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Analysis of a mixture product from BasN,, SisN,, AIN, LizN, and EuN reveals a broadband white luminescent particle Ba(Si;.
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WAlL)Liy(N1gxyOxy):EUZ*. It shows a high color rendering index value of 90 despite being an Eu?* only doped material. The

emission spectrum at a low temperature of =190 °C can be decomposed into three Gaussian profiles, indicating a crystal

structure with three unique Eu coordination spheres. Single crystal XRD analysis shows that the single Ba site in Ba(Si.

WAL)(N10.,0,) splits into three Ba sites. From the chemical analysis and bond valance sum map of the Li ion, we estimate that

Li intrudes into the Ba(Si;,Al)(N10.O,) lattice and shifts some Ba from its original position to two new Ba sites. This is a

unique approach where a new phosphor is obtained by introducing a small cation into a known crystal structure.

Introduction

Phosphor converted white LEDs (pc-wLEDs) are entering into the
lighting market due to their high efficiency, environmental
friendliness, compactness, light weight, and long lifetime.
Currently, Y3Al;0,,:Ce** (YAG:Ce*") and related garnet-type
materials are the most prevalent LED phosphors.! However, pc-
wLEDs using YAG:Ce emit bluish-white with a poor color
rendering index. To compensate for the red components, nitride
and oxynitride phosphors>® are mixed with YAG:Ce**.
Consequently, pc-wLEDs emitting warm white light with a high
color rendering index are commercialized.

Recently Li-containing nitride and oxynitride phosphors have
been reported to show an interesting luminescence property and
crystal structure (i.e., a narrow-band emission such as
(Sr,Ca)LiA13N4;Eu2+’7,8 BaLi2A12N2N6:EU2+,9
BazLiAISi7N12:Eu2+,1° SrLizAlzozNziEu2+,ll Sr4LiA111N14:Eu2+,12
Li,Ca,Mg,Si;Ng:Eu?* 13 and a supertetrahedron consisting of 35
AIN, units such as Ca,g4Li 0 5Al30Nss:Eu?* 14). The ionic size of
Li is between large constitution elements (i.e., Ba, Sr, Ca, La) and
small constitution elements (Si, Al). Li can occupy independent
crystallographic sites and contribute to a variety of crystal
structures. Further discovery of interesting Li-containing
phosphors are anticipated. To analyze the crystal structure and
luminescence properties of new phosphors, a single phase (nearly
single phase) powder is necessary. However, the Li component
easily evaporates during synthesis, and the Li composition is
difficult to control. Fabricating a single-phase powder of a new
phosphor by adjusting the composition and synthetic conditions is
a time-consuming and burdensome process. An effective
alternative is to analyze one particle. We have developed an
efficient method to find new phosphors from a mixture powder
synthesized by a standard process.”> Our method is named the
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“Single Particle Diagnosis Approach”. Even if the powder product
is not a single phase, it can be treated as a single phase and a single
crystal by considering each isolated particle. In our research, we
select a single particle from the mixture product and analyze its
crystal structure and the luminescence properties (emission and
excitation spectra, temperature dependence, and quantum
efficiency (QE), and decay).

In this paper, a broadband white luminescent phosphor particle
Ba(Si7.AL)Liy(Njgx+yOxy):Eu?* is discovered in a mixture
product from Ba;N,, Si;N,, AIN, Li;N, and EuN. Crystal structure
and chemical analyses indicate that the anomalous broadband
emission is due to Li intrusion into the crystal lattice, which
produces multiple Ba sites for Eu doping.

