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To optimize luminescence properties of oxonitridosilicate phosphors are extremely necessary for improving
lighting quality of white light-emitting diodes (WLEDs). Herein, we designed Ce>*, Eu?* codoping and P°*-Si*+
substitution in the presentative Ba3Si6012N2:Eu2+ green phosphor to realize an enhancement of luminescence
efficiency and thermal stability. Rietveld refinement results of Ce®*, Eu?>*, P°*-doped BasSigO12N2 (BSON)
confirmed the formation of pure trigonal phase (P-3) of BagSigO12N2 and the successful doping of ce® + Eu2+, p5*
ions. Ce3" and Eu®" ions randomly occupy two Ba crystallographic sites. Interestingly, a near unity energy
transfer (ET, ~100%) from Ce3* jons to Eu®* ions is observed. Meanwhile, the doping of P> ions into BSON also
helps improving the luminescence efficiency and thermal stability, which should be attributed to the charge
compensation and the relax of lattice strain. In addition, the white light emitting diodes (WLEDs) fabricated by
employing P°*-doped BSON: Eu?" present a better electroluminescence performance than BSON: Eu®". This
study could serve as a guide in developing optimized oxonitridosilicates phosphors with improved luminescence
performances based on complete energy transfer and lattice variations in local coordination environments
through cation substitutions, and the as-prepared Ce3+/P5+-codoped Bagsi(,O]zNzlEu2+ could be an excellent
green-emitting phosphor for UV-to-Visible LED chips pumped WLEDs.

1. Introduction trichromatic phosphor materials is the key and difficult point to achieve

high quality white LED lighting, and has being always the research

Phosphor-converted white light-emitting diodes (pc-WLEDs) as one
of the most famous solid-state lighting sources has extensively pene-
trated into our daily lives due to the high luminescence efficiency, low
energy consumption, durability and eco-friendly features [1]. Typical
pc-WLEDs composed of 460 nm blue InGaN chips with yellow Y3Al5012:
Ce* phosphor easily encounter high correlated color temperatures
(CCT > 4500 K) and poor color-rendering indices (Ra < 75) due to the
absence of red components in spectral profile [2]. A feasible method to
realize high-quality warm white lighting is to combine near ultraviolet
light (n-UV, 380-420 nm) LED chips with trichromatic emitting phos-
phors [3-9]. How to further improve the luminous efficiency of
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hotspot in the field of luminescent materials [10-12]. Among various
inorganic phosphor materials, green emitting phosphors commonly
demonstrate the main contribution to the luminescence efficiency of
WLEDs compared with another employed luminescence materials such
as blue and red phosphor materials [13-15]. Therefore, the develop-
ment of highly efficient green phosphor materials is extremely necessary
[16-19].

So far, many rare earth activated oxonitridosilicate compounds such
as BaySi(0,N)4Eu®™ [20], BasSigO12No:Eu?™ [21], SrSis0oNo:Eu?* [22],
S-SIAION:Eu®t [23], Sr1_xCaxYSisN7:Eu?" [24], LasSigN11:Ce>™?® and
so on have been intensively explored as advanced yellow emitting
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materials under blue and/or UV light excitation. The presence of coor-
dinated nitrogen in host framework means an increase the covalence of
host lattices, which not only improves the thermal stability but also
could realize an emission adjustment [26,27]. Although excellent
luminescence properties such as high luminescence efficiency, superior
thermal stability and long-wavelength emission are usually expected in
rare earth activated oxonitridosilicates, not all superior performances
are concentrated on one phosphor. Many current oxonitridosilicate
phosphors suffer different drawbacks, for example, inappropriate
emission position and full width at half maxima (fwhm), low efficiency
and poor thermal stability [28]. To promote the practical application in
WLEDs of abovementioned oxonitridosilicate phosphors, it is necessary
to optimize and improve the luminescence efficiency and thermal sta-
bility as well as to tune the spectral properties [29-31].

Because the 5d—4f transition emission of Eu?™ is closely related to the
coordination environment of host; hence, the modifications of crystal
field strength, symmetry, covalency, and polarizability of activa-
tor-ligand bonds in Eu®"-activated phosphors have been widely con-
cerned to optimize phosphor materials for the lighting requirements
[32-38]. In various luminescence regulation strategies, cation sub-
stitutions have been widely considered to modify host lattice for
achieving highly efficient luminescence materials [38-45]. In this work,
we synthesized a series of Ce>*/P°*-codoped BasSigO12No:Eu?" green
phosphor by a high-temperature solid state reaction. The structural
evolution and crystallographic site occupancy were analyzed by Riet-
veld refinement. By designing Ce3*—Eu?" energy transfer and
P>TSi*" cation substitution, an obvious enhancement of luminescence
efficiency and thermal stability of the studied phosphors were observed.
Interestingly, a near unity energy transfer (ET, ~100%) from Ce>" ions
to Eu?* ions was observed in the BSON: Ce®", Eu®" system, and the ET
mechanism was investigated. Except for ET, the doping of P°* ions into
BSON also help improve the luminescence efficiency and thermal sta-
bility, and the corresponding improvement mechanism was discussed.
Finally, the as-prepared P°*-doped BSON: Eu?" phosphors were fabri-
cated to WLEDs for assessing the electroluminescence performance. This
study targets to optimize the luminescence efficiency and thermal sta-
bility of current rare earth activated oxonitridosilicate phosphors
through designing complete energy transfer and modify lattice envi-
ronment based on cation substitutions.

