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COLOR TUNABLE LIGHT EMITTING DEVICE

CLAIM OF PRIORITY
j0001} U.S. Patent Application No. 11/908,532 entitted COLOR TUNABLE LIGHT
EMITTING DEVICE, by James Caruso ef &/, filed October 1, 20067 {Attorney Docket No.
ITMX-00228US03.

BACKGROUND OF THE INVENTION
{0002] 1. Field of the invention
{0003} This invention relates to coloricolor temperature tunable light emitting devices
and in particular to solid state light sources, such as light emitting diodes, which include a
wavelength converting phosphor material {0 generate a specific color of light.
{0004} 2. Description of the Related Art
j0005] The color of light generated by a light source, in particular ight emitting diodes
{LEDs}, is defermined predominantly by the device architecture and materials selection used
to generate the light. For example, many LEDs incorporate one or more phosphor materials,
which are photo-luminescent materials, which absorb a portion of the radiation emitied by the
LED chip/die and re-emit radiation of a different color (wavelength). This is the state of the
art in the production of “white™ LED light sources. The net color of light generated by such
LEDs is the combined native color {wavelength} of light from the LED chip and color re-
emitied by the phosphor which is fixed and determined when the LED #ight is fabricated.
{0006} Color switchable light souwrces are known which comprise red, green and blue
LEDs. The color of fight output from such a source can be controlied by selective activation
of one or more of the different colored LEDs. For example, activation of the blue and red
LEDs wilt generate light which appears purple in color and activation of all three LEDs
produces light which appears white in color. A disadvaniage of such light sources is the
complexify of driver circuilry required to cperate these sources,
[0007} US 7,014,336 discloses systems and methods of generating colored light One
lighting fixture comprises an array of component illumination sources {different colar LEDSs)
and a processor for conirolling the collection of component flumination sources. The
processor controls the intensity of the different color LEDs in the array o produce dlumination
of a selected color within a range bounded by the spectra of the individual LEDs and any
filters or other spectrum-altering devices associated with the lighting fixture.
{0008} White LEDs are known i the art and are a relatively recent innovation. it was
not untit LEDs emitting in the blue/uliraviolet part of the electromagnetic spectrum were
developed that it became practical {o develop white light sources based on LEDs. As taught
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for example in US 5,898,825, white light generating LEDs ("white LEDs”} include one or more
phosphor materials, that is pholo-lumingscent materials, which absorh a portion of the
radiation emitied by the LED and re-emit radiation of a different color (wavelength).
Typicatlly, the LED chip or die generates blue light and the phosphor{s) absorb a percentage
of the blue light and re-emits yellow light or a combination of green and red light, green and
yellow light or yellow and red light. The portion of the blue light generated by the LED that is
not absorbed by the phosphor is combined with the light emitted by the phosphor and
provides light which appears o the human eye as being nearly white in color.

{0009] As is known, the correlated color temperature (CCT) of a white light source is
determinad by comparing its hue with a theoretical, heated back-body radiator. CCT i
specified in Kelvin {K} and corresponds to the temperature of the black-body radiator which
radiates the same hue of white light as the light source. The CCT of a whife LED is generally
determined by the phosphor composition and the quantity of phosphor incorporated in the
LED.

{0010} White LEDs are often fabricated by mounting the LED chip in a metallic or
ceramic cup using an adhesive and then bonding lead wires {0 the chip. The cup will often
have a reflecting inner surface to reflect light out of the device. The phosphor material, which
is in powder form, is typically mixed with a silicone binder and the phosphor mixture is then
placed on top of the LED chip. A problem in fabricating white LEDs is variation of CCT and
color hue between LEDs that are supposed to be nominally the same. This problem is
compounded by the fact that the human eye is extremesly sensitive to subtie changes in color
hue especially in the “white” color range. A further problem with white LEDs is that their CCT
can change over the operating lifetime of the device and such color change is particularly
noticeable in lighting sources that comprise a plurality of white LEDs such as LED lighting
bars.

{0011} To alleviate the problem of color varation in LEDs with phosphor wavelength
conversion as is described above, in parlicular white LEDs, LEDs are categorized post-
production using a system of "bin out” or *binning.” in binning, each LED is operated and the
actual color of its emitted light measured. The LED is then categorized or binned according to
the actual color of light the device generates, not based on the target CCT with which it was
produced, Typically, nine or maore bins {regions of color space or color hins) are used fo
categorize white LEDs. A disadvantage of binning is increased production costs and a low
yield rate as ofien only two out of the nine bins are acceptable for an intended application
resuiting in supply chain challenges for white LED suppliers and customers.

