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LIGHT EMITTING DEVICES AND RELATED 
METHODS 

RELATED APPLICATIONS 

0001. This application is a continuation of U.S. patent 
application Ser. No. 1 1/370,395, filed on Mar. 7, 2006, which 
claims priority under 35 U.S.C. S 119(e) to U.S. Provisional 
Application Ser. No. 60/727,753, filed on Oct. 17, 2005, and 
U.S. Provisional Application Ser. No. 60/737,136, filed on 
Nov. 16, 2005, all of which are herein incorporated by refer 
ence in their entirety. 

FIELD OF INVENTION 

0002 The invention relates generally to light-emitting 
devices, as well as related components, systems, and meth 
ods, and more particularly to light-emitting devices having 
patterned interfaces. 

BACKGROUND 

0003. There are a variety of light-emitting devices, such as 
light-emitting diodes (LEDs), laser diodes, and optical ampli 
fiers, which can emit light and which may be used in various 
applications. The emitted light may be characterized by 
numerous metrics, including light extraction, collimation, 
and azimuthal isotropy. Light extraction is a measure of the 
amount of light emitted as compared to the amount of light 
generated within the light-emitting device. Collimation is a 
measure of the angular deviation of emitted light with respect 
to the normal of the emission Surface of the light-emitting 
device. Azimuthal isotropy (or uniformity) is a measure of the 
uniformity of light emitted versus an azimuthal angle, here 
after sometimes referred to simply as isotropy. 
0004 Each of the above-mentioned metrics of a light 
emitting device may play an important role in determining the 
suitability of a particular light-emitting device for different 
applications. In general, light extraction relates to device 
efficiency, since any light generated by the device which is not 
extracted can result in decreased efficiency. Light collimation 
can be of importance if an application that incorporates the 
light-emitting device operates more efficiently, and/or with 
fewer optical components, as a result of the collimated light 
emission. Azimuthal isotropy may be of significance in appli 
cations where isotropic light emission is desired, and where 
isotropic light emission may reduce or eliminate the need for 
additional optical components. 
0005. As such, in many applications, it can be desirable to 

tailor light extraction, collimation, and/or azimuthal isotropy. 

SUMMARY OF INVENTION 

0006. In some embodiments, the invention provides 
devices, such as light-emitting devices, as well as related 
components, systems and methods. 
0007. In one embodiment, a light-emitting device com 
prises an interface through which emitted light passes there 
through. The interface having a dielectric function that varies 
spatially according to a pattern, and the pattern arranged to 
provide light emission that has a Substantially isotropic emis 
sion pattern and is more collimated than a Lambertian distri 
bution of light. 
0008. Other aspects, embodiments and features of the 
invention will become apparent from the following detailed 
description of the invention when considered in conjunction 
with the accompanying drawings. The accompanying figures 
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are schematic and are not intended to be drawn to scale. In the 
figures, each identical, or Substantially similar component 
that is illustrated in various figures is represented by a single 
numeral or notation. 
0009 For purposes of clarity, not every component is 
labeled in every figure. Nor is every component of each 
embodiment of the invention shown where illustration is not 
necessary to allow those of ordinary skill in the art to under 
stand the invention. All patent applications and patents incor 
porated herein by reference are incorporated by reference in 
their entirety. In case of conflict, the present specification, 
including definitions, will control. 

BRIEF DESCRIPTION OF DRAWINGS 

0010 FIG. 1 is a schematic of a representative LED 
according to some embodiments of the invention; 
0011 FIG. 2a is a schematic of a solid angle collection 
COne: 
0012 FIG.2b is a schematic of a collection shape defined 
by a corresponding set of planes; 
0013 FIG. 3 is a pattern formed by a hexagonal array of 
features; 
0014 FIG. 4 is an illustration of an angular displacement 
transformation according to some embodiments of the inven 
tion; 
0015 FIGS. 5a-b are patterns generated by an angular 
displacement transformation of a precursor pattern according 
to some embodiments of the invention; 
0016 FIG. 6 is a schematic representation of a trans 
formed pattern, from which portions may be selected, accord 
ing to Some embodiments of the invention; 
0017 FIG. 7 is a rotated patchwork pattern according to 
Some embodiments of the invention; 
0018 FIGS. 8a-d are patterns having extended gap 
regions according to some embodiments of the invention; 
0019 FIG. 9a is a hexagonal pattern; 
0020 FIG.9b-care patterns generated by scaling accord 
ing to Some embodiments of the invention; 
0021 FIG. 10 is a pattern that includes a plurality of 
regions with a specific pattern according to some embodi 
ments of the invention; 
0022 FIG. 11a is an illustration of a simulated emission 
pattern that is both collimated and substantially uniform 
according to some embodiments of the invention; 
0023 FIG. 11b is an illustration of a simulated emission 
pattern that is collimated along one axis and non-collimated 
along another axis according to some embodiments of the 
invention; 
0024 FIG. 12 is a schematic of an edge-illuminated light 
panel according to Some embodiments of the invention; 
(0025 FIG. 13a is a view of the LEDs in the edge-illumi 
nated light panel of FIG. 12 according to some embodiments 
of the invention; 
0026 FIG. 13b is a schematic of light emission from the 
array of LEDs in the edge-illuminated light panel of FIG. 12 
according to some embodiments of the invention; 
0027 FIG. 14a-c are simulation results from a working 
example according to Some embodiments of the invention; 
0028 FIG. 15a-c are simulation results from a working 
example according to Some embodiments of the invention; 
0029 FIG. 16a-c are simulation results from a working 
example according to Some embodiments of the invention; 
0030 FIG. 17a-d are simulation results from a working 
example according to Some embodiments of the invention; 
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0031 FIG. 17e-fare collection planes which can be used 
to characterize anisotropic light emission according to some 
embodiments of the invention; and 
0032 FIG. 18a-b are simulation results from a working 
example according to some embodiments of the invention. 

