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a b s t r a c t

The photoluminescence and afterglow characteristics of Zr doped CaTiO3:Pr3+ phosphors were investi-
gated. Zr4+ substitution for Ti4+ leads to the enhancement of red fluorescence and phosphorescence at
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613 nm originating from 1D2 to 3H4 transition of Pr3+, and the increase of the lifetime for the 1D2 state.
The enhancement of emission intensity was attributed to the change of the lattice structure, the increase
of the Pr3+ amount, and the decrease of the concentration of the defects quenching red emission. The
increase of lifetime was thought to originate from the increase of the density of [PrCa]0 traps.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

To achieve new and excellent bright and long decay red-
mitting phosphors is becoming more and more important for
he various displays and signing application in the dark environ-

ents, since the green- and blue-emitting phosphors have been
ore developed than the red-emitting ones [1–5]. Recently, the

ed-emitting oxide phosphors with well chemical stability have
een investigated extensively and developed rapidly to replace the
raditional sulfide phosphors [6–9]. Among them, CaTiO3:Pr3+ is of
pecial interest due to its red emission with appropriate CIE coordi-
ate (0.680, 0.311), which is very close to that of the ‘ideal red’ [1].
o improve the luminescence intensity and enhance the afterglow
fficiency of this perovskite material, many efforts have been done
2,3,10–15]. It is known that there exist two ways for increasing the
mission intensity. The most effective way is making use of differ-
nt charge compensators to balance Pr3+ ions. Using monovalent
ations including Na+, Tl+, or Ag+ substitution for Ca2+ [2], trivalent
ations such as Al3+ [10] or Ln3+ (Ln = La, Lu, Gd) [11] substitution
or Ti4+, or using calcium vacancy compensation method [12] have
een reported. Another way is to substitute Ca2+ with equivalent
ations, such as Zn2+, Mg2+ [3], Ba2+, or Sr2+ [13]. On the other
and, the afterglow time of the red-emitting CaTiO3:Pr3+ phosphors

an be enhanced by substituting Zn2+ for Ca2+ site [14,15], or Al3+

16], Lu3+ [11] for Ti4+ site. The possible explanation is that the
ensity of traps with reasonable depth increases in the host mate-
ials. However, it needs to refer that the effect of equivalent cation

∗ Corresponding author. Tel.: +86 21 65980544; fax: +86 21 65985179.
E-mail address: xs-wang@tongji.edu.cn (X. Wang).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.03.138
substitution for Ti4+ site on the luminescence property is seldom
reported in CaTiO3:Pr3+ phosphors. Pinel et al. studied the reasons
for the greenish-blue emission in CaZrO3:Pr3+ and red emission in
CaTiO3:Pr3+ [17]. Yan and Zhou presented the Pr3+ concentration
quenching phenomena in CaTiO3:Pr3+ and CaTi0.5Zr0.5O3:Pr3+ [18].
In this work, CaTiO3:Pr3+ with Zr4+ substitution for Ti4+ was syn-
thesized by the conventional solid-state reaction method. It was
observed that Zr4+ substitution could significantly enhance both
the luminescence intensity and afterglow time at 613 nm. The Zr4+

addition effect on the enhancement of luminescence and afterglow
was discussed.

2. Experimental

Powder samples with a stoichiometric composition of Ca0.998Pr0.002(ZrxTi1−x)O3

(where x = 0, 0.005, 0.01, 0.015, 0.02, 0.025, 0.05, or 0.07, hereafter denoted as
Ca(ZrxTi1−x)O3:Pr3+ for simplicity) were prepared by the conventional solid-state
reaction method. Raw materials of CaCO3, Pr6O11, TiO2, and ZrO2 (≥99.9%) were
mixed thoroughly in the presence of ethanol. After drying, the mixture was prefired
at 900 ◦C for 4 h in air, then crushed, and sintered at 1400 ◦C for 4 h in air.

