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(57) ABSTRACT 

Embodiments described herein provide methods for manu 
facturing an optical device having shaped sidewalls. A sub 
strate material can be shaped to form a substrate portion of an 
optical device comprising an exit face and sidewalls posi 
tioned and shaped to re?ect light to the exit face to allow light 
to escape the exit face. The sidewalls can be polished to a 
desired degree of polish. Polishing can be done using a pol 
ishing tool, etching, particle jet polishing or other polishing 
method. 
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OPTICAL DEVICE POLISHING 

RELATED APPLICATIONS 

[0001] This application claims the bene?t of priority under 
35 U.S.C. 119(e) to US. Provisional Patent Application No. 
61/075,972, entitled “SYSTEM AND METHODS FOR 
OPTICAL DEVICE SHAPING AND POLISHING” by 
inventor Winberg, ?led Jun. 26, 2008. This application also 
claims the bene?t of priority under 35 U.S.C. 120 as a con 
tinuation-in-part of US. patent application Ser. No. 11/906, 
194, entitled “LED SYSTEM AND METHOD” by inventors 
Duong et al., ?led Oct. 1, 2007, and as a continuation-in-part 
of US. patent application Ser. No. 11/906,21 9, entitled “LED 
SYSTEM AND METHOD”, by inventors Duong et al., ?led 
Oct. 1, 2007, each of Which claim priority under 35 U.S.C. 
119(e) to US. Provisional Patent Application No. 60/827, 
818, entitled “SHAPED LIGHT EMITTING DIODES”, by 
inventors Duong et al., ?led Oct. 2, 2006, and to US. Provi 
sional Patent Application No. 60/881,785, entitled “SYS 
TEM AND METHOD FOR A SHAPED SUBSTRATE 
LED”, by inventors Duong et al., ?led J an. 22, 2007. Each of 
the above referenced applications is hereby fully incorpo 
rated by reference herein. 

TECHNICAL FIELD OF THE INVENTION 

[0002] This disclosure regards optical devices and in par 
ticular light emitting diodes (“LEDs”). More particularly, this 
disclosure relates to polishing optical devices. 

BACKGROUND 

[0003] Light emitting diodes (“LEDs”) are ubiquitous in 
electronics. They are used in digital displays, lighting sys 
tems, computers and televisions, cellular telephones and a 
variety of other devices. Developments in LED technology 
have led to methods and systems for the generation of White 
light using one or more LEDs. Developments in LED tech 
nology have led to LEDs that generate more photons and thus 
more light than previously. The culmination of these tWo 
technological developments is that LEDs are being used to 
supplement or replace many conventional lighting sources, 
eg incandescent, ?uorescent or halogen bulbs, much as the 
transistor replaced the vacuum tube in computers. 
[0004] LEDs are produced in a number of colors including 
red, green and blue. One method of generating White light 
involves the use of red, green and blue LEDs in combination 
With one another. A lighting source that is made of combina 
tions of red, green and blue (RGB) LEDs Will produce What is 
perceived as White light by the human eye. This occurs 
because the human eye has three types of color receptors, With 
each type sensitive to either blue, green or red colors. 
[0005] A second method of producing White light from 
LED sources is to create light from a single-color (e.g. blue), 
short Wavelength LED, and impinge a portion of that light 
onto phosphor or similar photon conversion material. The 
phosphor absorbs the higher energy, short Wavelength light 
Waves, and re-emits loWer energy, longer Wavelength light. If 
a phosphor is chosen that emits light in the yelloW region 
(betWeen green and red), for example, the human eye per 
ceives such light as White light. This occurs because the 
yelloW light stimulates both the red and green receptors in the 
eye. Other materials, such as nano-particles or other similar 
photo-luminescent materials, may be used to generate White 
light in much the same Way. 
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[0006] White light may also be generated utiliZing an ultra 
violet (UV) LED and three separate RGB phosphors. White 
light may also be generated from a blue LED and a yelloW 
LED and may also be generated utiliZing blue, green, yelloW 
and red LEDs in combination. 
[0007] Current industry practice for construction of LEDs 
is to use a substrate (typically either single-crystal Sapphire 
or Silicon Carbide), onto Which is deposited layers of mate 
rials such as GaN or InGaN. One or more layers (e. g. GaN or 
InGaN) may alloW photon generation and current conduction. 
Typically, a ?rst layer of Gallium Nitride (GaN) is applied to 
the surface of the substrate to form a transition region from 
the crystal structure of the substrate to the crystal structure of 
doped layers alloWing for photon generation or current con 
duction. This is typically folloWed by an N-doped layer of 
GaN. The next layer can be an InGaN, AlGaN, AlInGaN or 
other compound semiconductor material layer that generates 
photons and that is doped With the needed materials to pro 
duce the desired Wavelength of light. The next layer is typi 
cally a P doped layer of GaN. This structure is further modi 
?ed by etching and deposition to create metallic sites for 
electrical connections to the device. 
[0008] During the operation of an LED, as in a traditional 
diode, extra electrons move from an N-type semiconductor to 
electron holes in a P-type semiconductor. In an LED, photons 
are released in the compound semiconductor layer to produce 
light during this process. 
[0009] In a typical manufacturing process, the substrate is 
fabricated in Wafer form and the layers are applied to a surface 
of the Wafer. Once the layers are doped or etched and all the 
features have been de?ned using the various processes men 
tioned, the individual LEDs are separated from the Wafer. The 
LEDs are typically square or rectangular With straight sides. 
This can cause signi?cant ef?ciency losses and can cause the 
emitted light to have a poor emission pattern. A separate 
optical device, such as a plastic dome, is often placed over the 
LED to achieve a more desirable output. 

