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LIGHT-EMITTING DEVICE WITH REMOTE SCATTERING ELEMENT
AND TOTAL INTERNAL REFLECTION EXTRACTOR ELEMENT

The described technology relates to light-emitting devices and
luminaires with a remote scattering element and a substantial total internal
reflection (TIR) extractor element.

Light-emitting elements (LEEs) 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 lighting (SSL)
devices, 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.

A luminaire is a lighting unit that provides means to hold, position,
protect, and/or connect light-emitting elements to an electrical power source,
and in some cases to distribute the light emitted by the LEE. One example of a
LEE 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-emitting devices, however,
provides further challenges due to the properties of available luminescent

materials. Challenges include light-energy losses from photon conversion,
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phosphor self-heating from Stokes loss, dependence of photon conversion
properties on operating temperature, degradation from changes of the
chemical and physical composition of phosphors as an effect of overheating,
exposure to humidity or other damage, dependence of the conversion
properties on intensity of light, propagation of light in undesired directions
due to the random emission of converted light that is emitted from the
phosphor, undesired chemical properties of phosphors, and controlled

deposition of phosphors in light-emitting devices, for example.

SUMMARY

The described technology relates to light-emitting devices and
luminaires with a remote scattering element and a substantial total internal
reflection (TIR) extractor element.

In one aspect, a light-emitting device includes a light-emitting diode
(LED) configured to emit pump light during operation; a phosphor element
having a first surface facing the LED, the phosphor element being spaced
apart from the LED and positioned to receive at least some pump light from
the LED and to emit scattered light; and an extractor including a transparent
material, the extractor having an exit surface and a side surface and being
arranged to receive a portion of the scattered light through a region adjacent
to the phosphor element and to output the scattered light through the exit
surface, the side surface being arranged between the region of adjacency and
the exit surface, wherein a medium having a refractive index o is disposed
adjacent the first surface of the phosphor element and the phosphor element
has a refractive index 11, where 19 < 111, and the transparent material has a
refractive index 72, where 7o < 712, and the side surface includes a TIR surface,
where the TIR surface is positioned and shaped such that an angle of
incidence on the TIR surface of the scattered light received through the region
of adjacency that directly impinges on the TIR surface is incident on the TIR
surface at an angle of incidence that is equal to or larger than a critical angle

for total internal reflection.
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The foregoing and other embodiments can each optionally include one
or more of the following features, alone or in combination. In some
embodiments, the phosphor element can be configured to inelastically scatter
at least some of the pump light and to elastically scatter at least some of the
pump light. In some embodiments, the TIR surface can extend to the exit
surface. In some embodiments, the TIR surface can extend to the region of
adjacency. The phosphor element can be planar or a shell. The shell can be
convex with respect to the exit surface.

In some embodiments, the light-emitting device can further include a
reflective layer on a portion of the side surface. In some embodiments, the
light-emitting device can further include a reflective element spaced apart
from and extending along at least a portion of the side surface, the reflecting
element configured to redirect a portion of light escaping from the side
surface back into the extractor. The phosphor element can be at least partially
recessed in the extractor. In some embodiments, the exit surface can be non-
planar. In some embodiments, the exit surface can include multiple
differently shaped portions.

In some embodiments, the exit surface can be positioned and shaped
such that an angle of incidence on the exit surface of the scattered light
passing through the region of adjacency that directly impinges on the exit
surface is less than a critical angle for total internal reflection. In some
embodiments, the exit surface can be positioned and shaped such that an
angle of incidence on the exit surface of the scattered light passing through
the region of adjacency, that directly impinges on the exit surface or impinges
on the exit surface after TIR off the TIR surface, is less than a critical angle for
total internal reflection. In some embodiments, 71 can be less or equal to na.
The phosphor element can include inelastic and elastic scattering centers. The
scattered light can be isotropically scattered light.

In some embodiments, the light-emitting device can further include a
secondary reflector adjacent the extractor, where the secondary reflector can

be configured to redirect light that is output from the extractor. The secondary
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reflector can have an input aperture that is disposed proximate the exit
surface.

In another aspect, a luminaire, includes a housing and a light-emitting
device supported by the housing that includes a light-emitting diode (LED)
configured to emit pump light during operation; a phosphor element having a
tirst surface facing the LED, where the phosphor element is spaced apart from
the LED and positioned to receive at least some pump light from the LED and
to emit scattered light; and an extractor including a transparent material,
where the extractor has an exit surface and a side surface and is arranged to
receive a portion of the scattered light through a region adjacent to the
phosphor element and to output the scattered light through the exit surface,
where the side surface is arranged between the region of adjacency and the
exit surface, where a medium that has a refractive index o is disposed
adjacent the first surface of the phosphor element and the phosphor element
has a refractive index 11, where 1y is less than 71, and the transparent material
has a refractive index 72, where 79 less than 7,, and where the side surface
comprises a TIR surface, the TIR surface being positioned and shaped such
that an angle of incidence on the TIR surface of the scattered light received
through the region of adjacency that directly impinges on the TIR surface is
incident on the TIR surface at an angle of incidence that is equal to or larger
than a critical angle for total internal reflection.

The foregoing and other embodiments can each optionally include one
or more of the following features, alone or in combination. In some
embodiments, the luminaire can further include an optical element supported
by the housing and configured to receive light from the light-emitting device,
where the light emitted from the light-emitting device can be further directed
and shaped by the optical element. The optical element can be a reflector, a
lens, or other optical element.

In another aspect, a light-emitting device includes a light-emitting
element (LEE); a scattering element that has a first surface facing the LEE,

where the scattering element is spaced apart from the LEE and positioned to
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receive at least some light from the LEE, and configured to emit scattered
light; and an extractor that has a side surface being arranged to receive a
portion of the scattered light through a region of adjacency with the scattering
element, where the extractor is configured to emit light through an exit
surface, where the exit surface is arranged distal the region of adjacency with
the scattering element, and where a medium that has a refractive index o is
disposed adjacent the first surface of the scattering element and the scattering
element has a refractive index 71, where g is less than 71, and the extractor
has a refractive index 72, where ng is less than n», and where the side surface is
positioned and shaped such that an angle of incidence on the side surface of
scattered light received through the region of adjacency that directly impinges
on the side surface is equal to or larger than a critical angle for total internal
reflection.

The foregoing and other embodiments can each optionally include one
or more of the following features, alone or in combination. In some
embodiments the scattering element can be shaped as a hemisphere. In some
embodiments, the extractor can further include a light guide, where the light
guide can extend to the side surface and include the exit surface.

The foregoing and other embodiments can each optionally include one
or more of the following features, alone or in combination. In some
embodiments, the optical element can be a reflector. In some embodiments,

the optical element can be a lens.

BRIEF DESCRIPTION OF THE DRAWINGS
FIGs. 1A-1C show sectional views of embodiments of light-emitting
devices with total internal reflection extractor elements.
FIGs. 2-3 show sectional views of embodiments of light-emitting
devices with non-planar scattering elements.
FIG. 4 shows a sectional view of an embodiment of a light-emitting

device with an extractor element including a reflective element.
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FIGs. 5-6 show sectional views of embodiments of light-emitting
devices that include an extractor element having non-planar exit surfaces.