The phase structure was identified by an X-ray diffractometer (XRD; D8 Advance,
Bruker AXS GmbH). The photoluminescence (PL) spectra at room temperature were
recorded using a spectrofluorometer (LS-55, PerkinElmer). The diffuse reflectance
spectrum was measured using a UV/vis/NIR spectrophotometer (V-570, JASCO).
Thermoluminescence (TL) curve was obtained on a thermoluminescence-meter
(FJ427A1, Beijing Nuclear Instrument Factory). Heating rate for the curves is 2 K/s.
The afterglow time was measured by a photon-counting system that consists of a
photomultiplier tube (R649, Hamamatsu Photonics K.K.) and a photocounter (C3866,

Hamamatusu Photonics K.K.) controlled by a computer. Before the measurements
of TL curve and afterglow time, all the samples with the same weight were irra-
diated at 254 nm for 5 min with a 6-W conventional ultraviolet lamp. The 77 K
emission spectrum and the decay time spectrum were taken on a spectrophotometer
(FLS920, Edinburgh Instruments Ltd.). All measurements were performed at room
temperature except TL and the 77 K emission spectra.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:xs-wang@tongji.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.03.138


J.-C. Zhang et al. / Journal of Alloys and Compounds 498 (2010) 152–156 153

F
o
0
o

3

3

i
(
p
h
s
b
t
t
0
b
a
e
Z
p

ig. 1. XRD patterns of Ca(ZrxTi1−x)O3:Pr3+ compositions (a) and refined peaks near
rthorhombic peak (1 2 1) [labeled O(1 2 1)] (b) for x = 0, 0.005, 0.01, 0.015, 0.02, and
.025. (c) Refined XRD patterns near the tetragonal peak (1 1 0) [labeled T(1 1 0)] and
rthorhombic peak (1 2 1) for x = 0, 0.05, and 0.07.

. Results and discussion

.1. Phase characterization

The phase purity of the Ca(ZrxTi1−x)O3:Pr3+ samples is shown
n Fig. 1(a). The CaTiO3:Pr3+ phase is orthorhombic in structure
PDF #42-0423). There are no extra peaks observed in the XRD
atterns of the Zr substitution samples, suggesting that Zr4+ ions
ave incorporated into the CaTiO3:Pr3+ lattice. Fig. 1(b) shows the
canned refinement XRD patterns near the strongest orthorhom-
ic peak (1 2 1) [denoted as O(1 2 1)]. The O(1 2 1) peak shifts to
he lower-angle side with increasing Zr content. It is attributed
o the lattice expansion because of the larger size Zr4+ ion (CN6,
.72 Å) substitution for Ti4+ (CN6, 0.605 Å). In Fig. 1(c), orthorhom-

ic peaks of (2 0 0), (1 2 1), and (0 0 2) [denoted as O(2 0 0), O(1 2 1),
nd O(0 0 2), respectively] separate clearly for CaTiO3:Pr3+. How-
ver, the peaks of O(2 0 0) and O(0 0 2) gradually diminish with
r addition, consistent with the change observed in Fig. 1(b). The
eak intensities of O(2 0 0) and O(0 0 2) become negligible and the
Fig. 2. (a) Excitation spectra (left) monitored at 613 nm and emission spectra (right)
excited at 330 nm of Ca(ZrxTi1−x)O3:Pr3+ samples at room temperature. (b) The dif-
fuse reflectance spectra for the samples corresponding to x = 0, 0.005, 0.01, and 0.02
at room temperature.

tetragonal peak (1 1 0) [denoted as T(1 1 0)] appears when the Zr
concentration reaches 7 mol%. These results indicate that Zr4+ sub-
stitution for Ti4+ has an effect on a lattice symmetry change from
orthorhombic to pseudocubic.

