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As phosphor-converted LEDs continue to displace traditional light technologies, developing new down-
conversion materials remains essential for improving color quality and efficiency. This research
introduces a cyan-emitting oxynitride phosphor, Na13_57Ca17_43M95(P03_75N0_25)18:Eu2+, synthesized
through ammonolysis of the oxide, Naj;gCa;3Mgs(PO4)18. The presence of nitrogen was validated using a
suite of advanced analytical techniques, including Rietveld co-refinement of synchrotron X-ray and
neutron diffraction data, X-ray photoelectron spectroscopy, thermogravimetric analysis, and diffuse
reflectance spectroscopy. This oxynitride phosphor was subsequently shown to exhibit a broad
excitation spectrum covering the UV (>350 nm) to the violet (425 nm) portions of the electromagnetic
spectrum, down-converting the absorbed light, generating an efficient cyan emission. A prototype light
using the new Eu?*-substituted oxynitride produced a functional (daylight) white light when paired with
a violet LED and commercial blue and red-emitting phosphor. This research not only introduces a
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DOI: 10.1039/d5tc01824b promising phosphor for LED applications but also highlights a practical approach to obtain novel

oxynitrides from disordered oxides with a cost-efficient synthesis method, potentially paving the way for
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1. Introduction

Enabled by the invention of the light-emitting diode (LED),
phosphor-converted white LEDs (pc-wLEDs) have overtaken the
lighting industry due to their superior energy efficiency,
extended operating lifespan, and eco-friendly components."?
Pc-wLEDs produce white light by down-converting and broad-
ening the nearly monochromatic emission from an LED using
inorganic phosphors. The most cost-effective light bulbs
employ a blue-emitting (450 nm) InGaN LED chip coated with
the yellow phosphor Y;Al;04,:Ce**.? This combination of emis-
sions produces a functional cold white light, but the lack of
coverage in the cyan and red regions results in decreased color
reproducibility. Today’s primary solution is adding a red-
emitting phosphor and a cyan-emitting phosphor to improve
coverage of the visible region; however, there are few short
Stokes’ shift phosphors to convert blue LED light into cyan
light, while the violet region always remains largely unaddressed.*”
An alternative strategy involves a combination of UV (~365 nm) or
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advancements in phosphor-based lighting technologies.

violet (400 nm) LED coated with a red (e.g;, CaAlSiN3:Eu®"), green
(B-SiAlION:Eu*" or Lu,Al;0;,:Ce*), and a blue (BaMgAl,0,,:Eu*")
phosphor to achieve continuous coverage across the entire visible
spectrum.® This four-color approach can lead to higher color
rendering, covering from violet to red; nevertheless, a spectral gap
in the cyan region usually remains.

Designing phosphors that could close this cyan-gap begins
with the strategic selection of activator ions and host materials,
as these are the two components that fundamentally govern the
photoluminescent properties. The activator employed in solid-
state lighting is usually a rare-earth ion like Ce*" and Eu*" due
to their selection-rule-allowed 4f < 5d electronic transitions,
enabling broad excitation and emission spectra.'®'! In isolated
ions, these transitions require extremely high energy (201 nm
for Ce®" and 294 nm for Eu**);'*> however, embedding them in a
host material modifies their electronic structures through two
key mechanisms. The nephelauxetic effect arises when coordi-
nating anions polarize the activator’s valence electrons, increas-
ing metal-ligand covalency.'®'* This reduces interelectronic
repulsion and stabilizes the 5d orbitals, called the centroid
shift, decreasing the energy gap between 4f and 5d states.
Anion polarizability follows the spectrochemical series: fluor-
ides (weakest) < oxides < oxynitrides < nitrides < sulfides
(strongest), directly correlating with observed emission red-
shift as a function of the anion.’®'® The second mechanism,
crystal field splitting, occurs concurrently based on the cation
site’s local coordination environment, coordination number,
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volume, and site symmetry."”>® The 5d degeneracy is lifted
depending on these interactions. These two simultaneous
effects cause the activator’s virtual 5d orbital to shift lower in
energy, moving it closer to the 4f orbital, leading to electronic
transitions that can occur ideally in the visible range of the
electromagnetic spectrum.

