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(57) ABSTRACT 

Pre-formed wavelength conversion elements are attached to 
light emitting elements and are shaped to reduce repeated 
occurrences of total internal reflection. The sides of the 
shaped elements may be sloped or otherwise shaped so as to 
introduce a change in the angle of incidence of reflected light 
upon the light extraction Surface of the wavelength conver 
sion element. The pre-formed wavelength conversion ele 
ments may be configured to extend over an array of light 
emitting elements, with features between the light emitting 
elements that are shaped to reduce repeated occurrences of 
total internal reflection. 
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SHAPED PHOSPHORTO REDUCE 
REPEATED REFLECTIONS 

FIELD OF THE INVENTION 

0001. This invention relates to the field of light emitting 
devices, and in particular to light emitting devices with wave 
length conversion material. Such as phosphors. 

BACKGROUND OF THE INVENTION 

0002 The ever expanding use of semiconductor light 
emitting devices has produced a highly competitive market 
for these devices. In this market, performance and price are 
often significant for providing product distinction among 
Vendors. 
0003. One technique for improving the performance of a 
device is to increase the proportion of the generated light that 
is actually emitted from the device, and correspondingly 
reducing the amount of light that is trapped and eventually 
absorbed within the device. Using a reflector on the surface of 
the device that is not the light extraction Surface is a common 
technique used to redirect light toward the light extraction 
surface, as is the use of reflectors on the sides of the device. 
0004 FIGS. 1A-1B illustrate the manufacture of example 
prior art light emitting devices with reflective sides, and FIG. 
1C illustrates the emission of light from such a device. 
0005. In FIG. 1A, a substrate 110, commonly termed a 
Submount, includes metal traces 120 for coupling an external 
power source to a light emitting element 150, typically via 
solder bumps 130. An underfill material 140 provides 
mechanical support to the light emitting element 150; the 
underfill material 140 may be reflective. 
0006. In this example, a wavelength conversion element 
160 is situated above the light emitting surface 155 of the light 
emitting element 150. The wavelength conversion element 
absorbs some of the light emitted by the light emitting ele 
ment 150 and emits light at a different wavelength. A mixture 
of the light emitted from the light emitting element 150 and 
the light emitted by the wavelength conversion element 160 
exits the device from the light extraction surface 165. 
0007. In FIG. 1B, a reflective material 170 is applied to 
Surround the device, so that light that strikes the sides/edges 
162 of the wavelength conversion element 160 may be redi 
rected toward the light extraction surface 165. 
0008. The substrate 110 may subsequently be sliced/diced 
to provide singulated devices. Optionally, a protective mate 
rial. Such as epoxy, may be molded or otherwise formed to 
encapsulate the light emitting device, either before or after the 
devices are singulated, and may be shaped to provide a par 
ticular optical effect. 
0009 FIG. 1C illustrates example emissions of light from 
the extraction surface 165 of the device. The surface 165 
forms an interface between the wavelength conversion ele 
ment 160 and the surrounding medium, and the indices of 
refraction of the wavelength conversion element and the Sur 
rounding medium will define a critical angle for light extrac 
tion, and this critical angle will define an escape cone 168 at 
each point on the surface 165. Light 101, 102 that strikes the 
Surface at an angle relative to normal to the Surface that is less 
than the critical angle (i.e. within the escape cone) will escape 
through the surface; light 106, 107 that strikes the surface at 
an angle greater than the critical angle will experience total 
internal reflection (TIR), and will be reflected away from the 
light extraction surface 165. As detailed further below, light 
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that is totally internally reflected within the wavelength con 
version element 160 is likely to be repeatedly totally inter 
nally reflected, and therefore highly likely to be absorbed 
within the light emitting device. 

