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HIGH CRI WHITE LIGHT EMITTING DEVICES AND DRIVE CIRCUITRY

CLAIM OF PRIORITY
[0001] This application claims priority to U.S. Patent Application No. 12/945,641 entitled
“High CRI White Light Emitting Devices and Drive Circuitry”, filed November 12, 2010 by
Wang et al., and to U.S. Provisional Patent Application No. 61/262,855 entitled “High CRI
White Light Emitting Device and Drive Circuitry”, filed November 19, 2009 by Wang et al., the

specification and drawings of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION
[0002] 1. Field of the Invention
[0003] This invention relates to white light emitting devices with a high (typically >80) CRI
(Color Rendering Index). More especially the invention concerns white light emitting devices
based on solid state light emitting devices, typically LEDs (Light Emitting Diodes), and drive
circuitry for operating such devices.
[0004] 2. Description of the Related Art
[0005] White light emitting LEDs (“white LEDs”) are known in the art and are a relatively
recent innovation. It was not until high brightness LEDs emitting in the blue/ultraviolet (U.V.)
part of the electromagnetic spectrum were developed that it became practical to develop white
light sources based on LEDs. As taught, for example in US 5,998,925, white LEDs include one
or more down converting (i.e. converts photons to photons of a lower energy) phosphor
materials, that is photoluminescent materials, which absorb a portion of the radiation emitted by
the LED and re-emit radiation of a different color (longer wavelength). Typically, the LED chip
generates blue light and the phosphor material(s) absorbs a proportion of the blue light and re-
emits light of a different color, typically yellow or a combination of green and yellow light. The
portion of the blue light generated by the LED that is not absorbed by the phosphor material
combined with the light emitted by the phosphor material provides light which appears to the eye
as being nearly white in color.
[0006] Due to their long operating life expectancy (of order 30-50,000 hours) and high
luminous efficacy (70 lumens per watt and higher) high brightness white LEDs are increasingly
being used to replace conventional fluorescent, compact fluorescent and incandescent light
sources. Today, most lighting fixture designs utilizing white LEDs comprise systems in which a
white LED (more typically an plurality of white LEDs) replaces the conventional light source

component. Moreover, due to their compact size, compared with conventional light sources,

1



10

15

20

25

30

WO 2011/062915 PCT/US2010/056893

white LEDs offer the potential to construct novel and compact lighting fixtures.

[0007] The ability of a light source to render the color of an object is measured using the
Color Rendering Index (CRI) which gives a measure of how a light source makes the color of an
object appear to the human eye and how well subtle variations in color shade are revealed. CRI
18 a relative measurement of the light source’s ability to render color compared with a black body
radiator. In applications where accurate color rendition is required, such as for example retail
lighting, museum lighting and lighting of artwork, a high CRI (typically at least 80) is highly
desirable.

[0008] A disadvantage of white LEDs can be their relatively low CRI, typically <75,
compared with an incandescent source whose CRI >95. The low CRI is due to the absence of
light in the red (>600nm) part of the spectrum. To improve the CRI of a white LED it is known
to incorporate a red light emitting phosphor material. However compared with yellow and green
down converting phosphor materials, red light emitting phosphor materials have disadvantages.
Firstly the energy loss associated with the phosphor material down converting blue light (450nm,
energy 2.76eV) to red light (630nm, energy 1.97¢V) is larger than that associated with
converting blue light to yellow light (550nm energy 2.25¢V). This is generally referred to as
Stokes loss and the higher Stokes loss associated with red light emitting phosphor materials can
reduce the luminous efficacy (Im/watt) of the source. Secondly, since the human eye is less
sensitive to red light compared with green or yellow light this requires a larger quantity of red
phosphor material to give an equal effect on the eye.

[0009] US 6,513,949 and US 6,692,136 teach hybrid white LED lighting systems comprising
a combination of one or more LEDs (red or green) and a phosphor-LED consisting of a blue
LED and at least one phosphor (green or amber).

[0010] US 6,577,073 disclose an LED lamp that includes blue and red LEDs and a phosphor.
The blue LED produces an emission falling within a blue wavelength range. The red LED
produces an emission falling within a red wavelength range. The phosphor is photo-excited by
the emission of the blue LED to exhibit photoluminescence having an emission spectrum in an
intermediate wavelength range between the blue and red wavelength ranges.

[0011] US 7,213,940 disclose a white light emitting device that comprises first and second
groups of solid state light emitters (LEDs) which emit light having a dominant wavelength in a
range 430 to 480nm (blue) and 600 to 630nm (red) and a phosphor material which emits light
with a dominant wavelength in a range 555 to 585nm (yellow).

[0012]  Although using a red emitting LED can improve both luminous efficacy and CRI the

inventors have appreciated that such a device has limitations. Most notably the Correlated Color
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Temperature (CCT) and CRI of light generated by such a device can vary significantly with

operating temperature. As represented in FIG. 1a the change in emission intensity of blue and
red light emitting LEDs with operating temperature is different. Typically the emission intensity
of a red LED decreases much more quickly than a blue LED with increased operating
temperature. For example over an operating temperature range of 25°C to 75°C the emission
intensity of a GaN-based blue LED can decrease by about 5% whilst the emission intensity of a
AlGalnP-based red LED can decrease by about 40%. In a white light device based on blue and
red LEDs these different emission/temperature characteristics will, as shown in FIG. 1b, result in
a change in the spectral composition of the emission product and hence an increase in CCT with
increased operating temperature. As is known the CCT of a white light source is determined by
comparing its hue with a theoretical, heated black-body radiator. CCT is 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. Moreover as shown in FIG. 1b a reduction in the relative
proportion of red light in the emission product with increasing operating temperature will result
in a decrease in CRI.

[0013] A need exists therefore for a high CRI white light emitting device based on solid state

light emitters that at least in part overcomes the limitations of existing devices.

SUMMARY OF THE INVENTION

[0014] The present invention arose in an endeavor to provide a white light emitting device
with a high CRI, typically 80 or higher, that at least in part overcomes the limitations of the
known devices.

[0015]  According to the invention a white light emitting device comprises: at least one blue
solid state light emitter operable to generate blue light with a dominant wavelength in a range
400 to 480nm; at least one phosphor material operable to absorb a portion of the blue light and to
emit light with a dominant wavelength in a range 490 to 590nm; and at least one red solid state
light emitter operable to generate red light with a dominant wavelength in a range 600 to700nm;
wherein the emission product of the device comprises the combined light generated by the blue
and red light emitters and light generated by the at least one phosphor material and appears white
in color; and a drive circuit operable to compensate for variation in the ratio of red to blue light
in the emission product such that over an operating temperature range of at least 25°C said
variation is less than 20%. Ideally the drive circuit is configured to maintain the ratio (relative
contribution) of red and blue light in the emission product constant over the operating

temperature range. In practice the ratio of red to blue light in the emission product will vary over
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the operating temperature range and the drive circuit is configured such that said variation is a
low as possible preferably less than 10%, more preferably less than 5% and advantageously less
than 1%. Ideally the operating temperature range is as large as possible and is at least 20°C,
preferably at least 25°C, more preferably at least 50°C and even more preferably at least 100°C.
Advantageously the device is configured such that the emission product has a minimum color
rendering index of at least 80, preferably at least 85, more preferably at least 90 and ideally 95 or
higher.

[0016] The drive circuit is operable to control the power of at least one of the red and blue
light emitters in response to a parameter related to the operating temperature of at least one of the
blue and red light emitters. Depending on the drive configuration the drive circuit can be
operable to control the light emitter’s drive current, drive voltage or a combination of both.
[0017] In one drive circuit the parameter comprises the temperature of at least one of the blue
or red light emitters. In such circuit arrangements the device further comprises a sensor for
sensing the temperature of at least the red and/or blue light emitters. In one device the blue and
red light emitters are mounted in thermal communication with a thermally conductive substrate
and the sensor is configured to sense the temperature of the substrate. In an alternative device, a
respective sensor can be provided for sensing the respective temperature of the blue and red light
emitters.

