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HIGH BRIGHTNESS LED PACKAGE 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application relates generally to the 
following co-?led and commonly assigned US. Patent 
Applications: “High Brightness LED Package With Com 
pound Optical Element(s)”, Ser. No. Attorney 
Docket No. 60218US002; and “High Brightness LED Pack 
age With Multiple Optical Elements”, Ser. No. 
Attorney Docket No. 60219US002. 

FIELD OF THE INVENTION 

[0002] The present invention relates to solid state light 
sources, and has particular applicability in the ?eld of 
packaged light emitting diodes (LEDs). 

BACKGROUND 

[0003] LEDs are a desirable choice oflight source in part 
because of their relatively small siZe, loW poWer/current 
requirements, high speed, long life, robust packaging, vari 
ety of available output Wavelengths, and compatibility With 
modern circuit boards. These characteristics may help 
explain their Widespread use over the past feW decades in a 
multitude of different end use applications. Improvements to 
LEDs continue to be made in the areas of e?iciency, bright 
ness, and output Wavelength, further enlarging the scope of 
potential end-use applications. 

[0004] LEDs are typically sold in a packaged form that 
includes an LED die or chip mounted on a metal header. The 
header has a re?ective cup in Which the LED die is mounted, 
and electrical leads connected to the LED die. The package 
further includes a molded transparent resin that encapsulates 
the LED die. The encapsulating resin typically has a nomi 
nally hemispherical front surface to partially collimate light 
emitted from the LED die. 

BRIEF SUMMARY 

[0005] The present application discloses light sources that 
utiliZe LED dies having at least one light emitting surface. 
A patterned loW refractive index layer is provided in optical 
contact With a ?rst portion of the emitting surface. In optical 
contact With a second portion of the emitting surface is an 
input surface of an optical element. The refractive index of 
the optical element is higher than that of the loW refractive 
index layer. In some cases the loW refractive index layer can 
be a gap ?lled With vacuum or air. In some cases it can 

comprise a coating of loW refractive index material. 

[0006] The application also discloses light sources in 
Which means for totally internally re?ecting light are 
coupled to a ?rst portion of the LED die emitting surface. 

[0007] The optical element can have a variety of shapes 
and siZes. In some cases it can have a tapered shape With 
re?ective side surfaces and an output surface that is larger 
than the input surface. Tapered shapes can collimate, at least 
partially, light from a Wide-angle emitting light source. 
Other shapes can also perform a collimating function. The 
optical element can be made of a material having a high 
refractive index that is close to the refractive index of the 
LED die, and having a high thermal conductivity to assist 
heat extraction from the LED die. 
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[0008] These and other aspects of the invention Will be 
apparent from the detailed description beloW. In no event, 
hoWever, should the above summaries be construed as 
limitations on the claimed subject matter, Which subject 
matter is de?ned solely by the attached claims, as may be 
amended during prosecution. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] Throughout the speci?cation, reference is made to 
the appended draWings, Where like reference numerals des 
ignate like elements, and Wherein: 

[0010] FIGS. 1 and 2 are schematic sectional vieWs of 
LED packages having a brightness enhancing layer; 

[0011] FIGS. 3 and 4 are schematic sectional vieWs of 
more LED packages having brightness enhancing layers, 
and tapered optical elements; 

[0012] FIG. 5 is a graph shoWing modeled brightness and 
luminous output of an LED die as a function of the footprint 
siZe of the tapered element on the front emitting surface of 
the LED die; 

[0013] FIGS. 6, 7, and 8 are schematic sectional vieWs 
shoWing LED packages utiliZing compound taper elements, 
and Wherein FIG. 8 further shoWs multiple taper elements 
coupled to an LED die; and 

[0014] FIG. 9 is a schematic sectional vieW of another 
LED package having a brightness enhancing layer and 
multiple optical elements. 

DETAILED DESCRIPTION OF THE 
ILLUSTRATIVE EMBODIMENTS 

[0015] One disadvantage of conventional LED packages 
described in the Background section above is the ine?i 
ciency in getting the light that is generated Within the LED 
die transmitted to the outside environment, typically air. A 
major reason for this ine?iciency is the high refractive index 
of the semiconductor layers of the LED die, and the large 
mismatch in refractive index betWeen the encapsulating 
resin and the outer portion (de?ning the emitting surface) of 
the LED die. This mismatch promotes total internal re?ec 
tion (TIR) of much of the light Within the LED die, causing 
such light to become trapped and eventually absorbed. 

[0016] Another disadvantage of the typical LED package 
relates to poor heat management of the LED die, Which 
unduly limits the amount of current that can ?oW through the 
diode junction of the LED. This in turn limits the achievable 
brightness and luminous output of the LED package. Poor 
heat management, Which refers to non-optimal heat removal 
from the LED die, also can adversely impact LED lifetime 
by causing the LED die to run hotter at a given current than 
desired. In the knoWn LED package described above, bond 
ing of the LED die to the metal header provides reasonable 
heat removal from the back of the LED die. HoWever, the 
front emitting surface of the LED die contacts the encapsu 
lating resin, Which has a loW thermal conductivity and thus 
removes a minimal heat from the LED die. 

[0017] It Would be desirable for many end-use applica 
tions to provide LED package improvements that could 
couple more of the light generated Within the LED die to the 
outside environment, thus enhancing the luminous output of 
the device. It Would also be desirable to provide LED 
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package improvements that could enhance the brightness of 
an LED die (at a given drive current). It Would also be 
desirable to provide LED package improvements that could 
enhance the thermal management of the LED die to provide 
cooler LED die operational temperatures and/or higher 
achievable LED drive currents. 