FIG. 7 shows a sectional view of an embodiment of a light-emitting
device with a secondary reflector.

FIGs. 8A-8B show sectional views of embodiments of luminaires
including light-emitting devices with secondary optical elements.

FIG. 9 shows a sectional view of an embodiment of a light-emitting
device with a TIR extractor element.

FIGs. 10A-10C show sectional views of various embodiments of light-
emitting devices with curved scattering elements.

Like elements in different figures are identified with the same reference

numeral.

DETAILED DESCRIPTION

FIG. 1A shows a cross-sectional side view of an example of a light-
emitting device 100 with a total internal reflection (TIR) extractor element 130.
The light-emitting device 100 includes a base substrate 150, a light-emitting
element 110 (e.g., a blue pump light-emitting diode (LED)), a scattering
element 120 (e.g., a phosphor element), along with extractor element 130. The
scattering element 120 has an input surface 115 spaced apart from the light-
emitting element 110 and positioned to receive light emitted from the light-
emitting element 110. The light-emitting-element 110 is disposed on the base
substrate 150 in an opening that is, at least in part, defined by the input
surface 115. Depending on the embodiment, the light-emitting device 100 can
have a general conical, toroidal, elongate or other shape. Such a shape can be
symmetrical or asymmetrical with respect to a plane or axis. For example, the
light-emitting device 100 can have a continuous or discrete rotational
symmetry about an optical axis. Such an optical axis can intersect or can be
outside the light-emitting device 100.

In general, the base substrate 150 supports light-emitting element 110
relative to the input surface 115. In light-emitting device 100, the base
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substrate 150 has a recess in which the light-emitting element 110 is placed
and side surfaces 155. The side surfaces 155 can be reflective (e.g., a mirror or
a highly-reflective diffusely scattering surface) and at least a portion of the
light emitted by the light-emitting element 110 is reflected towards the
scattering element 120 by the side surfaces 155. The scattering element 120
and the base substrate 150 together enclose the light-emitting element 110 and
form an enclosure 140. Light-emitting element 110 is shown having a domed
package for efficient light extraction. While light-emitting element 110 is
shown as a single element in the Figures herein, it is apparent to those skilled
in the art that the light-emitting element 110 can include multiple emitters,
such as an array of emitters in a single package, or an array of light-emitting
elements all disposed on base substrate within enclosure 140.

The scattering element 120 in the embodiment shown in FIG. 1A is
substantially planar and the recess of the base substrate is shaped such that
the light-emitting element 110 is spaced apart from the scattering element 120.
In embodiments where the scattering element includes a phosphor, such
scattering elements may be referred to as a “remote phosphor.” The enclosure
140 is filled with a medium (e.g., a gas, such as air or an inert gas). The
scattering element 120 is coupled to the extractor element 130 to form an
optical interface 125 including or defined by a region of contact between the
scattering element 120 and the extractor element 130, through which the
extractor element 130 receives light that is output by the scattering element
120. The optical interface 125 is opposite the input surface 115 of the
scattering element 120. The scattering element 120 has substantially uniform
thickness, such that a distance between the optical interface 125 and the input
surface 115 of the scattering element 120 is approximately constant across the
optical interface 125.

The scattering element 120 includes elastic scattering centers, inelastic
scattering centers, or both elastic and inelastic scattering centers. The inelastic
scattering centers convert at least some of the light received from the light-

emitting element 110 (e.g., pump light) to longer-wavelength light. For
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example, the light-emitting element 110 can emit blue light and the scattering
element 120 can include inelastic scattering centers (e.g., a phosphor) that
convert blue light to yellow light. The elastic scattering centers isotropically
scatter at least some of the light received from the light-emitting element 110
without changing the wavelength of the light. In other words, the elastic
scattering centers randomize the directionality of propagation of incident
light without changing its wavelength. These scattering centers scatter both,
light from the light-emitting element 110 and light that is inelastically
scattered from other scattering centers. The result is light that is directionally
substantially isotropic and spectrally a mix of light from the light-emitting
element 110 and longer-wavelength inelastically scattered light. This mixed
light is received by the extractor element 130 through the optical interface 125.
Examples of scattering elements include light-converting material that
is also referred to as photoluminescent or color-converting material, for
example. Light-converting materials can include photoluminescent
substances, fluorescent substances, phosphors, quantum dots, semiconductor-
based optical converters, or the like. Light-converting materials also can
include rare earth elements. Light-converting materials may be composed of
solid particles or fluorescent molecules (e.g. organic dyes) that may be
dispersed or dissolved in scattering element 120. Scattering element 120 can
include a mixture of light-converting materials having different properties,
for example, converting pump light to light having different ranges of
wavelengths, or a mixture of elastic scattering centers and inelastic scattering
centers including light-converting material. For example, inelastic scattering
fluorescent dye molecules may be dissolved in the base material of the
scattering element 120 together with solid elastic scattering particles having a
different refractive index from the base material of scattering element 120.
The scattering element 120 can be formed either as a separate piece
from extractor element 130, or it can be integrally formed as a region within
extractor element 130. For example, scattering element 120 can be formed

either as a piece of transparent material with scattering centers dispersed
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within and throughout its bulk, or as a clear substrate with scattering centers
deposited on one or both of its surfaces. In some embodiments, the scattering
element 120 can be a clear substrate with scattering centers deposited on the
input surface 115, or with scattering centers deposited on the opposite surface
from the input surface 115, i.e. the surface that is adjacent to the optical
interface 125, or on both of these surfaces. In some embodiments, a scattering
element can be formed by dispersing scattering centers into a thin region of
an extractor element near the light-emitting element 110, or by overmolding
an extractor element onto a scattering element to form a scattering element
integrated as a single piece with an extractor element.

In certain embodiments, it is desirable to minimize optical reflection
losses for light originating in scattering element 120 and entering into
extractor element 130, as will be discussed in more detail later. If scattering
element 120 is formed as a separate piece from extractor element 130, then
scattering element 120 can be placed into optical contact with extractor
element 130 during the assembly of light-emitting device 100, e.g. using
pressure, or the two pieces 120 and 130 may be connected via immersion such
as a layer of transparent optical adhesive along the optical interface 125, or the
scattering element 120 and the extractor element 130 may be integrally
formed, for example. Effects that may occur if the refractive index of
scattering element 120 is close to the refractive index of the extractor element
130 are discussed herein. As such, the refractive index of the scattering
element 120 may refer to the refractive index of one or more compounds or an
average refractive index thereof. Depending on the embodiment, compounds
of the scattering element may include one or more host materials, scattering
elements embedded therein and/or other compounds.

The extractor element 130 is formed from a transparent material, such
as a transparent glass or a transparent organic polymer (e.g., silicone,
polycarbonate or an acrylate polymer). The extractor element 130 has one or
more side surfaces 138 and an exit surface 135. The side surfaces 138 are

positioned and shaped such that an angle of incidence on the side surfaces
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138 of the light that is output by the scattering element 120 and directly
impinges on the side surfaces 138 is equal to or larger than a critical angle for
total internal reflection. Thus, the side surfaces 138 are configured to provide
total internal reflection (TIR) and reflect substantially all the light impinging
on the side surfaces 138 towards the exit surface 135. For example, rays 126
and 128 are output by the scattering element 120 and are redirected by the
side surfaces 138 via TIR towards the exit surface 135. The exit surface 135 is
a transparent surface through which the light received by the extractor
element 130 is output. Note that while the side surfaces 138 are shown in FIG.
1A extending to share a common corner or edge with exit surface 135, other
configurations are possible, for example, an extractor element can have
integrated mounting or locating features or surfaces affecting a small fraction
of the light rays. Similarly, while the side surfaces 138 are shown ending at a
tlat extension of the optical interface 125, the lower corners or edges of the
side surfaces may terminate immediately adjacent the outer edge of a
scattering element.

