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A B S T R A C T

In this work Sr1-1.5xPrxZrO3 phosphors with different Pr3+ contents were synthesized by polymerizable complex
and high-temperature solid-state methods. The samples were calcined between 700–1400 °C. The crystal
structure, microstructure and photoluminescence properties of the prepared powders were investigated by X-ray
diffraction (XRD), scanning electron microscopy (SEM) and photoluminescence spectroscopy, respectively.

The relationship between luminescent properties and the different sintering temperatures was studied. It was
found that calcination at high temperature may remarkably increase the luminescence for samples synthesized
by both methods. Emission spectra for all samples show dominant bands ascribed to transitions from the 3P0,1
energy levels to lower levels, particularly that one in the greenish-blue region, corresponding to the 3P0 → 3H4

transition. However, the bands ascribed to the 3P0,1 → 2S+1LJ transitions corresponding to the red spectral region
are not inhibited at all, in contrast to recent reports. The samples prepared by solid state method exhibit a charge
transfer band (CTB) due to the presence of Ti4+ impurities.

1. Introduction

The understanding of processes that allow a better use of the solar
spectrum is of crucial importance [1]. Producing materials with low
impact on the environment is also part of the integral solutions that
must be addressed to stop the deterioration of the terrestrial ecosystem.
In recent years, luminescent materials, which can convert a broad
spectrum of light into photons of a desired wavelength, have been
proposed to minimize the losses in the solar-cell-based energy conver-
sion process. Trivalent lanthanide ions are the prime candidates to
achieve efficient spectral conversion because of their rich energy-level
structure, known as the Dieke diagram that allows for facile photon
management [2]. Among trivalent lanthanides, Pr3+ could play the role
of the donor for spectral conversion of visible into near infrared (NIR)
photons as long as its luminescent response in a host favors the 3P0 →
3H4 transition, which possess enough energy to produce more than one
photon in the NIR.

The photoluminescence (PL) and long after-glow (LAG) properties
of some rare-earth-doped perovskite-type oxides with a chemical for-
mula ABO3 have been studied intensively. In these reports, it has been
found that although orthorhombic perovskites are characterized by
very similar structural features, they show different luminescence
properties when doped with Pr3+. In particular, Pr3+ doped CaZrO3

and CaTiO3 have been studied [3–5], and it was found that Pr3+ in

CaZrO3 exhibits the typical greenish-blue 3P0 → 3H4 emission, while in
CaTiO3 shows a single red 1D2 → 3H4 luminescence [6]. Due to these
tunable emission properties, previous works have suggested the use of
some Pr3+-doped oxides in solid-state lighting, sensor, and optical-
electro integration [7,8].

On the other hand, in order to explain the mechanism of the de-
excitation pathways that contribute to partial or total quenching of 3P0
luminescence in oxide-based lattices, some models have been proposed
[9,10]. In these models, it is explained that at least, the rate of 3P0 →
1D2 radiationless relaxation is induced by multiphonon process and
depends on the phonon energy of the host lattice, and in the case of
Pr3+ is known to be rather high compared to most of the other rare
earth ions [11]. This rate is also greatly affected by the Pr3+ amount
and by the uniform distribution of the ions in the host lattice. Ad-
ditionally, in the case of Pr3+-doped titanates, it is possible to expect a
charge transfer state Pr4+-O2-Ti 3+ close to excited states of Pr3+-O2--
Ti4+ configuration, called the intervalence charge transfer band (IVCT).
So, that relaxation occurs in this intermediate state and then the elec-
tron returns to the Pr3+ ion in the excited 1D2 state [12]. Also, in some
reports the PL intensity and performance or afterglow were studied, and
it is stated that they are dependent on the Pr3+concentration. In this
case the optimal concentration of Pr3+ ions for the brightest PL emis-
sion and the best afterglow characteristic were experimentally found to
be 0.5 mol% and 0.4 mol% in SrZrO3:Pr3+ [13].
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In this work, the relationship between crystalline structure, micro-
structure and luminescent properties of Pr3+ doped SrZrO3 prepared by
two different methods, were studied.