SUMMARY 

[0010] This disclosure relates to polishing optical devices 
to increase light extraction. In particular, the optical device 
can include sideWalls shaped to direct more light to the exit 
face of the optical device using total internal re?ection While 
preventing or minimiZing total internal re?ection at the exit 
face. Additionally, the optical device can include an exit face 
With suf?cient area to conserve radiance. Various methods 
can be used to polish the sideWalls of the optical device to a 
desired degree of polish to promote internal re?ection at the 
sideWalls. 
[0011] According to one embodiment, a method can com 
prise providing an unpolished substrate portion of an optical 
device and polishing the unpolished substrate portion to form 
a polished substrate portion. According to one embodiment, 
the exit face of the substrate portion of the optical device can 
have at least 70% of a minimum area necessary to conserve 
radiance for a desired half-angle of light projected from the 
optical device. The set of sideWalls of the shaped substrate 
portion of the optical device can be positioned and shaped to 
cause at least a majority of rays having a straight transmission 
path from the interface to that sideWall to re?ect to the exit 
face With an angle of incidence at the exit face at less than or 
equal to a critical angle at the exit face. It should be noted that 
While the sideWalls can be shaped to cause a particular per 
centage of light to re?ect to the interface, such re?ection, in 
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some cases, may not occur Without adequate polishing. While 
the degree of polishing can be selected to maximize internal 
re?ection at the sidewalls, the degree of polishing can also be 
selected to alloW for some loss of light at the sideWalls. In one 
embodiment, the sideWalls are polished to have a roughness 
average of less than 100 nanometers, even more particularly 
less than 50 nanometers and even more particularly less than 
20 nanometers. 

BRIEF DESCRIPTION OF THE FIGURES 

[0012] A more complete understanding of the embodi 
ments and the advantages thereof may be acquired by refer 
ring to the folloWing description, taken in conjunction With 
the accompanying draWings in Which like reference numbers 
indicate like features and Wherein: 
[0013] FIGS. 1A-1B are diagrammatic representations of 
embodiments of LEDs; 
[0014] FIG. 2 is a diagrammatic representation of a set of 
rays traveling from a point to surfaces at different distances 
from the point; 
[0015] FIG. 3 provides a diagrammatic representation of a 
top vieW of an embodiment of an LED; 
[0016] FIG. 4A is a diagrammatic representation of a cross 
section of a model of an LED for determining sideWall 
shapes; 
[0017] FIG. 4B is a diagrammatic representation of an 
embodiment of a portion of a sideWall of an LED; 
[0018] FIG. 4C is a diagrammatic representation illustrat 
ing that the facets for a sidewall can be de?ned using a 
computer program; 
[0019] FIG. 4D is a diagrammatic representation of one 
embodiment of an LED With sideWalls shaped to cause TIR so 
that rays are re?ected from the sideWalls to the exit surface; 
[0020] FIG. 5 is a diagrammatic representation of one 
embodiment for estimating effective solid angle; 
[0021] FIGS. 6A-6E are diagrammatic representations 
describing another embodiment for estimating effective solid 
angle; 
[0022] FIG. 7 is a diagrammatic representation of one 
embodiment of a LED; 
[0023] FIGS. 8A-8B are diagrammatic representations of 
embodiments of an array of LEDs; 
[0024] FIG. 9 is a diagrammatic representation of polishing 
substrate material; 
[0025] FIGS. 10A-B are diagrammatic representations of 
additional embodiments of polishing substrate material; 
[0026] FIGS. 11A-C are diagrammatic representations of 
embodiments of polishing Wands; 
[0027] FIG. 12 is a diagrammatic representation of an 
embodiment of particle jet polishing; and 
[0028] FIG. 13 is a diagrammatic representation of an 
embodiment of reactive ion etching. 