DETAILED DESCRIPTION 

0033 Certain embodiments of the invention provide light 
emitting devices and methods associated with Such devices. 
The devices may include a pattern formed on an interface 
through which light passes through. For example, the inter 
face can be an emission Surface of the device, or an interface 
between layers within the device. As described further below, 
the pattern can be defined by a series of features having 
certain characteristics (e.g., feature size, depth, nearest neigh 
bor distances) which may be configured to influence the char 
acteristics of the light emitted from the device including, but 
not limited to, light extraction, collimation, and/or isotropy. 
0034 FIG. 1 illustrates a representative LED 100, which is 
an example of a light-emitting device shown for illustrative 
purposes. It should be understood that various embodiments 
can also be applied to other devices, and are not limited to just 
LEDs. The LED comprises a multi-layer stack 111 that may 
be disposed on a sub-mount (not shown). The multi-layer 
stack 111 can include an active region 114 which is formed 
between n-doped layer(s) 115 and p-doped layer(s) 113. The 
stack also includes a conductive layer 112. An n-side contact 
pad 116 is disposed on layer 115, and a p-side contact pad 117 
may be disposed on conductive layer 112. It should be appre 
ciated that the LED is not limited to the configuration shown 
in FIG. 1, for example, the n-doped and p-doped sides may be 
interchanged so as to form a LED having a p-doped region in 
contact with the contact pad 116 and an n-doped region in 
contact with the contact pad 117. As described further below, 
electrical potential may be applied to the contact pads which 
can result in light generation within active region 114 and 
emission of at least Some of the light generated through an 
emission surface 118. As described further below, openings 
119 may be defined in the emission surface, and/or at any 
other interface, to form a pattern that can influence light 
emission characteristics. Such as extraction, collimation, and/ 
or isotropy. 
0035. It should be appreciated that various modifications 
of LED 100 are possible. For example, in one variation, 
electrode 117 is absent, and electrical contact to layer(s) 113 
is made via conductive layer 112 through a conductive Sub 
mount (not shown) which is attached to conductive layer 112. 
It should be understood that other various modifications can 
be made to the representative LED structure presented, and 
that the invention is not limited in this respect. 
0036. The active region of an LED can include one or more 
quantum wells Surrounded by barrier layers. The quantum 
well structure may be defined by a semiconductor material 
layer (e.g., in a single quantum well), or more than one semi 
conductor material layers (e.g., in multiple quantum wells), 
with a smaller band gap as compared to the barrier layers. 
Suitable semiconductor material layers for the quantum well 
structures include InGaN, AlGaN. GaN and combinations of 
these layers (e.g., alternating InGaN/GaN layers, where a 
GaN layer serves as a barrier layer). 
0037. The n-doped layer(s) 115 can include a silicon 
doped GaN layer (e.g., having a thickness of about 300 nm 
thick) and/or the p-doped layer(s) 113 include a magnesium 
doped GaN layer (e.g., having a thickness of about 40 nm 
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thick). The conductive layer 112 may be a silver layer (e.g., 
having a thickness of about 100 nm), which may also serve as 
a reflective layer (e.g., that reflects upwards any downward 
propagating light generated by the active region 114). Fur 
thermore, although not shown, other layers may also be 
included in the LED; for example, an AlGaN layer may be 
disposed between the active region 114 and the p-doped layer 
(s) 113. It should be understood that compositions other than 
those described herein may also be suitable for the layers of 
the LED. 

0038. As a result of openings 119, emission surface 118 of 
the LED can have a dielectric function that varies spatially 
according to a pattern which can influence the extraction 
efficiency, collimation, and/or isotropy of light emitted by the 
LED. In the illustrative LED 100, the pattern is formed of 
openings, but it should be appreciated that the variation of the 
dielectric function at an interface need not necessarily result 
from openings. 
0039. Any suitable way of producing a variation in dielec 

tric function according to a pattern may be used. For example, 
the pattern may be formed by varying the composition of 
layer 115 and/or emission surface 118. The pattern may be 
periodic (e.g., having a simple repeat cell, or having a com 
plex repeat Super-cell), periodic with de-tuning, or non-peri 
odic. As referred to herein, a complex periodic pattern is a 
pattern that has more than one feature in each unit cell that 
repeats in a periodic fashion. Examples of complex periodic 
patterns include honeycomb patterns, honeycomb base pat 
terns, (2x2) base patterns, ring patterns, and Archimidean 
patterns. As discussed below, in Some embodiments, a com 
plex periodic pattern can have certain openings with one 
diameter and other openings with a smaller diameter. As 
referred to herein, a non-periodic pattern is a pattern that has 
no translational symmetry over a unit cell that has a length 
that is at least 50 times the peak wavelength of light generated 
by active region 114. Examples of non-periodic patterns 
include aperiodic patterns, quasi-crystalline patterns, Robin 
son patterns, and Amman patterns. 
0040. In certain embodiments, an interface of a light-emit 
ting device is patterned with openings which can form a 
photonic lattice. Suitable LEDs having a dielectric function 
that varies spatially (e.g., a photonic lattice) have been 
described in, for example, U.S. Pat. No. 6,831,302 B2, 
entitled “Light Emitting Devices with Improved Extraction 
Efficiency, filed on Nov. 26, 2003, which is herein incorpo 
rated by reference in its entirety. As described further below, 
the pattern may conform to a transformation of a precursor 
pattern according to a mathematical function, including, but 
not limited to an angular displacement transformation. The 
pattern may also include a portion of a transformed pattern, 
including, but not limited to, a pattern that conforms to an 
angular displacement transformation. The pattern can also 
include regions having patterns that are related to each other 
by a rotation. 
0041 Light may be generated by LED 100 as follows. The 
p-side contact pad 117 (or conductive layer 112) can be held 
at a positive potential relative to the n-side contact pad 116, 
which causes electrical current to be injected into the LED. As 
the electrical current passes through the active region, elec 
trons from n-doped layer(s) 115 can combine in the active 
region with holes from p-doped layer(s) 113, which can cause 
the active region to generate light. The active region can 
contain a multitude of point dipole radiation sources that 
generate light with a spectrum of wavelengths characteristic 
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of the material from which the active region is formed. For 
InGaN/GaN quantum wells, the spectrum of wavelengths of 
light generated by the light-generating region can have a peak 
wavelength of about 445 nanometers (nm) and a full width at 
half maximum (FWHM) of about 30 nm, which is perceived 
by human eyes as blue light. The light emitted by the LED 
may be influenced by any patterned interface (e.g., the emis 
sion surface 118) through which light passes, whereby the 
pattern can be arranged so as to influence the collimation 
and/or isotropy of the emitted light. 
0042. It should be appreciated that the patterns presented 
herein may also be incorporated into light-collection devices, 
including, but not limited to, optical filters, Solar cells, and 
photodetectors. In such devices, the patterns may be config 
ured to influence the collection of light by the device includ 
ing controlling collection efficiency, collection collimation, 
and/or collection isotropy. In Such devices, tailoring of the 
collection collimation and isotropy can enable to collection of 
more light that impinges on the collection Surface with spe 
cific orientations. For example, a high collection collimation 
enables the device to collect light that is impinging on the 
collection Surface with orientations that do not significantly 
deviate from the emission Surface normal, while at the same 
time, collecting less of the light that impinges on the collec 
tion Surface with orientations that significantly deviate from 
the emission surface normal. Anisotropy further allows the 
collection to be enhanced along one or more directions (along 
the collection surface). Furthermore, the wavelength(s) of the 
collected light may also be tailored based on the pattern 
characteristics, for example the nearest neighbor distance 
between features of the pattern. Therefore, although the 
embodiments that follow are described in the context of light 
emitting devices, it should be appreciated that the invention is 
not limited in this respect. For instance, the structures 
described herein can also be incorporated into light-collec 
tion devices, as previously described. 
0043. The schematic representation of the LED 100 illus 
trates angles 0 and p that can be used to characterize light 
emission from the emission Surface 118. Light emission from 
the emission Surface can be characterized by a light emission 
field, where the direction of the light emission field at any 
point corresponds to the direction of propagation of the emit 
ted light at that point. 
0044 Alight emission pattern can in turn be defined by the 
spatial distribution of the light intensity emanating from the 
light-emitting device. From a calculation standpoint, the light 
intensity at a point in space can be determined by the magni 
tude of the light emission field. A light emission pattern can 
be used to determine the projection of light onto a projection 
plane, or any other desired Surface. Such a procedure can be 
useful for calculating an emission pattern of light onto a 
projection plane, where the projection plane is typically par 
allel to the emission Surface. For example, the projection 
plane may be a plane parallel to the emission Surface, and for 
example, can be located at a far-field distance from the emis 
sion Surface So as to capture the far-field emission pattern. In 
embodiments presented herein, an emission pattern refers to 
an intensity pattern on a projection plane Substantially paral 
lel to the emission Surface. In instances where the emission 
Surface is not parallel to the active layer (e.g., a quantum 
well), the emission pattern can refer to an intensity pattern on 
a projection plane Substantially parallel to the active layer. 
0045. To facilitate a description of collimation and/or isot 
ropy of emitted light, Suitable coordinate systems may be 
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employed. In a spherical coordinate system, an emission vec 
tor 102 can be defined by a polar angle 0 between a normal of 
the emission Surface and the emission vector, and by an 
azimuthal angle (p on a plane defined by the emission Surface. 
The definition of these angles can facilitate a description of 
the collimation and isotropy of the emitted light. In Such a 
spherical coordinate system, collimation is a measure of the 
polar angular variation of the light emission. Azimuthal isot 
ropy is a measure of the isotropy of the light emission versus 
the azimuthal angle, hereafter referred to simply as isotropy. 
In a mathematical sense, the azimuthal isotropy can be related 
to the variation of the emitted light intensity versus the azi 
muthal angle, for a constant polar angle. 
0046. The emission pattern, and hence collimation and/or 
isotropy of the emitted light, may be characterized based on 
collection shapes or Surfaces within which, or on which, 
emitted light can be integrated so as to determine the total 
light emission within, or on, that collection shape. Some 
examples of collection shapes include a solid angle collection 
cone, a collection plane, or sets of collection planes, but other 
collection shapes are also possible. 
0047 FIG.2a illustrates a solid angle collection cone 200a 
defined by a polar angle 0, referred to as a collection angle, 
with respect to a normal 220 of the emission surface (not 
shown). A solid angle cone with a specified collection angle 
can be used to characterize the collimation of the emitted 
light. The total intensity of light collected within the solid 
angle cone can provide a measure of collimation. In some 
embodiments, the collection angle used to characterize the 
degree of collimation is greater than or equal to about 20 
degrees and less than or equal to about 45 degrees, for 
example, the collection angle may be 30 degrees. 
0048. The variation of the total intensity of light collected 
within the Solid angle cone as a function of the collection 
angle 0 can be compared to a Lambertian distribution exhib 
ited by light-emitting devices not possessing any Surface pat 
terns, or other features, that modify light emission. It should 
also be appreciated that the variation of the light emission as 
a function of the azimuthal angle may be used to characterize 
the anisotropy of the light emission. 
0049 Other collection shapes may be utilized to facilitate 
the description of anisotropic light emission. In some 
instances, a suitable collection shape may be a set of planes 
having angles 0 and -0 with respect to the emission Surface 
normal 220, and containing a common line 230 which lies on 
the emission surface (not shown), as illustrated in FIG.2b. To 
characterize anisotropy using Such a collection shape, a first 
integrated collection intensity versus the collection angle can 
be obtained for a first orientation of line 230 on the emission 
Surface (e.g., line 230 along an X or y axis). Then, a second 
integrated collection intensity versus the collection angle can 
also be obtained for a perpendicular orientation of line 230. In 
this way, a measure of light emission collimation in different 
emission directions may be obtained, which can therefore 
provide an indication of the anisotropy of the emission. It 
should be appreciated that the previously described collection 
shapes are merely some examples of collection shapes that 
may be used to characterize the collimation and/or isotropy 
(or anisotropy) of light emitted from a light-emitting device, 
and that the embodiments presented herein are not limited in 
this respect. 
0050. In some embodiments, a pattern on an interface of a 
light-emitting device can be used to tailor the collimation 
and/or isotropy of the emitted light. The pattern on the inter 
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face of the light-emitting device can influence the emission of 
light so as to generate Substantially isotropic collimated emis 
Sion. In other embodiments, the pattern on an interface of a 
light-emitting device may influence the emission of light so as 
to generate anisotropic light emission. The light emission 
may be collimated along a first axis (on the emission Surface) 
and non-collimated along a second axis (also on the emission 
Surface). In some embodiments, the first axis is perpendicular 
to the second axis. 

