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引入 Ce3+作为敏化离子增强 Ca9Al(PO4)7:Sm3+的发光强度
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摘 要：采用高温固相法制备了 Ce3+、Sm3+和 Ce3+/Sm3+掺杂的 Ca9Al(PO4)7 荧光粉。以 327 nm 紫外光作为激发源时，
Ca9Al(PO4)7:Ce3+在 386 nm 处出现宽发射峰，其发射对应于 Ce3+的 4f 05d1→4f 1 跃迁的蓝色光，主峰位于 386 nm；在 407 nm
近紫外光激发下，Ca9Al(PO4)7:Sm3+发射红色光。为了增强 Ca9Al(PO4)7:Sm3+的发射强度，将 Ce3+引入到材料中，通过 Ce3+
到 Sm3+的能量传递，有效地增强了材料的发射强度，为开展白光 LEDs 用红色荧光粉提供了参考。
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Enhanced Luminescence Intensity of Ca9Al(PO4)7:Sm3+ by Introducing Ce3+ as Sensitizer
LIU Haiyan1, LI Meifan2, WANG Zhipeng2, YOU Mei2, CAO Dongxue2, ZHOU Lingyu2, WANG Zhuoguang2, WANG Cong2,
WANG Zhijun2, LI Panlai2
(1. School of Cyber Security and Computer, Hebei University, Baoding 071002, China;
2. Hebei Key Lab of Optic-electronic Information and Materials, College of Physics Science & Technology, Hebei University,
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Abstract: In order to enhance the luminescence intensity of Sm3+ in Ca9Al(PO4)7, a series of Ce3+, Sm3+ and Ce3+/Sm3+ doped
Ca9Al(PO4)7 phosphors were synthesized by a high-temperature solid-state method. When the 327-nm light is used as an excitation
source, Ca9Al(PO4)7:Ce3+ can show a broad band peaking at 386 nm, which corresponds to the 4f 05d1→4f 1 transition of Ce3+ ions.
Ca9Al(PO4)7:Sm3+ can be efficiently excited by 407 nm near-ultraviolet, thus emitting red light. The luminescence intensity of
Ca9Al(PO4)7:Sm3+ can be enhanced when Ce3+ ions are introduced into Ca9Al(PO4)7:Sm3+ due to the energy transfer from Ce3+ to
Sm3+ ions.
Keywords: phosphors; luminescence; energy transfer; samarium-cerium codoped aluminum calcium phosphate; high-temperature
solid-state method

In recent years, in order to improve the performance
of white light emitting diodes (w-LEDs) fabricated by
combining blue LED and YAG:Ce3+ yellow phosphor, red
emitting phosphors that can be excited by blue LED[1]
have become popular. White LEDs can be also achieved
by combining near-ultraviolet (n-UV) or UV LED with
red, green and blue emitting phosphors, which have a

high color rendering index and a high correlated color
temperature[2]. However, a conventional red emitting
phosphor Y2O2S:Eu3+ has a poor chemical stability and a
lower luminescence efficiency[3]. Therefore, some studies
focus on novel red emitting phosphors, which can be
excited by ultraviolet (UV) or near UV light[4‒6]. For red
emitting phosphors, there are several promising
activators, such as Eu 3+ , Sm 3+ and Mn 2+ ions [7‒9] .
Moreover, in order to improve the luminescent properties

收稿日期：2017–10–24。

Received date: 2017–10–24.

1 Introduction

修订日期：2018–01–18。

基金项目：河北省人才培养工程项目(2016002013)；中国博士后科学基金

Revised date: 2018–01–18.

First author: LIU Haiyan (1978–), female, Master, Lecturer.

项目(2015M581311)；河北大学大学生创新、创业训练计划项

E-mail: lhysmscsxy@sina.com

目(201710075070)。

Correspondent author: WANG Zhijun (1979‒), female, Ph.D., Professor.

第一作者：刘海燕(1978—)，女，硕士，讲师。
通信作者：王志军(1979—)，女，博士，教授。

E-mail: wangzj1998@sohu.com; 252996158@qq.com

· 1454 ·

《硅酸盐学报》

J Chin Ceram Soc, 2018, 46(10): 1453–1457

2018 年

of phosphors, some sensitizer (such as Ce3+, Eu2+, Tb3+
ions) can be introduced into Eu3+, Sm3+ and Mn2+ ions
doped phosphors[10‒12]. Especially, Ce3+ and Sm3+ ions
doped phosphors are widely investigated due to the
excellent luminescence[13‒15]. In general, the phosphors
consist of activator and host. In order to achieve the
efficient red emitting phosphor, the choice of the host is
another key factor, and the host should have the excellent
physical and chemical stability. The phosphate has
attracted recent attention as host materials for rare-earth
elements ions[16‒18]. In this paper, a red emitting phosphor
was synthesized by a high-temperature solid-state method
with Sm3+ and Ca9Al(PO4)7 as an activator and a host,
respectively. Ce3+ ions were selected as a sensitizer to
improve the properties of this phosphor.