[0018] In FIG. 1, an LED package 10 includes an LED die 
12 mounted on a header or other mount 14. The die and 
mount are depicted generically for simplicity, but the reader 
Will understand that they can include conventional design 
features as are knoWn in the art. For example, the LED die 
12 can include distinct p- and n-doped semiconductor layers, 
substrate layers, buffer layers, and superstrate layers. The 
primary emitting surface 12a, bottom surface 12b, and side 
surfaces 120 of the LED die are shoWn in a simple rectan 
gular arrangement, but other knoWn con?gurations are also 
contemplated, e.g., angled side surfaces forming an inverted 
truncated pyramid shape. Electrical contacts to the LED die 
are also not shoWn for simplicity, but can be provided on any 
of the surfaces of the die as is knoWn. In exemplary 
embodiments the die has tWo contacts both disposed at the 
bottom surface 12b of the die, such as is the case With “?ip 
chip” LED die designs. Further, mount 14 can serve as a 
support substrate, electrical contact, heat sink, and/ or re?ec 
tor cup. 

[0019] LED package 10 also includes a transparent optical 
element 16 that encapsulates or surrounds the die 12. The 
optical element 16 has a refractive index intermediate that of 
the LED die (more precisely, the outer portion of the LED 
die proximate emitting surface 12a) and the surrounding 
medium, Which is ordinarily air. In many embodiments it is 
desirable to select a material for element 16 Whose refractive 
index is as high as possible but Without substantially exceed 
ing the refractive index of the LED die, since the smaller the 
difference in refractive index betWeen the LED die and the 
element 16, the less light is trapped and lost Within the die. 
Optical element 16 as shoWn has a curved output surface, 
Which can help ensure that light is transmitted out of the 
LED package to the surrounding medium, and can also be 
used to focus or collimate, at least partially, light emitted by 
the LED die. Optical elements having other shapes can also 
be used to collimate light, including tapered shapes dis 
cussed further beloW. 

[0020] LED package 10 is further provided With a pat 
terned loW refractive index layer 18 betWeen the optical 
element 16 and the die, Which has the effect of selectively 
preserving some light entrapment in the LED die in order to 
enhance the brightness in a localiZed aperture or area 20 at 
the emitting surface 12a. Patterned loW index layer 18 is in 
substantial optical contact With side surfaces 120 and the 
portion of emitting surface 12a exclusive of aperture 20, 
While the optical element 16 is in optical contact With the 
portion of emitting surface 1211 over the area of the aperture 
20. (In this regard, “optical contact” refers to the surfaces or 
media being spaced close enough together, including but not 
limited to being in direct physical contact, that the refractive 
index properties of the loW index layer or transparent 
element, for example, control or substantially in?uence total 
internal re?ection of at least some light propagating Within 
the LED die.) Patterned loW index layer 18 has a refractive 
index substantially loWer than both the refractive index of 
the LED die and the refractive index of transparent element 
16. Layer 18 is also optically thick in those places Where it 
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is intended to promote light trapping. By optically thick, We 
mean that its thickness is great enough to avoid frustrated 
total internal re?ection, or that the refractive index proper 
ties of the medium on one side of the layer (such as the 
optical element 16) do not control or substantially in?uence 
total internal re?ection of at least some light propagating in 
the medium on the other side of the layer (such as the LED 
12). Preferably, the thickness of the patterned loW index 
layer is greater than about one-tenth, more preferably one 
half, more preferably about one Wavelength for the energy of 
light of interest in vacuum. By “patterning” of layer 18 We 
also mean to encompass embodiments Where layer 18 is 
continuous over the LED emitting surface, but made to be 
extremely thin (hence ineffective to maintain total internal 
re?ection) in the aperture 20 and optically thick elseWhere. 
It is advantageous for layer 18 to be a transparent dielectric 
material, or to at least comprise a layer of such a material at 
the surface of the LED die. These materials have advantages 
over re?ective coatings made by simply applying a layer of 
metal to the LED, for example, because dielectric materials 
can provide 100% re?ection (by TIR) for much of the light 
Within the LED die, While simple metal coatings have 
substantially less than 100% re?ectivity, particularly at high 
incidence angles. 

[0021] Patterned loW index layer 18 enhances the bright 
ness of some portions of the LED (e.g., in the aperture 20) 
at the expense of reducing the brightness of other portions of 
the LED (e.g., the portions of emitting surface 12a beyond 
aperture 20). This effect relies on the LED die having loW 
enough internal losses during operation to support multiple 
bounce re?ections of the emitted light Within the LED die. 
As advances are made in LED die fabrication and design, 
losses from surface or volumetric absorption can be 
expected to decrease, internal quantum e?iciency can be 
expected to increase, and brightness-enhancing e?fect 
described herein can be expected to provide steadily increas 
ing bene?ts. Bulk absorption can be reduced by improving 
substrates and epitaxial deposition processes. Surface 
absorption can be reduced by improved back re?ectors such 
as by bonding the epitaxial layer to high re?ectivity metal 
mirrors or by incorporating omnidirectional mirrors in the 
LED structure. Such designs may be more effective When 
combined With shaping the backside of the LED die to 
increase light output through the top surface. In exemplary 
embodiments, the majority of the bottom surface 12b is a 
highly re?ective material such as a metal or a dielectric 
stack. Preferably the re?ector has greater than 90% re?ec 
tivity, more preferably 95%, most preferably 99% re?ectiv 
ity at the LED emission Wavelength. 