{0012} It is predicted that white LEDs could potentially replace incandescent, flucrescent
and neon light sources due to their iong operaling lifetimes, potentially many hundreds of
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thousands of hours, and their high efficiency in terms of low power consumption. Recently
high brighiness white LEDs have been used to replace conventional white fluorescent,
merciry vapor lamps and neon lights. Like other lighting sources, the CCT of a white LED is
fixed and is determined by the phosphor composition used to fabricate the LED.

j0013} US 7,014,338 discloses systems and methods of generating high-quality white
light, which s white light having a substantially confinuous spectrum within the photopic
response {spectral transfer function) of the human eye. Since the eye’'s pholopic response
gives a measure of the limils of what the eve can see this sets boundaries on high-quality
white light having a wavelength range 400mm {(Ultraviclet) to 700nm {infrared). One system
for creating white light comprises three hundred LEDs each of which has a narrow spectral
width and a maximum spectral peak spanning a predetermined portion of the 400 to 700 nm
wavelength range. By selectively controlling the intensity of each of the LEDs the color
temperature (and also color) can be controlled. A further lighting fixture comprises nine
LEDs having a spectral width of 25 nm spaced every 25 nm over the wavelength range. The
powers of the LEDSs can be adjusted 1o generate a range of color temperatures (and colors
as well) by adjusting the relative intensities of the nine LEDs. it is also proposed to use fewer
LEDs to generate white light, provided each LED has an increased spectral width to maintain
a substantially continuous spectrum that fills the photopic response of the eve. Another
lighting fixture comprises using one of more white LEDs and providing an optical high-pass
filler o change the color temperature of the white light. By providing a series of
interchangeable filters this enables a single Hght fixture to produce while light of any
temperature by specifying a series of ranges for the various filters. Whilst such systems can
produce high-guality white light such fixtures are 0o expensive for many applications due o
the complexity of fabricating a plurality of discrete single color LEDs and due o the control
circuitry required for operating them,

j0014} A need exists therefore for a color tunable light source that overcomes the
fimitations of the known sources and in particular an inexpensive solid state light source such
as an LED which includes a wavelength converting phosphor material, whose color and/or
CCT of light emission is at {east in part funable.

SUMMARY QF THE INVENTION
{0015 The present invention arose in an endeavor to provide a light emitting device
whose color is at least in part tunable. Moreover, the present invention, at least in part,
addresses the problem of color hue variation of LEDs that include phosphor wavelength

conversion and attempis to reduce or even aliminate the need for binning. A further object of
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the invention is o provide an inexpensive color tunable light source compared with multi-
colored LED packages.

{0016} According to the invention there is provided a color tunable fight emitting device
comprising: an excitation source, such as a LED, that is operable to generate light of a first
wavelength range and & wavelength converiing component comprising at least one phosphor
material which is operable to convert at least a part of the light into lght of a second
wavelength range, wherein light emitied by the device comprises the combined light of the
first and second wavelength ranges, wherein the wavelength converting component has a
wavelength converting property that varies spatially and wherein color of light generated by
the source is tunable by a relative movement of the wavelength converting component and
excitation source such that the hight of the first wavelength range is incident on a different
part of the wavelength converting component. A parficular advantage of the light emitling
device of the invention is that since its color temperature can be accurately set post-
production this sliminates the need for expensive birming. As well as the manufacturer or
instalier setting the colorfcolor temperature a user can periodically adjust the color/color
temperature throughout the lifetime of the device or more frequently for “mood” lighting.
[0017} The wavelength converting component can be moveable relative {0 the excitation
source and can have a wavelength converting property that varies: along a single dimension,
along two dimensions or rotationally. The wavelength converting properties of the compaonent
can be configured {o vary by a spatal vaniation in a concentration {density) per unit area of
the phosphor material.  Such a variation can comprise a spatial variation in thickness of the
at least one phosphor material such as a thickness that varies substantially tinearly. In one
arrangement, the at least one phosphor is incorporated in a transparent material, such as an
acrylic or silicone material, with a conceniration of phosphor material per unit volume of
transparent material that is substantially constant and the thickness of the wavelength
converting component varies spatially. An example of one such component is wedge-
shaped and has a thickness {hat tapers along the length of the component. In an allernative
arrangement the wavelength converting component comprises a transparent carvier on a
surface of which the phosphor material is provided. In a preferred implementation, the
phosphor material is provided as a spatially varying pattern, such as for example a pattern of
dots or lines of varying size and/or spacing, such that the concentration per unit area of the
at least one phosphor material varies spatially.  In such an arangement the thickness and
concentration of the phosphor material can be substantially constant. The phosphor material
can be deposited on the carrier using a dispenser to selectively dispense the phosphor
material or printed using screen printing.

{0018} The wavelength converting component can further comprise a second phosphor
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material which is operable to convert at least a part of the light of the first wavelength range
into Hght of a third wavelength range, such that light emitted by the device comprises the
combined light of the first, second and third wavelength ranges and a concentration per unit
area of the second phosphor material varied spatially.

j0019} The light emitting device can further comprise a second wavelength converting
component comprising a second phasphor material which is operable o convert at least a
part of the light of the first wavelength range into light of a third wavelength range, wherein
light emitled by the device comprises the combined light of the first, second and third
wavelength ranges wherein the second wavelength converting component has a wavelength
converting property that varies spatially and wherein color of light generated by the source is
tunable by moving the first and second wavelength converting components relative {o the
excitation source such that the light of the first wavelength range is incident on different parts
of the first and second wavelength converting components. Preferably, the first and second
wavelength converting componenis are independently moveable with respect to one another
and to the excitation source. Such an arrangement enables color wning over an area of
color space.

{0020} As in the first wavelength converting componeant the concentration of the second
phosphor per unit area can vary spatially with, for example, a variation in phosphor thickness
or & vartation in a pattemn of phosphor material.

