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METHOD OF MAKING AN LED DEVICE 
HAVING A DOME LENS 

FIELD 

[0001] This disclosure relates to a method of making a light 
emitting diode (LED) device, and more particularly, to a 
method of forming a lens over an LED die such that the tWo 
are optically coupled. 

BACKGROUND 

[0002] LED devices can be manufactured in a variety of 
con?gurations, many of Which incorporate one or tWo con 
ductive metal Wires connecting a semiconductor or LED die 
to electrodes at the base of a substrate. Care must be exercised 
When handling the devices because bonding points of the 
Wires to the electrodes and/or the LED die can easily be 
damaged. LED die are typically encapsulated With a trans 
parent material or encapsulant Which serves to protect the die 
and Wire bonds from physical damage. 
[0003] LED devices are typically characterized by perfor 
mance characteristics such as brightness. With the proper 
selection of transparent material, an encapsulant can be used 
to increase brightness of an LED device by increasing the 
amount of light extracted from the LED die. Another Way to 
increase brightness is to attach a lens having a curved outer 
surface to the LED die such that the tWo are optically coupled. 
[0004] There is a need for neW fast, e?icient, and loW cost 
methods for manufacturing LED devices having high bright 
ness. 

SUMMARY 

[0005] A method of making a light emitting device is dis 
closed herein. In one aspect, the method comprises: providing 
an LED die and dispensing a photopolymeriZable composi 
tion to form a photopolymeriZable dome lens, Wherein the 
photopolymeriZable composition is optically coupled to the 
LED die. The photopolymeriZable dome lens may be formed 
by the photopolymeriZable composition using a single drop 
or a plurality of drops. In one embodiment, the photopoly 
meriZable composition comprises a metal-containing catalyst 
and a silicon-containing resin comprising silicon-bonded 
hydrogen and aliphatic unsaturation. 
[0006] In another aspect, the method comprises: providing 
an LED die and dispensing a photopolymeriZable composi 
tion to form a photopolymeriZable dome lens, Wherein the 
photopolymeriZable composition is optically coupled to the 
LED die, and the method further comprising applying actinic 
radiation having a Wavelength of about 700 nm or less to 
initiate polymeriZation Within the photopolymeriZable com 
position. In one embodiment, the photopolymeriZed dome 
lens comprises an elastomer or a non-elastic solid. 

[0007] In another aspect, a light emitting device is dis 
closed herein. The light emitting device may be prepared 
according to any of the methods disclosed herein. In one 
embodiment, the light emitting device comprises: an LED die 
disposed on an outer surface of a substrate, and a dome lens 
comprising a base, the base having the same shape as the outer 
surface of the substrate, Wherein the LED die and the dome 
lens are optically coupled. Additional embodiments include 
dome lenses having a square base or a rectangular base. 
[0008] These and other aspects of the invention are 
described in the detailed description beloW. In no event 
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should the above summary be construed as a limitation on the 
claimed subject matter Which is de?ned solely by the claims 
as set forth herein. 

BRIEF DESCRIPTION OF DRAWINGS 

[0009] The invention may be more completely understood 
in consideration of the detailed description in connection With 
the folloWing ?gures: 
[0010] FIGS. 1, 2a, and 2b are schematic diagrams of 
knoWn LED devices. 
[0011] FIGS. 3a, 3b, 3c and 4 are schematic diagrams of 
exemplary LED devices according to embodiments of the 
present disclosure. 
[0012] FIGS. 5a and 5b are schematic ?oW diagrams illus 
trating methods of making LED devices according to embodi 
ments of the present disclosure. 
[0013] FIGS. 6a-10 are schematic ?oW diagrams illustrat 
ing exemplary methods of making LED devices according to 
embodiments of the present disclosure. 
[0014] FIGS. 11a-d are schematic diagrams of exemplary 
LED devices according to embodiments of the present dis 
closure. 
[0015] FIG. 12 is a schematic diagram illustrating an exem 
plary method of making an LED device according to an 
embodiment of the present disclosure. 
[0016] FIG. 13 is a schematic diagram illustrating an exem 
plary method of making an LED device according to an 
embodiment of the present disclosure. 
[0017] FIGS. 14a and 14b are before and after micro 
graphs, respectively, of LED devices according to embodi 
ments of the present disclosure. 
[0018] FIGS. 15a and 15b are before and after micro 
graphs, respectively, of LED devices according to embodi 
ments of the present disclosure. 
[0019] FIG. 16 is a goniometric plot shoWing the emission 
distribution for the LED devices shoWn in FIG. 15a and FIG. 
15b. 

