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LIGHT EMITTING DEVICES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority under 35 U.S.C. 
§119 to the following U.S. Provisional Patent Applications: 
60/462,889, ?led Apr. 15, 2003; 60/474,199, ?led May 29, 
2003; 60/475,682, ?led Jun. 4, 2003; 60/503,653, ?led Sep. 
17, 2003; 60/503,654 ?led Sep. 17, 2003; 60/503,661, ?led 
Sep. 17, 2003; 60/503,671, ?led Sep. 17, 2003; 60/503,672, 
?led Sep. 17, 2003; 60/513,807, ?led Oct. 23, 2003; and 
60/514,764, ?led Oct. 27, 2003. Each of these applications 
is incorporated herein by reference. 

TECHNICAL FIELD 

[0002] The invention relates to light-emitting devices, and 
related components, systems and methods. 

BACKGROUND 

[0003] A light emitting diode (LED) often can provide 
light in a more ef?cient manner than an incandescent light 
source and/or a ?uorescent light source. The relatively high 
poWer ef?ciency associated With LEDs has created an inter 
est in using LEDs to displace conventional light sources in 
a variety of lighting applications. For eXample, in some 
instances LEDs are being used as traf?c lights and to 
illuminate cell phone keypads and displays. 

[0004] Typically, an LED is formed of multiple 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 electrical 
charge carriers into regions (commonly referred to as quan 
tum Wells) for relatively ef?cient 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 
opposite side are doped With acceptor atoms that result in a 
relatively high hole concentration (such layers are com 
monly referred to as p-type layers). 

[0005] 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 epitaXial 
deposition technique, such as metal-organic chemical vapor 
deposition (MOCVD), With the initially deposited layer 
being formed on a groWth substrate. The layers are then 
eXposed to various etching and metalliZation techniques to 
form contacts for electrical current injection, and the Wafer 
is subsequently sectioned into individual LED chips. Usu 
ally, the LED chips are packaged. 

[0006] During use, electrical energy is usually injected 
into an LED and then converted into electromagnetic radia 
tion (light), some of Which is eXtracted from the LED. 

SUMMARY 

[0007] The invention relates to light-emitting devices, and 
related components, systems and methods. 

[0008] In one embodiment, the invention features a light 
emitting device that includes a multi-layer stack of materi 
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als. The multi-layer stack of materials includes a light 
generating region and a ?rst layer supported by the light 
generating region. The surface of the ?rst layer is con?gured 
so that light generated by the light-generating region can 
emerge from the light-emitting device via the surface of the 
?rst layer. The surface of the ?rst layer has a dielectric 
function that varies spatially according to a pattern, and the 
pattern has an ideal lattice constant and a detuning parameter 
With a value greater than Zero. 

[0009] In another embodiment, the invention features a 
light-emitting device that includes a multi-layer stack of 
materials. The multi-layer stack of materials includes a 
light-generating region and a ?rst layer supported by the 
light-generating region. The surface of the ?rst layer is 
con?gured so that light generated by the light-generating 
region can emerge from the light-emitting device via the 
surface of the ?rst layer, and the surface has a dielectric 
function that varies spatially according to a nonperiodic 
pattern. 

[0010] In a further embodiment, the invention features a 
light-emitting device that includes a multi-layer stack of 
materials. The multi-layer stack of materials includes a 
light-generating region and a ?rst layer supported by the 
light-generating region. The surface of the ?rst layer is 
con?gured so that light generated by the light-generating 
region can emerge from the light-emitting device via the 
surface of the ?rst layer, and the surface has a dielectric 
function that varies spatially according to a complex peri 
odic pattern. 

[0011] In one embodiment, the invention features a light 
emitting device that includes a multi-layer stack of materi 
als. 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 light-emitting device also includes a 
layer of re?ective material that is capable of re?ecting at 
least about 50% of light generated by the light-generating 
region that impinges on the layer of re?ective material. The 
surface of the layer of n-doped material is con?gured 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 accord 
ing to a pattern, and the distance betWeen the layer of 
p-doped material and the layer of re?ective material is less 
than the distance betWeen the layer of n-doped material and 
the layer of re?ective material. 

