-direction, and a

uniform depth D in the z-direction. Other examples can have non-uniform thickness and/or

depth. The dimensions D and T are generally selected based on the desired optical properties of

the light guide. During operation, light coupled into the light guide from optical coupler 520

(depicted by rays 522, 524, and 526) reflects off the planar surfaces of the light guide by TIR and

mixes within the light guide 530. The mixing facilitates luminance and/or color uniformity at the

distal portion of the light guide 530 (depicted by rays 532.) The depth, D, of light guide 530 can

be selected to achieve adequate uniformity at the exit aperture of the light guide. In some

embodiments, D is in a range from about 1 cm to about 20 cm (e.g., 2 cm or more, 4 cm or more,

6 cm or more, 8 cm or more, 10 cm or more, 12 cm or more.)

In general, optical couplers 520 are designed to restrict the angular range of light entering

the light guide 530 (e.g., to within +/-40 degrees) so that at least a substantial amount of the light

is coupled into spatial modes in the light guide 530 that undergoes TIR at the planar surfaces.

Light guide 530 has a uniform thickness T, which is the distance separating two planar opposing

surfaces of the light guide. Generally, T is sufficiently large so the light guide has an aperture at

the light input surface 531 sufficiently large to approximately match (or exceed) the aperture of



optical coupler 520. In some embodiments, T is in a range from about 0.05 cm to about 2 cm

(e.g., about 0.1 cm or more, about 0.2 cm or more, about 0.5 cm or more, about 0.8 cm or more,

about 1 cm or more, about 1.5 cm or more.) Depending on the embodiment, the narrower the

light guide the better it may mix light. A narrow light guide also provides a narrow exit aperture.

As such light emitted from the light guide can be considered to resemble the light emitted from a

one-dimensional linear light source, also referred to as an elongate virtual filament.

While optical coupler 520 and light guide 530 as shown in Figure 5 are formed from solid

pieces of transparent material, hollow structures are also possible. For example, the optical

coupler 520 or the light guide 530, or both, may be hollow with reflective inner surfaces. As

such material cost can be reduced and absorption in the light guide avoided. A number of

specular reflective materials may be suitable for this purpose including materials such as 3M

Vikuiti™ or Miro IV™ sheet from Alanod Corporation where greater than 90% of the incident

light would be efficiently guided to the distal end of the light guide.

Figures 6A and 6B are examples of control circuitry for an illumination device, such as

illumination devices 400 and 500. The control circuitry 600 shown in Figure 6A controls every

light-emitting element independently of each other to allow independent control of the brightness

of each light-emitting element. As shown in Figure 6A, light-emitting element 670 can be

controlled by a current source 662a, light-emitting element 680 can be controlled by a current

source 662b, light-emitting element 690 can be controlled by a current source 662c. Generally, n

light-emitting elements (e.g., 670, 680, 690, . . ., n) can be controlled independently by n current

sources (e.g., 662a, 662b, 662c, . . ., 662n). The light-emitting elements can be connected in

parallel to a voltage source, such as voltage source 664, to provide, in conjunction with the

corresponding current sources, power to the groups of light-emitting elements.

The control circuitry 610 shown in Figure 6B controls several groups of light-emitting

elements independently of each other. Generally, the light-emitting elements of an illumination

device, such as illumination devices 400 and 500, can be split into groups that are controlled

independently of each other to allow independent control of the brightness of each group of

light-emitting elements. In some implementations, the split can be arranged by correlated color

temperature (CCT), chromaticity, or otherwise. As shown in Figure 6B, the group of light-

emitting elements 672 can be controlled by a current source 662a, the group of light-emitting

elements 682 can be controlled by a current source 662b, and light-emitting elements 692 can be



controlled by a current source 662c. The light-emitting elements can be split into n groups (e.g.,

672, 682, 692, . . ., n) that are controlled independently by n current sources (e.g., 662a, 662b,

662c, . . ., 662n). The groups of light-emitting elements are connected in parallel to a voltage

source, such as voltage source 664, to provide, in conjunction with the corresponding current

sources, power to the groups of light-emitting elements.

In some implementations, the illumination device can include a sensor that measures

color coordinates of the light emitted by the light-emitting elements. In some implementations,

the sensor can be configured to indicate estimates of light intensity, spectral distribution, or both.

