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Abstract

Highly efficient, thermally stable, narrow-band phosphors that can be excited by a blue LED chip
are crucial for energy-efficient light bulbs and display lighting. Here, a rare narrow-band, green-
emitting phosphor based on the compound NaBaBgO1s:Eu?* is demonstrated. The emission peak
is centered at 515 nm with a full-width at half-maximum (fwhm) of 61 nm (2294 cm™), and a
photoluminescence quantum yield of >80% using blue or near-UV LED excitation. This borate’s
remarkable green emission stems from Eu?* substituting on the smaller [NaOs] polyhedron instead
of the larger and more favorable [BaOg] polyhedron. The phosphor also exhibits negligible thermal
quenching up to 650 K owing to the wide band gap, high connectivity of the rigid NaBaBgO1s
crystal structure, and the depopulation of trap-states. This combination of optical properties and
its straightforward synthesis conditions makes NaBaByO1s:Eu?* an ideal green phosphor for next-
generation LED-based lighting or display systems.

Introduction

Phosphor-converted white light emitting diodes (pc-LED) are the most promising lighting source
for next-generation backlighting display applications as well as general white lighting owing to
their high efficiency, long lifespan, low energy consumption, and environmentally benign
chemical composition.»2 These devices operate by converting the nearly monochromatic emission
from a LED chip using one, or more, rare-earth substituted inorganic phosphors.>® The most
common inorganic phosphors, in the case of backlighting, for example, include the green-emitting
B-SIAION:Eu?*, which has the emission centered at 540 nm with a full width at half maximum
(fwhm) of 55 nm and the red-emitting phosphor K,SiFs:Mn**, which has a sharp emission at 630
nm.®” This combination of luminescent materials and a blue LED chip covers a majority of the
color gamut, as determined by the color coordinates of the red, green, and blue (RGB) emission;
yet, there is ample room to expand the color gamut by switching to narrow-band phosphors. Indeed,
recent research by groups around the world has yielded a plethora of new and improved red and
blue-emitting phosphors.8! Even with the success of these materials, there remains a significant
lack of new green phosphors discovered. Considering the human eye is sensitive to the green



spectral region most, there is an outstanding need to identify new highly efficient, narrow green-
emitting phosphors.

There are only a few green phosphors known that fulfill the stringent requirements for application,
which include a narrow emission band with an appropriate peak position, a high efficiency, and
excellent thermal stability. For example, B-SiAION:Eu?*is the narrowest commercial green
phosphor, but its emission coordinates limit the maximum accessible color gamut. Additionally,
the preparation of this phosphor requires extreme conditions, including high-pressure and high-
temperature synthesis.®? In contrast, (Ba Sr),SiO4:Eu** and SrGa,S:Eu?* are simple to prepare
and require only high-temperature solid-state reaction under mildly reducing conditions.
Nevertheless, the broad emission band of the former and the poor thermal and chemical stability
of the later remain a challenge.r®>!* Another green phosphor is RbLi(LisSiO4)2:Eu?*. This
compound has high efficiency and a narrow emission band, although its chemical stability must
be enhanced for industrial application.’® Finally, quantum dots (QD) emitters are a potential
alternative solution with significant advantages, in particular for display lighting; however,
research must continue to address their poor chemical and thermal stability as well as their
compositions.!®1’ Clearly, it is a major challenge to obtain application-ready narrow-band green-
emitting phosphors, which has propelled researchers to establish new design strategies and
investigate unconventional crystal chemistries.