{0021} In a further embodiment of the invention there is provided a color tunable light
emitting device comprising: a plurality of light emitting diodes operable to generate light of a
first wavelength and a wavslength converling component which is operable {o convert at
least g part of the excitation radiation into light of a sscond wavelength, wherein light emitted
by the device comprises the combined light of the first and second wavelength ranges and
wherein the wavelength converling component comprises a phurality of wavelength
converting regions comprising at least one phosphor material in which a respective region is
associated with a respective one of the light emitting dicde and wherein each region has a
wavelength converting property that varies spatially and wherein color of light generated by
the device is tunable by moving the component relative o the light emitting diodes such that
the light of the first wavelength range from each light emitting diode is incident on a different
part of its respective wavelength converting region.

[0022} In ong arrangement the plurality of light emitting diodes comprises a linear aray
and the wavelength converting regions comprise a corresponding finear array and the source
is tunable by linearly displacing the component relative to the arrgy of light emitting diodes.
Alternatively, the plurality of light emitling diodes comprise a two dimensional array and the
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wavelength converting regions comprise a corresponding two dimensional array and wherein
the source is tunable by displacing the componenti relative to the array of light emilting
diodes along two dimensions.

j0023] In a yet further arrangement, the plurality of light emitting diodes comprise a
circular array and the wavelength converting regions comprise a corresponding circular amray
and the device is tunable by rotationally displacing the component relative to array of light
emitting dicdes.

BRIEF DESCRIPTION OF THE DRAWINGS
{0024] In order that the present invention is better understood embodiments of the
invention will now be described, by way of exampie only, with reference o the accompanying
drawings in which:
j0025] Figures 1{a) to {c} are schematic representations of the principle of operation of a
colar iunable light emitting device in accordance with the invention,
{0026} Figure 2 is a ClE (Commission internationale de I'Eclairage) 1931 chromaticity
diagram illustrating color tuning for the device of Figure 1;

{00271 Figures 3{a) to {f) are schematic representations of the operation of a color
tunable light emitling device in accordance with a further embodiment of the invention;

{0028} Figure 4 is a CIE 1931 chromaticity diagram illustrating color tuning for the light
source of Figure 3;

j0029} Figure 5 is a schematic representation of a wavelength converting component in
accordance with the invention;

{0036 Figures 86(a) to (d) are schematic representations of the operation of g color
tunable light emitting device in accordance with a further embodiment of the invention;

{0031} Figure 7 is a ClE 1931 chromaticity diagram illustrating color tuning for the light
source of Figure §;

{00321 Figures 8{(a) to {¢) are representations of a color temperature tunable white light
emitting lighting bar in accordance with the invention;

{0033} Figure 9 is a schematic representation of a color temperature tunable white light
emitting device in accordance with a further embodiment of the invention in which the
wavelength converting component is rotatable; and

j0034] Figure 10 is a schematic representation of a color tunable light emitling device in
gecordance with a further erabodiment of the invention in which the wavelength conwverting
component is movable in two directions.
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DETAILED DESCRIPTION OF THE INVENTION
{0035] Embodiments of the invention are based on a wavelength converting component
that has a wavelength converting property {characteristic} that varies spatially and which is
used to convert light from an excitation source, typically a light emitting diode (LED), which is
of one wavelength range (color} into light of a different wavelength range {(colon. The color of
light generated by the device, which comprises the combined light of the first and second
wavelength ranges, can be confrolled {tuned) by moving the component relative to the
excitation source to change the total proportion of light of the second wavelength range.
{0036} Referring o Figures 1(a) 1o (¢) there are shown schamatic representations of the
principle of operation of a color tunable light emitling device 10 in accordance with the
invention. The device 10 comprises an excitation source 12 operable {o generate excitation
radiation 14 {light) of wavselength range A, and a moveable wavslength converting
component 16. Typically, the excitation source 12 comprises a light emitting diode (LED)
such as an InGaN/GaN ({indium gallium nitride/gatiium nitride) based LED chip which is
operable to generate blue light of wavelength 400 {o 465nam.
{0037} In the example embodiment lustrated, the wavelength converting component 16
is tapered in form (wedge-shaped) and tapers in thickness between thicknesses tand T
along its direction 18 of intended movement. The wavelength conversion component 16 can
be falyicated from a transparent subsirale malerial, for example an acrylic or silicone
material such as GE's RTV815, which incorporates a phosphor (photo luminescent or
wavelength converting) material.  As is known, phosphor materials absorb excitation
radiation (light} of a first wavelength and re-emit light of a longer wavelength A,, for example
green in color. The phosphor matenal, which s in powder form, is substantially uniformiy
distributed throughout the acrylic material and has a weight ratio loading of phosphor to
acrylic in a typical range 5 to 50% depending on the intended color range of operation of the
light device 14. Bince the phosphor material s uniformly distributed throughout the
component, that is the concentration of phosphor per unit volume of substrate material is
substantially constant, and the component varies in thicknass along its length, the guantity of
phosphor per unit area (grams per square meter - g/n®) varies in a linear manner along the
length of the component. In other words the wavelength converting component 16 has a
wavelength converting property {characteristic) that varies along its length.
{0038} As represented i Figure 1, a light blocking element 20 is provided to confine the
area of incidence of the excitation radiation (blue lighty 14 to a small portion of the
wavelength converting component 18.  in preferred implementations, the LED chip 12 is
packaged in a ceramic or metallic housing and the wavelength converling component
mounted in close proximity, or even in sliding contact with, the housing opening. In such an
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arrangement the housing walls function as the light blocking element. To optimize the overall
efficiency of the device, the inner surface of the housing walls 20 are preferably highly
reflective.