[0022] Referring again to FIG. 1, an arbitrary emitting 
point source 22, for example, emits light ray 24. The 
refractive indices of LED die 12 and transparent element 16 
are such that the ray on its ?rst encounter With the emitting 
surface 1211 at the LED/optical element interface Would be 
transmitted into and refracted by element 16. Patterned layer 
18, hoWever, changes the interface at that location to be 
totally internally re?ecting for ray 24. The ray travels 
through the thickness of the LED die, re?ects off the back 
surface 12b, and again encounters the emitting surface 12a, 
this time escaping into transparent element 16 because of the 
absence of layer 18 as shoWn in FIG. 1. The portion of 
emitting surface 1211 at aperture 20 is thus made brighter 
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(more luminous ?ux per unit area and per unit solid angle) 
at the expense of the portion of emitting surface 12a covered 
by the loW index layer 18. 

[0023] In the embodiment of FIG. 1, some light Within the 
LED that strikes the loW index layer 18 can still escape into 
element 16, if its angle of incidence relative to the emitting 
surface 12a normal vector is su?iciently small so that it 
simply passes through loW index layer 18. Thus, light 
striking the loW index coated portion of the LED die Will 
have a non-Zero but smaller range of escape angles than the 
uncoated portions. In alternative embodiments, the loW 
index layer 18 can be overcoated With a good normal 
incidence re?ector such as a re?ective metal or an interfer 
ence re?ector to increase recycling of light in the LED die 
and further enhance the brightness at aperture 20, Without 
losing the bene?t of TIR provided by loW index layer 18. 
Optionally, an interference re?ector can be positioned 
betWeen the outer die surface and the loW index layer 18. 

[0024] Suitable loW index layers 18 include coatings of 
magnesium ?uoride, calcium ?uoride, silica, sol gels, ?uo 
rocarbons, and silicones. Aerogel materials are also suitable, 
as they can achieve extremely loW effective refractive indi 
ces of about 1.2 or less, or even about 1.1 or less. Aerogels 
are made by high temperature and pressure critical point 
drying of a gel composed of colloidal silica structural units 
?lled With solvents. The resulting material is an underdense, 
microporous media. Exemplary thicknesses for the loW 
index layer 18 are from about 50 to 100,000 nm, preferably 
from about 200 to 2000 nm, depending on the refractive 
index of the material. The refractive index of layer 18 is 
beloW the refractive index of the optical element 16, Which 
can be a molded resin or other encapsulant material, and 
beloW the refractive index of the LED die, or that portion of 
the die proximate the emitting surface(s). Preferably the 
refractive index of layer 18 is less than about 1.5, more 
preferably less than 1.4. LoW index layer 18 can be a solid 
layer of dielectric material, or a vacuum or gas-?lled gap 
betWeen the LED die and transparent element 16. 

[0025] The outer surfaces of the LED die can be optically 
smooth, i.e., having a surface ?nish RA of less than about 20 
nm. Some, all, or portions of the outer LED surfaces may 
also be optically rough, i.e., having a surface ?nish RA 
greater than about 20 nm. Portions of the edges or the top 
surface can also be at non-orthogonal angles relative to the 
base of the LED die. These angles can range from 0-45 
degrees from orthogonality. Further, major or minor surfaces 
of the LED die need not be ?at. For example, a raised portion 
or portions of the emitting surface of the LED die can 
contact a generally ?at bottom surface of the optical element 
to de?ne at least the apertures 20, 20a, and 34 in FIGS. 1-3. 

[0026] The shape of aperture 20, de?ned by the substantial 
absence of the loW index layer 18, can be circular, rectan 
gular, square, or more complex shapes, Whether polygonal 
or non-polygonal, regular or irregular. Multiple apertures are 
also contemplated, as discussed in more detail beloW. The 
aperture shape(s) Will typically be selected as a function of 
the intended application, and can be tailored to optimiZe the 
overall system performance. It is also contemplated to 
pattern the surface of the aperture With a continuous or 
discontinuous pattern or netWork of loW index coated areas, 
or provide the loW index layer With a gradient in thickness 
or refractive index or both to modify the distribution of light 
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output over the surface of the aperture. The aperture can also 
cover the entire top emitting surface 1211, Where at least 
portions of the side surfaces 120 are covered With loW 
refractive index layers. 

[0027] Turning to FIG. 2, an LED package 1011 is shoWn 
there similar to LED package 10, but Where loW index layer 
18 has been modi?ed by including a netWork of loW index 
coated areas Within the central aperture. The modi?ed loW 
index layer is thus labeled 18a, and the modi?ed central 
aperture is labeled 2011. Other elements retain the reference 
numbers used in FIG. 1. As shoWn, the netWork of loW index 
areas can be arranged in a pattern that is relatively dense 
near the edges of the aperture so that transmission is 
relatively loW in that region. The ability to tailor the trans 
mission through the aperture is useful in high brightness 
LEDs Where a speci?c spatial uniformity or output distri 
bution is required for the system design. Such an arrange 
ment of loW refractive index medium Within an aperture can 
likeWise be applied to other disclosed embodiments, includ 
ing Without limitation the embodiments of FIGS. 3, 4, and 
6-8. 

[0028] The aperture can be coated With a loW index 
material having a different thickness or different refractive 
index or both relative to the loW index material de?ning the 
aperture (referred to as the “surrounding loW index material” 
for convenience). Such design ?exibility can be used to 
modify the angular distribution of light emitted by the 
packaged LED. For example, coating the aperture 20 or 2011 
With a material that has a refractive index betWeen that of the 
optical element 16 and the surrounding loW index material 
Will restrict the range of angles of light emitted by the 
aperture. This Will cause light that Would ordinarily be 
emitted at high angles to be recycled Within the LED die, and 
increase the output of light in a range of angles that can be 
more e?iciently used by the associated optical system. For 
example, collection optics used in electronic projection 
systems do not e?iciently use light that is outside the 
commonly used F/2 to F/2.5 acceptance design angles. 