2. Experimental section
2.1. Materials and synthesis

The Ce®*, Eu?* and P>*-doped BasSig012N2 oxonitridosilicate com-
pounds were prepared via a traditional high-temperature solid state
reaction. The raw materials were BaCOs (J.T. Baker Corporation,
99.95%), SiOy (Sigma-Aldrich, 99.999%), SisN4 (Sigma-Aldrich,
99.99%), Eu03 (Sigma-Aldrich, 99.99%), CeO, (Aladdin, 99.99%), and
NH4H,PO4 (Aladdin, 99.9%). Stoichiometric amounts of raw materials
were weighed according to the designed doping ratio, and then were
mixed and ground together for 30 min with appropriate amount of ab-
solute ethanol in an agate mortar with agate pestle. The forming mix-
tures were transferred into aluminium oxide crucibles. After an
annealing treatment in a horizontal tube furnace at 1400 °C for 8 h
under a reduced atmosphere of Hy (10%)—Ngy (90%), the obtained
samples were again ground, yielding the resulting phosphor powders.

2.2. LED fabrication

WLEDs devices were fabricated by combining the representative
green BSON: Eu®"(.15, P°* (.00 and BSON: Eu?*g 15 phosphors, blue BAM
and red CaAlSiNs:Eu?" phosphors with 370 nm InGaN chips. The proper
amounts of phosphors were added into the epoxy resins (A:B = 1:1) and
mixed thoroughly for 20 min. The acquired mixture was smoothly
coated on the surface of InGaN chips and dried at 70 °C to produce
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resulting WLEDs. All measurements were carried out at 20 mA drive
current.

2.3. Characterization

The crystal structure and phase purity of the as-prepared samples
were characterized and analyzed by X-ray powder (XRD) patters, which
were performed on a D8 Focus diffractometer at as canning rate of 1°
min~! in the 20 range from 10° to 120° with Ni-filtered Cu-Ka (A =
1.540598 A) at 40 kV tube voltage and 40 mA tube current. XRD Riet-
veld profile refinements of the structural models and texture analysis
were performed with the use of General Structure Analysis System
(GSAS) software. The morphologies, energy-dispersive X-ray spectrum
(EDS) and elemental mapping analysis of the samples were inspected
using a field emission scanning electron microscope (FE-SEM, S-4800,
Hitachi). The photoluminescence excitation (PLE) and emission (PL)
spectra were measured by Edinburg fluorescence spectrophotometer
(FLSP-920) equipped with a 450 W xenon lamp as the excitation source.
The luminescence thermal stability was measured by FLSP-920 spec-
trometer using a combined setup consisting of a Xe-lamp, a Hamamatsu
MPCD-7000 multichannel photodetector and a computer-controlled
heater. X-ray absorption near edge structure (XANES) of Eu L3-edge
was recorded with a wiggler beamline BL17C at National Synchrotron
Radiation Research Center in Hsinchu, Taiwan. The photoluminescence
quantum yield (QY) was measured by absolute PL quantum yield mea-
surement system C9920-02 (Hamamatsu photonics K-K., Japan). The
photoluminescence decay curves were obtained from a Lecroy Wave
Runner 6100 Digital Osilloscope (1 GHz) using a tunable laser (pulse
width = 4 ns, gate = 50 ns) as the excitation (Contimuum Sunlite OPO).
The electroluminescence (EL) performances of the w-LEDs were
measured by Starspec SSP6612.

3. Results and discussion

According to some previous reports, Ba3SicO12N2 matrix possesses a
trigonal structure that is composed of 8-membered Si-(O,N) and 12-
membered Si-O rings [46]. The corner sharing SiO3N tetrahedra form-
ing corrugated layers between which the Ba®" ions are located. Each N
atom connects three Si atoms, and each O atom connects two Si atoms
[47]. The phase purity and crystal structure of the as-prepared Ce3",
Eu?", P°"-doped BasSigO1oN» samples are analyzed using X-ray
diffraction (XRD). Fig. la shows the typical XRD patterns of BSON:
Ce®.0s, BSON: Eug 15, BSON: Ce® (o5, Eu®tg 15, BSON: Eu®*p1s,
P>"5.09 and BSON: Eu®" 15, P> 15 samples. As expectedly, the XRD
peaks of above samples all can be ascribed to a trigonal phase (P-3) of
BasSig012N5 (ICSD No. 985697) and no diffraction peaks of any other
phases are detected [21]. The results indicate that the successful syn-
thesis of the target compounds and the successful doping of Ce>*, Eu**
and P°* ions. In view of a loose lattice environment and similar ion
radius compared with Ba®" sites (r = 1.42 10\, coordination number (CN)
=8), Ce®" (r = 1.143 A, CN = 8) and Eu®" (r = 1.25 A, CN = 8) ions
more easily occupy Ba?* crystallographic sites. While P°* ions (r = 0.17
A, CN = 4) enter into Si*" sites (r = 0.26 /0\, CN = 4) in BagSigO12N; host.
The introduction of Ce3", Eu?* and P°* jons maintains the phase purity
of Ba3SigO12N», and does not change its crystal structure. The enlarged
XRD patterns around 26 = 27.5° (Figs. 1b) and 20 = 30.9° (Fig. 1c) of
presentative BSON: Eu"( .15, P°*¢.09 and BSON: Eu®" 5, P>7(.15 sam-
ples exhibit a big angel shift with the increase of P-substituted content.
Since the smaller ion radius of P>* ions than Si** ions, this result con-
firms that P> ions successfully replace at the Si*t sites in Ba3Sig012N2
matrix.