[0018] The temperature sensor can comprise a temperature dependent resistor (thermistor), a
thermocouple or other device having an electrical characteristic that is temperature dependent. In
drive circuit configurations where the sensor comprises a temperature dependent resistor at least
one of the blue and red light emitters can be connected in series with the temperature dependent
resistor and said light emitter operated from a constant voltage source. Since the electrical
resistance of a solid state light emitter decreases with increasing temperature such a circuit
configuration increases the forward drive current of one or both light emitters in response to an
increase in operating temperature. In one arrangement the temperature dependent resistor has a
negative temperature coefficient and is connected in series with the at least one red light emitter.
Alternatively, the temperature dependent resistor has a positive temperature coefficient and is
connected in series with the at least one blue light emitter. In a further arrangement the blue and
red light emitters are connected in series with a respective temperature dependent resistor. In
such an arrangement the temperature dependant resistor connected to the red light emitter has
negative temperature coefficient whilst the temperature dependant resistor connected to the blue
light emitter has a positive temperature coefficient. Alternatively, each of the temperature

dependent resistors can have a negative temperature coefficient.
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[0019] In alternative circuit configurations where the sensor comprises a temperature
dependent resistor at least one of the blue and red emitters can be connected in parallel with the
temperature dependent resistor and said light emitter operated from a constant current source.
Such circuit configurations operate as a current divider and alter the forward drive current of one
or both light emitters in response to a change in operating temperature. In one arrangement the
temperature dependent resistor has a positive temperature coefficient and is connected in parallel
with the at least one red light emitter. Alternatively, the temperature dependent resistor has a
negative temperature coefficient and is connected in parallel with the at least one blue light
emitter. In a further arrangement the blue and red light emitter are connected in parallel with a
respective temperature dependent resistor. In one such arrangement the temperature dependant
resistor connected in parallel with the red light emitter has positive temperature coefficient whilst
the temperature dependant resistor connected in parallel with the blue light emitter has a negative
temperature coefficient. Alternatively, each of the temperature dependent resistors can have a
positive temperature coefficient.

[0020] In yet a further circuit configuration the blue and red light emitters are connected in
parallel and driven from a constant current source and the temperature dependent resistor has a
negative temperature coefficient and is connected in series with the at least one red light emitter
and configured such that in operation the drive current of the at least one red light emitter
increases relative to the drive current of the at least one blue light emitter with increasing
temperature. Alternatively the blue and red light emitters are connected in parallel and driven
from a constant current source and the temperature dependent resistor has a positive temperature
coefficient and is connected in series with the at least one blue light emitter and configured such
that in operation the drive current of the at least one blue light emitter decreases relative to the
drive current of the at least one red light emitter with increasing temperature. In yet a further
configuration the blue and red light emitters are connected in parallel and driven from a constant
current source and a respective temperature dependent resistor is connected in series with the
blue and red light emitters.

[0021] In circuit configurations that use a temperature dependent resistor to control the drive
power of the red and/or blue light emitters the resistance and temperature coefficient are selected
such the temperature dependent resistor has a resistance/temperature characteristic that is related
to the emission intensity/temperature characteristic of at least one of the blue and red light
emitters. In configurations where the power of only one light emitter is controllable the
resistance and temperature coefficient are preferably selected such the temperature dependent

resistor has a resistance/temperature characteristic that is related to the difference in emission
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intensity/temperature characteristic of the blue and red light emitters. In configurations where the
power of both light emitters is controllable the resistance and temperature coefficient are selected
such the temperature dependent resistor has a resistance/temperature characteristic that is related
to the emission intensity/temperature characteristic of a respective light emitter.

[0022] In further devices the drive circuit is operable to compare the measured temperature
with a reference temperature and in dependence on the difference in temperature, to control the
drive current or drive voltage of one or both light emitters to maintain the relative contributions
of red and blue light in the emission product substantially constant. Preferably the drive circuit is
operable to control the drive current of the red light emitter(s). Alternatively, the drive circuit is
operable to control the drive current of the blue light emitter(s). Conveniently, the drive circuit
comprises a voltage comparator operable to compare voltages corresponding to the measured
and reference temperatures.

[0023] As is known LEDs are often operated using a constant current source and the
inventors have appreciated that a parameter that is related to the operating temperature of the
light emitter is the LEDs’ forward drive voltage. Accordingly in one arrangement the drive
circuit is operable to control the drive current in dependence on the forward drive voltage of at
least one of the blue and red light emitters. A benefit of using the forward drive voltage to
control the drive current is that it eliminates the need for a temperature sensor enabling the drive
circuit to be located remotely to the device. In a preferred configuration the drive circuit is
operable to control the drive current in dependence on the difference between the forward drive
voltages of the blue and red light emitters. Such a configuration can be implemented using a
voltage comparator to compare the forward drive voltages of the blue and red emitters and to

control the current of a controllable current source driving the blue and/or red light emitters.

BRIEF DESCRIPTION OF THE DRAWINGS
[0024]  In order that the present invention is better understood high CRI white light emitting
devices and drive circuitry in accordance with the invention will now be described, by way of
example only, with reference to the accompanying drawings in which:
[0025] FIG. 1a is a plot of emitted light intensity versus operating temperature for blue and
red light emitting LEDs as previously described;
[0026] FIG. 1b is a plot of CCT and CRI of emitted light versus operating temperature for a
known white light emitting device comprising blue and red LEDs as previously described;
[0027] FIG. 2a is a plan view of a white light emitting device in accordance with an

embodiment of the invention;
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[0028]  FIG. 2b is a sectional view of the device of FIG. 2a through A-A;

[0029] FIG. 2¢ is a sectional view of the device of FIG. 2a through A-A showing an
alternative phosphor configuration;

[0030] FIG. 2d is a sectional view of the device of FIG. 2a through A-A showing another
alternative phosphor configuration;

[0031] FIG. 2e is a sectional view of the device of FIG. 2a through A-A with a remote
phosphor configuration;

[0032] FIG. 3a is a plan view of a white light emitting device in accordance with another
embodiment of the invention;

[0033] FIG. 3b is a sectional view of the device of FIG. 3a through A-A;

[0034] FIG. 4a is a plan view of a white light emitting device in accordance with a further
embodiment of the invention;

[0035] FIG. 4b is a sectional view of the device of FIG. 4a through A-A;

[0036] FIG. S5a is a circuit diagram of an LED connected in series with a temperature
dependent resistor;

[0037] FIG. 5b is a plot of percentage change of forward drive current (Aip/ip) versus
temperature dependent resistor resistance (Rr) for drive currents of 40mA, 160mA, 350mA,
400mA for the circuit of FIG. 5a;

[0038] FIG. 5¢ is a plot of percentage change of forward drive current Aip/ip versus
proportion of power dissipated by the temperature dependent resistor for drive currents of 40mA,
160mA, 350mA, 400mA for the circuit of FIG. 5a;

[0039] FIG. 5d is a plot of the proportion of power dissipated by the temperature dependent
resistor versus temperature dependent resistor resistance Ry for drive currents of 40mA, 160mA,
350mA, 400mA for the circuit of FIG. 5a;

[0040] FIG. Se to 5j are constant voltage drive circuits for operating the devices of FIGS. 2 to
4;

[0041] FIGS. Sk to Sp are constant current drive circuits for operating the devices of
FIGS. 2 to 4;

[0042] FIG. 5q and Sr are controllable current drive circuits for operating the devices of
FIGS. 2 to 4;

[0043] FIG. 5s is a schematic plot of normalized LED forward drive voltage Vy versus
operating temperature for blue and red light emitting LEDs;

[0044] FIGS. 5t to S5x are controllable current drive circuits for operating the devices of

FIGS. 2 to 4; and
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[0045]  FIG. Sy is a schematic plot of difference in LED forward drive voltage Vip-Vrr versus

operating temperature for blue and red light emitting LEDs.