[0029] Turning noW to FIG. 3, an LED package 30 
includes a transparent optical element 32 in partial optical 
contact With LED die 12 and partially spaced apart from the 
LED die to de?ne a substantial air gap 34 therebetWeen. 
Transparent element 32 has an input surface 32a and an 
output surface 32b, the input surface 32a being: smaller than 
output surface 32b; smaller than emitting surface 12a of the 
LED die; and in optical contact With a portion of the emitting 
surface to de?ne aperture 34. In this regard, the input surface 
is “smaller” than the output surface because it has a smaller 
surface area, and the output surface is accordingly larger 
than the input surface because it has a larger surface area. 
The difference in shape betWeen the optical element 32 and 
the emitting surface 12a produces an air gap 36 Which forms 
a patterned loW refractive index layer around the area of 
contact (aperture 34). Light generated by the LED die can 
thus be e?iciently extracted at the aperture 34 by the 
transparent element 32 With a high brightness. The optical 
element 32, and other optical elements disclosed herein, can 
be bonded to the LED die at the point of contact by any 
suitable means, or it can be held in position Without being 
bonded to the LED die emitting surface. Further discussion 
regarding non-bonded optical elements in LED packages 
can be found in co-?led and commonly assigned US. Patent 
Application “LED Package With Non-Bonded Optical Ele 
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ment” Ser. No. (Attorney Docket No. 60216US002), 
Which is incorporated herein by reference in its entirety. As 
discussed above, the range of angles of light emitted by the 
LED emitting surface 1211 into optical element 32 over the 
aperture 34 can be reduced by interposing a layer of material 
Whose refractive index is betWeen that of the LED die 12 and 
transparent element 32. 

[0030] Another approach for reducing the range of angles 
of collected lightior for collimating (at least partially) the 
collected lightiis to use a transparent element having one 
or more tapered side Walls, as shoWn in FIG. 4. There, LED 
package 40 is similar to LED package 30, but optical 
element 42 is substituted for optical element 32. Element 42 
has an input surface 42a and an output surface 42b, the input 
surface 4211 being: smaller than output surface 42b; smaller 
than emitting surface 12a of the LED die; and in optical 
contact With a portion of the emitting surface to de?ne 
aperture 44. The difference in shape betWeen the optical 
element 42 and the emitting surface 12a produces an air gap 
46 Which forms a patterned loW refractive index layer 
around the area of contact (aperture 44). Furthermore, 
optical element 42 includes tapered side surfaces 42c, 42d, 
Which are re?ective in order to collimate some of the highly 
oblique light entering input surface 42a from the LED die. 
Re?ectivity of the side surfaces 42c, 42d can be provided by 
a loW refractive index medium that supports TIR, or by 
application of a re?ective material such as a metal layer or 
interference re?ector, or combinations thereof. 

[0031] The optical element 42 can be in optical contact 
With the emitting surface of the LED die through ?uids, 
thermally bound inorganic glasses, plastic inorganic glasses, 
or by providing the surfaces With an optically smooth ?nish 
(surface roughness RA less than about 50 nm, preferably less 
than about 20 nm) and then holding the surfaces in close 
proximity to each other. Furthermore, optical element 42 can 
be compound in structure, Where the loWer tapered portion 
comprising surfaces 4211, 42c, 42d is made separately from 
the upper lens-shaped portion comprising surface 42b, and 
the tWo portions adhered or otherWise joined together by 
conventional means. The broken line is provided to shoW the 
tWo portions more clearly. More discussion of compound 
optical elements, design considerations, and associated ben 
e?ts is provided beloW. 

[0032] A model Was used to determine the potential 
increase in brightness for a packaged LED that utiliZed a 
patterned loW index layer and a tapered optical element 
coupled to the output aperture. An LED Was modeled With 
the material properties of silicon carbide (index 1.55) having 
an emitting region, an absorptive region, and angled edge 
facets such as to represent the optical behavior of a typical 
LED. An inverted truncated pyramid-shaped tapered optical 
element Was optically coupled to the front facet or emitting 
surface of the LED. The material properties of the optical 
element Were those of silicon carbide. The LED had a square 
shape as vieWed from the front, as did the input and output 
surfaces of the optical element. The model further coupled 
the output surface of the optical element to a half-sphere lens 
With the material properties of BK7 glass, Where the diam 
eter of the lens Was ten times the Width of the square LED 
emitting surface, and the radius of curvature of the lens Was 
?ve times the Width of the LED emitting surface. The siZe 
of the input surface of the optical element, Was incremen 
tally changed from 100% of the LED emitting area to 4%, 
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While keeping the aspect ratio of the height of the optical 
element 2.2 times the Width of the output surface of the 
optical element, and keeping the Width of the output surface 
2 times the Width of the input surface. As the siZe of the 
optical element became less than the siZe of the LED 
emitting surface, a medium of refractive index of 1 Was 
assumed to cover the portion of the LED emitting surface 
outside of the optical element input surface, thus forming a 
loW refractive index patterned layer that covered the LED 
emitting surface in complementary fashion to the optical 
element input surface. The fractional poWer emitted by the 
optical element (representative of the relative luminous 
output of the LED package) and the relative irradiance 
(lumen/(cm2sr) emitted by the output surface of the optical 
element (representative of the relative brightness of the LED 
package) Was calculated. FIG. 5 depicts in a general Way the 
trend observed. Curve 50 is the relative fractional poWer 
emitted; curve 52 is the relative irradiance. The results 
con?rm that as the aperture siZe decreases, less total lumi 
nous output is obtained from the package, but the brightness 
(in the smaller aperture) can increase dramatically. 