Experimental

Starting materials of Ba;N, (Materiaon, 99.7%), EuN (Materiaon
99.9%), SisN, (Ube, E10), AIN (Tokuyama, E-grade), and Li;N
(Kojundo Chemical, 2N) were mixed in a cation molar ratio of
Ba:Eu:Si:Al:Li = 0.80:0.20:0.58:6.42:3.00 in a glove box under a
nitrogen atmosphere (M-Braun). The mixture was filled in a boron
nitride crucible and fired in a nitrogen atmosphere of 0.92 MPa at
1900 °C for 2 h (Fujidempa Kogyo, FVPHR-R-10, FRET-40). The
product was irradiated by 370-nm UV LED light in air, and a white
luminescent particle was selected under microscopic observation.
The particle was mounted at the top of a glass capillary with glue.
The single crystal XRD data of the single particle were collected
using a diffractometer (Bruker-AXS, SMART APEX II Ultra)
with Mo Ka radiation (A = 0.71073 A) and multilayer focusing
mirrors as a monochromator operating at 50 kV and 50 mA. The
absorption corrections were applied using the multiscan procedure
SADABS.!® The crystal structure was solved by direct methods
implemented in SHELXL-97.!7 The crystal structure was refined
with anisotropic displacement parameters by the full-matrix least-
squares calculation on F? in SHELXL-2013.!7 Elemental analysis
was conducted using a scanning electron microscope (Hitachi
High-technology, SU1510) equipped with an energy dispersive
spectroscopy instrument (Bruker AXS, XFlash SDD) operated at
15 kV. The Li/Si ratio was analyzed by laser ablation inductively
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coupled plasma mass spectrometry (LA-ICP-MASS) with He as
the carrier gas (Cyber Laser, IFRIT and ThermoFisher,
ELEMENT XR) using LiSi,Nj; (laboratory made), NIST1834, and
BCRI126A as standard materials. To determine the valence of Eu,
microbeam X-ray absorption fine structure (XAFS) analysis was
carried out at the BL14B2 beamline of the SPring-8 synchrotron
radiation facility (Hyogo, Japan).

The luminescent properties of a single particle (emission and
excitation spectra, temperature dependence, quantum efficiency,
decay) were measured using microspectroscopic methods. The
details are described in the previous paper.!%1?

Results and discussion

Characteristics of white luminescent particles

Various emission colors are observed under UV radiation (Figure
1(a)). In particular, several types of white luminescent particles
(bluish-white, white, and yellowish-white) appear (Figure 1(b)—
(d)). The yellowish-white particle is larger than the other particles,
and it is formed as a parallelepiped shape with dimensions of 120
pm x 50 um x 20 um. Figure 1(e) shows the PL spectra of white
luminescent particles excited by 370-nm light. All particle
samples show a broad emission spectrum (Figure 1(e)). The
blueish-white luminescent particle has a peak around 490 nm and
a shoulder around 570 nm. On the other hand, the white and
yellowish-white luminescent particles display a peak around 570
nm and a shoulder around 470 nm. The spectra cover the whole
visible range from 400 nm to 800 nm. The Commission
International de I’Eclairage (CIE) chromaticity coordinates (x,y)
and the correlated color temperature (CCT) based on the emission

spectrum are (0.2756, 0.3460) and 8367K for the bluish-white
Iuminescent particle (Figure 1(f)). For the white and yellowish-
white luminescent particles, they are (0.3212, 0.3878) and 5914K
and (0.3603, 0.4222) and 4769K, respectively. The chromaticity
coordinates are all near a Planckian locus. The color rendering
index (Ra) of the bluish-white, white, and yellowish-white
luminescent particles are 87.2, 88.5 and 82.7, respectively. It is
surprising that one particle of the phosphor shows such a
broadband white emission with a high Ra value. Typically
phosphors with different emission spectra (i.e., blue, green, and
red phosphors) are mixed to obtain a broadband luminescence
spectrum such as those applied to the near UV-type white LEDs.!?
Another way to generate broadband white emission with a high Ra
value is to use several kinds of luminescent centers where each has
its own luminescence property in the same host structure.!®?
Herein only Eu is used as a luminescent center. To determine the
valence of the doped Eu, microbeam XAFS analysis of the Eu L;
edge was carried out in the fluorescence mode for the yellow-
white luminescent particle. Figure 2 shows the X-ray absorption
near edge structure (XANES) region. Although the S/N is low, a
clear absorption corresponding to FEu?>" is observed at
approximately 6972 eV.
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Figure 1 Photographs under UV light of (a) the product generated from a molar ratio of Ba:Eu:Si:Al:Li = 0.80:0.20:0.58:6.42:3.00, (b) a bluish-white luminescent particle, (c) a white
luminescent particle, and (d) a yellow-white luminescent particle. () Emission spectra of (i) the bluish-white luminescent particle, (ii) the white luminescent particle, and (iii) the
yellowish-white luminescent particle excited by 370-nm light. The small oscillation of (ii) is due to light interference. (f) Chromaticity coordinates of (i) the bluish-white luminescent
particle, (ii) the white luminescent particle, and (iii) the yellowish-white luminescent particle.