DETAILED DESCRIPTION 

[0020] LED devices can be manufactured in a variety of 
con?gurations, many of Which incorporate one or tWo con 
ductive metal Wires connecting the semiconductor die to elec 
trodes on a substrate. FIG. 1 is a schematic diagram of a 
typical surface mount LED device 100. The LED die 110 is 
connected to electrode 120a and to electrode 120b by Wire 
bond 130. The electrodes 120a and 120b are disposed on 
substrate 140, Which together With sideWalls 160 form a 
re?ecting cup. The LED die is encapsulated With encapsulant 
150. The output surface 170 of the encapsulant has a slight 
negative meniscus or curvature, meaning the surface of the 
encap sulant is concave relative to the surface of the substrate. 
This negative meniscus is commonly seen in commercially 
available surface mount LED devices and can result from the 
use of a thermally cured encapsulant composition, for 
example, a thermally curable epoxy or silicone resin. The 
negative meniscus typically forms as a result of shrinkage of 
the encapsulant composition as it cools to room temperature 
from an elevated temperature used for curing. Temperatures 
used to cure thermally curable resins are often signi?cantly 
higher than the temperatures that the encapsulant Will expe 
rience When the LED device is in use, thus the negative 
meniscus Will likely persist under normal operating tempera 
tures. An LED device, such as that shoWn in FIG. 1, is unde 
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sirable because an output surface With a negative meniscus 
can lead to increased recycling of the light emitted by the 
LED die, Which can decrease the ef?ciency and total radiant 
?ux or light output of the LED device. For example, the 
substrate, electrodes, LED die, and encapsulant often contain 
materials that can absorb some small fraction of the light 
generated by the LED die, especially blue and UV light. 
Increased recycling of the light emitted by the LED die in the 
LED package can lead to absorptive losses. 

[0021] One Way to improve the performance of an LED 
device is to provide a lens With a convex outer surface, for 
example a hemispherical lens. The lens With a convex outer 
surface helps to minimize light recycling in the packaged 
LED device. The types of LED devices that typically use 
lenses are high poWer, ultrahigh brightness LEDs. FIG. 211 
show an example LED device 200 having an LED die 210 and 
Wire bond 220 on a substrate 250. These types of LED devices 
can be constructed to provide a loW stress environment for the 
LED die and Wire bonds by encapsulation With a soft silicone 
gel 230 and covering the soft silicone gel With a suitably 
shaped hard outer shell 240 that is formed in a separate 
injection or compression molding process. The external shell, 
shoWn as a hemispherical lens in FIG. 2, can be formed into 
other shapes to produce desired light emission distributions 
from the LED package, for example more collimated light 
emission. This external lens When produced in a separate 
molding process, hoWever, adds cost and complexity to the 
packaging process because the lens must be attached to the 
LED package in a pick and place operation and is then ?lled 
With encapsulant using a syringe in a second step. Another 
example LED device 201 is shoWn in FIG. 2b. In this type of 
LED device, an LED die 210 With one Wire bond 220 is 
disposed on a substrate 250 and connected to electrodes 215a 
and 21519 With sideWalls 260. The re?ecting cup Which is 
formed by the sideWalls 260 and substrate 250 is ?lled With an 
encapsulant material 231 and the lens 241 is ?oated on the 
encapsulant surface. The encapsulant is polymeriZed, thus 
bonding the lens onto the LED device. Alternatively, the half 
ball lens 241 shoWn in FIG. 2b can be bonded to the surface of 
an already cured encapsulant using a liquid adhesive. Regard 
less of Whether the lens is bonded during the curing of the 
encapsulant or Whether it is bonded With a liquid adhesive, the 
application of the lens requires a pick and place operation and 
the assembly procedure requires careful manipulation of the 
LED device until the encapsulant or liquid adhesive has 
cured. In addition to the added complexity introduced When 
using separately molded lenses, most injection moldable 
plastics suitable for making hard lenses have refractive 
indexes signi?cantly higher than those of the most photo 
stable silicone materials (the refractive index of polydimeth 
ylsiloxane is approximately 1.4). As a result, the package 
lifetime stability must be traded against optical ef?ciency. 
[0022] Because of the added cost and complexity of using 
separately molded lenses in making LED devices, the major 
ity of high brightness LED devices are made in formats that 
do not use lenses to increase light emission or to control the 
emission distribution of the LED device. 

