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LIGHT EMITTING DEVICE METHODS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of Ser. No. 
10/794,452, ?led Mar. 5, 2004 Which 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. This appli 
cation also claims priority under 35 U.S.C. §120 to, and is 
a continuation-in-part of, the following U.S. patent applica 
tion Ser. No. 10/ 723,987, entitled “Light Emitting Devices,” 
and ?led Nov. 26, 2003; Us. Ser. No. 10/724,004, entitled 
“Light Emitting Devices,” and ?led Nov. 26, 2003; Us. Ser. 
No. 10/724,033, entitled “Light Emitting Devices,” and ?led 
Nov. 26, 2003; Us. Ser. No. 10/724,006, entitled “Light 
Emitting Devices,” and ?led Nov. 26, 2003; Us. Ser. No. 
10/724,029, entitled “Light Emitting Devices,” and ?led 
Nov. 26, 2003; Us. Ser. No. 10/724,015, entitled “Light 
Emitting Devices,” and ?led Nov. 26, 2003; Us. Ser. No. 
10/724,005, entitled “Light Emitting Devices,” and ?led 
Nov. 26, 2003; Us. Ser. No. 10/735,498, entitled “Light 
Emitting Devices,” and ?led Dec. 12, 2003. Each of these 
patent applications is incorporated herein by reference. 

TECHNICAL FIELD 

[0002] The invention relates to light-emitting device 
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 
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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 device 
methods. 

[0008] In one aspect, the invention features a method of 
making a light-emitting device. The method includes dis 
posing a planariZation layer on a surface of a layer of 
semiconductor material, and disposing a lithography layer 
on a surface of the planariZation layer. The method also 
includes performing nanolithography to remove at least a 
portion of the planariZation layer, at least a portion of the 
lithography layer and at least a portion of the layer of 
semiconductor material, thereby forming a dielectric func 
tion in the surface of the layer of semiconductor material that 
varies spatially according to a pattern. 

[0009] In another aspect, the invention features a method 
of making a light-emitting device. The method includes 
providing an article that comprises a layer of semiconductor 
material and a planariZation layer supported by the layer of 
semiconductor material. The method also includes perform 
ing nanolithography to remove at least a portion of the 
planariZation layer and at least a portion of the layer of 
semiconductor material, thereby forming a dielectric func 
tion in the surface of the layer of semiconductor material that 
varies spatially according to a pattern. 

[0010] Embodiments can feature one or more of the fol 
loWing advantages. 

[0011] 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. 

[0012] In some embodiments, a light-emitting system can 
include an LED and/or a relatively large LED chip that can 
exhibit relatively high surface brightness, relatively high 
average surface brightness, relatively loW need for heat 
dissipation or relatively high rate of heat dissipation, rela 
tively loW etendue and/or relatively high poWer e?iciency. 

[0013] 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. 

[0014] In some embodiments, a light-emitting system can 
include a packaged LED (e.g., a relatively large packaged 
LED) that 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 encap 
sulant materials, such as reduced performance and/or incon 
sistent performance 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. 

[0015] In certain embodiments, a light-emitting system 
can include an LED (e.g., a packaged LED, Which can be a 
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relatively large packaged LED) that can have a relatively 
uniform coating of a phosphor material. 

[0016] In some embodiments, a light-emitting system can 
include an LED (e.g., a packaged LED, Which can be a 
relatively large packaged LED) that 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). 

[0017] In some embodiments, a light-emitting system can 
include an LED and/or a relatively large LED chip that can 
be prepared by a process that is relatively inexpensive. 

[0018] In certain embodiments, a light-emitting system 
can include an LED and/or a relatively large LED chip that 
can be prepared by a process that can be conducted on a 
commercial scale Without incurring costs that render the 
process economically unfeasible. 

[0019] Features and advantages of the invention are in the 
description, draWings and claims. 

DESCRIPTION OF DRAWINGS 

[0020] FIG. 1 is a schematic representation of a light 
emitting system. 

[0021] FIG. 2 is a side vieW of an LED With a patterned 
surface. 

[0022] FIG. 3 is a top vieW the patterned surface of the 
LED of FIG. 2. 

[0023] FIG. 4 is a graph of an extraction ef?ciency of an 
LED With a patterned surface as function of a detuning 
parameter. 

[0024] FIG. 5 is a schematic representation of the Fourier 
transformation of a patterned surface of an LED. 

[0025] FIG. 6 is a graph of an extraction ef?ciency of an 
LED With a patterned surface as function of nearest neighbor 
distance. 

[0026] FIG. 7 is a graph of an extraction ef?ciency of an 
LED With a patterned surface as function of a ?lling factor. 

[0027] FIG. 8 is a top vieW a patterned surface of an LED. 