FIG. 1B illustrates a sectional view of a light-emitting device with a flat
optical interface 125 in which the width of the scattering element at the optical
interface 125 is substantially the same as the width of the base of the extractor.
The sectional profile of the side surface 138’ that provides a compact, narrow
extractor element 130 follows the equation (Eq. 1): R(t)=Exp(t*Tan(g))
assuming the optical interface 125 is one unit wide. Here R() is the distance
from the origin of the coordinate system of points P on the side surface 138" at
angles t relative to the x-axis. For a compact extractor that ensures TIR for all
rays originating at a flat optical interface, g is equal to the critical angle for
total internal reflection t_crit given by t_crit =
Arcsin(n_ambient/n_extractor_element). Generally, Eq. 1 describes a curve
known as an equiangular spiral (also called a logarithmic spiral), which is a
compact shape that can effectuate the TIR condition.

In order to provide TIR for all rays emanating directly from the flat

optical interface 125, g is greater than or equal to the critical angle. The
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extractor can be shaped based on a parameter g that is larger than the critical
angle, for example, if manufacturing tolerances need to be compensated for to
maintain TIR at the side surface. If the ambient medium has a refractive
index n_ambient of substantially 1, R(t) of a compact extractor can be
expressed as R(t)=Exp(t/Sqrt(n_extractor_element”"2-1)), where
n_extractor_element is the refractive index of the optical extractor 130.

Depending on the embodiment and as illustrated in FIG. 1A, the
extractor element 130 at the optical interface 125 can be wider than the
scattering element 120. If the base of the optical interface 125 is wider than the
scattering element 120, the shape of the side surface may follow the above
noted equation, may be dilated in z-direction while maintaining the critical
angle condition for TIR reflection, or have another shape, for example.
Furthermore, the height of the extractor element 130 is generally determined
by the maximum angle (t_max) providing a corresponding radius R(t_max)
according to Eq. 1 above, but may be limited by other aspects of the system
such as angular spread of rays of light reflected from the side surfaces, cross
talk between different points of the side surface, or other aspects, for example.
It is noted, that an extractor element can have two or more side surfaces of
different or equal shape.

Depending on the embodiment, control of an angular spread of rays
may be provided if the side surface is shaped in a particular manner. For
example, one or more portions of the side surface may be shaped to ensure
that rays that are reflected from the side surface remain within a defined
range of exit angles. Such a shape can be defined using the following equation
(Eq. 2): R(t)=k/(1-Cos[d-t]) for t>d + 2g - Pi, which ensures that the exit
angle of reflected rays does not exceed the angle parameter d. All angles
including the exit angle are measured relative to the x-axis. Still referring to
FIG. 1B, at a given point P on the side surface, the reflected ray that results
from a ray originating at the optical interface at the origin of the coordinate
system x= z= ( has the largest exit angle. Reflected rays from the same point P

that result from other rays originating from other points along the optical
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interface have smaller exit angles. The parameter k can be adjusted to
continuously transition the shape of a side surface between Eq. 1 and Eq. 2,
for example. It is noted that TIR may not occur for light from a flat optical
interface that impinges on a side surface according to Eq. 2 for angles t that do
not meet the condition t > d+2g-Pi noted for Eq. 2 above.

FIG. 1C illustrates a section of an example extractor element 131 in
which portions of the side surfaces 139 and 139" are shaped according to Eq. 2.
The portions of the side surface 138 and 138 at angles t <d + 2g - Pi are
shaped according to Eq. 1 to ensure TIR. The side surface may be
continuously rotationally symmetric about axis 117 or have translational
symmetry along an axis perpendicular to the sectional plane of FIG. 1C. The
extractor element 131 at the optical interface 125 has the same
width/diameter as the scattering element 120. If the base of the optical
interface 125 is wider than the scattering element 120, the shape of the side
surface may follow the above noted equation, may be dilated in z-direction
while maintaining the critical angle condition for TIR reflection, or have
another shape, for example. Furthermore, the length of the extractor element
131 in z-direction may be determined such that an angular spread of rays of
light that directly impinges on the exit surface 135" may be limited to an
angular range of +/-(d-Pi/2) or according to other considerations, for
example.

Depending on the embodiment, side surfaces can have other shapes
than the ones noted in the equations above. For example, a side surface can be
defined by a truncated cone shaped extractor element with suitably large
opening angle and substantially follow an inclined straight section. Other
shapes are possible for the side surface that can also ensure the incidence
angle of incoming rays from the optical interface 125 at the side surface
relative to a surface normal of the side surface at the point of incidence is
larger than the critical angle for TIR. Consequently, such extractor elements
can widen faster with increasing distance from the optical interface 125 than

the one illustrated in FIG. 1A. Not all possible extractor elements that are
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wider, however, necessarily need to provide a side surface that can provide
TIR for all direct rays from the optical interface. Depending on the
embodiment, a side surface can comprise portions that are shaped to provide
different beam-shaping functions and as such may be defined by different
equations that may still maintain TIR. Likewise, for those portions of a side
surface that are shaped such that they do not ensure TIR, high reflection can
be provided by e.g. a reflective coating applied to those portions of the side
surface for which TIR is not ensured, but for which high reflection is desired.

With respect to one or more planes of symmetry, the sectional profile
of the side surface 138 for a symmetrical, compact, narrow extractor element
may be the mirror inverse of the sectional profile of side surface 138’ relative
to the optical axis 113 of the light-emitting device. Asymmetrical extractor
elements do not need to obey this condition. It is noted that depending on the
embodiment, the extractor element 130 may have continuous or discrete
rotational symmetry about the optical axis 113 or an axis parallel thereto, or it
may have translational symmetry along an axis perpendicular to the sectional
plane of FIG. 1B. As such, a section of the light-emitting device perpendicular
to its optical axis may have a circular, rectangular, or other shape.

Referring to FIG. 1A, in general, light exits exit surface 135 in a range of
angles, referred to as the cone of illumination or beam spread, for example.
The angular range of this cone depends on, among other things, the shape of
side surfaces 138 and exit surface 135. In some embodiments, the angular
range (FWHM - full width at half maximum) can be relatively large, e.g.,
about 55° or more. In other embodiments, the angular range can be small
(e.g., about 30° or less). Intermediate angular ranges are also possible (e.g.,
from about 30° to about 55°). The shape of the side surfaces and/ or exit
surface can be designed to give a desired cone of illumination using optical
design software, such as Zemax or Code V. The cone of illumination can
exhibit a sharp cutoff. In other words, the angular range over which the
illumination intensity drops from, e.g., 90% of the maximum intensity to, e.g.,

10% of the maximum intensity can be small (e.g., about 10° or less, about 8° or



WO 2014/043384 PCT/US2013/059511
14

less, about 5° or less). Within the cone of illumination, the light can exhibit
good uniformity. For example, the intensity and/or spectral composition
may vary relatively little across the cone of illumination. The light-emitting
device can be configured such that within 80% of a full-width at half-
maximum (FWHM) cone with the least variations, intensity variations are
limited to less than 20%, for example.

