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The presented work describes a functional demonstration device representing the source of white light with tunable color correlated
temperature. Tunability is achieved by using two different kinds of excitation diodes (nearUV and blue) in combination with a proper
KNaj.4LuS,:Eu?* phosphor. Its luminescence due to the Eu2* 5d-4f allowed transition covers a broad emission region in visible
range under both nearUV and blue excitations. The possibility to change the intensity ratio of the excitation diodes yields the changes
of the output color correlated temperature. These changes are clearly demonstrated by shifts in the CIE color space; light quality is
also quantified and discussed using CRI (color rendering index) and CQS (color quality scale) metrics.
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Solid state lighting (SSL) is a pivotal emerging technology promis-
ing to fundamentally alter and improve future lighting systems.! The
impetus to SSL is provided by its following attractive features: Energy
efficiency, possibility of safe battery-driven operation (LED operation
does not require high voltage), emission of light of an intended color
without using color filters, decreased heat generation (LED lamps
are based on the cold emission of light as LED beam is without any
infrared content), environment friendliness (free of hazardous sub-
stances found in conventional lamp technologies). LED lighting also
eliminates noise pollution by avoiding the humming, flickering and
headaches related to fluorescent lighting and provides higher reliabil-
ity, extended lifetime and long-term cost-effectiveness (due to absence
of moving parts, LED provides a high breakage and vibration resis-
tance, hence, the sudden premature failures are unlikely). The rated
lifetime of LEDs is usually around 60,000 h as opposed to 1,000-2,000
h for incandescent lamps and about 5,000-10,000 h for compact fluo-
rescent lights). Other advantages comprise instant ON/OFF switching,
suitability for frequent on-off cycling applications, equipment size and
weight reduction due to small LED form factor, adjustment flexibility,
elimination of sun phantom effect, extensive applications.>™

Tunable-white lighting is one of the biggest trends in commercial
lighting.” LED developers have taken a serious grip on the photo-
biological research being produced by university departments and
other groups. We know more about the way that human bodies func-
tion than ever before and the science appears to support a practical
technology that is perfectly suited to LED exploitation. Tunable white
light products can mix warm and cool white light and light intensity
so that it mimics outdoor lighting conditions (where morning light has
different color and intensity than midday light). This promotes feeling
of well-being and productivity for people who spend big part of their
day indoors in artificial light, e.g. office workers, school students,
hospital patients, etc.®

Standard LED color-mixing uses red (R), green (G) and blue (B)
channels that are adjusted to deliver the entire range of the color
spectrum. RGB LED products combine these three colors to produce
over 16 million hues of light, but not all colors are possible using
this approach. Some colors are “outside” the triangle (gamut) formed
by the RGB LEDs. Also, pigment colors such as brown or pink are
difficult, or impossible, to achieve. Tunable-whites work in a similar
way, using a number of controllable channels to adjust the color
temperature of the luminaries’ white light output. The channels in a
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tunable-white system all produce white light, but with varying color
temperatures, from a warm tone to a cool tone. Inevitably, there are
levels of sophistication involved in tunable-white systems. The most
basic tunable linear systems use LED strips mounted side-by-side.
One channel is close to 2700 K in color temperature, with the other
is up around a cool 6000 K. The LED strips are mounted inside
an aluminum extrusion fitted with an opal diffuser, which does the
color mixing as the light passes through it. It is very simple from the
engineering point of view, but satisfies only the basic market with
its low performance expectations. More products are using ‘multi-
chips’ where a number of tiny LED chips are combined into the same
module. This means that the color mixing occurs as the light leaves
the module. Their very small size means that tunable-white products
can be made much smaller, so we are starting to see downlights
using the technology as well as linear systems. These multi-chips
tend to have higher performance specification than the individual
LED strips. Cheaper products may advertise good color performance
at the extremes of the tunable range, where light is being delivered
from either the warm or the cool channel, but there is no certainty
that the mixed light performs equally well. Generally speaking, the
greater the number of channels (the systems vary from two-channel
to five-channel), the better the color rendering. Some systems offer a
wide natural ‘circadian rhythm’ range that shifts from candlelight to
daylight; there are also other systems with a much smaller range, from
2500 K to 4000 K, which should only be considered as a decorative
option.” The most sophisticated control strategies are designed to
manipulate the circadian rhythm of room occupants. This means that
the lighting settings are programmed into the control architecture.
Shifts in color temperature and light level can be pre-set or can be
instigated by a manual over-ride. This is the method that is being used
in recent school installations in Scandinavia, for example.’