[0028] FIG. 9 is a graph of an extraction ef?ciency of 
LEDs With different surface patterns. 

[0029] FIG. 10 is a graph of an extraction ef?ciency of 
LEDs With different surface patterns. 

[0030] FIG. 11 is a graph of an extraction ef?ciency of 
LEDs With different surface patterns. 

[0031] FIG. 12 is a graph of an extraction ef?ciency of 
LEDs With different surface patterns. 

[0032] FIG. 13 is a schematic representation of the Fourier 
transformation tWo LEDs having different patterned sur 
faces compared With the radiation emission spectrum of the 
LEDs. 

[0033] FIG. 14 is a graph of an extraction ef?ciency of 
LEDs having different surface patterns as a function of 
angle. 

[0034] FIG. 15 is a side vieW of an LED With a patterned 
surface and a phosphor layer on the patterned surface. 
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[0035] FIG. 16 is a cross-sectional vieW of a multi-layer 
stack. 

[0036] FIG. 17 is a cross-sectional vieW of a multi-layer 
stack. 

[0037] FIG. 18 is a cross-sectional vieW of a multi-layer 
stack. 

[0038] FIG. 19 is a cross-sectional vieW of a multi-layer 
stack. 

[0039] FIG. 20 depicts a side vieW of a substrate removal 
process. 

[0040] FIG. 21 is a partial cross-sectional vieW of a 
multi-layer stack. 

[0041] FIG. 22 is a partial cross-sectional vieW of a 
multi-layer stack. 

[0042] FIG. 23 is a partial cross-sectional vieW of a 
multi-layer stack. 

[0043] FIG. 24 is a partial cross-sectional vieW of a 
multi-layer stack. 

[0044] FIG. 25 is a partial cross-sectional vieW of a 
multi-layer stack. 

[0045] FIG. 26 is a partial cross-sectional vieW of a 
multi-layer stack. 

[0046] FIG. 27 is a partial cross-sectional vieW of a 
multi-layer stack. 

[0047] FIG. 28 is a partial cross-sectional vieW of a 
multi-layer stack. 

[0048] FIG. 29 is a partial cross-sectional vieW of a 
multi-layer stack. 

[0049] FIG. 30 is a partial cross-sectional vieW of a 
multi-layer stack. 

[0050] FIG. 31 is a partial cross-sectional vieW of a 
multi-layer stack. 

[0051] FIG. 32 is a partial cross-sectional vieW of a 
multi-layer stack. 

[0052] FIG. 33 is a partial cross-sectional vieW of a 
multi-layer stack. 

[0053] FIG. 34 is a partial cross-sectional vieW of a 
multi-layer stack. 

[0054] Like reference symbols in the various draWings 
indicate like elements. 

DETAILED DESCRIPTION 

[0055] FIG. 1 is a schematic representation of a light 
emitting system 50 that has an array 60 of LEDs 100 
incorporated therein. Array 60 is con?gured so that, during 
use, light that emerges from LEDs 100 (see discussion 
beloW) emerges from system 50 via surface 55. 

[0056] Examples of light-emitting systems include projec 
tors (e.g., rear projection projectors, front projection proj ec 
tors), portable electronic devices (e.g., cell phones, personal 
digital assistants, laptop computers), computer monitors, 
large area signage (e.g., highWay signage), vehicle interior 
lighting (e.g., dashboard lighting), vehicle exterior lighting 
(e.g., vehicle headlights, including color changeable head 
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lights), general lighting (e.g., o?ice overhead lighting), high 
brightness lighting (e.g., streetlights), camera ?ashes, medi 
cal devices (e.g., endoscopes), telecommunications (e.g. 
plastic ?bers for short range data transfer), security sensing 
(e.g. biometrics), integrated optoelectronics (e.g., intrachip 
and interchip optical interconnects and optical clocking), 
military ?eld communications (e.g., point to point commu 
nications), biosensing (e.g. photo-detection of organic or 
inorganic substances), photodynamic therapy (e. g. skin 
treatment), night-vision goggles, solar poWered transit light 
ing, emergency lighting, airport runWay lighting, airline 
lighting, surgical goggles, Wearable light sources (eg life 
vests). An example of a rear projection projector is a rear 
projector television. An example of a front projection pro 
jector 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. 

[0057] Typically, surface 55 is formed of a material that 
transmits at least about 20% (e.g., at least about 30%, at least 
about 40%, at least about 50%, at least 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. 

[0058] In some embodiments, it may be desirable for the 
light that emerges (e.g., total light intensity, 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 substantially monochromatic 
sources (eg LEDs) in display applications (e.g., to achieve 
vibrant full-color displays). Another example is in telecom 
munications Where it can be advantageous for an optical 
system to have a particular Wavelength of light travel from 
the source to the light guide, and from the light guide to the 
detector. A further example is vehicle lighting Where color 
indicates signaling. An additional example is in medical 
applications (e.g., photosensitive drug activation or biosens 
ing applications, Where Wavelength or color response can be 
advantageous). 