DETAILED DESCRIPTION OF THE INVENTION

[0046] Embodiments of the invention are directed to white light emitting devices comprising
at least one blue solid state light emitting device that is operable to generate blue light with a
dominant wavelength in a range 400nm to 480nm (blue); at least one phosphor material operable
to absorb a portion of the blue light emitted by the blue light emitter(s) and to emit light with a
dominant wavelength in a range 490nm to 590nm (bluish green to orange yellow); and at least
one red solid state light emitter that is operable to generate red light with a dominant wavelength
in a range 600nm to 700nm (red). The emission product of the device, which appears white in
color, comprises the combined light generated by the blue and red light emitters and the light
generated by the phosphor material. Typically the device is configured to have a CRI of at least
80. The device further comprises drive circuitry that is operable to control the power (forward
drive current, forward drive voltage or a combination of both) of the red and/or blue light
emitters in response to a parameter that is related to the operating temperature of the blue and/or
red light emitters such as to maintain the relative contributions (ratio) of red and blue light in the
emission product substantially constant. Such a device can produce an emission product whose
CRI and CCT are substantially constant. Typically the variation in CRI and/or CCT is less than
10%. The parameter used to control the drive power of the light emitter(s) can comprise an
operating temperature of the light emitter(s). In other arrangements where the light emitters are
driven in a constant current configuration the parameter can comprise the forward drive voltage
which is related to the light emitter's operating temperature. Typically the drive circuitry can be
incorporated in the device packaging or provided separately to the device, for example, as a part
of power supply used to operate the device.

[0047] Light emitting devices

[0048] Examples of light emitting devices in accordance with the invention will now be
described with reference to FIGS. 2a to 2e, 3a, 3b, 4a and 4b of the accompanying drawings.
Throughout this specification like reference numerals preceded by the figure number are used to
denote like parts.

[0049] A white light emitting device 200 in accordance with an embodiment of the invention
is now described with reference to FIGS. 2a and 2b which respectively show a schematic plan
view of the device and a sectional view through A-A. The device 200 is configured to generate

white light with a Correlated Color Temperature (CCT) of =2700K, a minimum emission
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luminous flux of =750 lumens (Im), a minimum luminous efficacy of 100 Im/W and a minimum
CRI of 80.

[0050] The device 200 comprises a package 202 (FIG. 2b) such as for example is described in
co-pending United States patent application Serial No. 12/781,194 filed May 16, 2010 entitled
“Light Emitting Device” (Hwa SU et al.) the entire content of which is incorporated herein by
way of reference thereto. The package 202 comprises a layered structure comprising in order a
Iem square copper (Cu) substrate 204, a circuit layer 206 and a square ceramic (Al,O3) top 208.
The ceramic top 208 includes a circular through hole such that when the top 208 is mounted to
the copper substrate 204 it defines a shallow circular recess 210. A blue (dominant wavelength
in a range 450nm-480 nm, typically about 465nm) light emitting LED chip 212 is mounted on
the center of the floor of the recess 210 in direct thermal communication with the copper
substrate 204. The blue LED chip 212 can comprise, for example, a GaN (gallium nitride) based
monolithic LED chip array such as an MC (multi chip) chip manufactured by Epistar
Corporation®™ of Taiwan. Such an LED multi chip typically has a dominant emission wavelength
of 450nm, 460nm or 470 nm and a radiant flux of 1500mW to 2000mW.

[0051] The device further comprises two red (600nm-700nm) light emitting LED chips 214
mounted adjacent the blue LED chip 212 on the floor of the recess 210 in direct thermal
communication with the copper substrate 204. The red LED chips 214 can comprise, for
example, an AlGalnP (aluminum gallium indium phosphide) based LED chips such as Epistar
Corporation’s® ES-LASOPH42 chip. Such LED chips typically have a dominant emission
wavelength of 615nm and an emission luminous flux of 35Im to 451m.

[0052] The LED chips 212, 214 are electrically connected to the circuit layer 206 by bond
wires 216. The circuit layer 206 can comprise an arrangement of thin copper tracks on one or
more thin electrically insulating layer(s) 207 and is configured to interconnect the LEDs in a
desired circuit configuration.

[0053] The device 200 further comprises a dome-shaped (generally hemispherical) lens 218
which has a uniform thickness layer of phosphor material 220 on its planar base. The phosphor
or photoluminescent material 220 is operable to absorb at least a portion of the blue light emitted
by the LED chip 212 and to emit light with a dominant wavelength in a range 490nm to 590nm
(bluish green to orange yellow).

[0054]  The devices of the invention are particularly suited to use with inorganic phosphor
materials such as for example silicate-based phosphor of a general composition A;Si(O,D)s or
A,Si1(0,D)4 in which Si is silicon, O is oxygen, A comprises strontium (Sr), barium (Ba),

magnesium (Mg) or calcium (Ca) and D comprises chlorine (Cl), fluorine (F), nitrogen (N) or
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sulfur (S). Examples of silicate-based phosphors are disclosed in United States patents
US 7,575,697 “Europium activated silicate-based green phosphor” (assigned to Intematix Corp.),
US 7,601,276 “Two phase silicate-based yellow phosphor” (assigned to Intematix Corp.),
US 7,655,156 “Silicate-based orange phosphor” (assigned to Intematix Corp.) and US 7,311,858
“Silicate-based yellow-green phosphor” (assigned to Intematix Corp.) the specification and
drawings of each of which is incorporated herein by reference. The phosphor can also comprise
an aluminate-based material such as is taught in our co-pending patent application
US2006/0158090 “Aluminate-based green phosphor”, an aluminum-silicate phosphor as taught
in co-pending application US2008/0111472 “Aluminum-silicate orange-red phosphor” or a
nitride-based red phosphor material such as is taught in our co-pending United States patent
application 12/632,550 filed December 7, 2009. It will be appreciated that the phosphor material
is not limited to the examples described herein and can comprise any phosphor material
including nitride and/or sulfate phosphor materials, oxy-nitrides and oxy-sulfate phosphors or
garnet materials (YAG).

[0055] The phosphor material 220, which is in powder form, is thoroughly mixed in known
proportions with a liquid binder material to form a suspension and the resulting phosphor
composition deposited onto the surface of the lens 218 using for example spin coating, screen
printing, inkjet, letterpress, gravure or flexograph printing. The liquid binder material can
comprise a U.V. or thermally curable liquid polymer such as a U.V. curable acrylic adhesive or
silicone.

[0056] In operation light emitted by the device 200, which appears white in color, comprises
the combined light emitted by the blue LED chip 212, red LED chips 214 and green/yellow light
generated by the phosphor material 220.

[0057]  Alternatively as shown in FIG. 2¢ the phosphor material 220 can be incorporated in
the lens 218 which is fabricated from a light transmissive polymer material such as an optical
grade silicone, acrylic, polycarbonate, poly(methyl methacrylate) (PMMA). In the finished lens
218 the phosphor material is homogeneously distributed throughout the volume of the lens.
[0058] In another arrangement the lens 218 can comprise a dome-shaped (generally
hemispherical) shell and the phosphor material phosphor material 220 can be deposited as one or
more uniform thickness layers on the inner curved surface of the lens (FIG. 2d).

[0059]  As illustrated in FIG. 2e and to reduce the transfer of heat generated by the LEDs to
the phosphor material, it is further envisioned to provide the phosphor material remote to the
device 200 in the form of an optical component such as, for example, a light transmissive

window 221 that includes one or more layers of phosphor material 220. Alternatively the
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phosphor material can be incorporated in the light transmissive window 221. The window 221
including the phosphor material 220 is physically separated from the device 200, by an air gap of
length L that is typically at least Smm to provide adequate thermal isolation of the phosphor
material. Locating the window remote to the device provides a number of benefits namely
reduced thermal degradation of the phosphor material. Additionally compared with devices in
which the phosphor material is provided in close or direct contact with the light emitting surface
of the LEDs, providing the phosphor material remote to the device reduces absorption of
backscattered light by the device. Furthermore locating the phosphor material remotely enables
generation of light of a more consistent color and/or CCT since the phosphor material is
provided over a much greater area as compared to providing the phosphor directly to the light
emitting surface of the LED chip(s). The window 221 is fabricated from a light transmissive
polymer material such as an optical grade silicone, acrylic, polycarbonate, poly(methyl
methacrylate) (PMMA) or a glass such as fused silica or a borosilicate glass such as Pyrex®
(Pyrex® is a brand name of Corning Inc). Typically the window 221 and device 200 can be
incorporated in a lighting fixture or lighting module.