2. Experimental

2.1. Synthesis of ceramic powders

For the preparation of zirconate powders the Pechini and solid-state
methods were used. The Pechini method involves the preparation of a
polymeric resin from organic acids, alcohols and the ions required for
the desired material. Both, the acid and alcohol must be poly-functional
compounds for preparing a desirable three-dimensional polymeric
network [14–16]. For the Pechini method the raw materials used were
high purity reagent of Sr(NO3)2 (99.0%, Sigma-Aldrich), ZrO
(NO3)2·6H2O (99.0%, Sigma-Aldrich), Pr(NO3)·6H2O (99%, Sigma-Al-
drich), citric acid monohydrate (99%, JT Baker) and ethylene glycol
(99%, Sigma-Aldrich). The nitrates were dissolved into deionized
water, then citric acid and ethylene glycol were added. The nominal
molar ratio of the mixed solutions were 1:5 of [total amount of metals
ions]: [citric acid]. This solution was heated at 70 °C for dehydration
and at 100 °C for polymerization. Thermal pyrolysis was carried out by
heating the polymerized resin at temperatures between 700 °C and
1400 °C for 1–2 h in air. For the synthesis of the sample containing
1 mol% of Ti4+ C12H28O4Ti was used (Sigma-Aldrich 97%), and almost
the same procedure as described above, but deionized water was re-
placed by absolute ethanol as the solvent.

For the traditional high temperature, solid-state reaction, the
starting materials were SrCO3 (99.99%, Sigma-Aldrich), ZrO2 (99.0%,
Sigma-Aldrich), and Pr6O11 (99.99%, Sigma-Aldrich) [17]. The raw
materials were weighed in the stoichiometric proportion according to
the nominal compositions of Sr1-1.5xPrxZrO3 (x = 0.003, 0.004, 0.005).
Then, the powders were mixed and milled thoroughly for 30 min in
agate mortar and calcined at 750 °C for 1 h, then further at 1200 °C and
1400 °C for 2 h in air, respectively.

2.2. Structural and microstructural characterization

Crystal structure identification of Sr1-1.5xPrxZrO3 powders were
carried out by X-ray diffraction (Bruker D8 Advance with Cu Kα).
Patterns were recorded in 2θ range of 20–80°. Rietveld refinement was
performed with the Maud software, using crystallographic data re-
ported [18,19]. The microstructure of the samples and the EDS spec-
trum were performed using a Scanning Electron Microscope (JEOL JSM
IT300).

2.3. Luminescent properties

The optical characterization of crystalline powders was performed
acquiring the emission and excitation spectra, which were recorded
with an Edinburg Instruments FSP920 spectrofluorometer based on the
method of single photon counting which combines steady state and
phosphorescence lifetime measurements. The spectrofluorometer is
equipped with a 450 W xenon lamp as a CW light source and R928P
PMT as a detector. In order to avoid the light dispersion, a double
monochromator (two coupled 0.3 m) was employed to excite the
samples. All the excitation and emission spectra were corrected for the
wavelength dependent responses of the Xe-lamp and the detector, re-
spectively. The spectra were recorded in the wavelength range between
250 nm and 775 nm. For the measurements of luminescence decay, the
excitation photons were provided by a 60 W µF920H pulsed Xe flash-
lamp with a pulse width of ∼ 1.5 µs and a repetition rate of 100 Hz. All
measurements were carried out at room temperature. The absorption
spectra were obtained by using the diffuse reflectance technique. The
measurements were performed in a Cary 5 spectrophotometer equipped
with a Praying Mantis (Harrick Scientific Products, Inc.) accessory for
diffuse reflection spectroscopy. The spectra were recorded in the wa-
velength range between 200 nm and 650 nm.

3. Results and discussion

The XRD results for samples prepared by Pechini method calcined at
800 °C and 1400 °C are shown in Fig. 1(a) and (b), respectively. Pure
perovskite phase was obtained in all the compositions and calcined
temperatures; this is possible due to the mixing of the reagents at
atomic level achieved by Pechini method. It is well-known that the
polymerization aids the homogeneous distribution of cations, lowering
the required energy for the crystallization. Furthermore, the low tem-
perature crystallization allows the preparation of nanocrystalline
powders. In general, the intensities of XRD peaks increase with higher
calcination temperature, which indicates an increase in the crystallite
size. The effect of Pr3+ ions (at the studied concentrations, which are
very low) on SrZrO3 lattice seems to be negligible as XRD patterns re-
main the same at different doping concentrations for each temperature.
In order to analyze the effects of the temperature and the Pr3+ doping
concentration on the crystal structure and the average crystallite size,
we performed Rietveld refinements. The unit cell of the SrZrO3 was
modelled with orthorhombic symmetry described by the space group
Pnma (62), and a basis containing one Zr4+, one Sr2+ and two O2- at the
relative coordinates (0, 0, 0), (x, y, ¼), (xO1, yO1, ¼) and (xO2, yO2, zO2),
respectively. The initial values for cell parameters and atomic co-
ordinates were set according to Kennedy et al. [20].

