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Abstract: Conventional white-light sources suffer from a fundamental
trade-off between color rendering index and the luminous efficacys;
increasing one generally comes at the expense of the other. We demonstrate
through simulation that dual-wavelength blue-emitting active regions in
phosphor-converted white light sources maximize the output luminous flux
while significantly increasing the color rendering ability. Our results
indicate that such improvements can be achieved over a broad range of
correlated color temperatures.
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1. Introduction

Semiconductor white light-emitting diodes (LEDs) have attracted a great deal of attention in
solid-state lighting applications. Due to their potential for substantial energy savings, high
efficiency, small size, and long lifetime, it has been projected that LEDs will broadly replace
conventional incandescent and fluorescent lamps for general lighting in the future [1-4]. To
create white light from LEDs, two distinct approaches have been adopted: (i) use of individual
primary-color LEDs (such as red, green, and blue, also known as RGB), and (ii) the
combination of wavelength down-converting phosphor with a blue or ultraviolet LED [5]. The
multichip RGB approach allows for high color rendition, chromaticity-point stabilization, and
color adjustment [2,6]. However, strong temperature dependence of performance and high
cost are among the main disadvantages. Phosphor-converted white LEDs benefit from
relatively low cost as well as great color stability over a wide range of temperatures [7]. White
LEDs based on cerium-doped yttrium aluminum garnet (Y AG:Ce) yellow phosphor have been
used in various markets. Recent publications on a new class of inorganic phosphors,
oxynitride and nitride luminescent materials, report promising results and encourage the use
of these phosphors in solid-state lighting applications [8].

Two of the key quantities in light source assessment are luminous efficacy of radiation
(LER), and color rendering index (CRI). LER, given by Eq. (1), measures the optical
efficiency of the light emitted by a source, and is determined solely by the spectrum (resistive
electrical losses do not affect the LER).

1 [P AV (2) d2

LER =683 2 2 , (1)
W ijhile (ﬂ’) d/l
A

where the pre-factor 683 Im/W is a normalization factor, Pyp(4) is the spectral power density
(SPD) of the white light source and V(1) is the eye sensitivity function, with 555 nm being the
most sensitive wavelength to the human eye [7]. Another figure of merit for light sources is
luminous efficacy of the source (LES), which is defined as the ratio of luminous flux to input
electrical power. A record high LES for GalnN white LEDs has been reported by Mukai, 249
Im/W at 20 mA and 145 Im/W at 350 mA [9], corresponding to equivalent of two- to three-
fold improvements over standard fluorescent sources and an order of magnitude enhancement
over standard incandescent sources.

The CRI is another critical characteristic of light sources for general lighting applications.
The color rendering performance of a source is determined by its spectral power distribution.
High CRIs generally require a broad emission spectrum distributed throughout the visible
region; the sun and blackbody radiation have a CRI of 100. Generally for illumination
purposes, CRI values in the 70s are considered ‘acceptable’, and values greater than 80 are
regarded as ‘good’ [10].

While high color rendering ability is best attained by broad spectral distribution of the
emission band throughout the visible region, the LER of a source is highest for
monochromatic light sources radiating at 555 nm. A function that optimizes the trade-off
between CRI and LER in multichip solid-state lamps is given by:

F, (/11,--~,/1n,Aﬂ1,---,Alﬂ,ll,---,ln):O'LER+(1—0') CRI, 2)

where o is a weighting factor that regulates the trade-off between the efficacy and color
rendition (0 < ¢ < 1), n is the number of primary LEDs and 4;, A4, and I; are peak
wavelengths, spectral linewidths, and the luminous fluxes of the primary sources,
respectively. Although dichromatic white-light sources offer the highest LER, they suffer
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from a low CRI. Studies have shown that trichromatic and tetrachromatic white-light LED
lamps achieve a great balance between CRI and LER [2,6]. However, a key element
associated with the future penetration of LEDs into the solid-state lighting market is LER, and
this parameter is reduced with increasing LED quantity.

In this investigation, we analyze single-chip phosphor-converted white-light sources with
single-wavelength blue-emitting active regions and dual-wavelength blue-emitting active
regions. We demonstrate through simulation that dual-blue white sources are more efficient
devices, enhancing both CRI and LER, compared to single-blue white sources. Dual-blue
emission takes advantage of the exponential dependence of the eye sensitivity function on
wavelength in the blue spectral region by allowing one of its two emission peaks to lie closer
to the peak eye sensitivity wavelength than the single-blue emission, thereby increasing the
LER. We also show that dual-blue emitting active regions broaden the emission spectrum, and
result in higher CRI values.

2. LED-based white light source comprised of dual-color emitting active regions

Dual-color LEDs with two distinct energy-gaps in the blue and green spectral regions have
been a topic of active research [11-15]. A significant challenge in these devices is the loss of
light due to photon absorption in the lower energy-gap quantum well. Blue GalnN quantum
wells (QWs) require 10-15% In content, while green QWs demand 15-20%. An increase in
the In composition, results in lattice mismatch between GalnN and GaN which brings about
strain between the GaN barrier layer and the GalnN well layer [11]. However, reabsorption is
less significant in dual-blue LEDs compared to dual-color LEDs (e.g. blue and green),
because of the proximity of the two emission wavelengths.

