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ABSTRACT

Red-emitting CaTiO5:Pr>* phosphors are fabricated using a solid state method and structurally
characterized by X-ray diffraction and field emission scanning electron microscopy. The optical properties
are investigated using photoluminescence emission, excitation, photoluminescence decay curves, diffused
reflectance and thermoluminescence spectra, and persistent phosphorescence decay curves. The optimal
fabrication temperatures for photoluminescence and persistent phosphorescence are found at 1200-
1300 °C for photoluminescence and 1400 °C for persistent phosphorescence. The energy storage traps for
persistent phosphorescence in the system are analyzed based on the dependence of photoluminescence
and persistent phosphorescence on sintering temperature. The distribution of energy storage traps is
further characterized by thermoluminescence spectra and the parameters of the traps are calculated.
Oxygen vacancies as the main trapping centers play the key role for persistent phosphorescence in

CaTiO5:Pr3".

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Red-emitting CaTiO5:Pr>* phosphors have received extensive
attention due to the excellent color purity and high chemical
stability for various displays and signing applications [1-5]. Many
researchers reported the enhancement of the photoluminescence
[6-10] and persistent phosphorescence [11-13] with addition of
different metalions, such as AI>*, Bi**, Zn?>* and Ln®* (Ln = La, Lu, Gd).
The solid solutions of (Ca, Sr) TiOs:Pr>* [2,14] and (Ca, Sr, Ba)
TiO5:Pr?* [15] were also studied to explore the relationship between
the structures and photoluminescence properties. It is clear that the
red photoluminescence of CaTiO5:Pr>* results from the transition of
D,—3H,4 of Pr**. However, the nature of energy storage trapping
centers proposed for the persistent phosphorescence in CaTiO5:Pr>*
is still a matter of controversy. Pan et al. ascribed the energy storage
to the Pr>* dopant itself as a hole-trapping center [3], while, Jia and
the co-workers proposed the traps in CaTiOs:Pr** as oxygen
vacancies and Pr#*, which had the nature as an electron trap [4].

In this paper, the photoluminescence of CaTiO5:Pr3* fabricated
by a solid state method is studied using photoluminescence
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emission and excitation spectra and persistent phosphorescence
decay curves as well as thermoluminescence (TL) spectra. The
optimal fabrication temperatures for photoluminescence and
persistent phosphorescence are studied for the first time. Our
observations show oxygen vacancies as the main trapping centers
play the key role for persistent phosphorescence in CaTiO5:Pr>".

2. Experiment

The powders of CaCOs, TiO, and Pr(NOs); solution were mixed
in the de-ionized water, and then heated at 100 °C for 5 h to obtain
the dried powders. The powders were ground in fume cupboard for
1 h until the pellets formed. The final samples were obtained after
the pellets were sintered at different temperatures for 4 h in air.
The dopant concentration of Pr** was fixed at 0.1 mol%.

The structural characterization was analyzed by X-ray diffrac-
tion (XRD; Rigaku D/max-rA) spectra with the Cu Ko line of 1.540
78 A. The morphology of products was observed by field emission
scanning electron microscopy (FESEM, Hitachi S-4800). Photo-
luminescence emission and excitation spectra, diffused reflectance
spectra (BaSO4 sample was used as a standard) and phosphores-
cence decay curves were measured using Hitachi F-4500 fluores-
cence spectrophotometer. Persistent phosphorescence were
measured after irradiation by 375 nm ultraviolet (UV) light for
10 min. For lifetime measurement, the third (355 nm) harmonic of
a Nd-YAG laser is used as the excitation source, and the signal is
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Fig. 1. XRD patterns of CaTiOs;:Pr>* sintered at different temperatures (800 °C,
1200 °C and 1400 °C).

detected with a Tektronix digital oscilloscope (TDS 3052). The TL
spectra were recorded using a TL meter with a heating rate of 2 K/s.

3. Results and discussion
3.1. Microstructure characters: XRD and FESEM studies

XRD patterns of CaTiO5:Pr>* sintered at various temperatures
are shown in Fig. 1. The XRD pattern of these samples is consistent
with the orthorhombic CaTiO3 phase (JCPDS Card No. 82-0228).
There is no appreciable difference in XRD peaks for the sample
fabricated at 1200 °C compared to that at 1400 °C. The sample at
800 °C exhibits larger widths of the XRD peaks than the other two
samples, which results from the poor crystallinity. Fig. 2 presents
the corresponding FESEM images of the samples. It is found that
the sample obtained at 800 °C has the size around 0.5-1.0 pm,
consisting of the aggregates. The particle size increases to 2.0-
4.0 wm for the sample fabricated at 1200 °C. The fused particles
with size beyond 6.0 um are observed for the sample prepared at
1400 °C.

