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White Light Electroluminescent Devices

With Adjustable Color Temperature

CROSS-REFERENCE TO RELATED APPLICATIONS

Reference is made to the following pending and/or commonly filed U.S. patent
applications, the features of which can be incorporated into the embodiments presently
disclosed: U.S. Application Serial No. 61/175,640, “Re-Emitting Semiconductor
Construction With Enhanced Extraction Efficiency” (Attorney Docket No. 64759US002),
filed May 5, 2009; U.S. Application Serial No. 61/175,632, “Semiconductor Devices
Grown on Indium-Containing Substrates Utilizing Indium Depletion Mechanisms”
(Attorney Docket No. 65434US002), filed May 5, 2009; U.S. Application Serial No.
61/175,636, “Re-Emitting Semiconductor Carrier Devices For Use With LEDs and
Methods of Manufacture” (Attorney Docket No. 65435US002), filed May 5, 2009; and
U.S. Application Serial No 61/221664, “Electroluminescent Devices With Color
Adjustment Based on Current Crowding” (Attorney Docket No. 65331US002), filed on

even date herewith.

FIELD OF THE INVENTION

This invention relates generally to solid state semiconductor light sources and

related devices, systems, and methods.

BACKGROUND

A wide variety of semiconductor devices, and methods of making semiconductor
devices, are known. Some of these devices are designed to emit light, such as visible or
near-visible (e.g. ultraviolet or near infrared) light. Examples include electroluminescent
devices such as light emitting diodes (LEDs) and laser diodes, wherein an electrical drive
current or similar electrical signal is applied to the device so that it emits light. Another
example of a semiconductor device designed to emit light is a re-emitting semiconductor
construction (RSC).

Unlike an LED, an RSC does not require an electrical drive current from an
external electronic circuit in order to emit light. Instead, the RSC generates electron-hole

pairs by absorption of light at a first wavelength A; in an active region of the RSC. These
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electrons and holes then recombine in potential wells in the active region to emit light at a
second wavelength A, different from the first wavelength A;, and optionally at still other
wavelengths A3, A4, and so forth depending on the number of potential wells and their
design features. The initiating radiation or “pump light” at the first wavelength A, is
typically provided by a blue, violet, or ultraviolet emitting LED coupled to the RSC.
Exemplary RSC devices, methods of their construction, and related devices and methods
can be found in, e.g., U.S. Patent 7,402,831 (Miller et al.), U.S. Patent Application
Publications US 2007/0284565 (Leatherdale et al.) and US 2007/0290190 (Haase et al.),
PCT Publication WO 2009/048704 (Kelley et al.), and pending U.S. Application Serial
No. 61/075,918, “Semiconductor Light Converting Construction” (Attorney Docket No.
64395US002), filed June 26, 2008, all of which are incorporated herein by reference.

When reference is made herein to a light at a particular wavelength, the reader will
understand that reference is being made to light having a spectrum whose peak wavelength
is at the particular wavelength.

FIG. 1 shows an illustrative device 100 that combines an RSC 108 and an LED
102. The LED has a stack of LED semiconductor layers 104, sometimes referred to as
epilayers, on an LED substrate 106. The layers 104 may include p- and n-type junction
layers, light emitting layers (typically containing quantum wells), buffer layers, and
superstrate layers. The layers 104 may be attached to the LED substrate 106 via an
optional bonding layer 116. The LED has an upper surface 112 and a lower surface, and
the upper surface is textured to increase extraction of light from the LED compared to the
case where the upper surface is flat. Electrodes 118, 120 may be provided on these upper
and lower surfaces, as shown. When connected to a suitable power source through these
electrodes, the LED emits light at a first wavelength A, which may correspond to blue or
ultraviolet (UV) light. Some of this LED light enters the RSC 108 and is absorbed there.

The RSC 108 is attached to the upper surface 112 of the LED via a bonding layer
110. The RSC has upper and lower surfaces 122, 124, with pump light from the LED
entering through the lower surface 124. The RSC also includes a quantum well structure
114 engineered so that the band gap in portions of the structure is selected so that at least
some of the pump light emitted by the LED 102 is absorbed. The charge carriers
generated by absorption of the pump light move into other portions of the structure having

a smaller band gap, the quantum well layers, where the carriers recombine and generate
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light at the longer wavelength. This is depicted in FIG. 1 by the re-emitted light at the
second wavelength A, originating from within the RSC 108 and exiting the RSC to
provide output light.

FIG. 2 shows an illustrative semiconductor layer stack 210 comprising an RSC.
The stack was grown using molecular beam epitaxy (MBE) on an indium phosphide (InP)
wafer. A GalnAs buffer layer was first grown by MBE on the InP substrate to prepare the
surface for I1I-VI growth. The wafer was then moved through an ultra-high vacuum
transfer system to another MBE chamber for growth of 1I-VI epitaxial layers used in the
RSC. Details of the as-grown RSC are shown in FIG. 2 and summarized in Table 1. The
table lists the thickness, material composition, band gap, and layer description for the
different layers associated with the RSC. The RSC included eight CdZnSe quantum wells
230, cach having a transition energy of 2.15 eV. Each quantum well 230 was sandwiched
between CdMgZnSe absorber layers 232 having a band gap energy of 2.48 ¢V that could
absorb blue light emitted by an LED. The RSC also included various window, buffer, and

grading layers.
TABLE 1
Reference Material Thickness | Band Gap/ Comment
No. (nm) Transition (V)
230 CdpasZngsSe 3.1 2.15 quantum well
232 Cdo3sMgo21Zng 41 Se 8 2.48 absorber
234 Cdo38Mgo21Zng41Se:Cl 92 2.48 absorber
236 CdonMgp 45Zng33S¢ 100 2.93 window
238 CozMossZnozsSe = 250 2.93-2.48 grading
Cdy3sMgo21Zng.s1Se
240 Cdo3sMgo21Zng4;Se:Cl 46 2.48 absorber
242 Cosshgoz1ZnSe = 250 248 ~2.93 grading
Cdy Mg 45Zng335¢
244 Cdo30Znge1Se 44 2.24 II-VI buffer
246 Gag7Ing53As 190 0.77 -V buffer
224 InP 350,000 1.35 III-V substrate
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Further details of this and other RSC devices can be found in PCT Publication WO
2009/048704 (Kelley et al.).

Of particular interest to the present application are light sources that are capable of
emitting white light. In some cases, known white light sources are constructed by
combining an electroluminescent device such as a blue-emitting LED with first and
second RSC-based luminescent elements. The first luminescent element may, for
example, include a green-emitting potential well that converts some of the blue light to
green light, and transmits the remainder of the blue light. The second luminescent element
may include a potential well that converts some of the green and/or blue light it receives
from the first luminescent element into red light, and transmits the remainder of the blue
and green light. The resulting red, green, and blue light components combine to allow
such a device, which is described (among other embodiments) in WO 2008/109296
(Haase), to provide substantially white light output.