0039} Operation of the device 10 will now be described by way of reference to Figures
1{a} to (¢} and Figure 2 which is a CIE (Commission infemationale de 'Eclairage) 1931
chrosmaticity diagram illustrating color tuning of the device. In Figure 1{a) the wavelength
converting component is shown in a fully refracted position such that light 22 generated by
the device 10 comprises light 14 from the LED chip only. Consequently light gensrated by
the device is of wavelength A, which is blue in color, and corresponds to point 24 in Figure 2.

{0040} In Figure 1(b} the wavelength converting component 16 has been translated in a
direction 18 such that light 14 from the LED is now incident on a region of the component.
The phosphor material within the component absorbs a part of the excitation radiation {light)
14 and re-emits light of wavelength A; that is green in color in this example in which a blue
aclivated green emitting phosphaor material is incomorated in the wavelength converting
component 16. Now, the light 22 generated by the device comprises a combination of biue
{A} and green (&) light and will appear turquoise in color. The proportion of green (&) light in
the output ight depends on the concentration of phosphor per unit area {g/m*) which will
depend on the position of the component relative 1o the LED. For a given location, and a
given thickness of the component 16, such resultant light will have a color dependant on the
phosphor unit area loading at that location. This resulting color will be consistent with a point
on Hine 28 of the CIE diagram in Figure 2, the exact position of which depends on the choice
of phosphor and loading of such phosphor in the wavslength converting component 16.
{0041} In Figure 1{c} the wavelength converting component 16 has been further
transiated such that the thickest part T of the component is now positioned over the LED
chip. The concentration of phosphor within the component and the thickness T are
configured such the phosphor now absorbs all Bght from the LED and re-emits green light
Thus the light 22 generated by device now comprises green (A light generated by the
phosphor only and this is indicated as point 26 on the chromaticity diagram of Figure 2. it will
be appreciated that the color of light emitted by the device is tunable between the points 24
and 26 along a line 28 and depends on the position of the wavelength selective component.
{0042} It is intended that light emitting devices in accordance with the invention use
inorganic phosphor materials such as for example silicate-based phosphor of a general
composition A;SKQOD)s or A,8HOD)y in which Si is silicon, O is oxygen, A comprises
strontium (Sn), barium {Ba), magnesium (Mg) or calcium (Ca) and D comprises chiorine (Ch,
fluorine (F), nitrogen (N) or sulfur (S). Examples of silicate-based phosphors are disclosed in
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our co-pending patent applications US2006/0145123, US2006/028122, US2006/261308 and
US20070285286 the content of each of which is hereby incorporated by way of reference
thereto.

j0043} As taught in US2006/0145123, a europium (Eu™) activated silicate-based green
phosphor has the general formula (SrA1L(SLAZHO,A3 ) EU™ in which: A1 is at least one of
a 2+ cation, a combination of 1+ and 3+ catlions such as for example Mg, Ca, Ba, zinc {Zn),
sodium (Na), lithium (L1}, bismuth (B1), yHtrium (Y} or cerium {Ce}; A2 is a 3+, 4+ or 5+ cation
such as for example boron (B), aluminum (Al, galium (Ga), carbon {C), germanium {Ge), N
or phosphorus (P}, and A3 is a 1-, 2- or 3- anion such as for example F, Cl, bromine {(8r), N
of &, The formula is written to indicate that the A1 cation replaces Sr; the AZ cation replaces
Siand the A3 anion replaces Q. The value of x is an integer or non-integer befween 2.5 and
3.5

{0044} US2006/028122 discloses a silicate-based yellow-green phosphor having a
formula A.SIOLEU® D, where A is at least one of a divalent metal comprising Sr, Ca, Ba, Mg,
Zn or cadmium (Cd); and [ is a dopant comprising F, Cl, Br, iodine (1), P, 8 and N. The
dopant D can be present in the phosphor in an amount ranging from about 0.01 to 20 mole
percent. The phosphor can comprise (Sri..,BaM,)Si0OEu®F in which M comprises Ca, Mg,
Znor Cd.

{0045] US2006/261309 {eaches a two phase silicate-based phosphor having a first
phase with a crystal structure substantially the same as that of (M1),5i104, and a second
phase with a crystal structure substantially the same as that of (M2);5i0: in which M1 and
M2 each comprise Sr, Ba, Mg, Ca or Zn. At least one phase is activated with divalent
europium (Eu®) and at least one of the phases contains a dopant D comprising F, Cl, Br, 8
or N. Htis believed that at least some of the dopant atoms are focated on oxygen atom lattice
sites of the host silicate crystal.

{0046] US2007/028526 discloses a silicate-based orange phosphor having the formula
{Sri. M) EuSiOs in which M is at least one of a divalent metal comprising Ba, Mg, Ca or Zny;
O<x=0.5; 2.6<y<3.3; and 0.001<z<0.5. The phosphor is configured to emit visible light having
a peak emission wavelength greater than about 565 nm.

