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a b s t r a c t

Eu2+/Sm3+ co-doped silicate glass was prepared by high temperature melting under reducing atmosphere
and the Eu2+/Sm3+ co-doped SrSiO3 transparent glass-ceramics were obtained after heat-treatment. X-ray
diffraction (XRD) and Raman spectra confirmed the formation of SrSiO3 nano-crystals in the glass matrix.
The photoluminescence excitation (PLE) spectra and photoluminescence (PL) spectra of the samples were
measured. A broad emission band from 400 nm to 550 nm due to the 4f65d1 → 4f7 transitions of Eu2+ was
eywords:
lass ceramics
u2+/Sm3+ co-doped
rSiO3 nano-crystals
ptical properties
hite LED

observed, as well as several sharp emission peaks at 563 nm, 600 nm, 646 nm and 713 nm ascribed to
the 4f → 4f transitions of Sm3+. The luminescence properties of the glass ceramics with different molar
ratio of Eu2+/Sm3+ were studied and the corresponding chromaticity coordinates were calculated. The
ultraviolet light-emitting diode (UV-LED) excitable glass-ceramics emitting white light were obtained by
tuning the relative emission intensity of Eu2+ and Sm3+. The results indicate that the Eu2+/Sm3+ co-doped
SrSiO3 transparent glass-ceramics can be used as a potential matrix material for White LED under UV-LED

excitation.

. Introduction

White light-emitting diodes (LEDs) have been considered as a
otential replacement for the conventional illumination devices

n the viewpoints of low electric consumption, high brightness,
ong lifetime and environment friendly characters [1–3]. One of the

ethods for making white LED is the combination of an ultravio-
et (UV) or near-ultraviolet (NUV) LED chip with tricolor phosphors
red, green and blue) packed with organic resins. Compared with
hite LED using blue LED chip and the YAG:Ce3+ phosphor, it has
igh color rendering and is believed to offer the greatest potential

or high efficiency solid state lighting [4]. Because of the remark-
ble progress in the development of LED chips with emission at
00–420 nm, more and more attention has been paid to the devel-
pment of new phosphors converting white LED that can be excited
fficiently in this band [5–10].

In general, the phosphors converting white LED are embed-
ed in organic resins. However, there are several problems in
his type of white LED, including the large difference of refrac-

ive index between phosphors and organic resins which will lead
o high amount of scattering light, and the poor heat-resistance
hich will lead to the degradation of luminous intensity and the

hange of emission color [11]. Therefore, the glass-ceramics phos-
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phors have been studied as a promising material due to its better
heat-resistance than organic resins, available facility of produc-
tion process, easy of formability, and low porosity compared with
sintered ceramics [12–18].

Additionally, Eu2+ activated phosphors are suitable for the tri-
color phosphor converting white LED, because excited by UV or
NUV they show broad emission band due to the 4f65d1 → 4f7 transi-
tions of Eu2+ coupled to the host lattice [19–22]. The emission color
of Eu2+ in oxide hosts is usually ranging from violet to yellow, while
Sm3+ doped phosphors show orange or red emission by 4f → 4f
transitions, which can improve color rendering of the Eu2+ activated
phosphors by compensating the absence of red wavelength region.
Though the Sm ions can take a divalent state, depending on the
host composition and the preparation condition, the tendency of
reduction is much smaller than that of Eu ions [13,23]. Therefore, it
is possible to prepare Eu2+/Sm3+ co-doped glass and glass-ceramics
by choosing an appropriate reduction condition, which may exhibit
an excellent color rending index (CRI). The luminescence properties
of Eu2+ activated strontium metalsilicates (SrSiO3) powder phos-
phors have been reported by some workers [24,25]. In this letter,
we reported the preparation and spectral analysis of the UV-LED
excitable white light emitting Eu2+/Sm3+ co-doped glass ceramics
phosphors containing SrSiO3 nano-crystals.
2. Experimental