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Figure 2 Eu L3 XANES spectrum of one yellow-white luminescent particle. Ticks
denote the positions of Eu?* and Eu3*.

The particles seem to be a single crystal. However, there is a
possibility of agglomeration of different luminescent particles.
Single crystal XRD analysis was performed for the yellowish-
white luminescent particle. It is a single crystal without
contamination of other luminescent particles, and the crystal
structure is the same type as BaSi;Nj,.2! (A monoclinic unit cell of
a = 6.8911(5) A, b = 6.7047(5) A, ¢ = 9.6827(7) A, and g =
106.212(1)° with the Pc space group (No. 7)). The crystal in
Figure 1(d) reflects the monoclinic f angle. EDS analysis of the
particle indicates the presence of Al and Eu (Si:Al = 6.66:0.34,
Ba:Eu = 0.81:0.19), with a composition  of
Bay 51Eu.16(Si6.66A1034)(No.660034)10  (Ba(SizxAlL)(N0Ox):Eu*?)
with oxygen for charge compensation, similar to other
nitridosilicates. Although the nominal composition of the starting
materials lacks oxygen, a small amount of oxide impurities (~1
wt%) is inevitably included in the nitride starting materials (AIN,
Si3N,). These oxide impurities can be included in the particle. Eu?*
doped BaSi;N;, powder shows a blue emission peak around 475
nm.?? The emission wavelength changes with the Eu concentration
and Al/O substitution. The emission around 470 nm seems to
correspond to the emission from Ba(Si; AL)(N;oOy):Eu?". To
check the luminescence of  Ba(Siz Al)(Njo.Ox):Eu®,
Bayg s1Eug10(Sis 66Alo34)(NossOo34)10 Was prepared from BazN,,
EuN, SizN,, AIN and Al,O; in the same firing condition. The
BaOAglEqu19(Si6A66A10A34)(N9A6600A34)10 particle showed a Dblue
emission peak around 470 nm and there was no shoulder at the
longer wavelength side(Figure S1).

Origin of the broadband white luminescence

To investigate the origin of the broadband white luminescence,
especially for the longer wavelength side, the emission spectrum
for the yellowish-white luminescent particle was measured at low
temperatures of —100 °C and —190 °C (Figure 3(a)). The shoulder
around 460 nm is more distinct at —100 °C, and becomes an
apparent peak at —190 °C. The main peak around 570 nm shifts to
a longer wavelength. The spectrum at —190 °C can be fitted by a
three-component Gaussian curve (peak positions: 2.09 eV, 2.46
eV, 2.71 eV) (Figure 3(b)), indicating that Eu has three different
environments. However, the crystal structure of Ba(Si;Al,)(Nio.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3 (a) Normalized emission spectra of one yellow-white luminescent particle at RT
(red), —100 °C (green), and —190 °C (black). (b) Emission spectrum of one yellow-white
luminescent particle at =190 °C is decomposed by three Gaussian components in an
energy scale.

xOy) has one crystallographic Ba site for Eu doping, and there is
no another large space for Eu in the crystal structure. A structural
change to produce the three Ba sites is anticipated in Ba(Si;.
xAlx)(NIO-xOx)*

