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LED lamps using phosphor downconversion can be designed to replace incandescent or
halogen sources with a “warm-white” correlated color temperature (CCT) of 2700—3200 K and a
color rendering index (CRI) greater than 90. However, these lamps have efficacies of ~70% of
standard “cool-white” LED packages (CCT = 4500—6000 K; CRI = 75—80). In this report, we des-
cribe structural and luminescence properties of fluoride and oxyfluoride phosphors, specifically a
(Sr,Ca)5(Al,Si)O4(F,0):Ce*" yellow-green phosphor and a K,>TiFg:Mn*" red phosphor, that can
reduce this gap and therefore meet the spectral and efficiency requirements for high-efficacy LED
lighting. LED lamps with a warm-white color temperature (3088 K), high CRI (90), and an efficacy of
~82 Im/W are demonstrated using these phosphors. This efficacy is ~85% of comparable cool-white
lamps using typical Y;AlsO,,:Ce”"-based phosphors, significantly reducing the efficacy gap between

warm-white and cool-white LED lamps that use phosphor downconversion.

1. Introduction

Typical high efficacy LED lamps are based upon
phosphor downconversion of blue InGaN LEDs by
Y;Al50,,:Ce*" (YAG:Ce)-based yellow phosphors.' ™
The combination of yellow YAG:Ce emission and blue
LED radiation that bleeds through a YAG:Ce coating
gives “cool”-white light with correlated color tempera-
ture (CCT) greater than ~4000 K and color rendering
index (CRI) values of 70—80. However, the need to re-
place incandescent and halogen lamps with “warm”-
white LEDs with lower CCTs of 2700—3200 K has driven
LED phosphor development toward compositions be-
yond the Ce*"-doped garnets used in cool-white LED
packages. One focus has been on Ce*"/Eu®'-doped
(oxy)nitride phosphor compositions whose emission can
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cover the entire visible spectrum.’”” The energy of Eu®"/
Ce" 4fY — 4f¥~15d" transitions can be lowered by more
covalent Eu”"/Ce*"—ligand bonds and higher anion
polarizabilities,'® generally making (oxy)nitride phos-
phors more likely to strongly absorb violet/blue InGaN
LED radiation and emit in the green and red spectral
regions. This reasoning has led to efficient Eu**-doped
(oxy)nitride phosphors®~ including the red phosphors
required for warm-white lamps; (oxy)nitride phosphor
blends can give warm-white phosphor converted LEDs
with CRI values greater than 90.%°

However, the bandwidth of red Eu®" 4f°5d! — 4f’
emission (FWHM > 70 nm) reduces the luminous effi-
cacy of radiation (LER), given in units of lumens per watt
of radiometric power (Im/W,,q), because these phosphors
have a significant deep red intensity that does not match
the human eye sensitivity well. As an example, lamps that
could meet the U.S. DOE L-Prize CCT and CRI require-
ments (CCT = 2700—3000K; CRI > 90) with YAG:Ce
yellow phosphors and deep red nitride phosphors’
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(Amax =~ 640—655 nm) have a LER of 280—295 Im/W,,q
versus ~340 Im/W .4 for “cool”-white lamps (CCT =
5000 K) with YAG:Ce. These LER differences are a key
factor behind the efficacy gap between typical cool-white
and warm-white LEDs, and an efficacy gap of ~30%
has been projected for the practical maximum package
efficacy of cool-white and warm-white LEDs (228 and
162 Im/W ¢jectricats correspondingly).!

Considering covalency and anion polarizability argu-
ments in the development of LED phosphors alone,
fluoride and oxyfluoride hosts would normally be excluded
due to the ionic nature of metal—F~ bonds, limiting com-
positional spaces when screening for new phosphor com-
positions. However, the study of unconventional systems
sometimes leads to desirable properties outside of typical
expectations. One recent example for oxyfluoride-based
phosphors has been for (Sr,Ba);AlO4F:Ce*", which shows
efficient blue-green Ce®" emission under violet excita-
tion.'' "' In this report, we expand upon this work by
describing fluoride and oxyfluoride compositions, speci-
fically a (Sr,Ca)3(ALSi)O4(0,F):Ce*" yellow-green phos-
phor and a K,TiFg:Mn*" red phosphor,'>!® that meet
efficacy and color-quality targets for future SSL lamps. The
combination of yellow-green Ce** emission and narrow-line
red Mn*" emission leads to high CRI lamps without LER
penalties. These phosphors also have quantum efficiencies
(QEs) that are comparable to commercial Ce®-doped gar-
nets at room temperature, and the efficiency does not
deteriorate at elevated temperatures, an important aspect
for system efficacy due to elevated LED, package, and
luminaire temperatures."* Consequently, LED lamps using
these phosphors have a combination of high efficacies ( > 80
Im/W), warm-white CCTs (~3000 K), and high CRIs (~90).
These phosphor systems reduce the efficacy gap between
high-CRI, warm-white LEDs and cool-white LEDs' and can
potentially fulfill efficacy and color-quality requirements for
future lighting systems.