SUMMARY OF THE INVENTION 

0010. It would be advantageous to reduce the amount of 
light that is absorbed within a light emitting device having a 
wavelength conversion element, allowing Such light to exit 
the light extraction Surface, thereby improving the light 
extraction efficiency. It would also be advantageous to 
improve the uniformity of light emitted from an array of light 
emitting devices with wavelength conversion elements. 
0011. To better address one or more of these concerns, in 
an embodiment of this invention, pre-formed wavelength 
conversion elements are shaped to reduce repeated occur 
rences of total internal reflection. The sides of the shaped 
elements may be sloped or other shaped so as to introduce a 
change in the angle of incidence of reflected light upon the 
light extraction Surface. The pre-formed wavelength conver 
sion elements may be configured to extend over an array of 
light emitting elements, with features between the light emit 
ting elements that are shaped to reduce repeated occurrences 
of total internal reflection. 
0012. When light is totally internally reflected within a 
rectilinear structure, the reflected light that strikes the oppo 
site (parallel) Surface will strike it at the same angle of inci 
dence. If the reflected light from the upper or lower surface 
strikes a side of the rectilinear structure, it will strike it at an 
angle of incidence that is orthogonal to the angle of incidence 
on the surface. When the reflected light from the side strikes 
the upper or lower surface, it will strike it at an angle of 
incidence that is orthogonal to the angle of incidence on the 
side. Therefore, light that is reflected from a surface to a side 
and then to the opposing Surface will Strike the opposing 
Surface at the same angle of incidence as the original angle of 
incidence on the first Surface. In the example prior art light 
emitting device, light that is unable to escape the light extrac 
tion surface 165 because of total internal reflection will 
repeatedly strike that surface 165 at the same angle of inci 
dence and be trapped within the light emitting device until it 
is eventually absorbed. Although a change of angle may occur 
as the light reenters the light emitting element 150, due to 
refraction at the surface 155, the symmetric nature of the 
rectilinear structures 150, 160 will tend to cause repeating 
total internal reflections. 
0013 If the wavelength conversion element is shaped so as 
to present a non-orthogonal Surface between the parallel Sur 
faces, instead of the convention orthogonal side walls, the 
light reflected from the non-orthogonal surface will not strike 
the opposing Surface at the same angle of incidence. Because 
the angle of incidence is changed after it is reflected from the 
non-orthogonal surface, the likelihood of the reflected light 
eventually striking the light extraction surface within the 
escape cone is increased, thereby increasing the light extrac 
tion efficiency. Alternatively, or additionally, the angle of 
incidence may be changed by providing a diffuse reflective 
Surface. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0014. The invention is explained in further detail, and by 
way of example, with reference to the accompanying draw 
ings wherein: 
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0015 FIGS. 1A-1B illustrate the manufacture of example 
prior art light emitting devices with reflective sides, and FIG. 
1C illustrates example emission from Such a device. 
0016 FIGS. 2A-2B illustrate the manufacture of example 
light emitting devices with shaped wavelength conversion 
elements, and FIG. 2C illustrates example emission from 
Such a device. 
0017 FIG. 3 illustrates an example shape of a pre-formed 
wavelength conversion element. 
0018 FIG. 4 illustrates an example slicing of a wavelength 
conversion sheet to form wavelength conversion platelets 
having non-orthogonal sidewalls. 
0019 FIGS.5A-5E illustrate example shaped wavelength 
conversion elements situated on an array of light emitting 
elements. 
0020. Throughout the drawings, the same reference 
numerals indicate similar or corresponding features or func 
tions. The drawings are included for illustrative purposes and 
are not intended to limit the scope of the invention. 

