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ABSTRACT

A single phase emission-tunable Ce®*, Mn®" co-doped phosphosilicate Sr;La;[(PO4), 5(Si04)3(BO4)o.5](BO,) phosphor was synthesized
by the solid-state reaction. Commonly blue and orange broad band emissions from Ce*" and Mn*" are detected under the excitation of
351 nm. Combined with the crystallographic data from the Rietveld refinements, the blue and orange bands can be well fitted by Gauss
Function in accordance with the three different sites. By adjusting the radio of Ce*"/Mn?*, the warm-white light is generated with the
correlated color temperature from 2500-4500 K. The mechanism of energy transfer between Ce® and Mn?' has been also carefully
investigated by the photoluminescence spectra and decay times. The thermal properties from 20 to 250 C present an abnormal changing
trend. With the increase of temperature, the Ce®* or Mn®* single-doped samples show excellent thermal properties, while for the Ce*" and
Mn?* co-doped sample, the thermal properties reveal serious degeneration. Based on the configurational coordinate diagram, an
underlying mechanism of thermal quenching is proposed and can reasonably explain the phenomenon. What is more, the mechanism
could be helpful for the understanding of the thermal properties of multiple activators co-doped phosphors as reference.

1. Introduction widely used in many Mn*"-doped hosts to improve the emission
In the last few decades, inorganic luminescent so intensity of Mn?".

materials/phosphors have undergone a rapid development Apatite structure is an important branch of phosphate system,
because of a wide range of applications for white-light emitting which are represented by the general formula M;((ZO4)¢X, with

diodes (LEDs), cathode ray tubes (CRTs), vacuum fluorescent M=Ca?*, Ba*", Mg**, Sr**, Pb*", Na', K*, La*", etc.; Z=P", As™,
displays, plasma display panels, fluorescent lamp, X-ray imaging V5, Si*, etc.: and X=F, CI', Br, I, OH", O, etc., and shows
scintillators and ﬂeld e@ission (.1isp1ays (FEDs), etc. ' E'specially ss the wide range of tolerance of this structure type to chemical
the phosphors with high efficiency, low cost and environment substitutions. *>' In addition, there are also reports on linear

friendly more attract widespread attention in these days, such as [BO,J groups taking the positon of X % ¥

1 6-16
phosphates, sﬂlcz.;ltes and' b(?rates. In order to meet the St10(PO4)s s(BO,)o s(BO,) was first discovered by Chen, etc. ** in
demands. of practlcgl application, .generally, twc.) more phosphors 2010. Sryo(POL)s s(BO)os(BOy) is a derivative of the apatite
are required to use in the production of the device. However, the

strategy using multi-phosphors usually suffers from two problems
of different light output degradation rates leading to the color
aberration and the trade-off in luminous efficiency attributed to
re-absorption among the different phosphors. 7 A useful solution
is to develop a emission-tunable phosphor through the co-doping
sensitizer and activator into a crystalline matrix, such as Eu®' to

crystal structure. Sr** occupies the Wyckoff positions 2d (Sry,
Sr,) and 6g (Sts). [PO,]* tetrahedra (6g) are partially replaced by
[BO4]> groups. The linear [BO,] units are located within the

2
S

channels formed by Sr; ions and running along the three-fold
inversion axis. The space group symmetry of the title compound
is reduced to P3 by displacement of the [(P+B)O,] tetrahedra

o
%

Mn?*, 1819 Ce¥* to Tb>, 22! Ce®™ to Eu?" or Ce®" to Mn2" 22, destroying the mirror plane characteristic for the parent apatite