0051 Patterns that can facilitate the tailoring of light emis 
sion may conform to various arrangements offeatures (e.g., at 
an interface. Such as on an emission Surface). In some 
embodiments, the arrangement of the features may be chosen 
based on a various techniques, as described in detail below. A 
pattern that has been incorporated at an interface within a 
light-emitting device is shown in FIG. 3. The pattern 300 
comprises a hexagonal array of features 319 (e.g., openings) 
arranged to conform to a hexagonal lattice. Such a pattern 
may be used as a starting pattern (hereafter referred to as a 
precursor pattern) so as to generate other patterns based on 
various methods that shall be further described below. 
Although the hexagonal precursor pattern shall be used to 
illustrate various embodiments, other precursor patterns may 
also be employed, including any other periodic or non-peri 
odic pattern. 
0052. In various embodiments, a pattern can be generated 
by transforming a precursor pattern according to a math 
ematical function. It should be understood that, as used 
herein, a mathematical function does not include random 
operations. Any suitable mathematical function can be used. 
For example, the mathematical function may be expressed as 
a function f(x):X->x that depends on a position vector x and 
generates a position vector X', where the position vectors 
belong to the space that the precursor pattern spans. In one 
embodiment, the transformation of the precursor pattern may 
be defined by mathematical function that depends on the 
radius from a specified origin on a Surface (e.g., plane) con 
taining the precursor pattern. In one embodiment, the trans 
formation of the precursor pattern can include providing an 
angular displacement to features of the precursor pattern, 
wherein the angular displacement may be given by a math 
ematical function that depends on the radial distance of the 
features of the precursor pattern with respect to a reference 
origin, as can be described by a function f(r), where r is the 
radial distance. In one embodiment, the transformation of the 
precursor pattern may be defined by a mathematical function 
that can depend sinusoidally on a distance from a reference 
axis on the plane containing the precursor pattern (e.g., where 
the distance may be an X or y coordinate value), as can be 
described by a function f(x) including sin(x) and/or sin(y) 
factor(s) and/or terms. 
0053. The precursor pattern is an initial pattern that need 
not have any physical manifestation and that may be trans 
formed so as to generate a pattern, also referred to as a 
transformed pattern. In some embodiments, the precursor 
pattern may be periodic (e.g., having a simple repeat cell, or 
having a complex repeat Super-cell), periodic with de-tuning, 
or non-periodic. Examples of periodic patterns include rect 
angular patterns and hexagonal patterns. Examples of non 
periodic patterns include quasi-crystal patterns, for example, 
quasi-crystal patterns having 8-fold symmetry. The transfor 
mation of the precursor pattern may comprise transforming 
the location offeatures that form the precursor pattern so as to 
generate a transformed pattern having different feature loca 
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tions. In some embodiments, the feature locations of the 
transformed pattern are not simply related to the precursor 
pattern feature locations based on only a translation and/or 
rotation. 
0054. In some embodiments, the precursor pattern may be 
defined by features that lie on a two-dimensional plane, and 
which may be transformed so as to generate a transformed 
pattern having features that lie on the same two-dimensional 
plane. The transformation may be defined by a mathematical 
function that depends on positions on the two-dimensional 
plane. The mathematical function can be represented in any 
number of Suitable coordinate systems, including, but not 
limited to, a Cartesian coordinate system (having coordinates 
X and y) or a polar coordinate system (having coordinates r 
and (p). Examples of mathematical functions that can be used 
for the transformation include an angular displacement that at 
least depends on a radial distance from a reference origin, 
sinusoidal functions that depend on a distance from a refer 
ence axis (e.g., the X or y axis on the two-dimensional plane), 
Scaling functions that depend on a position along a reference 
axis (e.g., elongation or compression along an X or y axis), or 
combinations thereof. It should be appreciated that these are 
just a few examples of Suitable mathematical functions that 
may be used to accomplish the transformation of the precur 
Sor pattern, and other Suitable mathematical function may 
also be used. 
0055. The precursor pattern may be transformed via the 
transformation of the feature positions of the precursor pat 
tern. In one embodiment, a point within each feature is trans 
formed but the shape and orientation of the features remains 
invariant. In another embodiment, all points within each fea 
ture are transformed, therefore resulting in a transformation 
of the shape and orientation of each feature. 
0056. In some embodiments, a pattern conforms to a trans 
formation of a precursor pattern, wherein the transformation 
comprises an angular displacement transformation. For 
example, a mathematical transformation can be applied to a 
precursor pattern to create a twist of the precursor pattern. 
Such a transformation can be applied Such that a displace 
ment angle is applied to each feature of the precursor pattern 
where the displacement angle may be a function of a distance 
to a chosen center point, or reference origin, on a precursor 
pattern. 
0057. A schematic showing how an angular displacement 
transformation can be applied to a precursor pattern is show in 
FIG. 4, where p is an angular displacement and r is the radial 
distance from a chosen center feature 410. In the illustration, 
a feature point 420 of the precursor pattern is rotated by the 
angle (p, so as to transform the location of the feature 420 to 
location 425. The angular displacement p can have a desired 
variation (or lack thereof) as a function of position. For 
example, the angular displacement p can be constant for all 
features, ortheangular displacement can vary as a function of 
a distance r from the reference origin 610 and/or x, y coordi 
nates with respect to reference origin 610. In general, a local 
deformation of a precursor pattern can be defined as 

