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LIGHT EMITTING SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS

TECHNICAL FIELD.

The invention relates to systems, and related components, systems and methods.

BACKGROUND
A light errﬁtting diode (LED) often can provide light in a more efficient manner than
an incandescent light source and/or a fluorescent light source. The relatively high power .

efficiency associated with LEDs has created an interest in using LEDs to displace

. conventional light sources in a vériety of lighting applications. For example, in some

instances LEDs are being used as traffic lights and to illuminate cell phone keypads and
displays. . . | :
Typically, an LED is formed of mult1ple layers, with at least some of the layers being '
formed of different materials. In general, the materials and thicknesses selected for the layers
determine the wavelength(s) of light emitted by the LED. In addition, the chemical
composition of the layers can be selected to try to isolate injected electrieal charge carriers
into regions (commonly referred to as quantum wells) for relatively efficient conversion to
optical power. Generally, the layers on one side of the junction where a quantum well is -
grown are doped with donor atoms that result in high electron concentration (such layers are
commonly referred to as n-type layers), and the layers on the oﬁposite side are doped with
acceptor atoms that result in a relatively hi gh hole concentration (such layers are commonly
referred to as p-type layers). / ‘

A common approach to preparing an LED is as follows. The layers of material are
prepared in the form of a wafer. Typically, the layers are formed using an ep1tax1a1
deposition technique, such as metal-organic chemical vapor deposition (MOCVD) with the
initially deposﬂed layer being formed on a growth substrate. The layers are then exposed to
various etchlng and metallization techmques to form contacts for electrical current injection,

and the wafer is subsequently sectioned into individual LED chips. Usually, the LED chips

are packaged.
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During use, electrical energy is usually injected into an LED and then converted into

eléctromagnetic radiation (light), some of which is extracted from the LED.

SUMMARY

The invention relates to light-emitting systems, and related components, systems and

methods.

In one embodiment, the invention features a light-emitting system that includes a

light-emitting device. The light-emitting device includes a multi-layer stack of materials.

The multi-layer stack of materials includes a light-generating region and a first layer
supported by the light-generating region. The surface of the first layer is configured so that

light generated by /the light-generating region can emerge from the light-emitting device via

“the surface of the first layer. The surface of the first layer has a dielectric function that varies

spatially accordlng to a pattern, and the pattern has an ideal lattice constant and a detumng

© parameter with a value greater than zero. The light-emitting device is conflgured so that,’

when li ght generated by the li ght-generating region emerges from the light-emitting device
via the surface of the first layer, the light can emerge from the light-emitting system.

In another embodiment, the invention features a light-emitting system that includes a

~ light-emitting device. The light-enﬁtting device includes a multi-layer stack of materials.

'The multi-layer stack of materials includes ali ght-generating region and a first layer

supported by the light-generating i'e'gion. The surface of the first layer is configured so that
light generated by the light-generating région can emerge from the light-emitting device via
the surface of the first layer, and the surface has a dielectric function that varies spatially

according to a nonperiodic pattern. The light-emitting device is configqred so that, when

- light generatéd by the light-generating regioh emerges from the li ght-emitting device via the

surface of the first layer, the light can emerge from the li ght-emitting system

In a further embodlment the 1nvent10n features a light-emitting system that includes a
light-emitting device. The li ght-emitting dev1ce includes a multi-layer stack of materials.
The multi-layer stack of materials includes a light-generating region and a first layer
supported by the light-genérating region. The surface of. the first layer is configured so that
light generated by the light-generating region can emerge frdm the light-emitting device via

the surface of the first layer, and the surface has a dielectric function that varies spatially
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according to a complex periodic pattern. The light-emitting device is configured so that,
when light generated by the light-generating region emerges from the light-emitting device
via the surface of the first layer, the light can emerge from the light-emitting system.

‘ In one embodiment, the invention features a light-emitting system that includes a |
light-emitting device. The light-emitting device includes a multi-layer stack of matel‘ials.
The multi-layer stack of materials includes a layer of n-doped material, a layer of p-doped
material, and a light-generating region. The ii ght-emitting device also includes a layer of
reflective material that is capable of reflecting at least about 50% of light generated by the

light-generating region that impinges on the layer of reflective material. The surface of the

Jayer of n-doped material is configured so that light generated by the light-generating region' '

" can emerge from the light-emitting device via the surface of the layer of n-doped material.

The surface of the layer of n-doped material has a dielectric function that varies spatially
according to a pattern, and the distance between the layer of p-doped material and the layer
of reflective material is less than the distance between the layer of n-doped material and the
Jayer of reflective material. The 11 ght—ermttmg device is configured so that, when light .
generated by the light- generatmg region emerges from the light-emitting device via the
surface of the layer of n—doped material, the light can emerge from the light-emitting system.

In another embodiment, the invention features a light-emitting system that includes a.
light-emitting device. The light-emitting device mcludes a multi-layer stack of materials
including a light-generating regien and a first layer supported by the light-‘generating regidn.‘
The surface of the first layer is configured so that light generated by the light-generating

region can emerge from the light-emitting device via the surface of the first layer, and the

~ surface of the first layer has a dielectric function that varies spatially according to a pattern.

The 11ght-emiﬁing device also includes a layer of reflective material that is capable of ‘
reﬂectmg at least about 50% of light generated by the light-generating reg10n that impinges
on the layer of reflective material. The hght-generatmg region is between the layer of
reflective material and the first layer; and the pattern does not extend beyond the first layer..
The light-emitting device is configured so that, when light generated by the light-generating
region emerges from the light-emitting device via the surface of the layer of n-doped

material, the light can emerge from the light-emitting system.
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In a further embodiment, the invention features a light-emitting system that includes a
light-emitting device. The light-efrljtting device.indludes a multi-layer stack of materials.
The multi-layer stack of materials includes a light-generating region, and a first layer
supported by the light-generating region. The surface of the first layer is configured so that
li ght generated by the light-generating reglon can emerge from the light-emitting device via
the surface of the first layer. The light-emitting device also includes a material in contact
with the surface of the first layer, where the material has an index of refraction less than
about 1.5. The light emitting device is packaged The hght-emlttmg device is configured so
that when light generated by the light-generating region emerges from the light-emitting

‘ device via the surface of the layer of n-doped material, the light can emerge from the light-

emitting system.

In one embodiment, the invention features a light-emitting system that includes a

light-emitting device. The light-emitting device includes a multl-layer stack of materials.

‘ The multi- layer stack of materials includes a llght-generatmg region and a first layer

supported by the light-generating reglon The surface of the first layer is conflgured S0 that
l1ght generated by the light-generating region can emerge from the light-emitting device via
the surface of the flrst layer The surface of the first layer has a dielectric function that varies

spatlally according toa pattern. The light-emitting device also includes a phosphor material

.supported by the surface of the first layer. The sidewalls of the light-emitting device are

substantially devoid of the phosphor material. The light-emitting device is configured so
that, when light generated by the light-generating reglon emerges from the hght-emlttmg

device via the surface of the layer of n- doped material, the light can emerge from the ki ght-

‘emitting system.

In a further embodiment, the mventlon features ali ght—emlttmg system that includes a'

~ light-emitting device. The hght-enuttmg device includes a multi-layer stack of materials.

The multi-layer stack of materials includes a light-generating region and a first layer

supported by the light-generating region. The surface of the first layer is configured so that

‘light generated by the light-generating region can emerge from the light-emitting device via

the surface of the first layer, and the surface of the first layer has a dielectric function that
varies spatially according to a pattern. The light-emitting device also includes a phosphor

material configured so that light generated by the light-generating region that emerges via the

4
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surface of the first layer interacts with the phosphor material so that light that emerges from
the phosphor layer is substantially white light. The ratio of the height of the light-emitting
device to an area of the li ght-emitting device is sufficiently small enough for the white light
to extend in all directions. The light-emitting device is configured so that, when light
generated by the hght generating region emerges from the hght-ermttmg dev1ce via the
surface of the first layer, the light can emerge from the light-emitting system.

In one embodiment, the inVentien features a light-emitting system that includes a
ﬁght-emitting device. The light-emitting device includes a multi-layer stack of materials.
The multi-layer stack of materials includes a light-generating region, and a first layer |
supported by the light-generating region. The surface of the first layer is configured so that
light generated by the light-generating region can emerge from the light-emitting device via
the surface of the first layer. The light-ernitting device also includes a first sheet formed of a
material that is substantially transparent to light that emerges from the light-emitting device,
and a second sheet that includes a phes'phor material. The second sheet is adjacent the first
sheet. The 11ght -emitting device is packaged, and the first and second sheets form a portion |
of the package for the l1ght—ermtt1ng device. The light-emitting device is conﬁgured so that, |
when light generated by the light-generating region emerges from the light-emitting device
via the surface of the first layer, the light can emerge from the light-emitting system.

In another embodiment, the invention features a light-emitting system that includes a
light-emitting device. The light-emitting device includes a multi-layer steck of materials |
including a light-generating region and a first layer supported by the hght-generatlng region.
The surface of the first layer is configured so that light generated by the llght-generatlng
region can emerge from the light-emitting device via the surface of the first layer. The
surface of the first layer has a dielectric function that varies spatially according to a pattern,
and the pattern is configured so that light generated by the light-generating region that

emerges from the light-emitting device via the surface of the first layer is more collimated

‘than a lambertian distribution of light. The light-emitting device is conflgured so that, when

light generated by the light-generating region emerges from the light-emitting device via the .
surface of the first layer, the light can emerge from the light-emitting system.
In one embodiment, the invention features a light-emitting sYstem that includes a

light-emitting device. The light-emitting device includes a multi-layer stack of materials.

5
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The multi-layer stack of materials includes a hght—generatlng region and a first layer
supported by the light-generating region so that, during use of the light-emitting device, light
generated by the light-generating region can emerge from the light-emitting device via a
surface of the first layer. The surface of the first layer has a dielectric function that varies
spatially according to a pattern, and at least about 45% (e.g., at least about 50%, at least
about 60%, at least about 70%) of the total amount of light generated by the light-generating
region that emerges from the light-emitting device emerges via the surface of the light-
emitting device. Theli ght-emitting device is configured so.tnat, when light generated by the

light-generating region emerges from the light-emitting device via the surface of the first

layer, the light can emerge from the light-emitting system

In another embodlment the 1nvent10n features a light-emitting system that 1ncludes a

light-emitting device. The hght-emlttmg device includes a multi-layer stack of materials.

The multi-layer stack of materials includes a light-generating region and a first layer
supported by the light-generating region so that, during use of the light-emitting device, light
generated by the light-generating region can emerge from the li ght—emitting device via a
surface of the first .layer. The light-emitting device has an edge which is at least about one
millimeter (e.g., at least about 1.5 millimeters, at least about two mﬂlimeters, at least about
2.5 millimeters) long, and the light-emitting device is designed so that the extraction
efficiency of the light-emitting device is substantially independent of the length of the edge
of the light-emitting d‘evice.' The light-emitting device is configured so that, when light

" generated by the light-generating region emerges from the light-emitting device via the

surface of the first layer, the li ght can emerge from the light-emitting system.

In a further embodiment, the invention features a light-emitting system that includes a

- light-emitting device. The light-emitting device includes a multi-layer stack of materials.