As is well known, the Ce’" with the 4f configuration shows crystal structure (P63/m), which is found for strontium
efficient broad band luminescence due to the 4f-5d parity allowed fluorapatite Srio[PO4]¢F,. In many researches, [SiO4]* could
electric dipole transition, and the Ce** has a larger Stokes shift replace [PO,4]* to form a solid solution, such as Cas(PO,),SiO;,
than that of the other rare earth ions, owing to the extended radial 70 St35Y502(PO4)15(SiO4)ss, CazGdy(PO4)(Si04)50, 337 The
wavefunctions of the 5d states. ** Moreover, the Ce’" also acts as doping of [SiO4]* group would cause the distortion of the
a good sensitizer, transferring a part of its energy to activator structure, further influence the crystal field and change the
ions. ¥’ The transition metal ion Mn®" can give a broad emission Nephelauxetic Effect when the rear earth ions are doped.
band in the visible range owing to the d-d transition, but it is Thereby, it will probably cause the diversity of luminescence

forbidden and difficult to pump. So the emission of Mn" is properties. In this work, we have synthesized a series of

normally excited by the energy transfer (ET) from the host or the phosphors (Sro7,Lag3.)10[(PO4)25(S104)3(BO4) 5](BO,) (SPSB):
sensitizer. ® As a promising sensitizer for Mn>*, Ce*" has been xCe®, yMn*" (0.001<x<0.04, 0.02<y<0.16) by the solid-state

)
P
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reaction method. The structure, photoluminescence and thermal
properties as well as the ET phenomenon between the sensitizer
and activator are investigated in detail.

o

2. Experimental
2.1 Materials and synthesis
All the powder samples were synthesized by the traditional solid-
state reaction method. The starting materials were SrCO; (A.R.),
(NH4),HPO, (A.R.), SiO, (A.R.), H;BO; (A.R.), MnCO; (A.R.),
La203 (4N), Ce(NO3)36H20 (4N) and Ellz03 (4N) The
stoichiometric raw materials were ground thoroughly in an agate
mortar and then heated to 773 K in air for Sh. Subsequently the
preheated mixture was ground again and fired to 1533 K for 8 h
in an alumina crucible under N,-H, (10%) atmosphere in
horizontal tube furnaces. Finally the as-synthesized samples were
slowly cooled to the room temperature inside the tube furnace
under H,-N, flow.
2.2 Measurements and characterization
The crystal structures of the synthesized samples were identified
20 by using a Rigaku D/Max-2400 X-ray diffractometer with Ni
filtered CuKa radiation (XRD). Diffuse reflection spectra were
obtained by a UV/visible spectrophotometer (Perkin-Elmer
Lambda 950) using BaSO, as a reference in the range of 240-700
nm. The photoluminescence (PL), photoluminescence excitation
25 (PLE) spectra and decay curves of the samples were measured
using an FLS-920T fluorescence spectrophotometer equipped
with a 450 W Xe light source, Xe Flash Lamp and ns pulsed
hydrogen lamp. The quantum efficiency was measured by a
Fluorlog-3 spectrofluorometer equipped with a 450 W xenon
30 lamp (Horiba Jobin Yvon). All of the measurements were
performed at room temperature. Thermal quenching was tested
using a heating apparatus (TAP-02) in combination with PL
equipment.

>

o

s 3. Results and discussion
3.1 Crystal Structure of SPSB
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Figure 1 (a) Experimental (crosses), calculated (red solid line)

0 and difference (bottom) results of XRD refinement of SPSB host;
(b) The structure diagram of SPSB according to the refinement;
(c) The XRD patterns of the samples SPSB and SPSB: 0.01Ce’",
x*Mn*" (0.02 <x <0.16).