In order to further investigate the crystal structure of Ce>*, Eu?*,
P5>"-doped BSON samples, Rietveld refinement of the representative
Bag gsEug.15816012N2 is performed by using TOPAS 4.2 [48]. Fig. 1d
reveals that all peaks are indexed by trigonal cell (P-3) with parameters
close to BasSigO12N2 [49]. This crystal structure was taken as starting
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Fig. 1. (a) The typical XRD patterns of BSON: Ce>*( o5, BSON: Eu?* 15, BSON:
Ce®*4.05, Eu?*g 15, BSON: Eu** 15, P>t g9 and BSON: Eu?* 15, P°* 15 samples.
The standard XRD card of BazSigO12Ny (mp-985697) is shown as reference.
Enlarged XRD patterns of BSON: Eu®' 15 and BSON: Eu?"( 15, P°* o9 Samples
around (b) 20 = 27.5° and (c) 20 = 31°, which corresponds to the (111) and
(1-12) crystal planes, respectively. (d) Rietveld fit of the XRD pattern of the
presentative BSON: Eu2+0A15 sample using TOPAS 4.2. Experimental (black solid
line), calculated (red dot line) XRD patterns and their difference (gray solid
line) for BSON: Eu®"y 5. The green short vertical lines show the positions of
Bragg reflections of the calculated pattern. (e) Schematic diagram of the crystal
structure of Ce®>", Eu?*, P>"-doped Ba3SisO12No.

model for Rietveld refinement. There are two Ba sites that one is coor-
dinated with six oxygen atoms to form distortedoctahedron and the
other is capped with nine oxygen atoms and a nitrogen atom in the
asymmetric part of the unit cell and both these sites were occupied by Ba
and Eu ions with fixed occupations according to suggested formula
(Fig. 1e) [50]. Refinement is stable and give low R-factors (Table 1),
indicating the formation of pure BagSigO12N3 phase. Coordinates of
atoms and main bond lengths are collected in Tables 2 and 3, respec-
tively. The cell volume of doped compound V = 315.538 (7) A® is
smaller than the cell volume of the host Ba3SigO12N, V = 316.94 A3,
This fact is in a good agreement with the smaller ion radii of Eu?* ions in
comparison with Ba®* ions. These results mean that the co-doping ions
do not cause any significant change in the host structure, which clearly
suggests that the activator and co-activator have been incorporated in
the lattice.

Fig. 2 shows the SEM images, element mapping images and EDS of
the representative BSON: Ce®*g g5, Eu*"(.15 and BSON: Eu®*g 15, P°* .09
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Table 1
Main parameters of processing and refinement of the Baj gsEug 15Si012N2
(BSON: Eu?*¢ 15) sample.

Compound Bay gsEug,15Si6012N2 (BSON: Eu?15)

Space group P-3

a A 7.50382 (7)

¢ A 6.47076 (7)

v, A® 315.538 (7)

z 1

26-interval, ° 10-120

Ryp, % 4.32

Ry, % 3.30

Rexps % 3.42

x [2] 1.27

Rz, % 1.18
Table 2

Fractional atomic coordinates and isotropic displacement parameters (A2 of
Bay gsEu.155i6012N2 (BSON: Eu**g 15).

x y z Biso Occ.
Bal 0 0 0 0.77 (6) 0.95
Eul 0 0 0 0.77 (6) 0.05
Ba2 1/3 2/3 0.1035 (2) 0.49 (4) 0.95
Eu2 1/3 2/3 0.1035 (2) 0.49 (4 0.05
Sil 0.4046 (4) 0.2378 (4) 0.3872 (6) 0.50 (7) 1
N1 1/3 2/3 0.567 (2) 0.50 (10) 1
o1 0.6867 (13) 0.0027 (9) 0.601 (1) 0.50 (10) 1
02 0.6412 (12) 0.7050 (13) 0.833 (1) 0.50 (10) 1

Table 3

Main bond lengths (A) of Bay gsEug 15Si6015N5 (BSON: Eu®* 15).
Bal-02 2.713 (8) si1-N1' 1.749 (3)
Ba2-011 3.197 (7) si1-01% 1.580 (6)
Ba2-02iil 2.797 (7) Si1-01" 1.745 (8)
Ba2-02 2.918 (8) si1-02f 1.574 (7)

Symmetry codes: (i) x-1, y-1, 2-1; (ii) -x+1, -y+1, -z+1; (iii) x, y, 2-1; (iv) -x+1,
-y, -2+1; (v) -x + y+1, -x+1, 2.