There has recently been a re-focus on borate phosphors with new crystal structures or compositions
because of their easy synthesis process, various structures, and excellent chemical and physical
stability. At present, the luminescence of nearly all borate phosphors, regardless of substitution
with Eu?* or Ce*", produce a blue emission (420-450 nm) after excitation with a UV source.®
There are virtually no other examples of borates that have electronic transitions outside of this
region. The only exception was the report of NaBaBO3:Ce®*, which was suggested to produce a
green emission centered at 505 nm.*® Indeed, this phase is the only member in MNBO3 (M = Li,
Na; N = Ca, Sr, Ba) that emits color other than blue. Further work on this phase failed to reproduce
these results and instead yielded a blue emission from the same composition.?® Using
computational modeling, this emission discrepancy was attributed to the rare-earth ion substituting
on different crystallographic sites. In the case where Ce®* replaces Ba®" in the crystal structure, a
blue emission is expected whereas the green emission is observed when Ce®* is occupying Na*
position due to the smaller polyhedral volume of the [NaOes] compared to the [BaOg] causing
stronger crystal field splitting of Ce®* 5d orbitals. These results suggest that non-blue borate
phosphors may be possible provided the rare-earth ion can be selectively substituted for Na*. The
goal of this research is to establish a method to control the rare-earth ion substitution in inorganic
phosphors.

Recently a highly efficient blue-emitting borate phosphor with general formula
Na(Bao.g7Euo03)BsO15 Was reported.?! The crystal structure adopts the non-centrosymmetric
trigonal space group R3c (space group no. 161).2? As illustrated in Fig. 1A, the structure contains
an unusual three-dimensional framework of [B3O7]° subunits made of two [BOs]*trigonal planar
units and one [BO4]°> tetrahedron that are linked through their vertices. The arrangement of the
[B3O7]° units generates large tunnels along the [001] direction that are occupied by Ba?* and Na*
in an alternating fashion. The Ba?* ions are coordinated in a nine-vertex distorted tri-capped
trigonal prism whereas Na* sits in a smaller, highly distorted trigonal antiprism formed by six
oxygen anions. The original synthesis of this phosphor uses a multi-step solid-state reaction
at >750°C with metal oxides and carbonates as starting materials. Under these conditions, Eu?*
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replaces Ba?* to generate a narrow blue emission (hem = 416 nm) using UV excitation (hex = 315
nm).Zl

In this work, we successfully produced the green version of NaBaBgsO1s:Eu?* by shifting the
reaction kinetics to drive the substitution of Eu?* onto the Na* centered polyhedral site. Owing to
the smaller volume of the [NaOs] polyhedron compared to the larger [BaOs] unit,
(Nao.97Euo.03)BaByO15 emits at longer than expected wavelength following the enhanced crystal
field splitting of the Eu?* 5d orbitals. This phosphor not only shows a green emission under blue
excitation with a high photoluminescence quantum yield (®), but the emission peak is also narrow
and thermally robust. These optical properties make this novel green phosphor a promising
alternative for LED-based lighting or display applications. More importantly, the concept of
controlling preferential substitution will provide new opportunities for the discovery of
luminescent materials.

