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a  b  s  t  r  a  c  t

The  composition  of  Ba/Sr  in BaxSr1−xTiO3 phosphors  doped  with  Er3+ has  been  varied  to  investigate  the
effect  of phase  structure  on  the  upconversion  photoluminescence  properties.  XRD  results  suggest  that
phase  transition  from  tetragonal  to  cubic  phase  occurs  at room  temperature  near  x  =  0.7.  Under  the  exci-
tation  of 980  nm  laser,  the quenching  of  green  upconversion  emission  accompanied  with  enhancement  of
red relative  emission  intensity  was  observed  with  the  decrease  of  x.  It could  be attributed  to  the  decrease
of  the  local  symmetry  around  the  Er3+ ion  and  the strengthening  of  the  cross  relaxation  process,  respec-
eywords:
hase transition
hotoluminescence
ross relaxation
rystal field
ymmetry

tively.  Additional,  the smoother  spectra  shape  in  the  cubic  samples  reveals  the  weaker  influence  of the
more  centrosymmetric  crystal  field.  The  upconversion  mechanisms  are  also  discussed  in detail  through
laser power  dependence.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Upconversion (UC) luminescence of rare earth ions doped
erovskite-structure materials has been investigated extensively

n recent years due to their applications in UC phosphors, fluo-
escent labels for sensitive detection of biomolecules, flat panel
isplays and structure probe [1–8]. Among these rare earth ions,
r3+ ion as an active ion has drawn broad attention because it shows
trong excited state absorption under the excitation of commercial
ow-cost 980 and 800 nm laser diodes [9,10].  It is well known that
haracteristic luminescence features of these materials are deter-
ined by the electronic structure of the doped rare earth, while the
idth and the relative intensity of the spectra frequently depend on

he crystal symmetry of the host matrix. Ferroelectric and dielectric
roperties of perovskite oxides are sensitive to the crystal symme-
ry, which can be influenced by temperature change or controlled
y ion solid solution. Obviously, the emission properties of Er3+ ion
oped ferroelectrics should also be dependent on the two factors.
or instance, temperature dependence of the luminescence prop-
rties has been reported in Er3+ doped KNbO3 and BaTiO3 systems

8,11]. However, it seems difficult to distinguish the contribution
rom phase transition and the intrinsic effect of temperature on PL
roperties [8].  Therefore, it is essential to correlate the phase tran-
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925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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sition and luminescence by changing the chemical composition of
host at room temperature.

The luminescence properties of rare earths doped BaxSr1−xTiO3
(BST) materials have been widely studied in different forms includ-
ing powders, ceramics and films [12–15]. In Pr3+ doped (Ba, Sr,
Ca)TiO3, the f–f transition probability was  found to be enhanced
due to lowering the point symmetry at the alkaline-earth site [15].
Unfortunately, the UC luminescence in relation to structure phase
transitions of Er3+ doped BST has never been investigated yet. In this
paper, different Ba/Sr ratios were designed to understand the UC
mechanisms through laser power dependence and phase transition
dependence of UC emissions.

2. Experimental

The composition of prepared samples was Er0.01(BaxSr1−x)0.985TiO3 with x = 0,
0.5, 0.7, 0.9, 1. Here Er3+ was  anticipated to occupy A-site by controlling (Ba + Sr)/Ti
ratio, which had been proved to show a stronger UC photoluminescence [8].  Powders
of  high purity BaCO3, SrCO3, TiO2 and Er2O3 were used as raw materials. Based on
the  above formulas, the starting powders with designed stoichiometric quantities
were ball-milled in water for 24 h, then dried and calcined at 1100 ◦C for 8 h in air
to produce the Er3+ doped BaxSr1−xO3 powders.

Phase purity and crystal structure of the obtained materials were analyzed by an
X-ray diffractometer (XRD, Philips X’pert MPD  Pro) utilizing copper K� (wavelength:

�  = 1.5406 Å) radiation. The surfaces morphologies of powders were characterized
by  a Hitachi S-4800 scanning electron microscope (SEM). The photoluminescence
(PL)  spectra were measured by the use of Hitachi F-4500 spectrofluorimeter. The
excitation light for UC luminescence was a 980 nm laser diode with a maximum
power output of 150 mw.

dx.doi.org/10.1016/j.jallcom.2011.11.121
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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phenomenon and their grain sizes show no distinct difference in
ig. 1. XRD patterns of Er3+:BaxSr1−xTiO3 powders synthesized at 1100 ◦C for 8 h.