DETAILED DESCRIPTION 

0021. In the following description, for purposes of expla 
nation rather than limitation, specific details are set forth Such 
as the particular architecture, interfaces, techniques, etc., in 
order to provide a thorough understanding of the concepts of 
the invention. However, it will be apparent to those skilled in 
the art that the present invention may be practiced in other 
embodiments, which depart from these specific details. In 
like manner, the text of this description is directed to the 
example embodiments as illustrated in the Figures, and is not 
intended to limit the claimed invention beyond the limits 
expressly included in the claims. For purposes of simplicity 
and clarity, detailed descriptions of well-known devices, cir 
cuits, and methods are omitted so as not to obscure the 
description of the present invention with unnecessary detail. 
0022. As noted above, the orthogonal nature of conven 
tional pre-formed wavelength conversion elements causes 
internally reflected light to strike opposing Surfaces at the 
same angle of incidence, leading to a continuous recycling of 
the reflected light within the light emitting device until it is 
eventually absorbed. In accordance with aspects of this inven 
tion, pre-formed wavelength conversion elements are shaped 
So as to provide non-orthogonal specularly reflective Sur 
faces, so as to introduce variations in the angle of incidence of 
internally reflected light. In accordance with other aspects of 
this invention, the pre-formed wavelength conversion ele 
ments are shaped so as to provide one or more diffusely 
reflective Surfaces so as to introduce variations in the angle of 
incidence of internally reflected light. 
0023. In the example embodiments, the reflective surfaces 
are assumed to be specularly reflective, except as otherwise 
noted. As the term is used herein, a reflective surface is a 
surface that reflects light emitted from the light emitting 
element when the Surface is situated in the light emitting 
device. That is, the material attached to the surface of the 
wavelength conversion element may be a reflective material 
that causes the reflection at the surface. 
0024 FIGS. 2A-2B illustrate the manufacture of example 
light emitting devices 200 having shaped wavelength conver 
sion elements 260 with sloped sidewalls 262 that are non 
orthogonal to the light extraction surface 265. As illustrated in 
FIG. 2A, the pre-formed wavelength conversion elements 
260 are attached to light emitting surface 155 of the light 
emitting element 150. Any number of attachment techniques 
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may be used, including, for example, the use of adhesives, 
bonding, and so on. In some embodiments, the light emitting 
surface 155 is roughened to enhance the light extraction effi 
ciency from the light emitting element 150. 
0025. As illustrated in FIG.2B, a reflective material 170 is 
applied so as to reflect light that may strike the sidewalls 262. 
Because the sidewalls 262 are non-orthogonal to the light 
extraction surface 265, the reflected light will strike either 
surface 265 or surface 155 at an angle that is non-orthogonal 
to the angle of incidence of the light on the sidewall 262. 
0026 FIG. 2C illustrates example emission from the light 
emitting device 200. As in the example of FIG. 1C, light 201 
that strikes the light extraction surface 265 within the escape 
cone 168 will escape through the surface 265. 
0027 Light 206 that strikes the light extraction surface 
265 with an angle of incidence that is outside of the escape 
cone 168 experiences total internal reflection. As contrast 
with the prior art example of FIG. 1C, when the reflected light 
is reflected from the non-orthogonal sidewall 262, it does not 
strike the sidewall 262 at an angle that is orthogonal to the 
angle of incidence of the light 206 on the extraction surface 
265. Consequently, the light that is reflected from the sidewall 
262 strikes either surface 265 or surface 155 at an angle of 
incidence that differs from the angle of incidence of the 
original internally reflected light 206. 
0028. In the example of FIG. 2C, in the case of specular 
reflection, the internally reflected light 206 is reflected from 
the sidewall 262 and strikes the extraction surface 265 within 
the escape cone 168. Because the reflected light now strikes 
the surface 265 at an angle of incidence within the escape 
cone 168, it escapes through the surface 265 as light 206a. In 
like manner, light 207, which would have been internally 
reflected from the Surface 265 if the sidewall 262 were 
orthogonal to the surface 265, strikes the surface 265 within 
the escape cone 168 and escapes through the surface 265 as 
light 207a. 
(0029. Note that even if the light reflected from the sidewall 
262 does not immediately strike the surface 265 within the 
escape cone 168, subsequent reflections from the sidewall 
262 will change the angles of incidence of the light as it 
subsequently strikes the surface 265, and eventually one of 
these reflections may strike the surface 265 within the escape 
cone and escape through the surface 265. Contrarily, prior art 
light emitting devices with sidewalls that are orthogonal to 
the extraction surface 165 do not introduce significant 
changes to the angle of incidence on the Surface 165, the 
likelihood of internally reflected light exiting the surface 165 
is substantially nil. 
0030 FIG. 3 illustrates an example shape of a pre-formed 
wavelength conversion element. In FIG. 3, each of the four 
sidewalls 362 of the wavelength conversion element 360 are 
sloped away from the light emitting element 150, similar to 
the illustrated sidewalls 262 of FIGS. 2A-2C. However, 
because the introduction of any non-orthogonal Surface in the 
path of the internally reflected light will introduce a change to 
the angle of incidence on the light extraction Surface, the 
slope of the sidewalls need not be at any particular orienta 
tion. 
0031. The pre-formed shapes with non-orthogonal Sur 
faces may be formed using any of a variety of techniques, 
including Sawing, milling, routing, etching, and so on. In 
Some embodiments, the technique used to form the non 
orthogonal Surfaces may be dependent upon the material used 
to create the pre-formed wavelength conversion element. 
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0032. In some embodiments, a sheet of crystalline mate 
rial with embedded wavelength conversion particles may be 
formed and subsequently sliced to create platelets with 
sloped sidewalls. A conventional saw blade may be oriented 
so as to provide a mitered cut, such as illustrated in FIG. 4. In 
this embodiment, the blade is oriented at two angles to make 
opposing cuts 410, 420, thereby forming platelets 460-1, 
460-2,460-3, 460-4, 460-5, each having a trapezoidal profile. 
0033. The introduction of non-orthogonal sidewalls is not 
limited to platelets situated on individual light emitting ele 
ments. FIGS. 5A-5E illustrate example shaped wavelength 
conversion elements 560a-560e situated on an array of light 
emitting elements 150a-150d on a substrate 510. Although 
only one array of light emitting elements is illustrated, the 
substrate 510 may include a plurality of arrays of light emit 
ting elements. For the purpose of this disclosure, the term 
“array' is used in a general sense, and includes any ordered 
arrangement of light emitting elements, including a "line' or 
'strip' of light emitting elements, a “ring of light emitting 
elements, and so on. Of particular note, the array of light 
emitting elements is arranged Such that the location of the 
light emitting Surface of each light emitting element relative 
to each other is known. 

