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Crystallization and Luminescence Properties of Sm3+-Doped
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Abstract: The Sm3+-doped SrO-Al2O3-SiO2 (SAS) glass-ceramics with excellent luminescence properties 
were prepared by batch melting and heat treatment. The crystallization behavior and luminescent properties of 
the glass-ceramics were investigated by DTA, XRD, SEM and luminescence spectroscopy. The results indicate 
that the crystal phase precipitated in this system is monocelsian (SrAl2Si2O8) and with the increase of nucleation/
crystallization temperature, the crystallite increases from 66 % to 79 %. The Sm3+-doped SAS glass-ceramics 
emit green, orange and red lights centered at 565, 605, 650 and 715 nm under the excitation of 475 nm blue light 
which can be assigned to the 4G5/2→

6Hj/2 (j=5, 7, 9, 11) transitions of Sm3+, respectively. Besides, by increasing 
the crystallization temperature or the concentration of Sm3+, the emission lights of the samples located at 565, 
605 and 650 nm are intensified significantly. The present results demonstrate that the Sm3+-doped SAS glass-
ceramics are promising luminescence materials for white LED devices by fine controlling and combining of 
these three green, orange and red lights in appropriate proportion.
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1  Introduction

White light-emitting diodes (LEDs) which 
have been improved greatly in recent years are being 
applied to many commercial areas such as traffic lights, 
mobile phones, special lighting, and display units. The 
application of LEDs will continue to expand, eventually 
to the field of general lighting. In comparison with 
incandescent and fluorescent lamps, the InGaN-based 
LEDs have many designable features such as high 
quantum efficiency, long lifetime, and compactness[1-6]. 
There is no doubt that the white LED lighting has 
a profound effect on the lighting industry and will 
change the conventional lighting. Currently, the white 
light can be created in two approaches: mixed-color 
white light[7,8] and phosphor-converted white light[9-14]. 
The first approach is to mix different lights from 
corresponding LED that displays white light. Similarly, 
the so-called tri-phosphor fluorescent lamps use three 

kinds of phosphors. When the phosphors are under the 
ultraviolet radiation from the mercury arc in the lamp 
tube, they emit a relatively narrow spectrum of blue, 
green, and red light. By mixing appropriate amount of 
their output, the obtained light is white in appearance. 
The other approach to create white light is by using 
mix-color (YAG) phosphor together with a GaN blue 
LED chip (450-470 nm). When some of phosphors in 
the LED are excited by blue light, they emit yellow 
light with a broad spectrum. Some of the blue light will 
be converted to yellow light by phosphor, the remaining 
blue light, when mixed with the yellow light, results in 
white light. For the mixed-color white LED, the color 
temperature of RGB LEDs is instable because of the 
degradation or variation of driving current. Besides, 
different color LED requires different driving currents, 
complicating their fabrication and structure[15].

Hence, the current leading commercial white light 
is created by using the phosphor-converted approach. 
It normally uses a 450-470 nm GaN chip coated by 
yellow phosphor, which is made of Y3Al5O12:Ce3+ 
(Ce:YAG) usually. Matrix materials essentially 
homogeneously disperse phosphors and keep the 
formation on the blue GaN chip. So far, the curable 
silicone is the most widely used matrix materials in 
the wavelength converters for phosphors for their low 
fabricating cost and excellent optical transmittance. 
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However, problem still exists: because of the low 
glass transition temperature, the mthy1 groups are 
usually detached from silicon under the radiation from 
the LED after a period of operation[16]. That makes 
the curable silicone turns yellow and consequently 
decreases the transmittance of the wavelength 
converters. Furthermore, the yellowish silicone 
results in luminescent loss and chromaticity shift[17,18]. 
Therefore, it is of significance to develop novel and 
durable material to server as an alternative way of 
using the curable silicone, especially in the application 
where high power LEDs are essentially required. The 
glass-ceramics, as innovative luminescent materials, 
combining with glass and crystals, have drawn 
numerous attention for their excellent luminescence 
properties, machinability and high uniformity and 
stability[19-21]. Moreover, with the rapid development in 
recent years, the conventional silicone-based phosphor 
converter has been successfully replaced for fabrication 
high power white LED[22-26]. In numerous glass-ceramic 

systems, silicate system is one of the best choices 
for its good thermal stability and physicochemical 
property. Recently, the studies on Tb, Dy and Sm are 
becoming much more significant because of their 
extensive application in the field of lasers, optical 
communications, solid-phase optical transmitters and 
up/down conversion[27]. Among these ions, Sm3+ is one 
of the promising activators in many glass matrixes with 
efficient emissions from visible region to near-infrared 
region. That is ascribed to the high quantum efficiency 
of the 4G5/2 and its multifarious radiative emission 
paths, shown in Fig.1. These amazing features make 
it favored in the application of medical diagnostics[28], 
color displays[29] and white LEDs[30].