3.2. Photoluminescence and optical properties

In order to investigate the influence of Zr addition on the lumi-
nescent properties, the excitation spectra, emission spectra, and
the diffuse reflectance spectra at room temperature are depicted in
Fig. 2. Fig. 2(a) shows the excitation spectra monitored at 613 nm
(left) and the emission spectra excited by 330 nm light (right) for
the Ca(ZrxTi1−x)O3:Pr3+ phosphors. A sharp red emission at 613 nm
can be observed for all the samples, due to the intra-4f transition
from the excited 1D2 to the ground state 3H4 of Pr3+ [16]. The red
emission of the phosphors depends strongly on the Zr concentra-
tion. The PL intensity enhances with increasing x value from 0 to
0.01. The PL integral intensity of the sample with x = 0.01 is the
strongest, higher by 159% than that of CaTiO3:Pr3+. The red emis-
sion starts to decrease when x value exceeds this critical value, but
it is still stronger than that of CaTiO3:Pr3+ until x = 0.025. Further-
more, in comparison with the positions of A′, B′ and C′ absorption
bands in the diffuse reflectance spectra shown in Fig. 2(b), two
strong broad bands centered at about 326 nm (A band) and 370 nm
(B band), as well as the weak peaks (C band) at 456, 476, and

494 nm in the excitation spectra as labeled in Fig. 2(a) are consis-
tent with them, respectively. The excitation band A is assigned to
the valence-to-conduction band transition [O(2p)–Ti(3d)] accord-
ing to the position of the absorption edge in the diffuse reflectance
spectra [2]. It is worth to note that there is no change of the absorp-
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ig. 3. Emission spectra of (a) CaTiO3:Pr3+ and (b) Ca(Zr0.01Ti0.99)O3:Pr3+

1D2(0–2) → 3H4(0–7)] excited at 330 nm at 77 K.

ion edge by Zr4+ substitution for Ti4+. This observation is different
rom the red shift of the absorption edge due to divalent metal ions,
uch as Ba2+ and Sr2+, substitution for Ca2+ in CaTiO3:Pr3+ [13]. B
and is attributed to a low-lying Pr-to-metal intervalence charge
ransfer state (IVCT), by which photo-electrons are radiationlessly
e-excited from the 3P0 state to the 1D2 state of the Pr3+ ions [6,19].
he weak peaks (C band) at 456, 476, and 494 nm originate from
H4 to 3PJ (J = 0, 1, 2) transitions, respectively [16]. Furthermore, the
dditional excitation band centered at 264 nm (D band) in Fig. 2(b)
s ascribed to the lowest field component of the 4f5d state of Pr3+

16,20,21].
There are two possible reasons for the enhancement of the

L intensity. One factor might be the change of the lattice sym-
etry. In the excitation spectra of Fig. 2(a), Zr substitution has a

trong effect on enhancing the absorption of 4f5d levels of Pr3+

D band) and valence-to-conduction band (A band) but little influ-
nce on the absorption of 4f–4f (C band). It indicates that the
nhancement of red emission at 613 nm of Pr3+ is mainly due to
he increase of the absorption of the 4f5d energy levels of Pr3+ and
he conduction band of the host. Taking the change of the lattice
ymmetry induced by Zr4+ substitution for Ti4+ into consideration,
he increase of the host absorption is associated with the lattice
ariation. Moreover, the change of the lattice symmetry will give
ise to a remarkable effect on the local field around the Pr3+ and
urther influence the luminescence properties of Pr3+ [22,23]. It
s well known that the 4f levels are well shielded by outer 5s-
nd 5p-electron shells and show a negligible interaction with the
ost, as shown in Fig. 3 which presents the emission spectra of
aTiO3:Pr3+ and Ca(Zr0.01Ti0.99)O3:Pr3+ excited at 330 nm at 77 K.
here is almost no difference in the 1D2(0–2) → 3H4(0–7) emis-
ion’s peak locations and relative intensities between CaTiO3:Pr3+

nd Ca(Zr0.01Ti0.99)O3:Pr3+. However, the 4f5d band of Pr3+ is very
ensitive to the host crystalline environment. The presence of a
rystal field in most crystalline hosts would shift the 5d energy
evel of Pr3+ and allows more strong 4f–4f emission to occur [13,23].
he increased emission is shown in Fig. 3. The detailed mechanism
hould be investigated further. Another factor to improve the red
mission is possibly owing to the increase of the Pr3+ amount and
he decrease of the defects quenching red emission. It is known
hat Pr3+ can release an electron and be oxidized to Pr4+ while
i4+ can get the electron and be reduced to Ti3+ when sintered in

ir, i.e. Pr3+ − e → Pr4+ and Ti4+ + e → Ti3+, or Pr3+ + Ti4+ → Pr4+ + Ti3+.
large amount of defects will form during the synthesis process.