The glass composition comprised 60SiO2–40SrO–0.01Eu2O3–xSm2O3 (in mol%,
x = 0.02, 0.04, 0.06, 0.08, 0.1). The raw materials are reagent grade SiO2, SrCO3, Eu2O3

dx.doi.org/10.1016/j.jallcom.2010.12.058
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:sxucjlu@hotmail.com
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letter 365 nm was chosen as the excite light. In Fig. 3(b) a broad
emission band from 400 nm to 550 nm due to the 4f65d1 → 4f7

transitions of Eu2+ was observed, as well as several sharp emis-
sion peaks at 563 nm, 600 nm, 646 nm and 713 nm ascribed to
Fig. 1. (a) XRD patterns of G5 an

nd Sm2O3. The materials were fully mixed in an agate mortar. An alumina crucible
ontaining the mixed materials was placed in another lager alumina crucible which
as filled with graphite to enhance the reducing effect. They were melted at 1560 ◦C

or 1 h under the reducing atmosphere with 95%N2–5%H2. The melts were poured
nto a preheated steel plate and cooled down to room temperature. The glasses
ere cut into 5 mm × 5 mm × 2 mm size and named as G1 (x = 0.02), G2 (x = 0.04),
3 (x = 0.06), G4 (x = 0.08) and G5 (x = 0.1), respectively. Thermal properties were
easured by differential thermal analysis (DTA) at rate of 10 ◦C/min. The results

howed that the transition temperature was 780 ◦C and crystallization peak tem-
erature was 1030 ◦C. So G1, G2, G3, G4 and G5 were heat treated at 1030 ◦C for 2 h
o obtain the glass ceramics, which were named as GC1, GC2, GC3, GC4 and GC5,
espectively. The crystalline phases of the samples were identified by X-ray diffrac-
ion (XRD) measurement with a Cu-Ka radiation source. The fluorescence decay
urves, photoluminescence (PL) and photoluminescence excitation (PLE) spectra of
he glass and glass ceramics were measured by a Jobin-Yvon FL3-211-P spectroflu-
rometer equipped with a Xe flash lamp. The Raman spectra were recorded on a SL
aman spectrophotometer P1-532 HR within the range of 200–1400 cm−1. All the
easurements were carried out at room temperature.

. Results and discussion

Fig. 1(a) presents the XRD patterns of the glass (G5) and glass-
eramics (GC5). The XRD pattern glass was completely amorphous
ith no diffraction peaks. After heat treatment, the XRD pattern

f glass-ceramics showed intense diffraction peaks, which were
ell accordant with JCPDS card (NO. 36-0018) of the SrSiO3 crys-

al except one small peak resulted by the impurities of SiO2. From
he XRD patterns, the mean size of SrSiO3 nano-crystals, calcu-
ated by Scherrer equation, was about 30 nm. The TEM image of the
ample GC5, shown in Fig. 1(b), demonstrated that nano-particles
ized 25–35 nm was distributed homogenously among the glass
atrix, which was consistent with the previous calculated result.
ue to much smaller size of precipitated SrSiO3 nano-crystals than
avelength of visible light, the Eu2+/Sm3+ co-doped glass-ceramics

emain transparent.
Fig. 2 shows the Raman spectra of the glass and glass-ceramics

oped with 0.02 mol Eu2+ and 0.2 mol Sm3+ (G5 and GC5) at the
ange of 200–1400 cm−1. In silicate glasses [26], the band at
50 cm−1 is assigned to bending vibration of Si–O–Si bonds, and
t 880, 930, 970, 1030 and 1070 cm−1 are assigned to symmet-
ic stretching vibration of SiO4 tetrahedra with 4, 3, 2, 1 and 0
on-bridging oxygens, respectively. In the Raman spectrum of glass

G5), there were three obvious scattering peaks at 1055, 948, and
95 cm−1, which moved to lower frequencies at 1052, 930, and
55 cm−1 peak in glass-ceramics (GC5). After heat treatment, the
ands got structurized and new bands at 261, 284, 328, 395, 468,
95 and 641 cm−1 were found, and match the bending vibrations
and (b) TEM micrograph of GC5.

peaks of Si–O–Si bonds of [SiO3]2− in MgSiO3 [27,28], which also
indicated that the SrSiO3 nano-crystals were formed in Eu2+/Sm3+

co-doped glass-ceramics. In addition, several weak intensity bands
at 751, 968 and 1024 cm−1 were also observed, which could be
ascribed to the vibrations of Si–O–Al bonds, symmetric stretching
vibration of SiO4 tetrahedra with 2 and 1 non-bridging oxygens,
respectively. The Al ions might come from the alumina crucible.

