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Abstract

To enhance the luminescence of (Sr,Ba);SiOs:Eu** for white light-emitting diodes, a new method for the synthesis of phosphor was
developed. In the proposed method, the mixture of large and nano SiO, particles as a silica source was employed to control the nucleation and
crystal growth of the material. The impurity phase (Sr,Ba),SiO4, which easily coexisted with (Sr,Ba);SiOs was suppressed. Accordingly, the
luminescence was enhanced significantly by the partial substitution of conventional SiO, with nano SiO,. The improvement in crystallinity and
morphology was examined with XRD and SEM. Moreover, the sintering temperature and the concentration of nano SiO, was optimized. The
results show that appropriate amount of nano SiO, has pronounced effects on the nucleus formation and crystal growth, while excessive crystal
seeds formed may hinder the growth of particles. A mechanism for this improvement was proposed.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

White light-emitting diodes (WLEDs) show a number of
advantages over conventional fluorescent lamps, incandescent
bulbs, and cold cathode fluorescent lamp (CCFL) in terms of
efficiency, reliability, long lifetime and eco-friendship, which
pave way for their wide application in home lighting, outdoor
decoration, traffic signal lamps, automobile lights, and the
backlights of liquid crystal display (LCD) panels for mobile
phones and TV sets, among others [1-6]. However, the
WLEDs are mainly fabricated by coating yellow phosphors
on blue InGaN chips at present, which have a poor color
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rendering index (CRI) due to the deficiency of a red
component in the emission spectrum. Thus, a red phosphor
is desired for improving the CRI of WLEDs [1-6].
(Srl_xBax)3SiO4:Eu2+ was a promising candidate for the
application, whose emission peak could be tuned from about
580 to 600 nm with Ba** concentration varying from x=0 to
0.2 M [7-14]. Recently, several studies have focused on the
synthesis and luminescence properties of (Sr,Ba);SiO5:Eu*
[7-14]. However, the impurity (Slr,Ba)ZSiOét:Eu2+ easily coex-
ists with the formation of (Sr,Ba);SiOs:Eu”*, which not only
decreases luminous efficiency but also deteriorates emission
color [11-14]. Wang's research demonstrated that Sr3Si05:Eu**
tends to decompose into Sr,SiO4 and SrO during the cooling
process and the decomposition could be restrained by a rapid
cooling speed [11]. In order to enhance luminescence and
improve particle morphology, the flux was widely applied in
phosphor synthesis. However, the formation of Sr,SiO, caused
by the BaF, flux, during Sr3SiOs synthesis was observed by
Cheng et al. [12]. Nakamura et al. has explored the synthesis of
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Sr3SiOs:Eu* by using two types of SiO, raw material [13].
The results show that the phosphor synthesized from fumed
SiO, exhibits a much better performance than that from
conventional SiO,. In this work, conventionally employed
micron size SiO, was substituted with nano SiO, in the syn-
thesis of Sr;SiOs:Eu”* phosphor. The results showed that the
luminescence was enhanced significantly by partial replacement of
the comparatively large SiO, particles with nano SiO,. The firing
temperature and the concentration of nano SiO, were optimized.

2. Experimental

Samples were synthesized from SrCOj; (99.9%), BaCO;
(99.9%), Eu,03 (99.99%), micron SiO; (99.9%, Ds,=20.461
pm, BET surface area 0.958 mz/g), nano SiO, (99.5%,
D<20nm, BET surface area 185+20m%g) by a solid
reaction at high temperature in the H,/N,=25:75 reduction
atmosphere. The phases were identified by X-ray diffraction
(XRD) analysis using a Rigaku D/Max-rB diffractometer.
Particle morphology was characterized by using a JSM-
6490LV scanning electron microscopy (SEM). The lumines-
cence was measured by using a Hitachi F-4600 spectrometer.

3. Results and discussion

Fig. 1 presents the XRD patterns of (Sryg9Eug.01)35105
phosphors that were synthesized from the conventional SiO,
source at different temperatures, compared with the standard
XRD pattern of Sr3SiOs (ICSD-418933) [15]. The phosphor
synthesized at 1300 °C mainly consists of Sr,SiO4. As
temperature increased from 1300 to 1400 and finally up to
1500 °C, the impurity Sr,SiO, is reduced gradually and the
pure phase of Sr3SiOs occurs. Correspondingly, the lumines-
cence intensity increased continuously with rising tempera-
tures, as shown in Fig. 2 for those samples without nano SiO,
doped. Moreover, the continuous increase in intensity of the
main diffraction peak at 20=30.61° in Fig. 1 suggests that
the crystallinity of phosphor improves with an increase of
temperature.
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Fig. 1. The XRD patterns of (Srpo9Eug 1)3SiO5 synthesized at 1300, 1400, 1450
and 1500 °C from micron SiO, by comparing with the standard ICSD 418933 [15].

