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(57) ABSTRACT 

UV reflectors incorporated in UV LED-based light sources 
reduce the amount of UV radiation emission into the Sur 
roundings and increase the efficiency of Such light Sources. 
UV reflectors are made of nanometer-sized particles having 
a mean particle diameter less than about one-tenth of the 
wavelength of the UV light emitted by the UV LED, 
dispersed in a molding or casting material Surrounding the 
LED. Other UV reflectors are series of layers of materials 
having alternating high and low refractive indices, each 
layer has a physical thickness of one quarter of the wave 
length divided by the refractive index of the material. 
Nanometer-sized textures formed on a Surface of the mul 
tilayered reflector further reduce the emission of UV radia 
tion into the surroundings. UV LED-based light sources 
include Such a multilayered reflector disposed on an encap 
Sulating Structure of a transparent material around a UV 
LED, particles of a UV-excitable phosphor dispersed in the 
transparent material. Alternatively, the transparent material 
also includes nanometer-sized particles of a UV-radiation 
Scattering material. 
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UV REFLECTORS AND UV-BASED LIGHT 
SOURCES HAVING REDUCED UV RADATION 
LEAKAGE INCORPORATING THE SAME 

BACKGROUND OF THE INVENTION 

0001) The present invention relates to ultraviolet (“UV”) 
reflectors and UV-based light Sources incorporating the 
Same. More particularly, the present invention relates to 
visible light sources that are based on semiconductor UV 
light-emitting devices and have reduced UV emission to the 
Surroundings. 
0002 Semiconductor light-emitting diodes and laser 
diodes (hereinafter collectively called “LEDs”) have gained 
importance as light Sources in many applications because of 
their low power consumption with relatively good lumines 
cence efficiency and of recent advances in manufacturing 
technology of GaN-based Semiconductor devices. Light 
Sources have been disclosed in which radiation or light from 
UV light- or blue light-emitting LEDs is converted to light 
having generally longer wavelengths, particularly in the 
Visible range. In the present invention disclosure, the terms 
“radiation' and “light” are used interchangeably to mean 
electromagnetic radiation having wavelengths in the range 
from UV to infrared; i.e., from about 100 nm to about 1 mm. 
0003. One common method for generating visible light 
from LEDS is to dispose a phosphor composition adjacent to 
the LED to convert radiation emitted by the LED to visible 
light. LED-based lighting devices that use phosphors in a 
dispersed layer around the LED for light conversion often 
suffer from the undesirable halo effect and the penumbra 
effect. The halo effect occurs because of the poor mixing of 
light emitted by the phosphor and that by the LED. The LED 
generally emits light of one wavelength range, i.e., of one 
color, in a directional, anisotropic fashion. However, the 
dispersed phosphor emits light of another wavelength range; 
i.e., of a different color, isotropically (i.e., in all directions). 
Therefore, the light output from the System appears to have 
different colors when it is viewed at different angles. When 
light from Such a light Source is directed onto a flat Surface, 
it appears as a halo of one color Surrounding another color. 
The penumbra effect is similar to the halo effect, except that 
the halo effect is an effect of poor color mixing, while the 
penumbra effect is an effect of non-uniform light intensity. 
The penumbra effect causes the LED-based light source to 
appear brighter at the center than at the edges. AS noted 
above, the LED emission is directional, while the phosphor 
emission is isotropic. Therefore, the Overall light emitted by 
the LED-based light Source appears brighter at the center 
because the LED chip emission intensity is greatest in this 
region. In order to remedy these problems, particles of a 
color diffuser can be added into the phosphor layer to mix 
the colors emitted by the LED and the phosphor. For 
example, U.S. Pat. No. 6,066,861 briefly discloses the use of 
CaF2 as a diffuser for “optimizing the luminous pattern of 
the component.” Similarly, U.S. Pat. No. 6,069,440 men 
tions the use of a “disperSant', Such as barium titanate, 
titanium oxide, aluminum oxide, and Silicon dioxide; 
together with the phosphor for “blending colors.” However, 
these patents do not disclose or Suggest that dispersants are 
used in these or Similar devices for any benefits other than 
color mixing or blending or what the desired characteristics 
of these dispersants are. 
0004 UV light-emitting LEDs are particularly preferred 
in applications in which Visible light is extracted because the 
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color of the light emitted by UV LED-based lamps is 
controlled largely by the phosphor blend since the UV LED 
chip does not contribute significantly to the visible light 
emission. As used herein, the term “UV LEDs' means LEDs 
that emit UV radiation having wavelengths less than or equal 
to about 420 nm. However, as the wavelengths of radiation 
emitted by the LED becomes shorter, and the radiation, thus, 
becomes more energetic, there is an increasing need to 
ensure that UV radiation preferably does not escape Sub 
Stantially from the lighting device into the Surrounding 
environment. 

0005 U.S. Pat. Nos. 5,813,752 and 5,813,753 disclose a 
UV/blue LED-phosphor device that emits visible light. In 
U.S. Pat. No. 5,813,752 the UV/blue LED is disposed on a 
Sapphire Substrate and a phosphor layer is applied directly 
on the UV/blue LED. A long-wave pass (“LWP") filter 
preferably composed of a multilayer dielectric Stack of 
alternating materials having high and low refractive indices 
is disposed directly on the phosphor layer. In U.S. Pat. No. 
5,813,753 the UV/blue LED is disposed in a cup. In both 
patents, the UV/blue LED emits radiation in the UV-to-blue 
wavelength range. The cup is filled with an epoxy having a 
UV/blue-excitable phosphor dispersed therein that converts 
part of the UV/blue radiation to visible light. A LWP filter, 
preferably composed of alternating layers of dielectric mate 
rials having high and low refractive indices, is disposed on 
top of the phosphor layer. The LWP filter is believed to 
reflect UV/blue light back to the phosphor and to transmit 
visible light emitted by the phosphor. However, these patents 
do not teach the Selection of the materials having high and 
low refractive indices, the design, or the construction of the 
multilayer LWP filter to achieve these goals. Material selec 
tion is among the critical considerations for the Success of 
Such a filter in a device of this nature because the effective 
neSS of the filter in reflecting UV radiation depends, among 
other things, on the refractive index of the layer disposed 
adjacent to the epoxy layer relative to the refractive index of 
the epoxy. 
0006 Therefore, there still is a need to provide improved 
UV-radiation reducing filters and improved UV LED-based 
lighting devices that allow only a minimum amount of UV 
radiation leakage to the Surrounding environment. In addi 
tion, it is also very desirable to provide a light Source that has 
uniform color and light intensity and at the same time low 
UV radiation leakage. 