{0047} The phosphor can also comprise an aluminate-based material such as is taught
in our co-pending patent applications US2006/0158090 and US2006/0027786 the content of
each of which is hereby incorporated by way of reference thereto.

{0048} US2006/0158000 teaches an aluminate-based green phosphor of formula
M EUALOm e In which M is at least one of a divalent metal comprising Ba, Sr, Ca, My,
Mn, Zn, Cu, Cd, Sm and thulium (Tm) and in which 0.1<x<0.8 and 0.5 sy =12.

{0049} LS2006/0027788 discloses an aluminate-based phosphor having the formula
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(MiEu.MgALO v In which M is at least one of a divalent metal of Ba or Sr. in one
composition the phasphor is configured to absorb radiation in a wavelength ranging from
about 280 nm to 420 nm, and {o emit visible lght having a wavelength ranging from abowt
420 nm to 560 nm and 0.05<x<0.5 or 0.2<x<0.5; 3 sy 12 and 0.8 £ z £1.2. The phosphor
can be further doped with a halogen dopant H such as Cl, Br or | and be of general
composition (M, Eud: MEALCH sy H.

{0050 It will be appreciated that the phosphor is not limited to the examples described
heremy and can comprise any inorgamc or organic phosphor material including for example
nitride and sulfate phosphor materials, oxy-nitrides and oxy-sulfate phosphors or garnet
materials (YAG).

j0031} Figures 3(a) to (f) are schematic representations of the operation of a ¢olor
tunable light emitting device in accordance with a further embodiment of the invention.
Throughout this specification like components are denoted using like reference numerals. In
the embadiment of Figure 3 the wavelength converting component 18 comprises two
overfapping tapered parts 18a and 18b that respectively include red (R) and green {G) light
emilting phosphor materials. Figure 4 i5 a ClE {Commission internationale de I'Eclairage)
1931 chromaticity diagram illustrating color tuning for the device of Figure 3.

{0032} In Figure 3{a; the wavelength converting component 18 s shown in a flly
refracted position such that light 22 generated by the device 10 comprises light from the LED
chip only. Consequently ight generated by the device is blue (B) in color, and corresponds to
point 30 in Figure 4.

{0033} In Figure 3(b) the wavelength converting component 16 has been translated in a
direction 18 such that light 14 from the LED 5 now incident on the red light generating part
16a of the component. Now the red light emitting phosphor material within the component
will absorb a part of the excitation radiation and re-emit red light. Consequently, the light 22
generated by the devices comprises a combination of blue and red light and will appear
warm white {(WW) 1o indigo in colar depending on the relative proportions of blue and red
tight. The proportion of red light in the output light depends on the concentration of phosphor
per unit area which will depend on the position of the component relative to the LED.

[0054} In Figure 3(c} the wavelength converting component 16 has been further
transiated such that the thickest portion of the component part 16a is now positioned over the
LED chip. The concentration of phosphor within and thickness of the part 16a are selected
such the red light generating phosphor now absorbs all the blue Hght from the LED and re-
emits red light. Thus the light 22 generated by device now comprises red light generated by
the phosphor only and this is indicated as point 34 on the chromaticity diagram of Figure 4. #t

will be appreciaied that the color of light emitied by the device is funable between the points
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30 and 34 along a line 32 and depends on the position of the wavelength selective
component.

{0035 In Figure 3(d) the wavelength converling component 16 has been further
transiated in a direction 18 such that light 14 from the LED is now incident on a region of the
component that comprises both red and green light generating parts 16a and 16b. As
llustraled, the component is positioned such that the thickness of the green light generating
part 18b is greater than that of the red light generating part 16a and hence the propartion of
green light is corespondingly greater. Now the red and green light emitling phosphor
materials within the component parts 16a and 16b will between them absorb substantially all
of the excitation radiation and respectively re-emit red and green light. Consequently, the
light 22 generated by the device comprises a combination of red and green light and will
appear yellow/green in color. The relative proportions of red and green light in the output light
depend on the relative densities of phosphor per unit area which will depend on the position
of the component relative to the LED.

{0036] In Figure 3(e} the wavelength converling component 16 has been further
transiated such that the thickest portion of the component part 16b is now positioned over the
LED chip. At this point the part 16a makes no contribution to the emitted light The
concentration of phosphor within and thickness of the part 16b are selected such the green
light generating phosphor now absorbs all light from the LED and re-emits green light. Thus
the light 22 generated by device now comprises green light generated by the phosphor only
and this indicated as point 38 on the chromaticity diagram of Figure 4. it will be appreciated
that the color of light emitted by the device is tunable between the points 34 and 38 along a
fine 36 and depends on the position of the wavelength selective component.,

{0057] In Figure 3(F the wavelength converling component 16 has been further
transiated such that a relatively thinner portion of the component part 16b is now positioned
over the LED chip. Now the green light emitting phosphor material within the component will
absorb a part of the excitation radiation and re-emit green light. Consequently, the light 22
generated by the device comprises a combination of blue and green light and will appear
turgucise i color. The proportion of green light in the output light depends on the
concentration of phosphor per unit area which will depend on the position of the compaonent
relative to the LED. It will be agppreciated that the color of light emitted by the source is
tunable between the points 38 and 30 along a ling 40 and depends on the position of the
wavelength selective componsnt.