[0060] A white light emitting device 300 in accordance with another embodiment of the
invention is now described with reference to FIGS. 3a and 3b which respectively show a
schematic plan view of the device and a sectional view through a line A-A. The device 300 is
configured to generate white light with a Correlated Color Temperature (CCT) of =2700K, a
minimum emission luminous flux of =750 Im, a minimum luminous efficacy of 100lm/W and a
minimum CRI of §0.

[0061] The device 300 is virtually identical to the arrangement of FIGS. 2a and 2b except that
it contains four lower power red (600nm-700 nm) light emitting LED chips 314. The LED chips
314 are mounted around the blue LED chip array 312 on the floor of the recess 310 in direct
thermal communication with the copper substrate 304. In this embodiment the red LED chips
314 can comprise, for example, an AlGalnP (aluminum gallium indium phosphide) based LED
chips such as Epistar Corporation’s” ES-LASOPH2S8 chip. Such LED chips typically have a
dominant emission wavelength of 615nm and an emission luminous flux of 25 to 30 Im. In the
embodiment illustrated the lens 318 is formed (molded) in situ on the package 302 by filling the
recess 310 with the phosphor/polymer mixture.

[0062] A white light emitting device 400 in accordance with a third embodiment of the
invention is now described with reference to FIGS. 4a and 4b which respectively show a
schematic plan view of the device and a sectional view through a line A-A. The device 400 is

configured to generate white light with a Correlated Color Temperature (CCT) of =2700K, a
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minimum emission luminous flux of =750Im, a minimum luminous efficacy of 100lm/W and a
minimum CRI of §0.

[0063] The device 400 comprises an LTCC (low temperature co-fired ceramic) package 402
for example as described in co-pending United States patent application Publication No.
US 2009/0294780 (filed May 27, 2008) the entire content of which is incorporated herein by
way of reference thereto. In the embodiment shown the package 402 is a square multilayered
ceramic package having a square array of twenty five (five rows by five columns) circular
recesses 410. Each recess 410 is configured to house a respective LED chip.

[0064] The package 402 comprises a 14mm square ceramic body 408 containing one or more
circuit layers 406 composed of silver (Ag). On the floor of each recess 410 there is provided a
silver mounting pad 422. As illustrated the lower face of the package can include a thermally
conductive base 424. Typically the mounting pads 422 are connected in thermal communication
with the base by thermally conductive vias 426. Twenty blue (450nm-480 nm) light emitting
LED chips 412 are mounted on the floor of a respective recess 410 in direct thermal
communication with the silver mounting pad 422. The blue LEDs 412 can comprise, for
example, InGaN (indium gallium nitride) based chips such as Epistar Corporation’s® ES-
CABLV24B HO9 chip. Such an LED multi chip typically has a dominant emission wavelength of
450nm, 460nm or 470 nm and a radiant flux of 95mW to 110mW.

[0065] The device further comprises five red (600nm-700 nm) light emitting LED chips 414
mounted within a respective recess 410 in direct thermal communication with the silver
mounting pad 422. The red LEDs 414 can comprise, for example, an AlGalnP (aluminum
gallium indium phosphide) based LED chip such as Epistar Corporation’s® ES-LASOPH24.
Such LED chips typically have a dominant emission wavelength of 615nm and an emission
luminous flux of 10lm to 17Im. As shown the five red LED chips 414 are located within the
recesses 410 located at the center position of the array and each of the four corners of the square
(three rows by three columns) surrounding the center recess.

[0066] The LED chips 412, 414 are clectrically connected by the circuit layer 406.

[0067] Drive circuits

[0068] Exemplary drive circuits for operating the device of the invention are now described
with reference to FIGS. 5a to Sy. Each of the drive circuits is operable to control the drive power
of at least one of the red and/or blue LED chips in response to a parameter that is related to the
operating temperature T of at least one of the red and/or blue LED chips such as to minimize
variation in the ratio of red to blue light in the emission product of the device over the operating

temperature range of the device. Depending on its complexity the drive circuit can be housed
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within the device package or as incorporated as part of the power supply used to operate the
device.

[0069] As will be described depending on the drive configuration of the LED chips the drive
power can be controlled by controlling the forward drive current i, forward drive voltage Vg or
a combination of both of the red and/or blue LED chips. Initial tests indicate that by appropriate
circuit configuration the light emitting device of the invention can produce an emission product
in which the CRI and CCT have a variation of less than 10% or even less than 5% for a change
in operating temperature of 50°C (AT=50°C). In the embodiments described the parameter used
to control the LED chip drive current can comprise the operating temperature of the red and/or
blue LED chips or the forward drive voltage Vi of the LED chip(s) which is related to the LED
chip operating temperature.

[0070] As is known LEDs can be driven in a constant voltage or constant current
configurations. Firstly drive circuits that are essentially constant voltage configurations are
described.

[0071] Constant voltage drive circuits

[0072]  In drive circuits in which the LED chips are driven by a constant drive voltage V the
forward drive current ir and/or drive voltage Vy of the LED can be controlled to minimize the
variation in the ratio of red to blue light in the emission product of the device over the device’s
operating temperature range. In such circuit configurations the temperature of one or both LED
chips can be used to control the forward drive current and/or voltage of the LED chips and the
temperature is conveniently sensed using a temperature dependent resistor (thermistor). FIG Sa
shows an LED connected in series with a temperature dependent resistor Ry that is driven from a
constant voltage source V. For such a circuit the forward drive voltage Vy of the LED is given by
the relationship:

[0073] Ve=V-Vgr=V-ifRr

[0074]  where V is the constant drive voltage, Vrr is the voltage drop across the temperature
dependent resistor and R is the resistance of the temperature dependent resistor. As is known
the resistance of a temperature dependent resistor is given by:

[0075]  Rr=Ro(1+K(T-Ty))

[0076] where T is the temperature and K the temperature coefficient of the temperature
dependent resistor. The effective resistance of an LED (Vy/ir) is a non-linear function of
temperature and decreases with increasing temperature. As a result for an LED connected in
series with a temperature dependent resistor with a negative temperature coefficient (NTC, i.e.

electrical resistance decreases with increasing temperature) the total resistance (Rr+ Vy/ip) will
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decrease with increasing temperature. Since the LED is driven from a constant voltage source V
the forward drive current i will increase with increasing temperature. For such a circuit
arrangement the forward drive current i and forward drive voltage Vg of the LED will change

with temperature according to the relationship:

. 18Y
sty SRe oy
[0077] BT Y EG
[0078] where #F is the change of forward drive voltage with temperature and #s is the
fp g

change of LED forward drive voltage with forward drive current. Values for #¥ and #: can be
empirically determined from the measured forward drive voltage Vr versus temperature T and
the forward drive voltage Vg versus forward drive current iy characteristics of an LED driven
from a constant voltage source (i.c. without the thermistor). As a result, the change in forward
drive current iy at different temperatures can be calculated. FIG. 5b are plots of the percentage
change of forward drive current (Air/ip) versus thermistor resistance Rt over an operating
temperature range 25°C to 75°C (AT=50°C) for drive currents iy of 40mA, 160mA, 350mA and
400mA. In FIG. 5b the LED is an Epistar Corporation® ES-LASOPH42 red LED chip which
has standard current rating of 350mA and the thermistor has a resistance of 10Q at 25°C and a
NTC (negative temperature coefficient) K=-0.0038/°C. As can be seen from FIG.Sb the
percentage change of forward drive current Aig/ir over a 50°C temperature variation (AT=50°C)
is a function of the thermistor resistance Rt and the forward current of the LED. For a thermistor
with of resistance Rr>10Q a change of current (adjustment) of =16% can be achieved over a
temperature variation AT=50°C.