SUMMARY OF INVENTION 

0007. The present invention provides UV reflectors com 
prising materials that Scatter or reflect UV radiation having 
wavelengths less than or equal to about 420 nm So that its 
transmission in the forward direction is reduced compared to 
the transmission of light having other wavelengths, espe 
cially light having wavelengths in the visible Spectrum. 
Generally, a UV reflector of the present invention is made of 
a composite material of at least two materials having dif 
ferent refractive indices. In a first embodiment, the UV 
reflector is a composite Structure of a first material in a 
particulate form Substantially dispersed in a Second Solid 
material that is Substantially transparent with respect to light 
of the visible spectrum. In a second embodiment, the UV 
reflector is a layered Structure of materials having at least 
two different refractive indices. The refractive index of a 
first material is less than or equal to and that of a Second 
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material is greater than the refractive index of the medium 
through which light travels before impinging on the UV 
reflector. 

0008. The present invention also provides UV-based light 
Sources having a uniform color and light intensity and 
reduced UV radiation leakage. The UV-based light source 
comprises a LED emitting UV radiation, a shaped structure 
that comprises a molding or casting material covering the 
LED, particles of at least one phosphor that is excitable by 
the UV radiation emitted by the LED and particles of at least 
one UV-radiation Scattering material dispersed Substantially 
uniformly in at least a portion of the molding or casting 
material. The particles of the phosphor composition and the 
Scattering material are disposed in the vicinity of the LED. 
The molding or casting material may be a glass or a 
polymeric material that is Substantially transparent after 
curing. AS used herein, a Substantially transparent material is 
defined as one that transmits greater than 80% of incident 
light having a wavelength of 555 nm at an incident angle of 
less than 10 degrees. 
0009. In another aspect of the present invention, the 
UV-radiation Scattering material has a refractive indeX Sub 
Stantially different from that of the molding or casting 
material. The refractive index or index of refraction of a 
material, as referred to herein, is that measured for light 
having the wavelength of 555 nm. 
0010. In another aspect of the present invention, the 
UV-radiation Scattering material is a dielectric material of 
which greater than 95% of a representative population of 
particles has particle diameters less than about half of the 
maximum wavelength of UV radiation in the molding or 
casting material and which has a mean particle diameter leSS 
than about one-tenth of the same wavelength. The diameter 
of a particle having irregular shape is defined herein as the 
diameter of a sphere equaling the largest dimension of the 
particle. The mean particle diameter is the average particle 
diameter of a representative Sample of the particles. 
0011. In another aspect of the invention, the UV-based 
light Source further comprises a UV reflector that comprises 
a plurality of layers of materials having at least alternating 
first and Second refractive indices and that is disposed on the 
shaped Structure of a molding or casting material. The first 
refractive indeX is greater than about 1.5, and the Second 
refractive index is less than about 2. Each of the layers has 
a thickness of one-quarter or an even multiple of one-quarter 
of the wavelength of the radiation to be transmitted. 
0012. In still another aspect of the present invention, the 
surface of the UV reflector adjacent to the molding or 
casting material has a plurality of protrusions that have a 
typical dimension of much less than the wavelength of UV 
radiation in the molding material. 
0013. Other features and advantages of the present inven 
tion will be apparent from a perusal of the following detailed 
description of the invention and the accompanying drawings 
in which the same numerals refer to like elements. 

BRIEF DESCRIPTION OF DRAWINGS 

0.014 FIG. 1 schematically shows the first embodiment 
of the present invention wherein the UV reflector comprises 
a plurality of UV-radiation Scattering material dispersed 
among particles of a phosphor. 
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0015 FIG. 2 schematically shows the second embodi 
ment of the present invention wherein the UV reflector is a 
layer of a UV-radiation Scattering material applied over a 
layer of phosphor. 

0016 FIG.3 shows the relative reflectance of 4 nm sized 
colloidal Silica with respect to wavelength. 
0017 FIG. 4 schematically shows a UV LED-based light 
Source of the present invention with a UV reflector com 
prising a layer of UV-radiation Scattering material disposed 
on another layer that comprises both phosphor and Scattering 
material. 

0018 FIG. 5 schematically shows a UV LED-based light 
Source of the present invention including a multilayer UV 
reflector. 

0019 FIG. 6 shows details of the multilayer UV reflector 
of FIG 5. 

0020 FIG. 7 schematically shows a multilayer UV 
reflector having protrusions used in a UV LED-based light 
Source of the present invention. 