The PLE and PL spectra of the 0.02 mol Eu2+ and 0.2 mol Sm3+

co-doped glass and glass-ceramics (G5 and GC5) are presented
in Fig. 3. As shown in Fig. 3(a), the PLE spectra of GC5 were
monitored at 505 nm and 600 nm respectively. The broad exci-
tation band ranging from 300 nm to 450 nm could be attributed
to the 4f7 → 4f65d1 transitions of Eu2+ ions, while for Sm3+ sev-
eral narrow bands centered at 345 nm, 362 nm, 376 nm, 407 nm,
418 nm and 438 nm were assigned to transitions of 6H5/2 → 3H7/2,
6H5/2 → 4L17/2, 6H5/2 → 4K13/2, 6H5/2 → 4F7/2, 6H5/2 → (6P5/2, 4P5/2),
6H5/2 → 4G9/2[29,30]. Apparently, the glass ceramics can be effi-
ciently excited by several light in the UV region, and in this
Fig. 2. Raman spectra of G5 and GC5 at the range of 200–1400 cm−1.
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ig. 3. The PLE and PL spectra of G5 and GC5: (a) PLE spectra of GC5 (monitored
ulti-peak fitting emission spectra of the Eu2+ single doped glass ceramics.

he 4G5/2 → 6H5/2, 4G5/2 → 6H7/2, 4G5/2 → 6H9/2 and 4G5/2 → 6H11/2
ransitions of Sm3+. The trivalent samarium has a fundamental
evel 6H5/2 and three main emitting levels 4G5/2, 4F3/2 and 4G7/2
ocated at 17860, 18857 and 20009 cm−1, respectively, which give
isible emissions (reddish-orange). Sm3+ also has a series of lev-
ls between 28573 and 17860 cm−1 very close to each other which
llow non-radiative (NR) relaxation to the 4G5/2 level. There were
wo emission bands of Eu2+ ions, centered at 457 nm and 505 nm
espectively, which could be attributed to different Eu2+ ions sub-
tituted different Sr2+ sites in SrSiO3 nano-crystals. Moreover, the
05 nm emission band is much broader than the 457 nm one, so
sing Gaussian fitting, the emission spectra of the Eu2+ single doped
lass ceramics can be Multi-peak fitted into there Gaussians peaks

ith maxima at about 467 nm, 502 nm and 529 nm respectively on

n energy scale, as can be seen in the inset picture in Fig. 3(b). Sr
ons are all eight coordinate in SrSiO3 nano-crystals, while there
re three different kinds of strontium sites (Sr(1), Sr(2) and Sr(3)
ith average Sr–O distances of 2.68 Å, 2.65 Å and 2.60 Å, respec-
nm and 600 nm respectively); (b) PL spectra of G5 and GC5, the inset shows the

tively). Eu2+ ions can substitute either site from the viewpoints of
the ion radius and the charge valence [31–33]. Additionally, the
Eu2+ ions are very sensitive to the around crystal field of the host.
When the crystal environments are analogous, the Eu2+ with a
shorter Eu2+–O2− distance will give a longer wavelength emission.
So we ascribed the two longer wavelength emission at 502 nm and
529 nm to the emission of Eu2+ ions on Sr(1) and Sr(2) sites respec-
tively. The much higher energy emission at 457 nm of Eu2+ on Sr(3)
sites could be explained by means of preferential orientation of a d
orbital of Eu2+ ions [34,35].

Compared with the glass, significant enhancement of the photo-
luminescence intensity was also observed, which could be ascribed
to the precipitated lower phonon energy of SrSiO3 nano-crystals in

the glass-ceramics [36]. The intensity of photoluminescence was
very sensitive to the multi-phonon relaxation rate of the rare-earth
ions, which strongly depends on the phonon energy of their matrix.
The lower the phonon energy of host was, the longer the lifetime
and higher quantum efficiency of excited levels were, and con-
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Fig. 4. PL spectra of GC1, GC2, GC3, GC4 and GC5 with �ex = 365 nm.