It has been pointed out that not all ‘tunable-white’ mixing requires
a full color range. Complex tunable-white schemes mean that one
should be able to call up any CCT temperature within the mixing
range. But some clients will call for specific CCT temperatures, often
those that are commercially available, such as 3000 K, 4000 K, 6500
K. If that is the case, then it may be simpler—and cheaper—to consider
having three discrete lighting channels operating separately within a
bespoke housing.’

In the phosphors, the doping of host material by Eu?* ion can offer
very interesting emitted light characteristics. The energy position of
Eu?* 4/~~154" level and 4/N — 4fN~!54" transitions in inorganic hosts
is modified by the covalency and polarizability of Eu**-ligand bonds.
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Table I. Compositions of mixtures used for the synthesis of K;.xNayLuS;:Eu crystals.

Sample assignment Weight of Weight of Weight of Molar ratio of Boat Fraction
(arbitrary) K,CO3 [g] Na,CO3 [g] Luy03:Eu [g] K>CO3:Na; CO3:Luj 999Eug 001 O3 material taken Reference

1 10.0199 0.7949 0.7958 72.5:7.5:2 graphite small

2 10.0199 0.7949 0.3979 72.5:7.5:1 corundum small 26

3 10.0199 0.7949 0.3979 72.5:7.5:1 corundum big

4 10.3654 0.5299 0.3979 75:5:1 corundum big

5 10.3654 0.5299 0.3979 75:5:1 corundum big 26

6 10.7801 0.2120 0.3979 78:2:1 corundum big 26

7 10.3654 0.5299 0.3979 75:5:1 corundum big

8 10.9873 0.0530 0.3979 79.5:0.5:1 corundum small 26

Therefore, ligands with a lower electronegativity compared to O~
(x(0)~3.4) such as S*~ (x(S)~2.6) and N>~ (x (N)~3.0) will lower
the energy of the 4/N~'5d" levels, making it more likely for Eu>* to
absorb InGaN LED radiation.!®!! Little work was done on the lu-
minescence of Eu?*/Ce** in nitrides until Hintzen and co-workers
discovered efficient Eu>* emission in Ca?*-a-SiAION and M,SisNg
(M = Ca%t, Sr**, Ba?*) that could be excited with violet or blue
LEDs.'>!3 One family of efficient phosphors are the MSi,0,N,:Eu**
(M = Ca®*, Sr**, Ba’*) compositions showing emission ranges from
~498 nm for BaSi,O,N,:Eu* to ~560 nm for CaSi,O,N,:Eu?*.1415
For orange and red phosphors, another important family of materials
is based upon Eu“—doped CaAlSiNj; hosts with a distorted wurtzite
structure. CaAlSiN;:Eu?* phosphors have a ~650 nm emission peak
and the emission maximum can be tuned down to ~620 nm by Sr**
substitution by making phosphors using high pressure nitriding of arc-
melted alloys.'®!” The efficient yellow, orange and red Eu** emission
from these nitride phosphors can be combined with YAG:Ce in warm
white LEDs for lamps and fixtures that would normally use incan-
descent lamps or compact fluorescent lamps (CFLs). For example,
phosphor blends of YAG:Ce and CaAlSiN;:Eu?* combined with blue
LEDs can be used for high CRI (color rendering index), warm white
lamps. In addition, it is also possible to use all-nitride phosphor blends
to make phosphor-converted (pc)LEDs that cover a full range of CCTs
at CRI > 90.18-20