DETAILED DESCRIPTION 

0021 Visible light sources based on UV LEDs typically 
comprise a phosphor composition disposed adjacent to a 
LED to convert the UV radiation to visible light. The 
phosphors used in the present invention absorb UV radiation 
energy and reemit light having longer wavelengths, typically 
in the visible spectrum. The combination of the UV LED and 
the phosphor is typically enclosed in a Substantially trans 
parent shaped structure of a molding or casting material, 
Such as glass, epoxy, Silicone, or urea formaldehyde ther 
moset resin. Alternatively, the phosphor particles are often 
dispersed in the molding or casting material to provide a 
better dispersion of light. Typically, the amount of phosphor 
particles used is Small. Therefore, there is a considerable 
probability for UV light to escape from the light source 
without being absorbed and converted by the phosphor 
particles. This unconverted UV radiation not only lowers the 
light output of the light Source but also presents a Safety 
concern. Moreover, UV radiation often has adverse effect on 
the long-term integrity of polymeric molding or casting 
materials because UV radiation often degrades polymeric 
materials. Therefore, it is very desirable to reduce the 
amount of unconverted UV radiation traversing the poly 
meric material. The present invention provides light Sources 
based on UV LEDs that have increased utilization of UV 
radiation and reduced UV radiation leakage into the Sur 
roundings by increasing the opportunity for UV radiation to 
Scatter within the polymeric material and/or to reflect at the 
Viewing boundary of the light Source. 
0022 FIG. 1 shows the first embodiment of the present 
invention, a light source 10 based on a UV LED comprises 
a UV LED 20 located on a reflective surface 24, particles 26 
of a phosphor composition disposed in the vicinity of the UV 
LED 20 to convert UV radiation emitted by the LED 20 into 
Visible light, particles 28 of a Scattering material disposed 
among the particles 26 of the phosphor to Scatter any UV 
radiation that is not absorbed initially by the phosphor so to 
give it further opportunity to be absorbed by the phosphor 
particles 26. The UV LED 20 emits UV radiation having 
wavelengths in the range from about 100 nm to about 420 
nm, preferably from about 200 nm to about 420 nm, more 
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preferably from about 300 nm to about 420 nm. The particles 
26 of the phosphor composition and the particles 28 of the 
Scattering material may be dispersed together in a molding 
or casting material 22 and an encapsulating structure 30 of 
the composite of molding material, phosphor, and Scattering 
material is formed over the LED to provide a protective 
Structure thereto. In addition, a lens 32 made of a transparent 
material may be formed around the structure 30 to provide 
further protection. The material of the lens 32 may be the 
Same as the molding or casting material of the encapsulating 
structure 30. In FIG. 1, the reflective Surface 24 is shown as 
a flat surface, but the UV LED 20 may also be located in a 
cup having a reflective surface. Alternatively, FIG. 2 shows 
a second embodiment of the present invention, a layer 40 of 
phosphor material may be applied to the surface of the UV 
LED 20 from which UV radiation is to emit. A layer 42 of 
Scattering material is applied on top of the phosphor layer 
40. Each of the phosphor and scattering layers 40 and 42 
may comprise a mixture of the molding or casting material 
and the phosphor or Scattering material. The phosphor layer 
40 may also contain particles of a Scattering material. Then, 
the LED 20 with the phosphor and scattering layers 40 and 
42 is Sealed inside an encapsulating Structure 50 of the 
molding or casting material. Alternatively, the encapsulating 
structure 50 may be molded or cast separately and then 
attached to the LED 20 on which the phosphor and scattering 
layerS 40 and 42 have been applied. In either configuration, 
any UV radiation that is not absorbed by the phosphor 
material is Scattered by the Scattering particles and is 
reflected back to the phosphor material for further absorp 
tion and conversion to visible light. Thus, the amount of UV 
radiation leakage to the Surroundings is significantly 
reduced. In addition, because a larger fraction of the UV 
radiation is eventually converted to visible light, the light 
output of the light Source is higher than otherwise possible, 
and Since the UV light undergoes multiple Scattering events, 
the visible light output is more uniformly distributed. 
0023 FIG. 3 shows the relative reflectance of 4 nm 
colloidal Silica particles (refractive index of about 1.4) in 
water (refractive index of about 1.3). Particles having a 
characteristic dimension less than about one-tenth of the 
light wavelength fall within the region in which the Raleigh 
Scattering theory applies. In this region, for non-absorbing 
particles, Scattering is the dominant mechanism. 
0024. The intensity of scattered light in this case varies as 
..", where 2 is the wavelength of light. See; for example, 
Richard Tilley, “Colour And the Optical Properties of Mate 
rials,” John Wiley & Sons Ltd., pp. 110-113 (2000). In other 
words, when the Scattering material is non-absorbing and the 
particles have a characteristic dimension, Such as diameter, 
less than one-tenth of an average wavelength, light of shorter 
wavelengths is Scattered more efficiently than light of longer 
wavelengths. Therefore, it is preferable to use Scattering 
particles of dielectric materials having a mean particle 
diameter of less than about 40 nm to Scatter UV radiation. 

0.025. It is well known that for Raleigh scattering, the 
intensity of scattered light is proportional to (m)/(m^+2) 
f, where m is the ratio of the refractive index of the particle 
n, and that of the medium n, or n/n, See; for example, 
Richard Tilley, “Colour And the Optical Properties of Mate 
rials,” John Wiley & Sons Ltd., pp. 110-113 (2000). There 
fore, the intensity of Scattered light increases as the ratio m 
increasingly deviates from 1. Most materials Suitable for use 
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as molding or casting materials have refractive indices of 
about 1.5. Many crystalline Solids, including phosphors, 
have refractive indices Substantially higher than 1.5 and are 
Suitable as Scattering materials. A few Solid halides have 
refractive indices less than 1.5. Examples of Suitable Scat 
tering materials for the present invention along with their 
refractive indices are shown in Table 1 below. Values for 
refractive indices of Some materials may be found in, for 
example, Ronald W. Waynant and Marwood N. Ediger (Ed.), 
“Electro-Optics Handbook,” McGraw-Hill, Inc., pp. 1.13 
11.38 (2000); Eugene Hecht, “Optics.” Addison Wesley 
Longman, pp. 72-73 and 94 (1998); Warren J. Smith, 
“Modern Optical Engineering,” McGraw-Hill, Inc., pp. 189 
201. Other materials that have refractive indices greater than 
about 1.7 or less than about 1.4 are also preferred. 

TABLE 1. 