2. Experimental Procedure

(Sr,Ca)5(AL,S1)04(0,F):Ce** phosphors are made using typi-
cal solid-state routes by initially blending SrCO; (Aldrich),
CaCOs (Aldrich), CeO, (Alfa Aesar), Na,COs (Fisher), a-Al,O3
(Ceralox), fumed silica (Cabosil), and SrF, (Aldrich) powders
using ZrO, media. Excess SrF, is used as a flux to increase
phosphor quantum efficiency. This powder mixture is initially
fired at 750—950 °C in N,/H, mixtures, reground, and refired at
1200—1300 °C in N»/H> mixtures. Typical samples are then wet-
milled in isopropanol to a median particle size of ~15—20 um, as
measured by light scattering (Horiba LA-920). The procedure to
make K,>TiFgMn*" or K>SiFg:Mn*" starts with the synthesis of
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K>MnF¢ by Bode’s method.!”” KoMnFg and the host fluoride
(Aldrich) are then dissolved in 70% HF in Teflon beakers with
the nominal Mn*" concentration ranging from 3 to 8%, replacing
either Ti*" or Si**. Phosphor powders are made by cocrystal-
lization after evaporating the solvent at 70 °C. (Warning: Con-
centrated HF is highly hazardous and should be handled with
extreme care.) These powders are dry-milled to a median particle
size of ~15—20 um.

Steady-state photoluminescence measurements used a SPEX
Fluorolog 3 with a Xe lamp source; the detection system was
calibrated using a NIST-traceable tungsten-halogen lamp. Re-
lative quantum efficiency measurements are corrected for the
sample absorption using a BaSO4 (Kodak) powder reflectance
standard that has a reflectance of ~95% across the visible and
ultraviolet spectrum. The phosphor standard used in these
measurements is a YAG:Ce composition (GE Lighting) with
2—3% Ce*". The errors in the relative plaque QE measurements
are £3% as determined by measuring the same sample on
multiple occasions. Intensity measurements at high tempera-
tures used powder samples pressed into an Al plaque with
cartridge heaters and a thermocouple that is interfaced into a
Watlow temperature controller. The errors in the intensity
quenching measurements are +2%.

Time-resolved measurements at elevated temperatures used a
LED excitation source filtered through a narrow band inter-
ference filter (10 nm width) driven by the amplified (Avantec)
pulses of an Avtech AVP-C pulse generator. The emission was
filtered through a 0.5 m McPherson monochromator and
detected with a Hamamatsu R212 PMT detector. The time-
resolved fluorescence was recorded through a photon counting
system, consisting of an Ortec 567 time-to-amplitude converter
in conjunction with an EG&G pulse height analyzer. The
temporal response for this experimental setup was measured
at 2 ns. Unless specifically mentioned, all luminescence measure-
ments are at room temperature.

