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Thermoluminescence (TL) glow curves of Ca6BaP4O17:Eu2+,R3+ (R=Dy, Tb, Ce, Gd, Nd) samples were 

measured above room temperature in order to compare the trap distributions in the band gap. The 

observed phenomenon indicates that R3+ ions (R=Dy, Tb, Ce, Gd, Nd) have different effects on trap 

properties of Ca6BaP4O17:Eu2+ phosphor. The most shallow trap (0.620 eV) for Tb3+ ion and the deepest 

trap (0.762 eV) for Dy3+ ion eventually led to shorter duration (4.3 h and 1.2 h respectively), while 10 

appropriate trap depth (0.716 eV) for Nd3+ ion makes Ca6BaP4O17:Eu2+,Nd3+ sample show the longest 

afterglow duration (37.9 h). Codoping with Tb3+ ion slightly increases the instinct traps of 

Ca6BaP4O17:Eu2+ sample and creates a new low-temperature TL peak corresponding to relatively shallow 

trap leading to the strongest initial afterglow brightness (0.887 cd/m2), while, codoping with other R3+ 

ions (R=Dy, Ce, Gd, Nd) creates new appropriate or inappropriate traps. By performing a series of long-15 

lasting phosphorescence (LLP) spectra with various irradiated time and TL experiments with varying 

delay time after ceasing the UV irradiation, the trap distribution of the depth and shape was evaluated. 

The result provides a better understanding of the role of these trapping centers played in the persistent 

luminescent mechanism. 

1. Introduction 20 

Long-lasting phosphorescence (LLP) materials emitting light 

several hours after ceasing the irradiation source, a special case 

of thermally stimulated luminescence, results from a gradual 

release of charge carriers from trapping centers induced by the 

thermal disturbance at room temperature.1 The deeper the depth 25 

of the traps, the higher energy needed to release these charge 

carriers. Knowledge of these trap depths is thus of crucial 

importance in the understanding of the LLP mechanism. Besides, 

LLP materials can be widely applied in various fields such as 

optical storage media2 as well as sensors for structural damage, 30 

fracture of materials,3-5 and vivo-imaging6. These applications 

also demand the exact knowledge of the LLP mechanism and the 

trap identification. 

Divalent europium and trivalent lanthanides codoped phosphors 

acting as long persistence materials have been researched in-35 

depth and extensively applied in business. It is generally believed 

that Eu2+ ion acts as the activator, while other trivalent 

lanthanides produce new traps due to nonequivalent substitution7 

or at least modify the intrinsic trap properties in these phosphors.  

Actually, the previous knowledge of Eu2+ ion activated persistent 40 

phosphors is mainly based on aluminates and silicates, e.g. 