rate of 0.02 (°)/s is applied to record the patterns in the 2θ
range from 10° to 60°. The images of scanning electron
microscopy (SEM) were collected by a model Nova
NanoSEM 650 (FEI, America) with an accelerating
voltage of 10 kV. The spectral property of sample was
detected by a model F-4600 fluorescence spectrophotometer (Hitachi Co., Ltd., Japan), and a 450 W Xe
lamp is the exciting source. The luminescence decay
curves of samples were recorded with a model FL-4600
fluorescence spectrophotometer (Horiba Co., Ltd., Japan)
using a nano LED (320 nm) as an excitation source. The
Commission International de I’Eclairage (CIE)
chromaticity coordinates of sample were measured by a
model PMS-80 spectroscopy (Everfine, China). All the
measurements were carried out at room temperature.

2 Experimental

3 Results and discussion

2.1 Samples preparation
A series of Ce3+, Sm3+ and Ce3+/Sm3+ ions doped
Ca9Al(PO4)7 phosphors were synthesized by a
high-temperature solid-state reaction method. Raw
materials were CaCO3(A.R.), Al2O3(A.R.), NH4H2PO4
(A.R.), CeO2 (99.99%) and Sm2O3 (99.99%). According
to a stoichiometric proportion, they were weighed,
thoroughly mixed and ground by an agate mortar and
pestle for more than 30 min till they were uniformly
distributed. The obtained mixtures were heated in
crucibles along with a reducing atmosphere (in toner) at 1
200 oC for 10 h, and then were naturally cooled to room
temperature. In order to measure its properties, the
samples were ground into powdered materials.
2.2 Materials Characterization
The phase formation of sample was determined by
X-ray diffraction (XRD) in a model AXS D8 advanced
automatic diffractometer (Bruker Co., Germany) with
Ni-filtered Cu Kα1 radiation ( = 0.1540 6 nm), and a scan

3.1 Phase formation
The phase formation was identified by XRD patterns,
and the similar XRD patterns were observed for each
sample. Figure 1(a) shows the XRD patterns of
Ca9Al(PO4)7:0.05Ce3+,
and
Ca9Al(PO4)7:0.01Sm3+,
3+
Ca9Al(PO4)7:0.01Sm , 0.05Ce3+. Clearly, the diffraction
peaks are ascribed to that of Ca9Al(PO4)7 (JCPDS
No.48-1192), and there are no other phases. This means
that the phase formation of Ca9Al(PO4)7 is not affected
by a small amount of Ce3+, Sm3+, or Ce3+/Sm3+.
Ca9Al(PO4)7 has a -Ca3(PO4)2 structure with a space
group R3c(161) [19]. Fig. 1(b) shows the partial
enlargement of XRD patterns. A peak at 34.8o shifts to a
small angle since the radii of Sm3+ and Ce3+ are larger
than that of Ca2+. It is also illustrated that Sm3+ and Ce3+
ions are doped in Ca9Al(PO4)7 phosphor by substituting
Ca2+ ions. Figure 2 shows the SEM image of
Ca9Al(PO4)7:0.01Sm3+, 0.05Ce3+. The phosphor has an
irregular particle shape.

(a) 2θ=10° −60°

(b) 2θ=34.4° −35.0°

Fig. 1 (a) XRD patterns of Ca9Al(PO4)7:0.05Ce3+, Ca9Al(PO4)7:0.01Sm3+ and Ca9Al(PO4)7:0.01Sm3+, 0.05Ce3+ with the standard
data of Ca9Al(PO4)7 (JCPDS No.48-1192); (b) Partial enlargement of XRD patterns
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of Ca9Al(PO4)7:0.01Sm3+. And the red emitting transition
of 4G5/2 ‒ 6H7/2 (610 nm) is the most intense, which
satisfies the selection rule of ΔJ = ±1, it means a magnetic
dipole and it is an allowed transition but it is an electric
dipole dominated[22]. The other transition 4G5/2 ‒ 6H9/2
(656 nm) is purely an electric dipole dominated and
natured, which is sensitive to the crystal field.