[0058] The wavelength converting component has been described as having a tapering
thickness such that the concentration of phosphor per unit area varies spatially as a function
of position on the component. Figure 5 is g schemstic representation of a wavelength
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converting component 186 in accordance with an alternative implementation. In this
implementation the wavelength converting component comprises a transparent carrier 42 of
substrate material having on a surface a pattern of phosphor material. The phosphor pattemn
tan be provided on the carrier by depositing the phosphor material using screen printing, ink
jet printing or other deposition techniques. In the example illustrated the phosphor pattern
comprises a pattern of circular dots 44 of phosphor matenal. The relative size andfor
spacing of the dots 42 is selected such that the phosphor concentration per unit area varies
along the intended direction 18 of movement of the component, The dots 42 can also be
provided as an amray of equally spaced non-overlapping areas (dots) of varying size using a
halftone system. The wavelength converting component of Figure 3 can be fabricated by a
pattern of two or more phosphor materials, Moreover, it will be appreciated that any pattemn
of phosphor material can be used provided the phosphor concentration per unt area
changes spatially with position on the surface of the component. For example, the pattern
can comprise a pattern of ines of varying width andfor spacing. Allernatively, ar in addition
the concentration of the phosphor material (that is foading of phosphor t© hinder material)
withinn different parts of the patftern can be used io achieve a spatially varying phosphor
pattern. An advantage of such a component is ease of fabrication and being of substantially
upiform thickness enables the component to be moveably mounted within a simple guide
arrangement.

{0059} Figures 8(a) to (d) are schematic representations of the operation of a color
tunable ght emitting device in accordance with a further embodiment of the invention which
includes two independently moveably wavelength converting components 16, and 16.. in
this embodiment each wavslength converting component 18, and 16, is fabricated in
accordance with the implementation of Figure 5 and includes a pattern of phosphor material
which respectively generates light of wavelength A, {red) and A; {green). The phosphor
pattern is represented in Figure 6 as a series of lines passing through the thickness of the
component whose change of spacing represents the change in concentration of the
phosphor material.

{0060 In Figure 6{a) both wavelength converting components 16; and 186, are shown in
a retracted position such that light 14, excitation radiation, fram the LED is incident on an end
portion of each component which contains a very low concentration per unit area of phosphor
material, or no phosphor material. Consequently light 22 generated by the device 10
comprises the light 14 from the LED chip 12 only and is biue in color {wavelength Ay). This
corresponds to point 46 in the CIE diagram of Figure 7.

{00061} In Figure 6{b) the wavelength converting component 16; has been translated

such that light 14 from the LED s now incident on the opposite end portion of the component
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16, which contains the highest concentration of phosphor material. The position of the
component 16; reamains unchanged. Now, the red ight emitting phosphor material within the
compaonent 16, will absorb all of the excitation radiation and re-emit red light (A2). This
corresponds {0 point 48 of the chromaticily diagram of Figure 7. The color of light emitted by
the device can be funed along a line connecting points 46 and 48 by moving the component
161 such that the excitation radiation is incident on intermediate portions of the component
having a differing concentration of phosphor per unit area whilst keeping the component 16,
{0062} In Figure 8{c), which is the converse of situation in Figure 6(b}, the wavelength
converting component 16, has been ransiated such that light 14 from the LED is incident on
the end portion of the component which contains the highest concentration of phosphor
material. The first component 10, is in a retracted position such that hght from the LED is
incident on the end portion of this component containing no of phosphor material. With the
componenis in these positions the green light emitting phosphor material within the
compaostent 18; will absorly all of the excitation radiation and re-emit green light {As). This
corresponds 1o point 50 of the chromaticity diagram of Figure 7. It will be appreciated that
the color of light emitted by the device can be tuned along a line connecting points 46 and 50
by moving the component 16, such that the excitation radiation is incident on intermediate
portions of the component having a differing concentration of phosphor per unit area.

{0063] in Figure 6{(d) the wavelength converting components 16; and 16, are position
such that light 14 from the LED is incident on the portion of the components approximately
midway between the ends, that the portion of each component having an intermediate
concentration of phosphor material.  Now, the red and green light emitting phosphor
materials within the components 18, and 186; will belween them absorb & subsiantial
proportion of the excitation radiation and re-emit a combination of red hght (A} and green
light (As). This corresponds t¢ a point along a line connecting the points 48 and 50 of the
chromaticity diagram of Figure 7.

{0064] An advantage of using two different independently controflable wavelength
converting components is that the color of generated light 22 is tunable within a color space
as is indicated by the cross hatched region 52 of the chromaticity diagram of Figure 7.

{0065] Figures 8{a} to {C) show a color temperature tunable white light emitting bar 80 in
accordance with the invention. The light bar 80 is intended for use in lighting applications
and is capable of generating white light whose correlated color temperature (CCT) is tunable
and can be set by a manufacturer and/or user between cool white (CW) of CCT =7000K and
warm white {WW) of CCT =3000K. Figures 8(a} and (b) respectively show edge and plan
views of the lighting bar 80 and Figure 8(c} a further plan view in which the lighting bar has
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been tuned to a different CCT.

