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A series of Ce3+, Eu2+ and Ce3+-Eu2+ doped Ca9Al(PO4)7 phosphors are synthesized by a high temperature solid-state 

method. Under 291 nm excitation, Ca9Al(PO4)7:Ce3+ has one emission band at 356 nm, which is attributed to 

4f05d1→4f1 transition of Ce3+. Under 305 nm excitation, Ca9Al(PO4)7:Eu2+ presents one emission band at 445 nm, 

which is assigned to 4f 65d1→4f 7 transition of Eu2+. Energy transfer from Ce3+ to Eu2+ in Ca9Al(PO4)7 is validated and 

proved to be a resonant type via a quadrupole-quadrupole interaction. Critical distance (Rc) of Ce3+ to Eu2+ in 

Ca9Al(PO4)7 is calculated to be 1.264 nm. Moreover, the emission intensity of Ca9Al(PO4)7:Ce3+, Eu2+ can be tuned by 

properly adjusting the relative doping composition of Ce3+/Eu2+. 
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The resonant energy transfer among impurity ions in the 

phosphor material has been a considerable subject during 

recent decades[1-3]. The interest in this field arises be-

cause the energy transfer from a donor to an acceptor can 

improve the luminescence of phosphor[4-7]. Lumines-

cence and energy transfer of Ce3+-Eu2+ in Ba1.3Ca0.7SiO4 

have been explored[8]. And the similar type of energy 

transfer between Ce3+ and Eu2+ was observed in SrSi2O2N2 

and CaSi2O2N2, respectively[9,10]. For the phosphate com-

pound, such as Sr3Gd(PO4)3 and Ca9Y(PO4)7, the effective 

energy transfer between Ce3+ and Eu2+ widely exists[11,12]. 

However, to the best of our knowledge, there is no report 

about the energy transfer between Ce3+ and Eu2+ in 

Ca9Al(PO4)7. In this paper, Ca9Al(PO4)7:Ce3+, Eu2+ is 

synthesized by solid state method, and energy transfer 

and luminescence of Ca9Al(PO4)7:Ce3+, Eu2+ are investi-

gated. 

Ca9Al(PO4)7:xCe3+, yEu2+ phosphors are synthesized by a 

high temperature solid-state method, where x and y are molar 

concentrations of Ce3+ and Eu2+, respectively. The initial ma-

terials CaCO3(A.R.), Al2O3(A.R.), NH4H2PO4(A.R.), 

CeO2(99.99%) and Eu2O3(99.99%) were weighed in 

stoichiometric proportion, 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 at 1 200 °C for 10 h in crucibles along with 

a reducing atmosphere (5%H2/95%N2), and then were 

naturally cooled to room temperature. In order to meas-

ure the characteristics of phosphors, the samples were 

ground into powder. 

The phase formation was determined by X-ray diffraction 

(XRD) in a Bruker AXS D8 advanced automatic diffrac-

tometer (Bruker Co., German) with Ni-filtered Cu Kα1 

radiation (λ=0.154 06 nm), and a scan rate of 0.02°/s was 

applied to record the patterns in the 2θ range from 10° to 

60°. The steady time-resolved photoluminescence spec-

tra and the excitation and emission spectra were detected 

by a fluorescence spectrophotometer (Hitachi F-4600), 

and the exciting source was a 450 W Xe lamp. The 

Commission International de I’Eclairage (CIE) chroma-

ticity coordinates of the samples were measured by a 

PMS-80 spectra analysis system. All measurements were 

carried out at room temperature. 

Fig.1 shows the representative XRD patterns of as- 

prepared Eu2+ and Ce3+ doped Ca9Al(PO4)7, such as 

Ca9Al(PO4)7:0.05Ce3+, Ca9Al(PO4)7:0.01Eu2+ and Ca9Al 

(PO4)7:0.05Ce3+, 0.01Eu2+. It is obvious that the diffrac-

tion peaks of all these samples can be exactly assigned to 

the pure phase of Ca9Al(PO4)7 according to XRD pattern 

of standard JCPDS card (No.48-1192). The uniform dif-

fraction pattern means that the phase formation of 

Ca9Al(PO4)7 is not influenced by a little amount of Ce3+, 

Eu2+ or Ce3+-Eu2+. Ca9Al(PO4)7 has a β-Ca3(PO4)2 struc-

ture with a space group of R3c (No.161) [2,6]. 