Sr2MgSi2O7:Eu2+,Dy3+ (blue),8 Sr4Al14O25:Eu2+,Dy3+ (blue),9 

SrAl2O4:Eu2+,Dy3+ (green),10 all of which can continue emitting 

light more than 24 h in the dark. However, detailed research on 

phosphates as host for persistent phosphors is very few so far. 45 

Recently, Cheetham and co-workers first discovered the host 

Ca6BaP4O17 and reported that Ca6BaP4O17:Eu2+ can emit a strong 

yellow light peaked at 553 nm under excitation with UV to blue 

light and has a higher color-rendering index than that of 

YAG:Ce3+.11 Besides, in previous paper, we reported the 50 

persistent luminescence in Ca6BaP4O17:Eu2+,Ho3+ and found that 

the incorporation of the Ho3+ ion into the Ca6BaP4O17:Eu2+ 

phosphor can greatly enhance its persistent luminescence 

behavior.12 Based on the above discussion, we predict that 

Ca6BaP4O17:Eu2+ may have the potential to serve as an attractive 55 

candidate for yellow LLP phosphor and thus enrich the long-

wavelength LLP phosphors urgent needed in particular fields 

such as solar energy utilization13 and in vivo bioimaging.6  

Measurement of the thermoluminescence (TL) glow curves is a 

versatile tool to determine the number as well as the depth of the 60 

traps in materials.14 The too shallow trap depth will result in a 

relatively short afterglow, while, if the trap is too deep, no charge 

carriers can escape because thermal energy is not enough and no 

persistent luminescence will be observed at room temperature.15 

In the present work, the TL measurements of 65 

Ca6BaP4O17:Eu2+,R3+ (R=Dy, Tb, Ce, Gd, Nd) were carried out 

between 25 and 400 °C. The trap depths and densities in these 

materials were derived from the TL glow curves. The traps 

distribution was estimated by performing a series of LLP spectra 

with various irradiated time and TL experiments with varying 70 

delay time after ceasing the UV irradiation, and thus the effect of 

the R3+ ions codoping on the LLP luminescence and TL of 

Ca6BaP4O17:Eu2+,R3+ (R=Dy, Tb, Ce, Gd, Nd) phosphors were 
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discussed according to the results obtained. 

2. Experimental 

A series of samples of Ca6BaP4O17:0.02Eu2+ and 

Ca6BaP4O17:0.02Eu2+,0.015R3+ (R=Dy, Tb, Ce, Gd, Nd) were 

synthesized by high-temperature solid-state reaction technique. 5 

The starting materials were CaCO3 (A.R.), BaCO3 (99.99%), 

NH4H2PO4 (A.R.), Eu2O3 (99.99%) and other rare earth oxides 

(Dy2O3, Tb4O7, CeO2, Gd2O3, Nd2O3, typically 99.9%). The 

stoichiometric mixture of starting materials was ground for 30 

min in an agate mortar to form homogeneous fine power mixture 10 

by adding an appropriate amount of ethanol. Subsequently, the 

mixture were fired at 1280 °C for 10 h under a flowing N2-H2 

(95:5) reductive atmosphere in a tube furnace and the relative 

heating rate is 5 °C/min. After annealing, the samples were 

cooled to room temperature in the furnace and ground again to 15 

powder for subsequent use.  

The phases of samples were identified by a Rigaku D/Max-2400 

X-ray diffractometer (XRD) using a Rigaku diffractometer with 

Nifiltered Cu Kα radiation at scanning steps of 0.02° in the 2θ 

range from 10° to 80°. The LLP spectra were measured by a 20 

FLS-920T fluorescence spectrophotometer with 365 nm as the 

excitation source. Afterglow decay curve measurements were 

measured with a PR305 long afterglow instrument after the 

samples were irradiated with UV light for 10 min. The TL curves 

were measured with a FJ-427A TL meter (Beijing Nuclear 25 

Instrument Factory) with a heating rate of 1 K s-1 in the 

temperature range from 20 to 400 °C. Before measurement, 

0.0001 g samples pressed in pellets were exposed to the UV light 

for 2 min.  

3. Results and discussion 30 

3.1. Phase identification. 

 Fig. 1 shows the XRD patterns of Ca6BaP4O17:0.02Eu2+ and 

Ca6BaP4O17:0.02Eu2+,0.015R3+ (R=Dy, Tb, Ce, Gd, Nd) 

compounds. All the XRD patterns have similar diffraction 

patterns and are in good agreement with previous reports.12 No 35 

impurity peak is detected in the compounds, indicating that the 

doping ions of Eu2+/R3+ are incorporated into the host lattice 

successfully and hardly change the lattice structure. The rare 

earth ions are supposed to replace calcium ions due to the 

consideration of ionic radii matching.11  40 

 
Fig. 1 XRD patterns of Ca6BaP4O17:Eu2+ and Ca6BaP4O17:Eu2+,R3+ (R=Dy, 

Tb, Ce, Gd, Nd). 

3.2. Phosphorescence properties of Ca6BaP4O17:Eu
2+ and 

Ca6BaP4O17:Eu
2+,R3+ (R=Dy, Tb, Ce, Gd, Nd). 45 

After removal of the UV excitation at room temperature, yellow 

LLP is observed in Ca6BaP4O17:Eu2+ and Ca6BaP4O17:Eu2+,R3+. 