Fig. 1. XRD of Sr1-1.5xPrxZrO3 powders synthesized by Pechini method and calcined at: (a) 800 °C for 1 h and (b) 1400 °C for 2.

T.J. Pérez-Juache et al. Journal of Luminescence 192 (2017) 599–607

600



In Fig. 2, a typical Rietveld refinement plot is shown. It corresponds
to sample Sr0.991Pr0.006ZrO3 calcined at 1400 °C for 2 h. It can be seen a
good matching between the experimental data and the proposed model.
The results of the Rietveld analysis for the structural parameters a, b
and c, and the average crystallite size as a function of Pr3+ content are
displayed in Table 1.

A shallow dependence with x is manifested, which suggests the
incorporation of Pr3+ into the SrZrO3 crystal structure. These results
agree with those reported in the literature [19,20].

To compare the results obtained by Pechini method with those
obtained by solid state method, the following compositions were pre-
pared: x = 0.003, 0.004 and 0.005.

The XRD results for these samples calcined at 1400 °C are shown in
Fig. 3. The results of Rietveld refinement analysis are shown in Table 2.
It is observed that the cell parameters are like those obtained by Pechini
method, but there is a notable increment in the crystallite size (from
0.588± 0.027 µm to 1.556±0.170 µm) which is evidenced by the
increment in the XRD relative intensity. The samples calcined at
1200 °C are not completely pure (they have ZrO2 secondary phase,
JCPDS No. 49-1746) but it apparently reacts at all when the powders
were further calcined at 1400 °C for 2 h, since it is not detected in the X-
ray patterns.

The particle size, morphology, composition and stoichiometry to-
gether play an important role in the performance of phosphor materials

as those reported here, SEM studies were carried out to investigate the
surface morphology of the Pr3+-doped SrZrO3 phosphors. Fig. 4(a), (b)
and (c), present images of the samples synthesized by Pechini method
calcined at 700 °C, 800 °C and 1400 °C, respectively. In this case par-
ticle size increased while agglomeration decreased with increasing
synthesis temperature. At 1400 °C it can be seen particles uniformly
distributed and the crystallites have uniform shapes and sizes. The
particle size cannot be measured exactly from the SEM image; however,
it is evident that the average particle sizes for all the samples are less
than 0.2 µm which is comparable with the results of Rietveld refine-
ment (~ 0.5 µm average crystal size).

Fig. 4(d) and (e) show the SEM images of the samples synthesized
by solid-state method. It is observed that the as-prepared powders ex-
hibit small particles forming spherical agglomerates. The sizes of par-
ticles are less than 2.5 µm. Clearly, the particle sizes do not show an
evident increase with the increasing in the annealing temperature from
1200 °C to 1400 °C. In the design of powder phosphors, the ideal
morphology is that of a perfect sphere [3], the need for spherical par-
ticles has already been recognized for some time, and modified round-
particles have been used in high voltage CRT applications [4,5]. The
luminescence properties of phosphor particles depend on the char-
acteristics of the particles such as size, shape, crystallinity, defects and
so on.

The excitation spectra of samples prepared by Pechini method when
monitoring the 489 nm (3P0 → 3H4) emission of Pr3+ in SrZrO3 are
presented in Fig. 5. The curves shape is similar for all samples, but the
relative intensities increase monotonously with a maximum at x =
0.006 and then decreases for x = 0.007. Several excitation peaks in the
range 430 nm − 480 nm due to f-f transition of Pr3+ are observed.
There are two main peaks around 451 nm and 469 nm which can be
assigned to the transitions from 3H4 energy level to 3P2 and (3P1, 1I6)
levels, respectively [2,13]. In addition, the weak broad band between
250 nm and 275 nm is also observed. This band can be ascribed to the
absorption of SrZrO3 host [13].

Fig. 2. Rietveld refinement plot of Sr0.991Pr0.006ZrO3 powders synthesized by Pechini
method and calcined at 1400 °C for 2 h.

