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Abstract: We present an approach to the optimization of the trichromatic
spectral power distributions (SPDs) of phosphor-converted (p-¢) light-
emitting diodes (LEDs) in respect of each of four different color rendition
properties (high color fidelity, color saturating, color dulling, and color
preference). The approach is based on selecting a model family of Eu*"
phosphors and finding the optimal peak wavelengths of the phosphor bands
as functions of the luminous efficacy of radiation. A blue component due to
either phosphor photoluminescence or InGaN electroluminescence with the
peak wavelength at about 460 nm was found to be an optimal one for the
high-fidelity, color-dulling, and color-preference LEDs. The high-fidelity
and color-preference LEDs need red phosphors with the peak wavelength of
610-615 nm. The high-fidelity LEDs were shown to require a true green
(~530 nm) phosphor component, whereas a cyan (~510 nm) component is
the prerequisite of the color-saturating and color-preference LEDs. Deep-
blue (~445 nm) and deep-red (~625 nm) components are required for the
color-saturating LEDs. A broad yellow band similar to that of Ce®"
emission is to be used in the color-dulling LEDs. The SPDs of practical
phosphor blends for the high-fidelity, color-saturating, and color-preference
p-c LEDs are demonstrated.

©2013 Optical Society of America

OCIS codes: (160.2540) Fluorescent and luminescent materials; (160.5690) Rare-earth-doped
materials; (230.3670) Light-emitting diodes; (330.1715) Color, rendering and metamerism.
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1. Introduction

Present lighting technology relies on the principle of additive color mixing [1], which is
implemented through composing the spectral power distribution (SPD) of white light of
colored components provided by emitters having narrow and/or moderately wide bands. Such
technology allows for avoiding inefficacious emission at the edges of the visible spectrum,
which results in improved luminous efficacy, and for engineering light sources with different
correlated color temperatures (CCTs) and different color rendition characteristics.

With the development of solid-state lighting technology, which is based on either clusters
of individually controlled colored light-emitting diodes (LEDs) or single-package phosphor-
converted (p-c) LEDs, the application of the composite SPDs in light sources became even
more versatile and artificial illumination with unsurpassable efficacy and color quality
became feasible [2]. However, the diversity of SPDs of solid-state sources of light resulted in
the disruption of the common metric for the assessment of the color rendition properties, the
Color Rendering Index (CRI), introduced by the Commission Internationale de 1’Eclairage
(CIE) in 1965 [3]. In 2007, the CIE concluded that “the CIE CRI is generally not applicable
to predict the colour rendering rank order of a set of light sources when white LED sources
are involved in this set” [4].

The general CRI (R,) is a measure of color fidelity for 8 test color samples and does not
distinguish between the color distortions of different types. A two-metric system, which also
accounts for the ability of a light source to make colors appear “vivid” and easy to distinguish
(color saturating) [5], is the simplest remedy for this drawback. An approach to quantifying
the ability of a light source to render object colors with high fidelity and to discriminate
colors within an integral figure of merit is the Color Quality Scale (CQS) [6]. The general
CQS (Q,) is based on the disregard of the color saturating component in the color shifts of 15
test color samples. The CQS metric is supplemented by additional scales, such as color
fidelity scale (Qy), gamut area scale (Q,), and color preference scale (Q,). However, both the
two-metric system and CQS suffer from a small number of test color samples (8 and 15,
respectively), which cover a very small portion of the color space and make the assessment
results dependent on the chosen sample set.

A more advanced approach to the assessment of color quality of light sources relies on
analyzing color shift vectors for the entire color palette (e.g. for 1269 Munsell samples) and
sorting the color test samples to several groups depending on a type of the color distortion
that occurs when the reference source is replaced by that under assessment [7]. In this
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statistical approach, which clearly distinguishes between different color rendition properties,
the color shift vectors are computationally sorted depending on their behavior in respect of
experimentally established just perceived differences of chromaticity and luminance. Then
the relative numbers (percentages) of test color samples that exhibit color distortions of
various types are defined as statistical color quality indices. Such indices include the Color
Fidelity Index (CFI, percentage of the test samples having the color shifts smaller than
perceived chromaticity differences), the Color Saturation Index (CSI, percentage of the test
samples having the color shift vectors with a perceivable increase in chromatic saturation),
the Color Dulling Index (CDI, percentage of the test samples having the color shift vectors
with a perceivable decrease in chromatic saturation), and the Hue Distortion Index (HDI,
percentage of the test samples having the color shift vectors with a perceivable distortion of
hue). An on-line tool that assesses the SPDs of light sources using the statistical metric and
comparing this metric with CRI and CQS is now available [8].