did(r) 
dr Ar, 

where “a represents a circumferential displacement of a 
feature point with respect to the chosen center point from 
which the radius r is measured. 
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0.058 An example of a constant angle angular displace 
ment transformation is given by 

where the transformed feature points experience the same 
circumferential displacement with respect to the chosen cen 
ter point. 
0059 An example of an equal angle displacement trans 
formation may be given by 

where r=0 at the chosen center of the pattern and r=1 at the 
edge of the pattern. In this way, the transformation can also 
depend on the pattern size. 
0060. In some embodiments, an angular displacement 
transformation can have any type of functional dependence 
on the radius r. A general classification for angular displace 
ment transformations that depend on the radial distance to a 
reference origin can be given by cp-T(r), where T(r) is a 
transformation function which varies with the radius r from 
the reference origin. Examples of Such transformations 
include 
0061 p(r)-" rand 
0062 p(r)-"Ir, 
where n is a constant. 
0063 An illustrative embodiment of such a pattern gener 
ated by an angular displacement transformation of a precur 
sor pattern is shown in FIG. 5a, where the mathematical 
function used for the transformation was given by cp-rand 
the reference origin (not shown) lies in the center of the 
pattern, thereby generating a twist of the precursor pattern. In 
this example, the precursor pattern was a periodic hexagonal 
pattern, but it should be appreciated that other precursor pat 
terns may also be used, as previously described. For example, 
Some other periodic precursor patterns that may be utilized 
include a square pattern or a rectangular pattern. Further 
more, non-periodic patterns may also be used as precursor 
patterns. In addition, although the pattern in the illustrative 
embodiment shown in FIG. 5a was formed using an angular 
displacement transformation according to a mathematical 
function (p-r, other angular displacement transformations 
can be used. 
0064. In some embodiments, a pattern may include one or 
more portions of a transformed pattern conforming to a trans 
formation of a precursor pattern. For example, the transfor 
mation may be an angular displacement transformation of a 
precursor pattern, as discussed above. The pattern may com 
prise a plurality of cells, where each cell includes a portion of 
an angular displacement transformation of a precursor pat 
tern. The cells can include the same portion or different por 
tions of the transformed pattern, and can be arranged in a 
periodic or non-periodic arrangement. 
0065. An illustrative embodiment of a portion of an angu 
lar displacement transformation of a precursor pattern is 
shown in FIG. 5b, where the mathematical function used for 
the transformation was given by cp=ln(r) and the reference 
origin lies off the illustrated pattern portion. In this instance, 
the precursor pattern was a periodic hexagonal pattern, but as 
previously stated, other precursor patterns may be utilized. 
0066. To further explain a method by which portions of a 
transformed pattern may be generated, FIG. 6 illustrates a 
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schematic representation of a transformed pattern 610, from 
which portions 610, 620, and 630 may be selected. In one 
embodiment, the transformed pattern 610 conforms to an 
angular displacement transformation of a hexagonal precur 
Sor pattern, where the transformation was given by cp-ln(r). 
The specific pattern portions 610, 620, and 630 that are illus 
trated in FIG. 6 correspond to portions of the aforementioned 
transformation of a hexagonal precursor. A new pattern can be 
created by arraying a selected pattern portion (e.g., 610, 620, 
or 630) in a periodic or non-periodic fashion. For example, 
cells including any of the portions can be arranged in an array 
(e.g., a rectangular array) so as to form a periodic complex 
cell pattern. In other instances, more than one selected portion 
may be arranged in any desired configuration. 
0067. In some embodiments, a pattern can comprise a 
plurality of regions each having a pattern related to the pattern 
in one of the other regions by a rotation. Such patterns may be 
referred to as rotated patchwork patterns. Each of the regions 
can be referred to as cells, and the cells can have any shape 
and be arranged in any desired manner. Possible shapes for 
the cells include triangles, squares, rectangles, hexagons, or 
even irregular shapes. The cells can have any desired size, and 
need not necessarily all have the same size. The pattern within 
each cell may be any pattern, including non-periodic and 
periodic patterns, including but not limited to hexagonal or 
rectangular patterns. 
0068 FIG. 7 illustrates a rotated patchwork pattern 700 
including multiple cells that each include a rotated portion of 
ahexagonal pattern. The multiple cells 701,702,703, and 704 
are rotated with respect to one another by specific angles. The 
angle of rotation is 0 degrees for cell 701, 15 degrees to the 
right for cell 702, 15 degrees to the left for cell 703, and 90 
degrees for cell 704. 
0069 Multiple cells and rotations are possible. In some 
embodiments, the rotation of the cells can vary randomly with 
respect to the adjacent cells. In other embodiments, the rota 
tion of the cells can vary according to a desired rotation angle. 
For example, each cell could be rotated 15 degrees with 
respect to an adjacent cell. In addition various cell sizes can be 
used. Exemplary cell lengths (and/or widths) include about 5 
microns, about 10 microns, about 25 microns, about 50 
microns, about 100 microns, and about 200 microns. In some 
embodiments, cells can have areas greater than about 100 
mircons, (e.g., 10x10 microns) and/or less than about 40000 
microns (e.g., 200x200 microns). In one embodiment, cells 
have and area of about 1000 microns (e.g., 33x33 microns). 
0070 Furthermore, the cells need not necessarily be con 
tiguous and may be separated by regions having other pat 
terns, or no patterning at all. Also, it should be appreciated 
that the cells may have patterns related by more than just a 
rotation. For example, Some cells may have patterns that are 
both rotated and further transformed in some other manner, 
including, but not limited to, Scaling Such a compression 
and/or elongation along one of more axes. 
0071. In some embodiments, a pattern includes extended 
gap regions in one or more directions. Within the extended 
gap regions, pattern features may be absent and/or may have 
altered characteristics (e.g., feature sizes) so as to differenti 
ate the extended gap regions from other regions of the pattern. 
In some embodiments, rows and/or columns of features may 
be absent from a pattern at selected locations. The extended 
gaps may be separated by a desired distance or number of 
features. 
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0072 FIGS. 8a-d illustrate various hexagonal patterns 
having extended gap regions. It should be appreciated that 
although these patterns are based on a hexagonal pattern of 
features, any other periodic or non-periodic pattern may be 
modified via the incorporation of similar extended gaps. FIG. 
8a illustrates a hexagonal pattern having extended gaps 800a 
comprising rows of missing features. FIG. 8b illustrates a 
hexagonal pattern having extended gaps 800b comprising 
columns of missing features. FIGS. 8c-d illustrate hexagonal 
patterns where extended gaps are formed by a modification of 
the feature characteristics within the extended gap regions. In 
particular, FIG. 8c illustrates a hexagonal pattern having 
extended gaps 800c comprising columns of features having 
Smaller sizes (e.g., diameters) than features in the other 
regions of the pattern. FIG. 8d illustrates a hexagonal pattern 
having extended gaps 800d comprising columns wherein the 
features meld together, which may be viewed as the features 
having larger sizes (e.g., diameters) than their nearest neigh 
bor distance. These are just some examples that illustrate 
ways by which extended gaps may be formed given a starting 
pattern. 
0073. In some embodiments, a pattern may be spatially 
compressed along one direction and/or spatially elongated 
along another direction. Elongation and/or compression (also 
referred to generally as Scaling) of patterns along one or more 
directions may enable the generation of anisotropic patterns. 
An example of an elongation or compression transformation 
along the X-axis and/ory-axis may be defined mathematically 
according to a function f(X=(x,y))=(k, X, k, y), where k, and 
k are scaling factors along the Xandy directions, respectively. 
For compression, the scaling factor is less than 1, and for 
elongation, the Scaling factor is greater than 1. It should be 
appreciated Scaling can be performed along any desired axis, 
and need not just be performed along the X and/or y axis. 
FIGS.9b-c illustrate examples of patterns that conform to the 
elongation and/or compression of a hexagonal pattern 900a 
shown in FIG. 9a. FIG. 9b illustrates a pattern 900b that 
conforms to the compression along they direction of hexago 
nal pattern 900a. FIG.9c illustrates a pattern 900c that con 
forms to compression along the X direction. In another 
embodiment, a pattern can conform to the compression of a 
precursor pattern along a first direction, and an elongation of 
a precursor pattern along a second direction. The first and the 
second directions can be perpendicular, but need not neces 
sarily be so. Using Such methods, patterns can be generated 
that have anisotropic features and nearest neighbor distances. 
Some variations include the introduction of compression and/ 
or elongation for only the features and/or the locations of the 
features. 