Some devices provide white light using a pixelated arrangement or array. That is,
multiple individual light-emitting elements, none of which emit white light by themselves,
are arranged in close proximity to each other so as to collectively form a pixel. The pixel
typically has a characteristic dimension or size below the resolution limit of the
observation system, so that light from the different light-emitting elements is effectively
combined in the observation system. A common arrangement for such a device is for
three individual light-emitting elements — one emitting red (R) light, one emitting green
(G) light, one emitting blue (B) light — to form an “RGB” pixel. Reference is again made
to WO 2008/109296 (Haase), for disclosure of some such devices.

Also of interest to the present application are light sources that are not only capable
of emitting white light, but also of changing or adjusting the apparent color of the output.
For example, in some cases a “cool” white color may be desired, while in others a “warm”
white color may be desired. A given “shade” of white may be plotted as an (x,y) color
coordinate on a conventional CIE chromaticity diagram, and can be characterized by a
color temperature as is known by those skilled in the art.

U.S. Patent 7,387,405 (Ducharme et al.), for example, discusses lighting systems
that provide adjustable color temperature. One such lighting system uses multiple light
sources constructed by combining a blue-emitting LED with a layer of yellow phosphor.

Some of the blue light is absorbed by the phosphor and re-emitted as yellow light, and
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some of the blue light passes through the phosphor layer. The transmitted blue light
combines with the re-emitted yellow light to produce an output beam having an overall
output spectrum that is perceived as nominally white light. Device-to-device variations in
phosphor layer characteristics and/or other design details give rise to device-to-device
differences in the output spectrum and corresponding differences in perceived color, with
some LED/phosphor devices providing a “cool” white color and others providing a
“warm” white color. The ‘405 patent reports that some commercial LED/phosphor
devices exhibit color temperatures of 20,000 degrees Kelvin (20,000K) while others
exhibit color temperatures of 5750K. The ‘405 patent also reports that a single one of
these LED/phosphor devices allows for no control of color temperature, and that a system
with a desired range of color temperature cannot be generated with one device alone. The
‘405 patent goes on to describe an embodiment in which two such LED/phosphor devices
are combined with an optical long-pass filter (a transparent piece of glass or plastic tinted
so as to enable only longer wavelength light to pass through) that shifts the color
temperature of the devices, and then a specific third LED (an Agilent HLMP-EL 18 amber
LED) is added to these filtered LED/phosphor devices to provide a 3-LED embodiment

with adjustable color temperature.

BRIEF SUMMARY

The present application discloses, inter alia, solid state lighting devices that
include a first and second luminescent element. The first luminescent element is
configured to emit light having a first spectral distribution, and the second luminescent
element is configured to emit light having a second spectral distribution. The first
luminescent element includes a first electroluminescent element that emits a first pump
light, and a first light converting element that converts at least some of the first pump light
to a first re-emitted light component. The second luminescent element includes a second
electroluminescent element that emits a second pump light, and a second light converting
clement that converts at least some of the second pump light to a second re-emitted light
component. At least one of the first and second light converting elements includes a first
semiconductor stack that includes a first potential well. The first and second luminescent
elements are disposed so that the light emitted by the first and second luminescent

elements combine to provide a device output.
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Preferably, the first and second spectral distributions can be represented by first
and second endpoints, respectively, that define a line segment on a standard CIE (x,y)
color coordinate diagram. The line segment may represent a range of possible device
outputs for different relative amounts of the light emitted by the first luminescent element
and the light emitted by the second luminescent element. In exemplary embodiments, the
line segment also approximates a “Planckian locus” at least over a given range. The
person skilled in the art will understand that the Planckian locus refers to the color of an
ideal blackbody source over a range of temperatures ordinarily measured in degrees
Kelvin, which temperature is referred to as “color temperature” T.. Thus, the line segment
may approximate the Planckian locus over a range of color temperatures from 3000K to
5000K, or from 2500K to 5000K, for example. Over such color temperature ranges, the
line segment may deviate from the Planckian locus by a distance of less than 0.04, or less
than 0.02, on the CIE (x,y) plane.

Furthermore, in exemplary embodiments, the first and second luminescent
elements produce a device output that exhibits good “color rendering” characteristics. The
person skilled in the art will be familiar with the color rendering index, which is discussed
further below. The device output may desirably exhibit a color rendering index of at least
60, or at least 70, or at least 80. Further, such color rendering index values may be
maintained over a range of color temperatures of the device output, ¢.g., over a range of
color temperatures from 3000K to S000K, or from 2500K to 5000K, for example.

In some embodiments, the first and second pump lights each exhibit a peak
wavelength in a range from 350 to 500 nm. For example, they may each comprise UV,
violet, and/or blue light. In some embodiments, the peak wavelength of the first pump
light may be substantially the same as the peak wavelength of the second pump light. The
first and second electroluminescent sources may comprise different portions of a unitary
semiconductor element, e.g., different regions of an LED or similar semiconductor device
that are separately electrically addressable. Alternately, the first and second
electroluminescent sources may comprise distinct semiconductor elements.

In some cases, the first light converting element may include a phosphor, and the
second light converting element may include the first semiconductor stack that includes
the first potential well. In other cases, the first light converting element may include the

first semiconductor stack, and the second light converting element may include a second
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semiconductor stack that includes a second potential well. In some cases, the first spectral
distribution may be characterized by a cyan color, and the second spectral distribution may
be characterized by an amber color. In some cases, the first spectral distribution may
include or consist essentially of a first emission band having a peak emission between 400
nm and 500 nm, and a second emission band having a peak emission between 500 nm and
600 nm. The second spectral distribution may include or consist essentially of a third
emission band having a peak emission between 500 nm and 600 nm, and a fourth emission
band having a peak emission between 600 nm and 700 nm, for example. The first and
second spectral distributions, whether individually or combined, may exhibit peak
wavelengths that differ from each other by at least 10 nm.

Related methods, systems, and articles are also discussed.

These and other aspects of the present application will be apparent from the
detailed description below. In no event, however, should the above summaries be
construed as limitations on the claimed subject matter, which subject matter is defined

solely by the attached claims, as may be amended during prosecution.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic side view of a combination LED/RSC device;

FIG. 2 is a schematic side view of an exemplary semiconductor layer stack that
includes an RSC;

FIG. 3 is a CIE chromaticity diagram on which is plotted a line segment
representative of a lighting device;

FIGS. 3a and 3b are graphs of the emission spectra of two components of the
lighting device of FIG. 3;

FIG. 4 is a CIE chromaticity diagram on which is plotted a line segment
representative of another lighting device;

FIGS. 4a and 4b are graphs of the emission spectra of two components of the
lighting device of FIG. 4;

FIG. 5 is a graph of the calculated color rendering index (CRI) as a function of
color temperature for the lighting devices of FIGS. 3 and 4;

FIGS. 6 and 7 are schematic sectional views of further lighting devices;

FIGS. 8 and 9 are schematic top views of further lighting devices;
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FIG. 10 is a diagram of a circuit that can be used to automatically adjust the
proportion of light emitted by first and second luminescent elements of a lighting device;

FIG. 11ais a graph of electrical current flowing through the respective diodes in
the circuit of FIG. 10, representative of the amount of light emitted by the respective
diodes, as a function of the electric potential or voltage of the applied signal;

FIG. 11b is a graph similar to that of FIG. 11a but where the responses are graphed
as a function of the total diode current.