The enclosure 140 is arranged and configured to recover at least a
portion of the scattered light that propagates through the input surface 115
into the medium of the enclosure 140. This means that the enclosure 140
redirects at least a portion of the scattered light back towards the scattering
element 120 so that at least some of this light exits the scattering element 120
into the extractor element 130. The design of the enclosure 140 can be selected
to reduce the amount of scattered light that returns to the light-emitting
element 110 (where it can be absorbed). The enclosure 140 can also be
configured to direct a large portion of light from the light-emitting element
110 to the scattering element 120.

In general, the medium in the enclosure 140 has a refractive index o
and the scattering element 120 has a refractive index 11, where 10 < n11. Note
that where scattering element 120 is formed from a composite material, 71 is
the effective refractive index of the element. Light from the scattering element
120 that reaches the input surface 115 is referred to as backward light.
Because 1o < 111, the input surface 115 allows only a fraction of the backward
light to escape into the low-index medium of the enclosure 140. The greater
the difference in refractive indices 1o and 11, the smaller the fraction of
backward light that returns to the enclosure 140. Some of the light within the
scattering element 120 incident on the input surface 115 at an angle at or
greater than the critical angle is subject to total internal reflection, and so none
of this light returns to the enclosure 140.

The transparent material of the extractor element 130 has a refractive
index n2, where no < 12, for example. This means that the refractive index

mismatch between scattering element 120 and enclosure 140 differs from the
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refractive index mismatch between extractor element 130 and scattering
element 120, and the transmission properties of light within scattering
element 120 incident at these interfaces differs accordingly. Generally, the
refractive index mismatches are selected so that forward transmission of light
(i.e., from the scattering element into the extractor element) is greater than
backward transmission into the low index medium of the enclosure 140, and
the light-emitting device 100 asymmetrically propagates scattered light.

In such a case, depending on the degree of asymmetry between 1/ 10
and rn2/n1 varying ratios of forward to backward light transmission can be
provided. Itis believed that the maximum asymmetry in forward to
backward light transmission is reached if 1 is equal to 71 (no mismatch for
forward transmission) and 1o << 11 (large mismatch for backward
transmission). Moreover, better results may be achieved if 71 >> 1 for
increasing the chance of TIR at the back surface (small escape cone). Light-
emitting devices that feature asymmetric optical interfaces (i.e., different
refractive index mismatches) on opposing sides of the scattering element are
referred to as asymmetric scattering light valves (ASLV), or ASLV light-
emitting devices.

In the device illustrated in FIG. 1A, light propagation asymmetry
arises, for example, from the medium in the enclosure 140 (index 1) and the
material of the extractor element 130 (index 12) being different. To illustrate
the asymmetric propagation by a specific example, if 111 = n2 = 1.5 and no = 1.0
(that is r0 < 111), a large fraction (e.g., ~75%) of the isotropically distributed
photons impinging on the input surface 115 is reflected by total internal
reflection (TIR) back into the scattering element 120 and only a smaller
fraction (e.g., ~25%) is transmitted backwards into the enclosure 140 from
where some may reach the light-emitting element 110. At the optical interface
125, arranging for the condition 71 to be approximately equal to 122 can cause a
large fraction of photons reaching the optical interface 125 to transfer into the

extractor element 130.
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In some embodiments, where 11 is not close to 72, it can be preferable
for n2 to be slightly higher than 11, or to make n2/11 < n1/n0 as much as
possible in order to maximize the propagation asymmetry. In some
embodiments, the optical interface 125 includes an optical adhesive, where it
can be preferred for the refractive index of the optical adhesive to be close to
the refractive index of the scattering element 120 or the extractor element 130,
and, for example, in between 711 and n; or slightly higher than the higher of
those two indices.

While the scattering element 120 shown in FIGs. 1A-1C is planar (i.e., it
includes co-planar opposing surfaces 115 and 125), other shapes are also
possible. For example, non-planar scattering elements, such as curved
scattering elements are possible. Referring to FIG. 2, for example, in some
embodiments, a light-emitting device 200 includes non-planar scattering
element 220 with uniform thickness that is in the form of a meniscus, i.e.,
having a concave and a convex surface. In device 200, the concave surface of
scattering element 220 faces the light-emitting element 110, forming a shell
over the light-emitting element. The light-emitting device includes a base
substrate 250, the scattering element 220, and an extractor element 230. The
light-emitting element 110 is disposed on a surface of the base substrate 250.
The base substrate 250 is planar and the surface on which the light-emitting
element 110 is disposed can be reflective (e.g., a mirror) to reflect a portion of
light emitted by the light-emitting element 110 towards the scattering element
220. The scattering element 220 and at least a portion of the base substrate 250
together enclose the light-emitting element 110 and form an enclosure 240.

The scattering element 220 is spaced apart from the light-emitting
element 110, forming the enclosure 240 that may be filled with a low
refractive index medium (e.g., a gas, such as air or inert gas). The scattering
element 220 is coupled to the extractor element 230 to form an optical
interface 225, through which the extractor element 230 receives light that is

output by the scattering element 220.
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Like extractor element 130 described above, the extractor element 230
has side surfaces 238 and an exit surface 235. The side surfaces 238 are
shaped to provide TIR of at least some light impinging on the side surfaces
238 from the scattering element 220. The reflected light may then be
redirected towards the exit surface 235. For example, rays 224, 226, and 228
are output by the scattering element 220 and redirected by the side surfaces
238 via TIR towards the exit surface 235. Examples of light-emitting devices
with side surfaces that are shaped to reflect substantially all light from a
hemi-spherical scattering element via TIR are described further below.

Other configurations of curved, non-planar scattering elements are also
possible. For example, FIG. 3 shows a cross-sectional side view of an example
of a light-emitting device 300 with a meniscus-shaped scattering element 320,
however here the convex surface of the scattering element faces the light-
emitting element. Similar to the light-emitting device 200, the light-emitting
device 300 includes a base substrate 350, a light-emitting element 110, the
scattering element 320, and an extractor element 330. The base substrate 350
has a recess in which the light-emitting element 110 is placed and side
surfaces 355. The side surfaces 355 can be reflective (e.g., a mirror) and at
least a portion of the light emitted by the light-emitting element 110 is
reflected towards the scattering element 320 by the side surfaces 355.

The scattering element 320 is spaced apart from the light-emitting
element 110. The scattering element 320 and the base substrate 350 together
enclose the light-emitting element and form an enclosure 340. The scattering
element 320 is coupled to the extractor element 330 to form an optical
interface 325, through which the extractor element 330 receives light that is
output by the scattering element 320.