Results and Discussion

The preparation of the new (Nao.97EUo.03)BaBgO15 (NBBO:Euna), as well as Na(Baog.97EU0.03)B9O15
(NBBO:Euga) as reference, employs a ceramic synthesis route that starts from combinations of
metal oxide or metal carbonate powders, as detailed in the supporting information, at 725 °C for
NBBO:Euna and 780 °C for NBBO:Euga for 30 hours. According to the synchrotron powder X-
ray diffractograms,?® shown in Fig. 1B and Fig. S1, NBBO:Euga is a single-phase product whereas
NBBO:Euna is nearly phase pure with a minor impurity that belongs to BaBgO13. The presence of
this slight second phase is due to the relatively low synthetic temperature of the target phase.
Fortunately, the presence of BaBsOi3:Eu?* does not impede the ensuing structural or optical
characterization.
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Fig. 1. Structure and Rietveld refinement. (A) Crystal structure of NaBaByOis with the
associated [BaOg], [NaOe¢], and [B3O7] polyhedral subunits highlighted. (B) Rietveld refinement
of (Nao.97EU0.03)BaByO15 synchrotron X-ray powder diffraction data. Impurity (BaBgO13) peaks are
marked by asterisks.
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Considering the ionic radii of the elements present in NaBaByO1s, Eu?* is widely expected to
substitute on the Ba®* crystallographic site given that Eu?* (re-coora. = 1.30 A) is smaller than Ba*
(Fo-coord. = 1.47 A).2% Indeed, this is observed not only in the original report of Na(Bao.s7EUo.03)BsO1s
but many other Ba?* containing phosphors such as NaBaPOs:Eu?*, BaMgAl1c017:Eu?*, and
BaAl;Si>0s:Eu®*.%5-27 However, comparing the ionic radius of 6-coordinate Eu* (rs-coord = 1.17 A)
suggests it also be possible for the rare-earth ion to replace Na* (re-coord = 1.02 A) because their
radius difference is only =~15%, which is within limits of the Hume-Rothery rules for substitution.?
Lowering the synthetic temperature to 725 °C, the final product can, in fact, be obtained as desired
as metastable state where Eu?* occupies the Na* crystallographic site. Eu?* substituting for Na*
can be proven by comparing the lattice parameters obtained from Rietveld refinements of the
synchrotron powder X-ray diffraction data. The refined atom positions and atomic displacement
parameters are provided in Table S1 and S2, and the crystallographic data is provided in Table 1.
Comparing the refined unit cell volumes shows that taking the unsubstituted NBBO host and
substituting Eu?* using a reaction temperature of 780°C causes the unit cell volume to decrease.
Given that the rare-earth ionic radius is smaller than the alkaline earth, Eu?* is certainly occupying
the Ba?* crystallographic position as anticipated for NBBO:Euga. Conversely, employing the lower
reaction temperature (725°C) shows the product has a refined lattice parameter that is larger than
the unsubstituted NBBO. The only rationalization for this change is that Eu?* must substitute for
the smaller Na* cation causing the unit cell volume to increase. This substitution preference for
Eu?* is certainly metastable because continuing to react the product for a longer time or using a
temperature >725 °C results in the rare-earth to occupy Ba?* site.

Further support for the substitution of Eu?* for Na* in this phosphor is provided by analyzing the
photoluminescence properties. Conducting the reaction at 725°C shows the product has an
excitation spectrum that spans from <280 nm to ~480 nm, as plotted in Fig. 2A. This is critical
because it indicates NBBO:Euna is a versatile phosphor that can be excited by a variety of LED
sources. The emission spectrum (Fig. 2A) when excited using a blue excitation source (Aex = 430
nm),displays a very narrow emission peak with a maximum centered at 515 nm and a full width at
half-maximum (fwhm) of approximately 61 nm (2294 cm™). The narrow fwhm of this phosphor
is comparable to the current narrowest green commercial phosphor, p-SiAION:Eu?* (fwhm = 55
nm; 1760 cm™), and it is also narrower than most other green phosphors reported in the literature
including the well-known BazSiO4:Eu** (fwhm = 80 nm; 2410 cm™) and Y3(Al,Ga)sO12:Ce®*
(fwhm = 120 nm; 3750 cm™?).6132% The NBBO:Euna emission spectra measured using typical UV,
and near UV excitation sources (Aex = 330 nm, 365 nm, and 395 nm) all show the same narrow
green emission, plotted in Fig. S2. It is worth noting that in some samples, excitation in the UV
shows two distinct emission peaks. The main peak is the intense green emission, and there is a
minor peak in the blue region, which can be attributed to the small amount of Eu?* substituting on
Ba?* site. Optimizing the synthetic conditions should minimize, or eliminate, this peak. The green
emission peak can be fit by a single Gaussian curve corresponding to the 5d = 4f (°P; = 8S;p,)
electronic transition proving that this luminescence signal stems from the Eu?* occupying the sole
crystallographically independent Na*. The single Eu?* site is further supported by measuring the
photoluminescence lifetime, as shown in Fig. S3. The time-gated photoluminescence data were fit
using a single exponential function to reveal a luminescence lifetime for the green peak in
NBBO:Euna of 1.103 ps. This is distinct from the blue emission lifetime in NBBO:Euga of 0.842
us. These lifetimes are in agreement with the electronic transitions of Eu?* substituted phosphors
and are fast enough to minimize any saturation effects allowing these materials to be considered
for high-power or potentially laser-based lighting.
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Fig. 2. Luminescence and photoluminescence quantum yield measurements. (A) Room
temperature excitation spectrum (black) monitored at 515 nm and emission (green) spectrum
excited at 430 nm of NBBO:Euna. The inset shows a photograph of the bright green emission
produced by this phosphor. (B) Room temperature photoluminescence quantum vyield (®) of
NBBO:Euna determined using different excitation wavelengths.