As for the sulfides, a very comprehensive review concerning their
optical properties and suitability for LED application has been pub-
lished recently?! and recent advances in materials, techniques and
properties of phosphors in phosphors-converted white light-emitting
diodes have been summarized.”> For example some Eu’*-doped
thiosilicates, such as Ca,SiS4, BaSi,Ss and Ba,SiS4 can have deep
blue to red emissions, which make them applicable in pc-WLEDs.
For instance, combining the CaSiS4:Eu** phosphor with a blue-LED
chip (450 nm) gives white light with CCT ~ 3000 K and CRI ~ 67.%
Exploring new types of sulfides with good thermal stability such as
thiogallates might be a new direction. Moreover, sulfides with differ-
ent cation sites may give the solution of wide spectral dispersion in
the green and red region. However, sulfide phosphors are in general
thermally unstable and sensitive to moisture, which would degrade
the luminescence of pc-WLEDs unless phosphor particles are coated
with a moisture barrier. The lack of the green emission component
when excited by blue-LED chip is another problem which results in
low luminous efficacy and low CRI of the pc-WLEDs. These usual
objections can be overcome by rather new sulfide family based on
rare-earth doped ALnS, compounds, where A stands for alkali metal
(such as Rb, K or Na) and Ln for La, Gd, Lu or Y. Broad Eu** 5d-4f
emission in some of these sulfides, namely KLuS, and NaLuS,, is
thermally stable at least up to 280°C and 200°C, respectively, with no
noticeable moisture sensitivity.> Furthermore, it was shown in Ref.
26. that K,Na;_,LuS,:Eu** (x = 0-1) samples are not simple mixtures
of KLuS; and NaLuS,, but represent a single phase incorporating both
Na and K. Their optical properties make them favorable to use in tun-
able white LEDs. The crystal structures of KLuS,?” and NaLuS$,,?®
which belong to the a-NaFeO, structural family, were determined re-
cently. The crystal structures of another potassium rare-earth sulfides
have also been determined recently.”

This work introduces tunable white light source with tunable CCT
temperature based on two different excitation diodes and only single
phosphor derived from K Na; ,LuS, :Eu*t (x =0-1) single crystalline
sulfides, whose optical properties are described in great details in Ref.
26.

Sample Preparation

The K, Na,LuS;:Eu (0.05%) crystals were prepared in an elec-
tric resistance furnace by the chemical reaction of 2N5 H,S gas with
a Luy05:0.05%Eu (mixture of SN Lu,0; and 4N Eu,03;, equivalent
composition is Lu; g99Eug 001 O3) and excess of mixture 4N7 K,CO3
and 3N5 Na,CO;. The amounts of carbonates and oxides used for
the syntheses are summarized in Table I. The chemical reactions
were carried out in a SN saphire tube (Crytur) or 3N corundum tube.
The tube was placed in an electric resistance furnace equipped with
heating/cooling-rate regulation. The scheme of the set-up was out-
lined in Ref. 30. Either SN Ar or 2N5 H,S gas was allowed to flow
into the reaction tube. The gases were taken directly from pressurized
cylinders using a three-way stopcock to switch between them.

Prior to the reaction itself, the reagents (K,CO;, Na,CO; and
Lu; g99Eug 001 O3) were mixed and the mixture homogenized in an agate
mortar. The mixture was placed in a 3N corundum boat or high pure
graphite boat (graphite boat was used only for synthesis of TS257)
and inserted into the sapphire tube or corundum tube (inner volume
0.9 dm? for both of them). The mixture was then heated to 1273 K
using the electric resistance furnace (heating rate 10 K/min) under
a flow of Ar (15 dm?/hour). After the desired temperature had been
reached, the reaction mixture was annealed for 90 min under a flow
of H,S (15 dm’/hour). Following annealing, the system was cooled
under a flow of Ar (1 K/min, 0.3 dm?3/hour). Upon reaching room
temperature, the corundum boat (or graphite boat) was removed from
the tube and the reaction products were purified by suspension and
decantation, three times with distilled water and once with ethanol or
acetone. K, S or Na,S was removed by water, while K; \NayLuS,:Eu
was left behind. The yield was nearly 100%, with any loss attributed
to imperfect product separation. The products were stored in small
glass flasks under an Ar atmosphere and used for further analysis.
Further details about syntheses are reported in Refs. 24,26.

During the K,xNa,LuS,:Eu*t (0.05%) preparation two fraction
of thin hexagonally shaped crystals are usually obtained which, for
the purposes of following work, will be denoted as ‘big’, meaning
the larger platelets with the dimensions up to 3 x 3 x 0.2 mm, and
‘small’.