0074. In some embodiments, a pattern can comprise a 
plurality of regions, wherein each region can include a spe 
cific pattern. For example, regions of a pattern may include 
any of the patterns mentioned herein, but can also include any 
other pattern. FIG. 10 illustrates such an embodiment, where 
the pattern 1000 comprises three regions 1010, 1020, and 
1030. Regions 1010 and 1030 are regions with a pattern that 
includes extended gaps, whereas center region 1020 includes 
a hexagonal pattern without any missing features. Other 
variations of Such an embodiment are possible, where any 
other patterns may be used in various regions. 
0075. Once a pattern is generated, it may be incorporated 
into a variety of devices, including, but not limited to, light 
emitting devices and light-collection devices. In one embodi 
ment, a pattern may be incorporated into a device such that an 

Jan. 15, 2009 

interface (e.g., an emission Surface and/or buried interface) of 
the device has a dielectric function that varies spatially 
according to a transformed pattern. The variation in the 
dielectric function may be accomplished by a variety of 
means, including but not limited to incorporating openings 
(or protrusions) in locations where a pattern feature should be 
located. In some embodiments, the pattern may lie at an 
interface between two material layers. 
0076. As previously mentioned, patterned interfaces in 
light-emitting (and light-collection) devices can be used to 
tailor the light emission profile of such devices. The pattern 
can influence the collimation and isotropy of the light emis 
Sion. In instances where a pattern is absent, the emission 
profile of a light-emitting device (without any collection 
optics) is known to have a Lambertian distribution dependent 
on the collection angle from the emission normal. In contrast, 
in some embodiments presented herein, the dielectric func 
tion of an interface of a light-emitting device varies spatially 
according to a pattern, and the pattern is arranged so that light 
generated within the light-emitting device emerges with an 
emission profile that is more collimated than a Lambertian 
distribution. In some embodiments, a pattern can enable the 
tailoring of light emission so that the emission is both colli 
mated and isotropic. As described herein, the degree of col 
limation may be defined in relation to a Lambertian emission 
distribution. Light emission can be considered collimated 
when the intensity of the emitted light at a direction normal 
(i.e., Zero collection angle) to the emission Surface is at least 
about 20% greater (e.g., at least about 30% greater, at least 
about 50% greater, at least about 100% greater) than a Lam 
bertian emission at a direction normal to the emission inter 
face. 