In Ba(Si; AL)(N;oxOx), corner- and edge-sharing SiN, tetrahedra
form a three-dimensional network (Figure 4(a)). Ba occupies the
site coordinated by twelve anions (Figure 4(b)). To obtain the
information about the three Ba sites from diffraction analysis, the
residual electron densities (Fo-Fc) were calculated. Residual
electron densities are observed at the two positions near the Ba site
(Figure 4(c)). The residual densities were analyzed using the split
atom model depicted in Figure 4(d), where Bal (green ball) is the
original site and Ba2 (red ball) / Ba3 (blue ball) are the new sites.
The occupancies of the Bal, Ba2, and Ba3 sites are 0.706(4),
0.154(4), and 0.140(4), respectively, and the occupancy of Ba2 is
close to the Ba3 site. The R[F2 > 26(F2)] and wR(F2) values
decrease from 0.0293 and 0.0729 to 0.0173 and 0.0443,
respectively. The  supporting information shows the
crystallographic data, atomic coordinates, isotropic displacement
parameters, site occupancies, and anisotropic displacement
parameters (Table S1-S3). The Ba:Eu, Si:Al, and N:O ratios in

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins



Journal of'Materials' Chemistry/C

each site are fixed to the ratios in  the
Baolg1EuOA19(S16.66A10.34)(N9.6(,00.34)10 COmpOSitiOn. Because the Ba3
site is close to the Bal site (0.31 A), refining the anisotropic
displacement parameters of Ba3 site is difficult. On the other hand,
the residual electron density near the Ba site was not observed in
the blue luminescent Ba0.8lEuOA19(Si6A66A10.34)(N9A6600.34)10 partiCle
synthesized without Li;N (Table S4-S6). Due to the small crystal
size, it was difficult to refine the anisotropic displacement
parameters in some anion sites.
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luminescence spectra were measured. We used particles with
similar luminescence spectra as shown in Figure 1(e)-iii. Figure 5
shows that the outward form of the fired particles does not change.
On the other hand, the emission spectra obviously changes. In the
particle fired at 1200 °C, the yellow-white luminescence turns into
bluish-white luminescence. In the emission spectra normalized by
the excitation intensity, the intensity around 570 nm largely
decreases. The Li:Si ratio decreases from 0.013 before firing to
0.005 after firing. In the particle heated at 1500 °C, the emission
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Figure 4 (a) Crystal structure of Ba(Si;Al,)(N10.xOy). Green polyhedra are BaN;,. Green spheres are Ba, blue spheres are (SI,Al), and white spheres are (N,0). (b) Coordination sphere
of the Ba site. (c) Residual electron densities around the Ba site. Isosurface level is 2.4 e/A%. Atoms are drawn as displacement ellipsoids (50% probability level). (d) Coordination
sphere of the Ba sites in the split atom model. Green, red, and blue spheres indicate Bal, Ba2, and Ba3, respectively. Crystal structure images are drawn with the program VESTA.2
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Figure 5 Difference in the emission spectra and the appearance of one yellow-white luminescent particle by firing at (a) 1200 °C and (b) 1500 °C.

The three Ba sites correspond to an emission spectrum composed
of three Gaussian components. However, the reason that the two
new Ba sites form is unclear. In the synthesis of the white
luminescent particles, Li;N is included in the starting materials. It
is possible that the Li taken into the crystal lattice splits the Ba
site. LA-ICP-MASS was used to detect and analyze the amount of
Li in the yellowish-white luminescent particle. The particle
contains Li at a Li:Si ratio of 0.0109. Hence, the particle
composition is  BaggEug 19Lig 11Sis66Al0340023No77  (Ba(Sis.
WAL)L1y(Njg.x1yOxy):Eu?*). To verify that the incorporated Li
affects the luminescence property, the yellow-white luminescent
particles were re-fired at 1200 °C and 1500 °C in a nitrogen
atmosphere of 0.92 MPa for 2 h. Then the Li content and

2| J. Name., 2012, 00, 1-3
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Figure 6 (a) BVS map of BaSi;N;, for a Li ion with an isosurface level of +0.2 valence units.
BaN;, polyhedron are shown. (b) Estimated Ba movement by positioning Li (orange ball)
at the candidate position. Green, red, and blue balls denote Bal, Ba2, and Ba3 sites,
respectively.
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around 570 nm nearly disappears and a low-intensity emission at
460 nm appears. The Li:Si ratio decreases from 0.013 before firing
to 0.0 after firing. To check how the crystal structure changed by
refiring, the crystal structure of the refired particle at 1500 °C was
analyzed. The split of Ba site disappeared and it was analyzed by
the single Ba site model (Table S7-S9). These results suggest that
the incorporated Li is related to the emission around 570 nm.
Hence, the different emission spectra shown in Figure 1(e) are
attributed to the Li content in the particles.