Experimental

The phase composition of the crystalline samples studied was
confirmed and the lattice parameters determined via X-ray Powder
Diffraction (XRD) using Rigaku MiniFlex 600 diffractometer uti-
lizing Ni-filtered Cu-K,; , radiation and Nal:Tl scintillation detector.
The samples were measured in Bragg-Brentano geometry in the range
of 10° — 80° 26 using continuous mode (scan speed 2°/min). The lat-
tice parameters of rhombohedral ALnS, lattice were then determined
from the observed positions of diffraction peaks using weighted linear
regression. Due to the need to grind samples for this analysis and the
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Table II. The measured XRF signal ratios between K and S and the determined lattice parameters of presented Kl_xNaxLuSZ:Euz"' (0.05%)
samples; * not measured, for details, see the Experimental setup.

Sample assignment (arbitrary) Estimated composition K/S XREF signal ratio Lattice parameter a [A] Lattice parameter ¢ [A] Reference
1 (small) Ko.65Nag 35LuS, 3.08(10) 3.945(5) 21.74(2)
2 (small) Ko.74Nag 26LuS, 3.52(8) 3.944(3) 21.63(3) 26
3 (big) Ko.75Nag 25 LuS, 3.56(8) n. m.* n. m.
4 (big) KogoN&onLUSz 3.80(8) n. m. n. m.
5 (big) Ko.82Nag 1sLuS, 3.86(8) 3.952(5) 21.73(2) 26
6 (big) Ko.85Nag 15LuS, 4.02(6) 3.948(2) 21.79(1) 26
7 (small) Ko.86Nag 14LuS, 4.0409) 3.952(4) 21.74(1)
8 (big) Ko.93Nag g7LuS, 4.38(10) 3.957(2) 21.85(1) 26

rather small amount of the big fraction, composition was not verified
by powder XRD for each sample, see Table II.

Elemental composition (for elements heavier than Mg) of both
crystal fractions was determined using X-ray Fluorescence (XRF)
analyzer Niton XL3t 900 GOLDD series (Ag anode) mainly in the
Low range of the Cu/Zn Mining mode (X-ray tube voltage 20 kV,
current 100 mA). The relative content of K and S in all samples
was determined from the peak intensity of their characteristic K,
emission lines (2.31 and 3.15 keV, respectively) after a correction for
the interfering Ag-L lines.

Overall emission spectra of constructed circadian source were ob-
tained with Ocean Optics QE65000 spectrometer equipped with a
Peltier cooled CCD sensor. The photoluminescence of prepared phos-
phors was performed on a homemade apparatus. The sample was
illuminated by a EQ99X laser driven light source filtered by a Jobin
Yvon Gemini 180 monochromator. The exit slit from the monochro-
mator was then reimaged on the sample by two 100 m focal length, 2
inch diameter MgF, lenses. The whole apparatus has been calibrated
by means of a Newport 918D Low power calibrated photodiode sensor
over the range 190—-1000 nm. The resolution of the system being 4 nm.
The emitted light from the sample is collected by an optical fiber con-
nected to a Jobin-Yvon TRIAX320 monochromator equipped with a
cooled CCD detector. At the entrance of the monochromator different
long pass filter can be chosen in order to eliminate the excitation light.
The resolution of the detection system is 2 nm.

The Device Construction

Presented circadian source with tunable white light emission, a
scheme of which is shown in Figure 1, uses two different kinds of
commercially available excitation diodes. In this particular device
there are three nearUV (380 nm, 1 W power) and one blue (460 nm,
3 W power) excitation diodes, all purchased from GM Electronics
company, and an active K;_\Na,LuS,:Eu?* (0.05%) phosphor layer.
Excitation diodes are in an arrangement allowing all the excitation
light released from them to meet in a place where the phosphor layer
is placed between two quartz glasses. The diodes and the phosphor
are placed in a black light-bulb-like cylinder. The ratio of diodes’
power can be finely and continuously tuned by external electronics.
In this way, phosphor can be excited either by the nearUV diode,
or by the blue diode but, most interestingly, with both diodes at the
same time with variable amplitudes. Tunable white light source can
be constructed in this manner using just a single phosphor.

circadian light source

blue LED

nearUV LED

blue light emitted by blue LED
nearUV light emitted by near UV LED
overall white light emitted by circadian source
potentiometer

blue LED driver

nearUV LED driver

black tube

quartz window with phosphor layer

mOOXNAN A LN

—_——

Phosphors Composition

The measured XRF spectra revealed the presence of K, S and Lu
in all the studied samples, while Na-K, line has a too low energy to be
detectable in the apparatus used. Due to a low Eu concentration and
the presence of intense diffraction peaks in the spectra (especially in
the big fraction), Eu presence could not be observed. No significant
elemental impurities were detected. The signal ratio K/S for the frac-
tion of big crystals corresponded very well with the experimentally
observed dependence for K; Na,LuS, on the melt composition ob-
tained in our previous work,?® whereas the small fraction consistently
featured a higher K/S value (see Table II). Thus, the smaller crystals
probably contain slightly elevated concentrations of K (on average) in
their structure with respect to Na.