0077 FIG. 11a illustrates a simulated emission pattern 
that is both collimated and substantially isotropic, where light 
regions correspond to areas of higher emission intensity. Vari 
ous patterns can be used to provide Such collimated isotropic 
emission, including, but not limited to, the patterns illustrated 
in FIG. 5a and FIG. 7. In some embodiments, a pattern that 
conforms to an angular displacement transformation of a 
precursor pattern can be used to pattern the emission Surface 
of a light-emitting device to provide for light emission that is 
both collimated and substantially isotropic. In other embodi 
ments, a rotated patchwork pattern may be used to provide for 
light emission that is both collimated and Substantially iso 
tropic. As described herein, a Substantially isotropic emission 
may be defined such that an integrated intensity varies by less 
than about 20% (e.g., less than about 10%, less than about 
5%) over all azimuthal angles, wherein the integrated inten 
sity is a Summed intensity over all polar collection angles. 
0078. Furthermore, in other embodiments, a pattern can 
enable the tailoring of the light emission in one or more 
directions to create a partially collimated beam. In some 
embodiments, a pattern can be configured so as to generate 
anisotropic light emission. The anisotropic light emission 
may be characterized by an emission pattern on a far-field 
projection plane Substantially parallel to the interface, 
wherein a first total light intensity along a first axis (e.g., 
X-axis ory-axis) on the projection plane is at least 20% greater 
than a second total light intensity along a second axis (e.g., 
y-axis or X-axis) on the projection plane. In some embodi 
ments, the second axis is perpendicular to the first axis, and in 
further embodiments, the first total light intensity along the 
first axis is at least 50% greater (e.g., at least 75% greater, at 
least 100% greater) than the second total light intensity along 
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the second axis. FIG. 11b illustrates a simulated anisotropic 
emission pattern that is collimated along one axis and non 
collimated (e.g., Lambertian) along the other axis. Various 
patterns can be used to accomplish Such partially collimated 
anisotropic emission, including, but not limited to, the pat 
terns illustrated in FIG.5b and FIGS. 8a-d. In some embodi 
ments, a pattern that conforms to a portion of angular dis 
placement transformation of a precursor pattern can be used 
to pattern the emission Surface of a light-emitting device, 
wherein the resulting light emission is anisotropic and colli 
mated along a desired axis. In other embodiments, a pattern 
having extended gaps may result in emission that is anisotro 
pic and collimated along a desired axis. 
0079. It is believed that a patterned light projection profile 
may be generated using a light-emitting device with a Surface 
having multiple patterns which are spatially separate from 
one another. Both collimating and non-collimating patterns 
can be sectioned together. An example of Such an embodi 
ment is shown in FIG. 10, where the pattern consists of a 
center region that can provide for highly collimated emission, 
and the edge pattern regions that can provide for anisotropic 
emission. Other arrangements are possible depending on the 
desired projection pattern. 
0080 Various devices (e.g., light-emitting devices, light 
collection devices) incorporating patterns, such as those 
described above, can be used in various components and 
systems. Light-emitting devices having partially collimated 
anisotropic emission may be incorporated into components 
and systems that may be suited for anisotropic emission pro 
files, including but not limited to, applications such as edge 
illumination of a light panel (e.g., for use in an LCD display 
or for general illumination), rear projection televisions, and 
far-field manipulation for projection applications (e.g., deco 
rative lighting, automotive headlamps). 
0081 FIGS. 12 and 13a-b illustrate an embodiment of an 
edge-illuminated light panel (e.g., in an LCD assembly, 
where an LCD layer is disposed over an illumination panel) 
including LEDs having partially collimated anisotropic emis 
Sion. Such partially collimated light output can increase the 
coupling of the light emitted from LEDs 2216a, 2216b, 
2216c, and 2216d into light panel 2212 and can also enhance 
the mixing and distribution of the light within the panel. A 
LED having a patterned surface can generate a light distribu 
tion that is collimated along one direction and non-collimated 
along a different direction, such as the simulated emission 
illustrated in FIG.11b. Such patterns can include, but are not 
limited to, the patterns presented in FIGS. 5b, 8a-d, and 9b-c. 
as shall be described further below in working examples. 
I0082 LEDs 2216a, 2216b, 2216c, and 2216d can be posi 
tioned along the edge 2211 of light panel 2212, in a manner 
illustrated in the perspective view of FIG. 12 and the side 
view of FIG.13a. The LEDs 2216a, 2216b, 2216c, and 2216d 
may be arranged so as to be separated by non-light generating 
regions 22.18a, 2218b, and 2218c. The LED arrangement can 
generate a light distribution that includes regions of overlap 
ping light projection, Schematically shown as elongated 
cones 2232a, 2232b, 2232c, and 2232d with overlapping 
regions 2234a, 2234b, and 2234c. As shown in FIG.13b, the 
light distribution is more collimated than a typical Lamber 
tian light emission in the direction parallel to thickness 2224 
of LCD panel 2212 (indicated by arrow 2233). The surface 
pattern can also enhance spreading of the light in another 
direction (indicated by arrow 2235), for example, in a direc 
tion perpendicular to the thickness of the display. A LED 
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having a Surface pattern that enhances collimation along the 
thickness of LCD panel 2212 and allows for a diffused dis 
tribution along the length of the LCD panel 2212 can enhance 
the isotropy of the light distribution entering LCD panel 
2212. For example, the diffused distribution can spread light 
from the multiple LEDs (e.g., LEDs 2216a, 2216b, 2216c. 
and 2216d) to reduce the effect of the spacing or non-light 
generating regions (e.g., regions 2218a, 2218b, and 2218d) 
between the LEDs. 

I0083. Having thus described both patterns that can be 
incorporated into light-emitting devices, and systems within 
which such light-emitting devices may be incorporated, it 
should be appreciated that such light-emitting devices can be 
formed with a variety of processes and methods known to 
those in the art. Device structures described in the embodi 
ments can be fabricated using a combination of any Suitable 
processing techniques. Such processes can include thin film 
deposition techniques, such as chemical vapor deposition 
(e.g., metal-organic chemical vapor deposition), for deposit 
ing various materials, including semiconductors, insulators, 
and metals. Evaporation and sputtering can be utilized to 
deposit metals. Patterning processes, such as photo-lithogra 
phy and nano-imprint techniques, may be used to form the 
Surface patterns described herein. Etching processes, such as 
dry etching (e.g., reactive ion etching), and wet etching, may 
be used to pattern layers. Coating and spin-coating can be 
used to deposit encapsulants. Wafer bonding processes may 
be used to transfer structures and devices. Furthermore, pack 
aging processes may be used to package the aforementioned 
light-emitting devices and structures. 
I0084 Patterns which can enable a tailoring of the collima 
tion and/or isotropy of the light emission may include any of 
the types of pattern described herein, but are not limited to just 
the patterns illustrated herein. Such patterns may be gener 
ated via any of the methods described herein, or by any other 
suitable method, including direct selection of pattern feature 
locations. As previously described, a pattern to be incorpo 
rated into a device may be generated by a transformation of a 
precursor pattern. Such a transformation may be performed 
on a computer via a mathematical transformation of a set of 
points describing the locations of pattern features, or by any 
other means, as the invention is not limited in this respect. 
Once a desired pattern is generated or selected, thereby yield 
ing a location of features, a patterning mask may be created 
and used to incorporate the pattern onto a layer of a device. 
The patterning process for the pattern may be performed with 
any Suitable patterning process, including, but not limited to, 
photo-lithography and nano-imprint techniques. 
I0085. In addition, pattern modification processes may be 
included in the fabrication process via techniques such as 
etching vias or trenches into the Surface. In other pattern 
modification techniques, etching vias into the backside of the 
device (i.e., through a backside mirror layer) can influence the 
emission pattern (e.g., collimation and/or isotropy) of the 
light-emitting device. In other pattern modification pro 
cesses, extended gaps such as those described in relation to 
FIGS. 8a-8d, can be fabricated using pattern modification 
process. In some embodiments, such as for the pattern shown 
in FIG.8c, a portion of a pattern can be under-etched such that 
the periodicity of the pattern on the surface of the device is 
disrupted by a group of holes having a smaller diameter in 
comparison to the other holes in the pattern. In other embodi 
ments, as shown in FIG. 8d., a portion of the pattern can be 
over-etched such that the periodicity of the pattern on the 
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Surface of the device is disrupted by a group of holes having 
a larger diameter in comparison to the other holes in the 
pattern. It should be appreciated that these are only some 
examples of pattern modification processes, and that other 
fabrication modifications are possible so as to facilitate the 
fabrication of patterns. 