{00066] The lighting bar 80 comprises seven LEDs 82 that are mounted as g linear array
along the length of a bar 84. The bar 84 provides both electrical power to each LED and
thermal management of the LEDs and can be mounted to a suitable heat sink {not shownj.
Each LED 82 comprises an InGaNiGaN (indium gallium nitridedgaliium nitride) based LED
chip which is packaged in a square housing and includes ong or more phosphor materials
such that each is operable to generate cold white (CW) light. Typically, the phosphor
material can comprise a green-silicate based phosphor matenal. The area of hght emission of
each LED is indicated by a circle 86.

{0067} The lighting bar 80 further comprises a wavelength converting component in the
form of a transparent carrier bar 88 made of a transparent material, such as acrylic, that
includes seven wavelength converting regions 90 along its length. The wavelength
converting regions 90 have substantially identical wavelength converting characteristics that
vary in a divection along the length of the carrier with a respective region 80 correspanding to
a respecltive one of the LEDs 82, Each wavelength converting region can comprises a
yellow-silicate based light emitting phosphor material whose concentration per unit area
varies substantially linearly along its length. As with the lighting devices described above,
the change of concentration can be implemented by incorporating the phosphor material with
a transparent binder and varying the thickness of each region along its length as illustrated or
by depositing the phosphor material in the form of a pattern whose concentration varies
spatially. The carriar bar 88 is movable mounted {o the bar B4 by pairs of guides 92 with an
underside of the carrier 88 in sliding contact with the LEDs. A thumb lever 94 is pivotally
mounted 1o the bar 84 and a slot in the lever is coupled to stud 86 exiending from the upper
surface of the carrier 88. Movement of the lever in a direction 88 causes a transiation of the
carrier relative the LEDs. A locking screw 100 is provided to lock the position of the carrier in
relation to bar 88,

{0068} In operation, a manufacturer or installer can set the lighting bar 80 o a selected
color temperature by loosening the locking screw 100 and operating the lever 94 until the
lighting bar generates the required color temperature of oulput ight. 1t will be appreciated
that operation of the lever causes a transiation of the carrier and the wavelength converting
regions 90 relative to the bar and their respective LED (Figure 8(c)). This results in the
proportion of light {yellow) in the outptt generated by the wavelength converting regions {o
change and hence the color temperature of the output to change. Once the selected color
temperature is set the locking screw is tightened to lock the carrier in position. A particular
benefit of the lighting bar is that since its color temperature can be tuned post-production this

eliminates the nead for expensive binning. As well as the manufacturer or installer setting
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the color temperature a user can periodically adjust the color temperature of the bar
throughout the lifetime of the device.

{00069 In alternative arrangements where it is required to adjust the color temperature
more frequently, such as for example “mood” lighting, the carrier can be moved automatically
using a motar or actuator such as a piezoslectiic or magnetostrictive actuator. Although the
LEDs are fllustrated as being squally spaced it will be appreciated that they can be unequally
spaced provided the spacing of the wavelength converting regions corresponds {o the LEDs.
{0070} Figure 8 is a schematic representation of a color temperature tunable white light
emiting device 120 In accordance with a further embodiment of the invention in which the
wavelength converting component is rofatable.  The white light emitling device 120 is
capable of generating white light whose CCT is tunable between cool white (CW) and warm
white (WW). In this implementation the device comprises a circular array of twenty four
LEDs 122 arranged around three concentric circles. The wavelength converting component
comprises a rolatable transparent disc 124 having a corresponding array of twenty four
wavelength converting regions 126 on its upper surface. Each wavelength converting region
126 has a wavelength converting property that varies in a substantially identical way for a
given anguiar rotation in a given sense of rotation. As a resuli the wavelength converting
regions nearer to the axis of rofation are shorter in length than those located nearer the
periphery of the disc 124. In Figure 2 the wavelength converting component is llustrated as
being in a position such that a central portion of each wavelength converting region 126
overties it associated LED 122, it will be appreciated that color temperature of light emitted
by the device can be tuned between CW and WW by rotation of the disc 124 between
positions 128 and 130.

{0071} Figure 10 is a schematic representation of a color tunable light emitting device
140 in accordance with a yet further embodiment of the invention in which the wavelength
converting component is movable (translatable) in two directions x, y. In this embodiment
four LEDs 142 are arranged in the form of a square array and the wavelength converting
component comprises a ransparvent square plate 144 which is movable in two directions
corresponding the axes x and y. A corresponding square array of fowr square wavelength
converling regions 146 is provided on the transparent plate 144, in this example each
wavelength converting region 146 includes two different phosphor materials, represented by
lines and dots respectively, each of which whose concentration per unit area varies over the
wavelength converting region. The wavelength converting properties of each wavelength
converting region vary in a substantially identical way in the directions of x and y. in Figure
10 the wavelength converting component is #lustrated as being in a position such that a

central portion of each wavelength converting region 146 overlies # associated LED 142,
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The color of light generated by the device can be tuned by translation of the plate in the
directions x and y. The range of movement of the plate 144 is indicated by a dashed line
148,