                                                                                 Optoelectron. Lett. Vol.11 No.1 ·0046· 

 
(a) Ca9Al(PO4)7:0.05Ce3+, 0.01Eu2+ 

 
(b) Ca9Al(PO4)7:0.01Eu2+ 

 
(c) Ca9Al(PO4)7:0.05Ce3+ 

 
(d) JCPDS No.48-1192 

Fig.1 XRD patterns of (a) Ca9Al(PO4)7:0.05Ce
3+

, 0.01Eu
2+

, 

(b) Ca9Al(PO4)7:0.01Eu
2+

, (c) Ca9Al(PO4)7:0.05Ce
3+

, and (d) 

Ca9Al(PO4)7 (standard JCPDS No.48-1192) 

 

Fig.2(a) depicts that Ca9Al(PO4)7:0.05Ce3+ exhibits a 

strong broad emission band between 320 nm and 450 nm 

under 291 nm excitation, and the peak locates at 356 nm due 

to 4f05d1→4f1 transition of Ce3+. The excitation spectrum 

shows a broad band from 200 nm to 350 nm, and the peak 

locates at 291 nm, which corresponds to 4f1→4f05d1 transi-

tion of Ce3+[7]. Fig.2(b) presents that Ca9Al(PO4)7:Eu2+ has a 

broad emission band under 305 nm excitation, and the peak 

locates at 445 nm, which is typically attributed to 4f65d1→4f7 

electronic dipole allowed transition of Eu2+. The excitation 

spectrum shows a broad band between 200 nm and 350 nm, 

and the peak locates at 305 nm, which is assigned to 

4f7→4f65d1 transition of Eu2+[7]. The inset of Fig.2(a) shows 

the luminescent intensities of Ca9Al(PO4)7:xCe3+ under 291 

nm excitation with doping concentration x of 0.01, 0.02, 0.03, 

0.04, 0.05, 0.07 and 0.1, and it is obvious that the emission 

intensity can achieve the maximum for Ca9Al(PO4)7:0.05Ce3+ 

used in our experiment. The inset of Fig.2(b) shows the emis-

sion intensities of Ca9Al(PO4)7:yEu2+ with different contents 

of Eu2+ (y). At first, the emission intensity enhances with the 

increase of Eu2+ content (y), and achieves a maximum at 

y=0.01, then decreases with further increasing Eu2+ content 

because of the concentration quenching effect. So the opti-

mum content of Eu2+ is 0.01. Moreover, as shown in 

Fig.2, based on the spectral overlap between the emis-

sion band of Ca9Al(PO4)7:Ce3+ and the excitation band of 

Ca9Al(PO4)7:Eu2+, the effective resonant energy transfer is 

expected to occur from Ce3+ to Eu2+. 
 

 
(a) 

 

(b) 

Fig.2 Emission and excitation spectra of (a) 

Ca9Al(PO4)7:0.05Ce
3+

 (λex=291 nm and λem=356 nm) and 

(b) Ca9Al(PO4)7:0.01Eu
2+

 (λex=305 nm and λem=445 nm) 

(The insets are the emission intensities as a function of 

impurity Ce
3+

 (x) and Eu
2+

 (y) concentrations.) 



MENG et al.                                                               Optoelectron. Lett. Vol.11 No.1 ·0047· 

Fig.3 presents the emission spectra of Ca9Al(PO4)7: 

0.05Ce3+, yEu2+ with different Eu2+ contents of 0, 0.001, 

0.005, 0.01, 0.02 and 0.03. Ca9Al(PO4)7:0.05Ce3+, yEu2+ 

has two broad emission bands under 291 nm excitation, 

and two peaks are assigned to 4f05d1→4f1 transition of 

Ce3+ and 4f65d1→4f7 transition of Eu2+, respectively. 

However, the emission intensity of Ce3+ decreases with 

the increase of Eu2+ content, whereas the emission inten-

sity of Eu2+ increases with the increase of Eu2+ content, 

achieves the maximum at y=0.01, and then decreases. 

For Eu2+ emission intensity, the apparent decrease 

(y>0.01) is mainly attributed to the concentration 

quenching effect, which is due to the occurrence of en-

ergy reabsorption among the nearest Eu2+ or Ce3+[7-12]. 

The variations in the emission intensities of Ce3+ and 

Eu2+ in Ca9Al(PO4)7:0.05Ce3+, yEu2+ strongly indicate 

the continuous energy transfer from the sensitizer Ce3+ to 

the activator Eu2+. 

 

 

Fig.3 Emission spectra of Ca9Al(PO4)7:0.05Ce
3+

, yEu
2+

 

with 0≤y≤0.03 (λex=291 nm) 

 

For Ca9Al(PO4)7:0.05Ce3+, yEu2+, the energy transfer 

efficiency (ηT) can be achieved by[13] 

T S S0
1 ( / )I Iη = − ,                           (1) 

where IS0 and IS are luminescent intensities of sensitizer 

Ce3+ in the absence and presence of activator Eu2+, re-

spectively. The variation of ηT for Ca9Al(PO4)7:0.05Ce3+, 

yEu2+ (y=0.001–0.03) with Eu2+ content is shown in 

Fig.4. It can be seen that the emission intensity continu-

ously enhances with the increase of Eu2+ content, and the 

energy transfer efficiency is observed as 80.03%. 