X-ray diffraction experiments used samples that were addi-
tionally ground and passed through a 20 um sieve. Initial X-ray
powder diffraction (XRPD) data were obtained at ambient con-
ditions with a Bruker D8 Advanced sealed tube diffractometer
in reflection geometry (1.6 kW, Cu Ka radiation). To achieve a
better powder-averaged signal, the sample was rotated during
data collection, where the axis is perpendicular to the theta
and momentum transfer direction. Since the differences between
two possible structure types for (Sr,Ca)3(Al,S1)04(0,F):Ce*",
Sr3Si05 (space group P4/ncc; no. 130) and Sr3AlO4F (space
group I4/mcem; no. 140) are small, we used the X14A beamline
at the National Synchrotron Light Source (NSLS), Brookhaven
National Laboratory, for high-resolution XRPD. The X-ray
beam was horizontally focused by a sagittal focusing Si(111)
monochromator and vertically focused by a high-performance
grazing incidence mirror. The beam size after the incidence
slit was 0.5 mm x 1.5 mm. The X-ray wavelength was set to
0.77442(3) A. The sample was loaded into a 0.3 mm thin-
wall quartz capillary and spun during data collection for
better powder-averaged signals. A 640-channel Si strip detector,
placed at 1433 mm from the sample filled capillary, was used to
measure the diffracted intensity. The typical counting time for a
full powder diffraction pattern is about 5 min.

Phosphor-coated glass domes are made by first incorporating
(Sro.505C20.4Ce0.005)3Al0,6Si0. 404 415F0 555 and Ko TiFgeMn** into
a two-part methyl silicone binder (Momentive Performance
Materials) with #-butyl acetate added to thin the phosphor/silicone
dispersion. This dispersion is then spray-coated onto 2 cm dia-
meter glass domes using high-pressure air to create an aerosol.
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Figure 1. High-resolution synchrotron powder diffraction data (e) and
Rietveld fit for the refined structure of (Srgs5025Cag.4Cep.0075)3Al0.6-
Si9.404.4205F0 5775 (—). The short vertical lines indicate the positions of
the allowed Bragg reflections for the main and secondary phases. The
lower trace is a difference plot (measured — calculated), plotted to the
same vertical scale.

LED lamps were made using 2 cm diameter phosphor-coated
glass domes that were attached to a printed circuit board that has
three packaged InGaN LEDs (Nichia) with a peak wavelength
of ~450 nm and a wall plug efficiency (WPE) of 45% (350 mA
drive current, pulsed operation) in a remote phosphor configura-
tion.!®!” Measurements of lamp efficacy and color used an
integrating sphere calibrated for intensity and spectral response
with a NIST-traceable tungsten-halogen lamp.

3. Results and Discussion

3.1. Structural Characterization of (Sr,Ca);(Si,Al)Oy4-
(F,0) Phosphors. In our (Sr; . ,Ca,Ce))3Al;_.Si.O4. 3 --
Fy_3,—. X-ray powder diffraction (XRPD) patterns, typi-
cally two impurity phases were identified, SrF, and Sr,SiO4
(Figure 1). The concentration of these impurity phases were
~2 wt % until x > 0.5 and z > 0.5. Beyond this approximate
limit for combined Ca*" and Si*"/O*~ substitutions, a signi-
ficant concentration of (Sr,Ca),SiO4 (> 5% by weight) is
detected in our XRPD patterns. Initially, we also investi-
gated oxygen-rich compositions such as SrzAl;—Si, 04 -
F,_.Ce®", where x > 0.7. However, because of stronger
thermal quenching of Ce®" luminescence in these composi-
tions (vide infra), we did not investigate oxygen-rich com-
positions in depth. There was a systematic absence of (0k/)
peaks with odd & in initial experimental XRPD data for
(Sri——,Ca,Ce,)3Al.Si.04 3,4 -F; 3, - samples with x
< 0.5 and z < 0.5. The absence of these peaks in these
samples led to the assumption that their space group was
the higher symmetry space group of /4/mcm (similar to
Sr;AlO4F?%), instead of P4/ncc (similar to Sr3SiOs>*). For
oxygen-rich Sr3Al; _Si Oy, F;_:Ce®™ (x > 0.7) samples,
the space group of these materials could be P4/ncc,
but further investigation is necessary for this assignment.
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Table 1. Crystallographic Details for
(Sro.5925Ca9.4Ce0.0075)3Al0.6510.404.4225F 0 5775

formula (Sro.5925Cag.4Ce0.0075)3Al0.6310.404 4225F 0 5775
FW 1264.571
cryst syst tetragonal
space group 14/mem
a(A) 6.6603(1)
b(A) 6.6603(1)
c(A) 10.8292(1)
o (deg) 90