It is to be noted that the needs in color quality of illumination extend beyond a single need
for color fidelity. In particular, it is known for years that increased color saturation can
enhance the color discrimination ability and comply with visual preferences [9-11]. Even
more diverse color rendition properties (ranging from increased to reduced color saturation)
might be required for the illumination of complex objects, such as artwork [12,13].

The SPDs composed of distinct single-band components with the width around 30 nm
typical of direct-emission LEDs have been optimized in respect of different color rendition
properties measured by statistical color rendition indices CFI [14], CSI [15], and CDI [16],
respectively. Recently we demonstrated a tetrachromatc LED cluster with a continuous
traversing of all possible metameric SPDs including those with the highest CFI, CSI, and CDI
(color rendition engine) [17]. The highest values of the statistical indices have been validated
by a psychophysical experiment. The psychophysical experiment has also revealed that the
appearance of familiar objects is preferred by the highest number of subjects, when a light
source has an SPD with the CSI to CFI ratio between 0.3 and 3. This implies that direct-
emission LED clusters can be engineered not only to improve color fidelity, which is the only
one color rendition property measured by CRI, but also to optimize other color rendition
properties, such as color saturating, color dulling and psychophysically validated color
preference.

The color rendition engineering of SPDs composed of components typical of
photoluminescence of phosphors is a more complex problem because of a large diversity of
phosphor emission spectra with different numbers of bands and/or different widths of the
bands. Over four decades ago, Thornton examined the trade-off between the general CRI and
luminous efficacy of radiation (LER) for SPDs containing Gaussian components of different
widths [18]. At that time, fluorescent lamps with the phosphor blends that render colors with
both high fidelity and with high or low color discrimination had been already known [10,19].
Later, the number and width of the Gaussian components in p-c LEDs having the ultimate
color fidelity (CFI = 100%) have been defined [20]. However, a general approach to the
composing of practical phosphor blends for p-c LEDs that emit light with different color
rendition properties has not been established so far.

In this work, the trichromatic SPDs composed of model phosphor emission bands are
optimized for meeting both the requirement for high LER and different needs in color
rendition (color fidelity, color saturating, color dulling, and color preference). The solutions
of the optimization problem are verified by assessing the color rendition properties of the
composite SPDs of p-c LEDs with the spectral components provided by commercial
phosphors.

2. Color rendition engineering method

In this section, we establish the general approach to the color rendition engineering for p-c
LEDs. First, we select an appropriate analytical model for their component phosphor SPDs.
Second, we apply an optimization procedure for obtaining composite SPDs of trichromatic p-
¢ LEDs with required color rendition properties.
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2.1 Model phosphor spectra

Because of a large diversity of phosphors considered for the application in solid-state lighting
technology [2,21-24], a general approach to color rendition engineering requires establishing
model phosphor SPDs. Such component SPDs should meet the following requirements: i) the
SPDs are to be related to a family of practical phosphors that have peak wavelengths within
the entire visible spectrum; ii) the SPDs should be described with an appropriate accuracy by
a single analytical expression containing a small number of parameters (e.g., just the peak
wavelength). Once the general approaches were established for a particular model component
SPD, phosphors with SPDs that considerably differ from the model ones could be considered.

In view of the above requirements, we restrict the search of model phosphors to those
having a single emission band with predictable width. We do not consider phosphors that
have a multiband SPD due to the spin-orbit split ground state (e.g. Ce*" phosphors with 5d-4f
transitions [25]) or due to co-doping with several types of ions. Also we do not consider
phosphors emitting due to shielded 4f-4f transitions, which have SPDs with multiple narrow-
band structure and are available only for particular spectral intervals (e.g., Eu®*, Sm**, and
Tb*" activated phosphors [26]).

The most appropriate and versatile model phosphor components for the use in color
rendition engineered SPDs are phosphors that emit due to 4f °5d"'-4f 7 transitions in Eu®" ions
occupying similar sites within the host lattice. Such phosphors have distinct single bands with
the width that has a tendency to increase (on the wavelength scale) with increasing the peak
wavelength. Degending on the crystal field splitting of the 5d level, the peaks of the spectral
bands due to Eu”" emission are available within the entire visible spectrum [27].