samples. Clearly, the studied samples are irregular bulk particle with a
size about 20-30 pm. Fig. 2a and b also gives the SEM element mapping
images of BSON: Ce>*¢ o5, Eu?* 15 and BSON: Eu?* 15, P> 09 samples,
respectively, which demonstrates that the sample contains
Ba-Si-O-N-Ce-Eu and Ba-Si-O-N-P-Eu elements, and they evenly
distribute in the whole sample. Furthermore, the SEM-EDS analysis of
BSON: Ce>*g 05, Eu*"¢.15 and BSON: Eu®*g 15, P> 09 further demon-
strates the appearance of the Ba, Si, O, N, Ce, Eu, P elements in the
studied samples (Fig. 2c and d). The results are consistent with the
previous XRD results, which further confirms the formation of pure
Ba35i6012N2 phase.

The photoluminescence properties of Ce>* and Eu?" monodoped
BSON phosphors and energy transfer behaviour in Ce>*, Eu*"-codoped
BSON phosphors are investigated through their photoluminescence
excitation (PLE) and photoluminescence emission (PL) spectra. Fig. 3a
shows the typical PLE and PL spectra of BSON: Ce3+o_05 (blue line) and
BSON: Eu®"( 15 (green line) samples. It can be observed that BSON:
Eu2+0_15 possesses a broad absorption band from 250 nm to 480 nm,
especially presents almost equal excitation intensity between 350 nm
and 460 nm, which could match well with the near ultraviolet (n-UV)
and blue LED chips. Upon exciting with the 420 nm UV lamp, the BSON:
Eu?".15 gives bright green emission, whose PL spectrum consists of a
broad band from 450 nm to 650 nm centered at 520 nm due to the
typical 4f [6]5 d'—>4f transition of Eu®t ions [51]. The doping con-
centration of Ce>" in BSON has been optimized to be 5 atom% Ba?*. For
BSON: Ce3*g 05 sample, its PLE spectrum exhibits two bands from 275
nm to 375 nm with two centers at 292 nm (the weak one) and 338 nm
(the strong one), respectively. Under the excitation of 338 nm UV,
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Fig. 2. SEM and EDX mapping analysis images of the representative (a) BSON: Ce3* .05, Eu?*.15 and BSON: Eu®* 15, P> 0,00 samples. The EDS data and element
content analysis of (a) BSON: Ce®" o5, Eu*"( 15 and BSON: Eu®" 15, P> 0o samples.
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Fig. 3. (a) Typical PLE and PL spectra of BSON: Ce®'g 5 (blue line) and BSON:
Eu®*g15 (green line) samples. A completely spectral overlap between the PL
spectrum of Ce®* ions and PLE spectrum of Eu?* ions in the BasSigO12N5 host.
(b) The PL spectra of BSON: Eu?*o1s, and Bay gs.4Ceo.05EU;SigO12N, (BSON:
Ce**g.05, Eu*"y, x = 0-0.20) samples as a function of Eu®>* doping concentra-
tions (x).

BSON: Ce3*( o5 shows a strong blue emission, and the corresponding
emission spectrum covers a range of 375-550 nm with the maximum
emission at 420 nm. This typical blue emission should be ascribed to 5
d'-4f! transition of Ce3*. It is noted that there is an almost perfect
overlapping between the PL spectrum of Ce>" ions and the PLE spectrum
of Eu?* ions in the BSON matrix. Therefore, an efficient energy transfer
could be expected from Ce3* to Eu?* to enhance the green emission. To
determine the existence of Ce>* ->Eu?" energy transfer, the PL spectra of
BSON: Ce>*g g5, Eu?*y (x = 0-0.20) samples as a function of Eu** doping

concentrations (x) are collected and plotted in Fig. 3b. The corre-
sponding emission intensity variation of Ce>* and Eu?* with x values are
depicted in Fig. 4a. Although the Ce>*-doping concentration is fixed at 5
atom% of Ba2* ions, its emission intensity gradually decrease with the
increase of Eu>"-doping level. Especially, at x = 15 atom% of Ba>" ions,
the Ce>" emission completely vanish and the Eu?" emission reach a
maximum. Beyond x > 15 atom%, the Eu>" emission present a decrease
due to the concentration quenching effect. The above results confirm the
appearance of energy transfer between Ce>* and Eu?* in BSON host, and
also imply an ultra-high energy transfer efficiency. To further verify the
Ce3*>Eu?' energy transfer, the photoluminescence decay curves of
BSON: Ce3+0405, Eu2+X are measured, as shown in Fig. 4b. Since there are
two Ce>" emission centers in the BSON host, the decay curves could be
successfully fitted using the following two-exponential equation [21]:

L=I,+ Ajexp(t/71) + Ay exp(t/1,) @
where I; and I are the luminescence intensities at time t and the back-
ground intensity, respectively; A; and A, are fitting constants; and 71
and 79 are the decay times of the exponential components. Using these
parameters, the average decay times (z*) can be determined by the
formula as follows [21]:

= (A7} + A53)/( AT + Asma) 2)