The sensor can be coupled with a control loop that can be configured to dim the color or

brightness of individual light sources, for example, when a portion of a phosphor layer degrades

less over time than other portions of the phosphor layer, or some phosphor layers degrade less

over time than other phosphor layers. Such control mechanisms can maintain constant

illumination pattern or color distribution of the illumination device over its lifetime. For

example, when portions of a phosphor layer degrade over time, blue light may become more

visible. The shift to blue light can be compensated by adjusting the output (e.g., dimming) of the

light sources respective to their emission spectrum.

Illumination devices, such as illumination device 400 and 500 can be controlled in a feed

forward, a feedback or a mixed feed forward and feedback manner. In a feed forward control

scheme, drive currents and/or drive voltages of different light-emitting elements, or different

groups of light-emitting elements, may be determined based on one or more of these drive

currents and/or drive voltages alone or in other ways, for example.

Figure 7 is a schematic diagram showing an example feedback circuit 700 used to

provide intra-system source feedback for an illumination device, such as the illumination devices

400 and 500. The feedback circuit 700 can be used to control one or more light-emitting

elements, or one or more groups of light-emitting elements, (e.g., by adjusting the brightness) of

the illumination device. In this example, the feedback circuit 700 includes a photonic sensing

unit 720 and a controller unit 730.

The photonic sensing unit 720 can be placed to sample mixed light, for example

downstream from a light-mixing element (e.g., a scattering element or light guide) of the

illumination device, to sense mixed light that is output by the light-mixing element of the

illumination device. In some implementations, the photonic sensing unit 720 can include a color



detector, an intensity detector, or a combination of both. In some implementations, one or more

of the detectors can be arranged such that mostly mixed light that is Fresnel-reflected at an exit

interface of an extractor element is being sensed. Moreover, the one or more detectors can be

arranged such that the mixed light reflected by the exit surface of the extractor element and

received by the sensor originates from a large portion of an optical interface between the light-

mixing element and the extractor element.

The controller unit 730 can be implemented as hardware, software or a combination of

both. For example, the controller unit 730 can be implemented as a software driver executed by

a specialized or general purpose chip. The controller unit 730 parses sensing signals received

from the photonic sensing unit 720. Parsed signal values are compared by the controller unit 730

to reference color values or reference intensity values, referred to as reference values. The

controller unit 730 accesses such reference values in one or more lookup tables, for instance. For

example, the controller unit 730 selectively transmits adjustment signals to a power driver to

adjust relative power values for a combination of different color light-emitting elements 710, in

response to sensing that chromaticity of the mixed light has changed. As another example, the

controller unit 730 selectively transmits adjustment signals to the power driver to adjust power

values for one or more light-emitting element(s) 710, in response to sensing that the intensity of

the scattered light propagating in the extractor element has changed.

In some implementations, the feedback circuit 700 can include a non-photonic

propert(y/ies) sensing unit 740. Examples of non-photonic properties sensed by this unit are

temperature, voltage drop, etc. In such implementations, the controller unit 730 parses the non-

photonic sensing signals received from the non-photonic propert(y/ies) sensing unit 740 in

combination with the photonic sensing signals received from the photonic sensing unit 720.

Values of the parsed combination of photonic and non-photonic sensing signals are used by the

controller unit 730 to transmit adjustment signals to the driver that drives the LEEs 710.



CLAIMS

1. An illumination device for generating output light, comprising:

a substrate having a first surface;

a plurality of light sources disposed on the first surface, at least some of the light sources

comprising a light-emitting diode (LED) and a corresponding inelastic scattering element

surrounding, at least in part, the LED, wherein at least two inelastic scattering elements have

different light emission spectra; and

an elastic scattering element surrounding, at least in part, the plurality of light sources,

wherein, during operation of the illumination device, each inelastic scattering element

inelastically scatters light emitted from its corresponding LED, and the elastic scattering element

elastically scatters the light that is inelastically scattered by the inelastic scattering elements to

provide the output light.

2 . The illumination device of claim 1, wherein at least some of the LEDs emit blue light.

3 . The illumination device of claim 1, wherein at least some of the LEDs emit light having

different colors.

4 . The illumination device of claim 3, wherein at least one LED emits blue light and at least

another LED emits green light.

5 . The illumination device of claim 1, wherein the inelastic scattering elements comprise a

quantum dot phosphor material.