Approximate Refractive Index 
Material in the UV-Visible Range 

Lead selbutide 5.7 
Lead selmolar 4.2 
Lead sulfide 4.1 
German himl 4.0 
Gallium phosphide 3.5 
Silicon 3.4 
Iodium analide 3.4 
Gallium anamide 3.3 
Aluminum arsentide 2.9 
Rtitle (TiO) 2.9 
Boron phosphide 2.8 
Cadmium sulfide 2.7 
Calcium tolluride 2.7 
Zinc tellhide 2.3 
Thallium bromoiodide 2.6 
Calcite (CaCO) 2.6 
Silicon carbide 2.6 
Cadmium haptesium sulfide 2.6 
Stroplurea dispate (SrTiO) 2.5 
Thallium chlorophosphate 2.4 
Diamcien 2.4 
Fabillite (SrTiO.) 2.4 
Zinc Zelenide 2.4 
Cadmium selenide 2.4 
Gallium nitride 2.4 
Aluminum nitride 2.2 
Lithleum niobate 2.2 
Potassium niobate 2.2 
Tatfalum pentotide 2.2 
Geramium oxide 2.2 
Silver chloride 2.2 
Halalium oxide 2.1 
Liblumiolate .9 
Zircon (ZrO2SiOH) .9 
Yitrium oxide .9 
Silicon monoxide .9 
Sapphire (single crystal Al2O3) 8 
Celium oxide 8 
Lanthroium fibot glass 8 
Cesium bromide 7 
Sodium iodide 7 
Magnesium oxide 7 
Desine first gists 7 
Lanhanum rilloxide .6 
Silica (SiO2) 1.4-1.5 
Lithium fluoride .4 
Magnesium fluoride .4 
Potassium fluoride .4 
Sodium fluoride 3 

0026. In another embodiment of the present invention as 
shown in FIG. 4, the light source of FIG. 1 further includes 
a layer 60 of at least one Scattering material disposed on the 
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encapsulating Structure 30. The Scattering layer 60 may 
comprise the same or different Scattering material than that 
dispersed in the encapsulating Structure 30. Furthermore the 
Scattering material of layer 60 may be dispersed in the same 
material as or different material than the molding or casting 
material of the encapsulating Structure 30, as long as it does 
not substantially affect the visible light transmission. The 
scattering layer 60 further scatters any unabsorbed UV 
radiation that may escape conversion to visible light in the 
encapsulating structure back to the phosphor material, 
resulting in further reduction of UV radiation leakage. 
0027. In another embodiment of the present invention, 
the Scattering layer is a layer of a molding or casting material 
in which air bubbles of nanometer sizes are formed. The low 
refractive index of air (about 1) relative to that of the 
molding or casting material promotes an effective reflection 
of light at the interface between the air bubbles and the 
Surrounding molding or casting material. 
0028. In still another embodiment of the present inven 
tion, the UV reflector is a multilayer distributed Bragg 
reflector (“DBR') 70 that is disposed opposite the LED and 
away from the phosphor layer in the viewing direction. For 
example, FIG. 5 shows a DBR 70 disposed on the encap 
Sulating Structure 30, which comprises particles 26 of a 
phosphor and particles 28 of at least a Scattering material 
dispersed in a molding or casting material 22. The DBR 70 
is a Stack or a Series of an odd number of alternating layers 
72 and 74 of materials having high and low refractive 
indices. FIG. 6 shows the DBR 70 in more details. High 
refractive index materials are those having refractive indices 
greater than about 1.5, preferably greater than about 1.7, 
more preferably greater than about 2, and most preferably 
greater than about 2.3. Low-refractive indeX materials are 
those having refractive indices less than about 2, preferably 
less than about 1.5, more preferably less than about 1.4, and 
most preferably less than about 1.3. Materials enumerated 
above in Table 1 are suitable for the manufacturing of DBRS. 
Dielectric and non-absorbing materials are preferred. It is 
well known that the combined reflection of light from two 
Surfaces of a thin film is minimum when the optical thick 
neSS of the thin film is equal to one-quarter or an even 
multiple of one-quarter of the wavelength of the incident 
light. The optical thickness is the product of the physical 
thickness t of the film and the refractive index n of the 
material of the film measured at the wavelength of the 
transmitted light. In the Simplest case, the optical thickneSS 
is one quarter of the wavelength of the incident light. It is 
commonly referred to as a quarter-wave layer. Each of the 
layers of the DBR 70 preferably has one quarter-wave 
optical thickness for visible light, for example one-quarter of 
the light wavelength of 555 nm. Such a film allows a 
minimum reflection of light most Sensitive to the human 
eyes but more reflection of light having other wavelengths, 
especially UV light. Therefore, a DBR having multiple 
quarter-wave layers of appropriate alternating materials will 
allow more UV radiation to reflect at interfaces between 
pairs of layers. The number of layers of the DBR 70 should 
be optimized for a minimum UV radiation leakage and for 
a maximum visible light transmission. Typically, a DBR 
comprising at least five layers would significantly reduce the 
amount of UV leakage. However, depending on the circum 
stances, a DBR may have fewer than five layers. A DBR 
preferably comprises an odd number of layers. The DBR 
more preferably comprises an odd number of layers greater 

Dec. 5, 2002 

than or equal to 11. However, in Some circumstances, an 
even number of layerS may also be used. For example, if n 
and n denote the high and low refractive index, respec 
tively, the physical thicknesses of the layers of the high and 
low refractive index are preferably:t=(540 nm)/(4 n) to 
(580 nm)/(4 n)and t=(540 nm)/(4 n) to (580 nm)/(4 n.) 
Furthermore, it is well known that as light travels from a first 
medium having a refractive index n1 to an adjacent Second 
medium having a refractive indeX n2, a total reflection 
occurs when the angle of the incident light made with the 
normal to the interface at the point where the incident light 
Strikes the interface exceeds a critical angle 0c that Satisfies 
the equation:Sin 0=(n/n) AS in decreases, the critical angle 
decreases, and, therefore, more light is reflected at the 
interface between the media. Therefore, if the first quarter 
wave layer adjacent to the Surface of the encapsulating 
structure has a refractive index lower than that of the 
molding or casting material, more UV radiation will be 
reflected back toward the layer containing the phosphor 
particles. This layer preferably is made of a material having 
the lowest refractive index among the chosen materials for 
the DBR, such as sodium fluoride. The other layers having 
low refractive indices may comprise the same material or 
different material than that of the first layer. Moreover, more 
than one high- and low-refractive index materials may be 
chosen. 