Table 1
Rietveld refinement results for samples synthesized by Pechini method and calcined at
800 °C, 1200 °C and 1400 °C.

Samples calcined at
800 °C

Lattice parameters Crystallite Size Rwp

a (Å) b (Å) c (Å) (nm)

Sr0.9955Pr0.003ZrO3 5.822(1) 5.800(1) 8.192(1) 31.2(3) 12.00
Sr0.994Pr0.004ZrO3 5.803(1) 5.816(1) 8.201(1) 43.2(5) 12.54
Sr0.9925Pr0.005ZO3 5.808(4) 5.809(4) 8.201(1) 44.2(2) 12.07
Sr0.991Pr0.006ZrO3 5.820(1) 5.800(1) 8.194(1) 33.2(3) 11.34
1200 °C
Sr0.9955Pr0.003 ZrO3 5.808(4) 5.821(4) 8.214(6) 166(2) 10.54
Sr0.994Pr0.004ZrO3 5.806(3) 5.821(3) 8.208(4) 157(1) 9.75
Sr0.9925Pr0.005ZrO3 5.807(3) 5.821(3) 8.210(5) 157(2) 9.80
Sr0.9895Pr0.007ZrO3 5.791(5) 5.815(2) 8.226(3) 151(2) 9.39
1400 °C
Sr0.9955Pr0.003 ZrO3 5.802(2) 5.818(2) 8.214(4) 514(12) 11.54
Sr0.994Pr0.004ZrO3 5.805(2) 5.819(2) 8.213(4) 588(27) 11.95
Sr0.9925Pr0.005 ZrO3 5.803(2) 5.818(2) 8.211(3) 514(22) 11.00
Sr0.991Pr0.006ZrO3 5.803(2) 5.819(2) 8.211(3) 514(16) 10.46
Sr0.9895Pr0.007 ZrO3 5.799(5) 5.818(2) 8.219(3) 570(2) 11.19

Fig. 3. XRD of Sr1-1.5xPrxZrO3 powders prepared by solid state method and calcined at
1400 °C for 2 h.

Table 2
Rietveld refinement results for samples synthesized by solid state method and calcined at
1400 °C for 2 h.

Sample Cell parameters Crystallite Size
(nm)

RWP

a (Å) b (Å) c (Å)

Sr0.9955Pr0.003ZrO3 5.799(1) 5.814(1) 8.209(2) 1420(142) 13.63
Sr0.994Pr0.004ZrO3 5.799(1) 5.814(1) 8.208(2) 1556(169) 13.50
Sr0.9925Pr0.005ZrO3 5.799(1) 5.814(1) 8.208(3) 1423(149) 12.57
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Fig. 6(a) shows the emission spectra ( λex = 446 nm, 3H4 →
3P2) of

all SrZrO3:Pr3+ samples prepared by Pechini method. The spectra
consist of sharp lines in the region (400 nm–775 nm). There are several
emission peaks, localized at (around) 489, 532, 546, 607, 619, 631,
652, 689, 713 and 738 nm that correspond to the 3P0 → 3H4, 3P1→ 3H5,
3P0 → 3H5, 1D2 →

3H4, 3P0 → 3H6,3P1 →3F2, 3P0 → 3F2, 3P1 → 3F3, 3P0 →
3F3 and 3P0 → 3F4 transitions.

These results agree with previous reports [20,21]. The increasing in
relative intensity observed in Fig. 6(a), corroborates that increasing
calcination temperature, enhances the luminescence response.

The effect of Pr3+ content on the luminescence intensity of Sr1-
1.5xPrxZrO3 phosphors synthesized by Pechini method when excited at
λex = 446 nm, could be better appreciated in Fig. 6(b). In general, it is
observed that the emission intensity increases with higher calcination
temperature and Pr3+ content and reaches a maximum value for x =

0.006. Higher doping concentrations, result in the enhancement of non-
radiative relaxation between the neighboring Pr3+ ions, which pro-
duces concentration quenching [13].

The excitation spectra of samples prepared by solid state method
when monitoring the emission of the 3P0 →3H4 transition at 489 nm of
Pr3+ in SrZrO3 are presented in Fig. 7. As it is shown, the peaks ascribed
to f-f transitions are similar to the excitation spectra of samples pre-
pared by Pechini method, however, now, it is observed a noticeable
strong and broad band between 250 nm and 300 nm with a maximum
at ∼260 nm.