Designing new phosphors leverages this fundamental
understanding of the nephelauxetic effect and crystal field
splitting to achieve controllable optical properties.”” In parti-
cular, elemental substitution to tune the visible-range emission
can occur through the partial N>~ substitution for O>~.>>** For
example, the oxynitride B-CaSi(O,N);:Eu”", obtained by nitrida-
tion of B-CaSiOj;, produced a pronounced red-shifted emission
(Aem,max = 618 nm) compared to its oxide counterpart (Lem,max =
472 nm).>* This result is attributed to a stronger centroid shift
and crystal field splitting stemming from the nitrogen-rich
coordination environments. A similar trend is observed in the
0-SrSi(O,N);:Eu”* system, which emits at 550 nm and is notice-
ably red-shifted relative to a-SrSiO;:Eu®" with an emission peak
at 498 nm.**

The discovery of oxynitrides and nitrides, such as these nitri-
dation examples, has traditionally relied on high-temperature
solid-state synthesis under high N, pressure or with expensive,
air-sensitive metal nitride starting materials. For example, one
of the most famous phosphor, B-SiAION:Eu”’, is generally
synthesized at 2000 °C under 1 MPa.” Ba;_,ST,[Mg,P;,N,o]:Eu**
was synthesized under 3 GPa at 1400 °C starting from P;N5 and
Mg;N,.>> Ammonolysis, or gas reduction thermal nitridation,
appears to be a more practical alternative for synthesizing
oxynitrides. This process converts inexpensive oxide precursors
at moderate temperatures and ambient pressure using ammo-
nia gas as the nitrogen source. This approach has led to various
oxynitrides, such as Sr,SisNg:Eu”* and BaSi,N;o:Eu**.>**” It also
has successfully produced the M M"P,0,N:Eu?* (MI = Na, K;
M™ = Al, Ga, In) series from readily available oxide starting
materials, circumventing the need for the costly and challen-
ging to make PON precursor that was required initially.>®>°

This report leverages the ammonolysis to produce new
oxynitrides by converting a known oxide, Na,gCa;3Mg5(POy)1s,
into a new oxynitride, Na;3 5,Ca;7.43Mg5(PO3.75Np.25)15. Substi-
tuting this phase with Eu®" yields a cyan-emitting phosphor
with interesting optical properties.’*® Comprehensive character-
ization through Rietveld co-refinement of synchrotron X-ray
and neutron diffraction data revealed nitrogen substitution
across most oxygen crystallographic sites, with charge compen-
sation achieved through statistical mixing on the cation site.
Additional evidence for nitrogen incorporation into the material
includes X-ray photoelectron spectroscopy (XPS), thermogravi-
metric analysis (TGA), and diffuse reflectance spectroscopy. Eu**
substitution then produces a cyan-emitting phosphor contrasting
the parent oxide’s UV emission, while the oxynitride also demon-
strates a moderate photoluminescent quantum yield (PLQY) and
reasonable temperature-dependent optical properties. A prototype
pc-wLED device was constructed using the oxynitride to cover the
cyan region with green and red-emitting phosphors, all excited
by a violet LED to generate warm white light. This research
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establishes that oxynitrides with more complex structures can be
developed from known oxide precursors via ammonolysis under
moderate conditions, thereby expanding the library of viable host
materials for effective phosphors.

2. Experimental procedure

2.1. Materials synthesis

The Na;gCa;3Mgs5(PO,4),5 host along with the oxynitride coun-
terpart, Na;;5,Ca;7.43Mg5(PO;575Ng25)1s, and the Eu®* substi-
tuted phosphor series, ((Nay3.57Ca17.43)1_xEUz1,Mgs-
(PO;.,5Np.5))1s (X = 0.001, 0.0025, 0.005, 0.01, 0.0125) were
synthesized by the solid-state reactions starting from Na,COj3
(Sigma-Aldrich, 96%), CaCO; (Alfa Aesar, 99.0%), MgO (Sigma-
Aldrich, 99.995%), NH,H,PO, (Acros Organics, 99.9%), and
Eu,0; (Alfa Aesar, 99.99%). Each component was weighed out
in the appropriate stoichiometric ratio. The mixed starting
reagents were ground in an agate mortar and pestle using
acetone as a wet medium and further milled for 30 min in a
high-energy ball mill (Spex 800 M Mixer/Mill). The mixtures
were pressed into a 6 mm diameter pellet and placed on a bed
of sacrificial powder in a boron nitride crucible. All pellets were
heated to 800 °C for 12 h with a heating and cooling rate of
3 °C min . The Na;gCa;3sMg;(PO,);5 oxide samples were synthe-
sized under flowing 5% H,/95% Ar gas, whereas the oxynitride
compositions were reacted under flowing dehydrated NH; gas. The
NH; gas acted as a reducing agent to convert Eu*" into Eu>* and a
nitrogen source to convert the oxide into an oxynitride.