WORKING EXAMPLES 

I0086. Some working examples are presented to illustrate 
various simulation results for LEDs incorporating some of the 
aforementioned patterns. It should be understood that these 
working examples do not limit the embodiments. 
I0087 Hexagonal Pattern 
0088 Although collimated emission has been obtained in 
prior light-emitting devices having patterned Surfaces (e.g., 
with hexagonal patterns), these emission profiles possessed 
an eight-fold symmetry, and were neither Substantially iso 
tropic nor anisotropic (e.g., having Substantial collimation 
along only one axis in the emission Surface plane). An 
example of Such LEDs having a patterned Surface that can 
provide a light emission profile that is more collimated than a 
Lambertian distribution is described in U.S. Patent Publica 
tion 2004/0207310A1 which is hereby incorporated by ref 
erence, which is based on U.S. patent application Ser. No. 
10/724,029 filed on Nov. 26, 2003. 
0089. A hexagonal pattern of holes on the emission sur 
face of a LED has been previously demonstrated to create a 
collimated emission. Such a hexagonal Surface pattern is 
shown in FIG. 14a, and a corresponding simulated emission 
pattern is shown in FIG. 14b. All simulation results presented 
herein were generated using a three-dimensional finite-dif 
ference time-domain (FDTD). The simulation parameters 
included an emission wavelength (in air) of 520 nm, an emis 
sion FWHM of 35 nm, a hexagonal array surface pattern 
formed of etched holes and having a lattice constant of 460 
nm, hole diameters of 334 nm, hole side wall slopes of 90 deg. 
hole depths of 250 nm, and a hole filing ratio of 50% whereby 
the holes fill half of the emission surface. The LED stack used 
in the simulation was formed of from bottom to top, a silver 
mirror, a p-GaN region having a thickness of 100 nm, an 
active region having a thickness of 85 nm, and an-GaN region 
having a thickness of 350 nm. Unless stated otherwise, the 
simulation parameters for other illustrative working 
examples presented herein was generated via simulations 
using similar parameters, except for variations in the Surface 
pattern. 
0090 FIG. 14c is a graph 1400 of the simulated light 
extraction from the device as a function of collection angle 
away from the Surface normal, represented by data curve 
1410. In these simulations, the collection shape was a solid 
angle collection cone, as previously described. The y-axis 
1422 shown on the left side of graph 1400 is the light extrac 
tion, wherein a value of 1.0 corresponds to 100% of the light 
generated in the active region of the LED being extracted 
from the LED. The dotted line 1420 represents the profile of 
the extraction from a LED generating a Lambertian distribu 
tion. The y-axis 1424 plotted on the right side of graph 1400 
shows the collimation enhancement over the Lambertian 
1420, given by curve 1430. 
0091 Patchwork Pattern 
0092. In some embodiments, the surface of a light-emit 
ting device can be patterned to generate a substantially iso 
tropic emission pattern while maintaining collimation. In one 
embodiment, a patchwork pattern that generates a Substan 
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tially isotropic emission while maintaining collimation is 
shown in FIGS. 15a-c. In the illustrated pattern of FIG. 15a, 
a cell size of 5.5x5.5 microns was used in a simulation of LED 
emission. FIG. 15b shows a simulated emission pattern, and 
FIG. 15c is a graph 1500 of the simulated light extraction 
from the device as a function of collection angle away from 
the surface normal, represented by data curve 1510. In this 
illustration, the collection shape was a Solid angle collection 
cone. The dotted line 1520 represents the profile of the extrac 
tion from a LED with a Lambertian light emission distribu 
tion. The collimation enhancement over the Lambertian 1520 
is given by curve 1530. This simulation illustrates that the 
Surface pattern comprising of a plurality of patterned regions 
related by a rotation can increase the collimation as compared 
to a Lambertian distribution, while at the same time facilitate 
the generation of Substantially isotropic emission, as illus 
trated in the emission pattern of FIG. 15b. 
0093 Angular Displacement Pattern 
0094. Angular displacement patterns can be incorporated 
into a LED so as to facilitate the generation of a substantially 
isotropic and collimated emission pattern. FIG. 16a illus 
trates a pattern that conforms to an angular displacement 
transformation of a hexagonal precursor pattern, generated 
using an angular displacement transformation according to a 
mathematical function (p-r. FIGS. 16b-care corresponding 
simulation results for the pattern shown in FIG.16a. FIG. 16b 
shows a simulated emission pattern, and FIG.16c is a graph 
1600 of the simulated light extraction from the device as a 
function of collection angle away from the surface normal, 
represented by data curve 1610. In this illustration, the col 
lection shape was a Solid angle collection cone. The dotted 
line 1620 represents the profile of the extraction from a LED 
generating a Lambertian light emission distribution. The col 
limation enhancement over the Lambertian 1620 is given by 
curve 1630. The surface pattern conforming to an angular 
displacement transformation of a precursor pattern can 
increase the collimation as compared to a Lambertian distri 
bution, and at the same time generate a Substantially isotropic 
emission, as illustrated in the emission pattern of FIG. 16b. 
0.095 Portion of an Angular Displacement Pattern 
(0096 FIG. 17a illustrates a pattern which is a 100x100 
micron portion of a transformed hexagonal pattern trans 
formed according to the function (p=ln(r). In particular, the 
pattern corresponds to portion 620 of the transformed pattern 
illustrated in FIG. 6. FIGS. 17b-dare corresponding simula 
tion results for the pattern shown in FIG. 17a. The simulated 
emission pattern illustrated in FIG. 17b shows that the pattern 
in FIG. 17a provides for anisotropic emission. 
0097. To further describe such emission, a corresponding 
set of collection planes, as illustrated in FIG.2b, can be used 
as a collection shape. Simulation data in graph 1700c of FIG. 
17c illustrates the collected light emission within the corre 
sponding set of planes as a function of collection angle from 
the Surface normal. Emission as a function of collection angle 
for a Lambertian emission is given by curve 1720c. Curve 
1712c is the total emission within a corresponding set of 
planes where the common line of intersection of the planes 
(i.e., line 230 in FIG. 2b) is aligned along the y-axis, as 
illustrated in FIG. 17e. Curve 1714c is the total emission 
within a corresponding set of planes where the common line 
of intersection of the planes (i.e., line 230 in FIG. 2b) is 
aligned along the x-axis, as illustrated in FIG. 17f 
0098. To further illustrate the anisotropy of the emission, 
FIG. 17d is a graph 1700d of the light intensity on the collec 
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tion planes as a function of collection angle. Light intensity as 
a function of collection angle for a Lambertian emission is 
given by curve 1720d. Curve 1712d is the light intensity as a 
function of collection angle on a corresponding set of planes 
where the common line of intersection of the planes (i.e., line 
230 in FIG.2b) is aligned along the y-axis. Curve 1714d is the 
light intensity as a function of collection angle on a corre 
sponding set of planes where the common line of intersection 
(i.e., line 230 in FIG.2b) is aligned along the x-axis. 
0099. As can be seen from the simulation results, the light 
intensity corresponding to curve 1714d is greater than the 
light intensity corresponding to curve 1712d for at least some 
collection angles between about -20 and 20 degrees, but this 
range may be modified based on the pattern used within the 
light-emitting device. It can be seen from the simulated total 
collection curve 1714c that the total collected emission 
within collection planes having a common line oriented along 
the X-axis is greater than the total collected emission of a 
Lambertian distribution for almost all collection angles, and 
especially for collection angles greater than about 60 degrees 
(e.g., greater than 40 degrees, greater than 30 degrees, greater 
than 20 degrees, greater than 10 degrees). 
0100. In contrast, the light intensity corresponding to 
curve 1712d is similar to the Lambertian distribution 1720d 
for all collection angles. The orientation of the collection 
shape for curves 1712c and 1712d corresponds to collection 
planes having a common line aligned along the y-axis. It can 
be seen from the simulated curve 1712c that the total col 
lected emission within collection planes having a common 
line oriented along the y-axis is similar to the total collected 
emission of a Lambertian distribution for all collection 
angles. As such, the pattern of FIG. 17a can provide for 
collimated emission along one axis and non-collimated (e.g., 
Lambertian) emission along another axis. 
0101. In some embodiments presented herein, light emis 
sion from a light-emitting device is anisotropic, such that the 
light intensity on a collection plane along a first axis and 
which is perpendicular to the emission Surface (i.e., 0 degree 
collection angle) is at least about 20% greater (e.g., at least 
about 50% greater, at least about 75% greater, at least about 
100% greater) than the light intensity on a collection plane 
along a second axis and which is also perpendicular to the 
emission Surface (i.e., 0 degree collection angle), where the 
first and second axis are perpendicular. In the working 
example of FIG. 17, based on the simulation results shown in 
FIG. 17d, the light intensity on a collection plane along the 
X-axis and which is perpendicular to the emission Surface 
(i.e., 0 degree collection angle) is about 1.8 times greater than 
the light intensity along a collection plane containing the 
y-axis and which is also perpendicular to the emission Surface 
(i.e., 0 degree collection angle). To illustrate the geometry of 
such collection planes, FIG. 17g shows the collection planes 
for the 0 degree condition, where a first plane 1740 is aligned 
along the X-axis, and a second plane 1750 is aligned along the 
y-axis. It should be appreciated that these collection planes 
are simply geometrical constructs that may be used to 
describe the light emission, in particular anisotropic light 
emission. 