As shown in Fig. 2, The initial LLP emission profiles and peaks 

of Ca6BaP4O17:Eu2+,R3+ are similar to that of Ca6BaP4O17:Eu2+ 

and only the characteristic broad band emission of Eu2+ ion with 50 

the maximum at about 553 nm is observed corresponding to the 

5d-4f transition. We can see from Fig. 2 that Ca6BaP4O17:Eu2+,  

Ca6BaP4O17:Eu2+,Tb3+ and Ca6BaP4O17:Eu2+,Ce3+ samples 

exhibit relatively stronger initial LLP intensity and it gradually 

increases with prolonged irradiated time. It could be speculated 55 

that there are some shallow traps and the trapped carriers need 

relatively low activation energy to escape from traps at room 

temperature. On the contrary, in other two samples (codoped with 

Nd3+ or Gd3+ ions), the yellow initial LLP intensity is below 10 

times more. It could be making sense that there are some traps 60 

with deep depth and the captured charge carriers by the traps are 

relatively difficult to be released at room temperature which 

weaken the initial LLP intensity but prolong duration time due to 

the traps depth is not too deep.16 Only for the sample codoped 

with Dy3+ ion, the initial LLP brightness is the lowest, and its 65 

intensity almost has no change with the increase of the irradiated 

time. We deem that no effective trap exists or the traps depth is 

too deep resulting that only a small amount of captured charge 

carriers can be released at room temperature.

 70 
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Fig. 2 LLP spectra of Ca6BaP4O17:Eu2+ and Ca6BaP4O17:Eu2+,R3+ (R=Dy, Tb, Ce, Gd, Nd) measured with varying the UV irradiation duration. 

3.3. Afterglow decay curves of Ca6BaP4O17:Eu
2+ and 

Ca6BaP4O17:Eu
2+,R3+ (R=Dy, Tb, Ce, Gd, Nd). 

 5 

Fig. 3 Afterglow decay curves of Ca6BaP4O17:Eu2+,R3+ (R=Dy, Tb, Ce, 

Gd, Nd); (inset)  The afterglow decay curve of Ca6BaP4O17:Eu2+. 

The yellow persistent performance of Ca6BaP4O17:Eu2+ and 

Ca6BaP4O17:Eu2+,R3+ (R=Dy, Tb, Ce, Gd, Nd) was systematically 

investigated. Fig. 3 depicts the afterglow decay curves of 10 

Ca6BaP4O17:Eu2+ and Ca6BaP4O17:Eu2+,R3+ (R=Dy, Tb, Ce, Gd, 

Nd) which excited by UV light for 10 min. All the detailed 

results about the initial afterglow brightness and the afterglow 

duration of Ca6BaP4O17:Eu2+ and Ca6BaP4O17:Eu2+,R3+ (R=Dy, 

Tb, Ce, Gd, Nd) are presented in Table 1. The sample 15 

Ca6BaP4O17:Eu2+,Tb3+ has the optimum initial brightness 

reaching about 0.887 cd/m2 and Ca6BaP4O17:Eu2+,Nd3+ sample 

has the longest lasting time lasting near 37.9 h above the 

recognizable intensity level (0.32 mcd/m2) than the other samples. 

We thus conclude that the different R3+ (R=Dy, Tb, Ce, Gd, Nd) 20 

ions codoping has a great influence on the afterglow performance. 

 

Table 1 Initial afterglow brightness and afterglow duration of 

Ca6BaP4O17:Eu2+ and Ca6BaP4O17:Eu2+,R3+ (R=Dy, Tb, Ce, Gd, Nd). 

R Eu Dy Tb Ce Gd Nd 

Initial 

afterglow 

brightness 

(cd/m�2)  

0.221 0.021 0.887 0.400 0.206 0.028 

Afterglow 

duration 

(h) 

0.975 1.233 4.333 9.917 
18.83

3 

37.91

7 

 25 

Fig. 4 Function of reciprocal afterglow intensity (I-�1) versus time (t) of 

Ca6BaP4O17:Eu2+,R3+ (R=Dy, Tb, Ce, Gd, Nd) excited for 10 min. 