hese defects are calcium vacancies ([VCa]′′) to compensate [PrCa]0,
r4+ ([PrCa]00) which tends to form by oxidization of Pr3+ after
Fig. 4. Thermoluminescence glow curves of Ca(ZrxTi1−x)O3:Pr3+ (x = 0, 0.005, 0.01,
0.015, and 0.02) after 5 min irradiation at 254 nm at room temperature.

thermal treatment in air and negatively charged centers like Ti3+

([TiTi]′) and/or interstitial oxygen [Oi]′′ correlated with the presence
of Pr4+ [24]. Several defects are undesirable because they quench
the Pr3+ luminescence dramatically even in low concentration. For
example, part of the red emission can be reabsorbed by the broad
d → d absorption band of Ti3+. Furthermore, the positively charged
defects can act as traps for electrons promoted in the conduction
band after bandgap excitation. This electron capture constitutes an
alternative radiationless de-excitation channel that competes with
the energy transfer to the excited levels of Pr3+ and contributes to
decrease the intensity of the 4f → 4f emission. However, compar-
ing with Ti4+, Zr4+ is very stable and the valence state mixing 4+,
3+ is more difficult to occur in Zr ions. When Ti4+ is replaced by
the stable Zr4+, the number of Ti3+ oxidized from Ti4+ will decrease
due to the reduce of the Ti4+ amount. On the other hand, accord-
ing to the above-mentioned equations the number of Pr4+ will also
decrease because of the decrease of the Ti3+ amount. Therefore,
there are more Pr3+ and less undesired defects quenching the red
emission, such as [PrCa]00, [TiTi]′, and [Oi]′′ which correlate with
Ti3+ and Pr4+. The red PL intensity is improved. This explanation is
also supported by Fig. 2(a) and (b). In the diffuse reflectance spec-
tra of Ca(ZrxTi1−x)O3:Pr3+, it is clear that the absorption of the Zr
substitution samples is less than that of CaTiO3:Pr3+ in the range of
420–700 nm, and the variation of the decrease of the absorption is
consistent with the evolution of the enhancement of PL in the cor-
responding samples shown in Fig. 2(a), i.e. the sample with stronger
PL intensity at 613 nm corresponding to the less absorption in the
range of 420–700 nm.

3.3. Thermoluminescence and possible afterglow mechanism

TL curves of the Ca(ZrxTi1−x)O3:Pr3+ phosphors in the tempera-
ture range of 300–475 K are shown in Fig. 4 to elucidate the effect
of Zr4+ substitution on the afterglow. The profile and the location of
the peak in the TL curve of CaTiO3:Pr3+ are consistent with previ-
ous reports [25,26]. With the increase of the Zr concentration, the
profile of the curve and the location of the peak have not changed
distinctly in comparison with those of CaTiO3:Pr3+, indicating that
the type of traps responsible for TL has not changed. The one TL
peak at around 325 K hints us that there is only a kind of traps con-
tributing to the long phosphorescence existing in the investigated
phosphors. Furthermore, the TL intensity is greatly affected by vary-

ing the Zr dopant concentration and it increases as the Zr dopant
up to 1 mol%. The marked enhancement in TL shows that the con-
centration of the trapping center responsible for the TL glow peak
increases due to Zr4+ substitution for Ti4+ in CaTiO3:Pr3+.
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ig. 5. Lifetime decay curves of the red emission (�em = 613 nm) in CaTiO3:Pr3+ (a)
nd Ca(Zr0.01Ti0.99)O3:Pr3+ (b) at room temperature, excited at 330 nm.