os Figure 1(a) shows the results of Rietveld refinement for SPSB
implemented with the crystallographic information files identified
by previous reports **. The black crosses and red solid line depict
the observed and calculated patterns, respectively; the as-obtained
goodness of fit parameter y* = 2.098 and R,,=10.6% and R,= 7.8%
70 can ensure the phase purity. The compound crystallizes in a
trigonal crystal system with space group P3 (No. 147), and its cell
parameter is @ = b = 9.755(6) A, ¢ = 7.298(2) A. The detailed
crystallographic data of SPSB are listed at Table 1 and 2. Figure
1(b) presents the crystal structure of SPSB. SPSB is a derivative
75 of the apatite crystal structure. SL (SL = 7/10Sr +3/10 La) ions
occupy the Wyckoff positions 2d (SL;, SL,) and 6g (SL;). SL,;
and SL, are nine-fold coordinated (d(SL;-O)=2.3697 A - 3.7899
A, d(SL,-0)=2.7372 A - 3.1670 A) with an average distance of
2.9144 A and 2.9017 A, respectively. SL; is surrounded by seven
s0 oxygen atoms forming a distorted pentagonal bipyramid (d(SLs-
0)=2.2597 A - 2.8157 A) with an average distance of 2.5051 A.
P, Si and partial B (B,) ions occupy the Wyckoff positions 6g and
form a seriously distorted tetrahedra with four oxygen atoms. The
Z-0 distances (Z=5/12 P + 1/2 Si + 1/12 B)) vary from 1.4331 A
ssto 2.0927 A with an average Z-O distance of 1.7044 A. The
reminding B (B,) ions occupy the Wyckoff positions 1b and form
the linear BO,™ units, which are located within the channels
formed by SL; ions. Figure 1(c) shows that the XRD patterns of
the samples SPSB and SPSB: 0.01Ce*", xMn>* (0.02 < x <0.16).
s All the observed diffraction peaks are well indexed to that of
SPSB and no second phase is observed, indicating that the doping
ions do not cause significant changes in the host structure. Since
the radius of Mn?" is smaller than that of St**, La*>" and Ce**, with
the doping of Mn?", the diffraction peaks of the SPSB: 0.01Ce’",
os XMn*" samples show an obvious shift to larger 20 angles
compared to that of the pure SPSB.

Table 1 Crystallographic data of SPSB determined by the
Rietveld refinement of power XRD data at the room temperature.

Atom  Wyck. x/a y/b z/c
SL, 2d 1/3 2/3 0.00180
SL, 2d 1/3 2/3 0.51240
SL; 6g 0.24410 -0.01690 0.25100

P 6g 0.39930 0.36780 0.25080
Si 6g 0.39930 0.36780 0.25080
B, 6g 0.39930 0.36780 0.25080
0, 6g 0.34410 0.47890 0.24060
0, 6g 0.58050 0.48800 0.15830
O; 6g 0.19070 0.17200 0.15620
Oy 6g 0.35300 0.25820 0.42820
Os 2c 0 0 0.34570
B, b 0 0 172

Space group: P3 (No. 147), V = 694.5823(3) A®, a = b =9.755(6)
A, c=7.298)A, R,= 7.8%, R, = 10.6%, /* = 2.098

10 Table 2 Selected interatomic distances in the crystal structure of

SPSB.
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Atom contacts A Atom contacts A
SL,; 0, 2.5687 SL, Oy 2.8015
SL,; 0, 2.5683 SL, Oy 2.8005

SL, 0, 2.5680 SL, (N 2.8012
SL, 0O, 2.3698 SL; 0O, 2.8157
SL, 0, 2.3697 SL; 0O, 2.3744
SL, 0, 2.3899 SL; 0O; 2.2597
SL, 0O, 3.7891 SL; 0O; 2.3621
SL, 0, 3.7892 SL; (ON 2.6744

SL, 0,  3.7899 SL, 0,  2.4865
SL, 0, 27378 SL, Os  2.5629
SL, 0, 27375 A 0, 1.4331
SL, 0, 27372 z 0, 1.6979
SL, 0, 3.1670 z 04 2.0927
SL, 0,  3.1665 z 0,4 1.5939

SL, 0, 3.1664 B, Os 1.1261
SL =7/10Sr +3/10 La, Z'==5/12P + 1/2 Si + 1/12 B,

3.2 Photoluminescence properties analysis
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Figure 2 (a) The PL spectrum (A, = 351 nm) and PLE spectrum
(Aem = 415 nm) of SPSB: 0.01Ce**; (b) The PL spectrum (A =

2 410 nm) and PLE spectrum (Aey, = 628 nm) of SPSB: 0.08Mn*";
(¢) The overlap between the PLE spectrum of SPSB: 0.08Mn>"
and the PL spectrum of SPSB: 0.01Ce®"; (d) the PLE spectra of
typical samples monitored at different emission peaks.