[0012] In another embodiment, the invention features a 
light-emitting device that includes a multi-layer stack of 
materials including a light-generating region and a ?rst layer 
supported by the light-generating region. The surface of the 
?rst layer is con?gured so that light generated by the 
light-generating region can emerge from the light-emitting 
device via the surface of the ?rst layer, and the surface of the 
?rst layer has a dielectric function that varies spatially 
according to a pattern. The light-emitting device also 
includes a layer of re?ective material that is capable of 
re?ecting at least about 50% of light generated by the 
light-generating region that impinges on the layer of re?ec 
tive material. The light-generating region is betWeen the 
layer of re?ective material and the ?rst layer, and the pattern 
does not eXtend beyond the ?rst layer. 

[0013] In a further embodiment, the invention features a 
light-emitting device that includes a multi-layer stack of 
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materials. The multi-layer stack of materials includes a 
light-generating region, and a ?rst layer supported by the 
light-generating region. The surface of the ?rst layer is 
con?gured so that light generated by the light-generating 
region can emerge from the light-emitting device via the 
surface of the ?rst layer. The light-emitting device also 
includes a material in contact With the surface of the ?rst 
layer, Where the material has an indeX of refraction less than 
about 1.5. The light emitting device is packaged. 

[0014] In one embodiment, the invention features a light 
emitting device that includes a multi-layer stack of materi 
als. The multi-layer stack of materials includes a light 
generating region and a ?rst layer supported by the light 
generating region. The surface of the ?rst layer is con?gured 
so that light generated by the light-generating region can 
emerge from the light-emitting device via the surface of the 
?rst layer. The surface of the ?rst layer has a dielectric 
function that varies spatially according to a pattern. The 
light-emitting device also includes a phosphor material 
supported by the surface of the ?rst layer. The sideWalls of 
the light-emitting device are substantially devoid of the 
phosphor material. 

[0015] In another embodiment, the invention features a 
method of making a Wafer. The method includes disposing 
a phosphor material on a surface of the Wafer. The Wafer 
includes a plurality of light-emitting devices. Each light 
emitting device includes a multi-layer stack of materials 
including a light-generating region and a ?rst layer sup 
ported by the light-generating region. The surface of the ?rst 
layer is con?gured so that light generated by the light 
generating region can emerge from the light-emitting device 
via the surface of the ?rst layer, and the surface of the ?rst 
layer has a dielectric function that varies spatially according 
to a pattern. 

[0016] In a further embodiment, the invention features a 
light-emitting device that includes a multi-layer stack of 
materials. The multi-layer stack of materials includes a 
light-generating region and a ?rst layer supported by the 
light-generating region. The surface of the ?rst layer is 
con?gured so that light generated by the light-generating 
region can emerge from the light-emitting device via the 
surface of the ?rst layer, and the surface of the ?rst layer has 
a dielectric function that varies spatially according to a 
pattern. The light-emitting device also includes a phosphor 
material con?gured so that light generated by the light 
generating region that emerges via the surface of the ?rst 
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 light-emitting device is sufficiently small enough for 
the White light to eXtend in all directions. 

[0017] In one embodiment, the invention features a light 
emitting device that includes a multi-layer stack of materi 
als. The multi-layer stack of materials includes a light 
generating region, and a ?rst layer supported by the light 
generating region. The surface of the ?rst layer is con?gured 
so that light generated by the light-generating region can 
emerge from the light-emitting device via the surface of the 
?rst layer. The light-emitting device also includes a ?rst 
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 phosphor material. The second 
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sheet is adjacent the ?rst sheet. The light-emitting device is 
packaged, and the ?rst and second sheets form a portion of 
the package for the light-emitting device. 