. Results and discussion

Fig. 1 displays the XRD patterns of Er3+ doped BaxSr1−xTiO3 (x = 0,
.5, 0.7, 0.9, 1.0) powders synthesized at 1100 ◦C for 8 h. Only the
iffraction peaks from perovskite phase can be observed and Er2O3
as hardly examined from the XRD patterns, suggesting that Er
as effectively doped into the host lattice. There are obvious shifts

f the diffraction peak (2 0 0) between the Er3+ doped samples as
hown in the inset of Fig. 1, meaning that BaxSr1−xTiO3 solid solu-
ions are successfully synthesized. The strong peaks indicate the
igh crystalline of the as-prepared powders, which is very benefi-

ial for obtaining bright luminescence. Additional, distinct splitting
f cubic (2 0 0) into tetragonal (2 0 0) and (0 0 2) reflections at about
5◦ can be observed when the x value exceeds 0.7. To further

Fig. 3. Scanning electron micrographs of Er3+ doped BaxSr1−xTi
Fig. 2. c/a ratio as function of x values.

investigate the variation of structures with the increase of x val-
ues, the tetragonality (c/a) of powders as a function of x is plotted
as shown in Fig. 2. As x values varies from 0.5, 0.7, 0.9 to 1.0, the
c/a ratio increases from 1.0, 1.001, 1.008 to 1.011, respectively.
The result demonstrates that crystalline structure undergoes phase
transition near x = 0.7, which is similar to the result reported by Kyô-
men  et al. [15]. Thus, the rising c/a ratio as increasing x is expected
to enhance the UC luminescence due to the decrease of the local
symmetry around rare earth ions.

The SEM micrographs of Er3+ doped BaxSr1−xTO3 powders are
shown in Fig. 3. All the samples have similar morphology. These
images exhibit a narrow size distribution with a slight agglomerate
the range of 0.3–0.5 �m.  Therefore, the influence of grain size on
the UC photoluminescence among these powder samples could be
neglected.

O3 phosphors: (a) x = 1.0, (b) x = 0.9, (c) x = 0.7, (d) x = 0.5.
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Fig. 4. Anti-Stokes emission spectra of Er3+-doped BaxSr1−xTiO3 with different x
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be 2.17 ± 0.02 and 1.60 ± 0.02 in Er3+ doped Ba0.7Sr0.3TiO3 powders,
respectively, while the n values of the two UC  band are respectively
1.29 ± 0.02 and 1.08 ± 0.02 for Er3+ doped Ba0.5Sr0.5TiO3 powders.
alues measured at room temperature.

Fig. 4 shows the anti-stokes emission spectra of Er3+ doped
axSr1−xTiO3 with different x values measured at room tempera-
ure. The typical UC emission consists of two strong green bands
nd a weak red band located at 528, 548 and 656 nm originat-
ng from the intra 4f–4f electronic transitions 2H11/2/4S3/2 → 4I15/2
nd 4F9/2 → 4I15/2 of the Er3+ ions, respectively. Obvious level splits
an be observed when the x value is more than 0.7, which can be
ttributed to the Stark splitting of the degenerate 4f levels under the
trong crystal field [16]. The split is more remarkable with increas-
ng x because of the larger asymmetric crystal field for the host

aterial with larger tetragonality. The changes of spectral shapes
lso prove that phase transition occurs when x value is between
.5 and 0.7. By contrast, there is no difference about the shapes

n red UC emission, which reveals different underlying mechanism
etween the red emission and the green one. It is worth noting that
he UC emission intensity at 528 nm of Er3+ doped Ba0.7Sr0.3TiO3 is
bout 15 times higher than that of Er3+ doped Ba0.5Sr0.5TiO3 under
ame excitation conditions. According to the quantum mechani-
al selection rules, the electric dipole transition between 4fn levels
s forbidden when a rare-earth ion is located at a centrosymmetric
ite. In the case of phase transition of Er:BaxSr1−xTiO3 with increas-
ng x from cubic to tetragonal phase, it should be broken by the local
rystal field of the rare earths [17]. Hence, the f–f transitions prob-
bility increases with the increase of x. Moreover, the green-to-red
I524/I656) ratio is also calculated for all the samples as shown in
ig. 5. It can be seen that the ratio is 1.370, 7.077, 8.402, 13.882 and
4.489 for x = 0, 0.5, 0.7, 0.9 and 1.0, respectively. The significant
ifference of green-to-red ratio could be understood by the extent
f the local symmetry influence on the different emission bands
18]. According to the Judd–Ofelt theory, the green emission bands
re mainly dominated by ˝2 while the red are little affected by the
arameter. Since the lower symmetry of the lanthanide ion sites
sually contributes to the larger ˝2, the enhancement of the ratio
ith the increase of x is attributed to the decrease of the symmetry

urrounding Er3+ ions caused by the phase structure evolution of
he BST host.