The multi-layer stack of materials includes a light-generating region and a first layer
supported by the light-generating region so that, during use of the light-emitting device, light

generated by the light-generating region can emerge from the light-emitting device via a

- - surface of the first layer. The light-emitting device has an edge which is at least about one

30

millimeter (e.g., at least about 1.5 millimeters, at least about two rrlillimeters, at least about
2.5 millimeters) long, and the light-emitting device is designed so that the quantum -

efficiency of the light-emitting device is substantially independent of the length of the edge

6
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of the li ght-emittiﬂg device. The light-emitting device is configured so fhat, when light
generated by the light-generating region emerges from the light-emitting device via the
surface of the first layer, the light can emerge from the light-emitting system.
‘ In one embodiment, the invention features a light-emitting system that includes a
light-emitting device. The light-emitting device includes éinulti-layer stack of mateﬁals.
The multi-layer stack of materials inCludes a light-generating region and a first layer :
supported by the light-generating region so that, during use of the light-emitting device, light
generated by the light-generating region can emerge from the li ght-emitting device via a
surface of the first layer. The light-emitting device has an e&ge which is ét least about one - .
millimeter (e.g., at least about 1.5 millimeters, at least about two mﬂhmeters at least about
2.5 millimeters) long, and the llght-f:mlttmg device is des1gned so that the wall plug
efflc}ency of the light-emitting device is substantlally independent of the length of the edge
of the light-emitting device. The light-enxitting device is configured so that, when light
generated by the light-generating regidn emerges from the li ght-'ernitting device via the -
surface of the first layer, the light can emerge from the light-emitting system.

Embodiments can feature one or more of the following aspects.r

In some einbodiments, the light-emitting system is selected from prdjectors, portable
electronic devices, computer monitors, large area signage systems, vehicle lighting systems,
general lighting systems, high brightness lighting systems, camera flashes, medical devices,
telecommunications systems, security sensing systems, integrated optoelectronic syste;mé,
military field communication systems, biosensing systems, photodynamib therapy systems,
night-vision goggles, solar powered transit lightihg systems, emergency li ghtiﬁg syétefﬁs

airport runway lighting systems, airline li ghtlng systems, surgical goggles, wearable light

sources and combinations thereof. ' 4

In certain embodiments, the light-emitting system is a projector, such as, for example,
é rear projection projector (e. g.; isva rear projection projector fora television) or a front
érojection projector.. o '

'~ Insome embodiments, the light-emitting system is a vehicle lighting system..
In certain embodiments, the light-emitting system is a general lighting system.
In some embodiments, the light-emitting system includes a plurality of light-emitting

devices, where ‘each of the plurality of light emitting devices iricludes a multi-layer stack of

7
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materials including a light-generating region and a first layer supported by the light-
generating region. For each of the plurality of li ght-émitting devices, a surface of the first |
layer is configured so that light generated by the light-generating region can emerge from the
light-emitting device via the surface of the first layer. The surface of the first layerhasa
| dielectn'c function that varies spatially acéording to a pattern. The pattern has an ideal lattice
constant and a detuning parameter with a value gréater than zéro, and the light-emitting
- device is configured so that, when light generated by the light-generating region emerges
from thelight—emitting device via the surface of the first lay,ef, the light can emerge from the
light-emitting system. | B
~ In certain cmbodiments, the light-emitting system includes a plurality of light-
emitting devicés that are configured as an array. ATheYlight-emitting system can include a
plurahty of arrays of light-emitting devices.

In some embodiments, the light-emitting device has a housmg with a surface the
hght-ermttmg device is disposed in the housing, and the light-emitting dev1ce is confi gured B
so that, when light generated by the li ght-generatmg reglon emerges from the light-emitting

" device via the surface of the first layer, the light can emerge from the light-emitting system.
In certain erﬁbodiments, when light generated by the light-generating region emerges
- from the li ght—enﬁtﬁﬁg device via the surface of the first layer, the iight passes through at

) .least one optical component before emerging from the light-emitting system.

In some embodiments, the light-emitting system includes a plurality of light-emitting
devices, at least some of the light-emitting devicés haVing different peék emission
wavelengths. - ‘ | (

In certain embodihlents, the light-emitting system includes a plurality of light-
enlittihg devices, each of the light-emitting devices having substantially the same peak
emission wavelength. | :

The multi-layer stack of materials can be formed of a multi-layer stack of
semiconductor materials. The first layer can be a layer of n-doped semiconductor material,
and the multi-layer stack can fuﬁher include a layer of p-doped semiconductor material. The
light;génerating region can be between the layer of n-doped semiconductor material and the

layer of p-doped semiconductor material.
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The light-emitting device can further include a support that supports the multi-layer
stack of materials.. h

The hght-emlttmg device can further include a layer of reflective material that is
capable of reflecting at least about 50% of light generated by the li ght—generatmg reglon that . -
impinges on the layer of reflective material. The layer of reflective material can be between
the suppoﬁ and the multi-layer stack of materials. The distance between the layer of p-doped
semiconductor material and the layer of reﬂective material can be less than a distance
between the layer of n-doped sermconductor material and the layer of reflective material.
The hght-emlttlng device can further include a p-ohmic contact layer between the layer of P- ‘
doped material and the layer of reflective material.

The light-emitting device can furtherjnclude a current-spreading layer between the .
first layer and the light-generating region. 4 |

The multi-layer stack of materials can be formed of sermconductor materials, such as,
for example, III-V semiconductor materials, organic semiconductor materials and/or silicon.

In some embodiments, the pattern doéé not extend into the light-generating region.

In certain embodiments, the pattern does not extend beyond the first layer.

In some embodiments, the pattern extends beyond the first layer.

~ The light-emitting device can further include electrical contacts configured to inject

current into the lfght-emitting device. The electrical contacts can be configured to vertically
inject electrical current into the light-emitting device. A' o

* The pattern can be partially formed of a component selected from, for example, holes

“ in the surface of the first layer, pillars in the first layer, continuous veins in the first layef,

discontinuous veins in the first layer and combinations thereof. '

In some embodiments, the pattern can be selected from triangular pattérns, squére
patterns, and grating patterns. - A

In certain embodiments, the patterﬁ can be selected from aperiodic patterns,
qﬁasicrystalline patterns, Robinson patterns, and Amman patterns. In some embodiments,
the pattern is a Penrose pattern. A

In some embodiments, the pattern is selected from honeycomb patterns and .
Archimidean patterns. In certain embodiments, a pattern (e.g., a honeycomb pattern) can

have holes with different diameters.
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The péttem can be 'partially formed of holes in the surface of the first layer.

The detuning parameter can be, for exampie, at least about 1% of the ideal lattice
constant and/or at most about 25% of the ideal lattice constant. In some embodiments, the
pattern can correspond to a substantially randomly detuned ideal pattern.

The pattern can be configured so that light emitted by the surface of the first layer hés
a spectrurﬁ of radiation modes, and the spectrum of radiation modes is substantially the same
as a characteristic emission spectrum of the light-generating region. ‘ |

The light-emitting device can be, for example, a light-emitting diode, a laser, or an .
optical amplifier. Examplés of light-emitting devices include organic light-emitting devices
(OLEDs), flat surface-emitting LEDs, and high brightness light-emitting devices (HBLEDS).

In some embodiments, the surface of the first layer has features with a size of less
than about A/5, where A is a wavelength of light that can be emitted by the first layer.

In ccrtain embodiments, the light-emitting device is packaged (e.g., in the jform ofa
packaged die). In some embodiments, a paqkaged light-emitting device can be free of an
encapsulant material. ‘

~+ Insome émbodiments, the material in contact with the surface of the first layer is a
gas (e.g., air). The gas can have a pressure of less than about 100 Torr.

In certain embodiments, the material in contact with the surface of the first layer has
én index of refraction of at least about one. |

In some embodiments, a packaged LED 1ncludes acover. The cover can 1nclude a

- phosphor matenal The cover can be confi gured so that light generated by the light-

generating reglon that emerges via the surface of the first layer can interact with the phosphor .
material, and so that light that emerges via the surface of the first layer and interacts with the
phosphor material emerges from the cover as substantlally white light.

In certain embodiments, the light-emitting device further mcludes a first sheet
comprising a material that is substantially transparent to light that emerges from the light-
emitting device, and a second sheet that includes a phosphor material. The second sheet can

be adjacent the first sheet, and a material havihg an index of refraction of less than about 1.5

" can be between the first sheet and the surface of the first layer. The first and second sheets

can be configured so that light generated by the light-generating region that emerges .via the
surface of the first layer can interact with the phosphor material, and so that light that

10
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emerges via the surface of the first layer and interacts witﬁ the phosphor material emerges
from the second sheet as subétantially white light.

The phosphor material can be disposed on the surface of the first layer.

In some embodiments, when light generated by the light-generating region emerges
from the light-emitting device via the surface of the first layer, at leést about 40% of the light
emerging via the surface of the first layer emerges within at most about 30° of an angle
normal to the surface of the first layer

In certa:m embodiments, the filling factor of the hght-em}ttmg device is at least about
10% and/or at most about 75%. '

Embodiments caﬁ feature one or more of the following advantages.

In certain embodiments a light-emitting system can include an LED and/or a
relatively large LED chip that can exhibit relatively high light extraction.

In some embodlrnents a light-emitting system can include an LED and/or 2 relatlvely
large LED chip that can exhibit relatlvely high surface bri ghtness, relatively high average
surface brightness, relatively low need for heat dissipation Aor‘relatively high rate of heat
dissipation, relatively low etendue and/or relatively high power efficiency. B

In certain embodiments, a light-emitting system can include an LED and/or a
relatively large LED chip that can be designed so that relatively little light emitted by the
LED/LED chip is absorbed by packaging. o ‘

In some embodiments, a light-emitting system can include a packaged LED (e.g., a '
relatively large packaged LED) that can be prepared witheut using an encapsulant mateﬁal. 3
This can result in a packaged LED that avoids certain preblems associated with the use of
certain encapsulant materials, such as reduced performance and/or inconsistent perforinance
as a function of time, thereby providing a packaged LED that can exhibit relatively good
and/or reliable performance over a relatively long period of time.

In certain embodiments, a light-emitting system can include an LED (e. g2 packaged
LED, which can be a relatively large packaged LED) that can have a relatively un1form
coating of a phosphor material. | o '

In some embodiments, a light-emitting system can inciude an LED (e.g., a packaged

LED, which can be a relatively large packaged LED) that can be designed to provide a
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desired light output within a par_ticular angular range (e.g., within a particular angular range

- relative to the LED surface normal).

In some embodiments, a light-emitting system can include an LED and/or a relatively
large LED chip that can be prepéred by a process that is relatively inexpensive.

In certain embodiments, a light—emittirig system can include an LED and/or a
relatively large LED chip that can be‘ prepared by a process that can be conducted ona
commercial scale without incurring costs that render the process economically unfeasible.

Feat'ur‘es) and advantages of the invention are in the description, drawings and claims.

DESCRIPTION OF DRAWINGS
" FIG. 1 is a schematic representation of a light elﬁitting system.

FIG. 2 is a side view of an LED with a patterned surface.

FIG. 3 is a top view the patterned surface of the LED of FIG. 2. A

FIG. 4isa graph of an extraction efficiency of an LED with a patterned surface as
function of a detuning parameter. | ‘

" FIG. 5 is a schematic representation of the Fourier transformation of a patterned .

surface of an LED. |

FIG. 6isa gréph of an extraction efficiency of an LED with a patterned surface as

. function of nearest neighbor distance.