2.2. Characterization

The polycrystalline products were first analyzed for phase
purity using powder X-ray diffraction on an X’'Pert PANalytical
Empyrean 3 equipped with Cu Ka radiation (4 = 1.54056 A). The
oxide and oxynitride host crystal structures were subsequently
analyzed with high-resolution synchrotron powder X-ray dif-
fraction data collected on 9B beamline of PLS-II. Neutron
powder diffraction was also collected using the Spallation
Neutron Source (SNS-POWGEN) at Oak Ridge National
Laboratory.®! Both sets of data were collected at 100 K. The
structures were then solved through a combined Rietveld
refinement process performed using the general structural
analysis system II (GSAS-II) software.”” The background for
each diffractogram was described using a Chebyshev-1 func-
tion, and the peak shapes were modeled using a pseudo-Voigt
function. The unit cell parameters were initially refined using
the Le Bail method, which only used synchrotron X-ray diffrac-
tion data. Subsequently, atomic positions and atomic displace-
ment parameters were independently refined via the Rietveld
method, simultaneously incorporating both synchrotron X-ray
and neutron diffraction datasets. Occupancies were finally
refined using only neutron scattering data, with constraints
set when refining the oxynitride to ensure charge balance
between the cations and anions. The final crystal structure
was visualized using VESTA.*®

This journal is © The Royal Society of Chemistry 2025
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X-ray photoelectron spectra were collected using a physical
electronics PHI 5700 ESCA System. Thermogravimetric analysis
and differential scanning calorimetry were measured using TA
Instruments TGA 2050 up to 950 °C with a heating rate of 5 °C
min~ . Diffuse reflectance spectra were collected using a JASCO
V-770 UV-Visible spectrophotometer.

Photoluminescence measurements involved mixing the
polycrystalline products in an optically transparent silicon
epoxy (United Adhesives Inc., OP 4036) and depositing the
combination onto a quartz slide (Chemglass). Photolumi-
nescent excitation and emission and temperature-dependent
luminescence measurements were obtained using a PTI fluores-
cence spectrophotometer with a 75 W xenon arc lamp for excita-
tion. A Janis cryostat VPF-100 was employed to establish a
temperature-controlled environment from 80 K to 640 K. The
PLQY was determined following the method of de Mello et al,
using a Spectralon-coated integrating sphere (150 mm diameter,
Labsphere).** Luminescent measurements at 15 K (lex = 364 nm
and 405 nm) were conducted in a closed-cycle refrigerator system
by CRYO Industries of America, Inc. The sample was measured by
adhering the material to the surface of a copper cold finger in a
vacuum. The laser power was maintained at 0.1 mW, and the
luminescence spectrum was collected using an iHR 320 spectro-
meter equipped with a thermoelectric-cooled Synapse charge-
coupled device.

2.3. Prototype construction

Two prototype devices were constructed. The first was prepared
using commercially available B-SiAION:Eu®* as the green phos-
phor, BaMgA110017:Eu2+ as the blue phosphor, and CaAlSi-
N;:Eu®" as the red in a 1.5:10:1 ratio (Device RGB). The
second involved using (Nay3.5,Ca17.43)0.095 EUo.155Mg5(PO3.75N0.25)18
as the cyan component, commercially available BaMgAl, ,0,,:Eu®*
as the blue phosphor, and CaAlSiN;:Eu®" as the red phosphor in a
33:3.3:1 ratio (Device RCyB). The three phosphors were ground in
an agate mortar and mixed in optically transparent silicone resin
in both cases. The resins were formed into phosphor caps using a
custom brass mold. These caps were placed on top of a 395 nm
emitting LED driven by a forward bias of 20 mA. The white light
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spectra of the prototypes were collected and characterized using an
Avasphere-5-IRRAD spectrophotometer and AvaSoft 8 software.