When monitoring the Ce3" emission at 420 nm, the calculated
average decay lifetimes for the representative x = 0, 0.01, 0.05, 0.10,
0.20 samples are 36.4 ns, 30.8 ns, 19.8 ns, 17.9 ns and 14.1 ns,
respectively. Obviously, the lifetime values of BSON: Ce3+0,05, Eu2+x
samples monotonically decrease with increasing the Eu>*-doping con-
centration. This is a definite evidence to confirm the existence of
Ce3*>Eu®" energy transfer. The energy transfer efficiency from Ce3" to
Eu?" in BSON can be determined by the following equation [52]:

Nr=1-—15/750 3)
where 77 is the energy transfer efficiency and zgy and zg are the decay
lifetimes of Ce3* in the absence and presence of Eu®", respectively.
Fig. 4c shows the results of energy transfer efficiency (51) from cet to
Eu?* calculated using Eq. (3). It is clearly seen that the energy transfer
efficiency gradually increases with increasing Eu?' concentration
without appearing a saturation behaviour. The maximum energy
transfer efficiency reaches 100%, indicating a complete energy transfer
from Ce®" to Eu®" in the BSON matrix, which is firstly observed in rare
earth doped oxonitridosilicates. Based on the Ce3"—Eu?' energy
transfer, the emission intensity of BSON: Ce3+0‘05, Eu2+0‘15 is obviously



J. Hao et al.
S e
s [@a __—® y
Sle Ne| 3 f
>F S :
= —_ s
% B —m—ce”| 2 |[F
E L _O_Eu2+ 2 0.1 :.
= L [0
ot € I; Degr ON
5 [— ERE Vi sl
E) i E\E\E— 3 i 5 -.‘?'r'

[ R B S 1 L 1 N 1" g
0.00 0.05 0.10 0.15 0.20 O/ 0.10 0.15 020 0.25
Eu”* doping (x) Time (us)

0.8F
0.6}

(:[_—' -
0.4+
0.2
0.0 | |

" 1 " 2 L 1
0.00 0.05 0.10 0.15 0.20
Eu™ doping (x)

00 01 0.2 0.3 04 0.5 0.6 0.7 0.8
CIEx

(e) X
0 0.001 0.005 0.01 0.05 0.10 0.15 0.20

i

TTITTITT

Fig. 4. (a) The integrated emission intensity of BSON: Ce3*¢ o5, Eu?*, samples
with Eu?"-doping (x). (b) The luminescence decay curves of BSON: Ce>" os,
Eu®", with x values with the emission monitoring wavelength at 420 nm. (c)
The energy transfer efficiency of BSON: Ce®*q g5, Eu?*y (x = 0-0.20) samples
with the increase of x. (d) The CIE color coordinates and (e) corresponding
luminescence photos (inserts, under 365 nm UV lamp) of BSON: Ce3tg 05, Eu?ty
(x = 0-0.20) samples.

improved relative to the BSON: Eu®*(.15, which is about 2.5 times than
that of the latter (Fig. 3b). The corresponding quantum yields in Table 4
also confirm the above result, which is enhanced from 79% (BSON:
Eu?"(.15) to 88% (BSON: Ce>* o5, Eu?¥p15). Except for the improve-
ment of emission intensity, a wider range of luminescence control has
been acquired in BSON: Ce3+0‘05, Eu2+x. As shown in Fig. 4d and Table 4,
the CIE color coordinate points of the studied samples gradually shift
from blue region (0.173, 0.148) to green region (0.259, 0.586) through
simply changing the Eu?*-doping concentration. The corresponding
luminescence photos intuitively demonstrate the controllable lumines-
cence variation between blue and green (Fig. 4e).

It is pointed out that after x > 15 atom%, the Eu?>* emission show a
sharp decrease, which is attributed to the concentration quenching ef-
fect. Usually, the distance between emission center ions becomes shorter
at a high doping level. Then energy migration more easily happens
among the activator ions and reaches a quenching center, and finally
results in the luminescence quenching. The critical distance R for en-
ergy transfer from Ce>* to Eu%* in BSON host can be estimated using the
equation given by Blasse [53]:

1/3
3V } )

R.o~2|——
{4H><N

where V is the volume of the unit cell, X, is the critical concentration of
Ce3* and Eu?" ions, and N is the number of host cations in the unit cell.
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Table 4

The CIE color coordinates, quantum yield and emission peaks of BSON: Ce>"¢ ¢s,
Eu", samples (Aey = 420 nm) and BSON: Eu**y 15, P°", samples (hex = 420 nm,
460 nm).

