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The color conversion glass ceramics which were made of borosilicate matrix co-doped (SrBaSm)Si,O,Nj:
(Eu*tCe3*) blue—green phosphors were prepared by two-step method in co-sintering. The change in luminescence prop-
erties and the drift of chromaticity coordinates (CIE) of the (StBaSm)SiO>Nj: (Eu3+Ce3+) blue—green phosphors and
the color conversion glass ceramics were studied in the sintering temperature range from 600 °C to 800 °C. The luminous
intensity and internal quantum yield (QY) of the blue—green phosphors and glass ceramics decreased with the sintering
temperature increasing. When the sintering temperature increased beyond 750 °C, the phosphors and the color conversion
glass ceramics almost had no peak in photoluminescence (PL) and excitation (PLE) spectra. The results showed that the
blue—green phosphors had poor thermal stability at higher temperature. The lattice structure of the phosphors was destroyed
by the glass matrix and the Ce>* in the phosphors was oxidized to Ce**, which further caused a decrease in luminescent

properties of the color conversion glass ceramics.

Keywords: (SrBaSm)SiyO,N;: (Eu**Ce?*) phosphors, blue—green color conversion glass ceramic, lumines-
cent intensity, thermal quenching effects, sintering temperature

PACS: 81.05.Kf, 42.70.Ce

1. Introduction

Under the condition that energy is getting scarce, white
light-emitting diodes (WLEDs) have attracted extreme atten-
tion in various fields because of their high efficiency, en-
ergy saving, shock resistance, long lifetime, environmental
friendliness, and fast response.[1‘7] However, with the devel-
opment of technology, WLEDs with only high-power perfor-
mance can no longer meet the market demand. Full-spectrum
WLEDs have been exploited for their similar luminescence
properties to the sunlight, which have higher color render-
ing index, higher light efficiency, and stronger color repro-
duction capability, can also solve the problem of excessive
blue light damage.®-'2) Compared with general WLEDs, the
full-spectrum WLED is usually synthesized by adding phos-
phors of 490 nm and 660 nm to complement short-wave blue—
green light and long-wave red light, so that the spectral wave-

[13-15

length covers the entire visible light. 1 At present, phos-

phors with a wavelength of 660 nm have been extensively

d. [16-20

studie | Therefore, the blue—green phosphor in the 490-

nm band is a key issue in the research and preparation of

DOI: 10.1088/1674-1056/ab3f97

full-spectrum LEDs. Currently, some blue—green phosphors,
for example silicate (M>SiO4: Eu?t, M = Ca, Ba, Sr), sul-
fide (M>BS4: Eu*", M = Ba, S, Ca, B = Al, Ga, In) alu-
minate (MSrAls7: Eu?t, M =Y, La, Gd), have been devel-
oped. However, the traditional silicate system has the nar-
row emission peak and the poor color rendering, the conven-
tional sulfide phosphors usually have poor stability, sensitiv-
ity to environmental moisture and atmosphere, the aluminate
is difficult to prepare, the cost is high and hydrolysis is easy
to occur.!?!=231 Oxynitride-based phosphors system?+23! like
(SrBaSm)SiyO,N»: (Eu**Ce3*) blue—green phosphor mate-
rials have great value in research, because it possesses many
advantages such as high luminous efficiency, effective excita-
tion by visible light, high designability of fluorescence char-
acteristics (wide adjustment range), high thermal stability, and
environmental friendliness. Otherwise, the process technol-
ogy of package full spectrum WLEDs also needs to overcome
the easy aging and yellowing of silicone.?*-28] At home and
abroad, lots of works of color conversion glass ceramics for
white LEDs had been done.[?°-3?1 At present, the glass mate-
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rial used in the color conversion glass ceramic research mainly
include: bismuthate glass matrix material,*3! tellurate glass
matrix material,**! and borosilicate glass matrix material. >
Compared to the other two glass matrix material, the borosil-
icate glass matrix material has two main advantages: (i) The
borosilicate glass matrix material has a good thermal stability
and prevents the phosphor from failing under high tempera-
ture and high humidity, (ii) The borosilicate glass matrix ma-
terial is relatively stable, which can realize the glass ceramics
with multi-wavelength phosphor doping. Therefore, it is nec-
essary to study properties of borosilicate matrix blue—green
color conversion glass ceramics.337]