Trying to elucidate its origin, different possibilities such as the
presence of a small amount of ZrO2 not revealed in X-ray patterns, and
the presence of other impurities were considered. According to the EDS
spectrum showed as an inset in Fig. 7, we conclude that the presence of
a very small amount of Ti4+ in the zirconium oxide used as precursor is

Fig. 4. SEM images of Sr0.991Pr0.006ZrO3 prepared by Pechini method calcined at (a) 700 °C, (b) 800 °C (c) 1400 °C and Sr0.994Pr0.004ZrO3 prepared by ceramic method calcined at (d)
1200 °C 2 h, (e) 750 °C 1 h + 1200 °C 2 h + 1400 °C 2 h.
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the cause of this band. To support this finding, we synthesized a sample
containing 1 mol% of Ti4+ by the Pechini method. The excitation
spectrum of this sample is also showed in Fig. 7. The appearance of the
band when Ti4+ is present is due to a charge transfer band (CTB),
originated from the transfer of an electron of the valence band to Ti4+,
which have been reported in oxides containing Ti4+ [22–24].

According to the chemical shift model (CSM) formulated by
Dorenbos [25,26], it is possible to assess the location of the top and
bottom of the valence and conduction bands, respectively, as well as the
location of the 4f-energy-levels of divalent and trivalent lanthanides, all
they referred to a unique energy reference: the vacuum binding energy
(VBE). More recently it has also been shown that it is possible to include
in this scheme the energy Ti3+/4+ donor-acceptor states [27], which is
useful to locate the O2- → Ti4+ CT transition, referred to the VBE.

Thus, using this approach, we can explain our results of luminescent
spectroscopy, in good agreement with the CSM. From the data reported
in ref [28] we have constructed the vacuum referred binding energy
(VRBE) scheme (and consequently the host referred binding energy
(HRBE)) of Pr3+ incorporated into SrZrO3 which is presented in
Fig. 8(a). Since the energy associated with the O2- → Ti4+ CTB provides
the location of the Ti3+ 3d1 ground state above the valence band energy
Ev [27], we have measured diffuse reflectance spectra (shown in
Fig. 8(b)) of some representative samples to place Ti3+ 3d1 state in
Fig. 8(a). In the absence of Ti4+ impurities, i.e., when Pechini method is

used, the only expected transitions correspond on the one hand to that
of the host, and on the other to those of Pr3+. Excitation spectra de-
picted in Fig. 5 are in accordance with this result. In Fig. 8(a), arrow 1
represents the transition from an electron in the top of the valence band
to the energy level of the host exciton, the value of 5.8 eV agrees well
with the small band at the edge of short wavelengths in Fig. 5 and with
the sharp well-defined bands of diffuse reflectance spectra of Fig. 8(b)
having maxima at 219 nm (~ 5.66 eV), especially if the values of the
VRBE are considered to have typical errors of around 0.1 eV and, ad-
ditionally, that the value of the excitation energy is measured or esti-
mated considering a temperature of 10 K [28]. Arrows 2 correspond to
f-f transitions of Pr3+ which are also observed in Fig. 5. Arrow 3, re-
presents the CT transition between O2- and Ti4+ and its value of 4.75 eV
and 4.90 eV, obtained from the maxima at ~ 260 nm and ~ 250 nm of
excitation spectra (Fig. 7) and diffuse reflectance spectra (samples
Sr0.9925Pr0.005Zr0.99Ti0.01O3 synthesized by Pechini method and
Sr0.9925Pr0.005ZrO3 synthesized by solid state reaction in Fig. 8(b)), re-
spectively: This value agrees well with those ones found in oxide
compounds possessing isolated titanate groups [23–25,27]. In Fig. 7,
are also observed the f-f transitions of the Pr3+ corresponding to arrows
2 in Fig. 8(a).

In Fig. 9(a) the emission spectra for all samples synthesized by the

Fig. 5. Excitation spectra (λem = 489 nm) of Sr1-1.5xPrxZrO3 samples synthesized by
Pechini method and calcined at 1400 °C.

Fig. 6. Emission spectra (λex = 446 nm) a), and emission intensity at the maxima as a function of the Pr3+ content for samples synthesized by Pechini method calcined at 1400 °C.