In the figures, like reference numerals designate like elements.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

As summarized above, the present application describes (among other things)
lighting devices in which light emitted from a first luminescent element can be combined
with light emitted from a second luminescent element to provide a device optical output.
The relative amounts of light from these first and second luminescent elements can be
adjusted so as to adjust a color, ¢.g. a color temperature, of the device optical output. If
the spectral distributions (spectra) of the light emitted by the first and second luminescent
elements are judiciously chosen, then the perceived color of the device optical output can
be made to approximate the color of an ideal blackbody source at a given temperature T..
Furthermore, adjustments to the color of the device optical output (made via adjustments
in the relative amount of light from the first and second luminescent elements) can be
made so that the resulting adjusted color(s) also approximate the color of a blackbody
source, but at different color temperature(s) Te.

We have found that spectra for the first and second luminescent elements can be
readily obtained that not only satisfy these desirable color temperature properties, but that
can also provide good color rendering capabilities. For example, modeling has shown that
color rendering indices of at least 60, or at least 70, or at least 80 can be obtained.
Moreover, these color rendering indices can be maintained over wide ranges of color
adjustment of the device optical output, e.g., over a color temperature range from 3000K
to 5000K, or from 2500K to 5000K, for example.

Such devices can be fabricated using a combination of suitable electroluminescent
sources such as LEDs or the like that emit pump light, and light converting elements such

as RSCs, phosphors, or the like, that convert at least some of the pump light to re-emitted
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light. The devices themselves and various key components are described further below.
Before proceeding with such description, however, we will first describe the unique
optical properties, including color appearance characteristics (including adjustment
thereof) and color rendering characteristics, of the devices. To do this, we use a CIE
chromaticity diagram.

Those skilled in the art will be familiar with a tool or standard used to characterize
and quantify perceived colors, in particular, the well-known 1931 CIE chromaticity
diagram, promulgated by the Commission International de 'Eclairage (International
Commission on Lighting) or “CIE”. The color (or "chromaticity" or "chromaticity
coordinates") of a light source or article can be precisely measured or specified by a point
or region expressed in terms of one or more chromaticity coordinates (x,y) on the CIE
chromaticity diagram, using the CIE 1931 standard colorimetric system.

Such a chromaticity diagram is shown in FIG. 3. Those skilled in the art will
recognize curve 310 as the Planckian locus described above. Other features on the
diagram are representative of a particular embodiment or embodiments of a lighting
device.

In particular, points P1 and P2 are representative of the colors of the light emitted
by a first and second luminescent element, respectively. These colors have been specially
chosen so that the line segment 312 that connects points P1 and P2 closely approximates
the Planckian locus 310 over a substantial portion thereof. In the depicted embodiment,
line segment 312 deviates from Planckian locus 310 by no more than a distance of 0.005
on the CIE (x,y) plane over a range of color temperatures (for the Planckian locus) from
3000K to 5000K. Over a wider color temperature range from 2500K to 5000K, the line
segment 312 deviates from Planckian locus 310 by no more than a distance of 0.01 in the
CIE (x,y) plane.

The reader will keep in mind that the line segment 312 represents the set of all
possible optical outputs for lighting devices whose outputs are composed of a linear
combination of the light emitted by the first luminescent element (represented by P1) and
the light emitted by the second luminescent element (represented by P2). Thus, for
example, a lighting device whose optical output is composed of equal parts of the light
represented by P1 and the light represented by P2 is represented by a point that bisects
line segment 312. If the proportion of the light of point P1 is increased, the device output
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point moves along line segment 312 towards point P1. If instead the proportion of the
light of point P2 is increased, the device output point moves along line segment 312
towards point P2. Thus, by adjusting the relative amounts of light emitted by the first and
second luminescent elements, the color of the device output can be changed or adjusted.

The colors represented by points P1, P2 may be achieved with many different
combinations of electroluminescent sources and light converting elements, since any
particular color coordinate on the CIE chromaticity diagram may be associated with
numerous optical spectra that may differ substantially from each other. All such
combinations are encompassed by the present disclosure. We have found it advantageous,
however, to produce one or both of points P1, P2 using a combination of a small number
of distinct spectral peaks, ¢.g., exactly two distinct spectral peaks for one or each point, or
exactly three distinct spectral peaks for one or each point, for example.

In the embodiment depicted, the light represented by point P1 is a combination of
two distinct spectral peaks, one of which is represented by point P1a and the other of
which is represented by point P1b. The light represented by point P1a is typical of light
emitted by a blue LED, having a peak wavelength of about 465 nm and a spectral width,
measured for example as the full-width at half-maximum (FWHM) value, of less than 50
nm, or less than 30 nm, for example 25 nm. The light represented by point P1b is
representative of light that is re-emitted from a yellow phosphor such as cerium-doped
yttrium aluminum garnet (Y AG:Ce) when the phosphor is excited with blue or other short
wavelength light. Such re-emitted light may have a peak wavelength of about 550 nm and
a FWHM spectral width less than 150 nm, or less than 100 nm. FIG. 3a shows a spectrum
S1 that is illustrative of points P1, P1a, and P1b. In particular, the spectrum S1 is a
mixture or combination of a first spectral peak Sla and a (partially overlapping) second
spectral peak S1b. The first spectral peak S1a has a peak wavelength A, and a spectral
width that is typical of blue pump light emitted by a blue LED, the color of which is
represented by point P1la. The second spectral peak S1b has a peak wavelength A; and a
spectral width that is typical of re-emitted light from a yellow phosphor, the color of
which is represented by point P1b. The combination of the two spectral peaks Sla, S1b,
in suitable relative amounts or proportions, produces the resulting spectrum S1, the color
of which is represented by point P1. In the depicted embodiment, the proportion is
selected such that the integrated intensity of spectral peak S1b is about 2.3 times the
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integrated intensity of spectral peak Sla, resulting in a color for point P1 that is nominally
white. Light having the spectrum S1 can be produced by a first luminescent element that
includes a blue light-emitting electroluminescent source over which is applied a layer of
yellow phosphor material, where the phosphor layer is suitably thin or otherwise designed
to transmit an appropriate portion of the blue pump light.