0034. As illustrated in FIG. 5A, a single wavelength con 
version element 560a is shaped so as to extend over the light 
emitting surfaces 155a-155d of an array of light emitting 
elements 150a-150d mounted on a Substrate 510. The Sub 
strate 510 may be a submount, a printed circuit board, or other 
mounting surface. In some embodiments, the substrate 510 
may correspond to the wafer upon which the light emitting 
elements are formed or transferred to during wafer-level pro 
cessing of the light emitting elements 150a-150d. As noted 
above, any of a variety oftechniques may be used to attach the 
wavelength conversion element 560a to the light emitting 
surfaces 155a-155d, and the surfaces 155a-155d may be 
roughened to enhance light extraction from the light emitting 
elements 150a-150d. 

0035. The wavelength conversion element 560a includes 
sloped features 562a that are situated between the light emit 
ting surfaces 155a-155d and are not orthogonal to the light 
extraction surface 565. A reflective material is situated within 
the crevices formed by the sloped features 562a. In this 
example, the sloped features 562a are similar in function to 
the sidewalls 262 of FIGS. 2A-2C. When internally reflected 
light from the light emitting surface 565 strikes the reflective 
sloped features 562a, a change is introduced for the subse 
quent angle of incidence with the extraction surface 565. 
0036 Although the sloped features 562a are illustrated as 
being situated between each light emitting surface 155a 
155d, other embodiments may have fewer features, such as 
sloped features between every other light emitting surface 
155a-155d, or a varying concentration of features depending 
on distances from the center, and so on. The shape and loca 
tion of features may be based on simulations of optical mod 
els, or based on experiments to achieve a desired light output 
pattern. 

0037. It is significant to note that the use of a single phos 
phor element that extends across multiple light emitting ele 
ments facilitates a more uniform distribution of light output 
than arrays of light emitting devices with discrete phosphor 
elements. The shape and location of the sloped features may 
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be selected to further enhance this uniformity by enhancing 
the amount of light that escapes from the regions between the 
light emitting elements. 
0038. In the example of FIG. 5B, the features 562b are 
parallel to the upper surface 565, but are created so as to 
diffusely reflect light that is internally reflected from the 
surface 565. In addition to providing for a change to the angle 
of incidence of light that strikes the feature 562b, the diffuse 
reflections may serve to increase the amount of light that exits 
the surface 565 in the region above each feature 562b, further 
enhancing the uniformity of the light output from the Surface 
565. 
0039. In this example, the outer surfaces 562a are specu 
larly reflective and their slope serves to change the angle of 
incidence of internally reflected light, as in the example of 
FIG. 5A. One of skill in the art will recognize, however, that 
the outer surfaces 562a may also be diffusely reflective, obvi 
ating the need for a sloped surface. 
0040. In FIG. 5C, the wavelength conversion element 
560c is pre-processed to apply a reflective material 566 within 
each crevice formed by the sloped features 562C. In some 
embodiments, a layer of reflective material 566 is applied to 
the underside of the wavelength conversion element 560c 
after the features 562C are formed, then removed from the flat 
portions 561 between the features 562c. In other embodi 
ments, the reflective material 566 is applied via a stencil that 
covers the flat portions 561. By applying a reflective material 
566 to the crevices formed by the features 562c, the efficiency 
of the device is less dependent upon the application and 
reflective quality of the underlying material within the crev 
1CCS. 

0041. In FIG. 5D, the wavelength conversion element 
560d includes sloped walls 568 about the perimeter of the 
element 560d to reduce the light extraction area and increase 
the apparent intensity of the light from the device. 
0042. One of skill in the art will recognize that embodi 
ments of this invention are not limited to planar walls and 
features. In FIG. 5E, the wavelength conversion element 560e 
includes hemispherical features 562e. 
0043. In each of the embodiments 5A-5E, the features 
562a-562e may be formed by any of a variety of techniques, 
including milling or routing with a particularly shaped bit, 
etching, and so on. 
0044) While the invention has been illustrated and 
described in detail in the drawings and foregoing description, 
such illustration and description are to be considered illustra 
tive or exemplary and not restrictive; the invention is not 
limited to the disclosed embodiments. 
0045. For example, to take advantage of specular as well 
as diffuse reflections, one or more of the reflective surfaces 
may be a surface that provides both specular and diffuse 
reflections. In Such an embodiment, the proportion of specu 
lar and diffuse reflection provided by the surface may be 
selected to further enhance the light output uniformity across 
the surface of the device. 