0029. In another embodiment of the present invention as 
shown in FIG. 7, the surface 100 of the DBR 70 adjacent to 
the encapsulating Structure 30 has a plurality of nanometer 
sized protrusions 110 directed toward the LED 20. The 
protrusions 110 further increase the reflection at the interface 
104 between the DBR 70 and the encapsulating structure 30 
because the incident angle at a particular protrusion 110 may 
be larger than the critical angle, while it may have been 
Smaller than the critical angle without the protrusion. The 
protrusions 110 preferably have a characteristic dimension 
Such as a height or a width that is equal to about a quarter 
of the wavelength of 555 nm. The protrusions preferably 
have conical, pyramidal, or hemispherical shape having a 
height and the largest cross-sectional dimension of the base 
approximately equal to one quarter of the wavelength. 

0030. In one aspect of the present invention, the multi 
layer DBR is formed by depositing alternating layers of low 
and high refractive indices on the encapsulating Structure 
Surrounding the LED. A first layer of a material having a low 
refractive index n in the range from about 1.05 to about 1.4, 
Such as Sodium fluoride, is deposited on the encapsulating 
Structure by physical vapor deposition, chemical vapor 
deposition, or Sputtering to a physical thickness t=0/4 in) 
where 2 is wavelength of light to be transmitted. may be 
chosen to be the wavelength of light most Sensitive to the 
human eyes, i.e., 555 nm. Next, a layer of a material having 
a high refractive index n is deposited on the layer having 
a low refractive index to a physical thickness of t-(2/4 n) 
by physical vapor deposition, chemical vapor deposition, or 
Sputtering. Then, alternating layerS having low and high 
refractive indices are formed Successively on a previously 
formed layer until the desired number of layers is achieved. 
0031. In another aspect of the present invention, inden 
tations having conical, pyramidal, or hemispherical shape 
and having characteristic dimensions of one quarter of the 
wavelength of yellow light are formed into the surface of the 
encapsulating Structure. A first material having a low refrac 
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tive index n in the range from about 1.05 to about 1.4 is 
deposited on the encapsulating Structure by physical depo 
Sition, chemical deposition, or Sputtering to fill the inden 
tations and also to further form a first layer having a physical 
thickness t-(0/4 in) where 2 is the wavelength of the light 
to be transmitted. ) may be chosen to be the wavelength of 
light most sensitive to the human eyes; i.e., 555 nm. Then 
alternating layerS having high and low refractive indices are 
formed successively over this layer as described above. It 
may be advantageous to cover the finished DBR with a thin 
layer of the molding or casting material to protect the DBR. 
0032. Alternatively, the DBR may be formed separately 
and then Subsequently attached to the encapsulating Struc 
ture either after the complete encapsulating Structure has 
been formed or while it is being formed over the LED. For 
example, a portion of the encapsulating Structure may be 
formed first. Then the DBR is fixed on that unfinished 
encapsulating portion. Finally, the encapsulating Structure is 
completed. In this way, the DBR is embedded within the 
encapsulating Structure. 
0.033 While various embodiments are described herein, it 
will be appreciated from the Specification that various com 
binations of elements, variations, equivalents, or improve 
ments therein may be made by those skilled in the art, and 
are still within the scope of the invention as defined in the 
appended claims. 

1. A UV reflector comprising particles of a UV-radiation 
Scattering material dispersed in a Substantially transparent 
material, Said UV-radiation Scattering material having a 
different refractive index than the refractive index of said 
Substantially transparent material, Said refractive indices 
being measured for light having wavelength of 555 nm. 

2. The UV reflector according to claim 1, wherein said 
Scattering material is Selected from the group consisting of 
lead telluride, lead Selenide, lead Sulfide, germanium, gal 
lium phosphide, Silicon, indium arsenide, gallium arsenide, 
aluminum arsenide, rutile, boron phosphide, cadmium Sul 
fide, cadmium telluride, Zinc telluride, thallium bromoio 
dide, calcite, Silicon carbide, cadmium lanthanum Sulfide, 
Strontium titanate, thallium chlorobromide, diamond, fabu 
lite, Zinc Selenide, cadmium Selenide, gallium nitride, alu 
minum nitride, lithium niobate, potassium niobate, germa 
nium oxide, Silver chloride, hafnium oxide, lithium iodate, 
Zircon, yttrium oxide, Silicon monoxide, Sapphire, cesium 
iodide, lanthanum flint glass, cesium bromide, Sodium 
iodide, magnesium iodide, dense flint glass, lanthanum 
trifluoride, Silica, lithium fluoride, magnesium fluoride, 
potassium fluoride, Sodium fluoride, and mixtures thereof. 

3. The UV reflector according to claim 1, wherein said 
refractive index of Said UV-radiation Scattering material is 
less than the refractive index of Said Substantially transpar 
ent material. 

4. The reflector according to claim 3, wherein said UV 
radiation Scattering material is Selected from the group 
consisting of lithium fluoride, magnesium fluoride, potas 
sium fluoride, Sodium fluoride, and mixtures thereof. 

5. The UV reflector according to claim 1, wherein said 
UV-radiation Scattering material is a particulate dielectric 
material of which greater than 95% of the particle popula 
tion has particle diameter less than about half of a maximum 
wavelength of UV radiation in Said Substantially transparent 
material and which has a mean particle diameter less than 
about one-tenth of Said wavelength. 
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6. A UV reflector comprising a plurality of layers of 
materials having at least alternating first and Second refrac 
tive indices, wherein Said first refractive indeX is Smaller 
than Said Second refractive index. 

7. The UV reflector according to claim 6, wherein said 
first refractive index is less than the refractive index of a 
medium through which an incident light travels before 
impinging on Said UV reflector, and Said Second refractive 
indeX is greater than the refractive index of Said medium. 

8. The UV reflector according to claim 6, wherein said 
first refractive index is less than about 2, preferably less than 
1.5, more preferably less than about 1.4, and most preferably 
less than about 1.3. 

9. The UV reflector according to claim 8, wherein said 
material having Said first refractive indeX is Selected from 
the group consisting of lithium iodate, Zircon, Sapphire, 
cesium iodide, lanthanum flint glass, Sodium iodide, mag 
nesium iodide, dense flint glass, Silica, lithium fluoride, 
magnesium fluoride, potassium fluoride, Sodium fluoride, 
and mixtures thereof. 