Fig. 2

SEM image of Ca9Al(PO4)7:0.01Sm3+, 0.05Ce3+

3.2 Luminescent property
It is well known that emission spectrum of Ce3+ doped
phosphor should be composed of a double or
asymmetrical emission band due to splitting of its ground
state and the energy difference of splitting between 2F7/2
and 2F5/2 is about 2 000 cm‒1[20]. In our previous work[21],
Ca9Al(PO4)7:Ce3+ can create an asymmetrical emission
peaking at 356 nm under 291 nm excitation. According to
the characteristics of Ce3+ emission, we can fit the
emission of Ce3+ and achieve the other emission peak,
and Fig. 3(a) shows the result. In Fig. 3(a), under 327 nm
excitation, the emission spectrum shows a broad band at
386 nm. By calculation, the energy difference between
356 and 386 nm is 2 183 cm‒1. In other words, the two
emission bands should be ascribed to the ground state
splitting of single Ce3+ emission center. By comparing
the two emission bands of Ce3+, we find that there is an
obvious spectral overlap between 386 nm emission band
of Ce3+ ions and an excitation spectrum of Sm3+ ions, and
the energy transfer is certainly possible. Therefore, in
order to investigate the enhancement effect of doped Ce3+
ions into Ca9Al(PO4)7:Sm3+, we select the 386 nm
emission band of Ce3+ ions as a research subject.
Moreover, we also find that the critical concentration of
Ce3+ ions is 0.05, which is the same as that in our
previous work[21].
In order to find the optimum doping content of Sm3+,
a series of Sm3+ doped Ca9Al(PO4)7 were synthesized.
The results show that Ca9Al(PO4)7:Sm3+ samples depict
the same spectral profiles with different Sm3+ ions
concentrations. There is the concentration quenching
effect, and the critical concentration is 0.01. As a
representative, Fig. 3(b) shows the emission and
excitation spectra of Ca9Al(PO4)7:0.01Sm3+. For 610 nm
emission, a series of excitation peaks at 350, 370, 407
and 478 nm appear, which are ascribed to the transitions
from the ground state to the excited states of Sm3+ ions.
The most intense peak at 407 nm corresponds to the
6
H5/2‒4K11/2 transition of Sm3+ ions. The 4G5/2 ‒ 6H5/2 (571 nm),
4
G5/2 ‒ 6H7/2 (610 nm) and 4G5/2 ‒ 6H9/2 (656 nm)
transitions of Sm3+ ions occur in the emission spectrum

(a) Emission (Em.) and excitation (Ex.) spectra of Ca9Al(PO4)7:0.05Ce3+

(b) Emission and excitation spectra of Ca9Al(PO4)7:0.01Sm3+

Fig. 3 Emission and excitation spectra of Ca9Al(PO4)7:0.05Ce3+
(λex=327 nm; λem=386 nm) and Ca9Al(PO4)7:0.01Sm3+
(λex=407 nm; λem=610 nm)

In order to explore the energy transfer from Ce3+ to
Sm3+ ions, we synthesized a series of samples with the
chemical composition of Ca9Al(PO4)7:0.01Sm3+, xCe3+
(x=0.01‒0.05). Fig. 4 shows the Luminescence images
and emission spectra of Ca9Al(PO4)7:0.01Sm3+, xCe3+
with different Ce3+ contents (i.e., x=0, 0.01, 0.02, 0.03,
0.04 and 0.05) for excitation of Ce3+ ions. In general, the
emission intensity of doped ions is invariable at a fixed
doped ion concentration. In Fig. 4(b), however, for
Ca9Al(PO4)7:0.01Sm3+, yCe3+, the emission intensity of
Ca9Al(PO4)7:0.01Sm3+ can be obviously enhanced by
co-doping Ce3+ ions, indicating that there is an effecient
energy transfer from Ce3+ to Sm3+ ions. Moreover, the
upper are the corresponding luminescence photos, it also
proves this result. As shown in inset of Fig. 4, there is
difference between the excitation of Ca9Al(PO4)7:Sm3+
and that of Ca9Al(PO4)7:0.01Sm3+, 0.05Ce3+ at 610 nm
emission. In other words, there is a broad exciation
band in the region of 200‒350 nm, which is the same as
that of Ca9Al(PO4)7:Ce3+.
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(a) Luminescence photographs of Ca9Al(PO4)7:0.01Sm3+, xCe3+ (0≤x≤0.05)

(b) Emission spectra of Ca9Al(PO4)7:0.01Sm3+, xCe3+ (0≤x≤0.05)

2018 年

shows the emission intensities of Ca9Al(PO4)7:0.01Sm3+,
0.05Ce3+ under 327 nm excitation at different
temperatures. The emission intensity decreases with
increasing the temperature. The emission intensity
decreases to 81.0% at 150 ºC, indicating that this
phosphor have good thermal quenching properties.