[0059] In certain embodiments, it may be desirable for the 
light that emerges (e.g., total light intensity, 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 light intensity, light intensity as a 
function of Wavelength, and/or peak emission Wavelength) 
from different LEDs 100. An example is in general lighting 
(e.g., Where multiple Wavelengths can improve the color 
rendering index (CRI)). CRI is a measurement of the amount 
of color shift that objects undergo When lighted by the 
light-emitting system as compared With the color of those 
same objects When seen under a reference lighting system 
(e.g., daylight) of comparable correlated temperature. 
Another example is in camera ?ashes (e.g., Where substan 
tially high CRI, such as substantially close to the CRI of 
noontime sunlight, is desirable for a realistic 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, ?uid, etc. differentiation 
and/ or identi?cation). An additional example is in backlight 
ing displays (e.g., Where certain CRI White light is often 
more pleasing or natural to the human eye). 
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[0060] Although depicted in FIG. 1 as being in the form of 
an array, LEDs 100 can be con?gured di?ferently. As an 
example, in some embodiments, system 50 includes a single 
LED 100. As another example, in certain embodiments, the 
array is curved to help angularly direct the light from various 
sources onto the same point (e.g., an optic such as a lens). 
As a further example, in some embodiments, the array of 
devices is hexagonally distributed to alloW for close-packing 
and high e?fective surface brightness. As an additional 
example, in certain embodiments, the devices are distributed 
around a mirror (e.g., a dichroic mirror) that combines or 
re?ects light from the LEDs in the array. 

[0061] In FIG. 1 the light that emerges from LEDs 100 is 
shoWn as traveling directly 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 some embodiments, system 50 
includes a single LED 100. As another example, in certain 
embodiments, light from LEDs 100 is focused onto a 
microdisplay (e.g., onto a 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. 

[0062] 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, 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. 

[0063] 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. 

[0064] 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 
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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). 

[0065] 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 
some of the light generated by light-generating region 130. 
Accordingly, the light that is directed to pad 136 can be 
re?ected by pad 136 and subsequently emerge from LED 
100 via surface 110 (e. g., by being re?ected from silver layer 
126), or the light that is directed to pad 136 can be re?ected 
by pad 136 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 (e.g., With or Without being re?ected by silver layer 
126). 
[0066] As shoWn in FIGS. 2 and 3, surface 110 of LED 
100 is not ?at but consists of a modi?ed triangular pattern of 
openings 150. In general, various values can be selected for 
the 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 ?gures 
beloW shoWing the results of numerical calculations, open 
ings 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 pattern 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 and “Aa” is a 
detuning 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 
parameter, Aa, is generally at least about one percent (e.g., 
at least about tWo percent, at least about three percent, at 
least about four percent, at least about ?ve 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 neigh 
bor spacings vary substantially randomly betWeen (a-Aa) 
and (a+Aa), such that pattern 150 is substantially randomly 
detuned. 

[0067] For the modi?ed triangular pattern of openings 
150, it has been found that a non-Zero detuning parameter 
enhances the extraction e?iciency of an LED 100. For LED 
100 described above, as the detuning parameter Aa increases 
from Zero to about 0.15 a, numerical modeling (described 
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beloW) of the electromagnetic ?elds in the LED 100 has 
shoWn that the extraction e?iciency of the device increases 
from about 0.60 to about 0.70, as shoWn in FIG. 4. 

[0068] The extraction e?iciency data shoWn in FIG. 4 are 
calculated by using a three-dimensional ?nite-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-Dl?erence Time-Domain Methods (CRC, Boca 
Raton, Fla., 1993); A. Ta?ove, Computational Electrody 
namics: The Finite-Difference Time-Domain Method 
(Artech House, London, 1995), both of Which are hereby 
incorporated by reference. To represent the optical behavior 
of LED 100 With a particular 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 neighbor dis 
tances (NND) betWeen openings in pattern 150. 

[0069] In certain embodiments, extraction e?iciency data 
for LED 100 are calculated using an FDTD method as 
folloWs. The FDTD method is used to solve the full-vector 
time-dependent MaxWell’s equations: 

Where the polariZability E=EI+EZ+ . . . +Em captures the 
frequency-dependent response of the quantum Well light 
generating region 130, the p-contact layer 126 and other 
layers Within LED 100. The individual Em terms are empiri 
cally 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, 

Where the polariZation corresponds to a dielectric constant 

[0070] 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 in?uence the optical performance 
of LED 100. The relevant structures Within LED 100 that are 
assumed to have a frequency dependent dielectric constant 
are silver layer 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 






