Similarly, in the depicted embodiment, the light represented by point P2 is also a
combination of two distinct spectral peaks, one of which is represented by point P2a and
the other of which is represented by point P2b. The light represented by point P2a is
typical of light re-emitted by one or more potential wells of a re-emitting semiconductor
construction (RSC) such as is described in connection with FIGS. 1 and 2, when the RSC
is excited with blue or other short wavelength pump light. Such potential well(s) in this
embodiment are designed to re-emit green light, having a peak wavelength of about 555
nm and a FWHM spectral width of less than 50 nm, or less than 30 nm, for example 18
nm. The light represented by point P2b is also representative of light that is re-emitted
from one or more potential wells of an RSC when illuminated with short wavelength
pump light, but the potential well(s) associated with point P2b are different from the
potential well(s) associated with point P2a. The potential well(s) associated with point
P2b are designed to re-emit red light, having a peak wavelength of about 620 nm and a
FWHM spectral width of less than 50 nm, or less than 30 nm, for example 18 nm. The
combination of the two spectral peaks S2a, S2b, in suitable relative amounts or
proportions, produces the resulting spectrum S2, the color of which is represented by point
P2. In the depicted embodiment, the proportion is selected such that the integrated
intensity of spectral peak S2b is about 2 times the integrated intensity of spectral peak
S2a, resulting in a color for point P2 that is substantially amber. Light having the
spectrum S2 can be produced by a first luminescent element that includes a blue or other
short wavelength pump light-emitting electroluminescent source over which is applied a
suitably designed RSC, where the RSC is designed to substantially block the pump light
(note the absence of any significant intensity at the pump wavelength A, in the spectrum
S2) and to emit light having the spectral peak S2a and light having the spectral peak S2b
in the correct proportion. In order to substantially block the pump light, the RSC may
include a light filtering layer that absorbs substantially all of the short wavelength light
supplied by the pump light source at the wavelength A, that is not absorbed by any
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absorbing layer(s) of the RSC, but which highly transmits the re-emitted light originating
from the potential well(s), which layer is sometimes referred to as a “cyan blocker”. In
this regard, the reader is referred to co-pending U.S. patent application serial no.
61/175,636, “Re-Emitting Semiconductor Carrier Devices For Use With LEDs and
Methods of Manufacture” (Attorney Docket 65435US002), filed May 5, 2009,
incorporated herein by reference. In a finished device, such a layer may be included on a
side of the RSC opposite the side facing the pump light source, i.¢., such that the active
region and particularly the potential wells of the active region are disposed between the
pump light source and the light filtering layer/cyan blocker.

Note that in the foregoing description of FIG. 3a, the symbol A, has a somewhat
different meaning from its meaning in FIG. 1, since in FIG. 3a it is associated with re-
emitted light from a light-converting element, but in FIG. 1 it is associated with pump
light generated by an electroluminescent device. The symbol A,, which is associated with
re-emitted light from a light-converting element in both FIGS. 3b and 1, can have the same
meaning or can have a somewhat different meaning in these two figures.

An exemplary semiconductor stack comprising an RSC capable of simultancously
emitting light having a spectrum that includes two peak wavelengths, similar to the
spectrum shown in FIG. 3b, is set forth below in Table 2. The stack includes one green-
emitting (555 nm) quantum well, producing a green spectral peak, and one red-emitting
(620 nm) quantum well, producing a red spectral peak. The relative intensities of the
green and red peaks are principally controlled by the thicknesses of the absorber layers
associated with the respective quantum wells. By using relatively thin absorber layers
adjacent the green-emitting quantum well, more of the pump light will pass through these
layers and be absorbed in the absorbing layers adjacent the red-emitting quantum well.
This can result in the emission of more red light than green light. The ratio of green light
to red light may also be somewhat influenced by the presence of any light-extraction
features, e.g., where such features are etched into or attached to the outer surface of the

cyan blocker.
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TABLE 2
Layer type Material Thickness | Band gap/ emission | Band gap/ emission
(nm) energy (eV) wavelength (nm)

cyan blocker | Cdo.38Mgo.21Zno.41Se 1000 2.48 500
barrier Cdo.23Mgo.43Zno.34Se 20 2.88 430
absorber Cdo.3aMgo.27Zn0.39Se 150 2.58 480
quantum well Cdo.72Zno.28Se ~4 2.00 620
absorber Cdo.3aMgo.27Zn0.39Se 150 2.58 480
barrier Cdo.23Mgo.43Zno.34Se 20 2.88 430
absorber Cdo.3aMgo.27Zn0.39Se 30 2.58 480
quantum well Cdo.47Zno.53Se ~3 2.23 555
absorber Cdo.3aMgo.27Zn0.39Se 30 2.58 480
window Cdo.23Mgo.43Zno.34Se 500 2.88 430

The person skilled in the art will understand how to tailor the composition of the

CdMgZnSe alloys to achieve the listed band gap energies for the various layers. For

example, the band gap energies of the CdMgZnSe alloys are primarily controlled by the

Mg content. Emission wavelengths (or energies) of the quantum wells are controlled both

by the Cd/Zn ratio, and the precise thickness of the quantum well.

A chromaticity diagram similar to that of FIG. 3 is shown in FIG. 4. In FIG. 4,

curve 310 again represents the Planckian locus as described above. However, FIG. 4

contains other features different from those of FIG. 3, which represent a different

particular embodiment or embodiments of a lighting device.

In particular, points P3 and P4 are representative of the colors of the light emitted

by a first and second luminescent element, respectively. (Note that one or both of these

first and second elements may be different from the first and second luminescent elements

described in connection with FIG. 3.) These colors have been specially chosen so that the

line segment 412 that connects points P3 and P4 closely approximates the Planckian locus

310 over a substantial portion thereof. In the depicted embodiment, line segment 412

deviates from Planckian locus 310 by no more than a distance of 0.005 on the CIE (x,y)

plane over a range of color temperatures (for the Planckian locus) from 3000K to 5000K.

Over a wider color temperature range from 2500K to 5000K, the line segment 312
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deviates from Planckian locus 310 by no more than a distance of 0.01 on the CIE (x,y)
plane. In general, it is desirable for the line segment to deviate from the Planckian locus
by a distance of no more than 0.04 or no more than 0.02 on the CIE (x,y) plane, over the
stated color temperature ranges.

The line segment 412 represents the set of all possible optical outputs for lighting
devices whose outputs are composed of a linear combination of the light emitted by the
first luminescent element (represented by P3) and the light emitted by the second
luminescent element (represented by P4). Thus, for example, a lighting device whose
optical output is composed of equal parts of the light represented by P3 and the light
represented by P4 is represented by a point that bisects line segment 412. If the proportion
of the light of point P3 is increased, the device output point moves along line segment 412
towards point P3. If instead the proportion of the light of point P4 is increased, the device
output point moves along line segment 412 towards point P4. Thus, by adjusting the
relative amounts of light emitted by the first and second luminescent elements, the color of
the device output can be changed or adjusted.

The colors represented by points P3, P4 may be achieved with many different
combinations of electroluminescent sources and light converting elements, since any
particular color coordinate on the CIE chromaticity diagram may be associated with
numerous optical spectra that may differ substantially from each other. All such
combinations are encompassed by the present disclosure. We have found it advantageous,
however, to produce one or both of points P3, P4 using a combination of a small number
of distinct spectral peaks, ¢.g., exactly two distinct spectral peaks for one or each point, or
exactly three distinct spectral peaks for one or each point, for example.