The diffraction patterns of the small fraction of K, Na,LuS,
crystals confirmed that the samples contained only the rhombohe-
dral ALnS; lattice (space group R-3m) with no major phase impuri-
ties. Due to the morphology of crystals (very thin hexagonal-shaped
platelets), the preferential orientation greatly emphasizes all (0 0 3n)
diffraction peaks, complicating phase identification. As the main prob-
able impurity (Lu,O,S, usually a fine powder) was not detected in the
smaller fraction, its presence in the big fraction consisting of transpar-
ent single crystals is virtually impossible. Therefore, the big fraction
also contained a pure ALnS,-type phase.

In crystalline materials prepared from the melt containing ~80-91
at. % K (see Table I), the observed diffraction peaks were significantly
broadened relative to other samples. As shown in Ref. 26, there is an
abrupt change in lattice parameter c in this area (the inflexion point
of the experimental sigmoidal curve). This broadening most probably
indicates a wide variation of lattice parameters in different crystals
or a large microstructural strain inside a single crystal. Therefore, the
determined lattice parameters of such samples represent only their
mean value with significant uncertainties.

N

ﬁs

LRl

.y
N

Figure 1. A scheme of circadian light source.
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Figure 2. a. PL/PLE contour plot of the Ko.93Nag g7LuS>:Eut (0.05%, big fraction). b. PL/PLE contour plot of the K 75 Nag2sLuS»:Eu?t(0.05%, big fraction).

c. PL/PLE contour plot of the Ko.s2Nag 1sLuS;:Eu?t (0.05%, bi g fraction).

Optical Properties

To demonstrate that broad excitation and emission wavelength re-
gion can be covered by a single K;_,Na,LuS,:Eu?* (0.05%) phosphor
of a given composition (Table II), RT PL and PLE spectra of the
phosphors were recorded using CCD camera. Three limit cases are
observed:

For the K, Na,LuS,:Eu** (0.05%) samples containing low
amount of sodium, mainly the emission in green and yellow spectral
region is obtained as seen in Figure 2a. Such emission can be well
excited in the 360-480 nm region. For higher sodium concentration

105 —UV 0%
a) ==UV 20%
w'r & e UV 60%
® = ==UV 100%
=
,é 1000
£
= 100
—
[~

1 1 1 1
300 400 500 600 700 800
Wavelength [nm]

in K xNa,LuS,:Eu** (0.05%), emission in red part is present, which
can be excited in the 400480 nm region (Figure 2b). Finally, the most
interestingly for LEDs application, for certain sodium and potassium
ratios, extraordinarily broad emission in the 510-710 nm spectral
region is visible under the 370-480 nm excitation, see Figure 2c.

As an example, selection of overall emission spectra of the pre-
sented circadian light source using K gNay,LuS;:Eu** (0.05%, big
fraction) phosphor is displayed in Figure 3. The spectra were mea-
sured with different intensity ratios between nearUV and blue diode.
In Figure 3a, the blue diode is fixed to 5% of its power and in Figure
3b, the nearUV diode is fixed to 10% of its power. There are three

10° : . ' :
b)
10° |
[-*]
=
; 1000
=
E 100}
——Blue 0%
ﬁ ==Blue 2%
""" Blue 5%

[y
=]

= ==Blue 10%
=@—Blue 100%
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Wavelength [nm]

1 L
300 400

Figure 3. Examples of overall emission spectra of circadian light source with different ratios of nearUV and blue diodes using Ko.sNagsLuS,:Eu2t (0.05%, big
fraction) phosphor; a) blue diodes fixed to 5% of its power; b) nearUV diode fixed to 10% of its power.
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differentiable spectral features to be noted in all spectra in Figure 3.
At the higher energy side, the emission from the near UV diode peak-
ing at around 380 nm can be seen. The emission of the blue diode
at 455 nm is present as well. Finally, visible phosphor luminescence
is observed at the low energy side. It can be seen from Figure 3 that
different nearUV and blue diode intensity ratios give rise to different
emission spectra in the 480—-800 nm region. As a result, the combined
overall emission spectra differ in their CIE coordinates and therefore,
CCT temperatures vary as well. It should be noted that having the
nearUV diodes intensity fixed and varying the blue one offers higher
tunability range as will be discussed below.