In this paper, 27SrO-19Al2O-41.5SiO2-2CaO-
3MgO-3B2O3-3TiO2-1ZrO-0.5Sb2O3 (SAS) was 
chosen for its relatively high crystallinity based on 
our previous work[31]. And the crystallization and 
luminescence properties of Sm3+-doped SAS glass-
ceramics with different heat treatment schedules and 
different Sm3+-contents were investigated. According to 
the ternary phase diagrams of SrO-Al2O3-SiO2 showed 
in Fig.2, we chose the composition of the matrix 
glass corresponding to the eutectic point. Finally, 
based on the thermal analysis, we chose the treatment 
schedule of the samples. Our results manifested that 
the composition and heat treatment schedule are the 
crucial factors to tailor the properties of the glass and 
its counterpart glass ceramics. This Sm3+ doped glass 
ceramic may be a promising candidate for white LED 
device.

2  Experimental

Sm3+-doped glasses with the composition of 
27SrO -19Al2O3 -41.5SiO2 -2CaO-3MgO-3B2O3-
3TiO2-1ZrO-0.5Sb2O3-(0.05-0.15) Sm2O3 (mol %) were 
prepared by the raw reagent grade materials such as 
SrCO3, Al2O3, SiO2, CaCO3, MgO, H3BO3 and Sm2O3. 
About 100 g batch materials were homogeneously 
milled and mixed for 1 h. Then the mixture was 
transferred into a 150 mL corundum crucible and 
heated in a furnace. The furnace was heated up at a rate 
of 3 ℃/min from room temperature to 1 550 ℃, and 
then kept at this temperature for 2 h. Blocks of bulk 
transparent glasses were produced by casting melts 
onto a preheated steel mold and then immediately 
annealing at 600 ℃ for 1 h to release the inner stress 
and thermal strains and then cooling slowly to room 
temperature inside the furnace. The bulk glasses were 

Fig. 1  Energy level diagram of Sm3+ ions

Fig. 2  Ternary phase diagrams of SrO-Al2O3-SiO2
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subjected to heat treatment in accordance with the DTA 
characteristic temperature data obtained from DTA 
machine with model number NETZSCH STA 449, 
Germany. 

Finally, a two-step heat treatment was applied 
which involved heat treatment at a temperature in 
the vicinity of Tg to produce a high density of crystal 
nuclei, followed by treatment between 1 050 and 
1 150 ℃ to grow the nuclei. This procedure is crucial 
to generate much more and smaller crystallites 
compared with the single-step heat treatment. The heat 
treatment schedules of samples are listed in Table 1. All 
the samples were processed into plates of about 20 × 
10 × 2 mm in size for measurement.

The crystalline phases were identified by using 
an X-ray diffractometer (RIGAKUD/Max-RB, Japan). 
The morphology of the glass-ceramics was observed 
by using a scanning electron microscope (SEM, JEOL 
JSM-5610LV, Japan) with 20 kV accelerating voltage. 
Emission and excitation spectra of the samples were 
recorded at room temperature with a luminescence 
spectrophotometer (Jasco FP-6500, China). 

3 Results and discussion

3.1  Differential thermal analysis
The DTA data together with the characteristic 

temperature are reported in Fig.3. It is demonstrated 
that the glass transition occurs at around 767 ℃ and the 
exothermic peak locates at 937 ℃, which is consistent 
with the crystallization peak temperature in literature[32].
3.2  Crystallization properties

The X-ray diffraction patterns in Fig.4 show that 
all the diffraction peaks of the samples are located at 
the same positions. These diffraction peaks are well-
matched with the standard powder diffraction data 38-
1454, which reveal the formation of SrAl2Si2O8 crystals 
in all the samples. It is indicated that the crystal 
structure has not been changed though the Sm3+ ions 
occupy the sites of Sr2+ within SrAl2Si2O8 because of 

the nearly matched ionic size of Sm3+ (96.4 pm) and 
Sr2+ (113 pm). Comparing the intensities of diffraction 
peaks in Figs.4 (a) and (b), both the nucleation 
temperature and the crystallization temperature have 
an impact on the crystallization process. But the 
diffraction intensities show little change with increasing 
nucleation temperature from 850 to 950 ℃. However, 
when the crystallization temperature increases from 
1 050 to 1 150 ℃, the diffraction intensities are 
significantly enhanced, especially in sample D2. This 
can be explained as follows: at the first stage of heat 
treatment, the major process is the formation of crystal 
seeds, and a mass of small-sized nuclei are formed 
in this period. But at the second stage, the nuclei 
are dramatically growing up. So the crystallization 
temperature plays a major role in crystallization. 
The higher the crystallization temperature, the larger 
volume fraction of crystal phases. 