As for the prior embodiments, the extractor element 330 has side
surfaces 338 and an exit surface 335. The side surfaces 338 are shaped to
provide TIR and reflect substantially all the light impinging on the side

surfaces 338 towards the exit surface 335.
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While the side surfaces in the prior embodiments are shaped so that no
light is incident on any point of the side surfaces at angles less than the critical
angle, other configurations are also possible. For example, in some
embodiments, a portion of the side surfaces may receive light from the
scattering element at angles less than the critical angle. In such cases, it may
be desirable to block light exiting the extractor at the side surfaces so as to
avoid unwanted extraneous light emission from the light-emitting device.

The blocked light can be absorbed or reflected. It is generally preferable to
reflect the light in order to improve the efficiency of the light-emitting device.
For example, FIG. 4 shows a cross-sectional side view of an example of a light-
emitting device 400 with an extractor element 430 including one or more
reflective elements 432. The light-emitting device 400 includes a base
substrate 450, a light-emitting element 110, a scattering element 420, and an
extractor element 430. The reflective elements 432 are coupled to side

surfaces 438 of the extractor element 430 and arranged to reflect some of the
light output by the scattering element 420 towards an exit surface 435 of the
extractor element 430.

Generally, reflective elements 432 can be implemented at portions of
the side surfaces 438 of the extractor element 430 that do not provide TIR to
redirect light escaping through the side surfaces back into the extractor
element.

For example, rays 426 and 428 are output by the scattering element 420
and redirected towards the exit surface 435 of the extractor element 430. Ray
428 is redirected by the side surface 438 via TIR. Ray 426 impinges on the side
surface 438 at an angle that is smaller than the critical angle for TIR, and thus,
passes through the side surface 438, but is redirected back into the extractor
element by the reflective element 432. Reflective elements 432 can be applied
or deposited to the side surfaces 438 as a reflective coating, or they may be

held in position by another mechanical structure {not shown).
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While the reflective surface in FIG. 4 is located at the lower portion of
the side surfaces of the extractor element, the reflective surface can be
positioned at any other portion of the side surfaces that does not provide TIR.

In FIG. 4, the scattering element 420 is shown recessed in the extractor
element 430. In this case, an optical interface 425 extends along the top
surface of the scattering element 420, which may be a disk shape, and down
the sides of the disk. Such a configuration may provide high efficiency at
capturing emission from the scattering element 420. The configuration of FIG.
4 can be fabricated using optical adhesive to fill the optical interface 425, or
monolithically with the extractor element 430.

While the exit surface shown in FIGs. 1-4 is planar, other shapes are
also possible. For example, all or a portion of the exit surface may be curved.
FIG. 5 shows a cross-sectional side view of an example of a light-emitting
device 500 including an extractor element 530 with a non-planar exit surface
535. Light output by a scattering element 520 is directed, at least in part, via
TIR at side surfaces 538 of the extractor element 530 towards the exit surface
535. The exit surface 535 is a transparent surface configured to output the
light received by the scattering element 520.

In some embodiments, the exit surface 535 is positioned and shaped
such that an angle of incidence on the exit surface 535 of the mixed light
provided by the scattering element 520 that directly impinges on the exit
surface 535 is less than the critical angle for total internal reflection, and thus,
such light is output through the exit surface 535 without TIR. For example,
the exit surface 535 can be configured to output such light into air without TIR
and only reflect a small fraction, depending on polarization and incidence
angle down to about ~4% or below, via Fresnel reflection.

Anti-reflection coatings can be used on the exit surface 535. Generally,
when designing the exit surface 535 and the side surfaces 538, TIR at the exit
surface 535 for light incident directly from the scattering element 520 onto the
exit surface 535 and light reflected from the side surfaces 538 before

impinging on the exit surface 535, should be taken into consideration when
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optimizing the beam pattern and optical losses of the light-emitting device
500. In some embodiments, the shapes of the side surfaces 538 and the exit
surface 535 can be formed such that incident angles are limited to smaller
angles than just below the critical angle for TIR (e.g., the Brewster angle), to
further reduce Fresnel reflections.

FIG. 6 shows a cross-sectional side view of another example of a light-
emitting device 600 including an extractor element 630 with a non-planar exit
surface 635. Light output by a scattering element 620 is directed, at least in
part, via TIR at side surfaces 638 of the extractor element 630 towards the exit
surface 635. The exit surface 635 is a transparent surface and can be shaped to
provide a desired illumination pattern. In FIG. 6, the exit surfaced 635
includes multiple differently shaped portions through which the light
received by the extractor element 630 is output.

FIG. 7 shows a cross-sectional view of a light-emitting device 700 with
a secondary reflector 732. Light output by a scattering element 720 is
directed, at least in part, via TIR at side surfaces 738 of an extractor element
730 towards an exit surface 735 of the extractor element 730. The exit surface
735 is a transparent surface through which the light received from the
scattering element is output. The secondary reflector 732 is arranged and
configured to redirect at least some of the light that is output through the exit
surface 735. In some embodiments, the secondary reflector 732 is held
adjacent to the exit surface 735 of the extractor element 730 by a frame (not
shown).

In general, luminaires can be constructed that include a housing to
support one or more light-emitting devices. Such a luminaire may provide
means for mounting and aiming the one or more light-emitting devices, and
may also optionally include means for connecting electrical power to the one
or more light-emitting devices. Additional optional optical elements to further
direct or shape the light pattern emanating from the one or more light-

emitting devices can also be incorporated into a luminaire.
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FIGs. 8A and 8B show sectional views of embodiments of luminaires
with optional secondary optical elements. The luminaire 800 shown in FIG.
8A includes a light-emitting device 860 (e.g., such as light-emitting devices
shown in FIGs. 1-6) and a housing 810 to support and protect the light-
emitting device 860. The housing 810 can include structures (not shown) to
facilitate mounting of the luminaire 800. The luminaire 800 can provide
means for electrical connection of the light-emitting device 860 to a power
source outside the luminaire, for example. Electrical connection 820 is shown
schematically as a wire, but can include other connection means such as flex
circuits, printed circuits, connector contacts, or other electrical connection
means known in the art.

In some embodiments, the light-emitting device 860 can be coupled to
a cooling device 830 such as a heat sink. The optional cooling device 830 can
be used to remove heat from the area of the light-emitting element within the
light-emitting device 860. The cooling device 830 can be passive (including,
e.g., fins for free convection), or can incorporate active cooling mechanisms
such as fans or thermoelectric devices. The luminaire 800 can also include an
optional electronic module 840. The electronic module 840 can include
additional electronics such as conversion electronics to convert mains power
voltages and currents, which can be, for example, line-voltage AC, into
voltages and currents of types (e.g., DC) and levels suitable for driving the
light-emitting element within light-emitting device 860. Other functions can
also be incorporated into the electronics module 840, including, but not
limited to, controllers for dimming, communication with controllers outside
the luminaire 800, and sensing of ambient characteristics such as light levels,
the presence of humans.

The housing 810 of luminaire 800 can also support an additional
optical element, such as a reflector 850. The reflector 850 can be used for
direction, distribution, or shaping of the light that is output from light-
emitting device 860. For example, light emitted at large angles with respect to

the axis of the luminaire 800 and light-emitting device 860 can be redirected
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into a narrower beam pattern in the far field of the luminaire 800 by proper
design of the reflector 850.