equently the stronger the emission intensity was [37]. Based on
he results of Raman analysis as shown in Fig. 2, bending vibra-
ion of Si–O–Si bonds (595 cm−1) and the symmetric stretching
ibrations of SiO4 tetrahedra with 3 and 0 non-bridging oxygens
948 and 1055 cm−1) in glass moved to lower energies at 555,
30, and 1052 cm−1 in glass-ceramics. It can be concluded that the
aximum phonon energy of glass-ceramics decreased after heat

reatment. At the same time, new lower energy stretching vibra-
ions at 248, 284, 312, 381, 456, 473, 494 and 623 cm−1 owing to
i–O–Si of [SiO3]2− in SrSiO3 nano-crystals were found in glass-
eramics. Thus, the precipitation of lower phonon energy SrSiO3
ano-crystals in the glass-ceramics and entrance of Eu2+/Sm3+ into
rSiO3 crystalline phase resulted in intense red, green and blue
uminescence in comparison with glass.

Fig. 4 presents the PL spectra of the glass-ceramics with different
u2+/Sm3+ molar ratio, and their chromatic coordinates were calcu-
ated and plotted on the CIE-1931 chromaticity diagram, as shown
n Fig. 9. As can be seen in Fig. 4, the emission intensity of Eu2+

nd Sm3+ increased with increasing Sm2O3 concentration at the
ower activator content. It reached the maximum intensity at the
oncentration of 0.04 mol Sm2O3, while decreased with a further
ncrease of the Sm2O3 concentration. As for the emission inten-
ity of Sm3+, it can be explained by the concentration quenching
38]. A non-radiative energy transfer from one Sm3+ ions to another
m3+ ions took place, which may occur through exchange interac-
ion, radiation reabsorption and multipole–multipole interaction.
he exchange interaction usually works for a forbidden transition
nd the typical critical distance is about 5 Å. Radiation reabsorp-
ion plays an important role when there is broad overlap between
he excitation and emission spectra. A rough estimation of the crit-
cal distance of energy transfer (Rc) can be made using the relation
iven by Blasse [39] to calculate Rc between activator ions of the
ame kind when doped in a host lattice.

c ≈ 2
(

3V

4�xcZ

)1/3
(1)

here Rc corresponds to the critical separation between the nearest
m3+ ions at the critical concentration, V is the volume of the unit
ell, Z is the number of host cations in the unit cell, xc is the critical
oncentration of activator ions. According to the crystal structure
f the SrSiO3 compound [32], V = 889.49 Å3, Z = 12 and xc = 0.08,
c was reckoned to be 11.9 Å. Therefore it can be concluded that
nergy transfer between Sm3+ ions in SrSiO3 nano-crystals should
e electric multipole–multipole interaction.
Fluorescence decay analysis is very useful for understanding
he energy transfer mechanism and quenching behavior of lumi-
escence of Sm3+ and Eu2+ ions. The fluorescence decay curves
orresponding to the emission line 4G5/2 → 6H7/2 at 600 nm with
ulsed excitation at 365 nm were examined in terms of Sm3+ con-
Fig. 5. The fluorescence decay curves of GC1, GC2, GC3, GC4 and GC5 corresponding
to the emission line 4G5/2 → 6H7/2 at 600 nm with pulsed excitation at 365 nm. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

centration, and they are shown in Fig. 5. The life time was estimated
as 2.38 ms, 2.06 ms, 1.98 ms, 1.81 ms and 1.62 ms for GC1, GC2, GC3,
GC4 and GC5 respectively. It can be seen from Fig. 5 that the con-
centration quenching is also made evident by the change from
non-exponential to virtually single exponential decays of 4G5/2
level with increasing Sm3+ concentration [40,41]. In order to verify
the nature of the electric multipole–multipole interaction in this
system, the non-exponential behavior of the decay curve has been
fitted using Hirayama–Inokuti model. The resulting decay function
has the form

I(t)
I0

= exp

[
− t

�
− ˛

(
t

�

)3/S
]

(2)

where I(t) is the emission intensity after pulsed excitation, I0 is
the intensity of the emission at t = 0, � is the intrinsic lifetime
of a single ion, ˛ is a parameter containing the energy probabil-
ity, and S is an indication of electric multipole character; S = 6, 8,
10 for dipole–dipole, dipole–quadrupole, quadrupole–quadrupole
interactions, respectively [42]. The plot depicted in Fig. 6 of
ln[−ln(I(t)/I0) − (t/�)] vs. ln(t/�)3 yields a straight line with a slope
equal to 1/S [43]. The value of S estimated from the slope was
found to be 5.63, 5.75, 6.11 and 6.46 for GC2, GC3, GC4 and GC5
respectively, which indicated the dipole–dipole interaction may be
responsible for the energy transfer.