Several approaches to the analytical approximation of phosphor emission spectra on the
wavelength (1) scale have been developed [18,20,28-30]. In this work, we approximate the
SPDs of the entire family of single-band Eu”" phosphors by a physically justifiable Gaussian
shape on the photon energy (4v) scale [28,31]. For a SPD normalized to unit power,

S, o (W) dhv = 2/In(2)/7 /W exp [—4 In(2) (v —hv,)’ [ J dhv, (1)

where hv; is the peak photon energy and W is the full width at half magnitude (FHWM)
measured in energy units, which generally depends on the host. On the wavelength scale, Eq.
(1) converts to an asymmetrical spectrum with the width increasing with increasing peak
wavelength [32]

S (A)dA=k(A4,)" exp[—4ln(2)hzcz (A" -4) /Wz}d;t, @

where Ao; = ¢/v; (does not exactly equal the peak position 4; on the wavelength scale) and & is
the normalization factor.

In order to develop a versatile model SPD, we attempted to apply a single value of energy
FWHM to a variety of single-band Eu®" phosphors described in the literature and/or patented.
Figure 1 shows the wavelength FWHM of many Eu" activated phosphors plotted vs. peak
wavelength. The circles, squares, diamonds, upward and downward triangles, and stars show
the data for chalcogenides (sulfides [33—35] and selenides [36] of alkaline earth metals as
well as thiochalcogenides [33,37]), silicates [38—41], aluminates [34,42], nitridosilicates [43—
47], oxonitridosilicates (SiONs) [45,48,49], and oxonitridoaluminosilicates (SiAIONs) [50—
52], respectively. Since some Eu®" phosphors are known to exhibit a dual structure of the
emission band due to the presence of the activator at different sites of the host lattice (e.g. in
orthosilicates and pentasilicates [53] and nitridosilicate phosphors [54]), we sorted these data
in respect to the appropriateness of the single-band model. The solid points in Fig. 1 show the
data for phosphor bands that can be approximated by Eq. (2) with the coefficient of
determination (R?) above 0.99. The data for phosphor bands that were approximated with R* <
0.99 are presented by open points.
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The solid line in Fig. 1 shows the wavelength FWHM for SPDs described by Eq. (2) for
the constant energy width, ¥, of 0.27 eV (~2200 cm™). This model FWHM monotonously
increases from 44 nm to 93 nm, when the peak wavelength varies from 450 nm to 650 nm.
The FWHM of most Eu*" phosphors that have distinct single-band SPDs (R* > 0.99; solid
points) deviate from the model value by less than 20 nm. Generally, the chalcogenide
phosphors have FWHMs that are somewhat smaller than the model ones due to small phonon
frequencies [27]; also, the SPDs of these phosphors are well fit to the single-band model.
Most aluminates, silicates and nitrides have FWHMs that are almost equal or somewhat larger
than those suggested by the model; many of them have SPDs that deviate from Eq. (2).

v T T T T T T T T * T
140 Model FWHM _
® O Chalcogenides
m 0O Silicates v A
1201 €& < Aluminates A -
A A Nitridosilicates A A
v v SiONs af
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£
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=
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40 | -
20 N 1 vI 1 N 1 1
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Fig. 1. Wavelength FWHM of Eu*" activated phosphors vs. peak wavelength. Circles,
chalcogenides [33-37]; squares, silicates [38—41]; diamonds, aluminates [34,42]; upward
triangles, nitridosilicates [43—47]; downward triangles, SiONs [45,48,49]; and stars, SIAIONs
[50-52], respectively. The solid and open points show data for phosphor bands that can be
approximated by a single-band model with R* > 0.99 and R* < 0.99, respectively.

At the peak wavelength of 450 nm, the model phosphor FWHM (44 nm) is comparable to
that of the emission bands of blue InGaN LEDs (18-25 nm). Such blue emission is used as a
short-wavelength component and for the photoexcitation of phosphors in the white LEDs with
partial conversion. Substituting the blue phosphor components used in the SPDs of the white
LEDs with complete conversion by somewhat narrower InGaN components might influence
the color rendition indices as discussed below.

Figure 2 shows examples of the SPDs of Eu®" phosphors (solid lines) compared with the
model SPDs (dashed lines) of the same bandwidth. The blue phosphor is Bag sEugsMgAls044
(BAM [42]) with the peak wavelength of 450 nm and FWHM of 49 nm, the cyan phosphor is
Ba,SiO4Eu®" [39] (506 nm peak wavelength, 60 nm FWHM), the yellow phosphor is
EuSi,0,N, [48] (586 nm peak wavelength, 125 nm FWHM), and the red phosphor is SrS:Eut
[33] (616 nm peak wavelength, 75 nm FWHM). The SPDs of the blue, cyan, and red
phosphors are reasonably fit by Eq. (2) with R* > 0.99 and deviate in the peak wavelength
from the model spectra by less than 3 nm, which is the uncertainty of our single-band model.
The SPD of the yellow phosphor poorly fits the single-band model with R* = 0.978 and with
the peak wavelength deviation of about 10 nm.
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Fig. 2. Examples of the SPDs of Eu®" phosphors (solid lines) and fits to model single-band
SPDs with the same width (dashed lines). Blue phosphor, BAM (after [42]); cyan phosphor,
Ba,SiO,:Eu”" (after [39]); yellow phosphor, EuSi,O,N, (after [48]); and red phosphor,
SrS:Eu*" (after [33]).