[0079]  As shown in FIGS. S¢ and 5d whilst a higher resistance thermistor has the capability
of adjusting the forward current by a greater amount it will dissipate (consume) a greater
proportion of the total power. For example at 25°C approximately 65% of the total power will be
dissipated by the thermistor for an LED driven with a forward drive current of 350mA or
400mA. As a result a balance has to be struck between these two effects (amount of current
adjustment versus thermistor power consumption). For example if the LED chip is under driven
with a drive current of 40mA using a 5Q (@25°C) thermistor a maximum of 10% of the total
power is dissipated by the thermistor and the current ir can be adjusted by up to 15%. For an
LED chip driven with a drive current of 160mA and driven by a 2.2Q thermistor a maximum of
up to 15% of the total power is consumed by the thermistor and ir can be adjusted by up to 13%.

For a drive current of 160mA driven using a 1.1€Q thermistor, the thermistor dissipated up to
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15% of the total power and iy can be adjusted by up to 11%. It will be understood that the

resistance of the thermistor and its temperature coefficient are selected according to the type of
LED chip, the temperature characteristic of the LED chip and the interconnection of the LED
chips (serial, parallel or a combination thereof). In a preferred solution the value of Ry is selected
such that the thermistor dissipates less than 15% of the total power but still offers a current
adjustment (compensation) of >10%

[0080] FIG. Se is a first drive circuit 530 in which the red LED chips 514 of the device 500
are connected in series with an NTC thermistor 532 and operated from a constant voltage source
Vr whilst the blue LED chips 512 are driven directly from a constant voltage source Vg. As
described the resistance of the thermistor 532 depends on temperature and is operable to control
the forward drive current ipg of the red LED chips in dependence on the operating temperature of
the red and/or blue LED chips. For example in the light emitting devices 200, 300 (FIGS. 2 and
3) the thermistor 532 can be mounted in the recess 210, 310 of the package in thermal
communication with the copper substrate 204, 304. In such an arrangement the thermistor 532
senses the temperature T of the substrate which is related to the operating temperature of the red
and blue LED chips. In the light emitting device 400 (FIG. 4) the thermistor 532 can be mounted
in thermal communication with the silver mounting pad 422 corresponding to the blue or red
LED chips or mounted in thermal communication with the thermally conductive base 424.

[0081]  As described above the intensity of light emitted by a red light emitting LED typically
decreases much more quickly with an increase in operating temperature than the intensity of
light emitted by a blue light emitting LED (FIG. 1a). In the circuit configuration of FIG. Se the
thermistor 532 has a negative temperature coefficient and the thermistor’s resistance and
temperature coefficient are selected to have a resistance/temperature characteristic that is related
to the difference between the red and blue LED emission intensity/temperature characteristic. In
operation when the temperature of the LED chips 512, 514 increases the resistance of the
thermistor 532 decreases resulting in an increase of forward drive current igr of the red LED
chip 514. The change in the forward drive current igr results in an increase in emission intensity
of the red LED chips. The circuit 530 is configured to minimize any variation in the ratio of red
to blue contributions in the emission product over the operating temperature range of the device
and thereby reduce variation in the CCT and/or CRI of light emitted by the device. Ideally the
circuit would be configured to maintain the relative contributions of red and blue light in the
emission product constant over the operating temperature range. Since, over the operating
temperature range of the device, it may not be practical to control the current of the LED

sufficiently to maintain the ratio of red and blue light contributions in the emission product
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constant, in practice the circuit is configured to ensure that any variation in the relative
contribution over the operating temperature range is less than a selected value, 20% or lower,
preferably less than 10%, more preferably less than 5% and ideally 1% or lower. Since the
circuit does not compensate for the decrease of emission intensity of the blue LED chips with
increased temperature the overall emission intensity of the device will be lower at higher
operating temperatures.

[0082] In an alternative drive circuit 534 as shown in FIG. 5f a thermistor 536 can be
connected in series with the blue LED chip 512 and operated from a constant voltage source Vg
whilst the red LED chips driven from a constant voltage source Vg. The thermistor 536 is
operable to measure the operating temperature of the red and/or blue LED chips. In the circuit
configuration 534 the thermistor 536 preferably has a positive temperature coefficient (i.c.
electrical resistance increases with increasing temperature) and the thermistor is selected to have
a resistance/temperature characteristic that is related to the difference between the red and blue
LED emission intensity/temperature characteristic. In operation when the temperature of the
LED chips 512, 514 increases the resistance Ry of the thermistor 536 increases resulting in an
increase in total resistance (Rr+ Vy/ir) and a decrease of forward drive current ipg of the blue
LED chip 512. The decrease of forward drive current results in a decrease in emission intensity
of the blue LED chips. The circuit 534 is configured such that over the operating temperature
range of the device the variation in the ratio (relative contribution) of light emission from the red
and blue LED chips is less than a selected value thereby reducing the variation in the CCT and/or
CRI of light emitted by the device. It will be appreciated however that whilst any variation in
CCT and/or CRI is minimized the overall emission intensity of the device will decrease with
increased operating temperature as the circuit does not compensate for the decrease of emission
intensity of the red LED chips.

[0083] FIG. 5g shows a drive circuit 538 in which a respective thermistor 532, 536 is
connected in series with the red and blue LED chips and used to independently control the
forward drive current of the red and blue LED chips. The drive circuit 538 is a combination of
circuits 530 (FIG. Se) and 534 (FIG. 5f). Each thermistor 532, 536 can be operable to sense the
operating temperature of a respective LED chip group or operable to measure the operating
temperature of the red and blue LED chips.

[0084] In onec arrangement of drive circuit 538 the thermistor 532 is a NTC device and the
thermistor 536 is a PTC device. With such a configuration an increase of operating temperature
will result in an increase of the forward drive current igr of the red LED chip and a decrease of

the forward drive current irp of the blue LED chip. The net effect of the change of forward drive
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currents reduces any change in the ratio of light emission from the red and blue LED chips and
thereby reduces the variation in the CCT and/or CRI of light emitted by the device. Whilst the
CCT and/or CRI remain substantially constant the overall emission intensity will decrease due to
the decrease of light emission from the blue LED chip. As described above (Fig. 5a), initial
results indicate that a serially connected thermistor enables a maximum change of forward drive
current of about 15% to 20% over a temperature range 25°C to 75°C (AT=50°C). Over this
temperature range the emission intensity of a red LED may drop by 40% whilst the emission
intensity of the blue LED chip drops by about 5% (FIG. 1a) which is equivalent to a variation in
the ratio of red to blue light of about 47%. By configuring the circuit to decrease the emission
intensity of the blue LED chip and to increase the emission intensity of the red LED chip with
increasing temperature enables the overall maximum change of drive current to be increased
over a given operating temperature range. For example it is contemplated that such a
configuration may be capable of an overall maximum change of drive about 30% to 40% over an
operating temperature range of 25°C to 75°C thereby enabling the variation in the ratio of red to
blue light to be minimized to a variation of approximately 7%.

[0085] In an alternative arrangement of drive circuit 538 both thermistors 532, 536 can be
NTC devices and are selected to have a resistance/temperature characteristic that is related to the
respective LED emission/temperature characteristic. With such a configuration an increase of
operating temperature will result in an increase of the forward drive current of both the red LED
and blue LED chips. Although such a circuit arrangement can additionally reduce any change of
emission intensity, the variation in the CRI and CCT can be greater over the same operating
temperature range.