No. Samples CIE (x, ) Quantum Peak
Aex = 420 nm yield (nm)
(%)
1 BSON:Ce®" 05 (0.173, 0.148) 57 413
2 BSON: Eu2+0415 (0.278, 0.609) 64 519
3 BSON:Ce®*¢ g5, (0.199, 0.373) 65 517
Eu**o.001
4 BSON:Ce3"g o5, (0.219, 0.470) 67 519
Eu®"0.005
5 BSON:Ce>*g g5, (0.231, 0.510) 70 519
Eu*"g01
6 BSON:Ce®* .05, (0.234, 0.524) 72 519
Eu?' 05
7 BSON:Ce®"¢ g5, (0.243, 0.543) 76 520
Eu*o.10
8 BSON:Ce®*¢ g5, (0.259, 0.571) 82 519
Eu*'o1s
9 BSON:Ce3* .0, (0.259, 0.586) 72 521
Eu?'g0
Aex = 420 Aex = 460
nm nm
10 BSON: Eu2+0_15, (0.288, (0.283, 68 519
P50 01 0.581) 0.604)
11 BSON: Eu®'q 15, (0.293, (0.282, 69 520
P> 505 0.574) 0.606)
12 BSON: Eu®*q 15, (0.289, (0.285, 75 520
P> .00 0.577) 0.604)
13 BSON: Eu®'q 15, (0.290, (0.277, 70 519
P> o1s 0.575) 0.610)

In this case, N =1, V= 310.03 A3, and the critical doping concentrations
of Ce®* and Eu®" in the BSON host is 6.7 atom% of Ba®>". Therefore, the
critical distance (R¢) was calculated to be about 20.7 A. For the resonant
energy-transfer mechanism, the multipolar interaction plays an impor-
tant role when R¢ locates in 4-27 A [54]. Thus, the electric multipolar
interaction is responsible for energy transfer between the Ce3" and Eu?*
ions in the BSON host. The radiative emission from Eu®*" prevails when
Rceru > Re, and in reverse the energy transfer from Ce®* to Eu?*
dominates. According to Dexter’s energy transfer formula of multipolar
interaction and Reisfeld’ s approximation, the relationship can be
expressed [55]:

Nso /’73‘3"5“/3 5)

where x is the sum of Eu?" content; 5, and 5 are the luminescence
quantum efficiency of Ce®" in the absence and presence of Eu®*, n = 6,
8, and 10 corresponding to dipole—dipole, dipole—quadrupole, and
quadrupole—quadrupole interactions, respectively. The value g, / 15 is
approximately calculated by the ratio of relative emission intensities as
[56]:

Iso [ Isoxx"? (6)

where Igo is the intrinsic luminescence intensity of ce®*, and I is the
luminescence intensity of Ce>" in the presence of the Eu?'. The re-
lationships between Isp/Is and x"/3 are plotted in Fig. 5a—5d. The
optimal linear relationship for Iso/Isxx®/® by comparing the fitting
factors of R? values is at n = 8. Therefore, the energy transfer mechanism
from Ce>" to Eu?* ions in BSON host is determined to be the electric
dipole—quadrupole interaction [54].

For pc-WLEDs lighting source, the green emission component has a
more contribution to luminescence efficiency compared with another
spectral component such as blue light and red light [20-25]. Accord-
ingly, in order to enhance the luminous efficiency of WLEDs devices, it is
necessary to further optimize and improve the luminescence perfor-
mances of some current green-emitting phosphors. It is well known that
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the BasSig012Ne:Eu?t has been extensively reported as highly efficient
green emitting phosphor for WLEDs [47-51]. To further promote the
commercialization of Ba3516012N6:Eu2+ green phosphor, the lumines-
cence performances including the spectral profile, quantum yield and
thermal stability need be further improved and optimized. Fig. 6a and b
plots PLE and PL spectra of BSON: Eu?" 15 (light green line) and BSON:
Eu®tg1s, P°to09 (dark green line) sample monitoring at different
emission and excitation wavelengths, respectively. Although monitoring
at different emission wavelengths, the above two samples almost present
the exactly same PLE spectra profiles. For BSON: Eu?" 15 sample, the PL
spectra are completely same with the fwhm about 80 nm upon exciting
with 420 nm and 460 nm. When radiating under different excitation
wavelengths, BSON: Eu2+0_15, P>*0.00 presents an obvious widening in
the fwhms of PL spectra that reaches 98 nm (Aex = 460 nm) and 102 nm
(Aex = 420 nm). Moreover, there are evident two emission peaks could
be observed at 502 nm and 545 nm. As shown in Fig. 6¢, the fwhms of
BSON: Eu®" 15, P>'y samples gradually enlarge with the doping of P>"
ions. This widening in PL spectra possibly originate from the lattice
distortion in local region with the introduction of P>* ions due to the
different ion radius between Si*" ion and P°>" ion. The luminescence
decay curves of BSON: Eu®"15, P°009 demonstrate a gradually
increasing lifetime values 1.26, 1.36, 1.43 ps monitoring at different
emission wavelengths 507, 520, 539 nm, respectively. This result further
confirms that different emission centers appear after doping the P°* ion
into BSON host. However, BSON: Eu2+0_15, P5+0_09 maintains a pure
trigonal phase of BasSigO12No, as presented in Fig. la. Therefore, the
different emission centers that results in the widening PL spectra should
be attributed to local lattice distortion or small nanophase mixing of
BaSi;02N», which is consistent with the previous report.