Although this phosphor has a narrow emission, to be industrially relevant NBBO:Euna must also
have high efficiency. Therefore, the room temperature photoluminescence quantum yield (®) was
measured to assess the phosphor’s internal efficiency. Because of the broad excitation spectrum,
the @ of the green emission was measured using multiple excitation wavelengths to understand its
efficiency across the electromagnetic spectrum. As shown in Fig. 2B, this phosphor possesses a ®
of =80% when excited at 365 nm. The ® improves as the excitation wavelength shifts to Aex = 400
nm, which is the highest ® = 87%. Exciting the phosphor with blue light (Aex = 430 nm) causes a
minor decrease with @ = 83% while excitation at Aex = 450 nm leads to a ® of =60%. The
outstanding quantum yield for this phosphor is measured for samples directly out of the furnace
and could easily be improved with further optimization and post-synthesis processing; nevertheless,
the @ allows this phosphor to be a viable green component in devices employing LED chips
emitting between 365 nm and 430 nm.

The final test necessary for any phosphor prior to device consideration is the temperature
dependent photoluminescence. LED-based lights operates at temperatures up to 150°C (423 K),
and the effect of the elevated temperature on luminescence is significant. Evaluating the emission
of NBBO:Euna from 300 K to 700 K under Aex = 430 nm (Fig. 3A and 3B) shows an anomalous
response where the relative integrated intensity continuously increases with a 30% increase in the
emission intensity compared to the 300 K emission intensity before finally entering the quenching
regime above 650 K. The peak intensity increases by 10% at 500 K, and then starts decreasing.
The raw spectra at different temperature are plotted in Fig. S4. The origin of this surprising
behavior is attributed to defects in the crystal structure resulting from the aliovalent substitution of
Eu?* for Na*. This is supported by the emission intensity finally decreasing above 500 K as the
electrons trapped in the defects are entirely released into the conduction band, and the emission is
quenched. Unfortunately, all synthetic attempts to minimize the number of defects (e.g., annealing)
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resulted in a loss the green emission. Additional research is required to understand the relationship
between defects and the optical properties of this phosphor. Nevertheless, analyzing the emission
color as a function of temperature shows a minimal shift in the color coordinates, as demonstrated
on the 1931 CIE diagram in Fig. 3C. These excellent initial temperature dependent measurements
further suggest this phosphor may be of industrial interest.
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Fig. 3. Temperature dependent emission results. (A) Contour plot of the normalized emission
spectra excited at 430 nm as a function of temperature. (B) The relative integrated intensity of the
emission spectra (rel. integ. int.) and the relative intensity of the emission peak (rel. peak int.) as a
function of temperature. (C) CIE coordinates of the emission color at 300 K, 400 K, 500 K, 600
K, and 700 K.