The afterglow decay curves of Ca6BaP4O17:Eu2+,R3+ (R=Dy, Tb, 

Ce, Gd, Nd) were also plotted as a function of reciprocal 

persistent luminescence intensity (I-1) versus time (t), as shown in 30 
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Fig. 4. For the samples codoped with Dy3+ or Tb3+ ions, the I-1-t  

curves at all the delay period can be fitted by a straight line 

approximately. The linear dependence of I-1 versus t indicates 

that the LLP luminescence in Ca6BaP4O17:Eu2+,R3+ (R=Dy, Tb) 

phosphors is mainly caused by an effective trap center. However, 5 

all the I-1-t curves of Ca6BaP4O17:Eu2+,R3+ (R=Nd, Ce, Gd) could 

be divided into two parts. The latter linear dependence of I-�1 

versus t indicates that long-lasting persistent luminescence in 

Ca6BaP4O17:Eu2+,R3+ (R=Nd, Ce, Gd) phosphors probably occurs 

through a tunneling-related process.17,18 The tunneling effect is 10 

slow and always occurs alongside the retrapping effect in the late 

stage of decay.19 Due to the retrapping effect, the recombination 

rate of charge carriers would be slower, leading to relatively 

weaker LLP intensity but longer LLP duration time during the 

slow-decay process, which will be discussed later according to 15 

the results of TL spectra. 

3.4. TL and fading experiments of Ca6BaP4O17:Eu
2+ and 

Ca6BaP4O17:Eu
2+,R3+ (R=Dy, Tb, Ce, Gd, Nd). 

Fig. 5 presents the TL spectra of Ca6BaP4O17:Eu2+,R3+ (R=Dy, 

Tb, Ce, Gd, Nd) and the results show that the intensity of the TL 20 

glow curves and the maximum temperature of the TL peaks of 

Ca6BaP4O17:Eu2+,R3+ are differ from each other. The intensity of 

the TL glow curve is related to the amount of trapped charge 

carriers, and the maximum temperature of the TL peak provides 

information on the depth of the charge carriers trap. Apparently, 25 

the trap depth can be tuned by changing the species of the 

codopant owing to the various electron affinity and ionization 

energy of trivalent lanthanides.13,20 The shallow traps have 

contribution for the initial intensity of the afterglow, and the deep 

traps make contribution for the duration.21,22 The effective TL 30 

peak is situated slightly above room temperature (320-400 K), 

which is a temperature leading to better LLP properties.23,24 

The trap depths can be calculated by the Urbach method13, 25 

500

mTE =           (1) 

where Tm is the peak temperature (in Kelvin). The estimated trap 35 

depths for the glow peak are showed in Fig. 6. The corresponding 

TL glow peak maxima predict that codoping Tb3+ ion provides 

the most shallow trap (0.620 eV) while Dy3+ ion yields the 

deepest trap (0.762 eV). There is thus a clear correlation between 

the TL and initial LLP intensity, in which the higher intensity and 40 

the lower the maximum temperature of the TL peak, the stronger 

the initial LLP emission intensity and vice versa. It thus appears 

that the trap depth (0.716 eV) is optimal for an optimized LLP 

luminescence and Nd3+ ion acts as the best electron trap in 

Ca6BaP4O17:Eu2+. 45 

 
Fig. 5 The TL spectra of Ca6BaP4O17:Eu2+,R3+ (R=Dy, Tb, Ce, Gd, Nd). 