[0033] The patterned loW index layer of disclosed embodi 
ments can comprise a gap or a coating of loW index material 
applied to the LED die. Suitable methods for coating the 
LED die With a loW index materialior With individual 
layers that Will form an interference re?ectorifrom a liquid 
include spin coating, spray coating, dip coating, and dis 
pensing the coating onto the die. Liquid coatings can be 
composed of monomers that are subsequently cured, sol 
vents, and polymers, inorganic glass forming materials, sol 
gels, and Aerogels. Suitable methods of coating the loW 
index material from a gas state include chemical vapor 
deposition or condensing a vapor on the die. The die can also 
be coated With a loW index material by sputtering, vapor 
deposition, or other conventional physical vapor deposition 
methods. 

[0034] The coatings can be applied to a multitude of LEDs 
at the Wafer level (before dicing), or after the Wafer is diced 
but before mounting, after the die is mounted on the header 
or other support, and after electrical connections are made to 
the die. The aperture can be formed before or after the loW 
index coating is applied. The choice of post-coating pattem 
ing method may depend on the particular loW index mate 
rial(s) chosen, and its compatibility With semiconductor 
processing. For example, a Wafer can be covered With 
photoresist and patterned to create openings Where the 
apertures are desired, a suitable loW index coating deposited, 
and then liftoff performed using suitable solvent. Altema 
tively, a loW index material can be deposited ?rst over the 
entire Wafer or die, a patterned photoresist layer can be 
applied as an etch mask, and the loW index material removed 
using a suitable technique such as reactive ion etching. The 
photoresist layer can optionally be stripped using a suitable 
solvent. Other techniques for patterning the loW index 
material include laser ablation and shadoW masking, Which 
may be particularly useful With materials that are soluble in 
typical photolithography stripping or development solvents. 
Suitable methods for lifting the unWanted coating off of the 
loW adhesion areas include ?rst applying a bonding material 
and then removing the bonding material, Where the bonding 
material is able to remove the coating from the aperture area 
but alloW the surrounding coating to remain intact. LoW 
index coatings can also be patterned to form areas Where 
electrical connections can be made to the die. See, for 
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example, US. Patent Publication US. 2003/0111667 A1 
(Schubert), incorporated herein by reference. 

[0035] Metal re?ective layers can be applied by conven 
tional processes, and patterned as needed to provide an 
aperture and appropriate electrical isolation. 

[0036] Turning noW to FIG. 6, We see there an LED 
package 60 that utiliZes a tapered optical element 62 to 
couple light out of the LED die 12. As discussed in con 
nection With optical element 42 of FIG. 4, optical element 
62 also has a compound construction, i.e., it comprises at 
least tWo sections 64, 66 joined together. The sections have 
input surfaces 64a, 66a, output surfaces 64b, 66b, and 
re?ective side surfaces 64c, 64d, 66c, 66d as shoWn. The 
tapered side surfaces of element 62 redirect or collimate (at 
least partially) light from closely positioned LED emitting 
surface 12a in a non-imaging Way. With tapered element 62 
and other tapered elements disclosed herein, the side sur 
faces need not be planar. They can be conical, curved 
(including parabolic) or any suitable combination depending 
on the intended application and design constraints. The 
disclosed taper elements can have the shape of elements 
knoWn in the art as CPCs (“compound” parabolic concen 

trators). 
[0037] It is desirable in many situations to form the optical 
tapered element from high refractive index materials to 
reduce re?ections at the LED emitting surface 1211 over the 
aperture de?ned by input surface 64a, so that light is more 
e?iciently coupled out of, or extracted from, the LED die 12. 
It is also desirable in many situations to fabricate the optical 
element using a material having high thermal conductivity 
and high thermal stability. In this Way, the optical element 
can perform not only an optical function but a thermal 
management function as Well. Further thermal management 
bene?ts can be gained by thermally coupling such an optical 
element to a heat sink, as is described in more detail in 
co-?led and commonly assigned US. Patent Application 
No. “LED Package With Front Surface Heat Extractor”, Ser. 
No. (Attorney Docket No. 60296US002, Which is 
incorporated herein by reference in its entirety. 

[0038] Unfortunately, transparent materials that have suf 
?ciently high refractive indices at the LED emission Wave 
length, e.g., greater than about 1.8, 2.0, or even 2.5, and/or 
that have thermal conductivities greater than about 0.2 
W/cm/K, tend to be expensive and/or di?icult to fabricate. 
Some of the relatively feW materials that have both high 
refractive index and high thermal conductivity include dia 
mond, silicon carbide (SiC), and sapphire (A1203). These 
inorganic materials are expensive, physically very hard, and 
di?icult to shape and polish to an optical grade ?nish. 
Silicon carbide in particular also exhibits a type of defect 
called a micropipe, Which can result in scattering of light. 
Silicon carbide is also electrically conductive, and as such 
may also provide an electrical contact or circuit function. 
Scattering Within optical tapered elements may be accept 
able if the scattering is limited to a position near the input 
end of the element. HoWever, it Would be expensive and 
time consuming to make a tapered element With su?icient 
length to e?iciently couple light from an LED die. An 
additional challenge in making one-piece tapered elements 
is that the material yield may be relatively loW, and the 
form-factor may force the LED die to be individually 
assembled With the tapered element. For these reasons, it can 
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be advantageous to divide the tapered element into at least 
tWo sections, the sections being made of different optical 
materials, to reduce manufacturing cost. 

[0039] A ?rst section desirably makes optical contact With 
the LED die, and is made of a ?rst optical material having 
a high refractive index (preferably about equal to the LED 
die refractive index at the emitting surface), high thermal 
conductivity, and/or high thermal stability. In this regard, 
high thermal stability refers to materials having a decom 
position temperature of about 600° C. or more. 