B (deg) 90

v (deg) 90

Vv, (A% 480.37(1)
Z 4

Dcalézd (g Cm_3) 43713(1)
2, (A) 0.77442(3)
2gmax (deg) 62.25

Rexp (%0) 2411

Ry, (%) 6.920
GOF 2.870

Table 2. Fractional Coordinates from the Rietveld Refinement of
(Srg.5025Ca9.4Ce0.0075)3Al0.6510.404.4225F 0.5775"

Wyckoff site oce. X y z B
Srl 4a 1 0 0 0.25 0.78(2)
Sr2 8h 0.38875 0.1727(1) 0.6727(1) 0 0.60(2)
Ca2 8h 0.6 0.1727(1)  0.6727(1) 0 0.60(2)
Ce2 8h 0.01125 0.1727(1) 0.6727(1) 0 0.60(2)
Al3 4b 0.6 0 0.5 0.25 0.51(4)
Si3 4b 0.4 0 0.5 0.25 0.51(4)
04 16/ 1 0.1379(3)  0.6379(3) 0.6478(2) 0.86(5)
F5 4c¢ 0.5775 0 0 0 1.59(8)
05 4c¢ 04225 0 0 0 1.59(8)

“Bond lengths: Sr1—04, 2.808(1) A (8x); Sr1—(F,0)5, 2.7073(1) A
(2x); (Sr,Ca,Ce)2—04, 2.397(2) A (2x); (Sr,Ca,Ce)2—04, 2.626(2) A
(4x); (S1,Ca,Ce)2—(F,0)5, 2.4648(2) A (2x); (ALSi)3—04, 1.706(2)
A (4x).

Since the symmetry of the /4/mcm space group is lowered
to the P4/ncc space group by a displacement of the tetra-
hedral oxygen anion, the unique reflections in the P4/ncc
space group are weak and more difficult to detect with
typical laboratory X-ray sources. However, synchrotron
X-ray diffraction experiments for a (Srg s9-5Cag4Ceg.0075)3-
Al 6519 404 4205F 5775 sample also showed no additional
(0kl) peaks with odd k that are allowed only in the P4/ncc
space group, so we used the higher symmetry space group of
I4/mem for the structure refinement of this sample.

The Rietveld refinement of a sample with a nominal
composition of (Sro 5025Cag.4Ceo.0075)3Al0.6510.404.4205-
Fy 5775 was done using the TOPAS program (Figure 1
and Tables 1 and 2) with additional impurity phases of
SrF; (2.2(1) wt %) and Sr,Si04 (1.8(2) wt %) included in
the refinement. The fractional occupancies of each cle-
ment were fixed at the nominal composition for charge
balance, and the same isotropic displacement parameter
(IDP) was used for atoms located on the same site.
Additional elemental analysis and/or neutron diffraction
is necessary to confirm the exact phosphor composition,
especially the fluorine level. The refinement was further
constrained by making Ca®" ions only occupy the 8-co-
ordinated 84 site (Table 2) as in (Sr,Ca);AlO4F.?° The
structure refinement supports the assignment of the space
group of (Srg.5925Ca0.4Ce0.0075)3A10.6510.404.4225F 0 5775 to
14/mem through a comparison of the structure models for
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the /4/mem and P4/ncce space groups. The refinement
using the I4/mcm space group has a significantly lower
Ryp (6.920%) versus the refinement for the P4/ncc space
group (Ry, = 10.614%). All of the bond lengths for the
Srl and (Sr,Ca,Ce)2 cations (Table 2) in this material are
all smaller than the Sr—O bond lengths in Sr;AlO,F,*
and the cell parameters (Table 1) are also significantly
reduced versus Sr;AlI04F? (a = 6.7822(1) A and ¢ =
11.1437(2) A). Both of these results are as expected
given the presence of smaller Ca>" and Si*" cations. In
addition, taking the tetrahedral bond lengths in Sr,Ca-
AlO4F?°(1.760(4) A) and Sr;SiOs?' (1.639 A) and a
Vegard’s law-like estimate, the tetrahedral bond length in
(Sro.5925C2}0.4Ceo.0075)3A10.6Si0.404.4225F0.5775 is estimated
at 1.711 A, in good agreement with the refined (AL Si)-
3—04 bond length of 1.706(2) A. The tetrahedral bond
strain, defined by the deviation in O4-(Al,Si)—0O4 bond
angles (114.1(1) and 99.1(1)°) from the ideal tetrahedral
bond angle of 109.5°, is also comparable to the values in
(Sr,Ba,Ca)3AlO4F.20 These experiments show no evidence
for ordering, but further work could be necessary to
understand the local environment and potential ordering
as has been done for Sr,LaAl0s.>