In order to decrease the sintering temperature and enhance
luminescence, we have tried to synthesize the Sr3Si0s:Eu**
phosphor by adopting NH4Cl, KBr, H;BO; and NaCl as
fluxes. As shown in Fig. 3(a), the luminescence intensity of
(Sr,Bal)3Si05:Eu2+ decreases and the emission peaks blue-
shifts from 600 nm to 562 nm when the concentration of
NH,CI is increased from 2.5 to 7.5 wt%. This is because the
phases of (Sr,Ba),SiO, and (Sr,Ba)Cl,eH,0 are formed along
with the formation of (Sr,Ba);SiO5 phase, as revealed by the
supplementary information in Fig. 1. Moreover, the impurities
are increased with the content of NH,Cl, which might quench
the luminescence evidently. The out-side color of the Sr;SiOs:
Eu”" phosphor synthesized by adopting KBr as a flux in
natural light is virescent, as shown in SFig. 2, but the inner is
orange. The Sr,Si0, impurity caused by the KBr flux is also
detected, as shown in SFig. 3, which is responsible for the
decrease in luminescence and wavelength blue-shift as high-
lighted in Fig. 2(b). Besides, no positive effects are observed
from the phosphors by adopting H;BO; and NaCl as fluxes. To
improve the luminescence property of the material, another
strategy was envisaged, which proved quite beneficial.

The nano particles have large surface area to volume ratio
and possess high surface potential, and can facilitate easy
reactivity with other particles. Here, the nano SiO, was used to
substitute the large SiO, particles. The concentration of nano
Si0, was fixed at 0, 10%, 30%, 50% and 70% of the total
weight of SiO,. The phosphors were fired at 1400, 1450 and
1500 °C for 4 h, respectively in the H,/N, reduction atmo-
sphere. Their emission spectra are presented in Fig. 2(a)—(c).
The optimal concentration for the nano SiO, at 1400 and
1450 °C are found 30%, with enhancement in the lumines-
cence intensity of 106% and 61%, respectively, over the
samples synthesized at the same condition without nano
Si0, addition. When the temperature is 1500 °C, the lumines-
cence intensities of samples doped with 10% and 30% nano
SiO, are similar with each other. The intensity of the sample
doped with 10% nano SiO, is 132% of that synthesized from
large SiO, particles. Besides the enhancement of intensity, as
shown in Fig. 2(a)—(c), the emission spectra red-shift from
about 580 to 583 nm as the concentration of nano SiO,
increases from zero to 30%. The redshift of emission spectra
is beneficial for the improvement of CRI of WLEDs.

Fig. 2(d) summarizes the relative intensity of luminescence,
achieved by integrating from 450 to 700 nm in emission
spectra, as a function of nano SiO, concentration. Keeping
the composition same, the luminescence intensity increases
with an increase of temperature in the range of 1400-1500 °C,
but the relative enhancement in quantity decreases when the
content of nano SiO, is more than 30%. Moreover, the optimal
content of nano SiO, required for phosphor synthesis also
decreases with an increase of temperature. Mechanistically, it
can be inferred that the appropriate amount of nano SiO,
contributes to the formation of crystal nucleus, but too much
nano SiO, doping will result in excess crystal seed formation.
This overloaded doping may favor the competition among the
crystal seeds to grow during the continuous reaction process at
high temperature, ultimately hindering the growth of phosphor
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Fig. 2. The emission spectra of (Sryg9Eug 1)3Si05 synthesized at 1400 °C (a), 1450 °C (b) and 1500 °C (c) from with different contents of nano SiO,, and their

relative intensity as a function of nano SiO, concentration (d).
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Fig. 3. Emission spectra of the phosphors [(StggsBag.15)0.09Eu0.01]135105 and (Srp.99Eug 01)3Si05 synthesized by adding NH4Cl and KBr as the flux for (a) and (b),

respectively.

particles. This view is confirmed by the SEM pictures as
shown in Fig. 4.

Fig. 4 displays the morphology of phosphor particles. The
presence of small particles with rough surface in Fig. 4(a)
suggest that the crystal grain does not grow well when there is
no added nano SiO,. However, the particle size grew
significantly after doping 30% and 10% with nano SiO, at
1450 °C and 1500 °C, respectively, as displayed in Fig. 4(b)
and (c). The particle size in Fig. 4(b) and (c) are similar to each
other, but the particle surfaces in Fig. 4(c) are much smoother
and cleaner than those in Fig. 3(b). The particles in Fig. 4(d)
have clear profile and uniform shape, although they are not as
large as those in Fig. 4(c). Practically, the uniform particles

with a clean profile benefit to improve the final efficiency of
WLED devices after packaging. The luminescence not only
depends on particles size but also depends on their profile.
These characters are clearly presented by the combinationa of
Figs. 2 and 4.