FIG. 7 is a graph of an extraction efficiency of an LED with a patterned surface as
function of a filiing factor. ' ' | ‘

FIG. 8 is a top view a patterned surface of an LED. |
FIG. 9 is a graph of an extraction efficiency of LEDs with différent surface patterns.
FIG. 10 is a graph of an extraction efficiency of LEDs with different surface patterns.
FIG. 11 is a graph of an extraction efficiency of LEDs with different surface patterns. .
FIG. 12 is a graph of an extraction effiéiency of LEDs with different surface pattemé.‘
FIG. 13 is a schematic representation of the Fourier transformation two LEDs having

. different patterned surfaces compared with the radiation emission spectrum of the LEDs.
FIG. 14 is a graph of an extraction efficiency of LEDs having different surface v

patterns as a function of angle.
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FIG. 15 is a side view of an LED w1th a patterned surface and a phosphor layer on the
patterned surface. ' '
FIG. 16 is a side view of a epitaxial layer precursor to an LED with a patterned
surface -

FIG. 17 is a side view of a ep1tax1a1 layer precursor to-an LED with a patterned
surface. '

FIG. 18 is a side view of aepitakial layer precursor to an LED with a patterned
surface. | | - : '

FIG. 19 is a side view of a epitaxial layer precursor to an LED with'a‘ patterned

“surface.

FIG. 20 is a side view of a epitaxial 1ayer4 precursor to an LED with a patterned .
surface. |

L1ke reference symbols in the various drawings 1ndlcate 11ke elements.

DETAILED DESCRIPTION

FIG. 1 is a schematic representatlon ofa hght-emlttlng system 50 that has an array 60

-of LEDs 100 incorporated therein. Array 60 is configured so that, during use, light that

emerges from LEDs 100 (see discussion below) emerges from system 50 via surface 55."
Examples of light-emitting systems include projectors (e.g., rear projection
projectors, front projection projectors), portable electronic devices (e.g., cell phones, personél’ -

digital assistants, laptop computers), computer monitors, large area signage (e.g., hlghway

.signage), vehicle interior lighting (e.g., dashboard hghtmg) vehicle exterior hghtlng (e.g.,

-vehicle headlights, including color changeable headlights), general lighting (e.g., office

| overhead lighting), high brightness lighting (e.g., streetlights), camera ﬂashes, medical

devices (e.g., endoscopes), telecommunications (e.g. plastic fibers for short range data
transfer), security sensing (e.g. biometrics), integrated optoelectronics (e. g., infrachip and
interchip optical interconnects and optical clocking), military field communicatiens (e.g.,
point to point connnunications); biosensing (e.g. photo-detection of organic or inorganic
substances), photodynaniic therapy (e.g. skin treatment), night-vision goggles, solar powered
transit lighting, emergency ﬁghting, airport runway lighting, airline lighting, surgical

goggles, wearable light sources (e.g. life-vests). An-example of a rear projection projector is
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a rear projector television. An example of a front projection projector is a projector for

* displaying on a surface, such as a screen or a wall. In some embodiments, a laptop computer

can include a front projection prOJector

Typlcally, surface 55 is formed of a material that transmits at least about 20% (e.g.,at

| Teast about 30%, at least about 40%, at least about 50%, at legst about 60%, at least about

70%, at least about 80%, at least about 90%, at least about 95%) of the light that emerges

from LEDs 100 and impinges on surface 55. Examples of materials from which surface 55

~ can be formed include glass, silica, quartz, plastic and polymers.

In some embodiments, it may be desirable for the hght that emerges (e g., total li ght

mten51ty, light intensity as a function of wavelength, and/or peak emission wavelength) from

- each LED 100 to be substantially the same. . An example is time-sequencing of substantlally

monochromatic sources (e. g. LEDs) in display applications (e.g., to achieve vibrant full-color
displays). Another example is in telecommunications where it can be advantagedus for an
6ptica1 systéfn to have a pafticu]ar wavelength of light travel from the source to the light '
guide, aﬁd from the light guide to the detector. A fuﬁher example is vehicle lighting where.
color indicates s1gna11ng An additional example is in medical applications (e.g g o
photosensmve drug activation or biosensing apphcatlons where wavelength or color
response can be advantageous).

In certain embodlments it may be desirable for the 11ght that emerges (e.g., total light

- 1nten31ty, light intensity as a function of wavelength, and/or peak emission wavelength) from

-at least some of LEDs 100 to be different from the light that emerges (e.g., total 11ght

intensity, light intensity as a function of wavelength, and/or peak emission wavelength) from
di,fferent LEDs 100. An example is in general lighting (e.g., where multiple wavelengths can
imprdve the color rendcring index (CRI)). CRI is a measurement of the amount of color shift
that objects undergo when lighted by the light-emitting syétem as compared with the coldr of -
those samé objects when seen under a reference lighting system (e.g., daylight) of |
éomparable correlated temperature. Another example is in camera flashes (e.g., where
substantially high CRI, such as ‘sub'sténtially close to the CRI of noontime sunlight, is
desirable for a réalistic rendering of the object or subject being photographed). A further

example is in medical devices (e.g., where substantially consistent CRI is advantageous for

tissue, organ; fluid, etc. differentiation and/or identification). An additional example is in
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backlighting displayé (e.g, where cett'ain CRI white light is often more i)leasing or natural to
the human eye). '
Although depicted in FIG. 1 as being in the form of an array, LEDs 100 can be
confi gured differently. As an example, in some embodiments, system 50 1ncludes‘a single
LED 100. As another example, in certain embodiments, the array is curved to help aﬁgularly
direct the light from various sources onto the same point (e.g., an optic such as a lens). Asa
further example, in some embodiments, the array of devices is hexagonally distributed to
allow for close-packing and high effective surface bri ghtness. As an add1t1onal example, in

certain embodlments the devices are distributed around a mirror (e.g., a d1chr01c Imrror) that

“combines or reflects light from the LED:s in the array.

In FIG. 1 the light that emerges from LEDs 100 is shown as traveling dlrectly from
LEDs 100 to surface 55. However, in some embodiments, the light that emerges from LEDs
100 can travel an indirect path from LEDs 100 to surface 55. As an example, in somie A
embodiments, system 50 includes a sihgle LED 100. As anothet example, in certain
embodiments, light from LEDs 100 is focused onto a mictodisplay (e.g.,ontoa light‘ valve
such as a digital light processor (DLP) or a liquid crystal display (LCD)). As a further -

“example, in some embodiments, light is directed through various optics, mirrors or polarizers

(e.g., for an LCD). As an additional example, in certain embodiments, light is projected
through primary or secondary optics, such as, for example, a lens or a set of lenses.

FIG. 2 shows a side view of an LED 100 in the form of a packaged die. LED 100
includes a multi-layer stack 122 disposed on a submount 120. Multi- layer stack 122 includes
a 320 nm thick silicon doped (n-doped) GaN layer 134 having a pattern of openings 150 in |
its upper surface 110. Multi-layer stack 122 also includes a bonding layer 124,2100 nm -
thick silver layer 126, a 40 nm thick magnesium doped (p-doped) GaN layer 128, 2120 nm
thlck light-generating region 130 formed of multiple InGaN/GaN quantum wells, and a
AlGaN layer 132. An n-side contact pad 136 is disposed on layer 134, and a p-side contact
pad 138 is disposed on layer 126. An encapsulant material (epoxy having an index of
refraction of 1.5) 144 is present between layer 134 and a cover slip 140 and supports. 142.
Layer 144 does not extend into openings 150.

Light is generated by LED 100 as follows. P-side contact pad 138 is held at a

positive potential relative to n-side contact pad 136, which causes electrical current to be
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injeéted into LED 100. As the glectrical current passes through light-generating region 130,
éiectrons from n-doped layer 134 combine in region 130 with holes from p-doped layer 128,
which causes region 130 to generate light. Light-generating region 130 contains a multitude
of point dipole radiation sources that emit light (e.g., isotropically) within the region 130
with a spectmfn of wavelengths characteristic of the material from which light-generating
}egioh 130 is formed. For InGaN/GaN quantum wells, the spéctrum of wavelengths of light
generated by region 130 can have a peak wavelength of about 445 nanometers (nm) anda .
full width at half maximum (FWHM) of about 30 nm. .

Ttisto be.,noted that the charge carriers in p-doped layer 126 have relatively low

mobility compared to the charge carriers in the n-doped semiconductor layer 134. As a

result, placing silver layer 126 (which is conductive) along the surface of p-doped layer 128

can enhance the uniformity of charge injecﬁon from contact pad 138 into p-doped layer 128

- and light-generating region 130. This can also reduce the electrical resistance of device 100

and/or increase the injection efficiency of device 100. Because of the relatively high chafgé
carrier mobility of the n-doped layer 134, electrons can spread relatively quickly froni n-side
contact pad 136 throughout layers 132 and 134, so that the current density within the light-‘
generating region 130 is substantially uniform across the region 130. It is also to be noted
that silver layer 126 has relatively hlgh thermal conductivity, allowing layer 126 to act as a
heat sink for LED 100 (to transfer heat vertically from the multi-layer stack 122 to submount
120). , _

At least éome of the light tﬁat is gcnerated by region 130 is directed towaid silver
layer 126. This light can be reflected by layer 126 and emerge from LED 100 via surface
110, or can be reflected by layer 126 and then absorbed within the semiconductor material in
LED 100 to produce an electron-hole pair that can combine in region 130, causing region 130
to generate light. Similarly, at least some of the light that is generated by region 130 is
directed toward pad 136. The underside of pad 136 is formed of a material (e.g., a
Ti/Al/Ni/Au alloy) that can reflect at least some of the light generated by light-generating
region 130. Accordingly, the light that is directed to pad 136 can be reflected by pad 136 and
subséquently emefge from‘]'_BD 100 via surface 110 (e.g., by beilig reflected from silver
layer 126), or the light that is directed to pad 136 can be reflected by pad 136 and then

absorbed within the semiconductor material in LED 100 to produce an electron-hole pair that |
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can combine in regioh 130, c;ausing region 130 to generate light (e.g., with or without being
reflected by silver layer 126). ‘ : '

As shown in FIGs. 2 and 3, surface 110 of LED 100 is not flat but consists of a
modified triangular pattern of openings 150. In genefal, various values can be selected‘for -
ihe depth of openings 150, the diameter of openings 150 and the spacing between nearest

neighbors in openings 150 can vary.” Unless otherwise noted, for purposes of the figures

" below showing the results of numerical calculations, openings 150 have a depth 146 equal to

about 280 nm, a non-zero diameter of about 160 nm, a spacing between nearest neighbors or
about 220 nm, and an index of refraction equal to 1.0. The triangular pattefn'is detuned so -
that the nearest neighbors in pattern 150 have a center-to-center distance with a value |

between (a —Aa) and (a + Aa), where “a” is the lattice constant for an ideal triangular pattern 4

~ and “Aa” is a detunin g parameter with dimensions of length and where the detuning can

occur in random directions. To enhance light extraction from LED 100 (see discussion .
below), detuning pafametef, Aa, is géhérally at least about one pércent (e.g., at least about
fwo percent, at least about three pgrcént, at least about four percent, at least about fivé. ‘
percent) of ideal lattice constant; a, and/or at most about 25% (e.g., at most about 20%, at
most about 15%, at most about 10%) of ideal lattice constant, a. In some embodiments, the .
nearest neighbor spacings vafy substantially randomly between (a — Aa) and (a + Aa), such
that pattern 150 is substantially randomly detuned. o ‘
For the modified triangular pattern of opénings 150, it has been found that a non;zer'o '

detuning parameter enhances the extraction efficiency of an LED 100. For LED 100

- described above, as the detuning parameter Aa increases from zero to about 0.15a, numerical

modeling (déscribed below) of the electromagnetic fields in the LED 100 has shown that the
extraction efficiency of the device increases from about 0.60 to about 0.70, as shown in FIG.
4. | |

| The extraction efficiency data shown in FIG. 4 are calculated by using a three-
dimensional finite-difference time-domain (FDTD) method to approximate solutions to
Maxwell’s equations for the light within and outside of LED 100. See, for example, K.S.
Kunz and R.J. Luebbers, The Finite-Difference Time-Domain Methods (CRC, Boca. Raton,
FL, 1993); A. Taflove, Computational Electrodynamics: The Finite-Diﬁ”erénce Time-Domain
Method (Artech House, London, 1995), both of which are hereby incofporated by reference.
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To represent the‘optical behavior of LED 100 with a particulaf pattern 150, input parameters

- in a FDTD calculation include the center frequency and bandwidth of the light emitted by the

point dipole radiation sources in light-generating region 130, the dimensions and dielectric
properties of the layers within multilayer stack 122, and the diameters, depths, and nearest

nelghbor distances (NND) between openings in pattern 150.