Interestingly, the emission intensity of BSON: Eu2+o_1 5, y samples
with P5* doping (y) present a trend of rising first and then falling,
reaching a maximum at y = 0.09 (under 420 and 460 nm excitation)
(Fig. 6d). For the luminescence improvement at 0 < y < 0.09 in the
studied system, two main reasons could be suggested. The first reason is
that the Ba2*t ions are larger than Eu®" ions at the same coordination
situation, and thus the replacement of Eu?* for Ba" will generate the
lattice expansion and distortion. After introducing P°" ions into BSON

P5+
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Fig. 6. (a) PLE and (b) PL spectra of BSON: Eu?*y 15 (light green line) and
BSON: Eu®*y1s, P°T00 (dark green line) sample monitoring at different
emission and excitation wavelengths, respectively. The insert in (b) is the
luminescence decay curves of BSON: Eu® 015, P> .00 monitoring at different
emission wavelengths (507, 520 and 539 nm; 1.26, 1.36 and 1.43 ps). (c) The
integrated emission intensity and (d) the emission fwhm of BSON: Eu®'y s,
P5+y samples with p>* doping (y) (hex = 420 and 460 nm). (e) Normalized Eu
Ls-edge X-ray absorption near edge structure (XANES) spectra of BSON:
Eu?*g 15 and BSON: Eu®* 15, P5* 09 samples. The normalized XANES data of
standard BAM and Eu,03 samples are shown as references. (f) The CIE color
coordinates of BSON: Eu?'gs, P°* y samples (Aex = 420 and 460 nm).
“1-3"represent the color coordinates and luminescence photos of BSON:
Eu?'o15 [(0.278, 0.609), Aexy = 420 and 460 nm] and BSON: Eu?"g 15, P> .09
[(0.289, 0.577), Aex = 420 nm; (0.285, 0.604), hex = 460 nm].

host, the lattice shrinkage and the relax of lattice strain could be ex-
pected due to the obviously smaller radii of P°* ions than Si*' ions,
which results in the increase of lattice rigidity. Another one is that the
increase of the PL intensity should originate from the decrease of Eu®"
ions in BSON: Eu®"g 15, P°'y samples with the doping of P°' ions.
Although the Eu?*-activated phosphors are usually prepared under a
reducing atmosphere, Eu®>" will inevitably coexist in the host lattice. In
the current system, the charge mismatch of P°* and Si** easily forms
positive charge defects in this host. To keep a charge-balance, part of the
Eu®" ions is reduced to Eu?" with the doping of P°* ions. In view of the
different threshold energies of Eu®* (4f7) and Eu®t (4f6) to 5d states, X-
ray absorption near edge structure (XANES) spectra could be utilized to
determine the valence of the Eu element [58,59].

Owing to the stronger shielding effect of nuclear potential, the Eu?*
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exhibits the lower binding energy than that of Eu" [57-60]. Fig. 6e
shows the normalized Eu Ls-edge X-ray absorption near edge structure
(XANES) spectra of BSON: Eu?*( 15 and BSON: Eu?* 15, P°*( g9 samples.
The XANES spectra of standard BAM (BaMgA110017:Eu2+) and Euy03
samples are shown as references. Obviously, two peaks at 6974 and
6983 eV are observed, which are attributed to the electron transitions of
2ps,2-5d in Eu?t and Eu®", respectively. It is noticed that the 6983 eV
peak of P5*-doped BSON: Eu?" 15, P>t g9 is slightly lower than that of
BSON: Eu®*(1s, implying a decrease content of Eu®" ions in BSON:
Eu?"g15 P°"009. Accordingly, the PL intensity of BSON: Eu®'1s,
P09 is enhanced relative to P5+-undoped sample.

The luminescence quenching beyond y > 0.09 should be ascribed to
excessive positive charge defects due to the unbalanced substitution of
P jons for Si*" ions, which enhances the nonradiative transition.
Finally, the CIE color coordinates and luminescence photos of BSON:
Eu2+0_15, P5+y samples (under 420 and 460 nm excitation) are collected
in Fig. 6f and Table 4. The CIE color coordinate position for BSON:
Eu*tg 15 [(0.278, 0.609), Aey = 420 and 460 nm] and BSON: Eu®*( 15,
P> .00 [(0.289, 0.577), Aex = 420 nm; (0.285, 0.604), Ay = 460 nm ]
generate an obvious shift as monitoring at different excitation wave-
lengths, as given in Fig. 6f. The result is consistent with the PL results in
Fig. 6b, and also confirm the widening of PL spectra with the doping of
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P5* jons.