Recent experimental results indicate much improvement in LEDs with dual-color emitting
active regions. Peter et al. reported an efficient multi-quantum well (MQW) structure with six
blue and one green QW showing 123 Im/W at 100 mA and 80 Im/W at 350 mA [12]. Yamada
et al. successfully demonstrated growth and fabrication of phosphor-free white LED emitting
with dual-wavelength emitting active regions (blue and yellow wavelengths) and multi-color
active regions (blue, green and red wavelengths) [13]. Park et al. reported a laterally stacked
structure of blue and green GalnN-based MQWSs with two distinct photoluminescence
emission peaks [14]. Finally, Grundmann et al. reported a multi-color LED, with stacked
active regions emitting at 405 nm and 490 nm, containing a polarization induced tunnel
junction [15].

3. Phosphor-converted white light source consisting of dual-blue emitting MQWs

In our simulation we use the absorption and emission spectra of commercial YAG:Ce yellow
phosphor with peak emission wavelength of 577 nm, illustrated in Fig. 1(a). Two different
sets of LED structures, single-blue and dual-blue emitting active regions, with peak emission
wavelengths in the 430-500 nm range are considered. The SPD function of an LED can be
described by a Gaussian function; therefore,

P(ﬂ) 1 _1[A_ﬁ“peak ]2 3
=—eXp| —| ————— N
Yoy Pl p 3)

where P is the optical power, AE is the full-width at half-maximum linewidth of the LED
emission, and o is defined as:
j’/feaikAE‘ ( 4)
o=——
2hc~21n2
We use spectral linewidth of AE = 5kg7, which is comparable to the linewidth of blue
GalnN emitters, but narrower than the GalnN green emitters and broader than the AlGalnP
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red emitters [7]. Based on the overlap of phosphor absorption spectrum and the blue LED
spectrum, the number of photons absorbed by the phosphor per second is calculated as
follows:

Pblue (i)

oy [1-exp(=P,, (A))dA], (5)

photon . = J-

where ¢ denotes the phosphor thickness, and P,,(4) is the phosphor absorption spectrum.
Conversion of pumped LED power into yellow power is given as:

})yellow (ﬂ’) = phoronabsnpems (/1)’ (6)

where 7, is the quantum efficiency of the phosphor and P.,4(4) is the phosphor emission
spectrum. The SPD of phosphor-converted white light source is given as:

[)while (ﬂ') = PemtBlue (ﬂ') + R’ellow (i)’ (7)

where, Penpiue(4) is the blue power transmitted through the phosphor. Using the Newton-
Raphson method, the required phosphor thickness is calculated at correlated color
temperatures (CCTs) ranging from 3500 K to 8500 K. The calculated phosphor thicknesses
for single-blue and dual-blue emitting active regions at a given CCT are similar, and
therefore, the corresponding scattering losses will also be comparable. The general CRI is
then calculated by taking into account the adaptive color shift. Figure 1(a) illustrates the
absorption and emission spectra of YAG:Ce, and Fig. 1(b) shows the spectral power density
of (solid) dual-blue white source with emission peaks at 435 nm and 489 nm and a CCT of
5600 K and (dashed) single-blue white source with peak wavelength of 471 nm at 4100 K.
The two white-light sources’ spectra in Fig. 1(b) correspond to the highest attainable values of
the CRI.
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Fig. 1. Phosphor and white light spectra: (a) (dashed) excitation and (solid) emission spectra of
YAG:Ce phosphor, and (b) emission spectra of phosphor-converted white-light sources with
(dashed) single-blue white source and (solid) dual-blue white source.

Figure 2 depicts the chromaticity diagram in the (u,v) coordinate system; indicated in
Fig. 2 are locations of the YAG:Ce phosphor, blue LED peak emission wavelengths, and the
single- and dual-blue white light sources, each of which corresponds to the maximum
achievable CRI of 78 and 92 at 4100 K and 5600 K (spectra of both white sources are shown
in Fig. 1(b)).
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Fig. 2. The chromaticity diagram based on CIE 1964 (u,v) color space. Included are the
YAG:Ce phosphor, blue LED peak wavelengths, and single-blue and dual-blue white sources.
The two white sources exhibit the highest achievable CRIs.

Figure 3 shows the CRI and LER contour plots as functions of the two emission-peak
wavelengths, 4; and 4, for a CCT of 5600 K. It is well known that sources at distances greater

than 0.0054 (d =+/Au® + Av*) from the Planckian locus are not true white light sources [16].