Furthermore, the scanning electron micrographs 
of etched surfaces of the glass-ceramic samples showed 
in Fig.5 reveal a clear morphology of grains with an 
average size ranging from 0.1 to 0.3 μm, whereas 
samples D1 and D2 show greater sizes ranging from 0.4 
to 0.5 μm. That demonstrates that the crystallization 
temperature is a dominant factor for the precipitation 
crystallites and a higher nucleation temperature or 
crystallization temperature accelerates the formation 

Table 1  Heat treatment schedule and Sm3+ contents in the samples

Samples Nucleation temperature/℃ Nucleation time/h Crystallization temperature/℃ Crystallization time/h Sm3+-content/(mol%)

C1 850 3 1 050 3 0.10

C2 900 3 1 050 3 0.10

D0 950 3 1 050 3 0.10

D1 950 3 1 100 3 0.10

D2 950 3 1 150 3 0.10

E0 950 3 1 100 3 0.05

E1 950 3 1 100 3 0.15

Fig.3	 DTA scan curve of SAS glass powder (The glass samples 
are held in an alumina crucible and analyzed by taking the 
highly purified Al2O3 powder as reference at a heating rate 
of 10 ℃/min from room temperature to 1 400 ℃)
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of SrAl2Si2O8 phase. Comparing the micrographs taken 
from the samples reveals structural difference, and it 
is apparent that this micro structural difference can be 
attributed to the large grain size and densification of 
structure of D1 and D2 compared to that of the C1 and 
C2. 

The crystallinity of the samples is estimated 
from XRD diffraction peaks by using MDI Jade 5.0 
software. The first three data points in Fig.6 show the 
nucleation temperature effect on the crystallinity ratios 
while the crystallization temperature is kept at 1 050 ℃. 
It is obvious that the crystallinity ratios increase from 
66 % to 77 %. The ratio increases dramatically during 
the first 50 ℃ increase in temperature than during the 
second 50 ℃ increase. The last three data points in 
Fig.6 show the crystallization temperature effect on the 

crystallinity ratios while the nucleation temperature is 
kept at 950 ℃. It is shown that the crystallinity ratios 
increase from 77 % to 79 %. The increase rate of the 
crystallinity ratio is a little faster during the first 50 ℃ 
increase in crystallization temperature than during the 
second 50 ℃ increase.

Results of micrographs (Fig. 5) and crystallization 
ratios calculation (Fig. 6) show that the microstructures 
of glass-ceramics and size of grains (samples C1 and 
C2) have no significant change when the nucleation 
temperature changes from 850 to 900 ℃, and the 
formation of crystal seed other than growth of crystal 
is the major procedure in this process. However, with 
increasing nucleation temperature from 900 to 950 ℃ 
as in the case of sample D0, the micrograph changes 
significantly. This is the reason why the temperature of 

Fig.4	  X-ray diffractograms of Sm3+ doped SAS glass-ceramics: (a) after different nucleation temperature treatments; and (b) after 
various crystallization temperature treatments (The measurements are conducted with 2q from 10o to 80o by using Cu Ka1 as 
radiation source)

Fig.5  SEM images of the samples after various heat treatment schedules
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950 ℃ is chosen to investigate how the crystallization 
temperature affects the crystal size and crystallinity.

3.3  Luminescence properties
The luminescence spectra of C0-C2, D0-D2 

samples at room temperature are showed in Fig.7. 
The excitation spectra of Sm3+-doped SAS glass-
ceramics obtained by monitoring the emission at 600 
nm are shown in Fig.7(a). Three broad excitation bands 
centered at 405, 440 (relatively weak) and 475 nm are 
observed and they are assigned to the transition from 
the ground state to 6P2/3, 

4M17/2 and 4I11/2, 13/2 or 4M15/2, 
respectively[33]. In the excitation spectra, the luminous 

intensities of glass-ceramics (samples C1, C2, D0-D2) 
are obviously enhanced than that of the corresponding 
glass (sample C0) without any heat treatment), and the 
excitation peak and emission intensities of these glass-
ceramics increase as the nucleation/crystallization 
temperature increases. The intensity is more obviously 
affected by the crystallization temperature than the 
nucleation temperature. Besides, the heat treatments 
did not change the locations of the excitation peaks, but 
affected the luminescent intensity.