For a practical WLEDs device, thermal stability of phosphors is a key
indicator to realize high-quality white lighting [61-63]. The
temperature-dependent luminescence properties of the studied samples
need to be discussed. Fig. 7a give the temperature-dependent PL spectra
of BSON: Eu2+0.1 5 with a range of 25-250 °C. Unsurprisingly, It could be
clearly observed that the emission intensity of BSON: Eu*y1s sample
decreases clearly with increasing temperature from 25 to 250 °C because
of nonradiative transitions, which could retain 80% of the original value
at 150 °C. Moreover, a blue-shifted emission about 12 nm is observed
with increasing the working temperatures. Fig. 7b depicts the shift rate
of emission peaks and the decreasing rate of emission intensity of Eu?*
at two different luminescence centers (Bal and Ba2) with a range of
25-250 °C. By comparing the Gaussian fitting spectra of BSON: Eu2+0_1 5
decomposed from Bal sites and Ba2 sites, it is found that the Ba2
emission intensity (low-energy emission) presents a faster decline rate
than Bal emission (high-energy emission). The above results make the
Ba2 emission peaks (ko = —0.032) generate a faster shift rate than Bal
emission peaks (k; = —0.028), and finally results in a blue shift.
Therefore, this blue shift emission with temperatures in BSON: Eu2+0,15
should mainly result from the lattice variation surrounding activator
ions at different lattice sites [64-66]. Interestingly, the P>"-doped
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Fig. 7. (a) Temperature-dependent PL spectra and corresponding Gaussian fitting PL spectra of BSON: Eu®*g 15 with a range of 25°C-250 °C. (b) The change of
emission wavelength and relative intensity of Eu?>* at two different luminescence centers (Bal and Ba2) with a range of 25-250 °C. (c¢) Temperature-dependent
relative integral intensity of BSON: Eu?'y15 and BSON: Eu?'( s, PS‘y samples (25-250 °C). (d) The electroluminescence spectra of WLEDs devices fabricated
with BSON: Eu?" and BSON: Eu?", P°>* phosphors and commercial blue BAM phosphor and red CaAlSiNz:Eu®>" phosphor. The insets are the corresponding lumi-

nescence photos.
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sample exhibit a better thermal stability than that of BSON: Eu?*g 5.
The emission intensity of BSON: Eu2+0_1 5, P*0.00 at 423 K still maintain
88% of the room-temperature emission intensity, which is enhanced 8%
than pure BSON: Eu2+o,15 (Fig. 7c). Moreover, the stability could be
further improved by optimizing synthesis condition.

The possible improvement mechanism is that the introduction of
ions into BSON: Eu?* 15 release the lattice strain and distortion induced
by the mismatch of ion radius between Eu?* ions and Ba* ions, and
simultaneously increase the lattice rigidity. In addition, the enhanced
crystallinity with the P°*-doping also contributes the thermal stability
improvement. Finally, to evaluate the device performance of the as-
prepared BSON: Eu?to1s, PPy phosphors, we fabricated white LEDs
with UV chip (370 nm) and blue BAM, green BSON: Eu2+o_1 5 and BSON:
Eu®"g15, P>T0.09 as well as CaAlSiNs:Eu®* phosphors. The electrolumi-
nescence (EL) spectra are shown in Fig. 7d. Under a voltage of 3.15 V
and bias current of 20 mA, the warm white with low corresponding color
temperature (CCT = 4672 K), high color rendering index (R, = 94) has
been achieved, which shows a lower CCT and higher R, than that of
BSON: Eu®" 15 phosphor (CCT = 4974 K, R, = 91). These results suggest
that the as-prepared BSON: Eu?* 015, P00 could be an excellent
candidate for a green-emitting phosphor material for better application
in near-UV chip based WLEDs.

P5+

4. Conclusions

In summary, a series of Ce>* and P>*-doped BasSig012N2:Eu®" green
phosphors were successfully prepared by a traditional high-temperature
solid state reaction. According to the Rietveld refinement results, the as-
synthesized phosphors all crystallized into trigonal phase (P-3) of
BasSigO12N,. Ce®t, Eu?" and P> ions mainly occupy the Ba®" sites and
Si** sites, respectively. Moreover, Ce>* and Eu* ions randomly occupy
two Ba crystallographic sites (Bal and Ba2). For Ce>" and Eu?>* mono-
doped samples, it shows blue emission (~420 nm) and green emission
(~520 nm), respectively. Interestingly, an almost complete spectral
overlap between Ce>" emission and Eu?" excitation has been observed
in BSON matrix. Thence, a near unity energy transfer (~100%) from
Ce3" to Eu?" is realized and the corresponding mechanism is determined
to be dipole-quadrupole electrical multipole interactions. Based on the
complete Ce>*—»Eu?" ET, the luminescence intensity of BSON: Ce3*,
Eu?" is obviously enhanced, which reaches about 2.5 times of BSON:
Eut. Furthermore, a broad color tuning from blue (0.173, 0.148) to
green (0.259, 0.571) has been achieved. In addition, the P°>"-doping also
help improve the luminescence emission. The Eu Lz-edge XANES spectra
indicate that the emission improvement should be attributed the trans-
formation from Eu®' to Eu?" with the P>-doping due to the [Eu®'-
Si*t]—[Eu?t-P>1] charge compensation mechanism. It is noticed that
the thermal stability of BSON: Eu?* is also slightly improved. The
emission intensity of BSON: Eu?* 15, P> o9 at 423 K still maintain 88%
of the room-temperature emission intensity, which is enhanced 8% than
pure BSON: Eu**(15. The possible reason is the increase of lattice ri-
gidity and the relax of lattice strain caused by the mismatched substi-
tution of Eu?* for Ba?*. Finally, the WLEDs fabricated by combining the
presentative P°*-doped BSON: Eu>", BAM and CASN phosphors present
a lower CCT (4672 K) and higher Ra (94) than that of employing BSON:
Eu?", suggesting that the as-prepared Ce3"/P°*-codoped BasSigO12N2:
Eu?t could be an excellent green-emitting phosphor material for
application in UV-to-visible based WLEDs.
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