(a) I vs T

Insert: Excitation spectrum of Ca9Al(PO4)7:0.01Sm3+, 0.05Ce3+ monitored at
610 nm.

Fig. 4

Luminescence photographs and Emission spectra of
Ca9Al(PO4)7:0.01Sm3+, xCe3+ (0≤x≤0.05) (λex = 327 nm)

Figure
5
shows
the
decay
curves
of
Ca9Al(PO4)7:0.01Sm3+, xCe3+ (λem = 386 nm). The single
exponential is used to fit the decay curves, and the
effective lifetime can be defined as[23]:
I(t) = Aexp(‒t/τ)
(1)
where I(t) is the emission intensity at time t, A is the
constant, and τ is the decay lifetime. The corresponding
lifetime of Ca9Al(PO4)7:0.01Sm3+, xCe3+ is 13.02, 11.52,
10.08, 9.30 and 8.55 ns, corresponding to x = 0.01, 0.02, 0.03,
0.04 and 0.05, respectively. The decrease of Ce3+ lifetime
proves the energy transfer from Ce3+ to Sm3+ ions.

Fig. 5 Decay curves of Ca9Al(PO4)7:0.01Sm3+, xCe3+ (0.01≤x≤0.05)

In order to apply the phosphor to white LEDs, we
must consider the thermal stability of phosphor. Fig. 6(a)

(b) Arrhenius fitting

Fig. 6 (a) Emission intensity (1) of Ca9Al(PO4)7:0.01Sm3+,
0.05Ce3+ as a function of temperature (25–250 ºC) (b)
Arrhenius
fitting
of
emission
intensity
of
Ca9Al(PO4)7:0.01Sm3+, 0.05Ce3+ and the activation energy
(ΔE) for thermal quenching

The activation energy (Ea) can be achieved by[24]
ln(I0/I)=lnA ‒ Ea/kT
(2)
where I0 and I are the emission intensities of
Ca9Al(PO4)7:0.01Sm3+, 0.05Ce3+ at room temperature
and the test temperature, and k is the Boltzmann constant
(i.e., 8.617×10‒5 eV/K). In Fig. 6(b), the activation energy,
ΔE is 0.152 8 eV. This result indicates that this phosphor
should have a good thermal stability.
Table 1 shows the CIE chromaticity coordinates of
Ca9Al(PO4)7:0.01Sm3+, xCe3+ (x=0, 0.01, 0.02, 0.03, 0.04
and 0.05) under 365 nm light excitation. Fig. 7 shows the
CIE chromaticity coordinates of Ca9Al(PO4)7:0.01Sm3+,
xCe3+ (x=0 and 0.02). Clearly, the values are in the red
region. The emission color can be also seen from the
upper of Fig. 4.
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Table 1 CIE of Ca3Al(PO4)7:0.01Sm3+, xCe3+(x=0, 0.01, 0.02,
0.03, 0.04, 0.05) (λex=365 nm)
Sample

[5]

CIE (X, Y)

Ca3Al(PO4)7:0.01Sm3+

(0.6529, 0.3536)

Ca3Al(PO4)7:0.01Sm3+, 0.01Ce3+

(0.6451, 0.3533)

Ca3Al(PO4)7:0.01Sm3+, 0.02Ce3+

(0.6459, 0.3529)

3+

3+

Ca3Al(PO4)7:0.01Sm , 0.03Ce

(0.6453, 0.3531)

Ca3Al(PO4)7:0.01Sm3+, 0.04Ce3+

(0.6454, 0.3529)

Ca3Al(PO4)7:0.01Sm3+, 0.05Ce3+

(0.6551, 0.3533)

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]
[14]

Fig.

7

The CIE chromaticity coordinates of
Ca9Al(PO4)7:0.01Sm3+, xCe3+ (x=0 and 0.02)

[15]

4 Conclusions
A series of Ce3+, Sm3+ and Ce3+/Sm3+ ions doped
Ca9Al(PO4)7 phosphors were synthesized by a
high-temperature solid-state method. Ca9Al(PO4)7:Ce3+
showed a broad band at 386 nm under 327 nm excitation,
corresponding to the 4f 05d 1→4f 1 transition of Ce3+ ions.
Ca9Al(PO4)7:Sm3+ could emit red light under 407 nm
excitation. The emission intensities of Ca9Al(PO4)7:Sm3+
could be obviously enhanced due to co-doping Ce3+ ions
as a sensitizer, which was ascribed to the energy transfer
from Ce3+ to Sm3+ ions. The result could be used for the
development of red emitting phosphor.
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