Afterglow is commonly supposed to correlate with trapping
nd thermal de-trapping of charge carriers at intrinsic or extrin-
ic defect centers [27]. For a given mobility of the charge carriers
n the energy bands of the host, the storage capacity depends
n the density of traps and on their trapping cross-section while
he afterglow is determined by the density of population of these
raps, the de-trapping rate and the capture cross-section of the
ecombination center. In the present case, the afterglow is mainly
ffected by the density of the traps around 325 K since there is
o change in the traps’ type and recombination center (Pr3+).

n CaTiO3:Pr3+, the trapping center responsible for the TL glow
eak near the room temperature has been ascribed to be the
ositively charged [PrCa]0 defect [25]. This result was also con-
rmed by Boutinaud et al. [24]. They have pointed out that the
PrCa]0 defect plays a capital role in the afterglow process. The
ole trapped by [PrCa]0 forms Pr3+/h+ ionic complex by refer-
nce to stable Pr4+ and the electron is trapped. Afterglow occurs
fter thermal de-trapping of the trapped electron and recombi-
ation with the Pr3+/h+ complex to form an excited Pr3+ ion that
mits. In the case of Zr4+ substitution for Ti3+ in CaTiO3:Pr3+, the
umber of Pr4+ reduced from Pr3+ decreases due to Zr4+ substitu-
ion, so there are more Pr3+ ions in the Zr4+ substitution samples
omparing with that in CaTiO3:Pr3+. Concomitantly, more Pr3+/h+

onic complexes might be formed to increase the afterglow. Fur-
hermore, about the TL concentration effect that the TL intensity
ecreases when the Zr concentration exceeds the optimal con-
entration (1 mol%), it is ascribed to the relationship between
etrapping probability and concentration of electron traps. The
etrapping probability may be negligible in the region of lower
oncentration but becomes predominant in the region of higher
oncentration.

Fig. 5 shows the lifetime decay curves of the red emission at
13 nm in Zr free sample (curve a) and 1 mol% Zr substitution for
i sample (curve b) excited at 330 nm. The decay of the emis-
ion 3H4 to 1D2 at 613 nm consists of two different decay rates:
he fast (fluorescent) and slow (phosphorescent) components. The
ecay curves can be well fitted by double exponential equation:

(t) = A exp(−t/�1) + B exp(−t/�2), where I is the luminescence inten-
ity, A and B are constants, t is the time, �1 and �2 are the fluorescent
nd phosphorescent decay time for the exponential components,
espectively. The fitting results are also shown in Fig. 5. Further-
ore, as shown in Fig. 6, the afterglow of CaTiO3:Pr3+ with 1 mol%

r addition can be seen over 100 s by naked eyes, while the Zr free

ample can only have a persistent time of 30 s for the red after-
low after the irradiation with a 6 W conventional ultraviolet lamp
t 254 nm for 5 min. The above results clearly exhibit the increase
f the phosphorescence lifetime by Zr substitution for Ti. They are

[
[
[
[

Fig. 6. Afterglow decay curves of CaTiO3:Pr3+ with Zr concentration of x = 0 (a) and
x = 0.01 (b) after irradiation at 254 nm for 5 min at room temperature.

consistent with the results of TL curves, supporting the proposal
that more traps responsible for the afterglow exist in the case of
the Zr substitution samples.

4. Conclusion

Ca(ZrxTi1−x)O3:Pr3+ phosphors with Zr4+ substitution for Ti4+

were synthesized by the conventional solid-state reaction method.
Their microstructure, optical, and afterglow properties were
explored. The results indicate that Zr4+ addition induces a lattice
symmetry change from orthorhombic to pseudocubic and can sig-
nificantly enhance the red fluorescence intensity and the afterglow
at 613 nm originating from 1D2 to 3H4 transition of Pr3+. Both of the
red fluorescence intensity and afterglow time reach the largest val-
ues in the sample with x = 0.01. The improvement of the PL intensity
was ascribed to the change of the lattice structure, the increase of
the Pr3+ amount, and the decreased concentration of the defects
quenching red emission. The enhancement of the afterglow was
explained by the increase of [PrCa]0 trapping centers because the
number of Pr4+ reduced from Pr3+ decreased when unstable Ti4+

was replaced by stable Zr4+.
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