[0023] The method disclosed herein provides numerous 
advantages. The method can be used to manufacture an LED 
device using a photopolymeriZable composition to both 
encapsulate an LED die and provide an output surface that is 
optically coupled to the die such that lifetime, ef?ciency, and 
light output of the device are improved. With an appropriate 
combination of photopolymeriZable composition and poly 
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meriZation conditions, both encapsulation and formation of 
the output surface can be carried out in a single set of steps 
comprising a dispense step and a polymeriZation step. Thus, 
separate steps for encapsulation and attachment of a sepa 
rately molded lens, are not required. In addition, the method 
can be used to manufacture LED devices Wherein the emis 
sion distribution can be modi?ed, for example to increase 
collimation of the light emitted by the LED device. Another 
advantage is that the addition of the dome lens can be done in 
a post-manufacturing operation. 
[0024] The LED industry generally separates LEDs into 
three segments of LED performance. The loWest performing 
LEDs, for example LEDs used for indicator lamps, are loW 
poWer devices and have total radiant output measured in 
millicandellas. The loW performing LEDs generally are 
encapsulated With epoxy materials. The second segment of 
LEDs are called high brightness LEDs and have total radiant 
output measured in the range of l - l 0 lumens. Currently, there 
are very feW commercially available LEDs With lenses in the 
high brightness segment because the cost of the lens is a 
signi?cant percentage of the total LED cost, for example high 
quality silicone lenses can cost from about 6 cents to about 20 
cents per lens. The third segment of LEDs are called ultrahigh 
brightness LEDs and have total radiant output measured from 
about 10-100 lumens and greater. Because these devices are 
more expensive many of the LEDs in this segment have lenses 
as the lens accounts for a smaller percentage of the total cost 
of the LED device. The method described herein provides a 
means for making LED devices having lenses With little addi 
tional cost. The photopolymeriZable compositions used With 
the method described herein can be rapidly polymerized such 
that formation of the LED device With a lens is fast and 
economical. 