In this study, at the sintering temperature of 600 °C—
800 °C, the borosilicate glass matrix and blue—green phos-
phors were co-sintered into color conversion glass ceramics,
and the holding time was 20 minutes. The effect of sinter-
ing temperature on the luminescence properties of borosilicate
matrix blue—green color conversion glass ceramics was stud-
ied. We can judge the luminescent properties of blue—green
color conversion glass ceramics by the change of photolumi-
nescence (PL) intensity at each sintering temperature. More-
over, the lattice structure of phosphors and glass ceramics at
various sintering temperatures can be investigated by x-ray
diffraction (XRD) and the content and variation of Ce>* and
Eu’" can be measured by x-ray photoelectron spectrum an-
alyzer to investigate the properties of color conversion glass

ceramics at high sintering temperature.

2. Experiment

In this process, the blue—green color conversion glass
ceramics can be obtained by a two-step method in low-
temperature co-sintering. Firstly, the weighed and mixed
medicine which was made up of H3BO3, SiO,, ZnO, BaCOs,
NayCOs; for firing the glass matrix was sintered in a muf-
fle furnace at 1100 °C for 1 h. Secondly, the transparent
high-temperature liquid taken out from the muffle furnace
was cooled on a copper plate at room temperature. Thirdly,
the ground glass matrix powders with a dsy of 15 pm was
doped with 3 wt% (SrBaSm)Si,O,N,: (Eu**Ce3*t) blue-
green phosphors powders with a dsg of 15 um, and placed in
a muffle furnace at 600 °C-800 °C for 20 min. Last but not
least, the prepared blue—green color conversion glass ceramics
were polished to a thickness of 1 mm by a sander. In order to
better study the luminescence properties of color conversion
glass ceramics with sintering temperature, we also studied the
variation of luminescence properties of phosphors sintered at
600 °C-800 °C for 20 min as a comparison.

The lattice structure of the prepared sample can be char-
acterized by x-ray diffraction (XRD, Rigaku, Ultima IV,

Japan) over a 20 range between 10° and 80° with Cu K« ra-
diation (k = 0.154178 nm) at a scanning rate of 0.02°/step
and 4°/min. The photo-luminescence (PL) and PL excita-
tion (PLE) and QY of all samples which contained blue—
green phosphors and color conversion glass ceramics were
recorded by Hitachi F-7000 spectrofluorometer and the inte-
grating sphere with a xenon lamp as the light source. The
luminescence properties of the color conversion glass ceram-
ics can be suggested by calculating the ratio of the area occu-
pied by divalent europium ions and trivalent europium ions by
x-ray photoelectron spectrum analyzer (XPS, Escalab250Xi,
ThermoFisher) data. All the binding energies were calibrated

by using the carbon 1s line (C 1s=284.91 eV) as a reference.

3. Results and discussion

We can observe the PLE and PL spectra of the
(SrBaSm)SiyO,N»: (Eu’*Ce*) blue-green phosphors and
color conversion glass ceramics sintered at 600 °C-800 °C
for 20 min from Fig. 1. Figures 1(a) and 1(c) show the PLE
spectra of the phosphors and color conversion glass ceramics
respectively monitored at maximum emission wavelength of
490 nm. Figures 1(b) and 1(d) display the emission spectra of
the phosphors and the color conversion glass ceramics sintered
at various temperatures. It is worth noting that the blue—green
phosphors have a wide excitation band that can extend from
380 nm to 470 nm, this means that it can match well with
the current mainstream blue LED chips. What is more, the
center wavelength of PLE and PL spectra of the color conver-
sion glass ceramics is consistent with the center wavelength of
the phosphors due to the same transition of Ce3* and Eu’*,
which is related to the dipole transition of the 5d excited state
to 4f ground state of Ce3*,[333% and the f—f forbidden transi-
tion of Eu* 401 in the blue—green phosphors lattice respec-
tively. As the sintering temperature increased, both the exci-
tation peak intensity and the emission peak intensity of the
phosphors and the color conversion glass ceramics changes
significantly. When the sintering temperature is higher than
750 °C, the excitation and emission spectra of the phosphors
and the color conversion glass ceramics have almost no peak
in Fig. 1.