3. Results and discussion

3.1. Nitridation of Na,3Ca;3Mgs5(PO4)1s

The host structure, Na;gCa;3Mg5(PO,)15, Was originally identi-
fied as a single crystal, which emerged as a byproduct during
the synthesis of Na,CaMg(PO,),.*° In this prior study, a single
crystal was picked from a product that was synthesized using
NaPO;, CaO, and MgO at an initial temperature of 800 °C
followed by gradual cooling to 500 °C at a rate of 5 °C h™".
Na,MoO, was used as a flux to assist single crystal growth,
which could be washed away with water. Single crystal X-ray
diffraction revealed the disordered structure of Na,sCa;3Mg5(PO,);g
crystallized in space group R3m (no. 166). This study successfully
re-synthesized the target materials as a polycrystalline product
through solid-state synthesis at 800 °C starting from oxide
powders. The sample’s phase purity and structural characteris-
tics were determined through combined Rietveld refinement of
powder synchrotron X-ray and neutron diffraction data, starting
from the reference pattern (ICSD#408372) corresponding to the
originally published crystal structure. The combined refinement
using X-ray and neutron scattering is advantageous for accurate
structure determination due to their complementary informa-
tion. Powder X-ray diffraction provides accurate unit cell infor-
mation and is good at distinguishing the positions of heavier
atoms, whereas neutron scattering is able to identify the location
of the lighter atoms, provide more reliable information on the
atomic displacement parameters, and most importantly, distin-
guish nitrogen from oxygen given their neutron scattering cross-
sections (N: 11.51 barn, O: 4.232 barn), which is not possible
with X-ray diffraction.”® The refined diffractograms and crystal
structure are shown in Fig. 1. The final refinement statistics,
lattice parameters, and atomic positions and displacement
parameters are summarized in Tables S1 and S2 (ESI).

This crystal structure contains ten crystallographically inde-
pendent cation sites, several exhibiting statistical disorder (site
mixing) while others having partial occupancies (Fig. S1, ESIT).

T A
(@ e —(0) Na. ,Ca.,,Mg,(PO,)
‘ Neutron

counts

S
-

counts

4
Q=27/d (A-)

Fig. 1 Rietveld Co-refinement using (a) neutron diffractogram and (b) synchrotron powder X-ray diffractogram of Na;gCa;3Mgs(POy4)1g host started from

ICSD #408372 and (b) the resulting refined structure.

This journal is © The Royal Society of Chemistry 2025
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The bonding lengths (Ca-O = 3.27 A, Ca-N = 3.0 A, Na-O =
2.96 A, and Na-N = 3.13 A) are consistent with similar pub-
lished structures, although varying degrees of polyhedron dis-
tortion are observed here. Among the seven cation sites only
two, [Ca(1)Oe] and [Na(5)O,], are fully ordered. Three sites are
influenced by partial occupancies of the O(9) and O(10), which
are split into six different sites. As a result, [Ca(2)Og] and the
disordered site, [M(3)Og] (M = Na*/Ca®"), are each divided into
two crystallographic sites with the same coordination number
but slightly different degrees of distortion. The second disor-
dered site of M(4) is more complex, connecting to O(9) gen-
erating [M(4)0O,,] whereas O(10) leads to a [M(4)Og]. Following
structure refinement, the occupancies of the highly disordered
sites [Ca(6)0;4] and [Na(6)Og] were determined to be 16.8(6)%
and 83.2(6)%, respectively, slightly deviated from the initial
values of 15% and 85% reported in ICSD#408372.

This specific disorder is why the phosphate was selected for
nitridation, because the disorder between Na' and Ca®' can
compensate for the charge difference when partially substitut-
ing O*~ with N*". The oxynitride synthesis employed flowing
NH; as the nitrogen source during the solid-state synthesis.
A combined Rietveld X-ray and neutron diffraction data refine-
ment again confirmed the product’s purity and structure.
The charge compensation was accommodated by varying the
Na*/Ca®" ratio as a function of 0> /N*~ content. The co-refined
data, with a weighted R-factor (WR) of 8.27%, supports the
absence of significant impurities and highlights strong agree-
ment between the collected data and the structure model, as
illustrated in Fig. 2a and b. The refined structure is shown in
Fig. 2c. Detailed refinement statistics and the refined atomic
positions and displacement factors are provided Tables S3 and
S4 (ESIt). The refined composition of the oxynitride host,
Nay;3.572)Ca17.432)Mg5P15067.54(3)Na.a6(3), €xhibited increased
Ca** compared to the oxide composition, Na;5Ca;3Mgs(POy)1s.
This altered Na“/Ca®>* ratio charge compensates (within stan-
dard deviation) for the additional negative charge stemming
from the structure’s incorporation of N°~.

Nitrogen’s location in the structural backbone as well as
each coordination polyhedron, are illustrated in Fig. 3. During

(a

=

counts

—~

(=)

~
o

counts

4
Q=2r/d (A-)
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the refinement process, O(2), O(7), and O(8) were found to
remain the only purely oxygen positions, whereas O(9) was
entirely replaced by N*~, becoming N(9) in the refined oxyni-
tride structure. While this nitridation preserves the original
coordination number and connectivity of the 10 cation sites,
the extent of nitridation varies significantly among the
[Ca(2)Og], [M(3)Os], and [M(4)0O;0/Og]. The Ca(6) and Na(6) sites
exhibit 26.9(8)% and 73.1(8)% occupancy, respectively. There is
no clear pattern in the site preference for nitrogen incorpora-
tion in the new oxynitride product.