ARTICLE

BaLi,ALSi,Ng:Eu?*, 3.62 A in Ba,LiAlISi;N,,:Eu?*). If Li occupies
the position, the two near Ba will move away from the Li site, as
shown by the arrows. The red and blue balls are the two new Ba
sites obtained in the XRD analysis. These new Ba sites are situated
at the extension of the dotted lines. Indeed, structural relaxation of
other atoms, including the Li tetrahedra, should occur. Because Ba
is pushed away, the sizes of the coordination spheres of the new
Ba sites should be smaller than that of the original Ba site. This
causes the large crystal field splitting of Eu?* 5d levels and shifts
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Figure 7 Luminescence properties of one yellowish-white luminescent particle. (a) Temperature dependence of the emission spectra in the temperature range from 30 °C to 300 °C.
(b) Temperature dependence of the peak intensity (open circle) and integrated intensity (filled circle). (c) Observed (red dots) and fitted (black line) emission decay curves by the
excitation of 376-nm pulsed light. (d) Excitation (monitored at 470 nm and 570 nm) and emission (excited by 370 nm) spectra. (e) Emission spectra excited by different wavelengths

from 300 nm to 370 nm. (f) CIE color coordinates excited by different wavelengths from 300 nm to 370 nm.

The Li ion is small and monovalent. If the crystal structure has
enough space, the Li ion can occupy the position. Because the
amount of Li in the particle is small, it is very difficult to obtain
the Li position from the single crystal XRD analysis. The bond
valence sum (BVS) map is commonly employed to estimate the
possible Li diffusion path in a crystal structure of a Li ion
conductive material .22’ Here, we used this method to estimate the
Li occupiable position in the crystal structure. The calculation was
carried out at a 0.1 A resolution by the program BondStr in the
FullProf suite. For simplicity, non-substituted BaSi;N;, was used.
Two spatial regions near BaN;, polyhedron are obtained as Li
occupiable positions (Figure 6(a)). We selected the wider region
as the candidate position. When Li is placed at the center of the
candidate position, it is coordinated by four nitrogen atoms, as
shown as orange tetrahedra in Figure 6(b). The distances from the
Li to the nearest Ba (green balls) are 2.60 A (red dotted line) and
2.82 A (blue dotted line). These are apparently shorter than those
of the other Ba containing nitridolithoaluminosilicates (3.26 A in

This journal is © The Royal Society of Chemistry 20xx

the emission wavelength to the longer wavelength side. The
occupancies of the Ba2 and Ba3 sites obtained by XRD analysis
are similar (0.154(4), 0.140(4)), supporting the estimation. The
XRD analysis by positioning Li to the estimated site does not
improve the R value, which is probably due to the small amount
of Li. Hence, it is necessary to experimentally elucidate the Li
position by a neutron diffraction technique that includes another
spatial region obtained in the BVS map. Because Li intrusion into
the crystal lattice makes the local structure electropositive, the
local structure should have an Al or O rich composition to
maintain charge neutrality. Such local disorder may have some
effect on the broadening of the emission spectra. The PL intensity
decrease by refiring will be due to the formation of defect by Li
desorption.

Luminescence properties

Luminescence properties of the yellowish-white luminescent
particle were measured in detail using a microspectroscopic

J. Name., 2013, 00, 1-3 | 3
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method. Figure 7(a,b) show the temperature dependence of the
emission spectra, peak intensity, and integrated intensity. As the
temperature increases, the shoulder around 460 nm becomes
weaker and almost disappears at 300 °C. One possible reason is an
energy transfer from the high energy Eu site (Eul) to the low
energy Eu sites (Eu2 and Eu3). The peak intensity gradually
decreases with temperature, and the peak intensities at 200 °C and
300 °C are 88% and 75% of the intensity observed at room
temperature, respectively. At 200 °C and 300 °C, the integrated
intensities are 88% and 74% of that at room temperature,
respectively.