6 . The illumination device of claim 1, wherein the inelastic scattering elements have a dome

shape.

7 . The illumination device of claim 1, wherein each inelastic scattering element is spaced

apart from its corresponding LED and has an inner surface facing the LED.



8. The illumination device of claim 7, wherein at least some of the light sources comprise a

medium adjacent to the inner surface of the inelastic scattering element that has a refractive

index that is smaller than a refractive index of the inelastic scattering element.

9 . The illumination device of claim 8, wherein the medium is air.

10. The illumination device of claim 8, wherein the medium is a silicone.

11. The illumination device of claim 1, wherein at least a portion of the first surface is a

diffusely reflecting surface.

12. The illumination device of claim 1, wherein at least a portion of the first surface is a

specularly reflecting surface.

13. The illumination device of claim 1, further comprising electrical connections for

connecting the plurality of light sources to a power source, the electrical connections being

arranged such that power to at least some of the plurality of light sources is separately adjustable.

14. The illumination device of claim 1, further comprising electrical connections for

connecting the plurality of light sources to a power source, the electrical connections being

arranged such that power to each of the plurality of light sources is separately adjustable.

15. The illumination device of claim 1, wherein the elastic scattering element is spaced apart

from the plurality of light sources and coupled to the substrate to form an enclosure, the elastic

scattering element having an input surface facing the plurality of light sources and an output

surface opposing the input surface.

16. The illumination device of claim 15, wherein an index of refraction of the elastic

scattering element is larger than an index of refraction of a medium in the enclosure and larger

than an index of refraction of an ambient environment.



17. The illumination device of claim 15, further comprising an extractor element coupled to

the output surface of the elastic scattering element.

18. The illumination device of claim 17, wherein an index of refraction of the elastic

scattering element is larger than an index of refraction of a medium in the enclosure.

19. The illumination device of claim 17, wherein an index of refraction of the elastic

scattering element is larger than an index of refraction of a medium in the enclosure and smaller

than an index of refraction of the extractor element.

20. The illumination device of claim 17, wherein the extractor element has a transparent exit

surface opposing the output surface of the elastic scattering element that is shaped such that an

angle of incidence on the exit surface of the light provided by the elastic scattering element that

directly impinges on the exit surface is less than a critical angle for total internal reflection at the

exit surface.

2 1. The illumination device of claim 17, wherein the elastic scattering element is a coating

applied to a surface of the extractor element.

22. The illumination device of claim 17, wherein the elastic scattering element is a roughened

surface of the extractor element.

23. The illumination device of claim 1, wherein the plurality of light sources and the elastic

scattering element are arranged such that light having substantially isotropic chromaticity is

output by the elastic scattering element.

24. An illumination device, comprising:

a substrate having a base surface;

two or more light sources disposed on the base surface, each light source comprising a

light-emitting element (LEE) configured to emit light and a corresponding inelastic scattering

element surrounding, at least in part, the LEE;



a first optical element having a first surface spaced apart from the two or more light

sources and positioned to receive light from the two or more light sources, the first optical

element comprising elastic scattering centers arranged to scatter light received from the two or

more light sources; and

a second optical element having an exit surface, the second optical element being

transparent and in contact with the first optical element, there being an optical interface between

the first and second optical elements at the place of contact, the optical interface being opposite

the first surface of the first optical element, the second optical element being arranged to receive

at least a portion of the light through the optical interface; wherein:

a medium adjacent to the first surface of the first optical element has a refractive

index n0;

the first optical element comprises a material having a refractive index n l where n o <

i ;

the second optical element comprising material having a refractive index n2, where n0

< ¾ ;

the exit surface is a transparent surface that is shaped such that an angle of incidence

on the exit surface of the light provided by the first optical element that directly

impinges on the exit surface is less than a critical angle for total internal

reflection; and

during operation of the illumination device, each inelastic scattering element

inelastically scatters light emitted from its corresponding LEE, and the elastic

scattering element elastically scatters the light that is inelastically scattered by the

inelastic scattering elements to provide the output light.

25. An illumination device for generating output light, comprising:

a substrate having a first surface;

a plurality of light sources disposed on the first surface, at least some of the light sources

comprising a light-emitting diode (LED) and a corresponding inelastic scattering element

surrounding, at least in part, the LED, wherein at least two inelastic scattering elements have

different light emission spectra; and



a light-mixing element adapted to receive light that is output by the plurality of light

sources,

wherein, during operation of the illumination device, each inelastic scattering element

inelastically scatters light emitted from its corresponding LED, and the light-mixing element

mixes the light received from the inelastic scattering elements to provide the output light.