[0040] A second section is joined to the ?rst section and is 
made of a second optical material, Which may have loWer 
material costs and be more easily fabricated than the ?rst 
optical material. The second optical material may have a 
loWer refractive index, loWer thermal conductivity, or both 
relative to the ?rst optical material. For example, the second 
optical material can comprise glasses, polymers, ceramics, 
ceramic nanoparticle-?lled polymers, and other optically 
clear materials. Suitable glasses include those comprising 
oxides of lead, Zirconium, titanium, and barium. The glasses 
can be made from compounds including titanates, Zircon 
ates, and stannates. Suitable ceramic nanoparticles include 
Zirconia, titania, Zinc oxide, and Zinc sul?de. 

[0041] Athird section composed of a third optical material 
can be joined to the second section to further aid in coupling 
the LED light to the outside environment. In one embodi 
ment the refractive indices of the three sections are arranged 
such that n1>n2>n3 to minimiZe overall Fresnel surface 
re?ections associated With the tapered element. 

[0042] OversiZed lens elements, such as the upper portion 
of optical element 42 shoWn in FIG. 4, can be advanta 
geously placed or formed at the output end of disclosed 
simple or compound tapered elements. Antire?ection coat 
ings can also be provided on the surface(s) of such lens 
elements and/or on input and output surfaces of disclosed 
optical elements, including tapered or other collimating 
elements. 

[0043] In an exemplary arrangement, the LED die 12 can 
comprise a l mm><l mm GaN junction on a 0.4 mm thick 
slab of SiC. The ?rst section 64 of the tapered element 62 
can be composed of SiC. The second section 66 can be 
composed of LASF35, a non-absorbing, non-scattering high 
index glass having n=2.0. The Width dimensions of the 
junction betWeen the ?rst and second sections and the output 
dimensions of the second section can be selected as desired 
to optimiZe total light output into the surrounding environ 
ment, of refractive index 1.0. The edges of the 0.4 mm thick 
SiC slab can be tapered at a 12 degree negative slope to 
completely frustrate TIR modes of light re?ection at the side 
surfaces of the LED die. This slope can be tailored as 
desired, since the absorption and scattering Within the LED 
junction and SiC slab Will change the integrated mode 
structure compared to a standard encapsulated LED. For 
example, it may be desirable to use a positive slope (Where 
the Width of the LED junction is less than the Width of the 
SiC slab) in order to direct optical modes aWay from the 
absorbing junction. The SiC slab may, in this manner, be 
considered as part of the tapered element. 

[0044] The ?rst section 64 can be coupled to a thermal 
heat sink as mentioned previously. The second section 66 
can be bonded to the ?rst section 64 using conventional 
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bonding techniques. If a bonding material is used, it can 
have a refractive index between the tWo optical materials 
being joined in order to reduce Fresnel re?ections. Other 
useful bonding techniques include Wafer bonding techniques 
knoWn in the semiconductor Wafer bonding art. Useful 
semiconductor Wafer bonding techniques include those 
described in chapters 4 and 10 of the text “Semiconductor 
Wafer Bonding” by Q.-Y. Tong and U. Gosele (John Wiley 
& Sons, NeW York, 1999). Wafer bonding methods 
described US. Pat. No. 5,915,193 (Tong et al.) and US. Pat. 
No. 6,563,133 (Tong) may also be used. 

[0045] The LED package 70 shoWn in FIG. 7 utiliZes a 
compound tapered element 72 in Which a ?rst section 74, 
having an input surface 7411 connected to a larger output 
surface 74b by tapered re?ective side Walls, is encapsulated 
in a second section 76, Which also has an input surface 76a 
(coextensive With output surface 74b) and an even larger 
output surface 76b. The output surface 76a is curved to 
provide the compound element 72 With optical poWer useful 
for further collimation or focusing. The tapered side surfaces 
of section 74 are shoWn With a coating 78 of loW refractive 
index material to promote TIR at such surfaces. The material 
preferably has a refractive index loWer than that of ?rst 
section 74, second section 76, and LED die 12. Such coating 
78 can also be applied to the portion of emitting surface 1211 
not in contact With section 74, and/or to the side surfaces 120 
(see FIG. 1) of LED die 12. In constructing LED package 
70, ?rst section 74 can be bonded to (or simply placed upon) 
the desired aperture Zone of emitting surface 12a, and a 
precursor liquid encapsulating material can be metered out 
in su?icient quantity to encapsulate the LED die and the ?rst 
section, folloWed by curing the precursor material to form 
the ?nished second section 76. Suitable materials for this 
purpose include conventional encapsulation formulations 
such as silicone or epoxy materials. The package can also 
include a heat sink coupled to the sides of ?rst section 76 
through coating 78. Even Without such a heat sink, use of a 
high thermal conductivity ?rst section of the tapered element 
can add signi?cant thermal mass to the LED die, providing 
some bene?t at least for pulsed operation using a modulating 
drive current. 