DETAILED DESCRIPTION 

[0029] The disclosure and various features and advanta 
geous details thereof are explained more fully With reference 
to the exemplary, and therefore non-limiting, embodiments 
illustrated in the accompanying draWings and detailed in the 
folloWing description. Descriptions of knoWn starting mate 
rials and processes may be omitted so as not to unnecessarily 
obscure the disclosure in detail. It should be understood, 
hoWever, that the detailed description and the speci?c 
examples, While indicating the preferred embodiments, are 
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given by Way of illustration only and not by Way of limitation. 
Various substitutions, modi?cations, additions and/or rear 
rangements Within the spirit and/or scope of the underlying 
inventive concept Will become apparent to those skilled in the 
art from this disclosure. 

[0030] As used herein, the terms “comprises, compris 
ing,” “includes,” “including,” “has,” “having” or any other 
variation thereof, are intended to cover a non-exclusive inclu 
sion. For example, a process, product, article, or apparatus 
that comprises a list of elements is not necessarily limited to 
only those elements but may include other elements not 
expressly listed or inherent to such process, process, article, 
or apparatus. Further, unless expressly stated to the contrary, 
“or” refers to an inclusive or and not to an exclusive or. For 

example, a condition A or B is satis?ed by any one of the 
folloWing: A is true (or present) and B is false (or not present), 
A is false (or not present) and B is true (or present), and both 
A and B are true (or present). 
[0031] Additionally, any examples or illustrations given 
herein are not to be regarded in any Way as restrictions on, 
limits to, or express de?nitions of, any term or terms With 
Which they are utiliZed. Instead these examples or illustra 
tions are to be regarded as being described With respect to one 
particular embodiment and as illustrative only. Those of ordi 
nary skill in the art Will appreciate that any term or terms With 
Which these examples or illustrations are utiliZed encompass 
other embodiments as Well as implementations and adapta 
tions thereof Which may or may not be given thereWith or 
elseWhere in the speci?cation and all such embodiments are 
intended to be included Within the scope of that term or terms. 
Language designating such non-limiting examples and illus 
trations includes, but is not limited to: “for example,” “for 
instance,” “e.g.,” “in one embodiment,” and the like. Further 
more, While the example of an LED With a sapphire substrate 
is used, embodiments can apply to other optical devices that 
utiliZe a substrate to guide or gather light and use other sub 
strate materials including, but not limited to, silicon carbide, 
glass, diamond or other substrate material knoWn or devel 
oped in the art. 
[0032] Reference is noW made in detail to the exemplary 
embodiments of the disclosure, examples of Which are illus 
trated in the accompanying draWings. Wherever possible, like 
numerals Will be used throughout the draWings to refer to like 
and corresponding parts (elements) of the various draWings. 
[0033] Various methods can be used to shape a substrate 
material into in the substrate portion of an optical device or 
the substrate portions of multiple optical devices. Each sub 
strate portion can be shaped to be Within an acceptable toler 
ance of the desired shape. HoWever, many shaping methods 
leave the sideWalls With small defects, a frosted glass appear 
ance or other features that scatter light, cause refraction or 
otherWise reduce re?ection. Accordingly, the substrate mate 
rial can be polished using various polishing methods. 
[0034] The substrate material can be provided for polishing 
as a portion of a Wafer that has been shaped into substrate 
portions for multiple optical devices or as a substrate portions 
for a single optical device. In one embodiment, the unpol 
ished substrate portion of each optical device corresponds to 
a substrate portion having an exit face, a set of sideWalls and 
an interface. The exit face can have a select siZe and the 
sideWalls can be shaped and positioned to cause at least a 
majority of rays having a straight transmission path from the 
interface to that sideWall to re?ect to the exit face With an 
angle of incidence at the exit face at less than or equal to a 
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critical angle at the exit face. However, the unpolished side 
walls may reduce re?ection so that the desired amount of 
re?ection is not achieved by the unpolished sideWalls.Various 
polishing methods can be applied to polish the sideWalls to a 
desired degree of polish. Additionally, the polishing methods 
can shape the sideWalls to bring the substrate material to 
Within a closer tolerance of the desired shape. 