The narrow emission peak, bright green color, high efficiency, and thermal behavior of
NBBO:Euna demonstrates this phosphor might be worth considering further for LED-based
lighting or display applications. This is reinforced by plotting the room temperature color
coordinates of NBBO:Euna, alongside the industry-standard green phosphors p-SiAION:Eu?* and
Ba,SiO4:Eu?* on a 1931 CIE diagram (Fig. 4). Ba2SiO:Eu?* is on the very left of the color space
owing to its broad, shorter emission wavelength, which gives its emission a blue hint that
diminishes the color purity. In contrast, B-SiAION:Eu?* emits an almost monochromatic light but
with a slight yellow shift. It also requires harsh synthetic conditions to prepare, which increases
the phosphors market price driving up the consumer cost of any light bulbs or displays that use p-
SIAION:Eu?*. These phosphors both lie outside the National Television System Committee
(NTSC) color triangle, which makes them off the standard and decreases the color quality in a real
display application. NBBO:Euna is located in between Ba,SiOs:Eu?* and B-SiAION:Eu?* in the
color space, which moves this new phosphor’s emission color closer to the green corner of the
NTSC triangle providing potential improvements to color quality if this material was used in
display applications. To ascertain the available color gamut covered if NBBO:Euna Were used in a
device, the CIE coordinates were calculated in combination with a blue-emitting 430 nm LED and
red-emitting K2SiFs:Mn*". Comparing the area of the resulting triangle created by connecting the
coordinates for the LED-NBBO:Euna—K2SiFs:Mn** system with the triangle created by LED—B-
SIAION:Eu**-K2SiFs:Mn** and the LED-Ba;SiOsEu?*-K;SiFe:Mn** shows that using
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NBBO:Euna broadens the color gamut by 7% compared to these other phosphor systems. Further,
NBBO:Euna based triangle has an area that overlaps with 80% of the NTSC area, which is larger
than a device using B-SIAION:Eu?* (69% of NTSC area) and Ba,SiO4:Eu?* (66% of NTSC area)
by permitting more color in the green wavelength region.
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Fig. 4. Room temperature CIE coordinates. (Nao.o7EU0.03)BaByO1s excited at 430 nm (circle),
Ba,SiO4:Eu?* (down-triangle), B-SIAION:Eu?* (square), K2SiFs:Mn** (up-triangle), and 430 nm
LED (diamond). Plotted in gray is the NTSC color space.

Conclusions

In summary, a highly-efficient narrow-band green-emitting phosphor, (Nao.97Euo.03)BaBgO15 was
successfully synthesized by controlling the chemistry to drive the substitution of Eu?* onto the
smaller, less favorable [NaOeg] substitution site. The resulting phosphor has a high efficiency that
makes it competitive with commercial phosphors. Indeed, the phosphor not only shows a ® > 80%
using a blue or near-UV LED as the excitation source but it is also thermally robust and has a fast
emission lifetime. This combination of optical properties along with its ease of synthesis suggests
this bright green phosphor has outstanding potential in the general white lighting as well as the
display lighting space. The development of this extraordinary phosphor was achieved by
controlling preferential substitution, which has not yet been demonstrated in phosphor field before.
These results undoubtedly provide a new approach for researchers to design new narrow-band
phosphors and explore new classes of luminescent materials by controlling rare-earth substitution.

Materials and Methods

(Nao.g7Eu0.03)BaBgO15 and Na(BaEuo.03)B9O15 were prepared via solid-state reactions starting from
NaHCOs3 (EM science, 99.7%), BaCOs (Johnson Matthey, 98%), HsBOz (Sigma-Aldrich,
99.999%), and Eu.O3 (Materion Advanced Chemicals, 99.9%). The starting materials were loaded
in the requisite stoichiometric ratios, thoroughly ground using an agate mortar and pestle, and
subsequently sintered at 600 °C for 2 h in air to decompose the reagents and initiate the reaction.
The samples were then ground and heated at 725 °C for 30 h for (Nag.97EU0.03)BaB9O15 and 780 °C
for 30 h for Na(Bagg7EU0.03)B9O15 using a fused silica tube furnace under a weak reducing



atmosphere (5% H2/95% N2) with heating and cooling ramps of 3 °C min™*. Powder synchrotron
X-ray diffraction data were collected at 295 K with a calibrated wavelength of 0.412824 A
(beamline 11-BM, Advanced Photon Source, Argonne National Laboratory).? The crystal lattice
parameters were obtained from refinements based on the Rietveld method using the GSAS package
with a shifted Chebyshev function employed to describe the background and a pseudo-Voigt
function for determining peak shape.3%:3!