On the basis of Dexter’s energy transfer formula for 

exchange and multipolar interactions, the following rela-

tion can be obtained[14] 

0
ln( / ) Cη η ∝ ,                             (2) 

/3

0
( / ) a

Cη η ∝ ,                             (3) 

where η0 and η are luminescence quantum efficiencies of 

Ce3+ in the absence and presence of Eu2+, respectively, 

and C is the total concentration of Ce3+ and Eu2+. Eq.(2) 

corresponds to the exchange interaction, and Eq.(3) with 

α=6, 8 and 10 belongs to dipole-dipole, dipole- quadrupole, 

and quadrupole-quadrupole interactions, respectively. 

 

 

Fig.4 Dependence of energy transfer efficiency ηT on 

Eu
2+

 content y 
 
In general, the critical distance (Rc) can be calculated 

by concentration quenching method. The critical distance 

RCe-Eu between Ce3+ and Eu2+ can be estimated by[15] 

1/3

Ce-Eu c
2[3 /(4π )]R V x N= ,                     (4) 

where xc is the total concentration of Ce3+ and Eu2+, i.e., 

xc=9(0.05+y) for Ca9Al(PO4)7:0.05Ce3+, yEu2+. N is the 

number of Z ions in the unit cell (for Ca9Al(PO4)7, N=6), 

and V is the volume of unit cell (for Ca9Al(PO4)7, 

V=3.426 6 nm3). 

The estimated distances (RCe-Eu) for Ca9Al(PO4)7: 

0.05Ce3+, yEu2+ phosphors with xc=0.459, 0.495, 0.54, 

0.63 and 0.72 are 1.335 nm, 1.301 nm, 1.264 nm, 1.201 

nm and 1.149 nm, respectively. The distance between 

Ce3+ and Eu2+ becomes shorter with the increase of Eu2+ 

content. x is the critical concentration at which emission 

intensity of donor (Ce3+) in the presence of acceptor 

(Eu2+) is half of that in the absence of acceptor (Eu2+). 

Therefore, Rc of energy transfer is calculated to be about 

1.264 nm for Ca9Al(PO4)7:0.05Ce3+, yEu2+. RCe-Eu for 

various Ce3+ contents is much larger than the typical 

critical distance for exchange interaction (0.5 nm)[15]. 

This means that the exchange interaction plays no role in 

energy transfer process for Ca9Al(PO4)7:0.05Ce3+, yEu2+. 

Therefore, the emission intensity of Eu2+ is enhanced by 

efficient energy transfer from Ce3+ to Eu2+ in 

Ca9Al(PO4)7, which belongs to the multipolar interaction. 

The relationship of /3

S0 S
( / ) a

I I C∝ is illustrated in Fig.5. 

The linear relationship reaches the optimal one for 
/3

S0 S
( / ) a

I I C∝  by comparing the fitting factor of R 

value. It can be seen from Fig.5(c) that the energy trans-

fer from Ce3+ to Eu2+ occurs via the quadrupole- quadru-

pole interaction. 

As shown in Fig.3, for Ca9Al(PO4)7:0.05Ce3+, yEu2+, 

the indigo emission intensity of Ce3+ decreases, and the 

blue emission intensity of Eu2+ gradually increases with 

the increase of Eu2+ content. As shown in Fig.6, the 

emission color of Ca9Al(PO4)7:0.01Eu2+ locates in the 

blue region. 
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(a) 

 

(b) 

 

(c) 

Fig.5 Dependence of IS0/IS on C
α/3

 with (a) α=6 for dipole- 

dipole interaction, (b) α=8 for dipole-quadrupole interaction 

and (c) α=10 for quadrupole-quadrupole interaction 
 

 

Fig.6 CIE chromaticity coordinates (X, Y) of Ca9Al(PO4)7: 

0.01Eu
2+

 and Ca9Al(PO4)7:0.05Ce
3+

 

In summary, Ca9Al(PO4)7:Ce3+, Eu2+ phosphors are 

synthesized by the conventional solid-state method. 

Ca9Al(PO4)7:Ce3+, Eu2+ can produce two emission bands, 

which correspond to 4f05d1→4f1 transition of Ce3+ and 

4f65d1→4f7 transition of Eu2+, respectively. The energy 

transfer from Ce3+ to Eu2+ in Ca9Al(PO4)7 is validated and 

proved to be a resonant type via a quadrupole-quadrupole 

interaction. The energy transfer efficiency gradually in-

creases with the increase of Eu2+ content. Moreover, the 

critical distance (Rc) of Ce3+ to Eu2+ in Ca9Al(PO4)7 is cal-

culated to be 1.264 nm. Furthermore, the emission intensity 

and emission color of Ca9Al(PO4)7:Ce3+, Eu2+ can be tuned 

by properly adjusting the relative doping composition of 

Ce3+/Eu2+. 
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