The luminaire 805 shown in FIG. 8B also includes the light-emitting
device 860 and the housing 810 to support and protect the light-emitting
device 860. The luminaire 800 further includes a lens 855 as an additional
optical element coupled to the housing 810. The lens 855 can be configured to
perform additional optical functions, such as diffusing light to achieve a
desirable pattern or reduce glare, and can incorporate additional structures to
accomplish these functions. Although not illustrated, some embodiments of
luminaires can include both reflectors 850 and lenses 855.

The luminaires shown in FIGs. 8A and 8B are exemplary embodiments.
Other embodiments can use different configurations of reflectors or lenses,
combinations of reflectors and lenses, and/ or different relative positions
within the luminaire of the light-emitting device with respect to the reflectors
or lenses, as is apparent to those skilled in the art. For example, a reflector of
a different shape and oriented differently from that shown in FIG. 8A can be
used to redirect light along an axis different from an axis of the light-emitting
device. In some embodiments, a lens can be, for example, a Fresnel lens, or a
system of multiple lenses. Other functions in addition to directing or
concentrating the light can be performed by transmissive optical elements
such as lenses, or reflective optical elements such as reflectors. For example,
lenses or reflectors can have structures incorporated within them or on their
surfaces, such as small-scale roughness or microlenses, designed to diffuse or
shape the light in the far field. In some embodiments, combinations of
reflectors and lenses and/or additional transmissive optical elements can be
used.

While reflective surfaces, such as reflective surfaces of the base
substrate 250 as shown in FIG. 2 or reflective elements 432 as shown in FIG. 4,
can be used to redirect light within the extractor element towards an exit
surface, an extractor element can be formed to provide TIR of substantially all

the light that impinges on the side surfaces of the extractor element.
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FIG. 9 shows a sectional view of an example light-emitting device 900
with a non-planar scattering element 920. The light-emitting device 900
includes a TIR extractor element 930. The TIR extractor element 930 includes
side surfaces 938 that are shaped to provide TIR and reflect substantially all
the light impinging on the side surfaces 938 from scattering element 920
towards, depending on the embodiment, a respective exit surface 935" or 935.
In some embodiments, the TIR extractor element 930 can include a flux
transformation element 932 and a light guide 934. The flux transformation
element 932 transforms the light that is output by the scattering element 920
into light with an angular distribution within the TIR angle of the light guide
934. The light guide 934 guides the light received from the flux transformation
element 932 via TIR towards the exit surface 935. The concept of an extractor
element including a flux transformation element and a light guide generally
applies to the embodiment of FIG. 9 and can further apply to other
embodiments of the present technology.

The shape of a TIR side surface of a flux transformation element or an
extractor element, respectively, for a scattering element with a circular section
can be calculated by applying the following equation (Eq. 3):

t= t0+ ArcTan[1/Sqrt[-1 + R*2]] + 1/2 Cot[g]*

Log[Sec[g]*4 (R"2 - (-2 + R*2) Cos[2 g] + 2 Sqrt[-1 + R"2] Sin[2 g])
Tan[g]"2],
which provides the inverse function of R(t) describing the shape of the TIR side
surface in the plane of the section in which the scattering element has a circular shape.
As such the scattering element can have a spherical, cylindrical or other shape, for
example. Here R(t) is the distance of points P on the side surface 938 from the origin
of a coordinate system at angles t relative to the x-axis, and g is equal or larger than
the critical angle given by Arcsin(n_ambient/n_extractor_element). The origin of
the coordinate system is set to coincide with the center of a unit circle or sphere that
defines the circular section of a spherical/cylindrical scattering element. R(t) can be
scaled to accommodate a spherical scattering element with radii other than one. tO
determines the bottom starting point of the side surface and as such can be adapted to

coincide with the bottom edge of spherical scattering elements that have different
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angular extents as indicated in FIGs. 10A-10C. For example, tO can be adapted to
accommodate spherical scattering elements with an angular extent that is smaller than
a hemisphere (similar to FIG. 10A), substantially a hemisphere (similar to FIG. 10B),
or larger than a hemisphere (similar to FIG. 10C). It is noted that FIGs. 10A to 10B
are intended to illustrate different light-emitting devices with different scattering
elements that have a generally curved optical interface including cylindrical shapes,
spherical shapes or other shapes. Such light-emitting elements may have scattering
elements forming ellipsoidal or otherwise shaped optical interfaces, for example. Such
interfaces can be smooth or substantially facetted, for example.

The height of the extractor element 930 may be determined by the
maximum angle t max and a corresponding R(t_max) according to the above
noted equation but may be limited by other aspects of the system such as by
angular spread of rays of light reflected from the side surfaces, cross talk
between different points of the side surface, or other aspects, for example. It is
noted, that an extractor element can have side surfaces of different shapes.

Depending on the embodiment, side surfaces can have other shapes
than defined in the above noted equation. For example, the side surface can
be defined by a truncated cone shaped extractor element with suitably large
opening angle and substantially follow an inclined straight section. Other
shapes, with rotational, translational or no symmetry, are possible for as long
as the side surface ensure the incidence angle of incoming rays from the
optical interface at the side surface relative to a surface normal of the side
surface at the point of incidence is larger than the critical angle for TIR.
Consequently, such extractor elements can widen faster with increasing
distance from the optical interface than the one illustrated in FIGs. 9 and 10A-
10C. Not all possible extractor elements that are wider, however, necessarily
need to provide a side surface that can provide TIR for all direct rays from the
optical interface. Depending on the embodiment, a side surface can comprise
portions that are shaped to provide different functions and as such may be
defined by different equations.

The sectional profile of the side surface 938 for a symmetrical, compact,

narrow extractor element is the mirror inverse of the sectional profile of side



WO 2014/043384 PCT/US2013/059511
25

surface relative to the optical axis of the extractor element. It is noted that
depending on the embodiment, the extractor element may have continuous or
discrete rotational symmetry about the optical axis or an axis parallel thereto,
or it may have translational symmetry along an axis perpendicular to the
sectional plane of FIG. 9. As such, a section of the light-emitting device
perpendicular to its optical axis may have a circular, rectangular, or other
shape.

The shape of a flux transformation element varies dependent on the
shape of the scattering element through which the flux transformation
element receives the light. For example, the flux transformation element can
be an axisymmetric, fully dielectric structure with a hemispherical scattering
element. Other embodiments include but are not limited to hyper-
hemispherical scattering elements.

Figures 10A-10C show examples of TIR light-emitting devices with
curved scattering elements (e.g., phosphor structures). In the light-emitting
devices 1002, 1004, and 1006, the concave surface of the respective scattering
elements 1020-A, 1020-B, and 1020-C faces the light-emitting element 110,
forming a shell over the light-emitting element. The light-emitting devices
1002, 1004, and 1006 include base substrates 1050-A, 1050-B, and 1050-C, the
scattering elements 1020-A, 1020-B, and 1020-C, flux transformation elements
1032-A, 1032-B, and 1032-C, and optional light guides 1034-A, 1034-B, and
1034-C.