While the luminescence change of Eu2+ may be resulted by the
energy transfer from Sm3+ to Eu2+, which depended on the emission
intensity of Sm3+. So the emission intensity of Eu2+ exhibited similar
fluctuations with that of Sm3+. Fig. 7 shows the simplified energy
level diagrams of the Sm3+ and Eu2+, as well as a probably energy
transfer mechanism. Generally, the lifetime of Sm3+ and Eu2+ are in
∼ms and ∼ns respectively [40,44]. When the 4L27/2 level (365 nm)
of Sm3+ is excited, the initial population firstly relaxes to the 4K13/2,
(6,4)P5/2, 4G9/2, 4G7/2 level, finally to the 4G5/2 level. There is enough
time and possibility for the emission from 4K13/2, (6,4)P5/2, 4G9/2,
4G7/2 level to the ground state 6H5/2 of Sm3+ being absorbed by
the nearby Eu2+ ions. The fluorescence decay curve of Sm3+ single

doped and Eu2+/Sm3+ co-doped SrSiO3 glass ceramics is shown in
Fig. 8. The life time of Sm3+ decreased from 2.44 ms to 2.06 ms with
co-doping Eu2+, which indicated the existence of energy transfer
from Sm3+ to Eu2+ too.
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Fig. 6. Plots of experimental data ln[−ln(I(t)/I0) − (t/�)] vs. ln(t/�)3 of transition
(4G5/2 → 6H7/2) with the solid lines representing theoretical fits. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of the article.)

Fig. 7. Simplified energy level diagram and a probably energy transfer mechanism
of Eu2+ and Sm3+ in SrSiO3 glass ceramics.

Fig. 8. The fluorescence decay curve of 0.08 mol Sm3+ single doped and 0.02 mol
Eu2+/0.08 mol Sm3+ co-doped SrSiO3 glass ceramics. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of the
article.)
Fig. 9. CIE chromaticity coordinates of GC1, GC2, GC3, GC4 and GC5.

The CIE chromaticity coordinates of GC1, GC2, GC3, GC4 and GC5
were calculated according to their PL spectra and plotted on the
CIE-1931 chromaticity diagram in Fig. 9. With increasing the con-
centration of Sm2O3, the chromaticity coordinate moved toward
the optimal white light (0.33, 0.33), which could be attributed to
the alteration of the PL spectra and the relative emission inten-
sity of Eu2+ and Sm3+ ions. When the molar ratio of Eu2+/Sm3+

was 1:10 (0.01 mol Eu2O3 and 0.1 mol Sm2O3), the Eu2+/Sm3+ co-
doped glass-ceramics got the best white light emission and the
corresponding chromaticity coordinate was (0.29, 0.35).

4. Conclusions

Eu2+/Sm3+ co-doped silicate glass was prepared by high tem-
perature melting under reducing atmosphere and the Eu2+/Sm3+

co-doped SrSiO3 transparent glass-ceramics were obtained after
heat-treatment. The broad PLE spectrum band from 300 to 420 nm
showed an excellent overlap with the main emission region of an
UV-LED chip. The emission of Eu2+ and Sm3+ in glass-ceramics was
much stronger than that in glass, which could be attributed to the
precipitated low phonon energy of SrSiO3 nano-crystals in glass-
ceramics. The UV-LED excitable glass-ceramics emitting white light
were obtained by controlling the relative emission intensity of
Eu2+/Sm3+. When the molar ratio of Eu2+/Sm3+ is 1:10 (0.01 mol
Eu2O3 and 0.1 mol Sm2O3), the Eu2+/Sm3+ co-doped glass ceramics
got the optimal white light emission and the corresponding chro-
maticity coordinate (0.29, 0.35) exactly fell into the white light area
of the CIE-1931 chromaticity diagram. The results showed that the
Eu2+/Sm3+ co-doped SrSiO3 transparent glass-ceramics phosphor
can be applied as a potential matrix material for high power White
LED pumped by UV-LED chip.
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