The internal quantum efficiency of the yellowish-white
luminescent particle by 405-nm excitation is 30%. Eu?*-doped

Page 6 of 7

BaSi;N;, shows a maximum emission intensity at Eu 8% and
concentration quenching at a higher Eu doping amount.?® Hence,
altering the Eu concentration should improve the quantum
efficiency. Figure 7(c) shows the emission decay of a yellowish-
white luminescent particle excited by 376 nm. It is not a single
exponential curve but is well fitted by the three exponentials (0.15
us (5%), 0.57 ps (47%), and 1.31 ps (48%)) coinciding with three
Eu sites. The short decay time is due to the energy transfer from
the high energy Eu site to the low energy Eu sites.?”?® Figure 7(d)
shows the excitation spectra of the yellowish-white luminescent
particle monitored at 570 nm and 470 nm. The spectral shape
depends on the monitoring wavelength, which suggests that the

Table 1 CIE chromaticity coordinates (x,y), correlated color temperature (CCT), and color rendering index (Ra) excited by 300-370 nm.

hex / M 300 310 320 330 340 350 360 370

X 0.2654 0.2765 0.2868 0.3004 0.3171 0.3320 0.3430 0.3517
y 0.3193 0.3316 0.3445 0.3619 0.3803 0.3952 0.4063 0.4141
CCT/K | 9939 8662 7749 6851 6063 5529 5201 4973
Ra 89.5 90.4 90.0 88.7 85.8 85.8 84.5 83.8

excitation wavelength can control the emission spectrum. Figure
7 (e,f) show the emission spectra and CIE chromaticity
coordinates as functions of the excitation wavelength. The
intensity ratio of the 570-nm and 470-nm peaks changes with the
excitation wavelength. The spectrum excited by 300 nm resembles
the bluish-white luminescent particle in Figure 1(e). The spectrum
excited by 350 nm resembles the white luminescent particle in
Figure 1(e). Hence, both the excitation wavelength and Li content
can control the intensity ratio of the 570-nm and 470-nm peaks.
The CIE chromaticity coordinates continuously change near black
body radiation. Table 1 lists the CIE chromaticity coordinates,
correlated color temperature, and color rendering index (Ra). The
Ra values reach 90 for the 310-nm and 320-nm excitations. For
the 330-nm excitation, the CCT is close to daylight (6500K) with
Ra = 88.7. In the 370-nm excitation, it is close to neutral white
(5000K) with Ra = 83.8. Consequently, a high color rendering is
attained from an Eu?* only doped phosphor. Recently, Eu?" only
doped Sr,AlSi;O4N has been reported to show a boradband
emiison.? In this case, the boardband emission is ascribed to the
multiple local environments induced by the disordering in the
crystal strcuture. Utilization of multiple sites is important to abtain
a broaband emission from Eu?* only doped material.

Conclusions

A broadband white luminescent particle Ba(Si;<AlL)Liy(Nox+yOx-
y):Eu** is discovered by analyzing the product from Ba;N,, Si;Ny,
AIN, Li3N, and EuN. The luminescence spectrum of the particle
at low temperature can be decomposed by three Gaussian profiles,
indicating three different Eu coordination spheres in the structure.
Single crystal XRD analysis shows the residual electron densities
around the Ba site, which are well analyzed by the position of the
three Ba sites (splitting atom model). From elemental analysis and
the BVS map, it is estimated that Li intrusion into the Ba(Si;.
AL)(N..0,):Eu?" lattice shifts some Ba from its original position
to two new Ba sites. The Li position could not be determined
experimentally. Further studies are necessary to elucidate the Li
position. The emission spectra cover the whole visible range and

2| J. Name., 2012, 00, 1-3

show a high color rendering index of 80 ~ 90. This is a unique
approach where a new phosphor is obtained by introducing a small
cation into a known structure. Hence, future studies employing
this approach should discover new phosphors.
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