[0025] The method disclosed herein comprises: providing 
an LED die disposed on a substrate and dispensing a photo 
polymeriZable composition to form a photopolymeriZable 
dome lens, Wherein the photopolymeriZable composition is 
optically coupled to the LED die. The method involves the 
direct formation of a photopolymeriZable composition or 
dome lens over an LED die mounted on a substrate. The 
substrate for the LED die, or LED dice, can be a ?at substrate 
With electrodes. Alternatively, the substrate can comprise 
sideWalls that form a re?ecting cup as shoWn in FIG. 1. The 
substrate can comprise ceramic, polymer, glass, metal, or a 
combination thereof. The sideWalls can comprise the same 
material or a different material from the substrate. For 
example, the substrate and sideWalls can both comprise 
ceramic or they can both comprise polymer. The photopoly 
meriZable composition or dome lens can be formed directly 
on, and in contact With, the LED die or the photopolymeriZ 
able composition or dome lens can be formed on the surface 
of another encapsulant that is in contact With and encapsulat 
ing LED die. The method includes dispensing one or more 
droplets of a photopolymeriZable composition to form a pho 
topolymeriZable dome over an LED die Which may or may 
not be encapsulated. Actinic radiation having a Wavelength of 
700 nm or less can thenbe used to at least partially polymeriZe 
the photopolymeriZable composition or dome lens such that 
the photopolymeriZable composition has reached its’ gel 
point and no longer ?oWs (the shape of the dome lens is set). 
[0026] The design and shape of the substrate and/or the 
optional sideWalls may determine the optimal geometry of the 
dome lens and positioning of the LED die relative to the 
output surface of the dome lens. In general, these factors are 
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optimized to achieve the maximum increase in e?iciency for 
the LED device. For some cases though the increase may be 
less than the maximum, for example When a dome lens is used 
to change the emission distribution of the LED device, for 
example When making a collimating LED device. In general, 
to achieve near maximum e?iciency, it is desirable for the 
LED die to be roughly at, or near, the center of the radius of 
curvature of the output surface of the dome lens so that 
signi?cant increases in LED e?iciency can be obtained. 
[0027] FIGS. 3a and 3b shoW schematic diagrams of tWo 
exemplary LED devices that can be formed using the method 
described herein. In FIG. 3a, LED device 300 comprises LED 
die 310 and Wire bond 320 disposed in a re?ector cup formed 
by sideWalls 330 and substrate 355. Dome lens 340 encapsu 
lates the LED die and has a convex outer surface or output 
surface 350. The diameter of the dome lens (the Widest part of 
the lens, typically the base of the lens) is about the same as the 
diameter of the opening of the re?ector cup. In FIG. 3b, LED 
device 360 comprises LED die 310 and Wire bond 320 dis 
posed in a re?ector cup formed by sideWalls 330 and substrate 
355. Dome lens 370 encapsulates the LED die and has a 
convex outer surface or output surface 380. In this case, the 
diameter of the dome is about the same as the diameter of the 
re?ector cup, including not just the opening, but also the outer 
perimeter of the cup. 
[0028] Both of these lens types can be made using the 
method described herein by proper modi?cation of the rheo 
logical properties of the photopolymeriZable composition 
and or modi?cation of the process variables such as the inten 
sity of light used for polymerizing the composition. The 
choice of lens shape and diameter of the lens, as described in 
FIGS. 3a and 3b may be dependant on the design of LED 
device. It may be necessary to take into account the depth of 
the re?ecting cup in Which the LED die is mounted and/ or the 
angle and shape of the sideWalls of the re?ecting cup. When 
the LED die is mounted in a re?ecting cup it may be desirable 
to place the LED roughly at the center of the radius of curva 
ture of output surface of the dome lens. This generally results 
in signi?cant increases in LED ef?ciency. 
[0029] FIG. 3c shows an LED device With a dome lens. 
Widths a and b are shoWn in the ?gure. The Width of the 
opening at the top of the re?ecting cup is de?ned as a and the 
Width of the dome lens Where it meets the top surface of the 
re?ecting cup, is de?ned as b. In general, the ratio of the 
Widths of b/ a is greater than or equal to 1.0, greater than 1.2, 
greater than 1.5, or even greater than 2.0. For certain LED 
devices, making the Width of the dome lens Where it meets the 
top surface of the re?ecting cup signi?cantly larger than the 
Width of the opening at the top of the re?ecting cup may help 
to increase the e?iciency of the LED device by minimiZing 
Fresnel re?ections at the output surface of the dome lens. 
[0030] FIG. 4 shoWs a schematic diagram of another exem 
plary LED device that can be formed using the method 
described herein. In FIG. 4, LED device 400 comprises LED 
die 410 and Wire bond 420 disposed on a substrate 430 With 
electrodes. Dome lens 440 encapsulates the LED die and has 
a convex outer surface 450. The diameter of the dome lens can 
be varied by changing the relative dimensions, shape and 
material of the substrate 430. For example, if the shape of the 
substrate is a square, the shape of the base of the dome lens 
may correspond to the shape of the substrate as shoWn later in 
FIG. 11a and 11b. The height of the dome may depend on the 
rheological properties of the photopolymeriZable composi 
tion used to make the dome lens as Well as the relative dimen 
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sions, shape, and composition of the material of substrate 
430. For an LED die mounted on a substrate having no side 
Walls the most bene?cial lens is one that in cross section has 
a hemispherical or near hemispherical shape, Which places 
the LED die at or near the center of the radius of curvature of 
the surface of the lens. 