[0018] In another embodiment, the invention features a 
light-emitting device that includes a multi-layer stack of 
materials including a light-generating region and a ?rst layer 
supported by the light-generating region. The surface of the 
?rst layer is con?gured so that light generated by the 
light-generating region can emerge from the light-emitting 
device via the surface of the ?rst layer. The surface of the 
?rst layer has a dielectric function that varies spatially 
according to a pattern, and the pattern is con?gured so that 
light generated by the light-generating region that emerges 
from the light-emitting device via the surface of the ?rst 
layer is more collimated than a lambertian distribution of 
light. 
[0019] In a further embodiment, the invention features a 
Wafer that includes a plurality of light-emitting devices. At 
least some of the light-emitting devices include a multi-layer 
stack of materials. The multi-layer stack of materials 
includes a light-generating region and a ?rst layer supported 
by the light-generating region. The surface of the ?rst layer 
is con?gured so that light generated by the light-generating 
region can emerge from the light-emitting device via the 
surface of the ?rst layer. The surface of the ?rst layer has a 
dielectric function that varies spatially according to a pat 
tern, and the pattern is con?gured so that light generated by 
the light-generating region that emerges from the light 
emitting device via the surface of the ?rst layer is more 
collimated than a lambertian distribution of light. The Wafer 
has at least about ?ve (e.g., at least about 25, at least about 
50) light-emitting devices per square centimeter. 

[0020] In one embodiment, the invention features a light 
emitting device that includes a multi-layer stack of materi 
als. The multi-layer stack of materials includes a light 
generating region and a ?rst 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 
?rst layer. The surface of the ?rst 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. 

[0021] In another embodiment, the invention features a 
light-emitting device that includes a multi-layer stack of 
materials. The multi-layer stack of materials includes a 
light-generating region and a ?rst 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 ?rst 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 toW millimeters, 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 length of the edge. 

[0022] In a further embodiment, the invention features a 
light-emitting device that includes a multi-layer stack of 
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materials. The multi-layer stack of materials includes a 
light-generating region and a ?rst 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 ?rst 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 toW millimeters, at least 
about 2.5 millimeters) long, and the light-emitting device is 
designed so that the quantum ef?ciency of the light-emitting 
device is substantially independent of the length of the edge 
of the length of the edge. 

[0023] In one embodiment, the invention features a light 
emitting device that includes a multi-layer stack of materi 
als. The multi-layer stack of materials includes a light 
generating region and a ?rst 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 
?rst layer. The light-emitting device has an edge Which is at 
least about one millimeter (e.g., at least about 1.5 millime 
ters, at least about toW millimeters, at least about 2.5 
millimeters) long, and the light-emitting device is designed 
so that the Wall plug ef?ciency of the light-emitting device 
is substantially independent of the length of the edge of the 
length of the edge. 

[0024] In another embodiment, the invention features a 
method of making a light-emitting device. The method 
includes bonding a layer of a re?ective material With a layer 
of p-doped material. The light-emitting device includes a 
multi-layer stack of materials including the layer of p-doped 
material, a light-generating region, and a ?rst layer. The ?rst 
layer includes a surface having a dielectric function that 
varies spatially according to a pattern, and the re?ective 
material is capable of re?ecting at least about 50% of light 
generated by the light-generating region that impinges on 
the layer of re?ective material. 

[0025] In a further embodiment, the invention features a 
method of making a light-emitting device. The method 
includes disbanding a substrate bonded With a ?rst layer. The 
?rst layer forms a portion of a multi-layer stack of materials 
that includes a light-generating region, and the method 
forms a light-emitting device in Which a surface of the ?rst 
layer has a surface With a dielectric function that varies 
spatially according to a pattern. 

[0026] Embodiments can feature one or more of the fol 
loWing aspects. 

[0027] The multi-layer stack of materials can be formed of 
a multi-layer stack of semiconductor materials. The ?rst 
layer can be a layer of n-doped semiconductor material, and 
the multi-layer stack can further include a layer of p-doped 
semiconductor material. The light-generating region can be 
betWeen the layer of n-doped semiconductor material and 
the layer of p-doped semiconductor material. 

[0028] The light-emitting device can further include a 
support that supports the multi-layer stack of materials. 