The light-emitting element 110 is disposed on a surface of the
respective base substrates 1050-A, 1050-B, and 1050-C. The base substrates
1050-A, 1050-B, and 1050-C are planar and the surface on which the light-
emitting element is disposed can be reflective (e.g., a mirror) to reflect a
portion of light emitted by the light-emitting element 110 towards the
respective scattering elements 1020-A, 1020-B, and 1020-C. The scattering
element 1020-A, 1020-B, and 1020-C, and at least a portion of the base
substrates 1050-A, 1050-B, and 1050-C together enclose the respective light-
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emitting elements 110 and form enclosures 1040-A, 1040-B, and 1040-C
respectively.

The scattering elements 1020-A, 1020-B, and 1020-C are spaced apart
from the respective light-emitting element 110, forming the enclosures 1040-
A, 1040-B, and 1040-C that are filled with a low refractive index medium (e.g.,
a gas, such as air or inert gas). The scattering elements 1020-A, 1020-B, and
1020-C are coupled to the respective flux transformation element 1032-A,
1032-B, and 1032-C to form optical interfaces, through which the flux
transformation elements 1032-A, 1032-B, and 1032-C receive light that is
output by the respective scattering elements 1020-A, 1020-B, and 1020-C.

The flux transformation elements 1032-A, 1032-B, and 1032-C, and the
light guides 1034-A, 1034-B, and 1034-C, if present, have side surfaces that are
shaped to provide TIR and reflect substantially all the light impinging on the
side surfaces from the respective scattering element 1020-A, 1020-B, and 1020-
C towards exit surfaces 1035-A, 1035-B, and 1035-C respectively. For example,
rays 1024-A, 1024-B, and 1024-C are output by the scattering elements 1020-A,
1020-B, and 1020-C and redirected by the respective side surfaces via TIR
towards the exit surfaces 1035-A, 1035-B, and 1035-C respectively.

FIG. 10A shows a scattering element 1020-A shaped as a spherical
section, FIG. 10B shows a scattering element 1020-B shaped as a hemisphere,
and FIG. 10C shows a scattering element 1020-C shaped as a hyper-
hemisphere. To provide TIR, the side surfaces of the flux transformation
element are shaped such that they correspond to the particular shape of the
scattering element. For example, as shown in FIGs. 10A-10C, the curvature of
TIR side surfaces of a flux transformation element for a scattering element
shaped as a spherical section, such as 1020-A, is narrower than the curvature
of TIR side surfaces of a flux transformation element for scattering elements
shaped as a hemisphere, such as 1020-B, or hyper-hemisphere, such as 1020-C.
Other configurations of curved scattering elements, such as ellipsoidal or

paraboloidal shapes are also possible.
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The concept of an extractor element comprising a flux transformation
element and a light guide by design permits the components of the light-
emitting element to be separated by function. For example, the flux
transformation element can be configured to transform the radiation pattern
provided by the scattering element to a radiation pattern that efficiently
couples into the light guide. The flux transformation element may also be
configured to provide light with a certain flux profile and the light guide may
be configured to merely translate or further transform such a flux profile.
Depending on the embodiment, the extractor element further may be
configured to compensate for dispersion of media included in the extractor
element.

In general, the light-emitting elements can be, for example, bare light-
emitting diode (LED) dies or encapsulated LED dies, including commercially
available LEDs. The light-emitting element 110 is configured to produce and
emit light during operation. A spectral power distribution of light emitted by
the light-emitting element 110 (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, the light-emitting element 110 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. The light-emitting element 110 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 embodiments, the light-emitting element 110
can be a single specific device that emits the radiation, for example an LED
die, or/and can be a combination of multiple instances of the specific device
that emit the radiation together. Such light-emitting device 110 can include a

housing or package within which the specific device or devices are placed. As
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another example, the light-emitting element 110 includes one or more lasers
and more (e.g., semiconductor lasers), such as vertical cavity surface emitting
lasers (VCSELs) and edge emitting lasers. In embodiment utilizing
semiconductor lasers, the scattering element functions to reduce (e.g.,
eliminate) spatial and temporal coherence of the laser light, which may be
advantageous where the light-emitting device may be viewed directly by a
person. Further examples of a light-emitting element 110 include
superluminescent diodes and other superluminescent devices.

Moreover, while the scattering element is shown in the figures with a
constant thickness, the thickness of the scattering element can also vary with
position. While the figures only show one light-emitting element, multiple
light-emitting elements can also be used. For example, multiple pump light-
emitting elements, one or more pump light-emitting elements and one or
more chromatic light-emitting elements (e.g., red LEDs), one or more white
light-emitting elements and one or more chromatic light-emitting elements, or
one or more white light-emitting elements, can be used in the light-emitting
device. If white light-emitting elements are used, the light-emitting device
can include a scattering element with only elastic scattering centers instead of
elastic and inelastic scattering centers.

In general, the light-emitting devices described herein may have a
variety of form factors. In some embodiments, they may be formed to fit a
standard light socket (e.g., an Edison socket) and/or may be formed to
replace a conventional (e.g., incandescent or compact fluorescent) bulb. For
example, the light-emitting devices can be formed to replace a PAR-type bulb
or an A-type bulb (e.g., an A-19). Each of the described embodiments is
shown in cross-section. In general, the light-emitting devices can be
rotationally symmetric or non-rotationally symmetric (e.g., extended along an
axis out of the plane of the page).

Accordingly, other embodiments are in the following claims.
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WHAT IS CLAIMED IS:

1. A light-emitting device comprising:

a light-emitting diode (LED) configured to emit pump light during
operation;

a phosphor element having a first surface facing the LED, the phosphor
element being spaced apart from the LED and positioned to receive at least
some pump light from the LED and to emit scattered light; and

an extractor comprising a transparent material, the extractor having an
exit surface and a side surface and being arranged to receive a portion of the
scattered light through a region adjacent to the phosphor element and to
output the scattered light through the exit surface, the side surface being
arranged between the region of adjacency and the exit surface, wherein

a medium having a refractive index no is disposed adjacent the
tirst surface of the phosphor element and the phosphor element has a
refractive index 11, where no < n1, and the transparent material has a refractive
index 7y, where 5o < 712, and

the side surface comprises a TIR surface, the TIR surface being
positioned and shaped such that an angle of incidence on the TIR surface of
the scattered light received through the region of adjacency that directly
impinges on the TIR surface is incident on the TIR surface at an angle of
incidence that is equal to or larger than a critical angle for total internal

reflection.

2. The light-emitting device of claim 1, wherein the phosphor
element is configured to inelastically scatter at least some of the pump light

and to elastically scatter at least some of the pump light.

3. The light-emitting device of claim 1, wherein the TIR surface

extends to the exit surface.
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4. The light-emitting device of claim 1, wherein the TIR surface

extends to the region of adjacency.

5. The light-emitting device of claim 1, wherein the phosphor

element is planar.

6. The light-emitting device of claim 1, wherein the phosphor

element is a shell.

7. The light-emitting device of claim 6, wherein the shell is convex

with respect to the exit surface.

8. The light-emitting device of claim 1, further comprising a

reflective layer on a portion of the side surface.

9. The light-emitting device of claim 1, further comprising a
reflective element spaced apart from and extending along at least a portion of
the side surface, the reflective element configured to redirect a portion of light

escaping from the side surface back into the extractor.

10.  The light-emitting device of claims 8 or 9, wherein the phosphor

element is at least partially recessed in the extractor.

11.  The light-emitting device of claim 1, wherein the exit surface is

non-planar.