3.2. Luminescence of (Sr,Ca);(Si,Al)O4F,0) Phos-
phors. The (Sr,Ca)3A11_“\ﬁSiXOzperl_x:Ce3+ host with x
< 0.5 is isostructural to other hosts where Ce*" lumin-
escence has been reported such as (Sr,Ba);AlO4F Jine
Sr»(La,Gd)Al10s,'*2%2* and solid solutions of Sry(La,
Gd)AIOs with Sr3SiOs> and Sr;AlO4F.'! One structural
feature in these hosts is that the 4c anion is bonded only to
larger Sr**/Ca®*/RE?*" cations and is not coordinated by
Si*"/AI*T cations. In pure oxide hosts, these anions that
are coordinated to only larger cations have been called
“free” O®~ anions and have a strong effect on RE*" lumi-
nescent properties.”® For example, hosts with “free” O*~
anions generally have strong thermal quenching of Ce**
luminescence that has been assigned to Ce*" 5d' ioniza-
tion.?®?” This is one possible reason for strong thermal
quenching (> 50% QE loss at 150 °C) in Sr,(La,Gd)AlOs:
Ce’ 132 and Ce*"-doped Sr»(La,Gd)AIOs—Sr3SiOs so-
lid solutions.*> One potential route to reduce ionization-
based quenching in hosts with “free” O®~ anions would be
to increase the host bandgap by substituting F~ for these
“free” O°~ anions with appropriate charge compensation.
The Cs;CoCls structural family enables this substitution
since “free” O®~ anions can be completely substituted by
F~ in Sr;AlO4F.? This initial reasoning is supported by
the reduced Ce*" luminescence quenching in Sr3AlO4F:
Ce*", which has <15% loss in QE at 150 °C (Figure 2).
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Figure 2. (a) Integrated intensity versus temperature (Ax = 405 nm) for
(Sr0.98N§0.01Ceo.01)3A104F (squares), (Sl‘o.595C30:4C60.005)3A10.oSi0_A404.4|5-
Fo.sss (circles), and (Sr.9sNag.01Cep.01)3Alo.25510.7504.75F0.25 (triangles).
The drawn lines in the figure are only to guide the eye.

Similar results reporting the reduced thermal quenching in
(Sr,Ba);AlO4F:Ce" versus other Cs;CoCls-based phos-
phors were also reported during the preparation of this
report.'?

To redshift the near-UV excitation and blue-green
emission of Sr3AlO4F:Ce*" (Amax ~ 480—500 nm)'' '
to more useful spectral regions at low Ce*" concentra-
tions,'* we replace Sr** by Ca®" and/or AI*"/F~ by Si*"/
0%". We expect a redshift in the Ce®" emission and
excitation spectra from combined Ca®* and Si*"/O*" sub-
stitutions due to a combination of stronger Ce*" 5d' crystal
field splitting from smaller bond lengths when substitut-
ing smaller Ca>"/Si*" ions for Sr** /A’ as well as a higher
Ce*"—ligand covalency and anion polarizability from the
replacement of F~ by O?~.'*1? As expected, the replace-
ment of APT/F~ by Si*"/O? leads to a lower energy for
the lowest energy Ce’" absorption and emission bands
(Figure 3a). The drawback when only replacing AI*"/F~
with Si*"/O” is the strong thermal quenching for Ce*"
luminescence at high Si**/O®~ levels (Figure 2). In contrast,
combining Ca®" substitution with lower levels of Si*"/O*
substitution can shift and tune the Ce®" emission and
excitation (Figure 3b) without significant thermal quench-
ing penalties (Figure 2). These results qualitatively fit into
our explanation of Ce®" ionization quenching in these
materials since there should be a larger barrier for ioniza-
tion when F~ substitutes for “free” O>~ anions. Also, there
does not appear to be a relationship between the position of
the Ce®" 5d' level and/or apparent Stokes shift (Figure 3)
with the thermal quenching (Figure 2), an indication that
nonradiative level crossing is not the key quenching mecha-
nism in these phosphors. An additional factor that can
increase barriers for Ce®" 5d' thermal ionization in these
compositions is an effective positive charge on Ce® " when it
replaces Sr* " /Ca>* 2 However, if improvements in thermal
quenching were mainly due to an effective positive charge
on Ce*", there should be only small differences between
O* -rich and F~-rich compositions, in contrast to our
experimental results (Figure 2). Given the similar thermal