[0029] The light-emitting device can further include a 
layer of re?ective material that is capable of re?ecting at 
least about 50% of light generated by the light-generating 
region that impinges on the layer of re?ective material. The 
layer of re?ective material can be betWeen the support and 
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the multi-layer stack of materials. The distance betWeen the 
layer of p-doped semiconductor material and the layer of 
re?ective material can be less than a distance betWeen the 
layer of n-doped semiconductor material and the layer of 
re?ective material. The light-emitting device can further 
include a p-ohmic contact layer betWeen the layer of 
p-doped material and the layer of re?ective material. 

[0030] The light-emitting device can further include a 
current-spreading layer betWeen the ?rst layer and the 
light-generating region. 

[0031] The multi-layer stack of materials can be formed of 
semiconductor materials, such as, for eXample, III-V semi 
conductor materials, organic semiconductor materials and/or 
silicon. 

[0032] In some embodiments, the pattern does not eXtend 
into the light-generating region. 

[0033] In certain embodiments, the pattern does not 
eXtend beyond the ?rst layer. 

[0034] In some embodiments, the pattern eXtends beyond 
the ?rst layer. 

[0035] The light-emitting device can further include elec 
trical contacts con?gured to inject current into the light 
emitting device. The electrical contacts can be con?gured to 
vertically inject electrical current into the light-emitting 
device. 

[0036] The pattern can be partially formed of a component 
selected from, for example, holes in the surface of the ?rst 
layer, pillars in the ?rst layer, continuous veins in the ?rst 
layer, discontinuous veins in the ?rst layer and combinations 
thereof. 

[0037] In some embodiments, the pattern can be selected 
from triangular patterns, square patterns, and grating pat 
terns. 

[0038] In certain embodiments, the pattern can be selected 
from aperiodic patterns, quasicrystalline patterns, Robinson 
patterns, and Amman patterns. In some embodiments, the 
pattern is a Penrose pattern. 

[0039] 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. 

[0040] The pattern can be partially formed of holes in the 
surface of the ?rst layer. 

[0041] The detuning parameter can be, for eXample, at 
least about 1% of the ideal lattice constant and/or at most 
about 25% of the ideal lattice constant. In some embodi 
ments, the pattern can correspond to a substantially ran 
domly detuned ideal pattern. 

[0042] The pattern can be con?gured so that light emitted 
by the surface of the ?rst layer has a spectrum of radiation 
modes, and the spectrum of radiation modes is substantially 
the same as a characteristic emission spectrum of the light 
generating region. 

[0043] The light-emitting device can be, for eXample, a 
light-emitting diode, a laser, or an optical ampli?er. 
Examples of light-emitting devices include organic light 
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emitting devices (OLEDs), ?at surface-emitting LEDs, and 
high brightness light-emitting devices (HBLEDs). 

[0044] In some embodiments, the surface of the ?rst layer 
has features With a siZe of less than about M5, Where 7» is a 
Wavelength of light that can be emitted by the ?rst layer. 

[0045] In certain embodiments, the light-emitting device 
is packaged (e.g., in the form of a packaged die). In some 
embodiments, a packaged light-emitting device can be free 
of an encapsulant material. 

[0046] In some embodiments, the material in contact With 
the surface of the ?rst layer is a gas (e.g., air). The gas can 
have a pressure of less than about 100 Torr. 

[0047] In certain embodiments, the material in contact 
With the surface of the ?rst layer has an index of refraction 
of at least about one. 

[0048] In some embodiments, a packaged LED includes a 
cover. The cover can include a phosphor material. The cover 

can be con?gured so that light generated by the light 
generating region that emerges via the surface of the ?rst 
layer can interact With the phosphor material, and so that 
light that emerges via the surface of the ?rst layer and 
interacts With the phosphor material emerges from the cover 
as substantially White light. 

[0049] In certain embodiments, the light-emitting device 
further includes a ?rst 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 ?rst 
sheet, and a material having an index of refraction of less 
than about 1.5 can be betWeen the ?rst sheet and the surface 
of the ?rst layer. The ?rst and second sheets can be con?g 
ured so that light generated by the light-generating region 
that emerges via the surface of the ?rst layer can interact 
With the phosphor material, and so that light that emerges via 
the surface of the ?rst layer and interacts With the phosphor 
material emerges from the second sheet as substantially 
White light. 