To better comprehend the mechanism which populate the
2H11/2, 4S3/2) green- and (4F9/2) red-emitting levels, the relation-
hips between the UC intensity and the pump power have been
xamined at 524 nm and 656 nm.  According to the theoretical con-
ideration of the mutiphoton absorption process, the relationship
an be described as a power law:
 ∝ Pn
Fig. 5. The green-to-red intensity ratio as function of x values.

where I is the intensity of UC photoluminescence, P is the pump
laser power and n is the number of laser photons required. As shown
in Fig. 6, the n values of 524 nm and 656 nm UC band are fitted to
Fig. 6. Pump power dependence of the green and red emission of Er3+-doped
Ba0.7Sr0.3TiO3 (a) and Er3+-doped Ba0.5Sr0.5TiO3 (b).
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[16] T.C. Huang, W.F. Hsieh, J. Fluoresc. 19 (2009) 511.
ig. 7. Energy level diagrams of the Er3+ as well as the proposed UC mechanisms for
he  green and red emissions.

t is clear that the n-values are enhanced in tetragonal samples for
oth green and red emissions. Similar results have been reported
y Huang and Hsieh [16] and Sun et al. [17], which could be ascribed
o the change of local crystal field around Er3+ ions. Furthermore,
he n values for green and red emissions are close to 2 in Er3+ doped
a0.7Sr0.3TiO3 powders, indicating two-photo processes contribute
o the green and red UC emissions. On the other hand, the smaller
lopes n of the red emission obtained for Er3+ doped Ba0.5Sr0.5TiO3
amples suggest that it is a mixing process of one- and two-photon
ith one-photon process being dominant.

Fig. 7 sketches the energy level diagram of Er3+ and the prob-
ble UC mechanisms accounting for the green and red emissions
nder the 980 nm excitation. Er3+ ion is excited initially from the
round state 4I15/2 to the 4I11/2 state in the ground-state absorp-
ion (GSA) process. Through excited-state absorption (ESA) process,
r3+ ion is further excited to 4F7/2 from the 4I11/2 state. Subse-
uently, Er3+ ion then relaxes nonradiatively to the 2H11/2 and 4S3/2

evels by multi-phonon relaxation, from which the strong green
H11/2 → 4I15/2 and 4S3/2 → 4I15/2 emissions occur. The above mech-
nism is a two-photo process, which is an agreement with the case
f the green emissions in all samples. There could be another route
hich enhances the green emissions in Er3+ doped tetragonal sam-
les. Through the process of ET accompanied with ESA, an excited

on relaxes from 4I11/2 level to 4I15/2 level nonradiatively and trans-
ers the excitation energy to a neighboring ion in the same level,
romoting the latter to 4F7/2 level.

The red emission in tetragonal samples is mainly determined
y a nonradiative relaxation from the 4S3/2 excited state to 4F9/2

evel. Due to the large energy gap between 4S3/2 and 4F9/2 levels, the

onradiative relaxation probability is quite low [19]. As a result, the

ntensity of the red emission is weaker than that of green emission.
owever, from the enhanced population of the 4F9/2 state and the

maller slopes n of the red emission in cubic samples, it could be

[

[
[
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inferred that the red emission is mainly dominated by the cross
relaxation, i.e. 2H11/2 + 4I15/2 → 4I9/2 + 4I13/2. Hence, the Er3+ ions at
4I13/2 state through ET process populate the 4F9/2 state, primarily
enhancing the red intensity [8].  In other words, it is a one-photo
process dominating the red emission in Er:Ba0.5Sr0.5TiO3 samples.

4. Conclusions

In conclusion, effects of phase transition designed by different
Ba/Sr ratio on the photoluminescence properties of Er3+ doped
BaxSr1−xTiO3 powders are reported in this paper. The results
demonstrate that phase structure plays an important role in both
the shape of PL spectra and the intensity of PL. As increasing x
values, the samples tend to become tetragonal phase with great
enhancement of green emission and obvious level splits due to
the low local symmetry of crystal field. Different green-to-red
ratio should be attributed to the local symmetry influence on the
emission bands. The detailed upconversion mechanisms account-
ing for green and red emissions are discussed. The results indicate
that it could be useful in the structure probe to detect the phase
transition.
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