[0086] FIG. 5h show a further drive circuit 540 in which the forward drive current igg of the
red LED chips 514 is controlled in dependence on the LED chip temperature and the blue LED
chips 512 are driven from a constant voltage source. In the configuration 540 the red LED chip
514 is connected in parallel with a PTC thermistor 542 of resistance Rrp and the parallel
combination connected in series with the NTC thermistor 532 of resistance Rrg and operated
from a constant voltage source Vg. The blue LED chips 512 are driven directly from a constant
voltage source Vg. In operation when the temperature of the LED chips 512, 514 increases the
resistance of the thermistor 532 decreases and the resistance of the thermistor 542 increases
resulting in an increase of forward drive current igr of the red LED chip 514. The forward drive

current is given by the relationship:
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[0088]

the thermistor 532 and is given by the relationship Rrg = Ros(1+Ks(T-Ty)) and Rrp is the

where Vg is the forward drive voltage of the red LED chips, Rrs is the resistance of

resistance of the thermistor 542 and is given by the relationship Rrp = Rop(1+Kp(T-Tg)). The

change of forward drive current ipr with temperature is given by the relationship:

_ se.m. . Ryg
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[0089] S gy i Bgpl
[0090] To ensure that the thermistors 532, 542 do not consume too much of the total power
(preferably <15%):
[0091] Ris <<Vpp/ipr<<Rrp,
[0092] Rog/R1s=Rgp/Rp, and
[0093] &Y <<KRgsirr, then the equation can be simplified to:
: L Wiy - K U iRye
i ﬁiw S FisRos i RW
fsg 8F ..+ 0¥y
[0094] T Bien
[0095] The change (increase) in the forward drive current ipr results in an increase in

emission intensity of the red LED chip(s) 514. The circuit 540 is configured to ensure that the
variation in the ratio (relative contribution) of light emission from the red and blue LED chips
over the operating temperature range is within a selected range thereby reducing the variation in
the CCT and/or CRI of light emitted by the device. Using two thermistors 532, 542 enables a
greater change of forward drive current for a given change of temperature.

[0096]
the blue LED chips 512 is controlled in dependence on the LED chip temperature and the red

In an alternative drive circuit 544 as shown in FIG. 5i the forward drive current ipg of

LED chip 514 driven from a constant voltage source. In the circuit configuration 544 the blue
LED chip 512 is connected in parallel with a NTC thermistor 546 (resistance Rpp) and the
parallel combination connected in series with a PTC thermistor 536 (resistance Ryg) and operated
from a constant voltage source Vg. The red LED chips 514 are driven directly from a constant
voltage source V. In operation when the temperature of the LED chips 512, 514 increases the
resistance of the thermistor 536 increases and the resistance of the thermistor 546 decreases
resulting in an decrease of forward drive current ipg of the blue LED chip 512. The decrease in
the forward drive current ipp results in a decrease in emission intensity of the blue LED chip 512.
The circuit 544 is configured to maintain the relative contribution of red and blue light in the

emission product substantially constant over the operating temperature range of the device and
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thereby reduce any variation in the CCT and/or CRI of light emitted by the device. As with the

circuit configuration 534 (FIG. 5f) whilst the CCT and/or CRI remain substantially constant the
overall emission intensity will drop with increasing temperature.

[0097] FIG. 5j shows a drive circuit 548 in which the forward drive currents igr, irp of the red
and blue LED chips are independently controlled in dependence on LED chip temperature. The
circuit 548 is a combination of drive circuits 540 (FIG. Sh) and 544 (FIG. 5i) in which the red
and blue LEDs chips are each connected in parallel with a respective thermistor 542, 546 and the
parallel combination then connected in series with a respective thermistor 532, 536. Each pair of
thermistors 532, 542 and 536, 546 can be operable to sense the operating temperature of a
respective LED chip group or operable to measure the operating temperature of the red and blue
LED chips.

[0098] In one drive circuit 548 arrangement the thermistors 532, 546 can be NTC devices and
the thermistor 536, 542 can be PTC devices. With such a configuration an increase of operating
temperature will result in an increase of the forward drive current igr of the red LED chip and a
decrease of the forward drive current ipg of the blue LED chip. The net effect of the change of
forward drive currents i, irp reduces variation in the ratio of light emission from the red and
blue LED chips and thereby reduces the variation in the CCT and/or CRI of light emitted by the
device. Whilst the CCT and/or CRI may remain substantially constant the overall emission
intensity will decrease due to the decrease of light emission from the blue LED chip. The
thermistors can be selected to have a resistance/temperature characteristic that is related to the
difference between the emission intensity/temperature characteristics of the red and blue LED
chips.

[0099] 1In a further drive circuit 548 arrangement the thermistors 532, 536 can be NTC
devices and the thermistors 542, 546 can be PTC devices. With such a configuration an increase
of operating temperature will result in an increase of the forward drive currents ipg, irp of both
the red and blue LED chips 514, 512. The thermistors can be selected to have a
resistance/temperature  characteristic that is related to the respective LED emission
intensity/temperature characteristic.

[0100] Constant current drive circuits

[0101] It is often preferred to drive LEDs in a constant current configuration in order to
maintain a constant emission intensity. FIGS. 5k to Sp show various drive circuit configurations
that are driven from a constant current source.

[0102] In a first such drive circuit 550, as shown in FIG. 5k, the red LED chips 514 are

connected in parallel with a PTC (positive temperature coefficient) thermistor 532 and operated
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from a constant current source 552 Ig whilst the blue LED chips 512 are driven directly from a
constant current source 554 Ig. The parallel thermistor/LED 532/514 configuration acts as a
current divider such that in operation an increase in temperature causes the resistance of the
thermistor to increase which results in a higher proportion of the current I to flow through the
arm including the red LED chip and an increase in the forward drive current igg of the red LED
chips. Assuming that the forward drive voltage Vyr of the red LED chip is constant the forward

drive current is given by the relationship:

[0103] "
[0104] where Rr is the resistance of the thermistor 532 and given by the relationship

R1=Ro(1+K(T-Ty)). The change of forward drive current irg with temperature is given by the

relationship:

Ver BBy 1 8V

[0105]
[0106] In the drive circuit configuration 550 of FIG. 5k the thermistor 532 has a resistance
and temperature coefficient that are selected to have a resistance/temperature characteristic that
is related to the difference between the red and blue LED emission intensity/temperature
characteristics. The circuit 550 is configured to minimize variation in the ratio (relative
contribution) of red and blue light in the emission product over the operating temperature range
and thereby reduce variation in the CCT and/or CRI of light emitted by the device.

[0107]  As shown in FIG. 5l in an alternative drive circuit 556 the blue LED chips 512 are
connected in parallel with a NTC thermistor 536 and operated from a constant current source 554
Ig whilst the red LED chips 514 are driven directly from a constant current source 552 Ig. In
operation an increase in temperature causes the resistance of the thermistor 536 to decrease
which results in a lower proportion of the current Iy to flow through the arm including the blue
LED chips and a decrease in the forward drive current igp of the blue LED chips. The decrease of
forward drive current results in a decrease in emission intensity of the blue LED chips. The
thermistor 532 has a resistance and temperature coefficient that are selected to have a
resistance/temperature characteristic that is related to the difference between the red and blue
LED emission intensity/temperature characteristics. The circuit 556 is configured to minimize
variation in the ratio of red and blue light in the emission product over the operating temperature
range of the device and thereby reduce the variation in the CCT and/or CRI of light emitted by
the device. It will be appreciated that whilst the CCT and/or CRI remain substantially constant

the overall emission intensity of the device will fall with increasing temperature due to the
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decrease in emission intensity of the blue LED chip.

[0108] FIG. Sm shows a drive circuit 558 in which a respective thermistor 532, 536 is
connected in parallel with the red and blue LED chips and used to independently control the
forward drive current ipgr, ipg of the red and blue LED chips. The drive circuit 558 is a
combination of circuits 550 (FIG. 5k) and 556 (FIG. SI) In one such circuit configuration the
thermistor 532 is a PTC device and the thermistor 536 is a NTC device. In an alternative
configuration both thermistors 532, 536 are PTC devices and are selected to have a
resistance/temperature  characteristic that is related to the respective LED emission
intensity/temperature characteristic.

[0109] FIG. Sn is a drive circuit 560 in which the blue LED chips 512 and red LED chips 514
are connected in parallel and operated from a single constant current source 562. A thermistor
532 is connected in series in the arm of the circuit containing the red LED chips 514 and is
operable to control the relative drive currents of the red and blue LED chips in dependence on
the operating temperature of the red and/or blue LED chips. In the circuit configuration of FIG.
Sn the thermistor 532 has a negative temperature coefficient and is selected to have a
resistance/temperature characteristic that is related to the difference between the red and blue
LED chip emission intensity/temperature characteristics. In operation when the temperature of
the LED chips 512, 514 increases the resistance of the thermistor 532 decreases resulting in an
increase of forward drive current ipr of the red LED chip 514 and a corresponding decrease of
forward drive current igg of the blue LED chip 512. The relative change in the forward drive
currents results in an increase in emission intensity of the red LED chips and a decrease in
emission intensity of the blue LED chips. The circuit 560 is configured to minimize variation in
the relative contribution (ratio) of light emission from the red and blue LED chips and thereby
reduce variation in the CCT and/or CRI of light emitted by the device 500.