However, in order to observe the difference between the single-blue and dual-blue white
sources, Fig. 3 includes all simulated white light sources regardless of their distance from the
Planckian locus. In both contour plots, single-blue wavelengths are represented by points
lying diagonally across from bottom left corner to top right corner, and dual-blue wavelengths
are off the diagonal. CRI of single-blue white sources have peak CRI values in the high 70s,
whereas dual-blue white sources offer CRIs in low-90s. In addition, impact of eye sensitivity
function manifests itself in Fig. 3(b); LER gradually increases as peak wavelengths approach
500 nm.
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Fig. 3. Simulated white light sources as functions of blue emission peaks: 4, and 4, at 5600 K.
(a) Color Rendering Index (CRI), and (b) luminous efficacy of radiation (LER).
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In the following figures only white sources within a distance of 0.0054 from the Planckian
locus are considered. Figure 4 displays the CRI and LER as functions of CCT for both single-
blue and dual-blue white sources. The small discontinuity at 5000 K in Fig. 4(a) is a well-
known artifact resulting from the use of different reference sources in calculating the CRI
[17]; black-body radiation is used as reference source below 5000 K and CIE standard
illuminant D is used at higher temperatures [17]. The CRI values in Fig. 4(a) correspond to
blue-wavelengths that are chosen to produce maximum achievable LER values for both types
of white sources. Single-blue white sources experience a 30% drop in their CRIs derived at
maximum LERs, decreasing from 76 at 3800 K to 53 at 8500 K. In contrast, dual-blue white
sources, with peak of 87 at 5100 K, experience a minor reduction in CRI. The discontinuity in
CRI of single-blue white sources at 6700 K is due to the decrease in blue peak wavelengths at
higher CCTs; the phosphor coordinate and the arch in the Planckian locus force LEDs towards
shorter wavelengths. At this discontinuity, the maximum achievable LER location changes
from the top end of the d = 0.0054 limitation (above the Planckian locus) to the lower end of
the d = 0.0054 limitation (below the Planckian locus). LER values for sources that lie at
distances greater than d = 0.0054 from the Planckian locus, which are not “true white” sources
and they are not shown in Fig. 4, range from 375 Im/W at 3500 K to 290 Im/W at 8500 K. The
blue peak-wavelengths corresponding to the maximum LER values are listed in the table
below Fig. 4.
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CRl is obtained at maximum LER at the following blue emission wavelengths, A,eq (nM):
CCT (K) 4000 5000 6000 7000 8000
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Fig. 4. CRI and LER dependence on CCT, shown from 3500 K to 8500 K (dashed) single-blue
white sources, and (solid) dual-blue white sources: (a) CRIs corresponding to blue peak
wavelengths that produce maximum LER, and (b) maximum achievable LER in white sources
that lie within distance of 0.0054 from the Planckian locus. The blue emission wavelengths,
Apeaks> Specified in the table produce the maximum achievable LERSs; Aycas are known values

that are used as inputs to Eq. (3).

Figure 5(a) shows the maximum achievable CRI for the two structures; Fig. 5 differs from
Fig. 4 which displays points corresponding to maximum calculated LER. Similar to Fig. 4,
single-blue white sources drop in CRI by ~32%, decreasing from 78 at 3500 K to 53 at 8500
K. The dual-blue white sources peaks remain stable in the high 80s and low 90s from 5000 K
to 8500 K. In Fig. 5(b), we observe that LER at maximum CRI for dual-blue is slightly lower
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than single-blue white source. The table below the Fig. 5 lists the CCT and the peak
wavelengths, Apca, corresponding to maximum CRIs for both single-blue and dual-blue white

sources.
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Maximum CRlI is obtained at the following blue emission wavelengths, Apea:
CCT (K) 4000 5000 6000 7000 8000
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Fig. 5. CRI and LER dependence on CCT, shown from 3500 K to 8500 K (dashed) single-blue

white sources, and (solid) dual-blue

white sources: (a) maximum achievable CRI s, and (b)

LER values corresponding to wavelengths that produce the maximum CRI. Only sources
within a distance of 0.0054 from the Planckian locus are considered. The blue emission

wavelengths, Apeaks, specified in the

table produce the maximum achievable CRIS; Apeas are

known values that are used as inputs to Eq. (3).

Dual-blue white sources benefit from higher values of the CRI due to broader white light
spectra. Figure 6 illustrates the special CRIs, CRI;, for the eight CIE test-color samples. Each
bar represents an average CRI; value of either the single-blue- or dual-blue-white light source
with CCTs ranging from 3500 K to 8500 K. We observe that dual-blue white sources display
a significant gain over single-blue white sources across the entire CCT array. Particularly
significant enhancements are evident in CRI;, CRI,, CRI;, and CRIg, corresponding to strong
yellow green, moderate yellowish green, light violet, and light reddish purple test-color
samples, respectively.
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Fig. 6. Special CRI values of the set of eight test-color samples for the single-blue- and dual-
blue white sources at maximum achievable LERs and CRIs.

4. Conclusion

We have analyzed phosphor-converted white-light sources with GalnN blue LEDs for both
single-blue and dual-blue emitting active regions. We show significant enhancements in color
rendition ability and luminous efficacy across the entire range of CCTs. Dual-blue white
sources can be tuned to achieve higher CRIs and LERs, as opposed to single-blue white
sources. The notable improvements in the two key lighting parameters establish the dual-blue
emitting active region as an efficient and high quality approach to white light generation.
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