Fig. 7. Excitation spectra (λem = 489 nm) of the samples synthesized by solid-state
method and the sample synthesized by Pechini method containing 1 mol% of Ti4+. Inset
shows the EDS spectrum of the ZrO2 (coated with gold) used as precursor in the solid-state
method.
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solid-state method are depicted. A similar behavior as that exhibited in
samples synthesized by Pechini method is observed; thus, when samples
were excited through 3H4 → 3P2 (λex = 446 nm) the greenish blue
transition dominates the emission response, and many other emission
peaks ascribed to 3P1,0 → 2S+1LJ transitions, are also observed. More-
over, in a more remarkable way than in the case of the samples syn-
thesized by Pechini method (Fig. 9(b)), the emission rises when calci-
nation temperature increases, and again an optimum is reached for a
given composition (x = 0.004). However, when these samples and that
one synthesized by Pechini method containing Ti4+ at 1 mol% were
excited through the O2- → Ti4+ CTB (λex = 250–300 nm), noticeably
emission associated with the 1D2 → 3H4 transition gains intensity. To
illustrate this fact, in Fig. 10 are shown emission spectra of samples
Sr0.9925Pr0.005ZrO3 prepared by solid state reactions (Fig. 10(a)) and
Sr0.9925Pr0.005Zr0.99Ti0.01O3 prepared by Pechini method (Fig. 10(c))
when excited at different wavelengths of the CTB. Comparison of nor-
malized emission spectra when each of these samples is excited at
446 nm and at 260 nm are shown in Fig. 10(b) and (d). The gain in the
intensity of emission ascribed to the 1D2 →

3H4 transition would appear
to be analogous to the case of titanates doped with Pr3+, in which this
transition dominates the emission of Pr3+ due to the presence of an
IVCT. However, no evidence in the excitation spectra (Fig. 7) of the
Pr3+ → 3d1(Ti4+) transition, which would be expected as a peak at ~

325 nm (see Fig. 8(a)) and being the analogue to the Pr3+-IVCT process
in titanates, is observed. Certainly, this process must be negligible be-
cause of the low contents of Pr3+ and Ti4+. Thus, we think other en-
ergy-transfer mechanism involving Ti4+ → O2- CT transition is re-
sponsible for the relative increase of the emission associated with the
1D2 → 3H4 transition. Perhaps this energy transfer is mediated by de-
fects whose presence is discussed below.

Interesting to notice is the wide emission band between 350 nm and
475 nm. It position resembles those ones reported in similar compounds
for a reverse Ti4+ → O2- CT transition [29,30]; however, since it
quenches at low temperature, we are inclined to think that another
mechanism involving defects is responsible for this broad band emis-
sion. In our opinion this possibility is supported by the tails in diffuse
reflectance spectra of Fig. 8(b). This absorption on the long-wavelength
side of the absorption edge, even in the pure sample, and because of its
remarkable increase by the addition of Pr3+ and its relative intensity
depending on the synthesis method (Fig. 10(b) and (d)), it seems to be
related to oxygen vacancies [31]. The change in the shape of the wide
emission band going in excitation wavelengths from 250 nm to 300 nm
is attributed to the presence of an amount of unreacted ZrO2 (im-
perceptible through XRD). The emission spectrum of ZrO2 used in the
synthesis of samples by the solid-state method is shown at the top of the
Fig. 10(a). It is possible to realize that its contribution is present in the

Fig. 8. Host referred (right-hand energy scale) and vacuum referred (left-hand energy scale) binding energy schemes for Pr3+ in SrZrO3 (a). Diffuse reflectance spectra of some
representative samples (b). At low wavelength values appears the host absorption band (HAB). CTB from the valence band to 3d1 of Ti3+ is observed around 250 nm.

Fig. 9. Emission spectra (λex = 446 nm) of samples synthesized by solid state method calcined at 1200 °C and 1400 °C (a). Comparison of the emission spectra (λex = 446 nm) of samples
calcined at and 1400 °C with the best luminescent performance depending on the synthesis method (x = 0.004 for solid state, and x = 0.006 for Pechini route) (b).
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emission spectra when sample Sr0.9925Pr0.005ZrO3 is excited at 290 nm
and so evident when exciting at 300 nm.

The improvement in luminescence of samples prepared for both
synthesis methods can be explained as due to the growth of crystallite
size when increasing temperature, resulting in the reduction of (micro)
structural defects which can act as annihilation sites for luminescence;
and also, that reduction promotes the decrease of light scattering from
the surfaces and interfaces [32].