Figure 2 is a dotted line diagram of the internal quantum
efficiency of color conversion glass ceramics and blue—green
phosphors at different sintering temperatures. It can be clearly
seen that the internal quantum efficiency of the glass ceramics
and phosphors reaches a high internal QY value of 44.80% and
93.49% respectively at 600 °C, then decreases linearly with
increasing sintering temperature, even closes to zero when the
temperature exceeds 750 °C. This is consistent with the result
that the PL intensity shown in Fig. 1.
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Fig. 1. PLE and PL spectra of phosphors and color conversion glass ceramics between 600 °C—800 °C: (a) PLE of blue—green phosphors, (b)
PL of blue—green phosphors, (c) PLE of blue—green color conversion glass ceramics, (d) PL of blue—green color conversion glass ceramics.
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Fig. 2. Internal QY diagram of the blue—green phosphors and glass
ceramics at different sintering temperatures.

In order to further confirm the regular pattern of the
change of the luminescent properties of glass ceramics with
the increase of the sintering temperature, the CIE coordinates
at different sintering temperatures of glass ceramics and phos-
phors are shown in Fig. 3. Figure 3 reveals the variation of
the CIE coordinates of phosphors and color conversion glass
ceramics, which is consistent with the result of the PL inten-
sity as shown in Fig. 1. When the sintering temperature is
lower than 700 °C, the x axis of the CIE coordinates of the
glass ceramics increases slowly with the increasing sintering
temperature, and the y axis slowly decreases. When the sinter-
ing temperature exceeds 750 °C, however, the CIE coordinate
changes abruptly, and the region is almost beyond the region
of the cyan—blue.

In order to more intuitively describe the variation of x
axis and y axis of the CIE coordinates of (SrBaSm)Si;O;N»:
(Eu**Ce3*) color conversion glass ceramics and phosphors

with increasing sintering temperature, it can be seen that the
variable values of x and y in CIE coordinates at different sin-

tering temperatures between color conversion glass ceramics

(b)

0.8

0.4

0.2

0.6 0.8

Fig. 3. CIE coordinates diagram of blue—green phosphors and glass ce-
ramics at various sintering temperatures: (a) CIE of phosphors, (b) CIE
of glass ceramics.
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and phosphors are in the range of 600 °C-800 °C as shown
in Fig. 4. As the sintering temperature increases, the differ-
ence in y value between the color conversion glass ceramics
and phosphor decrease obviously and the difference in x value
has an upward trend. It is worth noting that the variable value
of CIE-x, y between glass ceramics and phosphors is the clos-
est when co-sintering temperature is 600 °C. The above results
once again fit the conclusion that the increase of sintering tem-
perature has a negative effect on the luminescence properties
of glass ceramics.

0.01 0.01
8 ol .___./.\./. 10 >
"‘5 [
g —0.01F —a—variable value of & ]0-01 2
T:E —0.02F —e—variable value of y | —0.02 %
5 —0.03} 1-0.03
= =
T —0.04f 1-0.04 3
5 5
> —0.05f {—0.05 §
—0.06F {—0.06

600 650 700 750 800
Sintering temperature/°C

Fig. 4. The variable values of x and y in CIE coordinates at differ-
ent sintering temperatures between color conversion glass ceramics and
phosphors in the range of 600 °C-800 °C.

(@) @800 °C
2
5 l @750 °C
o)
=] l Q700 °C
~
2
Z h e ¢@65O C
8 o,
= @600 °C
(SrBaSm)SisNoOq:Cedt,
Eu?t powders@21 °C
1 1 1 1 1 1
10 20 30 40 50 60 70 80
20/(°)
PIG @800 °C
(b) PIG @750 °C
£ A U......LL AcrAsac A
=
= | PIG @700 °C
e}
3
~ PIG @650 °C
2
0
=]
% PIG @600 °C
- (SrBaSm)SioN,Os:Ced+,
Eu?t powders@21 °C
L lAl ALA A |AAA homA L A

10 20 30 40 50 60 70 80
20/(°)

Fig. 5. XRD patterns of phosphors and color conversion glass ceramics at
different sintering temperatures: (a) XRD of phosphors, (b) XRD of glass
ceramics.

As reported in literature, [42-46] Since Eut has one cou-
ple of adjacent thermally coupled energy levels TCL, Dy and
Dy, which are populated by the nonradiative relaxation, the

phosphors were thermally quenched significantly at high sin-
tering temperature, resulting in failure of the phosphor. This is
the main reason for the weakening of the PL and PLE intensi-
ties of the (SrBaSm)Si,O,N,: (Eu**Ce*") blue—green phos-
phors.