Rietveld refinement is a powerful tool for analyzing the
structures of polycrystalline materials. Yet, the complexity of
Nay ;. 5,Ca17.43Mg5(PO3.75No 25)18, With its numerous anion posi-
tions and statistical mixing on nearly every crystallographic
site, necessitated additional measurements to confirm the
presence of nitrogen. XPS analysis was conducted successively
to corroborate the presence of N°>~. The survey spectra for both
the oxide and oxynitride hosts revealed only the presence of
loaded starting elements, indicating no contamination during
synthesis (Fig. 4a). The subsequent collection of high-resolution
(HRES) spectra to improve the signal-to-noise ratio, as shown in
the inset, supported the absence of any signal from N 1s in the
sample synthesized under 5% H,/95% Ar, whereas a clear N 1s
peak is present in the oxynitride, substantiating the presence of
nitrogen.

Several thermal analysis experiments were performed to
support nitrogen in the sample. First, a simple experiment
exploits the fact that oxynitrides should oxidize at high tem-
peratures. Therefore, the sample reacted under ammonia to
form the oxynitride was subsequently heated at 1000 °C in air
for 12 hours to oxidize the sample. Powder X-ray diffraction and
Le Bail refinement revealed that the oxynitride’s post-oxidation
unit cell volume decreased from 4677.1(5) A®> (sample pre-
heating) to 4632.1(5) A® (sample post-heating). The unit cell
volume of the post-heating sample is nearly the same as the
phosphate synthesized under H,/Ar gas (4641.0(4) A%; Fig. S2a
and Table S5, ESIT). Additional XPS analysis shows that the N 1s
signal in the pre-heated sample disappears in the post-heated
sample, supporting the change in lattice parameters stems

I .
T | T | T | T (C) Na13.57©17.43M|g5(P© N )1
$ Neutron

3.75°70.25/18

Fig. 2 Rietveld Co-refinement using (a) neutron diffraction and (b) synchrotron PXRD of oxynitride Najzs7Ca17.43Mgs(PO375Ng 25)18 host started from
ICSD #408372. (c) Refined structure maintains the disorder and partial occupancies across Na*/Ca* cation sites.
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Fig. 3
oxynitride Nays 57Ca1743sMgs(PO375Ng 25)18 host. M = Na*/Ca?*.
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(a) The octahedral magnesium oxide and tetrahedral phosphate backbone and (b
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(a) XPS spectra for the oxide Na;gCaisMgs(PO4)1g and oxynitride Nayz 75Cai7 43Mgs(POs75Ng 25)18 host with an inset highlighting the N 1s region.

TGA results for (b) the oxide and (c) the oxynitride hosts, with simultaneous DSC measurement of the oxynitride. Tauc plots from diffuse reflectance

spectra of (d) oxide and (e) oxynitride hosts for bandgap determination.

from nitrogen loss (Fig. S2b, ESIT). A more quantitative analysis
was performed by thermogravimetric analysis (TGA) to quantify
the total nitrogen content based on weight change, with only
minor variations attributed to possible decomposition of resi-
dual starting materials or side products below the detection
limit of powder X-ray diffraction (Fig. 4b). The oxynitride
sample (Fig. 4c) had an initial sample weight of 13.365 mg that
decreased to 13.275 mg at 612 °C and 686 °C, before a dramatic
and sharp increase in the sample weight to 13.358 mg at 727 °C
corresponding well to the oxidation of Na;;;5Ca;7.45-
Mg5(PO3 75Np25)18  to  Najz75Cay7.4sMgs5(PO,)1s.  Differential
scanning calorimetry (DSC) was simultaneously measured for
the oxynitride to oxide conversion, showing a similar change in
the sample. This comprehensive characterization data provides
strong evidence for the presence of nitrogen in the sample,
agreeing with the neutron scattering refinement.