[0110] As shown in FIG. 50 in an alternative drive circuit 564 the thermistor 536 can be
connected in the arm of the circuit containing the blue LED chip 512. The thermistor 536 is
operable to measure the operating temperature of the red and/or blue LED chips. In the circuit
configuration 564 the thermistor 536 has a positive temperature coefficient and is selected to
have a resistance/temperature characteristic that is related to the difference between the red and
blue LED emission/temperature characteristics. In operation when the temperature of the LED
chips 512, 514 increases the resistance of the thermistor 536 increases resulting in a decrease of
forward drive current igg of the blue LED chip 512 and a corresponding increase of forward
drive current igg of the red LED chip 514. The change in the forward drive currents results in an

increase in emission intensity of the red LED chips and a decrease in emission intensity of the
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blue LED chips. The circuit 564 is configured to minimize variation in the relative contribution
of red and blue light contributions in the emission product over the operating temperature range
of the device and thereby reduce variation in the CCT and/or CRI of light emitted by the device.
[0111]  FIG. 5p shows a drive circuit 566 in which respective thermistors 532, 536 are used to
control the forward current g, irp of the red and blue LED chips 514, 512. Each thermistor 532,
536 can be operable to sense the operating temperature of a respective LED chip group or
operable to measure the operating temperature of the red and blue LED chips. In such a circuit
configuration 566 the thermistor 532 is a NTC device and the thermistor 536 is a PTC device. In
another circuit arrangement 566 both thermistors 532, 536 are NTC devices and are selected to
have a resistance/temperature characteristic that is related to the respective LED emission
intensity/temperature characteristic.

[0112]  Controllable current drive circuits

[0113] FIGS. 5q, 5r and 5t to 5x show various drive circuits based on a controllable current
source(s). FIG. 5q shows a drive circuit 568 in which the blue LED chips 512 are driven directly
from a constant current source 554 and the red LED chips 514 are driven from a controllable
current source 570 whose current is controllable to compensate for changes in the LED chip
operating temperature. A thermistor 536 is connected in series with one or more resistors 572 to
form a potential divider arrangement such as to produce a voltage Vr that is related to the
temperature T of the thermistor 536. As illustrated in FIG. 5q the thermistor 536 is connected to
ground and is a PTC device such that the voltage Vr will increase with increasing temperature.
The voltage Vr is compared with a reference voltage Vrrer using a voltage comparator 574 or
like device. Typically the reference voltage Vrrer is selected to be representative of the normal
operating temperature of the LED chips. The comparator 574 produces an output voltage Verre
that is related to the difference between the voltages Vp and Vyrgr and hence related to the
difference between the actual and normal operating temperatures. The control voltage Vcrri, is
used to control the controllable current source 570 and the forward drive current igg of the red
LED chips 514. Since the variation with temperature in emission intensity of the red LED chips
514 will be greater than that of the blue LED chips 512 it is only necessary to control the forward
drive current of the red LED chips to minimize the variation in CCT and/or CRI of the device. It
is however contemplated in other circuit configurations to alternatively control the forward drive
current irg of the blue LED chips or to independently control the forward drive current of the red
and blue LED chips. In the case of the latter the thermistors 532, 536 can be configured to
measure the temperature of a respective color of LED chip or to measure the temperature of the

red and blue LED chips.
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[0114] In a further drive circuit 576, as shown in FIG. Sr, the voltage V1 corresponding to the

operating temperature of the LED chip(s) can be converted into a digital value using an A to D
(Analogue to Digital) converter 578 and the digital value used by a controller 580 to control a
controllable current source 570. The circuit 576 can further comprise a look-up table 582 that
the controller 580 accesses to determine the appropriate forward drive current to minimize the
variation in the CCT and/or CRI of light emitted by the device 500. Since the configuration uses
a look-up table containing values that can take account of the non-linear nature of the LED
emission intensity/temperature characteristic the drive circuit 576 offers potentially very accurate
control of the emission product of the device.

[0115] In each of the drive circuits 530, 534, 538, 540, 544, 548, 550, 556, 558, 560, 564,
566, 568 and 576 described so far the operating temperature T of the LED chips has been
measured using a resistive thermal device (thermistor). When an LED is operated in a constant
current configuration the forward drive voltage Vr is related to the operating temperature of the
LED (FIG. 5s) and the inventors have appreciated that the LED forward drive voltage Vr can be
used as an indicator of LED operating temperature to control operation of the LED. The circuit
configurations 584, 586, 592, 594 and 598 of FIGS. 5t to 5x operate in such a manner and
eliminate the need to measure the LED chip temperature. A further advantage of using the
forward drive voltage as an indicator of LED temperature is that all of the control circuitry can
be located remote from the light emitting device.

[0116] In the drive circuit 584 of FIG. 5t the blue LED chips 512 are driven from a constant
current source 554 and the red LED chips 514 are driven from a controllable current source 570
whose current is controllable in dependence on the forward drive voltage Vgr of the red LED
chips to compensate for changes in the LED chip operating temperature. The forward drive
voltage Vg is compared with a reference voltage Vyggrr using a voltage comparator 574 or like
device. Typically the reference voltage Vyrerr is selected to be representative of the forward
drive voltage at the normal operating temperature of the LED chip. The comparator 574
produces an output voltage Vrry that is related to the difference between the voltages Vyr and
Vvrerr and hence related to the difference between the actual and normal operating
temperatures. The control voltage Verri, 1s used to control the controllable current source 570
and the forward drive current ipg of the red LED chips 514.

[0117]  FIG. Su shows a drive circuit 586 in which the red LED chips 514 are driven from a
constant current source 552 and the blue LED chips 512 are driven from a controllable current
source 588 whose current is controllable in dependence on the forward drive voltage Vg of the

blue LED chips to compensate for changes in the LED chip operating temperature. The forward
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drive voltage Vyp is compared with a reference voltage Vyrgrp using a voltage comparator 590
or like device. Typically the reference voltage Vvrers is selected to be representative of the
forward drive voltage at the normal operating temperature of the LED chip. The comparator 590
produces an output voltage Vcerry that is related to the difference between the voltages Vg and
Vyrers and hence related to the difference between the actual and normal operating
temperatures. The control voltage Verri, 1s used to control the controllable current source 588
and the forward drive current igg of the blue LED chips 512.

[0118] FIG. Sv shows a drive circuit 592 in which the red and blue LED chips 512, 514 are
driven by a respective controllable current source 570, 588 whose current is controllable in
dependence on the forward drive voltage Vggr, Vyp of the red and blue LED chip(s) to
compensate for changes in the LED chip operating temperature. The drive circuit 592 is a
combination of drive circuits 584 (FIG. 5t) and 586 (FIG. Su) and operates in a like manner.
[0119] FIG. Sw shows a drive circuit 594 in which the blue LED chips 512 are driven from a
constant current source 554 and the red LED chips 514 are driven from a controllable current
source 570 whose current is controllable in dependence on a difference in forward drive voltage
Vip-Vrr of the LED chip(s) 512, 514 to compensate for changes in the LED chip operating
temperature. The forward drive voltages of the red and blue LED chips Vgr, Vyp are compared
by a voltage comparator 596 or like device which produces an output voltage that is related to
the difference between the forward drive voltages Verr=Vrs-Vrr and hence related to relative
drop of emission intensity of the red LED chips compared with the emission intensity of the blue
LED chips (i.c. change of ratio of emission intensity).