(28) Blasse, G.; van den Heuvel, G. P. M. J. Lumin. 1975, 11, 47.
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Figure 3. (a) Excitation (e, = 540 nm) and emission spectra (e
405 nm) for (Sro.9sNag.01Ceo.01)3Al.25510.7504.75F0.25; (b) emission (Aex
405 nm) and excitation (de,, = 550 nm) spectra for (St g95Cag.1Ceg.005)3-
Alp 6Si0.404.415F0.535 (dashed line) and (Sro.s95Ca0.4Cep.005)3Al0.6510.4-
O4.415F 0585 (solid line); and (c) emission spectra (lex = 405 nm and
Aex = 450 nm) for (Srg.505Ca0.4Ce0.005)3Al0.6510.404.415F0.585. The sharp
lines from 440 to 500 nm in the excitation spectra are instrument artifacts
from the Xe lamp source.

quenching of Sr;AlO4F:Ce*" and the phosphors with
lower levels of Si*'"/O*" (Figure 2), we initially propose
that Ce*" ions in these phosphors require only one F~
anion in their local coordination for significant improve-
ments in their high-temperature performance.

The room-temperature QE (1., = 450 nm) of these
phosphors is approximately equivalent to commercial

Setlur et al.

Ce*"-doped garnet phosphors with QEs greater than
80%. In addition, the phosphor QE at room and elevated
temperature remains generally constant within (Sr; -
Ca,Ce))3Al;_.Si.04 3, .-F|_3,—. compositions for x <
0.5,y=0.005, and z < 0.5 (Figure 2a). In these phosphors,
we observe the onset of room temperature concentration
quenching when the Ce®" concentration (y) is greater
than 0.01. There is also additional thermal quenching
at higher Ce®" concentrations; compositions with x < 0.5,
y = 0.01, and z = 0.4 have (150 °C)/I(RT) = 0.80. The
general behavior of enhanced thermal quenching at higher
Ce*" concentration is similar to observations in YAG:
Ce*™?? and the detailed mechanism behind this quench-
ing at high temperatures is a topic for further work.
However, for Ce>" concentrations of y = 0.003, the com-
bined substitution of Ca®* and Si**/O? in the Sr;A104F
system lead to efficient Ce* " phosphors whose excitation
allow them to be used with 385—460 nm InGaN LEDs
(Figure 3b), a yellow-green emission band (Figure 3c),
and < 15% loss in quantum efficiency at 150 °C (Figure 2).
Although this performance is promising and there is a
reasonable correlation with phosphor composition, our
arguments on the changes in the relative energy position
of the Ce>" 5d! level versus the 4f! ground state and the host
conduction band with composition are qualitative because
the local coordination (including charge compensation) for
Ce’* centers in these materials (vide infra) is not explicitly
known.

The broadening of the Ce®" excitation band in
(Sro.505Ca0.4Ce0.005)3A10.6510.404.415F0.585 18 assigned to
multiple Ce®" centers that are present in this host. We
believe that the vast majority of Ce®" ions substitute into
the 8-coordinated 8/ site and that multiple Ce®" centers
arise from anion and cation disorder (Table 2). The
assumption of multiple Ce®" centers from disorder in-
stead of occupation of the 10-coordinated 4a site is
supported by the analysis of Sr,REAIOs compositions
that does not give evidence for occupation of the 10-
coordinated 4a site by RE*" jons.?*** The presence of
multiple Ce*" centers leads to inhomogeneous broad-
ening of the Ce " emission with a redshift in the emission
spectrum at lower energy excitation (Figure 3c). Energy
transfer between high- and low-energy Ce*" ions also
occurs in these phosphors, as with Sr3AlO4F:Ce*" at
high Ce** concentrations.'® This is demonstrated by the
emission wavelength dependence of the decay profiles
(Aex = 394 nm) (Figure 4a). At short emission wave-
lengths, the decay profile is multiexponential with initial
components that are faster than typical Ce*" decay times
of 40—80 ns. In contrast, at longer emission wavelengths
(Aem = 580 nm), there is an initial build-up with a time con-
stant of ~10 ns followed by a single exponential decay
with a decay time of 75 ns. These observations are
consistent with energy transfer between Ce®" centers
with different energies for their lowest-energy 4f' — 5d'