[0031] Any photopolymeriZable composition may be used 
for the method disclosed herein as long as it provides the 
folloWing needs. For one, the photopolymeriZable composi 
tion is dispensible using a suitable dispensing device, such as 
any of those described beloW. The photopolymeriZable com 
position also has properties that alloW it to form a dome lens 
having a desired shape and geometry, and the dome lens can 
retain this shape for a time long enough to at least partially 
cure or polymeriZe the photopolymeriZable composition. The 
photopolymeriZable composition When polymeriZed needs to 
form a polymer With certain bene?cial characteristics. For 
example, the polymer may need to be soft enough such that 
stress on the die and Wire bond(s) is minimiZed during ther 
mal cycling of the device When in use. Also, the polymer may 
need to be thermally and photochemically stable enough so 
that it exhibits little or no yelloWing over time. 

[0032] Desirable properties of the photopolymeriZable 
composition include relatively loW viscosity, such that it can 
be easily and quickly dispensed. Another desirable property 
of the photopolymeriZable composition is that it has the abil 
ity to form and hold a dome shape for a period of time that is 
preferably greater than 30 seconds, more preferably greater 
than 1 minute and even more preferably greater than 5 min 
utes. It is also desirable that the photopolymeriZable compo 
sition polymeriZe quickly When irradiated With actinic radia 
tion so that the photopolymeriZable composition reaches its’ 
gel point and can set or lock in the dome lens shape that Was 
formed on dispensing. The photopolymeriZable composition 
can have a viscosity of from about 100 to about 15000 cP at 25 
degrees Celsius. The polymeriZable composition may be 
thixotropic or shear thinning, but for most cases, it is pre 
ferred that the photopolymeriZable composition be a near 
NeWtonion ?uid to increase the speed of dispensing for 
improved manufacturing productivity. Preferably the viscos 
ity is less than about 10,000 cP at 25 degrees Celsius, more 
preferably the viscosity is less than about 5,000 cP at 25 
degrees Celsius. The time needed to polymeriZe the photo 
polymeriZable composition to a gel under the in?uence of 
actinic radiation is preferably less than 5 minutes, more pref 
erably less than 2 minutes, even more preferably less than 1 
minute, and most preferably from 1-10 seconds. In some 
embodiments, it may be desirable that the time needed to 
polymeriZe the photopolymeriZable dome lens to its’ gel 
point is shorter than the time that it takes for the dome lens to 
?oW over the edges of the substrate or in the case Where the 
substrate has sideWalls over the edge at the top of the side 
Walls. 

[0033] In one preferred embodiment, the photopolymeriZ 
able composition comprises a metal-containing catalyst and a 
silicon-containing resin comprising silicon-bonded hydrogen 
and aliphatic unsaturation. Such photopolymeriZable compo 
sitions are described in Us. Pat. No. 7,192,795 (Boardman et 
al.), U.S. Pat. Appl. Nos. 2006/0105481 A1 (Boardman et al.), 
2007/0092736 A1 (Boardman et al.), and 2007/0092737 A1 
(Boardman et al.), and Us. Ser. No. 11/741,808 (Thompson 
et al.). The silicon-containing resin can comprise an organo si 
loxane (i.e., silicones) Which includes organopolysiloxanes 
and are polymerized by metal-catalyZed hydrosilylation reac 
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tions between groups incorporating aliphatic unsaturation 
and silicon-bonded hydrogen, Which are bonded to the orga 
nosiloxane components. The silicon-containing resin can 
include monomers, oligomers, polymers, or mixtures thereof. 
It includes silicon-bonded hydrogen and aliphatic unsatura 
tion, Which alloWs for hydrosilylation (i.e., the addition of a 
silicon-bonded hydrogen across a carbon-carbon double 
bond or triple bond). The silicon-bonded hydrogen and the 
aliphatic unsaturation may or may not be present in the same 
molecule. Furthermore, the aliphatic unsaturation may or 
may not be directly bonded to silicon. 