[0050] The phosphor material can be disposed on the 
surface of the ?rst layer. 

[0051] Methods of making a Wafer can include disposing 
the phosphor material to form of a layer having a thickness 
that varies by less than about 20%. The methods can include 
?attening the layer of the phosphor material so that a 
thickness of the layer of the phosphor material varies by less 
than about 20%. The methods can also include ?attening the 
phosphor material after disposing the phosphor material on 
the surface of the ?rst layer. The phosphor material can be, 
for example, spin-coated on the surface of the Wafer. The 
methods can include forming a plurality of the light emitting 
devices from the Wafer, and separating at least some of the 
light-emitting devices from each other. 

[0052] In some embodiments, When light generated by the 
light-generating region emerges from the light-emitting 
device via the surface of the ?rst layer, at least about 40% 
of the light emerging via the surface of the ?rst layer 
emerges Within at most about 30° of an angle normal to the 
surface of the ?rst layer. 

[0053] In certain embodiments, the ?lling factor of the 
light-emitting device is at least about 10% and/or at most 
about 75%. 
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[0054] Methods of making a light-emitting device can 
further include , before bonding the layer of the re?ective 
material With the layer of p-doped material, bonding the ?rst 
layer With a substrate, the multi-layer stack of materials 
being betWeen the substrate and the layer of re?ective 
material. The methods can also include forming a bonding 
layer betWeen the ?rst layer and the substrate. The methods 
can also include removing the substrate. The methods can 
further include lapping and polishing steps after removing 
the substrate. The substrate can be removed after bonding 
the layer of the re?ective material With the ?rst layer. 
Removing the substrate can include heating a bonding layer 
disposed betWeen the ?rst layer and the substrate. Heating 
the bonding layer can decompose at least a portion of the 
bonding layer. Heating the bonding layer can include expos 
ing the bonding layer to radiation emitted by a laser. 
Removing the substrate can include exposing the substrate 
using a laser liftoff process. Removing the substrate can 
result in the surface of the ?rst layer becoming substantially 
?at. The methods can further include, before forming the 
pattern in the surface of the ?rst layer, planariZing the 
surface of the ?rst layer after the ?rst substrate is removed. 
PlanariZing the surface of the ?rst layer can include chemi 
cal-mechanical polishing the surface of the ?rst layer. Pla 
nariZing the surface of the ?rst layer can reduce the rough 
ness of the surface of the ?rst layer to greater than about M5, 
Where 7» is a Wavelength of light that can be emitted by the 
?rst layer. Forming the pattern can include using nanolithog 
raphy. The methods can also include disposing a substrate on 
the layer of re?ective material. The methods can further 
include disposing a current-spreading layer betWeen the ?rst 
layer and the light-generating region. 

[0055] Embodiments can feature one or more of the fol 
loWing advantages. 
[0056] In certain embodiments, an LED and/or a relatively 
large LED chip can exhibit relatively high light extraction. 

[0057] In some embodiments, an LED and/or a relatively 
large LED chip can exhibit relatively high surface bright 
ness, relatively high average surface brightness, relatively 
loW need for heat dissipation or relatively high rate of heat 
dissipation, relatively loW etendue and/or relatively high 
poWer ef?ciency. 

[0058] In certain embodiments, an LED and/or a relatively 
large LED chip can be designed so that relatively little light 
emitted by the LED/LED chip is absorbed by packaging. 

[0059] In some embodiments, a packaged LED (e.g., a 
relatively large packaged LED) can be prepared Without 
using an encapsulant material. This can result in a packaged 
LED that avoids certain problems associated With the use of 
certain encapsulant materials, such as reduced performance 
and/or inconsistent performance as a function of time, 
thereby providing a packaged LED that can exhibit rela 
tively good and/or reliable performance over a relatively 
long period of time. 

[0060] In certain embodiments, an LED (e.g., a packaged 
LED, Which can be a relatively large packaged LED) can 
include a relatively uniform coating of a phosphor material. 