Fig. 5 describes schematically the influence associated with
large SiO, particles (a) and the mixture of large SiO, particles
and nano SiO, (b) on the nucleation and crystal growth. As far
as the point contact between the large SrCO; and SiO,
particles is concerned, it is very hard to form a crystal nucleus
for the hot-spot diffusive reaction. However, it is easy for nano
SiO, which is absorbed on the surface of SrCO;5;. Once the
nucleus formed, the Helmholz free energy (F) of the system
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Fig. 5. The mechanism of the large SiO, particles (a) and the mixture of large SiO, particles and nano SiO, on the nucleation and crystal growth of the Sr;SiOs:Eu”*

phosphor by reacting with SrCOs.

which is defined as
dF = -SdT—-PdV + pdN,

will decrease evidently, where S, P, u, T, V and N present the
entropy, pressure, chemical potential, temperature, volume and
the number of particles, respectively. Accordingly, the grain
will grow rapidly. Moreover, the numerous nucleus may
surround a large particle to grow up and the small grain may
aggregate together or merge into a large one. Herein, large
grains with uniform shape are achieved, as shown in Fig. 4(d).
But as for the raw material in large particle size, few tiny
particles still exist, as seen from the particle distribution shown
in SFig. 4. The nucleus will form preferentially from the tiny
one and in turn grows into a large grain. However, most large

particles have a low speed of reaction and the grain grows
slowly. Thus, the small particles with irregular shape are
obtained, as shown in Fig. 4(a).

According to above optimal results, the orange phosphor of
[(Sro.85sBag.15)0.99Eu0.01]35105 was synthesized finally, by dop-
ing 20% nano SiO, and firing at 1500 °C for 6 h in the
H,/N,=25/75 reduction atmosphere. The emission spectrum is
given in Fig. 6(a), in which a broadband peaked at about
602 nm is observed. The correlated color temperature (CCT) of
the phosphor is about 1615 K and the chromaticity coordinates
is about CIE (0.5840, 0.4145). The relative position of the CIE
coordinates in the chromaticity diagram of the phosphor is
shown in Fig. 6(b), in contrast to the commercially available
yellow phosphor of YAG:Ce®* and the blue phosphor of
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version of this article.)

Sr3MgSi,Og:Eu”". These parameters suggest that the phosphor
is practically feasible to improve the CRI and decrease the
CCT of WLEDs when used to package WLED devices.

4. Conclusion

In summary, a new method for the synthesis of (Sr,Ba);SiOs:
Eu®" phosphor was developed by adopting the mixture of large
Si0, particle and nano SiO, as the silica source in synthesis, i.e.,
mixed with 10-30% nano SiO, into raw materials and suffered a
high-temperature sintering at 1450-1500 °C for several hours in
the Ho/N, reduction atmosphere. The luminescence was enhanced
significantly by using this newly developed (Sr,Ba);SiOs:Eu**
synthetic protocol. The fluxes were not applicable to the phosphor
synthesis since other impurity phase induced. The luminescence
intensity of Sr3SiOs:Eu”* doped with 30% nano SiO, synthesized
at 1400, 1450 and 1500 °C was about 206%, 161% and 131% of
that synthesized without nano SiO, addition at the same tempera-
ture. However, the relative enhancement rate caused by nano SiO,
and the optimal content of nano SiO, required for phosphor
synthesis decrease with an increase of firing temperature. From this
viewpoint, it is necessary to take further theoretical and experi-
mental studies to reveal the relationship among the number of
crystal seeds, the speed of crystal growth, the content of nano SiO,
and the firing temperature.

Acknowledgment

The work was supported by the National High-Tech R&D
Program of China (863 program) (2013AA03A114), the
National Natural Science Foundation of China (51002043,
and 61076040), the Science and Technology Program of
Anhui Province (12010202004), the China Postdoctoral
Science Foundation (20090450802 and 2012T50568), the
Fundamental Research Funds for the Central Universities
(2012HGQCO0033), and the Student Innovation Training
Program of Hefei University of Technology (2012CXCY071

and 2012CXCY044). Moreover, the authors
Dr. A. Bahader for his help in refining English.

appreciate

Appendix A. Supporting information

Supplementary data associated with this article can be found
in the online version at http://dx.doi.org/10.1016/j.ceramint.
2013.04.017.

References

[1] JM. Song, J.S. Park, S. Nahm, Luminescence properties of Eu**
activated Ba,SisNg red phosphors with various Eu’* contents, Ceram.
Int. 39 (2013) 2845-2850.

[2] L. Chen, K.J. Chen, S.F. Hu, R.S. Liu, Combinatorial chemistry approach
to searching phosphors for white light-emitting diodes in (Gd—Y-Bi—Eu)
VO, quaternary system, J. Mater. Chem. 21 (2011) 3677-3685.