The emission spectra of C0-C2 and D0-D2 
samples excited by 475 nm are shown in Fig.7(b). 
As shown in the spectra, the specimen without heat 
treatment (sample C0) produces the weakest emission 
than those after the heat treatments. It has also been 
noticed that the emission intensities of samples C1 
and C2 emitted at 565, 605, and 650 nm are similar, 
which is probably due to the similar structure of C1 
and C2 as shown in Fig.5. Furthermore, the emission 
peaks located at 565, 605 and 650 nm are enhanced 
significantly when the crystallization temperature 
increases (samples D0, D1, and D2). The reason 
for the enhanced emission may be attributed to the 
following two aspects: firstly, the higher crystallization 
temperature leading to the higher crystallinity of 

Fig.7	 Luminescence spectra of the samples after different heat treatment: (a) Excitation spectra obtained by monitoring the emission at 
600 nm wavelength; (b) Emission spectra obtained by exciting with 475 nm wavelength

Fig.8	 Luminescence spectra of the samples with different Sm3+ contents (E0 0.05 mol %, D1 0.10 mol %, E1 0.15 mol %): (a) Excitation 
spectra obtained by monitoring the emission at 600 nm wavelength; (b) Emission spectra obtained by exciting with 475 nm 
wavelength

Fig.6	 Dependence of crystallinity on the heat treatment schedules 
(The temperatures in the paraphrases in ℃ represent 
nucleation temperature and crystallization temperature, 
respectively)
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SrAl2Si2O8 phase in the sample which decreases defects 
in glass and thus reduces non-radiative relaxation[20,34]; 
secondly, the larger ratio of SrAl2Si2O8 may reduce 
the effective phonon energy[35]. As we know, the wave 
number of high-energy phonon is about 1 000 cm-1 

for the silicate oxide glass which is much lower in the 
corresponding crystal[36]. After the heat treatment, some 
of the Sm3+ ions are incorporated into the precipitated 
SrAl2Si2O8 crystal lattice and replace the Sr2+ sites. 
The effective phonon energy coupled to Sm3+ ions is 
therefore reduced from that of high-energy phonon in 
SrO-Al2O3-SiO2 glass to that of low-energy phonon 
in monocelsian crystals. Therefore, the replacement 
of Sm3+ for Sr2+ can reduce the probabilities of the 
multi-phonon relaxation and non-radiative transition, 
resulting in an enhanced luminescence. However, the 
tendency of peaks’ intensities centered at 715 nm is not 
obvious, this is because the emission of Sm3+ at 715 
nm is very feeble[37-39], which may make the appearance 
intensity at 715 nm very susceptible to the emission of 
host glass and the surrounding environment of Sm3+.

The excitation and emission spectra of Sm3+-
doped SAS glass-ceramics with various Sm3+ contents 
are shown in Fig.8. Similar to the spectra in Fig.7, 
the location of the excitation wavelength peaks is 
independent to the contents of Sm3+ in the samples, 
but the contents of Sm3+ in the samples did affect the 
luminescent intensities. For D1 and E1, more Sm3+ 
ions are incorporated into the precipitated SrAl2Si2O8 
crystal lattice to act as luminous center resulting in 
the enhanced emission peaks at 565, 605 and 650 nm, 
and the emission peak located at 715 nm shows no 
specific trends, which is because the emission at 715 
nm is very susceptible to the emission of host glass 
and the surrounding environment of Sm3+, as has been 
explained above.

The tendency of emission intensities is very 
similar to that of the samples with different heat 
treatment temperatures: when the concentration of Sm3+ 
increases from 0.05 mol % to 0.15 mol %, the emission 
intensities located at 565, 605 and 650 nm are increased 
correspondingly.

4  Conclusions

This study shows that Sm3+-doped SAS glass-
ceramics emit green, orange and red lights located at 
565, 605, 650 and 715 nm under the excitation of 475 
nm laser. With increasing heat treatment temperature, 
the crystallinity is increased from 66 % to 79 % in 

this experiment. The crystallization temperature has a 
significant impact on crystallization and luminescent 
intensity than the nucleation temperature. As the 
crystallization temperature increases, the crystallinity 
and the light-emitting centered at 565, 605 and 650 nm 
become higher because the Sm3+ ions are incorporated 
into the precipitated SrAl2Si2O8 crystal. Besides, with 
increasing concentration of Sm3+ from 0.05 mol % to 
0.15 mol %, the intensity is also enhanced. Therefore, 
the intensity ratios of these emission peaks could be 
adjusted by fine tuning the heat treatment schedules of 
glass-ceramics and contents of Sm3+ ions. We envision 
that the Sm3+-doped SAS glass-ceramics are promising 
luminescence materials for white LED devices by the 
combining of these green, orange and red lights in 
justified proportion.
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