(29) Bachmann, V.; Ronda, C.; Meijerink, A. Chem. Mater. 2009, 21,
2077.
(30) Drofenik, M.; Golic, L. Acta Crystallogr., Sect. B 1979, 35, 1059.
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Figure 4. (a) Decay profile versus emission wavelength (1x = 394 nm)
for (Sro.505Ca0.4Ceo.005)3Al0.6510.404.415F0.585; and (b) decay time versus
temperature for (Srg s00Cag 4Ceo.001)3A10.6510.404.403F0.507 (Aex = 520 nm;
j‘em> 700 nm) and (SrolggNaolo1C€0.01)3A104F (Aex = 394 nm; lem =
490 nm). The drawn lines in panel b are only to guide the eye.

transition and are similar to other LED phosphors with
intrinsic disorder.*!

The disorder in this phosphor complicates the analysis of
luminescence quenching in (Sr,Ca);(ALSi)O4(O,F):Ce*"
since multiple Ce>" centers are excited/detected when the
excitation is at the absorption maximum. To isolate a limi-
ted population of Ce*™ centers, we excited a (Srg so0Cag.4-
Ceo.001)3Al0.6519.404.403F0.507 (nominal) sample in the green
tail of the excitation spectrum (Ae = 520 nm) with detection
in the red tail of the emission spectrum (A, > 700 nm). The
reduction in decay time versus temperature for samples
with and without Ca®* and Si** /O~ substitution is in good
agreement with relative intensity versus temperature mea-
surements (Figure 2). Although the local coordination for
these Ce®" centers is not exactly known, the small reduction
in decay time at high temperatures further demonstrates
that the efficiency of Ce® " centers in these phosphors can be
high at room and elevated temperatures.

3.3. Luminescence of Mn*"-Doped Fluorides and LED
Lamp Testing. Warm-white lamps require green/yellow-
green and red spectral components, and narrow-line red
phosphors simultaneously optimize both LER and CRI.?
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Figure 5. (a) Excitation (Ao, = 632 nm) and emission spectra (1o, =
450 nm) for K, TiFs:Mn*" (solid line) and K,SiFs:Mn*" (dotted line). The
sharp lines from 440 to 500 nm in the excitation spectrum are instrument
artifacts from the Xe lamp source. (b) Relative intensity versus tempera-
ture (Aex = 450 nm) for K,TiFg:Mn*". The drawn line in panel b is to
guide the eye.

In discharge-based fluorescent lighting, two activator
ions are used for narrow-line emission, Eu®" and Mn**.
Eu®" has only spin and parity forbidden transitions that
overlap with blue and violet InGaN LED radiation. The
weak Eu’" absorption leads to severe scattering losses
when incorporating typical Eu**-doped phosphors into
LED packages. It is also difficult to sensitize Eu®" emis-
sion by either Ce®" or Eu?" due to quenching from a
metal—metal charge transfer (MMCT) state.*” In con-
trast, Mn*"-doped phosphors have a spin-allowed, par-
ity-forbidden 4A, — %T, transition that has sufficient
absorption of blue and/or violet LED radiation. In
fluoride hosts such as K,TiFg, the A, — T, absorption
transition peaks at ~460 nm with the ’E — *A, red line
emission peaking at ~632 nm (Figure 5a)."> Although the
position of the *’E — *A, line emission remains generally
constant for compositional modifications, the *A, — T,
absorption band can be tuned through compositional
modifications (Figure 5a). These basic spectral character-
istics can be explained using the Tanabe-Sugano diagram
for d* ions®® because the position of the *T, level is
influenced by the crystal field splitting (and therefore

(31) Setlur, A. A.; Heward, W. H.; Gao, Y.; Srivastava, A. M.; Chandran,
R. G.; Shankar, M. V. Chem. Mater. 2006, 18, 3314.