[0034] Preferred silicon-containing resins are those that 
can provide a polymerized dome lens Which can be in the 
form of an elastomer, or non-elastic solid, and is thermally 
and photochemically stable. For UV light, silicon-containing 
resins having refractive indices of at least 1.34 are preferred. 
For some embodiments, silicon-containing resins having 
refractive indices of at least 1.50 may be preferred. 

[0035] Preferred silicon-containing resins are selected such 
that they provide an encapsulant and polymerized dome lens 
that is photostable and thermally stable. Herein, photostable 
refers to a material that does not chemically degrade upon 
prolonged exposure to actinic radiation, particularly With 
respect to the formation of colored or light absorbing degra 
dation products. Herein, thermally stable refers to a material 
that does not chemically degrade upon prolonged exposure to 
heat, particularly With respect to the formation of colored or 
light absorbing degradation products. In addition, preferred 
silicon-containing resins are those that possess relatively 
short polymerization times (e.g., seconds to less than 30 
minutes) in order to accelerate manufacturing times and 
reduce overall LED cost. 

[0036] Examples of suitable silicon-containing resins are 
disclosed, for example, in US. Pat. Nos. 6,376,569 (Oxman 
et al.), 4,916,169 (Boardman et al.), 6,046,250 (Boardman et 
al.), 5,145,886 (Oxman et al.), 6,150,546 (Butts), and in US. 
Pat. Appl. No. 2004/01 16640 (Miyoshi). A preferred silicon 
containing resin comprises an organosiloxane (i.e., silicones) 
Which includes organopolysiloxanes. Such resins typically 
include at least tWo components, one having silicon-bonded 
hydrogen and one having aliphatic unsaturation. HoWever, 
both silicon-bonded hydrogen and ole?nic unsaturation may 
exist Within the same molecule. 

[0037] In one embodiment, the silicon-containing resin can 
include a silicone component having at least tWo sites of 
aliphatic unsaturation (e.g., alkenyl or alkynyl groups) 
bonded to silicon atoms in a molecule and an organohydro 
gensilane and/or organohydrogenpolysiloxane component 
having at least tWo hydrogen atoms bonded to silicon atoms in 
a molecule. Preferably, a silicon-containing resin includes 
both components, With the silicone containing aliphatic 
unsaturation as the base polymer (i.e., the major organosilox 
ane component in the composition.) Preferred silicon-con 
taining resins are organopolysiloxanes. Such resins typically 
comprise at least tWo components, at least one of Which 
contains aliphatic unsaturation and at least one of Which 
contains silicon-bonded hydrogen. Such organopolysilox 
anes are knoWn in the art and are disclosed in such patents as 