3.2. Photoluminescence spectra of CaTiO5:Pr’*

The photoluminescence emission (Aex = 330 nm) and excitation
(Xem = 610 nm) spectra of CaTiO5:Pr>* are presented in Fig. 3. The
excitation spectra mainly consists of three broad bands in
ultraviolet region, which are located at 265, 330 and 375 nm,
respectively. The band at 265 nm corresponds to the absorption of
Pr>* 4f5d states [1,4]. The band located at 330 nm originates from
the band edge absorption of CaTiOs; host due to O(2p)-Ti(3d)
transition [1] and the one at 375 nm is assigned to a low-lying Pr
to-metal (Pr>*-Ti*") intervalence charge transfer state [16]. The
photoluminescence emission spectra show the red emission
peaking at 610 nm is due to 'D,->H, transition of Pr>*. The
photoluminescence decay curves are measured and presented in
Fig. 4. The shortest lifetime of Pr>* emission is observed for 800 °C
sample. According to the previous report [17], some residual
hydroxyl groups absorbed on the surface of powder particles can
act as nonradiative centers for the quenching of Pr** emission
when the sample was fabricated at low temperature. With
increasing temperature, the number of hydroxyl reduces and
leads to the increase of lifetime in CaTiO5;:Pr’*. Herein, it is
observed that the lifetime of Pr>* emission is longer for the 1200 °C
sample than that of the 800 °C. However, it is found that the
lifetime of Pr** emission becomes shorter at 1400 °C than that of
the 1200 °C, it is still longer compared to 800 °C sample though.
More negatively charged defects, such as Ca vacancies [17,18] and/
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Fig. 2. The FESEM images of CaTiO5:Pr>* fabricated at (a) 800 °C, (b) 1200 °C and (c)
1400 °C.

or Ti vacancies [4,14,16,17] and/or by reduction of Ti** to Ti>* [17-
21] formed in the CaTiO3 host when the sintering temperature
further increases (This will be discussed in detail by the diffused
reflectance spectra of Fig. 5 in next paragraph). The extra charges
can be compensated by forming the positively charged oxygen
vacancies in the host [4,14,16]. The presence of oxygen vacancies in
CaTiOs had also approved by a computer simulation study [22].
Several of these negatively charged defects (Ca and/or Ti vacancies,
and/or Ti®*) are undesirable because their presence in the
phosphors can quench the Pr emission [9,17]. Therefore, it is
expected that the lifetime decreases when the sintering tempera-
ture further increases to 1400 °C.
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Fig. 3. Photoluminescence emission (lex=330nm) and excitation spectra
(Aem = 610 nm) of CaTiO5:Pr3*.

The diffused reflectance spectra are measured and provided in
Fig. 5. One can find that the reflectance is obviously reduced with
increasing sintering temperature. There are several kinds of
negatively charged defects mentioned above in pure CaTiO5 host,
which can be compensated by positively charged oxygen vacancy.
These defects acting as color centers can absorb the visible light. So it
is very difficult to get a CaTiO3 sample with pure white [4,9,15]. This
is consistent with the observation of Fig. 5 where the reflectance of
CaTiOs (dotted line) in visible light range is around 90% for 800 °C
sample. With increasing temperature, the reflectance decreases to
60% for 1400 °C sample (dotted line) owing to the increase of color
centers. Pr’* is commonly admitted to locate in the Ca®* site in
CaTiO5:Pr3* [1]. In addition, Pr>* can be easily oxidized to Pr** when
CaTiO5:Pr3* was sintered in air [4,14,16]. The extra positive charges
were likely compensated by some negatively charged defects
mentioned above. This can be confirmed by the decrease of
reflectance in CaTiOs:Pr’* (solid line) compared to pure CaTiOs
(dotted line), as shownin Fig. 5. Boutinaud pointed out that Pr** gave
rise to yellow color of the phosphor due to the absorption in blue
spectral range when CaTiOs:Pr>* was sintered 430 h [16]. In Fig. 5,
we did not observe prominent absorption from Pr** because all the
samples are sintered only 4 h. It is shown that the reflectance of
CaTiO5:Pr3* (solid line) decreases with the increase of temperature
due to the formation of the negatively charged defects and Pr**.
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Fig. 4. Photoluminescence decay curves of the emission at 615 nm of CaTiO3:Pr>*
samples fabricated at different temperatures (800 °C, 1200 °C and 1400 °C).
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Fig. 5. Diffused reflectance spectra of CaTiO5:Pr>* samples fabricated at different
temperatures (800 °C, 1200 °C and 1400 °C). Dotted lines are pure CaTiO3 samples
for 800 °C and 1400 °C, respectively.