Finally, measuring the bandgap (E;) using diffuse reflec-
tance spectroscopy of the oxide and oxynitride shows that
incorporating nitrogen, given that the electronegativity of N>~
(4n = 3.04) is lower than O®~ (yo = 3.44), reduces the E,.°>® Here,
the band gap can be estimated by transforming the diffuse
reflectance data into absorption using the Kubelka-Munk

This journal is © The Royal Society of Chemistry 2025

function provided in eqn (1),

— K (1 — R00)2
F(Rx) =< = TOR. 1)

where R, is the diffuse reflectance, K is the absorption coeffi-
cient, and S is the scattering coefficient.’” Assuming perfect
diffusion of incident radiation, K equals to 2o (linear absorp-
tion coefficient), and S remains constant with wavelength.
The Tauc relation was subsequently applied to calculate E,

following eqn (2),
[F(R. )] = (2)

where v is light frequency, and A is the proportionality con-
stant. Both the Na;3Ca;3Mg5(PO,)1s and Najzs,Cas;.as-
Mg;5(PO3 75Ny »5)15 data were best described when o = 2, indicat-
ing a direct band gap, while the E, values were calculated to be
5.67 eV and 4.25 eV, respectively (Fig. 4d and e). The smaller
bandgap for the oxynitride compared to its oxide counterpart is
expected based on the more covalent bonding present in the

A(hv — Ey)

oxynitride. It is also observed in literature; for example, a
perovskite LaTiOxN,, has an E, of around 2.30 eV, while LaTiO;
shows an E, of 3.26 eV.’® This result aligns with predictions,

J. Mater. Chem. C, 2025, 13,14069-14078 | 14073
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qualitatively indicating the presence of N>~ In either case, the
large bandgaps suggest that these host structures are promis-
ing candidates to be substituted with a rare-earth to produce a
phosphor.

3.2. Photoluminescent properties of Eu** in
Nay;3.5,Ca17.43Mg5(PO3 75No.25)18

The evidence of nitridation is more pronounced in the photo-
luminescence of these materials once Eu®" is substituted in the
host. Phosphors containing one atomic percent of Eu** sub-
stituted for Na* and Ca®>" were synthesized for preliminary
photoluminescence excitation and emission measurements.
The oxide phosphor exhibited a UV range emission with Aex max =
323 nm, rendering it unsuitable for practical applications
(Fig. 5a). In contrast, the oxynitride phosphor displayed bright
cyan color emission with a broad excitation range spanning
365 nm to 400 nm (Fig. 5b). The red-shifted emission can be
justified by nitrogen’s stronger nephelauxetic effect. The
broader excitation and emission spectra can be further attrib-
uted to the large and diverse number of cation sites with
varying numbers of nitrogen atoms that could be substituted
with Eu®". For instance, [Ca(2)O0s,N,;] and [Ca(2)0O,,Ngs]
possess similar distorted 8-coordinate sites, but the additional
N®~ atoms in the former site further red-shift its emission
compared to the latter. To dig deeper into these findings, an
optimization of Eu®* concentration was subsequently conducted.

The purity of five oxynitride phosphors with varying Eu>*
concentrations following the general formula, (Naj;s;-
Cay7.43)1—+BU31,Mg5(PO; 75No25)1s (X = 0.001, 0.0025, 0.005,
0.01, 0.0125), were synthesized as pure phase products based
on the laboratory powder X-ray diffractograms (Fig. 6a).
The unit-cell volume exhibited a linear increase with Eu®*
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Fig. 5 Photoluminescence excitation and emission of (a) (Na;gCaj3)o.99-

Eu0.31Mgs(PO4)1g and (b) (Nay3.57Ca17.43)0.99EU0.31M3s(PO375N0 25)18.
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concentration due to larger ionic radii of Eu>" compared to
Na® and Ca*" (e.g., for 8-coordination, g, = 1.25, r'ya = 1.18, and
Tca = 1.12) adhering to Vegard’s law (Fig. 6b).>**° The refined
lattice parameters and refinement statistics are provided in
Table S6 (ESIt). Considering the wide excitation range, the
emission spectra were measured under 365 nm and 400 nm.
Emission spectra under 365 nm excitation showed a slight red
shift from 490 nm (x = 0.001) to 498 nm (x = 0.0125), while
400 nm excitation produced narrower, more red-shifted peaks
from 498 nm (x = 0.001) to 502 nm (x = 0.0125) (Fig. S3, ESIf).
Photoluminescence quantum yield (PLQY) measurements
revealed higher values under 365 nm excitation, peaking at
55(3)% for x = 0.005, compared to 33.5(1)% under 400 nm
excitation for the same composition (Fig. 6c). These PLQY
values indicate a potential for applications pending further
optimization and post-processing. For example, previous stu-
dies have shown that carbon coating on BaMgAl,,0,,:Eu”" can
improve PLQY by reducing surface defects and preventing Eu**
oxidation.*" Different starting materials can also improve quan-
tum yield, such as in the case of EuBg instead of Eu,O; for
CaAlSiN;:Eu®".** Similarly, the PLQY of the NIR phosphor
CaO:Eu”" was enhanced from 17.9% to 54.7% using carbon
paper to promote the reduction of Eu** to Eu®", while the
addition of GeO, was found to reduce oxygen vacancies.*?
Although 365 nm excitation yielded superior PLQY, 400 nm
was prioritized for further measurement due to its relevance
with commercial violet LEDs. The x = 0.005 concentration was
selected for photoluminescence analysis because it had the
highest quantum yield.