Photoluminescent spectra were recorded on a Horiba Fluoromax-4 fluorescence
spectrophotometer with a 75 W xenon arc lamp with temperature controlled by a Janis liquid
nitrogen cryostat (VPF-100). The sample was mixed into silicone resin (GE Silicones, RTV615)
and deposited on a quartz substrate (Chemglass). The micrograph was taken with an Olympus
IX73 optical microscope. The luminescence lifetime decay measurements were collected using a
Horiba DeltaFlex Lifetime System equipped with a NanoLED N-390 nm LED (Aex =392 nm) and
a 450 nm long-pass filter. A total measurement length of 13 pus was employed using a repetition
rate of 50 kHz and a delay of 10 ns. The absolute internal quantum yield was determined by placing
the sample inside a Spectralon-coated integrating sphere (150 mm diameter, Labsphere) and
exciting by n-UV through blue light of different wavelengths.?
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Fig. S1. Rietveld refinement of Na(Bao.o7EuU0.03)B9O15 synchrotron X-ray powder diffraction
data. The observed data are colored black, the refinement is colored red, and the difference is

colored blue.
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Fig. S2. Room temperature emission spectra at different excitation wavelength.
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Fig. S3. Luminescence lifetime curve of (Nao.g7Euo.03)BaBeO1s. The lifeime (1) is obtained by
fitting the data with a single exponential function which is shown in red.
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Fig. S4: Emission spectra excited at 430 nm under different temperatures. (A) 300 K - 500 K
and (B) 500 K — 700 K.
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Table S1.

Atomic

coordinates and

isotropic

displacement

parameters

of

Na(Bao.o7Eu0.03)B9O1s. Results are determined by Rietveld refinement of 11-BM synchrotron X-

ray powder diffraction.

Atom Wyck. X y z Uiso (A2
Ba(1) 6a 0 0 0 0.0104(7)
Na(1) 6a 0 0 0.22131(5)  0.0104(2)
B(1) 18b 0.39040(6)  0.26606(6)  0.05509(7)  0.0047(8)
B(2) 18b 0.45007(9)  0.39491(4)  0.17021(6)  0.0067(7)
B(3) 18b 0.2275(2)  0.3323(4)  0.11349(9)  0.0049(4)
0(1) 18b 0.47948(6)  0.32682(6)  0.11421(8)  0.0063(5)
0(2) 18b 0.25361(3)  0.24268(1)  0.05985(8)  0.0009(9)
0(3) 18b 0.20186(5)  0.43162(3)  0.06750(4)  0.0020(8)
0(4) 18b 0.34201(2)  0.41441(9) 0.16377(4)  0.0018(8)
0(5) 18b 0.10440(6)  0.23191(5)  0.15901(4)  0.0027(1)
Table S2. Atomic coordinates and isotropic displacement parameters of

(Nao.97Euo.03)BaB9O1s. Results are determined by Rietveld refinement of 11-BM synchrotron X-

ray powder diffraction.

Atom Wyck. X y z Uiso (A2

Ba(1) 6a 0 0 0 0.0134(6)
Na(1) 6a 0 0 0.22127(2)  0.0133(4)
B(1) 18b 0.39052(9) 0.2660(8)  0.05256(3)  0.0065(8)
B(2) 18b 0.45251(4)  0.39417(7)  0.16923(6)  0.0086(4)
B(3) 180 0.22328(9)  0.33062(3)  0.11496(9)  0.0080(3)
0(1) 180 0.47905(6)  0.32843(2)  0.11344(4)  0.0085(5)
0(2) 180 0.25507(6)  0.24405(5)  0.05803(3)  0.0054(7)
0(@3) 18b 0.20434(3)  0.43031(2) 0.0659(7)  0.0057(4)
0(4) 18b 0.34417(4)  0.41625(5) 0.16314(3)  0.0020(5)
0(5) 18b 0.10550(2)  0.23054(4)  0.15890(7)  0.0038(1)
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