2.2 Optimization procedure

Our optimization procedure for obtaining composite SPDs of p-c LEDs with required color
rendition properties is as follows. Using the equations of color mixing [55], three different
spectral components described by Eq. (2) are combined into a trichromatic blend with the
partial radiant fluxes selected in such a way that the resultant chromaticity coordinates are
equal to those of the blackbody illuminant with the CCTs of 3000 K or 4500 K or of the
daylight phase illuminant with the CCT of 6500 K. The optimal composite SPDs are found
for each CCT as functions of LER by maximizing an objective function for each of four color
rendition properties under consideration.
For high color fidelity blends, the objective function to be maximized is

FCCT,LER(/’Ll’//iZ’ﬂ’}ﬂplﬂpz’l%):CFL 3)

where 4,, 4, and 43 and p, p,, and p; are the peak wavelengths and partial radiant fluxes of
the three model phosphors.
For color-saturating blends, the objective function to be maximized is

Feerpe (/11 9/7'29/7'391% »pzsps) = CSI|HD1S50% : “4)

Here and below, the objective functions for non-fidelity blends are subjected to a constraint
HDI < 50% in order to avoid solutions with a high hue distortion.
For color-dulling blends, the objective function to be maximized is

Fecrier (ﬂﬂsﬂzsﬂ?’pl’pzaps) = CDI'Hmsso%' ®)
For color-preference blends, the objective function to be maximized is
FCCT,LER (21,21,23, P> Pys P ) = CSI/CFI|HDISSO% . (6)

CDI<10%

Here the objective function is subjected to an additional constraint CDI < 10% in order to
avoid solutions with both CSI and CFI low.

In all cases, the six variables of the objective function must satisfy three equations
following from the principle of additive color mixing [55]. Therefore, the objective functions
were maximized within the optimization domain, which is the parametric space with 3
degrees of freedom. Once a CCT and LER were selected, the maximization of the objective
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function was performed using a computer routine that performs stochastic searching on a
three-dimensional parametric surface [56].

3. Results and discussion

In this section, we present the results of the optimization of the trichromatic SPDs for the high
color fidelity, color saturating, color dulling, and color-preference blends of the model Eu**
phosphors. The optimization was performed using the objective functions described above.
For each type of the blend optimized in respect of a statistical color rendition index or a
combination of color rendition indexes, the peak wavelengths of the three phosphors are
displayed and other statistical indices and the general CRI and relevant CQS scales are
estimated. Finally, the data on peak wavelengths obtained from the optimization of the model
SPDs are used for the selection of commercially available Eu”" phosphors and for the
generation of the SPD examples for high color fidelity, color-saturating, and color-preference
blends. The component phosphor spectra are used without accounting for a possible effect of
a partial reabsorption of light emitted by shorter-wavelength phosphors in longer-wavelength
phosphors.

3.1 High-fidelity blends

Figures 3(a), 3(b), and 3(c) show the dependences of maximized CFI (pink circles) on LER
for the trichromatic blends of model Eu** phosphors at CCTs of 3000 K, 4500 K, and 6500 K,
respectively. These dependences establish the trade-off between CFI and LER (the Pareto
frontier). Extremely high values of CFI (over 90%) can be attained at lower LERs, whereas
the color fidelity as a dominant property of the blends (CFI > 50%) can be retained up to the
LERs of 315-350 Im/W, depending on the CCT. Generally, the optimal blends with lower
CCTs have higher LERs for the comparable values of CFI. Also shown in Figs. 3(a), 3(b),
and 3(c) are common color fidelity indices (R, and CQS Qy), as well as the indices
quantifying distortions of chroma (CSI and CDI). The variations of R, and CQS O are in line
with the CFI, although the latter is a more sensitive indicator of color fidelity. In the entire
range of LERs, the optimal blends show almost no color saturating ability (the CSI is
marginal); whereas with increasing LER and reducing CFI, a noticeable fraction of colors are
losing chroma (the CDI gradually approaches CFI).