Moreover, the change of body color for these phosphors is consistent
with the decrease of reflectance. The sample color becomes darker
and darker with the increase of temperature. The color is nearly
white for 800 °C sample and becomes gray for 1400 °C sample. In the
process, more oxygen vacancies formed in the host in order to
compensate the extra negative charges. The formation of these
oxygen vacancies as trapping centers will benefit to the phospho-
rescence in CaTiO5:Pr>".

3.3. Persistent phosphorescence properties of CaTiOs:Pr’*

The time decay curves of persistent phosphorescence
(Aem =610 nm) for CaTiO5:Pr>* sintered at different temperatures
is illustrated in Fig. 6. It is found the persistent phosphorescence
intensity of the sample obtained at 1200 °C is lower in comparison
with the 800 °C sample. The greatest persistent phosphorescence
intensity is experimentally observed for the sample prepared at
1400 °C. The detailed relation of persistent phosphorescence
intensities to annealing temperature will be discussed in next
section. The inset of Fig. 6 represents the persistent phosphores-
cence spectra recorded at 100 s after the cessation of UV-light
irradiation. The position and profile of the persistent phosphores-
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Fig. 6. Persistent phosphorescence (Aem=610nm) decay curves of CaTiOs:Pr’*
fabricated at different sintering temperatures after irradiation by 375 nm UV-light
for 10 min. Inset: the normalized phosphorescence spectra compared to 1400 °C
sintered sample, which is recorded at 100s after the cessation of UV-light
irradiation.
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Fig. 7. Dependence of photoluminescence intensities (Aex = 330 nm) and persistent
phosphorescence intensities (Aira=375nm) on annealing temperature in
CaTiO5:Pr*.

cence emission are consistent with the photoluminescence,
indicating the persistent phosphorescence resulting from the
1D,—3H, transition of Pr3*.

3.4. Dependence of photoluminescence and persistent
phosphorescence on annealing temperature

The dependence of CaTiO5:Pr3* photoluminescence intensity
on annealing temperature is presented in Fig. 7. It is found the
intensity increases with the increase of temperature from 800 to
1300 °C, which is characteristic in luminescent materials. As
temperature increases, the number of nonradiative centers
(hydroxyl groups) decreases and the lifetime of Pr>* emission
(Fig. 4) increases, intensifying the photoluminescence. In
addition, the densification of the powders also contributes, to
some extent, to the enhancement of photoluminescence [17].
Meanwhile, more Pr®* should be oxidized to Pr** when
CaTiOs5:Pr>* was sintered in air [4,17]. Consequently, the increase
of lifetime and the decrease of the number of Pr3* lead to the
maximal photoluminescence when the samples treated in the
range of 1200-1300 °C. Further increase of temperature above
1300 °C, more negatively charged defects [4,14,16-21] will be
formed in the host (Fig. 5), which act as nonradiative centers and
quench the Pr®* emission (Fig. 4). The increase of Pr** can also
reduce Pr3* emission. Thus, the decrease of photoluminescence is
observed for 1400 °C sample. The intensities of persistent
phosphorescence as function of annealing temperature for these
samples are also plotted in Fig. 7.1t is observed that the persistent
phosphorescence remains nearly unchanged from 800 °C to
1000 °Cand begins to decrease from 1100 °C.It attains a minimum
when the temperature is 1200°C and then increases to a
maximum at 1400 °C. The persistent phosphorescence intensity
is proportional to the density of energy storage traps. The nature of
energy storage trapping centers for the persistent phosphores-
cence in CaTiO3:Pr3* has been attributed to different mechanisms,
the Pr3* dopant itself as a hole-trap and oxygen vacancies, Pr** as
electron-traps, respectively [3,4]. With the increase of sintering
temperature, more Pr>* should be oxidized to Pr**. As a result, the
persistent phosphorescence should monotonically reduce if Pr>*
dopant itself as the energy storage traps in CaTiO5:Pr>*. This is
inconsistent with the experimental results as shown in Fig. 7.
Based on the previous reports [4,17,22] and the results of Fig. 5,
both oxygen vacancies and Pr** exist in CaTiO5:Pr>*. Thus, it is
believed that the energy storage traps in CaTiOs:Pr3* are
associated with oxygen vacancies and Pr**.
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Fig. 8. Thermoluminescence spectra of CaTiO3:Pr®* fabricated at different sintering
temperatures: (a) 800 °C, (b) 1200 °C and (c¢) 1400 °C. The spectra were decomposed
into curve 1 (dashed line) and curve 2 (dotted line) using two Gaussian fittings.