Tunability of The Output White Light

To show the tuning capabilities of the device, the output spectra for
each sample were measured for different combinations of nearUV and
blue excitation. Excitation from 0 to 100% was set for both excitation
sources independently and the resulting spectra were recorded and
processed (usually steps of 10-20% were made).

For each spectrum, the CIE-xy color coordinates and CCT were
calculated using CIE 1931 specification, and the change of the co-
ordinates was observed for constant excitation power of nearUV or
blue.

To compare the obtained light from the perspective of color ren-
dering, CRI (color rendering index) and CQS (color quality scale)
values were calculated.’'=3* These values represent the ability of a
light source to reproduce the perceived color of some object as close
as possible to the object’s color under natural standard illumination.
The bigger the value is, the better the reproduction is. The CRI spec-
ification was designed to compare mainly incandescent light sources
to natural white light (which has CRI = 100). However, using CRI
on LED-based light sources can lead to inaccurate results, e.g. a LED
with CRI = 25 can actually produces more vivid colors of the illumi-
nated object. In comparison, the newer CQS metric uses more color
etalons to evaluate, the computation is also improved to provide better
results for LEDs than the CRI metric.’!

Analysis of the measured spectra answers the following questions:

1) Do we need to change both excitation intensities, or is changing
only one of them and keeping the other fixed at some value
enough to provide good light source tunability?

2) What is the actual needed nearUV excitation intensity—do we
need full 100% of the available power, or is e.g. 50% enough?

3) What are the available tuning areas for our samples?

In construction of a real device, its complexity has noticeable in-
fluence on the final product price. Thus we wanted to figure out, if it is
really needed to control both excitation sources, or if it is possible to
fixate one excitation on a certain level and use only the other to con-
trol the output properties. Figure 4 shows “areas of tunability”’—color
reachable by changing the level of blue excitation for fixed nearUV
excitation—for six samples and selected nearUV excitation level. We
can see that using variable blue excitation covers very broad range of
colors, in different parts of the spectrum for different samples. When
blue excitation is held constant, the area of tunability is much smaller
and is also moving significantly in the CIE diagram. In comparison,
the tunability when nearUV is held constant does not change much,
almost preserving the range of tunability in most cases. We conclude
that targeting for broad tunability range is better with constant nearUV
excitation. In contrary, if more precision and less output sensitivity
are required, it would be better done with constant blue excitation.

As shown in Figure 4, full nearUV excitation is not always needed.
This factor is important because the nearUV excitation does not con-
tribute to the visible spectrum and the overall excitation effectiveness
when using nearUV is lower than in the case of blue excitation. Ac-
tually, the nearUV fixed values were chosen to represent the sample
in Figure 4, other measured series with more nearUV excitation are
very similar—there is no real benefit from using full nearUV excitation
because of higher energy consumption.
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CIE 1931 diagramme - tunability regions
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Figure 4. The tunability regions of the samples for selected constant nearUV
excitation intensity (indicated in brackets) and 0,2,5,10,20,40,60,80,100% of
blue excitation. Samples presented are 6b = Ko g5Nay, 1sLuS,:Eut (0.05%,
big fraction, 40% nearUV), 1s = Ko.65Nag35LuS>:Eut (0.05%, small frac-
tion, 100% nearUV), 4b = K(),gNao,zLuSz:Eu2+ (0.05%, big fraction, 60%
nearUV), 3b = Kg.75NagsLuS,:Eu?t (0.05%, big fraction, 60% nearUV),
7s = KogeNag 14LuS2:Eu?t (0.05%, small fraction, 40% nearUV), 2s =
Ko.74Nag 26LuS;:Eu?t (0.05%, small fraction, 60% nearUV). Variable ex-
citation produces color across a broad range of the spectrum and also near the
white point (x,y = 0.33,0.33); b stands for big, s far small, see also Table II.