26. The illumination device of claim 25, wherein at least some of the LEDs emit blue light.

27. The illumination device of claim 25, wherein at least some of the LEDs emit light having

different colors.

28. The illumination device of claim 27, wherein at least one LED emits blue light and at

least another LED emits green light.

29. The illumination device of claim 25, wherein the inelastic scattering elements comprise a

quantum dot phosphor material.

30. The illumination device of claim 25, wherein the inelastic scattering elements have a

dome shape.

31. The illumination device of claim 25, wherein each inelastic scattering element is spaced

apart from its corresponding LED and has an inner surface facing the LED.

32. The illumination device of claim 31, wherein at least some of the light sources comprise a

medium adjacent to the inner surface of the inelastic scattering element that has a refractive

index that is smaller than a refractive index of the inelastic scattering element.

33. The illumination device of claim 32, wherein the medium is air.

34. The illumination device of claim 32, wherein the medium is a silicone.



35. The illumination device of claim 25, wherein at least a portion of the first surface is a

diffusely reflecting surface.

36. The illumination device of claim 25, wherein at least a portion of the first surface is a

specularly reflecting surface.

37. The illumination device of claim 25, further comprising electrical connections for

connecting the plurality of light sources to a power source, the electrical connections arranged

such that power to at least some of the plurality of light sources is separately adjustable.

38. The illumination device of claim 25, further comprising electrical connections for

connecting the plurality of light sources to a power source, the electrical connections being

arranged such that power to each of the plurality of light sources is separately adjustable.

39. The illumination device of claim 25, wherein the light-mixing element is a light guide.

40. The illumination device of claim 25, wherein the light-mixing element is an elastic

scattering element.

41. The illumination device of claim 25, wherein the plurality of light sources and the light-

mixing element are arranged such that light having substantially isotropic chromaticity is output

by the light-mixing element.

42. A method for generating output light, the method comprising:

providing a plurality of light sources on a first surface of a substrate, wherein at least

some of the light sources comprise a light-emitting diode (LED) and a corresponding inelastic

scattering element surrounding, at least in part, the LED, wherein at least two of the inelastic

scattering elements have different light emission spectra;

inelastically scattering light emitted from each LED by its corresponding inelastic

scattering element; and



mixing the inelastically scattered light by a light-mixing element adapted to receive light

that is output by the plurality of light sources.

43. The method of claim 42, wherein at least some of the LEDs emit blue light.

44. The method of claim 42, wherein at least some of the LEDs emit light having different

colors.

45. The method of claim 44, wherein at least one LED emits blue light and at least another

LED emits green light.

46. The method of claim 42, wherein the inelastic scattering elements comprise a quantum

dot phosphor material.

47. The method of claim 42, wherein the inelastic scattering elements have a dome shape.

48. The method of claim 42, wherein each inelastic scattering element is spaced apart from

its corresponding LED and has an inner surface facing the LED.

49. The method of claim 48, wherein at least some of the light sources comprise a medium

adjacent to the inner surface of the inelastic scattering element that has a refractive index that is

smaller than a refractive index of the inelastic scattering element.

50. The method of claim 49, wherein the medium is air.

51. The method of claim 49, wherein the medium is a silicone.

52. The method of claim 42, wherein at least a portion of the first surface is a diffusely

reflecting surface.



53. The method of claim 42, wherein at least a portion of the first surface is a specularly

reflecting surface.

54. The method of claim 42, further comprising:

providing electrical connections for connecting the plurality of light sources to a power

source, the electrical connections being arranged such that power to at least some of the plurality

of light sources is separately adjustable.

55. The method of claim 42, further comprising:

providing electrical connections for connecting the plurality of light sources to a power

source, the electrical connections being arranged such that power to each of the plurality of light

sources is separately adjustable.

56. The method of claim 42, wherein the light-mixing element is a light guide.

57. The method of claim 42, wherein the light-mixing element is an elastic scattering

element.

58. The method of claim 42, wherein the plurality of light sources and the light-mixing

element are configured such that light having substantially isotropic chromaticity is output by the

light-mixing element.
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