In the embodiment depicted, the light represented by point P3 is a combination of
two distinct spectral peaks, one of which is represented by point P3a and the other of
which is represented by point P3b. The light represented by point P3a is typical of pump
light emitted by a blue LED, having a peak wavelength of about 465 nm and a FWHM
spectral width of less than 50 nm, or less than 30 nm, for example 18 nm. The light
represented by point P3b is representative of light that is re-emitted from one or more
potential wells of an RSC such as is described in connection with FIGS. 1 and 2, when the
RSC is excited with blue or other short wavelength pump light. Such potential well(s) in

this embodiment are designed to re-emitted light having a peak wavelength of about 530
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nm and a FWHM spectral width less than 50 nm, or less than 30 nm, for example 18 nm.
FIG. 4a shows a spectrum S3 that is illustrative of points P3, P3a, and P3b. In particular,
the spectrum S3 is a mixture or combination of a first spectral peak S3a and a second
spectral peak S3b. The first spectral peak S3a has a peak wavelength A, and a spectral
width that is typical of blue pump light emitted by a blue LED, the color of which is
represented by point P3a. The second spectral peak S3b has a peak wavelength A4 and a
spectral width that is representative of light re-emitted by one or more suitably designed
potential wells of an RSC, the color of which is represented by point P3b. The
combination of the two spectral peaks S3a, S3b, in suitable relative amounts or
proportions, produces the resulting spectrum S3, the color of which is represented by point
P3. In the depicted embodiment, the proportion is selected such that the integrated
intensity of spectral peak S3a is about 1.5 times the integrated intensity of spectral peak
S3b, resulting in a color for point P3 that is substantially cyan. Light having the spectrum
S3 can be produced by a first luminescent element that includes a blue light-emitting
electroluminescent source over which is applied a suitably designed RSC, where the RSC
is designed to transmit the appropriate amount of the blue pump light. Such an RSC
would typically not include a cyan blocker layer.

Similarly, in the depicted embodiment, the light represented by point P4 is also a
combination of two distinct spectral peaks, one of which is represented by point P4a and
the other of which is represented by point P4b. The light represented by point P4a is
typical of light re-emitted by one or more potential wells of an RSC when the RSC is
excited with blue or other short wavelength pump light. Such potential well(s) in this
embodiment are designed to re-emit yellow-green light, having a peak wavelength of
about 560 nm and a FWHM spectral width of less than 50 nm, or less than 30 nm, for
example 18 nm. The light represented by point P4b is also representative of light that is
re-emitted from one or more potential wells of an RSC when illuminated with short
wavelength pump light, but the potential well(s) associated with point P4b are different
from the potential well(s) associated with point P4a. The potential well(s) associated with
point P4b are designed to re-emit red light, having a peak wavelength of about 620 nm
and a FWHM spectral width of less than 50 nm, or less than 30 nm, for example 18 nm.
The combination of the two spectral peaks S4a, S4b, in suitable relative amounts or

proportions, produces the resulting spectrum S4, the color of which is represented by point
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P4. In the depicted embodiment, the proportion is selected such that the integrated
intensity of spectral peak S4b is about 1.7 times the integrated intensity of spectral peak
S4a, resulting in a color for point P4 that is substantially amber. Light having the
spectrum S4 can be produced by a first luminescent element that includes a blue or other
short wavelength pump light-emitting electroluminescent source over which is applied a
suitably designed RSC, where the RSC is designed to substantially block the pump light
(note the absence of any significant intensity at the pump wavelength A, in the spectrum
S4) and to emit light having the spectral peak S4a and light having the spectral peak S4b
in the correct proportion. In order to substantially block the pump light, the RSC may
include a light filtering layer such as a cyan blocker as explained above.

To summarize, light source devices have now been described that are capable of
providing white light optical outputs, for example by combining a white-light emitting
luminescent element with an amber-light emitting luminescent element, or by combining a
cyan-light emitting luminescent element with an amber-light emitting luminescent
element. Further, the particular color or color temperature of the white light output can be
adjusted by adjusting the relative mix of light provided by the different luminescent
elements, and the adjusted white light can have a color as represented on the CIE
chromaticity diagram that lies on or very close to the Planckian locus over a wide range of
color temperatures.

Beyond this, we have also found that embodiments of the type described in
connection with FIGS. 3, 3a, 3b and 4, 4a, 4b also advantageously exhibit very good
“color rendering” properties. The “color rendering index” (CRI) is a parameter that may
be important to a lighting device designer if the designer is concerned not only with the
appearance or color of the device optical output as it is perceived by direct observation
with the eye, but also with the appearance of objects or articles that are viewed for
example in reflected light using the device optical output. Depending on the reflectivity
spectrum of the objects or articles, their appearance may be very different when
illuminated with a first nominally white light source than when illuminated with a second
nominally white light source, even though the first and second white light sources may
have identical color coordinates on the CIE chromaticity diagram. This is a consequence
of the fact that a particular color coordinate on the CIE chromaticity diagram may be

associated with numerous optical spectra that may differ substantially from each other. A
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common illustration demonstrating the effect of color rendering is the sometimes very
different appearance that colored objects have when illuminated with sunlight as compared
to illumination with a fluorescent office lights for example, or as compared to illumination
with a gas discharge street lamp, even though all of these illumination sources may appear
to be nominally white when viewed directly.

The color rendering index of a given source can be measured using the method
described in the CIE publication 13.3-1995, “Method of Measuring and Specifying Colour
Rendering Properties of Light Sources”. The color rendering index in general ranges from
a low of 0 to a high of 100, with higher values generally being desirable. Furthermore,
numerical techniques and software are available from the CIE, that are capable of
calculating the color rendering index of a given spectrum representing a given light
source, based on the CIE 13.3-1995 publication.

When such software is used to calculate the color rendering index of device optical
outputs composed of a linear combination of the spectra S1 and S2 shown in FIGS. 3a and
3b, the result is a color rendering index of at least 80 over a color temperature range
(corresponding to different proportions of the spectra S1 and S2) from 2500K to S000K.
This color rendering index for the FIG. 3a/3b embodiment is shown by curve 510 in FIG.
5, where the calculated color rendering index (CRI) is plotted against the color
temperature of the overall device output. Similarly, when the same software is used to
calculate the color rendering index of device optical outputs composed of a linear
combination of the spectra S3 and S4 shown in FIGS. 4a and 4b, the result is again a color
rendering index of at least 80 over a color temperature range (corresponding to different
proportions of the spectra S3 and S4) from 2500K to 5000K. This color rendering index
for the FIG. 4a/4b embodiment is shown by curve 512 in FIG. 5. An additional curve 514
is provided in FIG. 5. This curve 514 is the calculated CRI for an embodiment similar to
that of FIGS. 3/3a/3b, except where the second luminescent element (e.g., a blue-LED-
pumped RSC, whose light output is characterized by point P2 in FIG. 3 and by spectrum
S2 in FIG. 3b) is replaced by a luminescent element that has an amber-emitting LED but
has no RSC or other light-converting element, the amber-emitting LED emitting light in a
single spectral peak having a peak wavelength of 592 nm such that its color on the CIE
chromaticity diagram substantially corresponds again to the point P2 in FIG. 3. By

comparing curve 514 with curve 510, one can see that two devices that have substantially
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the same color characteristics as plotted on the CIE chromaticity diagram can have very
different color rendering characteristics.