[3] L. Chen, C.C. Lin, C.W. Yeh, R.S. Liu, Light converting inorganic
phosphors for white light-emitting diodes, Mater 3 (2010) 2172-2196.

[4] JM. Kim, S.J. Park, K.H. Kim, H.W. Choi, The luminescence properties
of MzMgSiZO7:Eu2+ (M=Sr, Ba) nano phosphor in ultraviolet light
emitting diodes, Ceram. Int 38 (2012) S571-S575.

[5] X. Wang, J. Gan, Y. Huang, HJ. Seo, The doping concentration
dependent tunable yellow luminescence of Sr5(PO4)»(Si04):Eu*, Ceram.
Int. 38 (2012) 701-706.

[6] J.H. Chung, J.H. Ryu, Photoluminescence and LED application of
B-SiAION:Eu** green phosphor, Ceram. Int. 38 (2012) 4601-4606.

[7] J.K. Park, K.J. Choi, J.H. Yeon, S.J. Lee, H. Kim, Embodiment of the
warm white-light-emitting diodes by using a Ba®* codoped Sr3SiOs:Eu
phosphor, Appl. Phys. Lett. 88 (2006) 043511-043513.

[8] H.S. Jang, Y.H. Won, S. Vaidyanathan, D.H. Kim, D.Y. Jeon, Emission
band change of (Sr;_.M,);SiOs:Eu** (M=Ca, Ba) phosphor for white
light sources using blue/near-ultraviolet LEDs, J. Electrochem. Soc. 156
(2009) J138-J142.

[9] H.S. Jang, Y.H. Won, D.Y. Jeon, Improvement of electroluminescent
property of blue LED coated with highly luminescent yellow-emitting
phosphors, Appl. Phys. B 95 (2009) 715-720.

[10] P. Li, Z. Yang, Z. Wang, Q. Guo, X. Li, Preparation and luminescence
characteristics of Sr;SiOs:Eu®* phosphor for white LED, Chin. Sci. Bull.
53 (2008) 974-977.


http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref1
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref1
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref1
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref1
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref1
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref1
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref1
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref2
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref2
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref2
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref2
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref3
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref3
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref4
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref4
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref4
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref4
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref4
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref4
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref4
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref4
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref4
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref4
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref5
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref5
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref5
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref5
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref5
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref5
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref5
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref5
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref6
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref6
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref6
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref7
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref7
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref7
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref7
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref7
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref7
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref8
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref8
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref8
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref8
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref8
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref8
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref8
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref8
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref8
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref8
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref8
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref8
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref9
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref9
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref9
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref10
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref10
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref10
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref10
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref10
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref10

8570 L. Chen et al. / Ceramics International 39 (2013) 8565-8570

[11] X.C. Wang, X.Y. Zhang, Y.M. Zhang, L.L.. Ma, Influences of Sr3SiOs [14] J.K. Park, M.A. Lim, K.J. Choi, C.H. Kim, Luminescence characteristics

decompose on the cooling process on the preparation of Sr3SiOs:Eu?, of yellow emitting Ba;SiOs:Eu”* phosphor, J. Mater. Sci. 40 (2005)
Chin. J. Inorg. Chem. 28 (2012) 1570-1574. 2069-2071.

[12] G. Cheng, Q. Liu, L. Cheng, L. Lu, H. Sun, Y. Wu, Z. Bai, X. Zhang, [15] J.M. Porras-Véazquez, E.R. Losilla, L. Le6n-Reina, M. Martinez-Lara,
G. Qiu, Synthesis and luminescence property of Sr3SiOs:Eu>* phosphors M.A.G. Aranda, Synthesis and characterization of a new family of mixed
for white LED, J. Rare Earths 28 (2012) 526-528. oxide-proton conductors based on tristrontium oxysilicate, Chem. Mater.

[13] Y. Nakamura, T. Watari, T. Torikai, M. Yada, Synthesis and lumines- 20 (2008) 2026-2034.

cence properties of Eu**-activated Sr3SiOs phosphors, Mater. Sci. Eng. B
18 (2011) 1020074.


http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref11
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref11
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref11
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref11
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref11
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref11
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref11
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref12
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref12
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref12
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref12
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref12
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref12
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref13
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref13
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref13
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref13
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref13
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref13
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref14
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref14
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref14
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref14
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref14
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref14
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref15
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref15
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref15
http://refhub.elsevier.com/S0272-8842(13)00407-0/sbref15

	Controlled nucleation and crystal growth through nano SiO2 for enhancing the orange luminescence of (Sr,Ba)3SiO5: Eu2+ in...
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgment
	Supporting information
	References