 
Fig. 6 The trap depth of experimental measured from TL glow peak 

maxima. 50 

In order to further investigate the trap structure in different 

codopants phosphors, the fading of TL was measured with 

different delay time after ceasing the UV irradiation.26,27 For the 

samples codoped with Dy3+/Tb3+ ions as shown in Fig. 7, there 

only exists one or three discrete trap depth distribution due to the 55 

reason that the location of the peak maximum is independent of 

the duration. Codoping with Tb3+ ion creates a new low-

temperature TL peak corresponding to the relatively shallow trap 

and slightly enhances the instinct traps of Ca6BaP4O17:Eu2+, 

which may be caused by calcium vacancy (VCa") and oxygen 60 

vacancy(VO
••). From the viewpoint of conservation of charge, the 

substitution of Tb3+ for Ca2+ would impede the occurrence of 

oxygen vacancies and more calcium vacancies are needed to 

maintain the charge balance. However, the coordination center of 

oxygen ions will disappear due to the occurrence of the calcium 65 

vacancies, hence the concentration of oxygen vacancy is also 

enhanced in Ca6BaP4O17:Eu2+,Tb3+ sample.28 After UV 

irradiation, the charge carriers stored in the shallow trap will be 

released at a fast ratio and then the trapped carriers at the deeper 

traps slightly decrease simultaneously after a delay of 30 min. In 70 

other words, codoping Tb3+ ion extremely increases the number 

of the shallow traps but not the deeper traps, which are important 

for the lengthening of the persistent luminescence and thus 

codoping Tb3+ ion greatly enhances the initial LLP intensity. On 
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the contrary, codoping Dy3+ ion yields a new strong TL peak 

centered at high temperature (381 K). However, the temperature 

located far above room temperature corresponding to deep trap 

explains the weak LLP intensity.  

 5 

Fig. 7 The TL glow curves of Ca6BaP4O17:Eu2+,Dy3+ and 

Ca6BaP4O17:Eu2+,Tb3+ after UV irradiation for 2 min and then delaying 

for different time. 

For the samples codoped with Ce3+/ Gd3+/ Nd3+ ions as shown in 

Fig. 8 and Fig. 9, the intensity of the TL bands decreases as the 10 

delay time increases. However, the position of the high TL 

intensity peak seems to move slightly to higher temperature with 

longer delay time, which illustrates that the trap levels 

continuously distribute to form a wide range of trap depth and the 

fading rate of the low temperature is much quicker than that of 15 

the high temperature caused by the fact that the release of the 

carriers from the shallow traps is much easier than the deep 

traps.29 It is also believed that a continuous distribution of trap 

depth can more intuitively describe the actual situation of the 

inorganic phosphor defects for the reason that random variations 20 

of the nearest neighbor bond angles and bond lengths around the 

traps may occur.30 The Ce3+ and Gd3+ ions yield appropriate traps 

and the Nd3+ ions create slightly so deep traps for efficient 

persistent luminescence, which explain why Ce3+, Gd3+, Nd3+ 

ions codoping have great effect on the intensity and the length of 25 

the afterglow of Ca6BaP4O17:Eu2+. 

In the decay period of the phosphor codoped with Ce3+ ion, the 

TL intensity of low temperature peak decreases while high 

temperature peak increases simultaneously. Fig. 9 also shows that 

not only the position of the TL intensity peak shifts to higher 30 

temperature but also the TL intensity of high temperature peak 

increases with longer delay time in the phosphor codoped with 

Nd3+ ion. All the results imply that the process of retrapping by 

deeper traps occurs and thermally activated carriers stored in the 

shallower traps retrapped by deeper traps.31 With assistance of 35 

the retrapping processes by the deep traps, the decay tail deceases 

slowly and results in longer LLP in Ca6BaP4O17:Eu2+,Ce3+ and 

Ca6BaP4O17:Eu2+,Nd3+. Besides, due to the decrease of TL 

intensity of the high temperature peak, we thus deem that the 

carriers detrapped from the deeper traps probably by tunneling.32 40 

 
Fig. 8 The TL glow curves of Ca6BaP4O17:Eu2+,Ce3+ and 

Ca6BaP4O17:Eu2+,Gd3+ after UV irradiation for 2 min and then delaying 

for different time. 

 45 

Fig. 9 The TL glow curves of Ca6BaP4O17:Eu2+,Nd3+ after UV irradiation 

for 2 min and then delaying for different time. 

3.5. The persistent luminescent mechanism of 
Ca6BaP4O17:Eu

2+,R3+ (R=Dy, Tb, Ce, Gd, Nd). 