(32) Blasse, G. Struct. Bonding (Berlin) 1991, 76, 153.
(33) Tanabe, Y.; Sugano, S. J. Phys. Soc. Jpn. 1954, 9, 753.
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Figure 6. Spectrum of LED lamp using (Srys95Cag4Ceg0s)3Aly.6-
Sip404415F0sss and K,TiFgMn** phosphors in combination with
450 nm LEDs in a remote phosphor configuration.

Mn*"—F~ bond lengths),' whereas the position of the °E
level has a weak dependence on the crystal field splitting.

The QEs of K, TiFg:Mn*" and K»SiFg:Mn*" are compa-
rable to commercial Ce*"-doped garnets, and the quench-
ing of these phosphorsat 150 °Cis less than 5% (Figure 5b),
as previously reported.'® These Mn*" phosphors could be
susceptible to saturation-based quenching in some LED
packages®* because their decay times are ~5.5 and ~8 ms
for KxTiFg:Mn*" and K,SiFg:Mn*", respectively. How-
ever, saturation-based quenching can be virtually eliminated
with a remote phosphor configuration'®!” that reduces the
incident radiation flux on these phosphors.

The combination of blue LED radiation, yellow-green
emission from (Srp.s595Cag.4Ce0.005)3Al0.6510.404.415F 0 585,
and red line emission from K,TiFs:Mn*" gives high-CRI
(>90), low-CCT (<3200 K) white lamps with a LER
greater than 330 Im/W .4 (Figure 6). To assess phosphor
performance in LED lamps, we normalized the lamp
output by the blue LED optical power for a metric of
lumens per watt of blue radiation (Im/Wy,,.). In our lamp
configuration, this metric for cool-white lamps (CCT =
5000—6500 K, CRI=70—80) using YAG:Ce phosphorsis
210—220 Im/Wy,e. Because the warm-white phosphor
blend reported here has both high QEs and LERs, this
metric for the oxyfluoride/fluoride phosphor blends in
this lamp configuration is ~180—185 Im/Wyyye, or ~85%
of the cool-white value at a warm-white color tempera-
ture (CCT = 3088 K) and high color rendering (CRI =
90) (Figure 6). For our three LED package, this translates
into warm-white lamps with efficacy of 82 Im/W (pulsed)
with a total lumen output of 270 Im at 350 mA drive
current and CIE (x,y) values of (0.441,0.423). The special
Ry—R 4 color indices™ are all above 60 with a deep red Ro
special color index of 92. In addition, this lamp also has a

(34) Setlur, A. A.; Shiang, J. J.; Happek, U. Appl. Phys. Lett. 2008, 92,
081104.

(35) Method of Measuring and Specifying Colour Rendering Properties
of Light Sources, Publication 13.3; Commission Internationale de
I'Eclairage: Vienna, 1995.

(36) Ohno, Y. Proc. SPIE 2004, 5530, 88.

(37) Ohno, Y. Opt. Eng. 2005, 44, 111302.
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color quality score®® 3 (CQS) of 90, so the color quality
is still high with this new metric for color rendering. The
high color rendering of this lamp therefore shows the
potential to directly replace traditional light sources
while retaining high efficacies.

4. Conclusions

In this report, we discuss the structural and lumines-
cence properties of (Sr,Ca)s(AlSi)04(0.F):Ce** yellow-
green and K,TiFg:Mn*" red phosphors that can meet
efficacy and color-quality requirements for future LED-
based light sources. These oxyfluoride and fluoride phos-
phors are used for CRI = 90, warm-white LED lamps
that reduce the efficacy gap between cool-white and
warm-white LED packages by at least 50%. Apart from
reducing the efficacy gap between cool-white and warm-
white LED packages, these results further demonstrate
the potential for alternate phosphor systems beyond
typical garnet, nitride, and oxynitride phosphors that
are used in LED lighting. If the long-term LED efficacy
goal of 228 Im/W jectrical fOT cool-white LEDs' is reached,
the phosphor systems reported here could lead to 194
Im/Wojectrical Warm-white LED packages that would en-
able replacements for incandescent (10— 15 Im/Wjectrical)s
halogen (15—30 Im/W_eetrical)s and compact fluorescent
(60—70 Im/Wecrical) lamps. These future efficacy im-
provements will involve phosphor efficiency and lamp/
package design optimization in combination with InGaN
LED efficiency improvements.
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