Figures 3(d), 3(e), and 3(f) show the corresponding peak wavelengths of the three model
phosphors for the optimized high color fidelity blends. The general feature of all the SPDs is
an almost equal distance between the adjacent peaks of about 80 nm and synchronous shifting
to shorter wavelengths with increasing LER and decreasing CFI. Also, phosphors with longer
peak wavelengths are to be used in the optimal blends with comparable CFIs for lower CCTs.
A reasonable trade-off between color fidelity and LER is obtained for phosphor peak
wavelengths of about 460 nm, 530 nm, and 615 nm. Due to the asymmetry and different
wavelength widths of the practical Eu®" phosphor bands, these peak wavelengths are shorter
(especially the longest one) than those obtained for high-fidelity SPDs with symmetrical and
equal-width bands (470 nm, 560 nm, and 660 nm; all 80 nm wide [20]). Another important
result is that the red-green-blue (RGB) p-c LEDs, which have wide-band spectral
components, yield high color fidelity, in contrast to the direct-emission (narrow-band) RGB
LED clusters, which are essentially color saturating [15].
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Fig. 3. (a), (b), and (c) Maximized statistical color fidelity index (pink circles) vs. LER for the
trichromatic blends of model Eu?* phosphors at CCTs of 3000 K, 4500 K, and 6500 K,
respectively. Also shown are CSI (magenta triangles), CDI (violet triangles), R, (black
squares), and CQS O (open circles). (d), (e), and (f) Corresponding peak wavelengths of the
three model phosphors.

Figures 4(a), 4(b), and 4(c) show examples of the SPDs of the high color fidelity blends of
commercial phosphors for the three CCT values, respectively. All SPDs are composed of the
same blue BAM (Intematix B101C-2; 446 nm peak wavelength, 45 nm FWHM), green
silicate (Intematix EG3264; 528 nm peak wavelength, 71 nm FWHM), and red nitride
(PhosphorTech HTR620; 617 nm peak wavelength, 83 nm FWHM) phosphors. The SPDs
have CFIs of 88%, 73%, and 56% and LERs of 307 Im/W, 300 Im/W, and 289 Im/W for
CCTs of 3000 K, 4500 K, and 6500 K, respectively. For the CCT of 3000 K, the SPD
parameters are close to the optimal ones [Fig. 3(a)]. For higher CCTs, the values of CFI and

LER are

somewhat lower than those on the Pareto frontier in favor of CDI due to the longer

than required peak wavelengths of the red and green phosphors.

(arb. units)

CCT=3000 K (a) CCT=4500 K (b) (C) CCT=6500 K
CFI=88% CFI=73% CFI=56%
LER=307 Im/W LER=300 Im/W LER=289 Im/W
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Fig. 4. (a), (b), and (c¢) Examples of high color fidelity trichromatic SPDs composed of
commercial blue BAM (Intematix B101C-2), green silicate (Intematix EG3264), and red
nitride (PhosphorTech HTR620) Eu** phosphors for CCTs of 3000 K, 4500 K, and 6500 K,
respectively. The values of CFI and LER are indicated.
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When the blue phosphor component is replaced with a narrower one (24 nm wide, not
shown) provided by InGaN electroluminescence and having the same peak wavelength, the
CFI decreases by 3-10%, whereas the LER increases by 3-9 Im/W (depending on the CCT).
The limiting radiant efficiency of such LEDs (with CFI of ~80%) accounting for the Stokes
shift [57] is about 80% assuming the radiant efficiency of the blue emitter and the quantum
efficiency of the phosphors of 100%. This shows that high-fidelity p-c LEDs with the partial
conversion of InGaN emission in green and red phosphors are feasible with a luminous
efficacy of about 260 Im/W.

When the red component is replaced by a narrow band, such as multiple-line emission,
typical of Eu’* phosphors, high color fidelity becomes difficult to achieve,