»s Figure 2(a) and (b) show the PL and PLE spectra for SPSB:
0.01Ce*" (a) and SPSB: 0.08Mn*" (b). The PLE spectrum of
SPSB: 0.01Ce** monitored at 415 nm extends from 240 to 390
nm with two distinct bands peaking at 293 and 351 nm attributed
to the 4/25d transition of Ce®*, which indicates that the phosphor

s can be effectively excited by the UV light. The emission
spectrum shows an asymmetric broadband characteristic of Ce®".
Considering that there are three different cationic sites in SPSB
(as illustrated in Figure. 1(b)), then we take the Gaussian fitting
algorithm and find that the curve can be well fitted into six

35 emission bands centered at 380 and 410 nm, 393 and 425 nm, 432
and 471 nm, with an energy difference of 1925 cm ', 1915 cm™'
and 1916 cm', respectively, which is close to the theoretical
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energy different value of Ce*" (~2000 cm™") **. So the six peaks
can be justifiably assigned to the 5d-4f (*Fs, *F,) emissions of
Ce** occupying three SL sites. Generally, the bond length (R) of
SL-O determines the crystal field strength (Dg), and then the
crystal field strength affects the positions of the emission peaks
significantly. The average distances of SL;-O, SL,-O and SL;-O
are 2.9144 A, 2.9017 A and 2.5051 A, resulting from the Rietveld
refinement results. According to the equation Dgoec1/R’, ¥ the
bands peaking at 380 and 410 nm, 393 and 425 nm, 432 and
471nm could be assigned to Ce** occupying SL,, SL,, SL; sites,
respectively, which is identify with that resulted from the

equation: *°
1

Eemy=01-[L] xlOi(Zf’M)
(em™)=0 2 (1)

where E is the position for the Ce** emission peak, Q* is the
position in energy for the lower 5d band edge, V is the valence of
the Ce*", n is the number of anions in the immediate shell about
the Ce™, Ea is the electron affinity of the anions (eV), and r is the
radius of the host cation replaced by the Ce*" (A). Ea is a
constant in the same host and V' = 3, so the value of F is directly
proportional to the product of # and r. The PLE and PL spectra of
SPSB: xCe®* (0.001<x<0.04) with the increase of Ce*" are shown
in Figure S1 of the Supporting Information. The optimal emission
intensity of the samples is at x = 0.01. Thereby, the Ce**-doped
concentration in SPSB: xCe®, yMn?" is fixed as x = 0.01. In
Figure 2(b), the PLE spectrum of SPSB: 0.08Mn*" monitored at
628 nm consists of several weak bands in the UV and visible
regions, which are assigned to the spin-forbidden transitions in
the 3d° electron configurations of the Mn*". The PL spectrum
shows an orange emission band, which can be well fitted by three
Gaussian peaks centered at 560, 612 and 661 nm, which attribute
to the *T,;—°A, transition of 3d° level of Mn?* occupied the three
different sites. Figure 2(c) presents obvious overlap between the
PLE spectrum of Mn?>" and the PL spectrum of Ce, it implies
that the effective resonance-type ET could take place from Ce**
to Mn?". Monitored at 415, 412 and 628 nm, the PLE spectra
shapes of typical samples are very similar in Figure 2(d). It
indicates that the excitation of Ce®" contributes to the emitting of
Mn?", and further proves that the efficiency ET occurs. Therefore,
it is possible to obtain emission-tunable light by adjusting the
radio of Ce**/Mn*" in SPSB.

=
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Figure 3 (a) The PL spectra of SPSB: 0.01Ce*", xMn®* (0.02 < x
<0.16) under the excitation of 351 nm and the relative intensity of
the Ce*" and Mn?" emission bands (b) Decay curves of Ce** for
SPSB: 0.01Ce*", xMn** monitored at 415 nm; (c) The variation of
1r and © with the increasing Mn*" x; (d) Decay curves of Mn*"
for SPSB: 0.01Ce*", xMn?* monitored at 628 nm.