In exemplary embodiments, the color rendering index of the disclosed devices is at
least 60, or at least 70, or at least 80, over a color temperature range from 2500K to
5000K, or from 3000K to 5000K, for example. In order to achieve high color rendering
index values, it is desirable to ensure that each of the constituent spectra (S1, S2) that
make up the device optical output is characterized by at least two distinct spectral peaks,
¢.g. the peaks Sla, S1b of FIG. 3a or the peaks S2a, S2b of FIG. 3b, which peaks may be
separated from each other by at least 10 nm, for example. Further, it may be desirable to
ensure that each of the constituent spectra that make up the device optical output is
characterized by exactly two distinct spectral peaks, or by exactly three distinct spectral
peaks, for example.

Having described the desirable color-related properties of exemplary devices, we
now turn our attention to some figures that illustrate, in a non-limiting fashion, how the
various components of the devices may be physically arranged.

FIG. 6 is a schematic sectional view of an exemplary lighting device 610. The
device includes a first luminescent element 612 and a second luminescent element 614,
both mounted on a metal header 616. The header 616 has a first conductive post 618
integral with the header, and second and third conductive posts 620, 622 that are
electrically insulated from each other and from the main disk-shaped portion of the header
on which the elements 612, 614 are mounted. Post 620 clectrically couples to a first
electrical contact of the first luminescent element 612 via a wire 624 and wire bond, and
similarly post 622 electrically couples to a first electrical contact of the second
luminescent element 614 via a wire 626 and wire bond. The first and second luminescent
clements also each have second clectrical contacts, which are both in ohmic contact with
the main disk-shaped portion of the header 616 and thus also with the post 618.

The first luminescent element 612 includes a first electroluminescent source 612a
that emits a first pump light, and a first light converting element 612b that converts at least
some of the first pump light to a first re-emitted light component. The source 612a may
be or comprise an LED, laser diode, or similar solid-state electroluminescent source that is
adapted to emit pump light of a suitable intensity and spectrum. The first and second

electrical contacts of the first luminescent element 612 discussed above are provided on
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the source 612a so that it can emit pump light in response to a first electrical signal applied
across posts 618, 620. The light converting element 612b may be or comprise one or
more RSCs, and/or one or more phosphors, for example. The source 612a and element
612b work together so that the element 612 emits light 612¢ having a first spectral
distribution. The light 612¢ typically includes at least the first re-emitted light component
from the element 612b, and may also include some of the first pump light emitted by the
source 612a, depending on the desired spectral properties of the light 612¢ as described in
detail above.

The second luminescent element 614 includes a second electroluminescent source
614a that emits a second pump light, and a second light converting element 614b that
converts at least some of the second pump light to a second re-emitted light component.
The source 614a may be or comprise an LED, laser diode, or similar solid-state
electroluminescent source that is adapted to emit pump light of a suitable intensity and
spectrum. The first and second electrical contacts of the second luminescent element 614
discussed above are provided on the source 614a so that it can emit pump light in response
to a second electrical signal applied across posts 618, 622. The light converting element
614b may be or comprise one or more RSCs, and/or one or more phosphors, for example.
Preferably, at least one of light converting element 612b and light converting element
614Db includes at least one potential well. The source 614a and element 614b work
together so that the element 614 emits light 614¢ having a second spectral distribution.
The light 614c¢ typically includes at least the second re-emitted light component from the
clement 614b, and may also include some of the pump light emitted by the source 614a,
depending on the desired spectral properties of the light 614¢ as described in detail above.

The light 612¢ and the light 614¢ combine, whether by free space propagation or
via mechanisms such as optical diffusers, lenses, mirrors, or the like, and optionally with
other light components, to produce a device optical output of the device 610 represented
schematically by arrow 628. The device optical output 628 thus includes some amount of
light 612¢ and some amount of light 614¢. The relative amounts of lights 612¢, 614c that
are present in the output 628 control the perceived color, e.g. the color temperature, of the
device output 628. These relative amounts, and hence the device output color, can be
controlled by independent or separate electrical control of the different luminescent

clements 612, 614. Thus, the first luminescent element 612 can be energized by applying
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a first electrical signal, ¢.g., an electric current of a given magnitude, across posts 618,
620. The second luminescent element 614 can be energized by applying a second
electrical signal that is independent and/or distinct from the first electrical signal, across
posts 618, 622. The magnitudes of the first and second electrical signals are used to
control the amount of light emitted by the first and second luminescent elements 612, 614,
and the color temperature of the output 628.

FIG. 7 is a schematic sectional view of an exemplary lighting device 710 similar to
device 610. Like reference numerals designate like elements, with no further discussion
thereof being necessary. Device 710 includes a first luminescent element 712 and a
second luminescent element 714, both mounted on the metal header 616. Post 620
electrically couples to a first electrical contact of the first luminescent element 712, and
post 622 clectrically couples to a first electrical contact of the second luminescent element
714. The first and second luminescent elements also each have second electrical contacts,
which are both in ohmic contact with the main disk-shaped portion of the header 616 and
thus also with the post 618.

The first and second luminescent elements 712, 714 are similar to clements 612,
614 described above, with first element 712 including a first electroluminescent source
712a that emits a first pump light, and a first light converting element 712b that converts
at least some of the first pump light to a first re-emitted light component, and with second
element 714 including a second electroluminescent source 714a that emits a second pump
light, and a second light converting element 714b that converts at least some of the second
pump light to a second re-emitted light component. The electroluminescent sources 712a,
714a differ from sources 612a, 614a insofar as sources 612a, 614a are provided by
separate semiconductor (e.g., LED) chips, whereas sources 712a, 714a are provided by
separate pn junctions on the same semiconductor (e.g., LED) chip. In both cases,
however, the first and second electroluminescent sources (whether 612a and 614a, or 712a
and 714a) are independently and/or distinctly controllable by separate electrical signals.
Also, in both cases the first and second electroluminescent sources may emit pump light
having the same spectrum, or may emit pump light of different spectra.

The first and second electrical contacts of the first luminescent element 712
discussed above are provided on the source 712a so that it can emit the first pump light in

response to a first electrical signal applied across posts 618, 620. The light converting
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element 712b may be or comprise one or more RSCs, and/or one or more phosphors, for
example. The source 712a and element 712b work together so that the element 712 emits
light 712¢ having a first spectral distribution. The first and second electrical contacts of
the second luminescent element 714 are provided on the source 714a so that it can emit
the second pump light in response to a second electrical signal applied across posts 618,
622. The light converting element 714b may be or comprise one or more RSCs, and/or
one or more phosphors, for example, but preferably at least one of light converting
element 712b and light converting element 714b includes at least one potential well. The
source 714a and element 714b work together so that the element 714 emits light 714¢
having a second spectral distribution. The light 714¢ typically includes at least the second
re-emitted light component from the element 714b, and may also include some of the
pump light emitted by the source 714a, depending on the desired spectral properties of the
light 714¢ as described in detail above.