To support these affirmations, we performed measurements of lu-
minescence decay curves in samples with different composition pre-
pared for both methods, and calcined at different temperatures.

Luminescence decay curves of samples calcined at 1400 °C are also
useful to explain the concentration quenching effect on the luminescent
response. All measurements were done using the optimum excitation
and emission wavelengths for each sample.

In Fig. 11 are plotted the luminescence decay curves for different
samples synthesized by the Pechini (Fig. 11(a)) and solid state
(Fig. 11(b)) methods. All plots, with the only exception of the sample
synthesized by Pechini method and calcined at 800 °C, show an ex-
ponential decay profile. We attribute the non-exponential decay beha-
vior of sample calcined at 800 °C to a larger contribution of non-ra-
diative processes, originated in a more distorted environment, since this
sample has the smallest crystallites (see Table 1) and thus, in principle,
more microstructural defects are present.

In the case of the samples synthesized by the Pechini method, it is
observed, even though the Pr3+content is the same, that if calcination
temperature increases, then according to equation

=

+

τ
A A

1
meas

R NR

where τmeas, AR and ANR, are the measured lifetime, the radiative and
the non-radiative decay rates, respectively, and assuming that AR is
constant for all samples, that the non-radiative mechanism should be
inhibited, and therefore the measured lifetimes must increase. In
Table 3, are shown the values of τmeas, for each decay curve plotted in
Fig. 11.

Regarding significant discrepancies between red spectral region of
emission spectra obtained previously and those ones obtained in the
present work, in Fig. 12 are shown the corrected and uncorrected
emission spectra of the Sr0.994Pr0.004ZrO3 sample synthesized by Pe-
chini method.

As it is observed, correcting emission spectra for the wavelength
dependent response of the detector has the main impact on the red
spectral region. Thus, we conjecture this may be the origin of the dif-
ferences. When talking about phosphors, this is not a minor issue since
these types of spectra are often used for the assignment of CIE color
coordinates, and inappropriate measurement of relative emission in-
tensities may lead to incorrect results.

4. Conclusions

It was found that the Pechini method reduces the synthesis tem-
perature and time for preparing Pr3+ doped SrZrO3 powders. This
preparation method allows us to obtain a pure perovskite phase. On the
other hand, powders prepared by the solid-state method showed better

Fig. 10. Emission spectra of samples Sr0.9925Pr0.005ZrO3 prepared by solid state reactions (a) and (b), and Sr0.9925Pr0.005Zr0.99Ti0.01O3 prepared by Pechini method ((c) and (d). In (a) and
(c) exciting at different wavelengths of the CTB. In (b) and (d) comparison of the relative intensity of emission assigned to the 1D2 → 3H4 transition when exciting at 260 nm and at
446 nm; also, the relative intensity of the broad emission band depending on the synthesis method is observed. ZrO2 in (a) corresponds to the emission spectrum (λexc = 300 nm) of
monoclinic ZrO2 used as precursor in solid state synthesis.
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luminescent response; furthermore, the luminescence ascribed to the
1D2 →

3H4 transition of Pr3+ is significantly increased in these samples
when excited through the O2- → Ti4+ CTB, by the presence of Ti4+ as
impurity. This result was corroborated in a sample synthesized by
Pechini method and deliberately doped with Ti4+ at 1 mol%. No evi-
dence about the increase of the 1D2 → 3H4 transition through the state
Pr3+/Ti4+ → Pr4+/Ti3+ (3H4(Pr3+) → 3d1(Ti3+)) was found.

Additionally, in samples prepared by the solid-state method, even
though the XRD analysis show no secondary phases, the existence of
unreacted ZrO2 was confirmed by the luminescence results. From lu-
minescence decay curves, the enhancement of Pr3+-luminescence due
to the increase in the calcination temperature of all samples is explained
because the reduction of non-radiative processes associated with the
improvement in crystal size and the diminishment of defects, which
may act as quenching centers. Important to emphasize is the need of
correcting luminescence spectra for comparison purpose and potential
applications. In summary, the original contributions of the present work
are the low temperature synthesis of compounds, and the under-
standing of some interesting luminescent properties of the Pr3+-doped
SrZrO3 system; namely, the CTB due to the presence of Ti4+, the in-
complete inhibition of the red emission band, an the fact that exciting
through CTB actives significantly the emission associated with the 1D2

→ 3H4 transition.
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