3.2 Color-saturating blends

Figures 5(a), 5(b), and 5(c) show the dependence of maximized CSI (magenta triangles) on
LER for the trichromatic blends of the model Eu*" phosphors for CCTs of 3000 K, 4500 K,
and 6500 K, respectively. Again, a well-established Pareto frontier shows that the CSI and
LER are in negative trade-off. High values of CSI (over 60%) can be attained at lower LERs,
whereas the domination of the color saturating ability (CSI > 50%) can be retained up to the
LERs of 270-280 Im/W, depending on the CCT. The optimal blends with lower CCTs have
higher LERs for the comparable values of CSI; also, somewhat higher values of CSI can be
attained at lower CCTs. The general CRI of the color saturating blends is always below 80
and shows a tendency to increase with decreasing CSI. The CQS gamut area scale Q, is above
80 and varies almost in the same way as CSI. In the entire range of LERs, the optimal blends
show a low color dulling ability (CDI < 10%) and low color fidelity (CFI < 20%). These two
indices show some increase with reduced CSI.
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Fig. 5. (a), (b), and (c) Maximized statistical color saturating index (magenta triangles) vs.
LER for the trichromatic blends of model Eu** phosphors at CCTs of 3000 K, 4500 K, and
6500 K, respectively. Also shown are CFI (pink circles), CDI (violet triangles), R, (black
squares), and CQS O, (open triangles). (d), (e), and (f) Corresponding peak wavelengths of the
three model phosphors.
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Figures 5(d), 5(e), and 5(f) show the corresponding peak wavelengths of the three model
phosphors for the optimized color saturating blends. In comparison to the high-fidelity blends
(Fig. 3), the optimal color-saturating blends have the red component shifted to longer
wavelengths, whereas the green and blue components are shifted to shorter wavelengths
(actually, the middle component should be more accurately named as cyan). The crucial
requirement for the color saturating blends is an asymmetry in the distribution of the
components with a large gap in the yellow-green region of the spectrum, where the spectral
power of a light source is to be reduced for improved color discrimination [15,58]. With
increasing LER and decreasing CSI, the red and blue peaks shift toward the center of the
visible spectrum, whereas the cyan peak persists at about 510 nm. Also in the optimal blends
with comparable CSls, phosphors with longer peak wavelengths are to be used for lower
CCTs. Due to the asymmetry of the Eu*" phosphor bands, only the red-cyan-blue (RCB) color
saturating p-c LEDs are feasible. This is different from the clusters of direct-emission LEDs,
where the color saturating property is a characteristic of both the RCB and RGB blends [15].

Figures 6(a), 6(b), and 6(c) show examples of the SPDs of the color-saturating blends of
commercial phosphors for the three CCT values, respectively. All SPDs are composed of the
same blue BAM (Intematix B101C-2; 446 nm peak wavelength, 45 nm FWHM), cyan silicate
(Intematix G1758; 507 nm peak wavelength, 59 nm FWHM), and deep red nitride (Intematix
ER6436; 625 nm peak wavelength, 87 nm FWHM) Eu”" phosphors. The SPDs have CSIs of
59%, 61%, and 62% and LERs of 255 Im/W, 249 Im/W, and 241 1m/W, for CCTs of 3000 K,
4500 K, and 6500 K, respectively. All these parameters are close to those at the Pareto
frontier [Figs. 5(a)-5(c)].

When the blue phosphor component is replaced with a narrower one (24 nm wide, not
shown) provided by the electroluminescence of InGaN and having the same peak wavelength,
the CSI and LER remain almost unchanged for all CCTs. The limiting radiant efficiency of
such LEDs (with CSI of ~60%) accounting for the Stokes shift [57] is 82% for all considered
CCTs assuming the radiant efficiency of the blue emitter and the quantum efficiency of the
phosphors of 100%. This enables the development of the color-saturating p-c LEDs with the
partial conversion of InGaN emission in cyan and red phosphors with a limiting luminous
efficacy of about 230 Im/W.

When the red component is replaced by a narrow band one, such as multiple-line emission
typical of Eu’" phosphors, both the color saturating ability and LER can be increased.
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Fig. 6. (a), (b), and (c) Examples of color-saturating trichromatic SPDs composed of
commercial blue BAM (Intematix B101C-2), cyan silicate (Intematix EG1758), and deep red
nitride (Intematix ER6436) Eu®*" phosphors for CCTs of 3000 K, 4500 K, and 6500 K,
respectively. The values of CSI and LER are indicated.

3.3 Color-dulling blends

Figures 7(a), 7(b), and 7(c) show the dependence of the maximized CDI (violet triangles) on
LER for the trichromatic blends of model Eu*" phosphors at CCTs of 3000 K, 4500 K, and
6500 K, respectively. Here, the Pareto frontier is almost flat, indicating that the color-dulling
blends with the highest LER are the most appropriate. The maximized CDI has values of
73%, 64%, and 62% for the peak LERs of 410 Im/W, 370 Im/W, and 335 Im/W at the three
CCTs, respectively. The general CRI of the optimal color dulling blends is below 70,
similarly to color-saturating blends (this reveals the ambiguity of R, in respect of the opposite

#192298 - $15.00 USD Received 14 Jun 2013; revised 28 Sep 2013; accepted 1 Oct 2013; published 29 Oct 2013
(C) 2013 OSA 4 November 2013 | Vol. 21, No. 22 | DOI:10.1364/OE.21.026642 | OPTICS EXPRESS 26652



dominating chroma distortion type mentioned above and discussed in [17]) and shows a
tendency to decrease with increasing LER and CCT. The CQS gamut area scale O, is below
80. In the entire range of LERs, the optimal blends increase chroma of almost no colors (CSI
=0%) and have a low color fidelity (CFI <20%)).