In Figure 3(a), the PL spectra of SPSB: 0.01Ce**, xMn*" (0.02 < x
< 0.16) excited at 351 nm exhibit not only the blue emission of
Ce*" but also the red emission of Mn>*. As the increase of Mn®*
with the fixed Ce*" concentration, the intensities of the blue band
decrease gradually while those of the red band increase. These
results also support the occurrence of ET from Ce’" to Mn?".
When the concentration of Mn?" x is up to 0.lthe emission
intensity of Mn?" reaches maximum. According to the equation,
4 the critical distance Rc for ET from the Ce** to Mn?‘can be

estimated:
3V 1/3
R. =2 ——
4mx, N

Where V is the volume of the unit cell, x. is the critical
concentration, and N is the number of available sites for the
dopant in the unit cell. In our case, N = 10, V' = 694.49 A3, The
critical concentration (x.), at which the luminescence intensity of
Ce*" is one half of that in the sample in the absence of Mn?", is
0.1. Therefore, the critical distance (R,) is calculated to be 10.99
A, which indicates the energy transfer is not via exchange
interaction mechanism but electric multipolar interaction *>*. To
further understand the process of energy transfer, the PL decay
curves of Ce** excited at 351 nm are measured and depicted in
Figure 3(b). We can see that the decay curves of the Ce**
emission deviate slightly from a single exponential rule at lower
Mn?* content and the deviations become more evident with the
increase of the Mn>* concentration. The effective lifetimes of the
decay curves for Ce®" emission can be evaluated using the
equation **:

@

j: tI(t)dt
jo “I()dt

3)

T=

The calculated decay times are determined to be 33.663, 31.171,
28.254, 26.126, 25.179, 24.597, 23.530, 22.804, 21.364 ns in
Figure 3 (b). According to Dexter’s formulation **, the ET rate is
given by:

“)

P(R) RgA J'fD(ngvA(E)dE
Tp

Where 7 is the decay time of the donor emission, O, is the total
absorption cross section of the acceptor ion, R is the distance
between the donor and the acceptor, and b and ¢ are parameters
dependent on the type of ET. The probability functions fr(E) and
F(E) represent the observed shapes of the donor emission band
and the acceptor absorption band, respectively. Thus, according
to Eq. (4), the energy transfer rate P is in inverse proportion to
the decay time 7, The decay lifetime of the Ce®" decreases
monotonically with the increase of Mn?*, which further supports
the ET from the Ce*" to Mn?*. The energy transfer efficiency nc..

Ma €an be expressed by:

60
TS

n=1- ©)

TSO
Where g, is the lifetime of the Ce®" in the absence of the Mn?*
and zg is the lifetime of the Ce®" in the presence of the Mn®". The
os decay lifetime values are used for calculation, and the results are
presented in Figure 3(c). The Figure 3(d) shows the decay times
depended on Mn®" contents monitored at 628 nm. The decay
times 7 are calculated to be 7.81 (x = 0.02), 7.46 (x = 0.04), 5.95
(x = 0.06), 5.68 (x = 0.08) and 4.98 (x = 0.1) ms with the Mn*"
70 contents from 2% to 10%, respectively. It obviously observed
that the decay times gradually decrease and when the Mn®*
content x reaches 6%, the decay time sharply declines, which
indicates that the energy transfer between Mn?‘and Mn*" might
occur. Thereby, the quenching concentration is confirmed at 6%
75 by the changes of decay times.
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10 Figure 4 The Commission International de L’ Eclairage (CIE)
chromaticity coordinates of the samples SPSB: 0.01Ce*", SPSB:
0.08Mn’" and SPSB: 0.01Ce*", xMn?* (0.02 < x < 0.16).

Figure 4 shows the CIE chromaticity coordinates of the samples
10s calculated based on their corresponding PL spectra. With
increasing Mn?" concentration, the emission color locates at the
blue, warm white, orange region with the chromaticity
coordinates changing from (0.177, 0.095) to (0.375, 0.289) to
(0.55, 0.44). The chromaticity coordinates and correlated color
10 temperature (CCT) of optimal sample SPSP: 0.01Ce*", 0.08Mn**
are (0.375, 0.289) and 3114 K, respectively, and the quantum
efficiency is measured to be 28.7%. It indicates the SPSB: Ce’*,
Mn?* phosphor could be regarded as a kind of single phase
emission-adjusted phosphor. The particular data of CIE and CCT
1s are listed in Table 3.
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Table 3 The detailed data of color, CIE, CCT of SPSB: 0.01Ce3+,
SPSB: 0.08Mn**, SPSB: 0.01Ce**, xMn*" (0.02 < x <0.16) and

blue chips +YAG

Samples color CIE CCT
compositions x y (K)