In certain embodiments, extraction efficiency data for LED 100 are calcu]ated using

_an FDTD method as follows. The FDTD method i is used to solve the full-vector time-

dependent Maxwell’s equations:
o= H o = E P
VXE=-pt—, VXH=¢& —+—,
a A a

where the polarizability P = B+ 1—5 24 ..+ Py capfures the frequency-dependent

response of fhe,quantum well light-generating region 130, the p-contact layer 126.and other
layers within LED 100. The individual P m terms are empirically derived values of different
contributions to the overall polarizability of a material (e.g., the polarization response for '

bound electron oscillations, the polarization response for free electron oscillations). In

particular, ,
@B 4P, .
+ ~+w, P =ew)E, "
a g On @)

- where the polarization corresponds to a dielectric constant

e(w)=¢, +Z

o) -w® - zym
For purposes of the numerical calculations, the only layers that are considered are

encapsulant 144 silver layer 126 and layers between encapsulant 144 and silver layer 126.

- This approximation is based on the assumption that encapsulant 144 and layer 126 are thick

enough so that surrounding layers do not influence the optical performance of LED 100. The -
relevant structures within LED 100 that are assumed to have a frequency dependent dielectric
constant are silveflayer 126 and light-generating region 130. The other relevant layers

within LED 100 are assumed to not have frequency dependent dielectric constants. It is to be
noted that in embodiments in which LED 100 includes additional metal layers between
encapsulant 144 and silver layer 126, each of the additional metal layers will have a -

corresponding frequency dependent dielectric constant. It is also to be noted that silver layer
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126 (and any other metal.layer in‘ LED 100) has a frequency dependent termyfor both bound
electrons and free electrons, whereas light-generating region 130 has a frequency dependent
term for boﬁnd electrons but does not have a frequency dependent term for free electrons. In
certain embodiments, other terms can be included when modeling the ffequency dependence
ef the dielectric constant. Such terms may include, for example, electron-phonon -
interactions, atomic polarizations, ionic polarizations and/or molecular polarizations.

The emission of light frorﬁ the quantum well region of light-generating region 130 is
modeled by incorporating a number of randomly- placed, constant-current dlpole sources
w1th1n the light-generating region 130, each emitting short Gaussian pulses of spectral w1dth '
equal to that of the actual quantum well, each with random initial phase and start-time.

To cope with the pattern of openings.150 in surface 110 of the LED 100, a large

supercell in the lateral direction is used, albng with periodic boundary conditions. This can

| assist in simulating relatively large (e.g., greater than 0.01 mm on edge) device sizes. The

full evolution equations are solved in time, long after all dipole sources have emitted their
energy, until no energy remains in the systeni. During the simulation, the total energy'

emitted, the energy flux extracted through top surface 110, and the energy absorbed by the

- quantum wells and the n-doped leyer is monitored. Through Fourier transforms both in time

and space, frequency and angle resolved data of the extracted flux are obtained, and therefore
an angle- and frequency-resolved extraction efficiency can be celculated. By matching the -
total energy emitted with the experimeﬁtélly known luminescence of light-generating ‘regioﬁ '
130, absolute angle-resolved extraction in lumens/per sohd angle/per chip area for glven
electrical input is obtamed

Without w;shlng to be bound by theory, it is believed that the detuned pattern .150‘cém
enhance the efficiency with which light generated in region 130 emerges from LED 100 via
surface 110 because openings 150 create a dielectric function that varies spatially in layer
134 according to pattern 150. It is believed that this alters the density of radiation modes
(i;e., light modes that emerge from surface 110) and guided modes (i.e., light modes that are
confined within multi-layer stack 122) within LED 100, and that this alteration to the density
of radiation modes and guided modes within LED 100 results in some light that would
otherwise be emitted into guided modes in the absence of pattern 150 being scattered (e.g..,

Bragg scattered) into modes that can leak into radiation modes. In certain embodlments itis
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believed that pattern 150 (e.g., i:he pattern discussed above, or one of the patterns discussed

- below) can eliminate all of the guided modes within' LED 100.

It is believed that the effect of detuning of the lattice can be understood by

considering Bragg scattering off of a crystal having point scattering sites. For a perfect

 lattice arranged in lattice planes separated by a distance d, monochromatic light of

wavelength A is scattered through an angle 6 according to the Bragg condition, nA = 2dsind,
where n is an integer that gives the order of the scattering. However, it is believed that for a
light source having a spectral bandwidth AMA and emitting into a solid angle A®,7the Bragg

condition can be relaxed by detuning the spacing of between lattice sites by a detiming

~ parameter Aa. It is believed that detuning the lattice increases the scattering effectiveness

and angular acceptance of the pattern over the spectral bandwidth and spatial emission
prbfile of the 'sourcé. '

While a modified triangular pattern 150 having a non-zero detuning paranieter Aahas
Been described that can enhance light extraction from LED 100, other patterns can also be '
used to enhance light éxtraction from LED 100. When determining whether a given pattern
enhances light extraction from LED 100 and/or what pattern of openings may be used to |
enhance light‘extraétion from LED 100, physical insight may first be used to approximate a
basfc pattern that can enhance light extraction before conducting such numerical calculations.

» The extraction efficiency of LED 100 can be further understood (e.g., in the weak o
scattering regime) by considering the Fourier iransform of the dielectric function that varies
spatially according to pattern 150. FIG. 5 depicfs the Fourier transform for an ideal
triangular lattice. Extraction of light into a particular direction with in-plane Wavevector kis -
related to the source emission S;-into all thosévmodes with in-plane wavevector ’ (i.e.
parallel to pattern 150) that are comﬁatible to k by the addition or subtraction of a reciprocal
lattice vector G, i.e k=k"+G. The extraction efficiency is proportional to the magnitude of

the congspohding Fourier component (Fy) of the dielectric function & given by
_ [ ory,-iGF g
F. = CEZ%S/;_@’ Eg —jé‘(r)e dr
G

Since light propagating in the material generally satisfies the equation k*(in-plane) +
kz(nonnal)ﬁs(w/c)z, the maximum G to be considered is fixed by the frequency (®) emitted

20



.10

15

20

25

30

WO 2004/093134 PCT/US2004/010671

by the li ght-generating region and the dielectric constant of the light-generating region. As
shown in FIG. 5, this defines a ring in reciprocal space which is often called the light line.
The light line will be an annulus due to the finite bandwidth of the light-generating region but
for sake of clarity we illustrate the light line of a monochromatic source. Similarly, ligh;t
i)ropagating within the encapsulant is bounded by a light line (the iﬁner circle in FIG. 5).
Therefore, the extraction efficiency is improved by increasing Fy for all directions  that lie
within the encapsulant light-line which amounts to increasing the number of G points within
the encapsulant light line and increasing the scattering strength 8(;' for G points which lie
within the material light line. This physical insight can be used when selecting patternsfhat '
can improve extraction efficiency. ' ' | ‘

' As an example, FIG. 6 shows the effect of increasing lattice constant for an ideal
triémgular pattern. The data shown in FIG.. 6 are calculated using the par@meters given for
LED 100 shown in FIG. 2, except that the emitted light has a peak wavelength of 450 nm,
and the depth of the holes, the diameter of the holes, and the thickness of the n-doped layer
‘134 scale with the nearest neighbor distance,‘ a, as 1.27a, 0772a, and ‘1.27‘a + 40 nm, |
respectively. Increasing the lattice éonstant, increases the density of G points within the-
light-line of the encapsulant. A clear trend in extraction efficig:ncy,with NND is observed. It.
is believed that the maximuni extraction efficiency occurs for NND approximately equal to |
the wavelength of light in vacuum. The reason a maximum is achieved, is that as the NND

becomes much larger than the wavelength of light, the scattering effect‘isA reduced because

" the material becomes more uniform,

As another example, FIG. 7 shows the effect of increasing hole size or filling factor.

- The filling factor fora triangular pattern is given by (2%/\/3)*(r/a)2, where r is the radius of a

hole. The data shown in FIG.. 7 are calculated using the parameters given for the LED 100
shown in FIG. 2, except that the diameter of the openings is changed according the ﬁlling"

factor value given on the x-axis of the graph. The extraction efficiency increases with filling

‘factor as the scattering strengths (€) increase. A maximum is observed for this particular

system at a filling factor of ~48%. In certain embodiments, LED 100 has a filling factor of at
least about 10% (e.g., at least about 15%; at least about 20%) and/or at most about 90% (e.g.,
at most about 80%, at most about 70%, at most about 60%). A
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While a modified triangular pattern has been described in which a detuning parameter
relates to positioning of openings in the pattern from the positions in an ideal triangular
lattice, a modified (detuned) triangular pattern may also be achieved by modifying the holes

in an ideal triangular pattern while keeping the centers at the positions for an ideal triangular

- pattern. FIG. 8 shows an embodiment of such a pattern. The enhancement in light

extraction, the methodology for conducting the corresponding numerical calculation, and the
physical explanation of the enhanced light extraction for a light-emitting device having the
pattern shown in FIG. '8 is generally the same as described above. In some embodiments, a
modified (detuned) pattern'can have openings that are displaced from the ideal locations and
openings at the ideal locations but with varyihg diameters. '

In other embodiments, enhanced light extraction from a light-emitting device can be

* achieved by using different types of patterns, including, for example, complex periodic

patterns and nonperiddic patterns. As referred to herein, a complex periodic pattern is.a
pattern that has more than one feature in each unit cell that ‘repeats ina Aperiodic fashion.
EXamples of complex pcriodic'pattefns include hpneycomb patterns, honeycomb base
patterns, (2x2) base patterns, ring patterns, and Archimidean patterns. As discussed below, in
some embodiments, a éomplex pen'odic pattern can have certain openings with one diameter
and other openings with a smaller diameter. As referred to herein, a nonperiodic pattern isa

pattern that has no translational symmetry over a unit cell that has a léngth that is at least 50

‘times the peak wavelength of light generated by region 130. Examples of nonperiodic

- patterns include aperiodic patterns, quasicrystalline patterns, Robinson patterns, and Amman

patterns.