[0046] Both simple tapered elements and compound 
tapered elements disclosed herein can be manufactured by 
conventional means, such as by fabricating the tapered 
components individually, bonding a ?rst segment to the LED 
die, and then adding successive segments. Alternatively, 
simple and compound tapered elements can be manufac 
tured using precision abrasive techniques disclosed in co 
?led and commonly assigned US. Patent Application “Pro 
cess For Manufacturing Optical And Semiconductor 
Elements”, Ser. No. Attorney Docket No. 
60203US002, and US. Patent Application “Process For 
Manufacturing A Light Emitting Array”, Ser. No. 
Attorney Docket No. 60204US002, both of Which are incor 
porated herein by reference in their entirety. Brie?y, a 
Workpiece is prepared that contains one or more layers of the 
desired optical materials. The Workpiece can be in a large 
format, such as Wafers or ?ber segments. A precisely pat 
terned abrasive is then brought into contact With the Work 
piece so as to abrade channels in the Workpiece. When 
abrasion is complete, the channels de?ne a multiplicity of 
protrusions, Which can be in the form of simple or com 
pound tapered elements. The tapered elements can be 
removed individually from the Workpiece and bonded one 
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at-a-time to separate LED dies, or an array of tapered 
elements can conveniently be bonded to an array of LED 
dies. 

[0047] When optical coupling elements Whose input sur 
faces are smaller than the emitting surface of the LED die 
are used, it becomes possible to consider coupling multiple 
such elements to different portions of the same emitting 
surface. 

[0048] Advantageously, such an approach can be used to 
reduce the quantity of optical material necessary to couple a 
given amount of light out of the LED die, by simply 
replacing a single optical taper element With a plurality of 
smaller ones. The difference in material usage can be 
particularly important When dealing With expensive and 
di?icult-to-Work-With materials such as diamond, SiC, and 
sapphire. For example, replacing a single optical tapered 
element With a 2x2 array of smaller optical tapered elements 
can reduce the required thickness for the high index (?rst) 
optical material by a factor of more than 2, and a 3x3 array 
can reduce the required thickness by a factor of more than 
3. Surprisingly, even though light may not be e?iciently 
emitted from the LED in places betWeen the input surfaces 
of the optical elements, modeling shoWs that this approach 
still has a very high net extraction e?iciency. 

[0049] Another advantage of using multiple optical cou 
pling elements such as tapered elements is that gaps or 
spaces are formed betWeen the elements that can be utiliZed 
for various purposes. For example, the gaps or spaces can be 
?lled With high refractive index ?uids, metal heat conduc 
tors, electrical conductors, thermal transport ?uids, and 
combinations thereof. 

[0050] Modeling Was performed on an LED package in 
Which the LED die Was constructed of SiC and an absorbing 
layer adjusted such that 30% of the light generated Within 
the LED die Was emitted from the LED When immersed in 
a 1.52 refractive index medium. This is representative of 
typical LED devices. The model used a 3x3 array of optical 
tapered elements coupled to the LED emitting surface as 
shoWn in the LED package 80 of FIG. 8. The LED die 12' 
shoWn there has angled side surfaces 120' and front emitting 
surface 12a‘, to Which three of the optical tapered elements 
82, 84, 86 are shoWn coupled at their input surfaces 82a, 
84a, 86a respectively. Note the spaces or gaps 83, 85 formed 
betWeen the smaller optical elements. The output surfaces 
82b, 84b, 86b couple to an input surface 88a of larger optical 
tapered element 88, Which has output surface 88b. The 
model also used a hemispherical lens (not shoWn) that Was 
oversiZed relative to taper element 88, With its ?at surface 
attached to output surface 88b, the lens being made of BK7 
glass (n=1.52). The tapered element 88 Was modeled as 
being composed of LAS35 (n=about 2). The model then 
evaluated di?ferent optical materials for the smaller taper 
elements, and different materials for the ambient space 
surrounding the LED die, including gaps 83, 85. 

[0051] The calculated output poWer (eg in Watts) of the 
modeled LED package is as folloWs as a function of the 
small tapered element optical material (designated “A” in 
the table) and the ambient material (designated “B” in the 
table) 
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Optical material for “B” 

SiC LASF35 BK7 Vacuum 

Optical SiC 0.821 0.814 0.775 0.754 
material for LASF35 0.826 0.771 0.701 0.665 
“A” BK7 0.625 0.613 0.537 0.466 

[0052] When these values are normalized to the power 
output of a system using a single SiC tapered element in 
place of the 3x3 array of smaller elements, the following 
results are obtained: 

Optical material for “B” 

SiC LASF35 BK7 Vacuum 

Optical SiC 100% 99% 94% 92% 
material for LASF35 101% 94% 85% 81% 
“A” BK7 76% 76% 65% 57% 

[0053] These tables show that an optical tapered element 
does not have to be optically coupled over the full area of the 
LED emitting surface to e?iciently extract light. The tables 
also show that the ambient volume between the small taper 
elements can have a low refractive index without causing a 
substantial reduction in extraction e?iciency. 

[0054] The ambient volume can be ?lled with a material to 
increase extraction e?iciency. The ?ller material can be a 
?uid, an organic or inorganic polymer, an inorganic particle 
?lled polymer, a salt, or a glass. Suitable inorganic particles 
include zirconia, titania, and zinc sul?de. Suitable organic 
?uids include any that are stable at the LED operating 
temperature and to the light generated by the LED. In some 
cases, the ?uid should also have a low electrical conductivity 
and ion concentration. Suitable ?uids include water, halo 
genated hydrocarbons, and aromatic and heterocyclic hydro 
carbons. The ?ller material can also serve to bond the optical 
tapered elements to the LED die. 

[0055] At least a portion of the space between the optical 
elements can have metal applied to either distribute current 
to the LED die, or to remove heat from the LED die, or both. 
Since metals have measurable absorption of light, it can be 
desirable to minimize absorptive losses. This can be done by 
minimizing the contact area of the metal with the die, and 
reducing the optical coupling to the metal by introducing a 
low refractive index material between the metal and the die 
surface, the optical element, or both. For example, the 
contact area can be patterned with an array of metal contacts 
surrounded by low index material which are in electrical 
conduct with an upper metal layer. See eg the ’667 Schu 
bert publication referenced above. Suitable low index mate 
rials include a gas or vacuum, ?uorocarbons such as ?uo 

rinert, available from 3M Company, St. Paul, Minn., water, 
and hydrocarbons. The metal can extend into a media 
surrounding the optical element where heat can be removed. 