1 SPSB:0.01Ce™ blue 0.177  0.095 -

2 SPSB:0.08Mn*' orange 0.55 0.44 -

3 SPSB:0.01Ce*",0.02Mn”" blue 0211  0.158 -
4 SPSB:0.01Ce*,0.04Mn*"  bluewhite 0257 0210 1488
5 SPSB:0.01Ce*",0.06Mn*"  warm white 0349 0275 4217
6  SPSB:0.01Ce*",0.08Mn*"  warm white 0375 0289 3114
7 SPSB:0.01Ce*",0.10Mn®"  warm white 0424 0323 2263
8  SPSB:0.01Ce*",0.12Mn*"  warm white ~ 0.406 0315 2547
9  SPSB:0.01Ce*",0.14Mn*"  warm white 0427 0323 2208
10 SPSB:0.1Ce™,1.6Mn>" warm white 0392 0314 2928
11 blue chips +YAG cold white 0291 0300 5610
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3.3 Thermal properties analysis
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0.08Mn*", (c) SPSB: 0.01Ce®, 0.08Mn>" phosphors under
various temperatures, (d) The dependence of normalized PL
intensities on temperature for phosphors.
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A comprehensive understanding of the thermal quenching of
phosphors in the process of the phosphors application is
indispensable because many devices suffer from thermal
problems. Numerous investigations have discussed the thermal
quenching behaviors. ***° Two competing factors are in prevail,
one is the activation energy of non-radiative relaxation, the other
is the rate of temperature-induced direct tunneling, which
prevents emissive transition between the different activator ions
excited state and the ground state in host. °'

The temperature dependent PL spectra of SPSB: 0.01Ce™,
SPSB: 0.08Mn>" and SPSB: 0.01Ce’, 0.08Mn”" excited at 351
nm are shown in Figure 5(a), (b) and (c), respectively. The
thermal quenching behavior is measured from 20 to 250 C. With
the increasing temperature, the emission intensities of all samples
gradually decline. The emission intensity of SPSB: 0.01Ce*",
SPSB: 0.08Mn*" at 250 °C is 72.1% and 47.3% of their initial
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intensities at 20 ‘C. When Ce®" and Mn?* are co-doped into SPSB
host, the thermal properties rapidly decline. For the sample SPSB:
0.01Ce*", 0.08Mn*", the PL intensities of Ce*" and Mn?>* drop to
24.6% and 12.8% of those at 20 “C, which indicates that the co-
doping of Ce** and Mn** cause a serious decrease in thermal
properties (as seen in Figure 5 (d)). The phenomenon could be
explained by the configurational coordinate diagram in Figure 6.
In order to simplify the discussion, we assume the excited states
and ground states of Ce®* and Mn”" can be expressed by only one
curve. The curve g; and g, are the ground states of Mn>* and Ce’",
and the curves e, and e, are the excited states of Mn®>" and Ce”,
respectively. A and B are the lowest positions of the e, and e,. C
and D are the crossing points of g;, g, and ¢, e,, respectively. M
is the crossing point of e; and g,. P is the crossing point of e, and
2. AE, AE, and AE;, AE, are the energy differences of P to B, C
to A, D to B and M to A, respectively. Under the excitation of the
UV light, the electrons are excited to the excited states from g;, g,
to e, €. At the room temperature, for the samples SPSB:
0.08Mn”" and SPSB: 0.01Ce>", most of the electrons return to the
ground states along the red way @ to bring out the orange
emission of Mn*" and the blue way @ to obtain the blue emitting
of Ce**. For the sample SPSB: 0.01Ce**, 0.08Mn*", besides the
ways @ and @, the electrons of the Ce*" exited state would very
likely overcome the energy barrier AE, under the electron-phonon
coupling, and transfer energy to Mn®" along the green way ®,
resulting in the enhancing of the Mn?" emission intensity. With
the increase of temperature, for the samples SPSB: 0.08Mn”" and
SPSB: 0.01Ce™, more electrons could overcome the energy
barrier AE, and AE;, and return to the ground along the orange
way @ and the cyan way ® from the crossing points C and D due
to the stronger electron-phonon coupling. For the sample SPSB:
0.01Ce*", 0.08Mn*", more electrons of the excited state e, would
transfer to the Mn”" excited state e; under the stronger phonon
vibration, which results in the worse thermal properties of Ce*" in
SPSB: 0.01Ce™, 0.08Mn”" than that in SPSB: 0.01Ce™". However,
although the energy transfer process from Ce** to Mn*' is
strengthened, the emission intensity of Mn?* is not enhanced.
This may be due to the smaller AE,, resulting from the lower
position of the crossing point M than that of the crossing point C.
With increasing temperature, more electrons of the excited state
of Mn*" could return to the ground along the pink way ®, and
this process also decreases the possibility of the back tunneling of
electrons from the Mn*" excited state e, to the Ce*™ excited e,
and thereby leads to the rapid degradation of the thermal
properties of Ce*” and Mn*>" in the sample SPSB: 0.01Ce*,
0.08Mn”".
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Figure 6 The configurational coordinate diagram of the ground
states of Ce>*, Min>" and the excited states of Ce>*, Mn>".