FIG. 9 shows numerical calculations for LED 100 for two different complex periodic

patterns in which certain openings in the patterns have a parﬁcular diameter, and other

» openings in the patterns have smaller diameters. The numerical calculations represented in

FIG. 9 show the behavior of the extraction effibiency (larger holes with a diameter of 80 nm)

“as the diameter of the smaller holes (dR) is varied from zero nm to 95 nm. The data shown in

FIG.. 7 are calculated using the parameters given for the LED 100 shown in FIG. 2 except

' that the diameter of the openings is changed according the filling factor value given on the x-

axis of the graph. Without wishing to be bound by theory, multiple hole sizes allow -

scattering from multiple periodicities within the pattern, therefore increasing the angular
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acceptance and spectral effectiveness of the pattern. The enhancement in light extraction, the

methodology for conducting the corresponding numerical calculation, and the physical
explanation of the enhanced light extraction for a light-emitting device having the pattern
shown in FIG. 9is generally the same as described above.

FIG. 20hows numerical calculations for LED 100 having different nng pattems } 4
(complex periodic patterns). The number of holes in the first ring surrounding the central -
hole is different (six, eight or 10) for the different ring patterns. The data shown in FIG..10
are calculated using the parameters given for the LED 100 shown in FIG. 2, except that the -
emitted light has a peak wavelength of 450 nm. The numerical calculations represented in
FIG. 10 show the extraction efficiency of LED 100 as the number of ring patterns per unit
cell that is _repeated across a unit cell is vaﬁed from two to four. The enhancement in light
extraction, the methodology for conducting the corresponding numerical calculation, and the
physical explanation of the enhanced light extraction for a light-emitting device having the
pattern shown iﬁ FIG. 10 is generally the same as described above.

FIG. 11 shows numerical calculations for LED 100 having an Archimidean pattern. .

" The Archimedean pattern A7 consists of hexagonal unit cells 230 of 7 equally-spaced holes }

.with a nearest neighbor distance of a. Within a unit cell 230, six holes are arranged in the

shape of a regular hexagon and the seventh hole is located at the center of the heXagon. The

hexagonal unit cells 230 then fit together along their edges with a center-to-center spacing
between the unit cells of @’ =a * (1 + \/5 ) to pattern the entire surface of the LED. Thisis .

known as an A7 tiling, because 7 holes make up the unit cell. Similarly, the Archimideen

‘tiling A19 consists of 19 equally-spaced holes with a NND of a. The holes are arranged in

the form of an inner hexagon of seven holes, and outer hexagon of 12 holes, and a central

hole within the inner hexagon. The hexagonal unit cells 230 then fit together along their

* edges with a center-to-center spacing between the unit cells of a’=a* (3 + V3 ) to pattern the

entire surface of the LED. The enhancement in light extraction, the methodology for
eonducting the corresponding nurﬁeﬁcal calculation, and the physical explanation of fhe
enhanced light extraction for a light-emitting device having the pattern shown in FIG. 11 is
generally the same as described above. As shown in FIG. 11 the extraction efficiency for A7
and A19 is about 77%. The data shown in FIG.. 11 are calculated using the parameters given

for the LED 100 shown in FIG. 2, except that the emitted light has a peak wavelength of 450
23 '



10

15

20

25

30

WO 2004/093134 PCT/US2004/010671

and except that the NND is defined as the distance between openings within an individual

. cell.

'FIG. 12 shows numerical calculation data for LED 100 having a quasicrystalline

pattern. Quasicrystalline patterns are described, for example, in M. Senechal, Quasicrystals

" and Geometry (Cambridge University Préss, Cambridge, England 1996), which is hereby

incorporated by reference. The numerical calculations show the behavior of the extraction

- efficiency as the class of 8-fold based quasi-periodic structure is varied. It is believed that

quasicrystalline patterns exhibit high extraction efficiency due to high degree of in-plane

rotational symmetries allowed by such structures. The enhancement in light extraction, the

~ methodology for conducting the corresponding numerical calculation, and the physical .

explanatidn of the enhanced light extraction for a light-emitting device having the péttern

shown in FIG. 12 is generally the same as described above. Results from FDTD calculations

~shown in FIG 12 1nd1cate that the extraction eff1c1ency of quasicrystalline structures reaches

about 82%. - The data shown in FIG.. 12 are calculated using the parameters given for the

LED 100 shown in FIG. 2, except. that the emitted light has a peak wavelength of 450 and

except that the NND is defined as the distance between opénings within an individual cell.’ |
While certain éxamples of patterns have been described herein, it is believed that

other patterns can also enhance the light extraction from LED 100 if the patterns satisfy the

‘basic principles d1scussed above. For example, it is believed that adding detuning to

quas1crysta111ne or complex penodlc structures can increase extraction efficiency.

In some embodlments at least about 45% (e.g., at least about 50%, at least about

55%, -at least about 60%, at least about 70%, at least about 80%, at least about 90%, at least

about 95%) of the total amount of light generated by li ght-generatmg reglon 130 that
emerges from LED 100 emerges via surface 110. |

In certain embodiments, the cross-sectional area of LED 100 caﬁ be relatively large,
while still exhibiting efficient light extraction from LED 100. For example, one or more
‘edges of LED 100 can be at least about one millimeter (e.g., at least about 1.5 millimeters, at
least about two milliméters, at least about 2.5 millimeters, at least about three millimeters),
and at ieast about 45% (e.g., at least about 50%, at least about 55%, at least about 60%, at
least about 70%, at least about 80%, at least about 90%, at least about 95%) of the total

amount of light generated by light- generating region 130 that emerges from LED 100
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emerges via surface 110. This can allow for an LED to have a relatively large cross-section
(e.g., at least aboﬁt one millimeter by at least about one millimeter) while exhibiting good
power conversion efficiency.

~ In some embodiments, the extraction efficiency of an LED having the design of LED
iOO is substantially independent of the length of the edge of the LED. For example, the
différence between the extraction efficiency of an LED having the design of LED 100 and
one or more edges having a length of about 0.25 millimeter and the extraction efficiency of
LED having the design of LED 100 and one or more edges having a length of one millimeter : -
can vary by less than about 10% (e.g., less than abdut 8%, less than about 5%, leés than ébout
3%).. As referred to herein, the extraction efficienc_y of an LED is the ratio of the light
emitted by the LED to the amount of light generated by the device (which can be measured-
in terms of energy or photons). This can allow for an LED to have a relatively large cross-
section (e.g., at least about one millimeter by at least about one millimeter) while exhibiting }
good power conversion efficiency. ' ‘

In certain embodiments, the quantum efficiency‘ of an LED having the design of LED -

100 is substantially independent of the léngth of the edge of the LED. For example, the

difference between the quantum efficiency of an LED having the design of LED 100 and one
of more edges having a length of about 0.25 millimeter and the quantumefficiency of LED
having the design of LED 100 and one or more edges having a length of one millimeter can
vary by less than about 10% (e. g., less than about 8%, less than about S%A, less than about
3%). As referred to herein, the quantum efficiency of an LED is the ratio of the number of

photons generated by the LED to the number of electron-hole recombinations that occur in

- the LED. This can allow for an LED to have a relatively large cross-section (e.g., at least

about one millimeter by at least about one millimeter) while exhibiting good performance.

In some embodiments, the wall plug efficiency of an LED having the design of LED
100 is substantially independent of the length of the edge of the LED. For example, the
difference between the wall plug efficiency of an LED having the design of LED 100 and
one or more edges having a length of about 0.25 millimeter and the wall plug efficiency of
LED having the design of LED 100 and one or more edges having a length of one millimeter
can vary by less than about 10% (e.g., less than about 8%, less than about 5%, less than about
3%). As referred to herein, the wall plug efficiency of an LED is the product of the injection
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efﬁclency of the LED (the ratio of the numbers of camers injected into the device to the

- number of carriers that recombine in the light- generatmg region of the device), the radlatlve

efficiency of the LED (the ratio of electron-hole recombinations that result in a radiative
event to the total number of electron-hole recombinations), and the extraction efficiency.of
the LED (the ratio of photons that are extracted from the LED to the total number of photons
created). This can allow for an LED to have a‘relatively'large cross-section (e.g., at least
about one millimeter by at least about one millimeter) while exhibiting good performance.l

| In some embodiments, it may be desirable to manipulate the angular distribution of -

light that emerges from LED 100 via surface 110. To increase extraction efficiency into a

~ given solid angle (e.g., into a solid angle around the direction normal to surface 110) we

examine the Fourier transform of the dielectric function that varies spatially according to

pattern 150 (as described earlier). FIG. 13 shows the Fourier transform construction for two

‘ideal triangular lattices of djfferent lattice constant. To increase the extraction efficiency, we

seek to increase the number of G points within the encapsulant light line and scetten'ng
strengths of G pqints (€) Within the material light line. This woﬁld impiy increasing the
NND so as to achieve the effect depicted in FIG. 6. However, here we are concerned Withv'
increasing the extrection efficiency into a solid angle centered around the normal direction.
Therefore, we would also like to limit the introduction of higher order G points by reducing

the radius of the encapsulant light line, such that the magnitude of G > (w(ne))/c. We can see

that by decreasing the index of refraction of the encapsulant (the bare minimum of which is

removing the encapsulant all together) we allow larger NND and therefore increase the

number of G points within the material light line that are available to contribute to extraction

‘in the normal dlrectlon (Fr=0) while 31multaneous1y avoiding diffraction into higher order

(oblique angles) in the encapsulant The above described trends are deplcted in FIG. 14
which shows extraction efficiency into a solid angle (given by the collection half-angle in the-
diagram). The data shown in FIG.. 14 are calculated using the parameters given for the LED

100 shown in FIG 2, except that the emitted light has a peak wavelength of 530 nm and a

- bandwidth of 34 nm, the index of refraction of the encapsulant was 1.0, the thickness of the

p-doped layer was 160 nm, the light generating layer was 30 nm fhick, the NND (a) for the
three curves is shown on FIG. 14, and the depth, hole diameter, and n-doped layer thickness
scaled with a, as 1.27a, 0.72a, and 1.27a + 40 nm, respectively. As the lattice constant is
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increased, the extraction efficiency at narrow angles increases as well as the overall
extraction efficiency into all angles. However, for even larger lattice constant, diffraction

into higher order modes in the encapsulant 11m1ts the extraction efflclency at narrow angles

even though the overall extraction efflclency increases into all angles. For a lattice constant

of 460 nm, we calculate greater than 25% extraction efficiency into a collection half-angle of
30°. That is, about half of the extracted light is collected within only about 13.4% of the '
upper hemisphere of solid angle demonstrating the collimation effect of the pattern. Itis
believed that any pattern that increases the number of G points within the material light line
while limiting the number of G points within the encapsulant light line to enly the G innts at
k = 0 can improve the extraction efficiency into a solid angle centered around the'nerrnai
direction. '

The approach is espec1a11y apphcable for reducing the source etendue which is
believed to often be proportlonal to n’, where n is the index of refraction of the surroundmg
matenal (e:g., the encapsulant). Tt is therefore believed that reducing the index of refraction
of the encapsulating layer for LED 100 can lead to more collimated emission, a lower source
etendue and therefore to a higher surface brightness (here defined as the total lumens
extracted into the etendue of the source). In some embodiments then, using an encapsulant
of air will reduce the source etendue while increasing extraction efficiency into a given |
collectlon angle centered around the normal direction.

In certain embodiments, when light generated by reglon 130 emerges from LED 100 -
via surface 110, the d1stnbut10n of light is more collimated than a lambertran distribution.