Figures 7(d), 7(e), and 7(f) show the corresponding peak wavelengths of the three model
phosphors in the optimized color dulling blends. The blue component stays at about 460 nm
within the entire range of LERs. The other two components tend to coalesce in the yellow
region of the spectrum. At the highest LERs relating to the most appropriate blends, the long-
wavelength component approaches to and overlaps with the middle (yellow-green) one.
Similar results were obtained for the color-dulling SPDs composed of symmetrical narrow
blue and wide yellow bands [16]. Such an alignment of the spectral components is typical of
common white InGaN/Y3Al;0,:Ce*” LED with a narrow-band blue and wide-band yellow
emissions (the latter is due to the spectral overlap of two spin-orbit split emission bands of
Ce*). A typical daylight p-c LED (CCT = 6042 K) has a CDI of 53%, CFI of 17%, CSI of
4%, and LER of 325 Im/W [59], which are the values close to those of the optimized color-
dulling blend [Fig. 7(c)]. The limiting radiant efficiency of dichromatic color-dulling LEDs
(with CDI of ~60-70%) with partial conversion in Eu*-based phosphors accounting for the
Stokes shift [57] is 83-89% (depending on the CCT) assuming the radiant efficiency of the
blue emitter and the quantum efficiency of the phosphors of 100%. This corresponds to the
limiting luminous efficacies in the range of 300-340 Im/W depending on the CCT. However
since the use of broad-band yellow Ce’"-based phosphors is a well-established approach, the
application of more sophisticated Eu*'-based phosphor blends in color-dulling LEDs is of
doubtful value (for this reason, we present no SPDs for commercial phosphors).
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Fig. 7. (a), (b), and (c) Maximized statistical color dulling index (violet triangles) vs. LER for
the trichromatic blends of model Eu** phosphors at CCTs of 3000 K, 4500 K, and 6500 K,
respectively. Also shown are CFI (pink circles), CSI (magenta triangles), R, (black squares),
and CQS Q, (open triangles). (d), (e), and (f) Corresponding peak wavelengths of the three
model phosphors.

#192298 - $15.00 USD Received 14 Jun 2013; revised 28 Sep 2013; accepted 1 Oct 2013; published 29 Oct 2013
(C) 2013 OSA 4 November 2013 | Vol. 21, No. 22 | DOI:10.1364/0OE.21.026642 | OPTICS EXPRESS 26653



3.4 Color-preference blends

Figures 8(a), 8(b), and 8(c) show the dependence of the maximized CSI to CFI ratio (crosses)
versus LER for the trichromatic blends of the model Eu** phosphors at CCTs of 3000 K, 4500
K, and 6500 K, respectively. The chosen range of the CSI/CFI ratio (0.3-3) corresponds to the
highest preference of selecting tetrachromatic RAGB blends using a tunable color-rendition
engine for an illuminated scene containing common objects [17]. The dependences can be
considered in terms of the Pareto frontiers indicating that higher CSI/CFI ratios are attained at
the expense of LER. With increasing CCT, these frontiers shift to lower LERs. With
increasing the CSI/CFTI ratio, CSI increases and CFI decreases, both having values of about
30% at CSI/CFI = 1. The general CRI of the color preference blends is around 85 for CSI/CFI
= 0.3 and decreases to about 70 at the CSI/CFI ratio of 3. The same behavior is characteristic
of the color preference scale Qf, which has been introduced into CQS without a proper
psychophysical validation. (Therefore, the CQS Oy shows no maximum at a CSI/CFI ratio of
about unity, where the highest subjective preference has been observed [17].) The color-
preference blends dull very few colors (CDI < 10%).