[0056] Fluids can also be provided between the tapered 
elements to remove additional heat. The array of optical 
tapered elements can be in a square array (e.g. 2x2, 3x3, 
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etc.), a rectangular array (e. g. 2x3, 2x4, etc.), or a hexagonal 
array. The individual optical tapered elements can be square, 
rectangular, triangular, circular, or other desired shape in 
cross-section at their input or output surfaces. The array can 
extend over the entire emitting surface of the LED, or 
beyond, or only over a portion thereof. The tapered elements 
can be attached to the LED emitting surface with a low 
softening temperature solder glass, a soft inorganic coating 
such as zinc sul?de, a high index ?uid, a polymer, a ceramic 
?lled polymer, or by providing the optical elements and LED 
with very smooth and ?at surfaces, and mechanically hold 
ing the die against the input surfaces of the optical elements. 

[0057] Another LED package 90 having multiple optical 
elements 92, 94 and a patterned low index layer 96 is 
depicted in FIG. 9. The patterned low index layer 96 
includes two apertures as shown over which optical ele 
ments 92, 94 are disposed in optical contact with emitting 
surface 12a of the LED die. Layer 96 is also in optical 
contact with LED die emitting surface 12a, as well as with 
LED die side surfaces 120. LED package 90 further includes 
a metal contact 98 shown atop a portion of low index layer 
96. Although not shown in FIG. 9, patterned layer 96 is also 
patterned in the vicinity of metal contact 98, and metal 
contact 98 desirably extends through holes in the layer 96 to 
provide electrical contact to LED die 12. A second electrical 
contact can be provided at another location on the LED die 
depending upon the chip design. 

Glossary of Selected Terms 

“Brightness”: the luminous output of an emitter or portion 
thereof per unit area and per unit solid angle (steradian). 

[0058] “Light emitting diode” or “LED”: a diode that 
emits light, whether visible, ultraviolet, or infrared. The term 
as used herein includes incoherent (and usually inexpensive) 
epoxy-encased semiconductor devices marketed as “LEDs”, 
whether of the conventional or super-radiant variety. 

[0059] “LED die”: an LED in its most basic form, i.e., in 
the form of an individual component or chip made by 
semiconductor wafer processing procedures. The compo 
nent or chip can include electrical contacts suitable for 
application of power to energize the device. The individual 
layers and other functional elements of the component or 
chip are typically formed on the wafer scale, the ?nished 
wafer ?nally being diced into individual piece parts to yield 
a multiplicity of LED dies. 

[0060] Various modi?cations and alterations of the inven 
tion will be apparent to those skilled in the art without 
departing from the spirit and scope of the invention. It 
should be understood that the invention is not limited to 
illustrative embodiments set forth herein. 

What is claimed is: 
1. A light source, comprising: 

an LED die having an emitting surface; 

a patterned low index layer in optical contact with a ?rst 
portion of the emitting surface, the patterned layer 
having a ?rst refractive index; and 

an optical element having an input surface in optical 
contact with a second portion of the emitting surface, 
the optical element having a second refractive index 
higher than the ?rst refractive index. 
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2. The light source of claim 1, wherein the patterned loW 
index layer provides total internal re?ection at the emitting 
surface of the LED for at least some light generated Within 
the LED die. 

3. A light source, comprising: 

an LED die having an emitting surface; 

means for totally internally re?ecting at least some of the 
light generated by the LED die back into the LED die, 
the re?ecting means being in optical contact With a ?rst 
portion of the emitting surface; and 

an optical element having an input surface in optical 
contact With a second portion of the emitting surface 
different from the ?rst portion. 

4. The light source of claim 3, Wherein the re?ecting 
means comprises a patterned loW index layer in optical 
contact With the ?rst portion of the emitting surface, the 
patterned layer having a ?rst refractive index. 

5. The light source of either claim 1 or 4, Wherein the 
patterned loW index layer comprises a dielectric material in 
optical contact With the ?rst portion of the emitting surface 
and having the ?rst refractive index, and a normal incidence 
re?ector covering the dielectric material. 

6. The light source of claim 5, Wherein the normal 
incidence re?ector comprises a metal coating. 

7. The light source of claim 5, Wherein the normal 
incidence re?ector comprises an interference re?ector. 

8. The light source of either claim 1 or 4, Wherein the 
patterned loW index layer comprises air or vacuum. 
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9. The light source of either claim 1 or 4, Wherein the 
optical element has a shape that collimates light received by 
its input surface. 

10. The light source of claim 9, Wherein the optical 
element includes a tapered side surface. 

11. The light source of claim 9, Wherein the optical 
element has a curved output surface. 

12. The light source of either claim 1 or 4, Wherein the 
optical element has an output surface larger than the input 
surface. 

13. The light source of claim 12, Wherein the optical 
element comprises at least one re?ective side surface 
betWeen the input and output surfaces. 

14. The light source of either claim 1 or 4, Wherein the 
optical element comprises a material selected from the group 
of sapphire, diamond, and silicon carbide. 

15. The light source of either claim 1 or 4, Wherein the 
?rst and second portions are complementary. 

16. The light source of either claim 1 or 4, Wherein the 
patterned loW index layer de?nes at least one aperture. 

17. The light source of claim 16, Wherein the patterned 
loW index layer includes portions Within the at least one 
aperture. 

18. The light source of either claim 1 or 4, Wherein the 
optical element has a refractive index of at least about 1.8. 