- For example, in some embodiments, when light generated by region 130 emerges from LED

100 via surface 110, at least about 40% (e.g., at least about 50%, at least about 70%, at least
about 90%) of the light emerging.via the surface of the dielectric layer emerges within at
most about 30° (e.g., at most about 25°,‘ at most about 20°, at most abeut 15°) of an angle
normal to surface 110. , |

| The ability to extract a relatively high percentage of light from a desired angle alone
or coupled with a relatively high light extraction can allow for a relatively high density of
LEDs to be prepared on a given wafer. For example, in some embodiments, a wafer has at

least about five LEDs (e.gr, at least about 25 LEDs, at least about SO.LEDS') per square

centimeter.
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In some émbodiments, it may be desirable to modify the wavelerigth(s) of light that

: émerge(s) from a packaged LED 100 relative to the Wavelength(s) of light generated by light-

gen‘erating region 130. For example, as shown in FIG. 15, an LED 300 having a layer
containing a phosphor material 180 can be disposed on surface 110. The phosphor material
can interact with light at the wavelength(s) generated by region 130 to provide light at
desired wavelen gth(s). In some embodiments, it may be desirable for the light that emerges
from packaged LED 100 td be substantially white light. In such embodiments, the phosphor
material in layer 180 can be formed of, for example, a (Y,Gd‘)(Al,Ga)G;Ce3+ or “YAG”
(yttrium, aluminum, garnet) phosphor. When pumped by blue ki ght emitted from thé light-
generating region 130, the phosphor matcﬁal in layer 180 can be activated and emit light

(e.g., isotropically) with a broad spectrum centered around yellow wavelengths. A viewer of

the total light spectrum emerging from packaged LED 100 sees the yellow phosphor broad

emission spectrum and the blue InGaN narrow emission spectrum and typically mixes the
two spectra to perceive white. ‘
In certain‘embodiment‘s, layer 180 can be subétantially uniformly disposed on surface

110. For example, the distance between the top 151 of pattern 150 and the top 181 of layer-

. 180 can vary by less than about 720%’(e.g., less than about 10%, less than about 5%, less than

about 2%) across su_rface 110.

In general, the thickness of layer 180 is small comp_aré'd to the cross-sectional
dimensions of surface 130 of LED 100, which are typically about one millimeter (mm) by
one mm. Because layér 180 is substantially uniformly depbsited on surface 110, the

phosphor material in layer 180 can be substantially uniformly pumped by light emerging via

~surface 110. The phosphor layer 180 is relatively thin compared to the dimensions of the

surface 110 of the LED 100, such that light emitted by the light-generating region 130 is

converted into lower wavelength light within the phosphor layer 180 approximately

uniformly over the entire surface 110 of LED 100. Thus, the relatively thin, uniform

phosphor layer 180 produces a uniform spectrum of white light enﬁtted from the LED 100 as

~_afunction of position on surface 110.

In general, LED 100 can be fabricated as desired. Typically, fabrication of LED 100

involves various deposition, laser processing, lithography, and etching steps.
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Referring to FIG. 16, a LED wafer 500 containing an LED layer stack of material
deposited on a sapphire substrate is readily aVailable and can be purchased from a
commercial vendor. On the sapphire substrate 502 are disposed consecutively, a buffer layer
_504 an n-doped Si:GaN layer 506, an AlGalN/GaN heterOJunctlon or superlattice that
prov1des a current spreadmg layer 508, an InGaN/GaN multi-quantum well light-generating
region 510, and a p-doped Mg:GaN' layer 512. The commercially available LED wafer is
about 2-3 inches in diameter and multlple LED dice can be cut from the wafer to form
individual devices after the wafer has been processed. Before d1c1ng the wafer, a number of -

wafer scale processing steps are used to position the p-doped layer 128 on the same side of

‘ the light-generating region 130 as the mirror layer 126.

Referring to FIG. 17, a relatively thin nickel layer 520 is deposited (e.g., using
electron-beam evaporation) on p-doped léyer 512to form a p—type ohmic contact to p- doped
layer 512. A silver layer 522 s dep031ted (e.g., using electron-beam evaporatlon) on nlckel
layer 520. A relatively thick nickel layer 524 i is deposited on silver layer 522 (e.g., using

electron—beam evaporation). Layer 524 can act as diffusion barrier to reduce the diffusion of

- contaminants into silver layer 522. A gold layer 526 is deposited on nickel layer 524 (e.g.,

using resistance evaporation). Wafer 500 is then annealed at a temperature between 400 and
600 degrees Celsius for betWeen 30 and 300 seconds in a nitrogen, oxygen, air, or forming |
gas to achieve an ohmic contact. '

Referring to FIG. 18, a submount wafer 600 is prepared by deposmng on a p- doped '
silicon wafer 602, consecutively (e.g., using electron-beam evaporatlon) an aluminum '
contact layer 604. A gold layer 608 is deposited (e.g., using thermal evaporati‘on) onto fayer
604, and a AuSn bonding layer 610 is deposited (e.g., using thermal evaporation),onte layei'
608.‘ Submount wafer 600 is annealed at a temperature between 350 and 500 degrees Celsius
for between 30 and 300 seconds in a nitrogen, oxygen, air, or fonmng gas to achieve an
ohrmc contact.

Wafer 500 and 600 are bonded together by bringing the layer 526 into contact w1th
layer 610 of the submount wafer 600 (e.g., using a thermal-mechanical press) using pressures
from 0 to 0.5 MPa and temperatures ranging from 200-400 degrees Celsius. Layer 510 and
layer 610 form a eutectic bond. The combmed wafer sandwich is cooled and the bonded

sandwich is removed from the press.
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After bohding, substrate 502 is removed from the combined structure by a laser liftoff

: i)rocess. Laser liftoff processes are disclosed, for example, in U.S. Patent Nos. 6,420,242 and

6,071,795, which are hereby incorporated by reference. In some embodiments, a 248 nm
laser beam is shined through substrate 502 to locally heat n-doped Si:GaN layer 506 near its
interface with sapphire substrate 502, decomposing a sublayer of n-doped layer 506. The
Wafer sandwich is then heated to above the melting point of gallium, at which point sapphire
substrate 502 is removed from the sandwich by applying a lateral force to it (e.g., using a
cotton swab). The exposed GaN surface is then cleaned (e.g., using a hydrochloric acid bath)
to remove liquid galliurh ffom the surface. Often, when sapi)hire substrate 502 is removed
from the GaN epitaxial layer stack, strain that was present in the stack (e.g., due to the lattice

mismatch between substrate 502 and the stéck) is removed from the stack. This can allow

| the stack to relax- from a warped or bowed shape it may have had when bonded to substrate

502, and to assume a relatively flat shape on the exposed surface of n-doped layer 506. The
coefficient of thermal expansion is cons1dered when choosing the submount to avoid 2
cracking in the laser liftoff process. In adet1on cracking can be reduced durmg laser—liftoff
by substantially overlappmg fields in the step and repeat process. '
‘Referring to FIG. 19, the exposed surface of n- doped Si: GaN layer 506 is etched back
(e.g.,using a reactive ion etching process) to achieve a desired thickness for the layer to be
used in the final device (FIG. 20). After etching, the surface of the etched GaN layer 506 has

a rougheﬁed surface texture 700 due to the etching. Roughened surface 700 can be

planarized and thinned (e.g., using a chemical-mechanical process) to achieve a final
thickness for layer 506 and surface smoothness of less than about 5 nm root mean square
(rms). Alternatlvely, roughened surface 700 can be maintained in order to aid in increasing
the extraction efficiency of the device by introducing a locally non-planar interface to the
device 100. The roughened surface increases the probability, with respect to a
microscopically smooth surface, that a light rey that strikes surface 700 multiple times will

eventually strike the surface at an angle that less than the critical angle given by Snell’s law

- and will be extracted through the surface 700.

After etching, to prepare a dielectric function pattern in the n-doped layer 506; first a
planarization layer 702 of a material (e.g., a polymer) is disposed (e.g., using spin-coating)
onto n-doped GaN layer 506 and a resist layer 704 is disposed (e.g., spin-coated) onto

30



.10

15

20

25

30

WO 2004/093134 PCT/US2004/010671

planarization layer 702. The pattern that forms the photonic lattice in the LED is then

created in n-doped layer 506 by a nanoimprint lithography and etching process, First, a mold
that defines a portion of the desired pattern is pressed into the resist layer 704 and stepped
across the entire surface of the wafer in a portion-by-portion manner to print the features of -
the pattern 150 and leaving regions for depositing n-contacts later on in the process flow.
Preferablvy, the surface of n-doped layer 506 is substantially flat during this portion of the
process. X-ray lithography or deep ultraviolet lithography, for example, can also be used to
create the pattern in resist layer 704. As an alternative to depositing a resist on the wafer and -
creaﬁng a pattern in the resist on the wafer, a predeposited etch mask can be laid down on the
surface of layer 506. A ‘ ‘

Patterned layer 704 is used as a mask to transfer the pattern into the planarization

| layer 702 (e.g., using a reactive-ion etchiﬁg process). Planarization layer is subsequently

used as a mask to transfer the pattern into the n-doped layer 506. Following etching of GaN
layér 506, the planarization layer is fémoved (e.g., using an oxygen-based reactivé ion etch), "
After the pattern has been »transférred td n-doped layer 506, a layer of phosphor
material can optionally be disposed (e.g., spin—coated) onto the patterned surface of n-doped
layer 506. In some embodiments, the phosphor can confdrmally coat the patterned surface
(coat with substantially no vdids present along the bottoms and sidewalls of the openings in -
the patterned sufface). Altemaﬁvely, a layer of encapsulant material can be disposed on the
surface of pattemed n-doped 1ayer 506 (e.g. by CVD, sputtering, suspension by liquid binder-
that is subsequently evaporated). In some embodiments, the encapsulant can contain one or
more phosphor materials. In some embodiments, the phosphor can be compressed to ziChieve
thickness uniformity less that 20%, less than 15%, less than 10%, less than 5%, or lesvs' than
2% of the average thickness of the phosphor. In some embodiments, the pl‘n‘osf)hor-A 'V
containing encapsulant can conformally coat the patterned surface. |
| After the dielectric function pattern has been created in the n-dopéd layer 506,
individual LED dice can be cut from the wafer. Once wafer processing and wafer testing is
complete, individual LED dice are separated and prepared for packaging and testing.. A
sidewall passivétion step and/or a pre-separation deep mesa etching step may be used to
reduce potential damage to the electrical and/or optical properties of the péttemed LED

incurred during wafer cutting. The individual LEDs can be any size up to the size of the

31



10

15 -

20

25

30

WO 2004/093134 PCT/US2004/010671

wafer itself, but individual LEDs are typically square or rectangular, with sides having a
length between about 0.5 mm to 5 mm. To create the dice, standard photolithography is used
to define the location of contact pads on the wafer for energizing the device, and ohmic
contacts are evaporated (e.g. using electron beam evaporation) onto the desired lecations.