10. The UV reflector according to claim 6, wherein said 
Second refractive indeX is greater than about 1.5, preferably 
greater than about 1.7, more preferably greater than about 2, 
and most preferably greater than 2.3. 

11. The UV reflector according claim 10, wherein said 
material having Said Second refractive indeX is Selected from 
the group consisting of lead telluride, lead Selenide, lead 
Sulfide, germanium, gallium phosphide, Silicon, indium arS 
enide, gallium arsenide, aluminum arsenide, rutile, boron 
phosphide, cadmium Sulfide, cadmium telluride, Zinc tellu 
ride, thallium bromoiodide, calcite, Silicon carbide, cad 
mium lanthanum Sulfide, Strontium titanate, thallium chlo 
robromide, diamond, fabulite, Zinc Selenide, cadmium 
Selenide, gallium nitride, aluminum nitride, lithium niobate, 
potassium niobate, germanium oxide, Silver chloride, 
hafnium oxide, lithium iodate, Zircon, yttrium oxide, Silicon 
monoxide, Sapphire, cesium iodide, lanthanum flint glass, 
cesium bromide, Sodium iodide, magnesium iodide, dense 
flint glass, and mixture thereof. 

12. The UV reflector according to claim 6, wherein a first 
layer of Said plurality of layers comprises a material having 
Said first refractive index, Said first layer receiving an 
incident light having wavelengths in a UV-to-visible Spec 
trum. 

13. The UV reflector according to claim 12 further com 
prising an additional layer of a material having a third 
refractive indeX less than Said first refractive index, Said 
additional layer being attached to Said first layer to receive 
Said incident light. 

14. The UV reflector according to claim 12, wherein each 
of Said plurality of layerS has a physical thickness in a range 
from about 540 k/(4 n) to about 580 k/(4 n), wherein k is a 
positive integer number Selected from the group consisting 
of 1 and positive even integer numbers and wherein n is a 
refractive index of a material of Said layer measured at light 
wavelength of 555 nm. 

15. The UV reflector according to claim 14, wherein said 
plurality of layers comprises an odd number of layers. 

16. The UV reflector according to claim 15, wherein said 
odd number of layerS is greater than or equal to 5. 

17. The UV reflector according to claim 15, wherein said 
odd number of layerS is preferably greater than or equal to 
11. 
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18. The UV reflector according to claim 12 further com 
prising a plurality of protrusions formed on a Surface of Said 
UV reflector on which an incident light impinges. 

19. The UV reflector according to claim 18, wherein said 
protrusions are made of the same material as Said first layer. 

20. The UV reflector according to claim 19, wherein said 
protrusions have a shape Selected from the group consisting 
of conical, pyramidal, and hemispherical shapes. 

21. The UV reflector according to claim 18, wherein said 
protrusions have a largest dimension in a range from about 
540 k/(4 n) to about 580 k/(4 n), wherein k is a positive 
integer number Selected from the group consisting of 1 and 
positive even integer numbers and wherein n is a refractive 
index of a material of Said protrusions measured at a light 
wavelength of 555 nm. 

22. The UV reflector according to claim 21, wherein said 
largest dimension is a height of Said protrusions. 

23. The UV reflector according to claim 21, wherein said 
largest dimension is a largest croSS-Sectional dimension of a 
base of Said protrusions. 

24. The UV reflector according to claim 13 further com 
prising a plurality of protrusions formed on a Surface of Said 
additional layer on which said incident light impinges. 

25. The UV reflector according to claim 24, wherein said 
protrusions are made of the same material as Said additional 
layer. 

26. The UV reflector according to claim 25, wherein said 
protrusions have a shape Selected from the group consisting 
of conical, pyramidal, and hemispherical shapes. 

27. The UV reflector according to claim 24, wherein said 
protrusions have a largest dimension in a range from about 
540 k/(4 n) to about 580 k/(4 n), wherein k is a positive 
integer Selected from the group consisting of 1 and positive 
even integer numbers and wherein n is a refractive index of 
a material of Said protrusion measured at a light wavelength 
of 555 nm. 

28. The UV reflector according to claim 27, wherein said 
largest dimension is a height of Said protrusions. 

29. The UV reflector according to claim 27, wherein said 
largest dimension is a largest croSS-Sectional dimension of a 
base of Said protrusions. 

30. A light source based on at least one UV LED, said 
light Source comprising: 

a LED emitting UV radiation; 
a shaped Structure that comprises a Substantially trans 

parent molding or casting material, Said shaped Struc 
ture covering Said LED; 

particles of at least one phosphor that is excitable by Said 
UV radiation, Said phosphor disposed to receive Said 
UV radiation and to convert said UV radiation to 
visible light; and 

particles of at least one UV-radiation Scattering material 
disposed among Said particles of Said phosphor; 

wherein Said particles of Said phosphor and Said particles 
of Said Scattering material are dispersed in at least a 
portion of Said molding or casting material and wherein 
Said particles are disposed in a vicinity of Said LED. 

31. The light source based on at least one UV LED 
according to claim 30, wherein Said UV-radiation Scattering 
material has a refractive index different from the refractive 
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index of Said molding or casting material, Said refractive 
indices being measured for light having wavelength of 570 

. 

32. The light source based on at least one UV LED 
according to claim 31, wherein Said Scattering material is 
Selected from the group consisting of lead telluride, lead 
Selenide, lead Sulfide, germanium, gallium phosphide, Sili 
con, indium arsenide, gallium arsenide, aluminum arsenide, 
rutile, boron phosphide, cadmium Sulfide, cadmium tellu 
ride, Zinc telluride, thallium bromoiodide, calcite, Silicon 
carbide, cadmium lanthanum Sulfide, Strontium titanate, 
thallium chlorobromide, diamond, fabulite, Zinc Selenide, 
cadmium Selenide, gallium nitride, aluminum nitride, 
lithium niobate, potassium niobate, germanium oxide, Silver 
chloride, hafnium oxide, lithium iodate, Zircon, yttrium 
oxide, Silicon monoxide, Sapphire, cesium iodide, lantha 
num flint glass, cesium bromide, Sodium iodide, magnesium 
iodide, dense flint glass, lanthanum trifluoride, Silica, 
lithium fluoride, magnesium fluoride, potassium fluoride, 
Sodium fluoride, and mixtures thereof. 