12.  The light-emitting device of claim 11, wherein the exit surface

comprises multiple differently shaped portions.

13.  The light-emitting device of claim 1, wherein the exit surface is

positioned and shaped such that an angle of incidence on the exit surface of
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the scattered light passing through the region of adjacency that directly
impinges on the exit surface is less than a critical angle for total internal

reflection.

14.  The light-emitting device of claim 1, wherein the exit surface is
positioned and shaped such that an angle of incidence on the exit surface of
the scattered light passing through the region of adjacency, that directly
impinges on the exit surface or impinges on the exit surface after TIR off the

TIR surface, is less than a critical angle for total internal reflection.

15.  The light-emitting device of claim 1, wherein where 11 <.

16.  The light-emitting device of claim 1, wherein the phosphor

element comprises inelastic and elastic scattering centers.

17.  The light-emitting device of claim 16, wherein the scattered light
is isotropically scattered light.

18.  The light-emitting device of claim 1 further comprising a
secondary reflector adjacent the extractor, the secondary reflector configured

to redirect light output from the extractor.

19.  The light-emitting device of claim 18, wherein the secondary

reflector has an input aperture disposed proximate the exit surface.

20. A luminaire, comprising;

a housing; and

a light-emitting device supported by the housing and comprising
a light-emitting diode (LED) configured to emit pump light

during operation,
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a phosphor element having a first surface facing the LED, the
phosphor element being spaced apart from the LED and positioned to receive
at least some pump light from the LED and to emit scattered light, and

an extractor comprising a transparent material, the extractor
having an exit surface and a side surface and being arranged to receive a
portion of the scattered light through a region adjacent to the phosphor
element and to output the scattered light through the exit surface, the side
surface being arranged between the region of adjacency and the exit surface,
wherein

a medium having a refractive index ny is disposed
adjacent the first surface of the phosphor element and the phosphor element
has a refractive index 11, where 19 < 111, and the transparent material has a
refractive index 72, where ng < 712, and

the side surface comprises a TIR surface, the TIR surface
being positioned and shaped such that an angle of incidence on the TIR
surface of the scattered light received through the region of adjacency that
directly impinges on the TIR surface is incident on the TIR surface at an angle
of incidence that is equal to or larger than a critical angle for total internal

reflection.

21.  The luminaire of claim 20, further comprising an optical element
supported by the housing and configured to receive light from the light-
emitting device, wherein the light emitted from the light-emitting device is

turther directed and shaped by the optical element.

22, The luminaire of claim 21, wherein the optical element is a

reflector.

23.  The luminaire of claim 21, wherein the optical element is a lens.

24. A light-emitting device comprising:
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a light-emitting element (LEE);

a scattering element having a first surface facing the LEE, the scattering
element being spaced apart from the LEE and positioned to receive at least
some light from the LEE, and configured to emit scattered light; and

an extractor having a side surface being arranged to receive a portion
of the scattered light through a region of adjacency with the scattering
element, the extractor configured to emit light through an exit surface, the exit
surface arranged distal the region of adjacency with the scattering element,
wherein

a medium having a refractive index no is disposed adjacent the
tirst surface of the scattering element and the scattering element has a
refractive index n1, where 7o < 711, and the extractor has a refractive index 7,
where 1o < 712, and

the side surface being positioned and shaped such that an angle
of incidence on the side surface of scattered light received through the region
of adjacency that directly impinges on the side surface is equal to or larger

than a critical angle for total internal reflection.

25.  The light-emitting device of claim 24, wherein the scattering

element is shaped as a hemisphere.

26.  The light-emitting device of claim 24, wherein the extractor
further comprises a light guide, the light guide extending the side surface and

comprising the exit surface.



WO 2014/043384

—
o

1/10

PCT/US2013/059511

138

126



WO 2014/043384

2/10

PCT/US2013/059511




WO 2014/043384

135° ~

Zj

3/10

PCT/US2013/059511

139

40|
30}

25|




WO 2014/043384 PCT/US2013/059511
4/10

200 2357 230 _K 224—< 2261
\

238

228

240

330




WO 2014/043384

400 435—K 430

5/10

PCT/US2013/059511

438

FIG. 4

426



WO 2014/043384 PCT/US2013/059511
6/10

535
500
530
538
z
L X
140
635
600
630
638
z
/N
> X

140




WO 2014/043384 PCT/US2013/059511
7/10

~J
o

/ 732

738




WO 2014/043384 PCT/US2013/059511
8/10

800

850

820

860
840

FIG. 8A

855
805

820

SRR 840

860 y DOTTTTTE




WO 2014/043384 PCT/US2013/059511

KO
(=3
o

9/10

7
!\ - S T T~ 7/ 935’
7

Y(x)

FIG. 9



WO 2014/043384 PCT/US2013/059511
10/10

1024-A




INTERNATIONAL SEARCH REPORT

o }

PCT/US2013/059511

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - HO1L 33/50 (2014.01) -
USPC - 313/502

According to International Patent Classification (IPC) or to both national classification and IPC

B. . FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
IPC(8) - F21V 7/00, 7/04; F21Y 101/02; HO1L 33/00, 33/50, 33/60 (2014.01)

USPC - 257/95, 98, 99; 313/499, 501, 502, 512; 362/235, 800

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
CPC - F21K 9/00; F21Y 2101/02; GO2B 6/0045; HO1L 33/22, 33/60; HO5K 2201/10106 (2013.01)

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

PatBase, Google Patents, Google Scholar, World Wide Science, [EEE Xplore, ProQuest

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Relevant to claim No.

Category* Citation of document, with indication, where appropriate, of the relevant passages

A US 2008/0080166 A1 (DUONG et al) 03 April 2008 {03.04.2008) entire document 1-26
A US-2010/0123386 A1 (CHEN) 20 May 20‘10 (20.05.2010) entire document 1-26
A US 2008/0079910 A1 (RUTHERFORD et al) 03 April 2008 (03.04.2008) entire document 1-26
A US 2010/0066236 A1 (XU et al) 18 March 2010 (18.03.2010) entire document 1-26
A US 2010/0148151 A1 (CAMRAS et al) 17 June 2010 (17.06.2010) entire document 1-26
A US 2010/0263723 A1 (ALLEN et al) 21 October 2010 (21 .10.2010) entire document 1-26
A 1-26

US 2012/0127694 A1 (RICHARDSON) 24 May 2012 (24.05.2012) entire document

[

Further documents are listed in the continuation of Box C.

[

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance -

carlicr application or patent but published on or after the international

filing date

docurnent which may throw doubts on priority claim(s) or which is

cited ta establish the publication date of another citation or other

special reason (as specificd)

document referring to an oral disclosure, use, cxhibition or other

means

document published prior to the international filing date but later than
the priority date claimed

“wE»

oL

“«Q”

wpr

“T" later document published after the international filing date or

riority
date and not in conflict with the apﬁlicaﬁon but cited to understand

the principle or theory underlying the invention-

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

'
wyn

\

“&” document member of the same patent family

Date of the actual completion of the international search

04 February 2014

Date of mailing of the international search report

14 FEB 2014

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450 '

Facsimile No. 571-273-3201

Authorized officer:
’ Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - wo-search-report