If an LED die is packaged, the package should generally be capable of facilitating

~ . light collection while also providing mechanical and environmental protection of the die. For

example, a transparent cover can be packaged on the LED die to protect the patterned surface
of the 506 when' an encapsulant is not used. The cover slip is attached to supports 142 using a
glassy frit that is melted in a furnace. The opposite ends of the supports are conneeted using
a cap weld or an epoxy for exampie. Supports are typically Ni-plated to facilitate welding to
an Au plated surface of the paekage. It believed that tﬁe absence of an encapsulant layer
allows hi gher tolerable power loads per unit area in the patterned surface LED 100. -
Degradation of the eﬁca'psulant can be a common failure inechanism for standard:LEDs and
is av01ded not using an encapsulant layer. ' '

Because the LEDs are cut from a large area flat wafer their light output per area does
not decrease with area. Also, because the cross section of an individual LEDs cut from a
wafer is only slightly larger than the light-emitting surface area of the LED, many individual,
and separately addressable LEDs can be packed closely together in an array. If one LED

~ does not function (e.g., due to a large defect) then it does not significant diminish the

performance of the array because the individual devices are closely packed.
While certam embodiments have been described, other embodlments are possible.

As an example, while certain thickness for a light-emitting device and associated

.layers are d1scussed above, other thicknesses are also poss1ble In general, the light-emitting

device can have any desired thlckness and the individual layers within the light-emitting

~ device can have any des1red thickness. Typlcally, the thicknesses of the layers within multi- .

layer stack 122 are chosen so as to increase the spatial overlap of the optical modes with

light-generating region 130, to increase the output from light generated in region 130.

- Exemplary thicknesses for certain layers in a light-emitting device include the following. In

some embodiments, layer 134 can have a thickness of at least about 100 nm (e.g:, at least
about 200 nm, at least about 300 nm, at least about 400 nm, at legst about 500nm) and/or at

most about 10 microns (e.g., at most about five microns, at most about three microns, at most
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about one micron). In certain embodiments, layer 128 has a thickness of at least about 10 nm
(e.g., at least about 25 nm, at least aoout 40 nm) and/or at most about one micron (e. g.,at
most about 500 nm, at most about 100 nm). In some embodiments, layer 126 has a thickness
of at least about 10 nm (e.g., at Jeast about 50 nm, at least about 100 nm) and/or at most
about one micron (e. g, at most about 500 nm, at most about 250 nm). In certain
embodiments, light-generating region 130 has a thickness of at least about 10 nm (e.g., at :
least about 25 nin, at least about 50 nm, at least about 100 nm) and/or at most about 500 nm
(e.g., at most about 250 nm, at most about 150 nm). ‘ o

As an example, while a light-emitting diode has been idelscribed, other light-emittmg ;
devices having the above-described features (e.g., patterns, processes) can be used. Such -
light-emitting devices include lasers and optical amplifiers.

As another example, while current spreading layer 132 has been described as a
separate layer from n-doped layer 134, in some embodiments, a current soreading layer can
be integral with (e.g., a portion of) layer 134. In such embodiments, the current spreading |
layer can be a relatively highly n-doped portion of layer 134 or a heterojunction between
(e.g. AlGaN/GaN) to form a 2D electron gas. | o

As a further example, while certain semiconductor materials have been described,
other semiconductor materials can also be used. In general, arty semiconductor materials
(e.g., II-V semiconductor mateﬁals, organic senﬁconductor materials, silicon) can be used
that can be used in a light-emitting device. Examples of other Iight-genefating materials
include InGaAsP, AlInGaN, AlGaAs, InGaAlP. Organic light-emitting materials irtclude
small molecules such as aluminum tris-8-hydroxyquinoline (Algs) and conjugated p'olymers
such as poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-vinylenephenylene] or MEH—PPV. '

As an additional example, while large area LEDs have been described the LEDs can -
also be small area LEDs (e.g., LEDs smaller than the standard about 300 microns on edge).

As another example, while a dielectric function that varies spatlally according to a
oattem has been described in which the pattern is formed of holes, the pattern can also be
formed in other ways. For examp]e a pattern can be formed continuous veins and/or -
dlscontmuous veins in the appropriate layer. Further, the pattern in varymg dielectric

function can be achieved without using holes or veins. For example materials having
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different dielectric functions can be patterned i in the appropnate layer. Combinations of such
patterns can also be used. '

As a further example, while layer 126 has been described as being formed of silver,

- other materials can also be used. In some embodiments, layer 126 is formed of a material
 that can reflect at least about 50% of light generated by the light-generating region that
' impinges on the layer of reflective material, the layer of reflective material being between the

_support and the multi-layer stack of materials. Examples of such materials include

distributed Bragg reflector stacks and various metals and alloys, such as aluminum and
aluminum-containing alloys.
~ As another example, support 120 can be formed of a yafriety of materials. Examples

of materials from which support 120 can be formed include copper, copper—tungsten,'

aluminum hitn'de, silicon carbide, beryllium-oxide, diamonds, TEC and aluminum.

As an additional example, while layer 126 has been described as being formed of a

‘ heat sink material, in some embodiments, a light-emitting dev1ce can include a separate layer

(e. g disposed between layer 126 and submount 120) that serves as a heat sink. In such

~ embodiments, layer 126 may or may not be formed of a material that can serve as a heat sink.

As a further example, while the varying pattern in dielectric function has been
described as extending into n-doped layer 134 only (which can substantially reduce the
likelihood of surface recombination carrier iosses) in addition to making use of the entire
I ght-generating region, in some émbodiments, the varying pattern in dielectric function can
extend beyond n-doped layer (e.g., into current spreading léyer 132, light-generating region
130, and/or p-doped layer 128). . ' |

As another example, while embodiments have been described iil which air can be

* disposed between surface 110 can cover slip 140, in some embodlments materials other than,

or in an addition to, air can be dlsposed between surface 110 and cover slip 140. Generally,
such materials have’ an index of refraction of at least about one and less than about 1.5 (e.g.,
less than about 1.4, less than about 1.3, less than about 1.2, less than about 1.1). Examples of
such materials include nitrogen, air, or some higher thermal conductivity gas. In such
embodiments, surface 110 may or may not be patterned. For example, surface 110 may be
non-patterned but may be roughened (i.e., having randomly distributed features of various

sizes and shapes less than A/5).
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In some embodiments, a I ghf-emitting device can include a layef of a phosphor
material coated on surface 110, cover layer 140 and supports 142. |

In certain embodiments, a light-emitting device can include a cover layer 140 thét has
a phosphor material disposed therein. In such embodiments, surface 1 10 may or may not be
patterned. A |

Iﬁ an alternative implementation, the light emitted by the light-generating region 130
is UV (or violet, or blue) and the bhosphor layer 180 includes a mixture of a red phosphor
material (e.g., L,0,S:Eu*"), a green phosphor material (e.g, ZnS:Cu,Al,Mn), and blue
phoéphor material (e.g, (Sr,Ca,Ba,Mg)10(PO4)sCLEu*"). h

Other embodiments are in the claims.
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WHAT IS CLAIMED IS:

4’1. A light-emitting system including a light-emitting device that comprises:
“ a multi-layer stack of materials including é light-generating region and a first layer
supported by the light-generating region, = " 4
wherein: o
a surface of the first layer‘is configured so that light generated by the light-
generating regidn‘can'emerge from the light-emitting device via the surface of the first layer;
| the surface of the first layer has a dlelectnc function that varies spatlally
accordin g toa pattem
the pattern has an ideal lattice constant and a detuning parameter with a value
- greater than zero; and
| thé light-emitting device is configured so that, when light generated by the
light-generating region emerges from the light-emitting device via the surface of the first

layer, the light can emerge from the li ght-emifﬁng system.

2. The lighf-emittin g system of claim 1 , wherein the light-emitting system is selected
from the group consisting of pI'O]CCtOI'S portable electronic devices, computer monitors, large
area signage systems, vehicle lighting systems, general llghtmg systems, high brightness
lighting systems, camera flashes, medical devices, telecommunications systems, secunty
sensing systems 1ntegrated optoelectronic systems, mlhtary field communication systems,
4blosensmg systems photodynam1c therapy systems, night-vision goggles, solar powered
transit lighting systems, emergency lighting systems, airport runway lighting systems, airline

lighting systems, surgical goggles, wearable light sources and combinations thereof.

3. The light-emitting system of claim 1, wherein the light-emitting system is a projector.
4. The light-emitting system of claim 3, wherein the projector is a rear projection

© projector.
5. The hght—emlttlng system of claim 4, wherein the rear projection projector is a rear

projection projector for a telev1s1on
36



WO 2004/093134 PCT/US2004/010671

6. The light-emitting system of claim 3, wherein the projector is a front projection
projector. |

7. . The light-emitting system of claim 1, wherein the light-émitting system is a vehicle
lighting system. '

8. The light-emitting system of claim 1, wherein the light-emitting system is a general '
lighting system.

9. The hght-emlttmg system of claim 1, wherein the hght-ermttmg system includes a

plurality of light-emitting dev1ces each of the plurality of light emitting device comprising:
a multi-layer stack of matenals including a Ii ght-generating region and a first layer
' supported by the light-generating region, 4 |
wherein, for each of the plurahty of li ght-emlttmg devices:
a surface of the first layer is configured so that light generated by the light-
generating region can emerge from the light-emitting device via the surface of the first layer;
the surface of the first layer has a dielectric function that Varies spatially
according to a pattern; L
the pattern has an ideal lattice constant and a detuning parameter with a \talue '
greater than zero; and = A
the light-emitting device is configlired so that, when light generated By tlte
hght-generatmg region emerges from the light-emitting dev1ce via the surface of the f1rst

layer the light can emerge from the ki ght-emlttmg system.

10 The light-emitting system of claim 9, wherein the plurality of light-emitting devices

are configured as an array.

11.  The light-emitting system of claim 10, wherein the light-emitting system includes a

plurality of arrays of light-emitting devices.
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12.  The light;enlitting system of claim 1, wherein:
| the light-emitting device has a housing with a surface;
“the light-emitting device is disposed 4in the housing; and A
the light-emitting device is configured so that, when light generated by the light-
| generating region emerges from the light-emitting device via the surface of the first layer, the

light can emerge from the light-emitting system.

13.  The light-emitting system of claim 1, Wherein, when light generated by the light-
generating region emerges from the light-emitting device via the surface of the first layer, the

light passes through at Jeast one optical component before emerging from the light-emitting

© system.

14.  The light-emitting system of claim 1, wherein the light-emitting system includes a
plurality of light-emitting devices, at least some of the light-emitting devices having different

peak emission wavelengths.

15.  The light-emitting system of claim 1, wherein the light-emitting system includes a
plurality of light-emitting devices, each of the light-emitting devices having substantially the

same peak emission wavelength.

‘4 16. A light-emitting system including a lighf-emitﬁng device that comprises:
- a multi-layer stack of materials including a light-generating region and a first layer
- supborted by the light-generating region, '
wherein: | h
a surface of the first layer is configured so that light generated by the light-

. generating région‘cé.n emerge from the light-emitting device via the surface of the first layer;
| the surface has a dielectric function that varies spatially according to a
" nonperiodic i)attem; and ' A

| the light-emitting device is configured so that, when light generated by the
light-generating region emerges from the light-emitting device via the surface of the first

layer, the light can emerge from the li ght-emitting system.
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17. Al ght-emxttlng system including a light-emitting dev1ce that comprises:
a multi-layer stack of materlals including a li ght—generatmg region and a first layer
supported by the light-generating region,

wherein:

a surface of the first layer is configured so that light generated by the light--
generating region can emerge from the lightfenlittin g device via the surface of the first layer;

the surface has a dielectric function that varies spatially according to a 4
complex periodic pattern; and ‘ | 4 "

the light-emitting device is configured so that when light generated by the
light-generating region emerges from the light-emitting device via the surface of the first

layer, the light can emerge from the li ght-emlttmg system.