Note that unlike the device of FIG. 6, in FIG. 7 a unitary light converting layer is
provided that covers both electroluminescent source 712a and electroluminescent source
714a, with a portion of such unitary light converting layer forming the first light
converting element 712b, and another portion of such unitary light converting layer
forming a portion of the second light converting element 714b. As seen in FIG. 7, the
second light converting element 714b additionally includes another light converting
element that is not present in the first light converting element 712b.

The light 712¢ and the light 714¢ combine, whether by free space propagation or
via mechanisms such as optical diffusers, lenses, mirrors, or the like, and optionally with
other light components, to produce a device optical output of the device 710 represented
schematically by arrow 728. The relative amounts of lights 712¢, 714c¢ that are present in
the output 728 control the color temperature or other perceived color of the device output
728. These relative amounts, and hence the device output color, can be controlled by
independent or separate electrical control of the different luminescent elements 712, 714.
Thus, the first luminescent element 712 can be energized by applying a first electrical
signal across posts 618, 620, and the second luminescent element 714 can be energized by
applying a second electrical signal that is independent and/or distinct from the first

electrical signal, across posts 618, 622. The magnitudes of the first and second electrical
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signals are used to control the amount of light emitted by the first and second luminescent
elements 712, 714, and the color temperature of the output 728.

FIG. 8 is a schematic top view of another lighting device 810, the design of which
may be substantially applied to either of devices 610 (FIG. 6) or 710 (FIG. 7). The device
810 includes a first luminescent element 812 and a second luminescent element 814. A
generally square-shaped electrical contact 812a having a narrow line width is provided on
a first electroluminescent source of the first element 812. The element 812 also includes a
first light converting element 812b disposed at least on a central region of the element 812
bounded by the square-shaped contact 812a. A peripheral region 812¢ of the element 812
may also be covered with the first light converting element 812b, or it may comprise no
light converting element, but rather simply be an exposed portion of the first
electroluminescent source.

Another generally square-shaped electrical contact 814a having a narrow line
width is also provided on a second electroluminescent source of the second element 814.
The element 814 also includes a second light converting element 814b disposed at least on
a central region of the element 814 bounded by the square-shaped contact 814a. A
peripheral region 814c¢ of the element 812 may also be covered with the second light
converting element 812b, or it may comprise no light converting element, but rather
simply be an exposed portion of the second electroluminescent source.

FIG. 9 is a schematic top view of another lighting device 910, the design of which
may be substantially applied to device 710 (FIG. 7), for example. The device 910 includes
a first generally U-shaped luminescent element 912 and a second generally U-shaped
luminescent element 914, the two elements forming an interlocking pattern to provide a
generally square overall outline or border. A generally U-shaped electrical contact 912a
having a narrow line width is provided on a first electroluminescent source of the first
element 912. The element 912 also includes a first light converting element 912b
disposed on the first electroluminescent source in regions close to the contact 912a.

Another generally U-shaped electrical contact 914a having a narrow line width is
also provided on a second electroluminescent source of the second element 914. The
clement 914 also includes a second light converting element 914b disposed on the second

electroluminescent source in regions close to the contact 914a.
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Remaining regions 914¢ of the device 910 may be covered with the first light
converting element 912b and/or with the second light converting element 914b, or they
may comprise no light converting element, but rather simply be an exposed portion of the
first and/or second electroluminescent sources. The interdigited design of device 910 may
facilitate mixing the light from the electroluminescent elements 912 and 914.

The embodiments of FIGS. 6 and 7 demonstrate how the two luminescent elements
of the lighting device can be independently controlled using three electrical terminals or
contacts, where one terminal (post 618) is common to both elements, and each of the other
terminals (posts 620, 622) is dedicated to only one of the elements. Independent control
can be achieved by applying a first electrical signal across one pair of terminals (posts
618, 620), and a second electrical signal (independent of the first electrical signal) across
another pair of terminals (posts 618, 622). Of course, four-terminal devices are also
contemplated, wherein no terminal is common to both elements, and a given pair of
terminals is dedicated to a given one of the luminescent elements.

In FIG. 10, we disclose a circuit 1010 that has only two input terminals and that
can be used to drive the two luminescent elements of the disclosed lighting devices by
different amounts so as to achieve color control or adjustment as a function of the
magnitude of the electrical input provided at the two input terminals. In the circuit,
terminals 1012 and 1014 are the input terminals. An external variable or adjustable source
1016 is coupled across the input terminals as shown. The source 1016, which may be a
voltage source or a current source, provides a variable voltage V and variable current I to
the lighting device. The lighting device includes a first luminescent element that has a
first electroluminescent source and a first light converting element that converts at least
some pump light provided by the first electroluminescent source to a first re-emitted light
component. The lighting device also includes a second luminescent element that has a
second electroluminescent source and a second light converting element that converts at
least some pump light provided by the second electroluminescent source to a second re-
emitted light component.

In the circuit 1010, the first electroluminescent source, which may for example be
or comprise an LED, is represented as a diode D1, and the second electroluminescent
source, which may be or comprise a different LED, is represented as a diode D2. The

diodes connect to the other circuit elements as shown, namely, transistors Q1 and Q2, and
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base resistor Rb, to complete the circuit 1010. The electrical current that flows through
the diode D1, the diode D2, and the base resistor Rb are labeled Iy, I, and I3, respectively.
These currents add up to the source current 1, i.e., Iy + I, + Iy = 1. The reader will note
that the transistor Q1 and base resistor Rb, as connected, cause the current I; flowing
through the diode D1 to be substantially limited to a value determined mainly by Rb and
the current gain of transistor Q1. On the other hand, the transistor Q2, which is wired to
function as a diode, causes the diode D2 to not turn on significantly until after the branch
of the circuit containing diode D1 has saturated.

These differences in response to an electrical signal applied across the input
terminals 1012, 1014 cause different relative amounts of light to be emitted by diodes D1
and D2, and thus different relative amounts of light to be emitted by the first and second
luminescent elements of the lighting device, and thus different colors or color
temperatures to be provided by the lighting device optical output, as a function of the
magnitude of the applied electrical signal. For example, if the first luminescent element
(of which diode D1 is a part) emits warm white light, and the second luminescent element
(of which diode D2 is a part) emits cool white light, then the effect of the circuit 1010 is to
provide a combined output (i.c., a lighting device optical output) of substantially warm
white light at low applied currents, but which output shifts to progressively cooler and
brighter white as the applied current is increased. Such performance may be desirable
because it approximates the familiar dimming behavior of an incandescent light source.
The circuit 1010 can thus operate as a color-changing dimming circuit.