US. Pat. No. 3,159,662 (Ashby), US. Pat. No. 3,220,972 
(Lamoreauz), US. Pat. No. 3,410,886 (Joy), US. Pat. No. 
4,609,574 (Keryk), US. Pat. No. 5,145,886 (Oxman, et. al), 
and US. Pat. No. 4,916,169 (Boardman et. al). Curable one 
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component organopolysiloxane resins are possible if the 
single resin component contains both aliphatic unsaturation 
and silicon-bonded hydrogen. 
[0038] Organopolysiloxanes that contain aliphatic unsat 
uration are preferably linear, cyclic, or branched organopol 
ysiloxanes comprising units of the formula R1aR2bSiO(4_a_ 
b)/2 wherein: R1 is a monovalent, straight-chained, branched 
or cyclic, unsubstituted or substituted hydrocarbon group that 
is free of aliphatic unsaturation and has from 1 to 18 carbon 
atoms; R2 is a monovalent hydrocarbon group having ali 
phatic unsaturation and from 2 to 10 carbon atoms; a is 0, 1, 
2, or 3; b is 0, 1, 2, or 3; and the sum a+b is 0, 1, 2, or 3; With 
the proviso that there is on average at least 1 R2 present per 
molecule. In one embodiment, at least 90 mole percent of the 
R1 groups are methyl. 

[0039] Organopolysiloxanes that contain aliphatic unsat 
uration preferably have an average viscosity of at least 5 
mPa-s at 250 C. 

[0040] Examples of suitable Rl groups are alkyl groups 
such as methyl, ethyl, n-propyl, iso-propyl, n-butyl, iso-butyl, 
tert-butyl, n-pentyl, iso-pentyl, neo-pentyl, tert-pentyl, cyclo 
pentyl, n-hexyl, cyclohexyl, n-octyl, 2,2,4-trimethylpentyl, 
n-decyl, n-dodecyl, and n-octadecyl; aromatic groups such as 
phenyl or naphthyl; alkaryl groups such as 4-tolyl; aralkyl 
groups such as benzyl, 1-phenylethyl, and 2-phenylethyl; and 
substituted alkyl groups such as 3,3,3-tri?uoro-n-propyl, 1,1, 
2,2-tetrahydroper?uoro-n-hexyl, and 3-chloro-n-propyl. 
[0041] Examples of suitable R2 groups are alkenyl groups 
such as vinyl, 5-hexenyl, 1-propenyl, allyl, 3-butenyl, 4-pen 
tenyl, 7-octenyl, and 9-decenyl; and alkynyl groups such as 
ethynyl, propargyl and 1-propynyl. In the present invention, 
groups having aliphatic carbon-carbon multiple bonds 
include groups having cycloaliphatic carbon-carbon multiple 
bonds. 

[0042] Organopolysiloxanes that contain silicon-bonded 
hydrogen are preferably linear, cyclic or branched organop 
olysiloxanes comprising units of the formula RlaHcSiO(4_a_ 
c)/2 wherein: R1 is as de?ned above; a is 0, 1, 2, or 3; c is 0, 1, 
or 2; and the sum of a+c is 0, 1, 2, or 3; With the proviso that 
there is on average at least 1 silicon-bonded hydrogen atom 
present per molecule. In one embodiment, at least 90 mole 
percent of the R1 groups are methyl. 
[0043] Organopolysiloxanes that contain silicon-bonded 
hydrogen preferably have an average viscosity of at least 5 
mPa-s at 250 C. 

[0044] Organopolysiloxanes that contain both aliphatic 
unsaturation and silicon-bonded hydrogen preferably com 
prise units of both formulae R1aR2bSiO(4_a_b)/2 and RlaHcSiO 
(4_a_c)/2. In these formulae, R1, R2, a, b, and c are as de?ned 
above, With the proviso that there is an average of at least 1 
group containing aliphatic unsaturation and 1 silicon-bonded 
hydrogen atom per molecule. 
[0045] The molar ratio of silicon-bonded hydrogen atoms 
to aliphatic unsaturation in the silicon-containing resin (par 
ticularly the organopolysiloxane resin) may range from 0.5 to 
10.0 mol/mol, preferably from 0.8 to 4.0 mol/mol, and more 
preferably from 1.0 to 3.0 mol/mol. 

[0046] For some embodiments, organopolysiloxane resins 
described above Wherein a signi?cant fraction of the R1 
groups are phenyl or other aryl, aralkyl, or alkaryl are pre 
ferred, because the incorporation of these groups provides 
materials having higher refractive indices than materials 