18. A light-emitting system including a hght—emlttmg dev1ce that compnses

a multi-layer stack of matenals 1nclud1ng a layer of n-doped material, a layer of p-
doped material, and a hght-generatlng region; and *

a layer of reflective material that is capable of reflecting at least about 50% of light
generated by the light-generating region that impinges on the layer of reﬂectlve material,

wherein:

a surface of the layer of n-doped material is configured so that light generated ‘
by the light-generating reglon can emerge from the hght-emlttlng deylce via the surface of
the layer of n-doped material; - N | |

the surface of the layer of n-doped material has a dielectric function that
varies spatially according to a pattern; o

a distance between the layer of p-doped matérial and the layer of reflective

material is less than a distance between the layer of n-doped material and the layer of

reflective material; and .
the light-emitting device is configured so that, when light generated by the

light-generating region emerges from the li ght-emitting device via the surface of the n-doped

layer, the light can emerge from the light-emitting system.
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19. A light—einitting sy'stem' including a light-emitting device that comprises:
' a multi-layer stack of materials including a light-generating region and a first layer
supported by the light-generating region, a surface of the first layer being confi gured so that
light gene'rated by the light-generating region can emerge from the light-emitting device via
~ the surface of the first layer, and the surface of the first layer has a dlelectnc function that
varles spatially according to a pattern; and

a layer of reflective material that is capable of reflectmg at least about 50% of light
generated by the li ght-generatmg region that impinges on the layer of reflective material,

wherein:

the light-generating region is between the layer of reflective material and the

g first lay‘er;‘ :
the pattern does not extend beyond the first layer; and
the hght-emlttlng device is conflgured so that, when light generated by the
A' Iightfgeneratlng region emerges from the light-emitting device via the surface of the first

layer, the light can emerge from the light-emitting system.

200 A light-emitting system including a light-emitting device that comprisee:'

a multi-layer stack of materials including a light-generating region, and a first layer
supported by the light-generating region, a surface of the first layer being configured so that
light generated by the li ght-generaﬁng region can emerge from the light-emitting device via
" the surface of the firsf layer; and ‘ | '

a material in contact with the surface of the first layer, the rnaterial having an index of
refractlon less than about 1.5, |

* wherein the hght emitting dev1ce is packaged and the light-emitting dev1ce is
configured so that, When light generated by the light-generating region emerges from the
light-emitting device via the surface of the first layer, the light can emerge from the light- -

emitting system.

| 21. A light-emitting system including a light-emitting device that comprises:
a multi-layer stack of materials including a light-generating region and a first layer

supported by the light-generating region, a surface of the first layer being configured so that
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light generated by the’ light-generatiﬁg region can emerge from the 1ight-emifting device via
the surface of the first layer, the surface of the first layer having a dielectric function that
varies spatially according to a pattern; and

a phosphor material supported by‘the surface of the first layer,

wherein sidewalls of the light-emitting device are substantially devoid of the '
phosphor material, and the li ght-emitting device is configured so that, when light generated
by the light-generating region emerges from the li ght—enﬁtting device via the surface of the
first layer, the light can emerge from the light-emitting system. | ' |

22, Al ghf—emitting system including a light-emitting device that comprises:

a multi-layer stack of materials including a light-genefating region and a first layer
supported by the ki ght—generatling\region, a surface of the first layer being eonﬁgured so that
light generated by the light-generating region can emerge from the light-emitting device via
the surface of fhe first layer, the surfece of the first layer having a dielectric functibn that
varies spatially as a pattern; and ' A

phosphor material conflgured so that light generated by the light-generating reglon
that emerges via the surface of the first layer interacts with the phosphor material so that light
that emerges from the phosphor layer is substantially white light, |
whereln a ratio of a height of the hght-emlttmg device to an area of the li ght-emitting
device is sufficiently small enough for the white light to extend in all directions, and the
light-emitting device is configured so that, when light generated by the light-generating -
region emerges from the light-emitting device via the surface of the first'layer, the light can

emerge from the li ght-emitting system.

23. A light-emitting system including a light-emitting device that eomprises;

a multi-layer stack of materials including a light-generating regioh, aﬁd a first layer
supported by the light-generating region, a surface of the first layer being configured so that
light generated by the light-generating region can emerge from the light-enﬁtting device via -
the surface of the first layer; |

a first sheet comprising a material that is substantially transperent to light that

emerges from the light-emitting device; and
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a second sheet combrisirig a phospﬁor material, the second sheet being adj aceﬁt the
first sheet, ‘

wherein the light-emitting device is packaged, and the first and second sheets form a
portion of the package for the light-emitting device, and the light-emitting device is
configured so that, when light generated by the light-generating region emerges from the
tht—emitting device via the surface of the first layer, the light can emerge.from the light-

_emitting system.

24. Al ght-emitting system including a light-emitting device that comprises: -

a multiQIayer stack of materials including a light-generating region and a first layer
| supported by the light-generatin g region, ' | '
) wherein: .

a surface of the firsf layer is confi gured so that light generated by the light-
generatin g regioﬁ can emerge from the light-erylittirig dcvice via the surface of the first iayer;
| the surface of the first layer has a dielectric function that varies spatially
* according to a pattern; - ‘ o
~ the pattern is confi gured so that light generated by the light-generating region
 that emerges from the light-emitting device via the surface of the first Jayer is more |
collimated than a Lémbertian distribution of light; and

) the light-emitting device is configured so that, when light generated by the
light-generating A‘region emerges from the li ght-emitting'device via the surface of the first

layer, the light can emerge from the li ght-emitting system.

©25. A light-emitting system inclu’ding ali ght-emittihg device that comprises:

a multi-layer stack of materials including a light-generating regien and a first layer
supported by the light-generating region so thaf, during use of the light-emitting device, light
generated by the light-generating region can emerge from the light-emitting deQice via a
surface of the first layer, .

wherein:

the surface of the first layer has a dielectric function that varies spatially asa

pattern, and at least about 45% of a total amount of light generated by the light-generating
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region that emerges from the light-emitting device emerges via the surface of the light-
emitting dev1ce and |

the light-emitting device is configured so that, when hght generated by the
llght~generatmg region emerges from the light-emitting device via the surface of the first

layer, the light can emerge from the light-emitting system.

26. A llght—enlitting system ineluding a light-emitting device that eomprises:

a multi-layer stack of materials including a light-generating region and a first layer
supported by the light-generating region so that, during use of the lrght-emlttmg device, light’
generated by the light-generating region can emerge from the li ght-emitting device via a

surface of the first layer,
| wherein: '
the light-emitting device has an edge which is at least about one millimeter
long, and the light-emitting device is desi gned so that an extraction efficiency of the light-
emitting device is substantially independeht of the length of the edge of the light-emitting
device; and L B | .
the light- ermttmg device is configured so that, when light generated by the
light-generating region emerges from the light-emitting device v1a the surface of the first -

layer, the light can emerge from the light-emitting system.

27. A light-emitting system including a light-emitting rievlce that eompriseS'

a multi-layer stack of materials including a li ght-generatmg region and a first layer
supported by the li ght- generating region so that during use of the light-emitting dev1ce light
generated by the light-generating region can emerge from the light-emitting device via a
surface of the first layer, ' |

| wherein:
the light-emitting device has an edge which is at least about one millimeter
long, and the light-emitting device is designed so that a quantum efficiency of the light-
emitting device is substantially independent of the length of the edge of the light-emitting

device; and
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the light-emitting device is configured so that, when light generated by the
li ght-generating region emerges from the light-emitting device via the surface of the first

léyer, the light can emerge from the light-emitting system.

- 28. A li ght-emitting system including a light-emitting device that comprises:
} “a multi-layer stack of materials including a light-genefating regioﬁ and a first layer
supported by the light-generating region so that, during use of the light-emitting device, light
generated by the'lighf-generating region can emerge from thé light-emitting device via a
surface of the first léyer, | '

wherein:'

the 1i ght—efnitting device has an édge which is at least about-one millimeter

; long; and the light-emitting device is designed so that a wall plug efficiency of the li gth
emitting device is substantially independent of the length of the edge of the light-emitting
"device; and” , | V | 4

the light—emittihg device is cbnfigured so that, when lighf generated by the light-
generating region emerges from the light-emitting device via the surface of the first layer, the

light can emerge from the light-emitting system.

29.  The light-emitting system of claim 1, wherein the surface of the first layer has
features with a size of less than about A/5, where A is a wavelengfh of light that can be
generated by the light-generating region and that can emerge from the li ght—emitﬁng device

via the surface of the first layer.

~ 30.  The light-emitting system of claim 16, wherein the surface of the first layef has
~ features with a size of less than about A/5, where A is a wavelength of light that can be
generated by the light- generating region and that can emerge from the light-emitting device

via the surface of the first layer.

31, The light-emitting system of claim 17, wherein the surface of the first layer has

features with a size of less than about A/5, where A is a wavelength of light that can be
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generated by the light-generating region and that can emerge from the li ght-emitting device

via the surface of the first layer.

32.  The light-emitting system of claim 18, wherein the surface of the layer of n—doped
material has features with a size of less than about A/5, where A is a wavelength of light that
can be generated by the light-generating region and that can emerge from the light-emitting

device via the surface of the first layer.

33. The light-emitting system of claim 19, wherein the surface of the ﬁrst layer has
features with a size of less than about A/5, where A is a wavelength of Iight that can be
generated by the light-generating region and that can emerge from the light-emitting device

via the surface of the first layer.

34. The light-emitting system of clalm 20, wherein the surface of the first layer has
 features with a size of less than about )JS where A is a wavelength of light that can be
generated by the li ght-generatin g reglon and that can emerge from the li ght-emlttmg device

' via the surface of the first layer.

35. The light-emitting system of claim 21, wherein the surface of the first layer has
features with a size of less than about /5, where A is a wavelength of light that can be
A generated by the i ght— generatmg region and that can emerge from the light-emitting dev1ce

‘via the surface of the first layer

36. The light—emitting system of claim 22, wherein the surface of the first layer has
features with a size of less than about A/5, where A is a Wavelength of light that can be
generated by the light-generating region and that can emerge from the li ght-emitting device

via the surface of the first layer.

37. The light-emitting system of claim 23, wherein the surface of the first layer has

features with a size of less than about A/5, where A is a wavelength of light that can be
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generated by the light-generating region and that can emerge from the light-emitting device

* via the surface of the first layer.

38.  The light-emitting system of claim 24, wherein the surface of the first layer has
features with a size of less than about M5, where A is a wavelength of light that can be
generated by the light-generating region and that can emerge from the light-emitting device

via the surface of the first layer.

39.  The light-emitting system of claim 25, wherein the surface of the first layer has
features with a size of less than about A/5, where A is a wavelength of light that can be
- generated by the li ght-generating region and that can emerge from the light-emitting device

via the surface of the first layer.

| 40. - The i ght—emi«tting system of claim 26, wherein the surface of the first layer has |
features with a size of less than about /5, where A is a anelength of light that can be
generated by the li ght -generating region and that can emerge from the light- emlttmg device

via the surface of the first layer.

i

41.  The light-emitting system of claim 27, wherein the surface of the first layer has
features with a size of less than about /5, where A is a wavelength of light that can be
generated by the light- generating region and that can emerge from the light-emitting device

via the surface of the first layer.
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