For completeness, FIGS. 11a and 11b illustrate the modeled behavior of the circuit
1010, where the value of Rb was assumed to be 500 ohms. In both figures, the y-axis
represents the electrical current in milliamperes flowing through a given circuit element or
clements. In FIG. 11a, the x-axis represents the voltage V provided by the external power
source. Curve 1110 represents the current I; flowing through diode D1, curve 1112
represents the current I, flowing through the diode D2, and curve 1114 represents the sum
of these currents, I1 + I. In FIG. 11b, the x-axis represents the total current flowing
through both diodes, i.c., I; + I,. Curve 1116 represents the current I; flowing through
diode D1, and curve 1118 represents the current I, flowing through the diode D2.

One or more components of the circuit 1010, such as the transistors and/or the base

resistor, may be fabricated in a silicon substrate or other semiconductor substrate used for
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“metal bonded” GaN LEDs. Alternatively, such circuit components may be fabricated to
be physically separated and remote from the semiconductor devices responsible for light

emission.

Unless otherwise indicated, all numbers expressing quantities, measurement of
properties, and so forth used in the specification and claims are to be understood as being
modified by the term “about”. Accordingly, unless indicated to the contrary, the
numerical parameters set forth in the specification and claims are approximations that can
vary depending on the desired properties sought to be obtained by those skilled in the art
utilizing the teachings of the present application. Not as an attempt to limit the application
of the doctrine of equivalents to the scope of the claims, each numerical parameter should
at least be construed in light of the number of reported significant digits and by applying
ordinary rounding techniques. Notwithstanding that the numerical ranges and parameters
setting forth the broad scope of the invention are approximations, to the extent any
numerical values are set forth in specific examples described herein, they are reported as
precisely as reasonably possible. Any numerical value, however, may well contain errors
associated with testing or measurement limitations.

Various modifications and alterations of this invention will be apparent to those
skilled in the art without departing from the spirit and scope of this invention, and it
should be understood that this invention is not limited to the illustrative embodiments set
forth herein. For example, the reader should assume that features of one disclosed
embodiment can also be applied to all other disclosed embodiments unless otherwise
indicated. It should also be understood that all U.S. patents, patent application
publications, and other patent and non-patent documents referred to herein are

incorporated by reference, to the extent they do not contradict the foregoing disclosure.
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CLAIMS

1. A solid state lighting device, comprising:
a first luminescent element configured to emit light having a first spectral
distribution, the first luminescent element comprising:
a first electroluminescent source emitting a first pump light, and
a first light converting element that converts at least some of the first pump
light to a first re-emitted light component; and
a second luminescent element configured to emit light having a second spectral
distribution, the second luminescent element comprising:
a second electroluminescent source emitting a second pump light, and
a second light converting element that converts at least some of the second
pump light to a second re-emitted light component;
wherein at least one of the first and second light converting elements comprises a
first semiconductor stack including a first potential well;
wherein the first and second luminescent elements are disposed so that the light
emitted by the first and second luminescent elements combine to provide a
device output; and
wherein the first and second spectral distributions can be represented by first and
second endpoints, respectively, on a line segment on a standard CIE (x,y) color
coordinate diagram, the line segment representing a range of possible device
outputs for different relative amounts of the light emitted by the first
luminescent element and the light emitted by the second luminescent element,
at least a portion of the line segment also approximating a Planckian locus at

least over a range of color temperatures from 3000K to 5000K.

2. The device of claim 1, wherein the line segment deviates from the Planckian locus by a
distance of less than 0.04 on the CIE (x,y) plane over the color temperature range from

3000K to 5000K.
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3. The device of claim 1, wherein the possible device outputs represented by the line
segment maintain a color rendering index of at least 60 over the color temperature range

from 3000K to 5000K.

4. The device of claim 3, wherein the possible device outputs represented by the line
segment maintain a color rendering index of at least 70 over the color temperature range

from 3000K to 5000K.

5. The device of claim 4, wherein the possible device outputs represented by the line
segment maintain a color rendering index of at least 80 over the color temperature range

from 3000K to 5000K.

6. The device of claim 1, wherein the first pump light has a first peak wavelength A, and
the second pump light has a second peak wavelength A,,, and where A, is substantially

the same as Azp.

7. The device of claim 1, wherein the first and second pump lights each exhibit a peak

wavelength in a range from 350 to 500 nm.

8. The device of claim 1, wherein the first and second electroluminescent sources

comprise different portions of a unitary semiconductor element.

9. The device of claim 1, wherein the first and second clectroluminescent sources

comprise distinct semiconductor elements.
10. The device of claim 1, wherein the first light converting element comprises a
phosphor, and wherein the second light converting element comprises the first

semiconductor stack including the first potential well.

11. The device of claim 10, wherein the phosphor emits yellow light, and the first

semiconductor stack emits amber light.
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12. The device of claim 11, wherein the second spectral distribution consists essentially of
a first emission band having a peak emission between 500 and 600 nm, and a second

emission band having a peak emission between 600 and 700 nm.

13. The device of claim 12, wherein the first emission band has a FWHM width of no
more than 50 nm, and the second emission band has a FWHM spectral width of no more

than 50 nm.

14. The device of claim 13, wherein the possible device outputs represented by the line
segment maintain a color rendering index of at least 60 over the color temperature range

from 3000K to 5000K.

15. The device of claim 1, wherein the first light converting element comprises the first
semiconductor stack, and the second light converting element comprises a second

semiconductor stack that includes a second potential well.

16. The device of claim 15, wherein first semiconductor stack includes a third potential
well and the second semiconductor stack includes a fourth potential well, and wherein the
first, second, third, and fourth potential wells are capable of generating re-emitted light

whose peak wavelengths differ from each other by at least 10 nm.

17. The device of claim 16, wherein the first spectral distribution is characterized by a

cyan color, and the second spectral distribution is characterized by an amber color.

18. The device of claim 16, wherein the first spectral distribution comprises a first
emission band having a peak emission between 400 nm and 500 nm, and a second

emission band having a peak emission between 500 nm and 600 nm.
19. The device of claim 18, wherein the second spectral distribution comprises a third

emission band having a peak emission between 500 nm and 600 nm, and a fourth emission

band having a peak emission between 600 nm and 700 nm.
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20. The device of claim 19, wherein the first, second, third, and fourth emission bands
cach have a FWHM spectral width of no more than 50 nm, and wherein the possible
device outputs represented by the line segment maintain a color rendering index of at least

60 over the color temperature range from 3000K to 5000K.

21. The device of claim 20, wherein the possible device outputs represented by the line
segment maintain a color rendering index of at least 70 over the color temperature range

from 3000K to 5000K.

22. The device of claim 21, wherein the possible device outputs represented by the line
segment maintain a color rendering index of at least 80 over the color temperature range

from 3000K to 5000K.

23. The device of claim 1, wherein the line segment deviates from the Planckian locus by
a distance of less than 0.02 on the CIE (x,y) plane over the color temperature range from

3000K to 5000K.
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