33. The light source based on at least one UV LED 
according to claim 31, wherein Said refractive index of Said 
UV-radiation Scattering material is less than the refractive 
index of Said Substantially transparent molding or casting 
material. 

34. The light source based on at least one UV LED 
according to claim 33, wherein Said UV-radiation Scattering 
material is Selected from the group consisting of lithium 
fluoride, magnesium fluoride, potassium fluoride, Sodium 
fluoride, and mixtures thereof. 

35. The light source based on at least one UV LED 
according to claim 31, wherein Said UV-radiation Scattering 
material is a particulate dielectric material of which greater 
than 95% of the particle population has a particle diameter 
less than about half of a maximum wavelength of UV 
radiation in Said Substantially transparent molding or casting 
material and which has a mean particle diameter less than 
about one-tenth of Said wavelength. 

36. The light source based on at least one UV LED 
according to claim 30 further comprising a additional layer 
that comprises a particulate UV-radiation Scattering material 
dispersed in a Substantially transparent molding or casting 
material, Said additional layer being disposed on Said shaped 
Structure in a direction of a viewer. 

37. A light source based on at least one UV LED, said 
light Source comprising: 

a LED emitting UV radiation; 
a shaped Structure that comprises a Substantially trans 

parent molding or casting material, Said shaped Struc 
ture covering Said LED; 

particles of at least one phosphor that is excitable by Said 
UV radiation, Said phosphor disposed to receive Said 
UV radiation and to convert said UV radiation to 
visible light; and 

a plurality of air bubbles having nanometer sizes, Said air 
bubbles being formed among Said particles of Said 
phosphor in Said Substantially transparent molding or 
casting material; 

wherein Said particles of Said phosphor and Said air 
bubbles are dispersed in at least a portion of Said 
molding or casting material and are disposed in a 
vicinity of said LED. 
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38. A light source based on at least one UV LED, said 
light Source comprising: 

a LED emitting UV radiation; 
a shaped Structure that comprises a Substantially trans 

parent molding or casting material, Said shaped Struc 
ture covering Said LED; 

particles of at least one phosphor that is excitable by Said 
UV radiation, Said phosphor disposed in a vicinity of 
said LED to receive said UV radiation and to convert 
said UV radiation to visible light, said particles of said 
phosphor dispersed in a portion of Said molding or 
casting material; and 

a UV reflector comprising a plurality of layers of mate 
rials having at least alternating first and Second refrac 
tive indices, Said first refractive indeX being Smaller 
than said second refractive index, said UV reflector 
being disposed on Said shaped Structure in a direction 
of a viewer, wherein a first layer of said plurality of 
layerS is disposed adjacent to Said shaped Structure. 

39. The light source based on at least one UV LED 
according to claim 38, wherein Said first refractive indeX is 
Smaller than the refractive index of Said molding or casting 
material, and Said Second refractive indeX is greater than the 
refractive index of Said molding or casting material. 

40. The light source based on at least one UV LED 
according to claim 38, wherein Said first refractive indeX is 
preferably less than about 1.5, more preferably less than 
about 1.4, and most preferably less than about 1.3; and Said 
Second refractive indeX is preferably greater than about 1.7, 
more preferably greater than about 2, and most preferably 
greater than about 2.3. 

41. The light source based on at least one UV LED 
according to claim 38, wherein Said material having Said first 
refractive indeX is Selected from the group consisting of 
lithium iodate, Zircon, Sapphire, cesium iodide, lanthanum 
flint glass, Sodium iodide, magnesium iodide, dense flint 
glass, Silica, lithium fluoride, magnesium fluoride, potas 
sium fluoride, Sodium fluoride, and mixtures thereof. 

42. The light source based on at least one UV LED 
according to claim 38, wherein Said material having Said 
Second refractive indeX is Selected from the group consisting 
of lead telluride, lead Selenide, lead Sulfide, germanium, 
gallium phosphide, Silicon, indium arsenide, gallium arS 
enide, aluminum arsenide, rutile, boron phosphide, cad 
mium Sulfide, cadmium telluride, Zinc telluride, thallium 
bromoiodide, calcite, Silicon carbide, cadmium lanthanum 
Sulfide, Strontium titanate, thallium chlorobromide, dia 
mond, fabulite, Zinc Selenide, cadmium Selenide, gallium 
nitride, aluminum nitride, lithium niobate, potassium nio 
bate, germanium oxide, Silver chloride, hafnium oxide, 
lithium iodate, Zircon, yttrium oxide, Silicon monoxide, 
Sapphire, cesium iodide, lanthanum flint glass, cesium bro 
mide, Sodium iodide, magnesium iodide, dense flint glass, 
and mixture thereof. 

43. The light source based on at least one UV LED 
according to claim 38, wherein Said first layer of Said 
plurality of layers comprises a material having Said first 
refractive index, Said first layer receiving an incident light 
traversing Said shaped structure. 

44. The light source based on at least one UV LED 
according to claim 38, wherein said UV reflector further 
comprises an additional layer of a material having a third 
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refractive indeX less than Said first refractive index, Said 
additional layer being attached to Said first layer to receive 
Said incident light. 

45. The light source based on at least one UV LED 
according to claim 43, wherein each of Said plurality of 
layerS has a physical thickness in a range from about 540 
k/(4 n) to about 580 k/(4 n), wherein k is a positive integer 
Selected from the group consisting of 1 and positive even 
integer numbers and wherein n is a refractive index of a 
material of said layer measured at light wavelength of 555 

. 

46. The light source based on at least one UV LED 
according to claim 43, wherein Said plurality of layers 
comprises an odd number of layers. 

47. The light source based on at least one UV LED 
according to claim 43, wherein Said odd number of layerS is 
greater than or equal to 5. 

48. The light source based on at least one UV LED 
according to claim 43, wherein Said odd number of layerS is 
preferably greater than or equal to 11. 

49. The light source based on at least one UV LED 
according to claim 43, wherein said UV reflector further 
comprises a plurality of protrusions formed on a Surface of 
Said UV reflector on which an incident light traversing Said 
shaped Structure impinges. 