The mechanism of persistent luminescence is summarized in Fig. 50 

10, which displays a schematic energy level diagram of Eu2+ and 

R3+ codoped Ca6BaP4O17. Under UV irradiation, the ground-state 

electrons of Eu2+ ion are promoted to the 5d electron state. The 

excited electrons are trapped by shallow electron traps or deep 

electron traps (0.620 eV, 0.634 eV, 0.648 eV, 0.716 eV, 0.762 eV, 55 

respectively) through the conduction band. Upon thermal 

activation, the electrons are released from traps and then 

transferred to the emission centers, followed by the 

recombination and finally resulting in the LLP. After the 

exhaustion of shallow traps, the electrons located at the low-60 

energy excited state can be directly trapped by the nearby energy-

matched deep traps via tunneling, instead of going through the 

conduction band. In this moment, the persistent luminescence 

mainly originates from the tunneling effect, leading to relatively 

weaker LLP intensity but longer LLP duration time during the 65 

slow-decay process. 
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Fig. 10 Schematic energy level diagram of Eu2+ and R3+(R=Dy, Tb, Ce, 

Gd, Nd) in Ca6BaP4O17. 

In this case, the codoped trivalent R3+ ions chemically 

nonequivalently substitutes the parts of the divalent alkaline earth 5 

cation Ca2+ sites in the host of Ca6BaP4O17:Eu2+.11 In order to 

make the charge balance, one possible way is that two R3+ ions 

replace three Ca2+ ions resulting one VCa
" negative defect and two 

RCa
·

positive defects.33,34 The defects reaction equation is shown 

as follows:  10 








 ″
+→+ +

•
+

+++

22
323 232

CaCa
VRCaR              (2)                                                               

The other possibility is that VCa" negative defects and VO
•• 

positive defects are generated during the synthesis process in 

reducing atmosphere.35-38 The RCa
• and VO

•• positive defects are 

expected to act as electron traps. According to the fading of TL, 15 

we suppose that the persistent luminescence may be mainly 

ascribed to the new positive defects of RCa
·

in Ca6BaP4O17:Eu2+. 

R3+, and the instinct traps of VCa"
 and VO

•• positive defects  have 

a small effect on the afterglow performance. In the present case, 

the introduction of Ce3+, Gd3+ and Nd3+ ions into the host of 20 

Ca6BaP4O17:Eu2+ produce a series of suitable traps, which make 

an important contribution to the LLP phenomenon in this kind of 

material. So the defects are very important for capturing and 

storing charge carriers (electrons and/or holes) in LLP phosphor. 

Nevertheless, the mechanism of LLP in Ca6BaP4O17:Eu2+. R3+ is 25 

still needed further research. 

4. Conclusions 

The trap distribution of the depth and shape was estimated with 

the aid of LLP spectra and TL experiments with varying delay 

time after ceasing the UV irradiation. All R3+ (R=Dy, Tb, Ce, Gd, 30 

Nd) ions did not have the same effect on the TL properties of 

Ca6BaP4O17:Eu2+. Dy3+ and Tb3+ ions create discrete traps and 

the traps are located far below or above room temperature leading 

to relatively poor persistent performance. While, Ce3+, Gd3+ and 

Nd3+ ions yield continuous traps. The TL peaks positions of the 35 

samples codoped with Ce3+ or Gd3+ ions are just above room 

temperature and it explains why an intense and long-lasting 

luminescence is observed. Although the sample codoped with 

Nd3+ ion has the longest LLP time lasting near 37.9 h, the initial 

brightness is only about 0.028 cd/m2 due to that the traps are so 40 

deep for efficient persistent luminescence and the thermal energy 

at room temperature is not sufficient to induce a significant 

electron to release from deep traps. Significantly, the exact 

knowledge of the trap distribution and the possible persistent 

luminescence mechanism would greatly facilitate the wider 45 

application of Ca6BaP4O17:Eu2+,R3+ materials and the 

development of new persistent luminescence materials.   
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