In order to further study the reasons for the failure of lu-
minescence performances for color conversion glass ceramics
at higher sintering temperature, XRD patterns of phosphors
and color conversion glass ceramics at different sintering tem-
peratures in Fig. 5 and XPS spectra of glass ceramics at 600 °C
and 750 °C in Figs. 7 and 8 are tested experimentally. As
shown in Fig. 5, the lattice structure of (SrBaSm)Si,O,Ny:
(Eu**Ce*) blue-green phosphors has basically no change,
while the lattice structure of glass ceramics varies significantly
with the increase of sintering temperature. When the sintering
temperature exceeds 750 °C, the lattice structure of glass ce-
ramics is seriously damaged which may result in a decrease
in luminescence performance, because the lattice structure of
the phosphors had been destroyed by the glass matrix at high
sintering temperature.

(2) (b)

880 890 900
Binding energy/eV

910 880 890 900 910
Binding energy/eV

Fig. 6. XPS spectrum and fitting curves of Ce>* in the color conversion
glass ceramics sintered at 600 °C (a) and 750 °C (b).
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Intensity/arb. units
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Fig. 7. XPS spectrum of Eu** of the color conversion glass ceramics sin-
tered at 600 °C (a) and 750 °C (b).

The values of binding energies for Ce>*3ds ,, Ce¥3d; 5,
Eu’*3ds), and Eu’*3d;/, are 884, 902, 1135.1, and
1664.3 eV respectively which are queried from the standard
XPS map database, while the binding energies of Ce**3ds /2
and Ce**3ds /2 are 881.6 eV and 899.9 eV respectively. Fig-
ure 7 is the XPS spectrum of Eu* at 600 °C and 750 °C,
which indicates that the valence state of Eu>* has not changed
under high sintering temperature conditions. Figure 6 shows
the XPS spectrum of Ce3* at 600 °C and 750 °C. The peaks
are fitted to all the samples, and the area of the fitted peaks
and the relative content of the luminescent ions are calculated.
The results are shown in Table 1. When the sintering temper-
ature increases from 600 °C to 750 °C, the content of Ce3t
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of the color conversion glass ceramics reduces from 94.97%
to 58.39%, and the content of Ce** of the color conversion
glass ceramics increases from 5.03% to 41.61%, which indi-

cates that Ce3* is oxidized to Ce** during the sintering pro-
cess, so that the luminescent intensity of the glass ceramics in
the 490 nm is lowered at a higher sintering temperature.

Table 1. Relative percentage of Ce>* in the glass ceramics sintered at 600 °C and 750 °C.

interi Relati
Sintering Peak/eV FWHM/eV Area/a.u. Sum/a.u. clatve
temperature/°C percentage/%
3+ . 44 13356.
Ce% 3ds 2 600 888.708 8 3356.553 36711.505 04,97
Ce¥*3dy) 901.590 9.03 23354.952
A+ 74 4. 1355.
Ce4 3ds 2 600 888.749 38 355.977 1943574 503
Ce**3dy ) 906.919 2.52 587.597
3+ . 4. 1685.
Ce% 3ds 250 887.637 36 685.879 10784.850 839
Ce¥*3dy ) 901.396 7.90 9098.98
4+ 44 . 4541.
C°4 3ds/2 750 890.443 367 541076 7685.594 41.61
Ce**3dy ) 904.924 6.34 3144.518

4. Summary

Through a series of tests, the luminescence properties of
(SrBaSm)Si, O>N»: (Eu3+Ce3+) blue—green color conversion
glass ceramics changed with sintering temperature is exper-
imentally studied and verified. When the sintering tempera-
ture raises from 600 °C to 700 °C, the luminous intensity of
the color conversion glass ceramics is gradually weakened, but
still possess luminescent properties. However, when the sin-
tering temperature exceeds 750 °C, the luminescence inten-
sity of the glass ceramics decreases linearly and approaches
to zero. Meanwhile, the color conversion glass ceramics have
almost no fluorescence characteristics. The blue—green phos-
phors were thermally quenched at 750 °C. Moreover, the lat-
tice structure of the phosphors was destroyed by the glass ma-
trix and the Ce®" in the phosphors was oxidized to Ce**,
which further caused a decrease in luminescent intensity of
color conversion glass ceramics. In general, the experimen-
tal results show that low sintering temperature has a positive
effect on the luminescence properties of blue—green color con-
version glass ceramics.
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