50. The light source based on at least one UV LED 
according to claim 43, wherein Said protrusions are made of 
the same material as Said first layer. 

51. The light source based on at least one UV LED 
according to claim 50, wherein Said protrusions have a shape 
Selected from the group consisting of conical, pyramidal, 
and hemispherical shapes. 

52. The light source based on at least one UV LED 
according to claim 49, wherein Said protrusions have a 
largest dimension in a range from about 540k/(4 n) to about 
580 k/(4n), wherein k is a positive integer number selected 
from the group consisting of 1 and positive even integer 
numbers and wherein n is a refractive index of a material of 
Said protrusions measured at a light wavelength of 555 nm. 

53. The light source based on at least one UV LED 
according to claim 52, wherein Said largest dimension is a 
height of Said protrusions. 

54. The light source based on at least one UV LED 
according to claim 52, wherein Said largest dimension is a 
largest cross-sectional dimension of a base of Said protru 
Sions. 

55. The light source based on at least one UV LED 
according to claim 44 further comprising a plurality of 
protrusions formed on a Surface of Said additional layer on 
which Said incident light impinges. 

56. The light source based on at least one UV LED 
according to claim 55, wherein Said protrusions are made of 
the same material as Said additional layer. 

57. The light source based on at least one UV LED 
according to claim 56, wherein Said protrusions have a shape 
Selected from the group consisting of conical, pyramidal, 
and hemispherical shapes. 

58. The light source based on at least one UV LED 
according to claim 55, wherein Said protrusions have a 
largest dimension in a range from about 540k/(4 n) to about 
580 k/(4n), wherein k is a positive integer selected from the 
group consisting of 1 and positive even integer numbers and 
wherein n is a refractive index of a material of Said protru 
Sion measured at a light wavelength of 555 nm. 
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59. The light source based on at least one UV LED 
according to claim 58, wherein Said largest dimension is a 
height of Said protrusions. 

60. The light source based on at least one UV LED 
according to claim 58, wherein Said largest dimension is a 
largest cross-sectional dimension of a base of Said protru 
Sions. 

61. The light source based on at least one UV LED 
according to claim 38 further comprising particles of a 
UV-radiation Scattering material dispersed among Said par 
ticles of Said phosphor, Said particles of Said UV-radiation 
Scattering material and Said phosphor being dispersed in a 
portion of Said molding or casting material. 

62. A light source based on at least one UV LED, said 
light Source comprising: 

a LED emitting UV radiation; 
a shaped Structure that comprises a Substantially trans 

parent molding or casting material, Said shaped Struc 
ture covering Said LED; 

particles of at least one phosphor that is excitable by Said 
UV radiation, Said phosphor disposed in a vicinity of 
said LED to receive said UV radiation and to convert 
said UV radiation to visible light; 

particles of at least one UV-radiation Scattering material 
disposed among Said particles of Said phosphor, Said 
particles of Said phosphor and Said particles of Said 
UV-radiation Scattering material being dispersed in a 
portion of Said molding or casting material; and 

a UV reflector comprising: 
a plurality of layers of materials having at least alternating 

first and Second refractive indices, Said first refractive 
indeX being Smaller than Said Second refractive index; 
and 

a plurality of protrusions formed on a surface of said UV 
reflector adjacent to Said shaped Structure; 

Said UV reflector being disposed on Said shaped structure 
in a direction of a viewer. 

63. The light source based on at least one UV LED 
according to claim 62, wherein: 

Said UV-radiation Scattering material has a different 
refractive index than the refractive index of Said mold 
ing or casting material; 

Said UV-radiation Scattering material is Selected from the 
group consisting of lead telluride, lead Selenide, lead 
Sulfide, germanium, gallium phosphide, Silicon, indium 
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arsenide, gallium arsenide, aluminum arsenide, rutile, 
boron phosphide, cadmium Sulfide, cadmium telluride, 
Zinc telluride, thallium bromoiodide, calcite, Silicon 
carbide, cadmium lanthanum Sulfide, Strontium titan 
ate, thallium chlorobromide, diamond, fabulite, Zinc 
Selenide, cadmium Selenide, gallium nitride, aluminum 
nitride, lithium niobate, potassium niobate, germanium 
Oxide, Silver chloride, hafnium oxide, lithium iodate, 
Zircon, yttrium oxide, Silicon monoxide, Sapphire, 
cesium iodide, lanthanum flint glass, cesium bromide, 
Sodium iodide, magnesium iodide, dense flint glass, 
lanthanum trifluoride, Silica, lithium fluoride, magne 
Sium fluoride, potassium fluoride, Sodium fluoride, and 
mixtures thereof; 

greater than ninety-five percent of Said UV-radiation 
Scattering particles has particle diameters less than 
about half of a maximum wavelength of UV radiation 
traversing Said Substantially transparent material and 
Said UV-radiation Scattering particles have a mean 
particle diameter less than about one-tenth of Said 
wavelength; 

said first refractive index of said UV reflector is less than 
about 1.5 and said second refractive index of Said UV 
reflector is greater than about 1.7; 

Said plurality of layers comprising an odd number of 
layers, each of Said layerS having a physical thickness 
in a range from about 540k/(4 n) to about 580 k/(4 n), 
wherein k is a positive integer Selected from the group 
consisting of 1 and positive even integer numbers and 
where n is a refractive index of a material of Said layer 
measured at a light wavelength of 555 nm, 

a first layer of Said plurality of layers disposed adjacent to 
Said shaped Structure has said first refractive index; and 

Said plurality of protrusions have a shape Selected from 
the group consisting of conical, pyramidal, and hemi 
Spherical shapes, and Said protrusions have a largest 
dimension in a range from about 540 k/(4 n) to about 
580 k/(4 n), 

wherein k is a positive integer number Selected from the 
group consisting of 1 and positive even integer num 
bers and wherein n is a refractive index of a material of 
Said protrusions, Said largest dimensions being Selected 
from the group consisting of a height and a largest 
croSS-Sectional dimension of a base of Said protrusions. 
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