[0035] Thus, shaping and polishing methods can thus be 
applied to bring a substrate material to Within a manufactur 
ing tolerance of a select substrate shape With a select degree of 
polish. FIGS. 1-8B and the accompanying discussion 
describe various embodiments of optical devices With shaped 
substrates. Once the desired substrate shape is determined, 
the shaping and polishing methods can shape the substrate 
accordingly. 
[0036] Embodiments of shaped substrate LEDs may be 
shaped so as to increase or shape the light emission from the 
LED. According to one embodiment, the substrate is shaped 
so that all or a supermajority of the light generated by the 
quantum Well region of the LED is transmitted out the exit 
face of the substrate of the LED. To this end, the exit face can 
be siZed to take into account principles of conservation of 
radiance. In one embodiment, the exit face may be the mini 
mum siZe that alloWs all or a supermaj ority of the light enter 
ing the substrate through the interface betWeen the quantum 
Well region and the substrate (that is, the interface to a non 
substrate layer that receives light generated in the light emit 
ting region) to exit the exit face, thereby combining the desire 
to conserve radiance With the desire to reduce siZe, particu 
larly the siZe of the exit face. Additionally, the sideWalls of the 
substrate may be shaped so that re?ection or total internal 
re?ection (“TIR”) causes light beams incident on substrate 
sideWalls to re?ect toWards the exit face and be incident on the 
exit face With an angle less than or equal to the critical angle. 
Consequently, light loss due to TIR at the exit face is reduced 
or eliminated. In a further embodiment, to insure that light 
striking a sideWall is re?ected Within the substrate and does 
not pass through the sideWall, a sideWall or sideWalls of a 
substrate may also be coated With a re?ective material that 
re?ects light to prevent the exitance of light through the 
sideWall. 

[0037] While the etendue equation shoWs that theoretically 
100% of the light that passes from the quantum Well region of 
the LED into the substrate of the LED can exit the substrate 
through the exit face, various embodiments may cause lesser 
amounts of light to exit the exit face While still providing 
signi?cant improvements over prior LED light emissions. For 
example, light emitted from the exit surface of the LED may 
be emitted from the exit surface With a cone half angle of 
l0-60 degrees With approximately 79% e?iciency (there is 
approximately a 21% e?iciency loss due to fresnel losses for 
a silicon carbide substrate material of 2.73 index of refrac 
tion) With a desired intensity pro?le, exitance pro?le or other 
light output pro?le. 
[0038] Fresnel losses (e.g. losses at the interface betWeen 
tWo mediums such as at the exit face of an LED and air or 
other medium) occur When light traverses from a medium of 
higher index to a medium of loWer index. Normal incident 
fresnel losses are described by the equation: 

Wherein N1 and N2 are the indices of refraction of the tWo 
mediums. As an example, for an LED having a silicon carbide 
substrate, N1:2.73 (approximate IOR of silicon carbide), 
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NZII (approximate IOR of air), yielding Fresnel losses of 
approximately 21.5%. If the LED utiliZes GaN in the quan 
tum Well region, Fresnel losses at the interface betWeen the 
quantum Well region (N 1:249) and the silicon carbide sub 
strate (N2:2.73) Will be 0%. Fresnel losses at the exit face to 
air interface may be reduced or overcome With anti-re?ective 
coatings. 
[0039] The siZe of the exit face of an LED substrate can be 
selected to conserve radiance. The passage of light along an 
optic path, either Within a single medium or from one medium 
to another, is governed by the laW of Conservation of Radi 
ance, also referred to as the Brightness Theorem, Which is 
expressed by the Etendue equation: 

Etendue Equation 

(I>l:light ?ux (lumens) of region 1 
NIIIOR of medium of region 1 
AIIarea of entrance to region 1 
Qfsolid angle (steradians) that fully contains the light of 
region 1 
CIJZIIight ?ux (lumens) of region 2 
NZIIOR of medium of region 2 
A2:area of entrance to region 2 
Q2:SOlld angle (steradians) that fully contains the light of 
region 2 
[0040] The area of the exit face of a shaped substrate can be 
selected to conserve radiance of light entering the substrate 
from the quantum Wells for a desired half angle. Conse 
quently, light can be emitted in a desired half angle With high 
e?iciency. This is unlike traditional LEDs that both emit light 
With a half angle that is undesirable for many applications, 
therefore requiring additional optical devices to shape the 
light; and, emit a signi?cant percentage of light through the 
sideWalls because the exit face is not large enough to conserve 
radiance; While also suffering absorption losses due to the 
light never escaping the substrate. 
[0041] Furthermore, the passage of light from a medium of 
one index of refraction to a medium of a different IOR is 
governed by Snell’s LaW. Snell’s laW de?nes the relationship 
betWeen the angle of approach of a light ray as measured from 
the normal to the interface surface, and the angle of departure 
of that ray from the interface, as a function of the indices of 
refraction of both media. 

®l:angle of incidence of ray approaching interface surface 
NIIIOR of medium 1 
®2:angle of refraction of ray departing interface surface 
NZIIOR of medium 2 
[0042] In the case ofthe passage oflight from a medium of 
higher IOR to a medium of loWer IOR, the maximum angle at 
Which a light ray may strike the interface surface betWeen the 
media and still pass through the interface is called the critical 
angle. Fundamentally, light originating from the medium of 
higher IOR must approach the media interface at angles not 
exceeding the critical angle if the light is to pass through the 
interface and into the medium of loWer IOR. For example, in 
an LED comprised of a substrate and a quantum Well region, 
the substrate medium and the quantum Well medium may 






