[0061] In some embodiments, an LED (e.g., a packaged 
LED, Which can be a relatively large packaged LED) can be 
designed to provide a desired light output Within a particular 
angular range (e. g., Within a particular angular range relative 
to the LED surface normal). 
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[0062] In some embodiments, an LED and/or a relatively 
large LED chip can be prepared by a process that is 
relatively inexpensive. 

[0063] In certain embodiments, an LED and/or a relatively 
large LED chip can be prepared by a process that can be 
conducted on a commercial scale Without incurring costs 
that render the process economically unfeasible. 

[0064] Features and advantages of the invention are in the 
description, draWings and claims. 

DESCRIPTION OF DRAWINGS 

[0065] FIG. 1 is a side vieW of an LED With a patterned 
surface. 

[0066] FIG. 2 is a top vieW the patterned surface of the 
LED of FIG. 1. 

[0067] FIG. 3 is a graph of an extraction e?iciency of an 
LED With a patterned surface as function of a detuning 
parameter. 

[0068] FIG. 4 is a schematic representation of the Fourier 
transformation of a patterned surface of an LED. 

[0069] FIG. 5 is a graph of an extraction e?iciency of an 
LED With a patterned surface as function of nearest neighbor 
distance. 

[0070] FIG. 6 is a graph of an extraction e?iciency of an 
LED With a patterned surface as function of a ?lling factor. 

[0071] 
[0072] FIG. 8 is a graph of an extraction efficiency of 
LEDs With different surface patterns. 

[0073] FIG. 9 is a graph of an extraction efficiency of 
LEDs With different surface patterns. 

[0074] FIG. 10 is a graph of an extraction e?iciency of 
LEDs With different surface patterns. 

FIG. 7 is a top vieW a patterned surface of an LED. 

[0075] FIG. 11 is a graph of an extraction e?iciency of 
LEDs With different surface patterns. 

[0076] FIG. 12 is a schematic representation of the Fou 
rier transformation tWo LEDs having different patterned 
surfaces compared With the radiation emission spectrum of 
the LEDs. 

[0077] FIG. 13 is a graph of an extraction e?iciency of 
LEDs having different surface patterns as a function of 
angle. 

[0078] FIG. 14 is a side vieW of an LED With a patterned 
surface and a phosphor layer on the patterned surface. 

[0079] FIG. 15 is a side vieW of a epitaxial layer precursor 
to an LED With a patterned surface. 

[0080] FIG. 16 is a side vieW of a epitaxial layer precursor 
to an LED With a patterned surface. 

[0081] FIG. 17 is a side vieW of a epitaxial layer precursor 
to an LED With a patterned surface. 

[0082] FIG. 18 is a side vieW of a epitaxial layer precursor 
to an LED With a patterned surface. 

[0083] FIG. 19 is a side vieW of a epitaxial layer precursor 
to an LED With a patterned surface. 
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[0084] Like reference symbols in the various draWings 
indicate like elements. 

DETAILED DESCRIPTION 

[0085] FIG. 1 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, a 100 nm thick silver layer 126, a 40 nm thick 
magnesium doped (p-doped) GaN layer 128, a 120 nm thick 
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. 

[0086] 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 
injected into LED 100. As the electrical current passes 
through light-generating region 130, electrons 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 spectrum of Wavelengths characteristic 
of the material from Which light-generating region 130 is 
formed. For InGaN/GaN quantum Wells, the spectrum of 
Wavelengths of light generated by region 130 can have a 
peak Wavelength of about 445 nanometers (nm) and a full 
Width at half maximum (FWHM) of about 30 nm. 

[0087] It is to 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 injection 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 e?iciency of device 100. Because of the relatively 
high charge carrier mobility of the n-doped layer 134, 
electrons can spread relatively quickly from n-side contact 
pad 136 throughout layers 132 and 134, so that the current 
density Within the light-generating region 130 is substan 
tially uniform across the region 130. It is also to be noted 
that silver layer 126 has relatively high 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). 

[0088] At least some of the light that is generated by 
region 130 is directed toWard silver layer 126. This light can 
be re?ected by layer 126 and emerge from LED 100 via 
surface 110, or can be re?ected 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 re?ect at least 


