0102) Extended Gaps Pattern 
0103 FIG. 18a illustrates a pattern having extended gap 
regions oriented along one direction. FIG. 18b shows the 
simulated anisotropic emission resulting from the incorpora 
tion of such a pattern into a LED. Such an anisotropic pattern 
can be characterized using a corresponding set of planes 
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oriented along different directions, such as those illustrated in 
FIGS. 17e-g, or by using any other suitable method to char 
acterize the anisotropy as the invention is not limited in this 
respect. 
0104 Based on the rotational symmetry of the hexagonal 
pattern, the simulated emission pattern corresponding to the 
pattern of FIG. 18a has some inherent asymmetry. By omit 
ting extended sections of the pattern in one direction, a Lam 
bertian component can be added to the emission profile in the 
selected direction. FIG.18a shows such a pattern where hori 
Zontal lines of a hexagonal pattern have been deleted. The 
simulated emission pattern in FIG. 18b shows that emission is 
stronger along the X-axis, as compared to emission along the 
y-axis, which is similar to the emission illustrated in FIG. 
17b. Omitting an increasing number of feature lines of the 
pattern can further increase the intensity ratio between emis 
sion along the X-axis and y-axis, however, total Surface emis 
sion (i.e., extraction) from the device may decrease as more 
and more of the surface pattern is deleted. A similar effect 
may be seen for a pattern where vertical lines of a hexagonal 
pattern are omitted. 
0105 Scaled Patterns 
0106 Without wishing to be bound by theory, a collimat 
ing Surface pattern where the pattern features are compressed 
in one direction and/or elongated alonga second direction can 
also be used to create an anisotropic emission pattern. Fur 
thermore, any type of pattern can be scaled accordingly to 
enhance the anisotropic emission pattern. For example, a 
pattern conforming to a transformation, such as an angular 
displacement transformation (e.g., of a hexagonal precursor 
pattern), may be compressed along a first direction and/or 
elongated along a second direction. 
0107 Having thus described several aspects of at least one 
embodiment of this invention, it is to be appreciated various 
alterations, modifications, and improvements will readily 
occur to those skilled in the art. Such alterations, modifica 
tions, and improvements are intended to be part of this dis 
closure, and are intended to be within the spirit and scope of 
the invention. Accordingly, the foregoing description and 
drawings are by way of example only. 
What is claimed is: 
1. A light-emitting device comprising: 
an interface through which emitted light passes there 

through, the interface having a dielectric function that 
varies spatially according to a pattern, the pattern 
arranged to provide light emission that has a substan 
tially isotropic emission pattern and is more collimated 
than a Lambertian distribution of light. 

2. The device of claim 1, wherein the substantially isotro 
pic emission pattern is such that an integrated intensity varies 
by less than 20% over all azimuthal angles, wherein the 
integrated intensity is a Summed intensity over all polar col 
lection angles. 

3. The device of claim 2, wherein the integrated intensity 
varies by less than 10% over all azimuthal angles. 

4. The device of claim 1, wherein a total of the emitted light 
within a solid angle collection cone is greater than a total 
emission corresponding to the Lambertian distribution within 
the Solid angle collection cone, wherein the Solid angle col 
lection cone has a center axis oriented along a normal of the 
Surface. 

5. The device of claim 4, wherein the solid angle collection 
cone has a collection angle of 30 degrees with respect to the 
normal of the surface. 
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6. The device of claim 1, wherein the pattern conforms to a 
transformation of a precursor pattern according to a math 
ematical function. 

7. The device of claim 6, wherein the precursor pattern 
comprises a periodic pattern. 

8. The device of claim 7, wherein the precursor pattern 
comprises a hexagonal pattern. 

9. The device of claim 6, wherein the precursor pattern 
comprises a non-periodic pattern. 

10. The device of claim 6, wherein the mathematical func 
tion comprises providing an angular displacement that at least 
depends on a radial distance from a reference origin. 

11. The device of claim 6, wherein the precursor pattern 
comprises a plurality of features, and wherein the transfor 
mation of a precursor pattern is applied to positions of the 
plurality of features of the precursor pattern. 

12. The device of claim 1, wherein the pattern comprises a 
plurality of holes formed in the interface. 

13. The device of claim 1, wherein the pattern is non 
periodic. 
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14. The device of claim 1, wherein the pattern is periodic. 
15. The device of claim 1, wherein the pattern comprises a 

first region and a second region, the first region having a 
dielectric function that varies spatially according to a first 
pattern, the second region having a dielectric function that 
varies spatially according to a second pattern, the second 
pattern being a rotation of the first pattern. 

16. The device of claim 15, wherein the first region has an 
area of greater than 100 microns2. 

17. The device of claim 15, wherein the first region has an 
area of less than 40000 microns2. 

18. The device of claim 15, wherein the first pattern is 
periodic. 

19. The device of claim 18, wherein the first pattern com 
prises a hexagonal pattern. 

20. The device of claim 15, wherein the first pattern is 
non-periodic. 

21. The device of claim 15, wherein the first pattern is 
quasi-crystalline. 