The selected sample (Nay3 57Ca17.43)0.905EU0.155M85(PO3 75No.25)18
exhibits an emission peak at 500 nm with the full-width-at-the-half-
maximum (fwhm) of 90 nm (3600 cm ™) (Fig. 7a). This selected
sample shows narrower and red-shifted emission spectra across the
wider excitation range (330 nm to 410 nm), with the emission peak
shifting from 484 nm to 503 nm, as shown in Fig. S4a (ESIt). The
excitation spectra for different emission wavelengths reveal signifi-
cant changes in peak position and shape (Fig. S4b, ESIt). For the
450 nm emission, a broad excitation peak appears at 350 nm.
As the monitored emission wavelength increases to 530 nm, three
changes occur: the 300 nm shoulder intensity decreases, the peak
shifts to 375 nm, and the intensity around 400 nm increases. These
observations support the presence of multiple Eu** sites within the
host lattice, each contributing distinctly to the phosphor’s lumines-
cence properties.

Low-temperature (15 K) emission measurements were
conducted to deconvolute the complex photoluminescence
arising from the sample’s ten crystallographically independent
cation sites. At extremely low temperatures, the thermal
vibration of the phosphor is limited, which reduces spectral
broadening and allows for a more precise analysis of emis-
sion peak positions from each cation site. Under 405 nm laser
excitation at 15 K, the emission spectrum reveals a peak at
520 nm that is red-shifted relative to the room tempera-
ture peak position, which can be attributed to increased
crystal field splitting due to the decreased unit cell volume
as a function of temperature (Fig. 7b). Gaussian deconvolution

This journal is © The Royal Society of Chemistry 2025
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plot of photoluminescence temperature-dependent emission at 400 nm excitation and (d) the change in the integrated intensity. (e) Changes in
chromaticity in CIE 1976 space at 400 nm excitation. The white oval shapes present a 3-step MacAdam ellipse at 300 K.

was performed after converting the wavelength scale to energy
(eV) using the Jacobian conversion.** Although there are ten
cation sites, deconvolution was limited to two peaks to avoid
overfitting. The resulting two deconvoluted peaks, centered at
518 nm and 607 nm, suggest two different types of similar
polyhedral environments. Unfortunately, the complexity of
the structure limits any further interpretation of these
data beyond the indication of two groups of polyhedral
environments.

The operating temperature of a commercial LED package,
approximately 425 K, necessitates a thermally robust phosphor
emission so the down-conversion process can withstand any
thermal quenching processes.”> Chromatic stability under
increasing temperatures is also critical for maintaining a con-
sistent hue in practical applications. Thermal stability was

This journal is © The Royal Society of Chemistry 2025

analyzed by determining the thermal quenching temperature
(Ts0), where the relative emission intensity drops by 50% by
measuring from 80 K to 550 K. Temperature-dependent emis-
sion measurements for (Najss5,Ca17.43)0.995EU0.155Mg5(PO3. 75
No.»5)1s revealed a slight peak position change from 500 nm
to 480 nm along the increasing temperature (Fig. 7c). The
integrated intensity of each spectrum showed thermal stability
under 400 nm excitation with Ts, = 380 K (Fig. 7d). Chromatic
stability of the oxynitride with 0.5% Eu*" was also assessed
using emission spectra from 100 K to 500 K in 100 K steps, with
coordinates plotted in CIE 1976u'v’ space and a 3-step MacA-
dam ellipse shown as the white circle. The MacAdam ellipse
represents the possible range (change) in color before it is
distinguishable to the average human eye from a reference
color (Fig. 7e).*® To quantify the emission color change, the

J. Mater. Chem. C, 2025, 13,14069-14078 | 14075
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red-cyan-blue (RCyB) based white pc-LED made using BAM:Eu®*,

:Eu®* with 395 nm LED. The gray area reflects cyan gap (480 nm to

520 nm) (c) The CIE coordinates of these devices demonstrate the production of daylight quality white light.

distance between the color coordinates at 300 K (i , v, ) and
the average coordinates across five temperatures (u;wg‘,v;vg‘)
was calculated using eqn (3).*”
ANV = ! ! 2 / / 2 3
uay = Uyyg, — Uipit. + Vavg. ~ Vinit. ( )

The calculated Au’Av’ value is 0.0071 for 400 nm excitation.
While these fall short of the most recent U.S. Department of
Energy goals, further tuning of the composition may yield
performance gains.