Measured spectra are usually expressed using the CCT value. This
value can be calculated only near the line of white light sources, so
for some spectra, the CCT cannot be even determined. To quantify the
usability of the created output light, CRI and CQS were calculated.
The data for the best spectra is shown in Table III. The resulting light
will be perceived as white enough when it is not too far from the black
body locus (BBL, shown in Figure 4). This is usually measured by
units based on MacAdam ellipses. Because calculating the “MacAdam
distance” is discouraged by,** we used the commercial “binning”
scheme from OSRAM based on 3-step MacAdam ellipses.

Since the measured points were chosen to explore the whole tun-
ability, we could hit the BBL line only by coincidence. The real
tunable white light range for one sample (i. e. one line in Figure 4)
can be defined as a part of the BBL line around the intersection of
the tunability sample line with the BBL line. We have found 4 such
intersections, calculated the relevant CCT and using the mentioned
binning scheme?® the range of CCT which would be in one bin band
(i.e. not further than 4-step MacAdam ellipses from the BBL) was
estimated. The results are show in Table IV, where the value of tun-
ability means the width of the CCT interval around the center CCT
point.

The tunability might seem small which is given by the nature of
the excitation-emission dependence. By mixing the K¢ gsNag 14LuS,
(small fraction) and K gsNag ;sLuS, (big fraction) samples, it might
be possible to obtain a tunability line that will be close to the BBL in
the 2700 K-5000 K region. Such light source might still not be good
enough for applications where color fidelity is required. However for
a circadian light source this could work well thanks to the adapting
nature of the human vision system.

To sum up, output light with CCT from 2500 K to 8000 K
(or even more) was obtained, the best CRI is 87.2 for sample
Ko.6sNag35LuS,:Eu”t (0.05%, excitation nearUV 100%, blue 2%).
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Table III. The best output light results obtained with CRI or CQS;
*for sample composition see Table II.

Samplex Near UV [%] Blue [%] CIE-x CIE-y CQS CRI CCT

1 (small) 40 2 0.331 0.296 825 823 5595
1 (small) 60 2 0.338 0.308 82.4 84.6 5197
1 (small) 80 2 0.343 0316 824 86.1 4970
1 (small) 100 2 0.350 0.327 822 872 4722
1 (small) 20 2 0.317 0272 814 75.0 6840
1 (small) 100 5 0.309 0.258 80.2 70.6 8019
2 (small) 100 2 0467 0423 788 81.2 2704
2 (small) 80 2 0.464 0418 787 82.0 2691
2 (small) 60 2 0462 0413 785 825 2681
2 (small) 40 2 0.460 0.407 783 83.0 2671
2 (small) 20 2 0.453 0392 773 833 2635
2 (small) 100 5 0451 0382 764 82.6 2591
4 (big) 10 2 0.388 0.343 76.0 82.8 3507
2 (small) 10 2 0446 0374 759 809 2587
2 (small) 80 5 0.448 0.375 7577 815 2567
4 (big) 20 2 0.404 0375 75.6 80.3 3420
4 (big) 20 5 0376 0316 75.6 80.6 3607
4 (big) 40 5 0.385 0.337 75.6 827 3536
4 (big) 60 5 0.390 0.347 755 82.8 3508
4 (big) 80 5 0.393 0.355 754 823 3483
4 (big) 100 5 0.398 0.364 753 81.2 3462
4 (big) 80 10 0.373 0311 753 80.4 3655
2 (small) 60 5 0446 0371 752 80.6 2550
4 (big) 100 10 0.377 0.320 75.1 8L.5 3615

The best CQS metric is 82.5 for sample Ky 65Nag 35LuS,;:Eu* (0.05%,
excitation nearUV 40%, blue 2%). The tunability of the output light
was demonstrated for cold and warm white color and future improve-
ment using phosphor mixing is proposed. For better demonstration,
the best obtained spectrum is shown in Figure 5: The peak value of
nearUV excitation is cropped to show the visible spectrum in detail;
the inset with the rendering quality of all fifteen CQS color samples
shows almost perfect rendering of the green-yellow color, while or-
ange and green-blue colors perform worse (10 out of 15 color samples
have CQS > 80).