[0120] FIG. 5x is a drive circuit 598 that is similar to the drive circuit 594 except that it is
configured such that the forward drive voltages Vrg and Vrr used to control the current source
are normalized such that they are equal at the normal operating temperature T, of the device. A
potential divider arrangement comprising resistors R1 600 and R2 602 is configured such that at
the normal operating temperature T, the normalized forward drive voltage for the blue LED
chips Vgpn is equal to the forward drive voltage of the red LED chips Vyr and is given by the

relation:

) oom
Vomw = ¥ag = Vg

(0121 *RITRZ

[0122]  Such a circuit arrangement ensures that the control voltage Verri=Vesn-Vir 18 zero at

8y,

the normal operating temperature T,. FIG. Sy is a schematic plot of the control voltage Vypn-VEr
versus LED operating temperature. The control voltage Verry 1S used to control the controllable
current source 570 and the forward drive current ipg of the red LED chips to thereby maintain the

relative contribution of light emission from the red and blue LED chips substantially constant
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thereby reducing the variation in the CCT and/or CRI of light emitted by the device 500.

[0123]  In each of the drive circuits of FIGS. Se to Sg, 5k to Sr and St to 5x the light emitting
device 500 is indicated by a dashed line box and comprises at least one blue LED chip 512 and at
least one red LED chip 514. It is envisaged that the light emitting device of the invention
incorporate part or all of the drive circuitry described. Moreover it will be appreciated that the
foregoing drive circuits are exemplary only and that other circuit configurations embodying the
invention will be apparent to those skilled in the art.

[0124]  The light emitting devices and drive circuits of the invention are exemplary only and
are not restricted to the specific embodiments described and variations can be made that are
within the scope of the invention. For example, devices in accordance with the invention can
comprise other LEDs such as silicon carbide (SiC), zinc selenide (ZnSe), indium gallium nitride
(InGaN), aluminum nitride (AIN) or aluminum gallium nitride (AlGaN) based LED chips that
emit blue or U.V. light.

[0125]  As an alternative to incorporating the phosphor material in the lens it is also envisaged
to provide the phosphor material in the form of one or more layers on a surface of the lens,
typically the planar face. In such an arrangement the phosphor material, which is typically in
powder form, is mixed with a binder material such as NAZDAR’s clear screen ink 9700 and the
mixture screen printed on the surface of the lens to form a layer of uniform thickness. It will be
appreciated that the phosphor can be applied by other deposition methods such as spraying, ink
jet printing or by mixing the powdered phosphor with a light transmissive binder material such
as an epoxy or silicone and applying the phosphor/polymer mixture by doctor blading, spin
coating ectc. To protect the phosphor material the lens is preferably mounted with the phosphor
layer(s) facing the recess. Typically the weight loading of phosphor material to light transmissive
binder in the deposited material is between 10% and 30% though it can range between 1% and
99% depending on the desired emission product and the package design. To deposit a sufficient
density of phosphor material per unit area, for example 0.02-0.04g/cm?, it may be necessary to
make multiple print passes, the number of passes depending on the mesh size of the printing

screen.
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CLAIMS

What is claimed is:
1. A white light emitting device comprising:

at least one blue solid state light emitter operable to generate blue light with a dominant
wavelength in a range 400nm to 480nm,;

at least one phosphor material operable to absorb a portion of the blue light and to emit
light with a dominant wavelength in a range 490nm to 590nm; and

at least one red solid state light emitter operable to generate red light with a dominant
wavelength in a range 600nm to700nm;

wherein the emission product of the device comprises the combined light generated by
the blue and red light emitters and light generated by the at least one phosphor material and
appears white in color; and
a drive circuit operable to compensate for variation in the ratio of red to blue light in

the emission product such that over an operating temperature range of at least 25°C said variation
18 less than 20%.
2. The device of Claim 1, wherein the drive circuit is configured such that in operation over
the operating temperature range said variation is selected from the group consisting of being: less
than 10%, less than 5% and less than 1%.
3. The device of Claim 1, wherein the drive circuit is configured for operation over an
operating temperature range selected from the group consisting of being: at least 25°C, at least
50°C and at least 100°C.
4. The device of Claim 1, and configured such that the emission product has a color
rendering index selected from the group consisting of being: at least 80, at least 85, at least 90
and at least 95.
5. The device of Claim 1, wherein the drive circuit is operable to control the power of at
least one of the red and blue light emitters in response to a parameter related to the operating
temperature of at least one of the blue and red light emitters.
6. The device of Claim 5, wherein the parameter comprises a temperature of at least one of
the blue and red light emitters.
7. The device of Claim 6, and further comprising a sensor for sensing the temperature of the
red and/or blue light emitters.
8. The device of Claim 7, wherein the blue and red light emitters are mounted in thermal
communication with a thermally conductive substrate and wherein the sensor is configured to

sense the temperature of the substrate.
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9. The device of Claim 6, and comprising respective sensors for sensing the temperature of
the blue and red light emitters.

10.  The device of Claim 7, wherein the sensor comprises a temperature dependent resistor.

11.  The device of Claim 7, wherein at least one of the blue and red light emitters is connected
in series with the temperature dependent resistor and said light emitter is operable from a
constant voltage source.

12. The device of Claim 11, wherein the temperature dependent resistor has a negative
temperature coefficient and is connected in series with the at least one red light emitter.

13.  The device of Claim 11, wherein the temperature dependent resistor has a positive
temperature coefficient and is connected in series with the at least one blue light emitter.

14.  The device of Claim 11 wherein the blue and red light emitter are connected in series
with a respective temperature dependent resistor.

15. The device of Claim 7, wherein at least one of the blue and red emitters is connected in
parallel with the temperature dependent resistor and said light emitter is operable from a constant
current source.

16.  The device of Claim 15, wherein the temperature dependent resistor has a positive
temperature coefficient and is connected in parallel with the at least one red light emitter.

17.  The device of Claim 15, wherein the temperature dependent resistor has a negative
temperature coefficient and is connected in parallel with the at least one blue light emitter.

18.  The device of Claim 15 wherein the blue and red light emitter are connected in parallel
with a respective temperature dependent resistor.

19.  The device of Claim 10, wherein the blue and red light emitters are connected in parallel
and driven from a constant current source and wherein the temperature dependent resistor has a
negative temperature coefficient and is connected in series with the at least one red light emitter
and configured such that in operation the drive current of the at least one red light emitter
increases relative to the drive current of the at least one blue light emitter with increasing
temperature.

20.  The device of Claim 10, wherein the blue and red light emitters are connected in parallel
and driven from a constant current source and wherein the temperature dependent resistor has a
positive temperature coefficient and is connected in series with the at least one blue light emitter
and configured such that in operation the drive current of the at least one blue light emitter
decreases relative to the drive current of the at least one red light emitter with increasing

temperature.
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21.  The device of Claim 10, wherein the blue and red light emitters are connected in parallel
and driven from a constant current source and comprising a respective temperature dependent
resistor connected in series with the blue and red light emitters.
22.  The device of Claim 6, wherein the drive circuit is operable to control the drive current of
one or both light emitters in dependence on a difference between a measured temperature and a
reference temperature.
23.  The device of Claim 22, wherein the drive circuit comprises a comparator operable to
compare the measured and reference temperatures.
24.  The device of Claim 1, wherein the parameter comprises the forward drive voltage of at
least one of the blue and red light emitters.
25.  The device of Claim 24, wherein the drive circuit is operable to control the drive current
of one or both light emitters in dependence on a difference between a drive voltage and a
reference voltage.
26.  The device of Claim 25, wherein the drive circuit comprises a comparator operable to
compare the measured and reference voltages.
27.  The device of Claim 24, wherein the drive circuit is operable to control the drive current
in dependence on a difference of forward drive voltages of the blue and red light emitters.
28.  The device of Claim 1, wherein the at least one phosphor material is physically separated
from the at least one blue LED by a distance of at least Smm.
29. A white light emitting device comprising:

at least one blue LED operable to generate blue light;

at least one phosphor material operable to absorb a portion of the blue light and to emit
green/yellow light; and

at least one red LED operable to generate red light;

wherein the emission product of the device comprises the combined light generated by
the blue and red light LEDs and green/yellow light generated by the at least one phosphor
material and appears white in color; and
a drive circuit operable to compensate for variation in the ratio of red to blue light in

the emission product such that over an operating temperature range of at least 25°C said variation

is less than 20%.
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