3.3. pc-wLED device fabrication with
(Nay;3 57Ca17.43)0.995EU0.155M85(PO3 75N 25)15

The performance of the (Najz5,Ca17.43)0.005EU0.155Mg5(PO3 75-
No.25)18 phosphor was finally evaluated by creating a prototype
device and comparing it to the green phosphor B-SiAION:Eu>".
For the comparison group, Device RGB was first assembled
using commercial blue (BaMgAl,,0;,:Eu*"), green (B-SiAlON:
Eu”"), and red (CaAlSiN;:Eu**) phosphors in a silicon mold to
produce a phosphor cap placed on top of a violet-emitting LED
(Aex = 395 nm) driven at 20 mA. The resulting photolumines-
cence spectrum exhibited a pronounced cyan gap between
480 nm and 520 nm, as illustrated in Fig. 8a. Subsequently,
the B-SiAION:Eu** in the RGB device was replaced with the
cyan-emitting (Nai3.57Ca17.43)0.995EU0.155Mg5(PO3.75No.25)15  tO
create a red-cyan-blue (RCyB) based device. The emission
spectrum of Device RCyB under identical conditions effectively
bridged the cyan gap and covered the full visible region of the
electromagnetic spectrum, as desired (Fig. 8b). Plotting the
color point of both devices on 1931 CIE coordinates shows that
the lights fall near the Planckian locus with (x, y) = (0.3505,
0.3480) for Device RGB and (x, y) = (0.3341, 0.3616) for Device
RCyB (Fig. 8c). While both achieved daylight white lighting with
color correlated temperature (CCT) of 4778 K for Device RGB

14076 | J. Mater. Chem. C, 2025, 13,14069-14078

and 5443 K for Device RCyB, Device RCyB demonstrated super-
ior color quality, elevating the color rendering index (CRI, R,)
from 84 to 89 due to enhanced cyan-yellow coverage.

4. Conclusion

This study presents a novel Eu®"-activated oxynitride phos-
phor, (Nay3.57Ca17.43)0.995EU0.155Mg5(PO3.75No.25)18, Synthesized
through ammonolysis of Na,gCa;3Mgs(PO,)5. Comprehensive
characterization using synchrotron X-ray and neutron diffrac-
tion, along with spectroscopic and thermal analyses, confirmed
the successful incorporation of nitrogen into the host lattice.
Compared to its oxide counterpart, the resulting phosphor
exhibits useful optical properties with a bright cyan emission
under a broad excitation range and a moderate photolumines-
cent quantum yield of 33.5(1)% under 400 nm. This oxynitride
phosphor further demonstrates moderate thermal stability.
Fabricating an LED device with (Naj;5,Ca17.43)0.095EU0 155
Mg5(PO3 75Ng25)18 could reproduce daylight with a high CRI
value of 89. In contrast, a device based on B-SiAION:Eu*"
reproduced daylight with a slightly lower CRI of 84, mainly
due to the absence of cyan emission, demonstrating the need
for making phosphors that cover this portion of the visible
spectrum.

Indeed, significant advancements in cyan-emitting phos-
phors have been achieved over the past decade, with notable
materials demonstrating distinct advantages. For example,
NaMgBO;:Ce®" exhibits high-efficiency blue-cyan emission at
480 nm (fwhm = 102 nm), boasting an exceptional PLQY of 97%
and outstanding thermal stability, with 90% intensity retention
at 500 K and zero chromaticity drift.*® However, its 370 nm
excitation wavelength limits compatibility to standard UV LED
sources. Nag ;Ko ;Li;SiO4:Eu®" features an ultranarrow cyan
peak at 486 nm (fwhm = 20.7 nm) from its UCr,C,-type cubic

This journal is © The Royal Society of Chemistry 2025
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structure, achieving 76% PLQY under 400 nm excitation.” This
phosphor maintains functionality under 450 nm blue LEDs and
can be combined with YAG:Ce®*" and K,SiFs:Mn*" to achieve an
impressive CRI of 95. While the nitridated phosphor reported
here, (Na;35,C217.43)0.995EU0.155 Mg5(PO3.75Ng.25)15, does not
quite achieve the same metrics as these two materials to varying
degrees, the material still effectively covers the cyan gap. Most
importantly, this work demonstrates a synthetic approach that
opens avenues for discovering novel oxynitride phosphors
by converting known oxide phases, potentially advancing the
development of more efficient and versatile materials for next-
generation LED lighting.
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