Quantum yield of as prepared phosphors can be roughly estimated
from the temperature dependence of the Eu?* ns decay time and the
Eu?* emission intensity. As both do not change significantly within a
certain temperature range, which is our case (see”°), quantum yield
in the first approximation can be estimated to be close to unity. Cer-
tainly, during rather complicated sample preparation, some parasitic
absorption lowering the real quantum yield could be expected and
therefore additional experiments will have to be provided in future re-
search. Thermal losses as well as losses due to the Eu?* re-absorption
can be estimated from the Stokes shift. However, taking into account
the Stokes shift of YAG:Ce**, which is approximately 500 meV, and
the Stokes shift of our phosphor for limited composition KLuS,:Eu?*,
which can be estimated roughly as 430 meV (if we consider the lowest
Eu?* 4f-5d absorption band to be at around 440 nm*°), we can guess
that thermal recombination losses will be comparable for both these
phosphors.?>*¢ The quantum efficiency of YAG:Ce** under blue LED
excitation is >85% even at 200°C.>” Furthermore, both Ce** and Eu?*
ions exhibit 5d—4f luminescence so the absorption and emission tran-
sitions are parity and spin allowed, giving strong absorption of blue
LEDs and rather fast decay time that prevents saturation quenching.

Table IV. Tunability values of chosen samples.

Sample CIE_x CIE_y CCTI[K] Tunability [K]
Ko.esNag 3sLuS, (small)  0.37 0.373 4280 400
Ko.80Nag20LuS; (big) 0.41 0.394 3440 250
Ko74Nag26LuS; (small)  0.456 041 2750 100
Ko.geNag 14LuS; (small)  0.48 0.414 2460 100

R3187
Sample 1, small(exc. 40% nearUV, 2% blue): CRI=82, CQS=82
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Figure 5. Obtained mixed spectrum with highest CQS metric from sample
Ko.65Nag 35LuS2:Eu?t (0.05%) under mixed excitation (nearUV 40%, blue
2%). The nearUV peak is cropped to show the visible spectrum in detail. The
inset shows rendering of all 15 CQS color samples numerically illuminated
with the experimental spectrum. 10 out of 15 samples have CQS > 80, maxi-
mum value is 97). The color of the bars represents the rendering of the samples
under the standard D65 illuminant.

Based on these comments we believe we can, very conservatively,
consider the quantum efficiency of our Eu*"-doped K,Na,_,LuS, to
be comparable to that of YAG:Ce**, at least up to 500 K. Nat-
urally, the Stokes losses of Eu**-doped K Na;LuS, for nearUV
excitation (390 nm) will increase compared to that in the blue spec-
tral range. However, YAG:Ce** cannot be excited in this wavelength
region at all due to the absence of Ce** absorption bands. This pro-
vides strong comparative advantage to our sulfide phosphor presented
here.

Conclusions

A set of single-crystalline platelets of Eu>*-doped K Na,_,LuS,
phosphors (x = 0-1) has been successfully synthesized. XRD con-
firmed the presence of a single crystalline phase, while the X-ray
fluorescence technique was used to determine the actual phosphor
composition. The given phosphors, together with commercially avail-
able excitation diodes of two kinds (nearUV and blue), have been
used to construct a real functional demonstration device represent-
ing the source of white light with tunable CCT temperature. PL/PLE
contour plots of selected phosphors show the maximally available us-
able spectral range which, for the best sample, covers extraordinarily
broad emission of Eu?t 5d - 4f in the 510-750 nm spectral region
under the 360-470 nm excitation. Overall emission spectra of a func-
tional demonstration device with given phosphor prove the tunability
in a large area of color space and show the limits of nearUV and
blue diodes’ power to obtain demanded white light output with CCT
from 2500 K to 8000 K (or even more). The best CRI is 87.2 for
sample Ko.6sNag3sLuS,:Eu*t (0.05%, excitation nearUV 100%, blue
2%) and the best CQS metric is 82.5 for sample Ko ¢sNag 3sLuS;:Eu>*
(0.05%, excitation nearUV 40%, blue 2%). The tunability of the out-
put light was demonstrated for cold and warm white color, with white
light tunability region of 100 K to 500 K for the respective sam-
ples interpolated on the black body locus (BBL) line. A combination
of phosphors is proposed to further improve the white light tuning
capabilities. Therefore high application potential of given device is
demonstrated for tunable color temperature white LED sources.
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