Figures 8(d), 8(e), and 8(f) show the corresponding peak wavelengths of the three model
phosphors for the optimized color-preference blends. These peak wavelength positions have
similarities with both those of high color fidelity blends and color-saturating blends. The
middle peak resides at about 510 nm, similarly to the color saturating blends (Fig. 5), whereas
the outer blue and red peaks at about 460 nm and 610 nm are similar to those in the high-
fidelity blends (Fig. 3). Also, the gap between the red and cyan components is larger than that
between the cyan and blue components. With increasing LER and decreasing the CSI/CFI
ratio, the red peak shifts toward shorter wavelengths, the cyan peak exhibits a small shift to
longer wavelengths, and the blue peak remains at approximately the same wavelength. An
increased CCT results in some shrinking of the entire spectrum.
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Fig. 8. (a), (b), and (c) Maximized ratio of the statistical color saturating index and color-
fidelity index (crosses) vs. LER for the trichromatic blends of model Eu*" phosphors at CCTs
0f 3000 K, 4500 K, and 6500 K, respectively. Also shown are CFI (pink circles), CSI (magenta
triangles), CDI (violet triangles), R, (black squares), and CQS O, (open diamonds). (d), (e),
and (f) Corresponding peak wavelengths of the three model phosphors.
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Figures 9(a), 9(b), and 9(c) show examples of the SPDs of the color-preference blends of
commercial phosphors for the three CCT values, respectively. All SPDs are composed of the
same blue BAM (Intematix B101C-2; 446 nm peak wavelength, 45 nm FWHM), cyan silicate
(Intematix G1758; 507 nm peak wavelength, 59 nm FWHM), and red-orange silicate
(Intematix 06040; 606 nm peak wavelength, 81 nm FWHM) Eu”" phosphors. The ratios of
CSI to CFI are 0.60, 0.97, and 1.22 and the LERs are 304 Im/W, 286 Im/W, and 268 Im/W,
for CCTs of 3000 K, 4500 K, and 6500 K, respectively. The CSI/CFI ratios fall within the
preference range of 0.3 to 3, whereas the LERs are somewhat smaller than the optimal ones
[see Figs. 8(a)-8(c)] due to the lack of the exact match of the phosphor peak wavelengths with
those predicted.

When the blue phosphor component is replaced by a narrower one corresponding to the
InGaN emission (24 nm wide, not shown) the CSI to CFI ratio decreases by just 0.03 to 0.14
and LER increases by 2-6 Im/W depending on the CCT. The limiting radiant efficiency of
such LEDs (with CSI/CFI of ~1) accounting for the Stokes shift [57] is 83% for all
considered CCTs assuming the radiant efficiency of the blue emitter and the quantum
efficiency of the phosphors of 100%. This implies that our optimization data can be used for
designing phosphor blends for the color-preference p-c LEDs with partial conversion with a
limiting luminous efficacy of about 250 Im/W.

A narrow-band red component due to multiple-line emission typical of Eu®" phosphors is
expected to increase CSI and decrease CFI; therefore, the ratio of those would increase
accompanied by an increase in LER.
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Fig. 9. (a), (b), and (c) Examples of color-preference trichromatic SPDs composed of
commercial blue BAM (Intematix B101C-2), cyan silicate (Intematix EG1758), and red-
orange silicate (Intematix 06040) Eu®* phosphors for CCTs of 3000 K, 4500 K, and 6500 K,
respectively. The values of CSI/CFI and LER are indicated.

5. Summary

We demonstrated an approach to the color rendition engineering of p-c LEDs based on
maximizing LER and each of four different color rendition properties (color fidelity, color
saturating, color dulling, and color preference). The optimal SPDs of the LEDs were
composed of model phosphor emission bands with the shape typical of the common Eu**
phosphors. The optimization results yield examples of the SPDs of the high color fidelity,
color-saturating, and color-preference LEDs using commercial phosphors. The optimal color-
dulling LEDs were found to have SPDs very similar to those of the commercial
InGaN/Y;Al;0,,:Ce’ LEDs.

Table 1 displays the proposed approximate peak wavelengths of Eu*" activated phosphors
required for the trichromatic p-c LEDs with different color rendition properties. Blue
phosphors with a peak wavelength of about 460 nm are required for the high-fidelity, color-
dulling and color-preference p-c LEDs with complete conversion. For the color-saturating
LEDs, deeper-blue phosphors (~445 nm) are preferable. In the p-c LEDs with partial
conversion, the blue phosphor component can be replaced by a narrower band provided by
InGaN electroluminescence without a big impact on the color rendition properties. The high-
fidelity p-c LEDs require a true green component (~530 nm), whereas in the color-saturating
and color preference LEDs, this component has to be replaced by the cyan one (~510 nm).
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The color-dulling LEDs need a broad band in the yellow spectral region with a peak
wavelength in the range around 580 nm. The optimal peak wavelength of the red component
of the high-fidelity and color-preference p-c LEDs has to be chosen in the range of 610-615
nm. A deeper-red component (620-630 nm) is required for the color-saturating LEDs.

Table 1. Proposed approximate peak wavelengths of Eu’* activated phosphors required
for the trichromatic phosphor converted LEDs with different color rendition properties.

Deep

Color rendition Deep Blue Cyan Green Yellow Red red

property blue
High fidelity 460 530 615
Color 445 510 625
saturating
Color dulling 460 ~580
Color 460 510 610
preference
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