Conclusions

In summary, a simple solid-state route was adopted to fabricate a
series of phosphosilicate phosphors SPSB: Ce*', Mn*'. Their
crystal structure, photoluminescence properties, decay times, CIE
index, CCT, and thermal properties are discussed. The
luminescence analysis demonstrates that the phosphors SPSB:
Ce**, Mn?" can be efficiently excited by the UV light from 240 to
10 390 nm, and simultaneously emit the blue light from Ce*" and the
orange light from Mn*". By adjusting the radio of Ce*"/Mn*’, the
warm white light with CCT from 2500 to 4500 K can be
obtained, which is suitable for the indoor lighting. The spectral
characteristic and decay times indicate that the efficient ET
15 occurs between Ce®* and Mn®'. With the increase of temperature,
the emission intensities of all samples gradually decline. The
emission intensities of SPSB: 0.01Ce** and SPSB: 0.08Mn*" at
250 C are 72.1% and 47.3% of those at 20 C, respectively,
which indicates that Ce®™ or Mn?" single-doped SPSB shows
excellent thermal properties. However, when the Ce*" and Mn?*
are co-doped into the host SPSB, the thermal properties rapidly
degrade. The PL intensities of Ce** and Mn** in SPSB: 0.01Ce*",
0.08Mn*" drop to 24.6% and 12.8% of those at 20 “C. According
to the configurational coordinate diagram, we propose an
2s underlying mechanism of thermal quenching and reasonably
elucidate the abnormal degradation phenomenon. The results
imply the mechanism could be useful for the discussion of the
thermal properties of multiple activators co-doped phosphors as
reference.
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The Structure, Photoluminescence and Thermal Properties of Ce™,
Mn*" Co-doped Phosphosilicate Sr;La;[(PO.),5(Si04)3(BO4)os](BO,)

Emission-Tunable Phosphor

Zhipeng Ci, “ Qisheng Sun“, Mengxing Sun®, Xiaojing Jiang, Shengchun Qin,
Yuhua Wang ™

A single phase emission-tunable Sr7Laz[(PO4),.5(Si04)3(BO4)o.5](BO,): Ce®’, Mn*"
phosphor was synthesized and the photoluminescence, energy-transfer mechanism

and thermal properties are carefully investigated.

i -9 0.01Ce™
0.01Ce™,0.02Mn™"
0.01Ce™,0.04Mn™
@ 0.01Ce™,0.06Mn™"

0.01Ce™,0.08Mn™
@ 0.01Ce™,0.1Mn™
—Q@-0.01Ce™,0.12Mn™"
@ 0.01Ce™,0.14Mn™"
@ 0.01Ce™,0.16Mn™

Blue light
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