j0072] A particutar benefit of the light emitting devices in accordance with the invention
is that they can eliminate the need for binning. A further advantage s cost reduction
compared with mulli-colored LED packages and their associated complex control systems.
{0073 It will be further appreciated that the present invention is not restricted to the
specific embodiments described and that variations can be made that are within the scope of
the invention. For example the number and arrangements of LEDs and/or configuration of

the wavelength converting component can be adapted for a given application.
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CLAIMS
What is claimed is:
1 A color tunable light emitting device comprising: an excitation source operable o
generate light of a first wavelength range and a wavelength converting component
comprising at least one phosphor material which is operable to convert at least a part of the
light into light of a second wavelength range, wherein light emitted by the device comprises
ihe combined light of the first and second wavelength ranges, wherein the wavelength
converting component has a wavelength converting property that varies spatially and
wherein color of light generated by the source is tunable by a relative movement of the
wavelength converting component and excitation source such that the light of the first
wavelength range is incident on a different part of the wavelength converting component.
2. The device according to Claim 2, wherein a concentration per unit area of the at least
one phosphor material varies spatiaily.
3. The device according to Claim 2, wherein a thickness of the at least one phosphor
material varies spatially.
4, The device according {o Claim 3, wherein the thickness varies substantially linearly.
5. The device according to Claim 3, wherein the at least one phosphor is incorporated in
a transparent material with a concentration of the at least one phosphor material per unit
volume of transparent matenal that {s substantially constant and wherein a thickness of the
wavelength converting component varies spatially.
8. The device according to Claim 2, wherein the wavelength converting component
comprises a transparent carrier on a surface of which the at least one phosphor material is
provided,
7. The device according to Claim 6, wherein the at least one phosphor is provided as a
spatially varying pattern.
8. The device according fo Claim 1, wherein the wavelength converting component
further comprises a second phosphor material which is operable to convert at least a part of
the light of the first wavelength range into light of a third wavelength range, wherein light
esnitted by the device comprises the combined Hght of the first, second and third wavelength
ranges and wherein a concentration per unit area of the second phosphor material varies
spatially.
9, The device according to Claim 1, wherein the wavelength converting component is
moveable relative to the excitation source and has a wavelength converting property that
varies and is selected from the group consisting of varying: along a single dimension; along
two dimensions; and rotationally.

10. The device according to Claim 1, and further comprising a second wavelength
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converting component comprising a second phosphor material which is operable to convert
at least a part of the light of the first wavelength range into light of a third wavelength range,
wherein ight emitted by the device comprises the combined Hght of the first, second and third
wavelength ranges wherein the second wavelength converting component has a wavelength
converting property that varies spatially and wherein color of light generated by the source is
tunable by moving the first and second wavelength converting components refative {o the
excitation source such that the light of the first wavelength range is incident on different parts
of the first and second wavelength converting components.

11. The device according to Claim 10, wherein the first and second wavelength
converting components are independently moveable with respect to one another and to the
excitation source,

12. The device according to Claim 10, wherein a concentration per unit area of the
second phosphor material varies spatially.

13. The device according to Claim 12, wherein a thickness of the second phosphor
material varies spatially.

14. The device according to Claim 13, wherein the thickness varies substantially linearly.
156 The device according to Claim 10, wherein the second phosphor is incorporated in a
transparent material with a concentration of the second phosphor material per unit volume of
transparent material that is substantially constant and wherein a thickness of the wavelength
converting component varies spatially.

18. The device according to Claim 10, wherein the second wavelength converting
component comprises a transparent carrier on a surface of which the second phosphor
material is provided.

17. The device according to Claim 16, wherein the second phosphor material is provided
as a pattern that varies spatially such that the concentration per unit area of the second
phosphor material vanes spatially.

18. The device according to Claim 1, wherein the excitation source comprises a light
emitting diode.

19, A color tunable light emitling device comprising. a plurality of ight emitling dicdes
operable 1o generate light of a first wavelength and a wavelength converting component
which is operable t0 convert at least a part of the excitation radiation inte light of 2 second
wavelength, wherein lighl emitted by the device comprises the combined light of {he first and
second wavelength ranges and wherein the wavelength converting component comprises a
plurality of wavelength converting regions comprising at least one phosphor material in which
a respective region is associated with a respective one of the light emitting diocde and

wherein each region has a wavelength converting property that varies spatially and wherein
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color of light generated by the device is tunable by moving the component relative to the light
emitiing dicdes such that the light of the first wavelength range from each light emitting diode
is incident on a different part of its respective wavelength converting region.

20. The device according to Claim 18, wherein the plurality of light emitting diodes
comprise a linear array and the wavelength converting regions comprise a corresponding
linear array and wherein the source is tunable by linearly displacing the component relative
o the array of light emitting diodes.

21 The device according to Claim 19, wherein the plurality of light emitting diodes
comprise a two dimensional array and the wavelength converting regions comgprise a
corresponding two dimensional array and wherein the source is tunable by displacing the
component relative to the array of light emitting diodes along two dimensions.

22. The device according to Claim 18, wheremnn the plurality of light emitting diodes
comprise a circular array and the wavelength converting regions comprise a corresponding
circular array angd wherein the device is tunable by rotationally displacing the component

relative {o array of light emitting diodes.
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