0046. Other variations to the disclosed embodiments can 
be understood and effected by those skilled in the art in 
practicing the claimed invention, from a study of the draw 
ings, the disclosure, and the appended claims. In the claims, 
the word “comprising does not exclude other elements or 
steps, and the indefinite article “a” or “an' does not exclude a 
plurality. A single processor or other unit may fulfill the 
functions of several items recited in the claims. The mere fact 
that certain measures are recited in mutually different depen 



US 2016/O 19040 1 A1 

dent claims does not indicate that a combination of these 
measures cannot be used to advantage. Any reference signs in 
the claims should not be construed as limiting the scope. 

1. A light emitting device comprising: 
a plurality of light emitting elements, and 
a pre-formed wavelength conversion element that is 

attached to a light emitting Surface of each of the plural 
ity of light emitting elements, 

wherein the pre-formed wavelength conversion element 
includes at least one reflective surface that is neither 
orthogonal nor parallel to a light extraction Surface of the 
wavelength conversion element at a location between at 
least two of the plurality of light emitting elements. 

2. The device of claim 1, wherein the reflective surface 
includes a sidewall of the wavelength conversion element. 

3. The device of claim 1, including a reflective coating that 
forms the reflective surface on a surface of the wavelength 
conversion element. 

4. The device of claim 1, wherein the reflective surface is a 
sloped planar Surface. 

5. The device of claim 1, wherein the reflective surface is 
specularly reflective 

6. The device of claim 1, wherein the wavelength conver 
sion element is a single element that extends across the plu 
rality of light emitting elements. 

7. The device of claim 6, wherein the at least one reflective 
surface is one of a plurality of reflective surfaces situated 
between at least some of the light emitting Surfaces. 

8. The device of claim 6, wherein the wavelength conver 
sion element includes at least one diffusely reflective surface. 

9. The device of claim 6, including a reflective coating that 
is disposed upon at least one of the plurality of reflective 
Surfaces of the wavelength conversion element. 

10. The device of claim 6, wherein each of the plurality of 
reflective surfaces is a sloped planar Surface. 

11. (canceled) 
12. (canceled) 
13. A substrate comprising: 
a plurality of light emitting elements that are electrically 

coupled to circuit traces on the Substrate, and 
a plurality of pre-formed wavelength conversion elements 

that are attached to light emitting Surfaces of the plural 
ity of light emitting elements, 

wherein each of the pre-formed wavelength conversion 
elements includes a reflective surface that is neither 

Jun. 30, 2016 

orthogonal or parallel to a light extraction Surface of the 
wavelength conversion element at a location between at 
least two of the plurality of light emitting elements. 

14. The substrate of claim 13, wherein the reflective surface 
includes a sidewall of the wavelength conversion element. 

15. The substrate of claim 13, including a reflective coating 
that forms the reflective surface on a surface of each wave 
length conversion element. 

16. The substrate of claim 13, wherein each reflective sur 
face is a sloped planar Surface. 

17. The substrate of claim 13, wherein the reflective surface 
is oriented so as to provide an extent of a light extraction area 
in a given dimension that is less than an extent of the light 
emitting Surface in the given dimension. 

18. The substrate of claim 13, wherein each wavelength 
conversion element is attached to more than one light emit 
ting Surface. 

19. The substrate of claim 13, wherein the reflective surface 
is specularly reflective. 

20. (canceled) 
21. (canceled) 
22. A method comprising: 
providing a plurality of light emitting elements on a Sub 

strate, and 
attaching a pre-formed wavelength conversion element to a 

light emitting Surface of each of the light emitting ele 
ments, 

wherein the pre-formed wavelength conversion element 
includes at least one reflective surface that is neither 
orthogonal nor parallel to a light extraction Surface of the 
wavelength conversion element at a location between at 
least two of the plurality of light emitting elements. 

23. The method of claim 22, wherein the substrate includes 
a plurality of light emitting elements and the method includes 
attaching a plurality of pre-formed wavelength conversion 
elements to the light emitting elements, each wavelength 
conversion element being attached to more than one of the 
light emitting elements. 

24. The method of claim 22, wherein the reflective surface 
is specularly reflective. 

25. (canceled) 
26. (canceled) 