3.5. Thermoluminescence spectra in CaTiO5:Pr*

To investigate the distribution of energy storage traps in
CaTiO5:Pr’*, TL spectra are measured from room temperature to
360 °C, as plotted in Fig. 8. There is only one peak observed in the
temperature range for all the samples. The TL peak shifts to the
high temperature side with increasing fabrication temperature,
from 62 °C of 800 °C fabricated sample to 68 °C and 76 °C for
1200 °C and 1400 °C fabricated samples, respectively. Meanwhile,
the width of the TL peaks broadens as annealing temperature
increases. The full width at half maximum (FWHM) of TL peak is
52 °C for the sample fabricated at 800 °C. This is broader than that
of the sample obtained at 1200 °C (43 °C). The broadest FWHM of
68 °C is observed for the sample fabricated at 1400 °C. Considering
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Table 1
Trap parameters of curve 1 and curve 2 for samples fabricated at different
temperatures.

Fabrication Curve 1 Curve 2
temperature
Tm (K) w E (eV) Tm (K) w E (eV)
800°C 332 44 0.70 351 63 0.53
1200°C 339 33 0.99 348 63 0.51
1400°C 341 75 0.41 352 61 0.55

the two kinds of energy storage traps, oxygen vacancies and Pr**,
the TL spectra were decomposed into two Gaussian curves, as
depicted in Fig. 8. The depth of trap is estimated using the
following equation given by Chen [23]

E=35 <%> — 2kTp,
w

where E is the average depth of traps, T, the peak temperature, @
the FWHM of the peak, and k the Boltzmann constant. The
calculated results are listed in Table 1. Trap parameters of curve 1
(dashed lines) remarkably vary with increasing fabrication
temperature. E is calculated to be 0.70, 0.99 and 0.41 eV for the
samples fabricated at 800, 1200 and 1400 °C, respectively and w is
44, 33 and 75 °C corresponding to the three samples. In contrast,
the change of trap parameters of curve 2 (dotted lines) is negligible.
E and w remain the values of around 0.51 eV and 61 °C for all the
samples. It is suggested that the traps related to curve 1 result from
the oxygen vacancies, which is strongly dependent on the sintering
temperature [16,17]. While the traps related to curve 2 are due to
the Pr** since the low dopant concentration of Pr>* (0.1 mol%) has
limited effect on its distribution and density. Only can the traps
formed with appropriate depths be expected to contribute to the
persistent phosphorescence emission. The electrons stored in very
deep traps cannot be thermally released under the temperatures
for the TL study [24-26]. For the sample fabricated at 1400 °C,
curve 1 reveals the broadest FWHM and the shallowest trap depth,
indicating that the sample has the most energy storage traps
suitable for persistent phosphorescence and the oxygen vacancies
play the key role for trapping electrons.

The spectral measurements and calculations confirm that the
energy storage traps in CaTiOs;:Pr3* are associated with both
oxygen vacancies and Pr** dopants, but the oxygen vacancies play
the key role for trapping electrons, which is well agreed with the
experimental observation for the phosphorescence shown in
Fig. 7. For the sample fabricated at 800 °C, oxygen vacancies with
the middle depth (Table 1) and Pr** as trapping centers contribute
to the persistent phosphorescence. As the annealing temperature
increases, the energy storage traps (oxygen vacancies) becomes
deeper. As a consequence, the persistent phosphorescence
intensity is reduced. More oxygen vacancies with the shallower
depth were formed to compensate the extra negatively charged
defects in the host when the annealing temperature is above
1300 °C (Fig. 5). Thus, the enhancement of initial persistent
phosphorescence intensity and persistent time (Figs. 6 and 7) is
expected. Meanwhile, the increase of Pr** reduces the number of
photoluminescence centers of Pr>*. Some defects related to Caand
Ti vacancies formed in the host, as quenching centers, can further
reduce the emission efficiency of 'D, of Pr3* [9,17]. Herein, the

decrease of photoluminescence is observed for 1400 °C sample, as
shownin Fig. 7. For the temperature range in this experiment, the
optimal fabrication temperatures are observed in the range of
1200 °C-1300 °C for photoluminescence and 1400 °C for persis-
tent phosphorescence. It is expected that the decrease of
photoluminescence and the increase of persistent phosphores-
cence may continue as annealing temperature increases above
1400 °C.

4. Conclusion

The CaTiO3:Pr®* phosphors have been fabricated by a conven-
tional solid state method and their optical properties are
investigated. The optimal fabrication temperatures are 1200-
1300°C for photoluminescence and 1400°C for persistent
phosphorescence, respectively. Oxygen vacancies as the main
electron trapping centers contribute the most for persistent
phosphorescence emission in CaTiO5:Pr>* system.
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