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a b s t r a c t

In this work ceramic samples of Sr0.9955Pr0.003Ti1-xZrxO3 (0.0� x� 1.0) solid solution were synthesized by
the Pechini method. Samples calcined at 800 �C for 1 h were characterized by X-ray diffraction; scanning
electron microscopy, diffuse reflectance and photoluminescent spectroscopies. The compounds exhibit
three different crystal perovskite-like structures as a function of the chemical composition: Cubic
(0.0� x� 0.2), tetragonal (0.3� x� 0.6) and orthorhombic (0.7� x� 1.0). The substitution of Ti4þ by
Zr4þ in the solid solution results in an increase in the energy of the transition associated with the host.
The presence of a ligand-to-metal charge transfer state between O2� and Ti4þ and its effect on the Pr3þ

luminescence is shown. The photoluminescence response of Pr3þ is explained by using the chemical shift
model. A remarkable consequence of the chemical variation in the series compounds, is the color-
modulation of the emission under excitation at 447 nm (3H4 / 3P2). It goes from a dominant red
emission ascribed to the 1D2 / 3H4 transition to a dominant greenish-blue emission ascribed to the 3P0
/ 3H4. Finally, the color coordinates associated with the emission for the entire series are plotted in the
CIE 1931 color space.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

For many years, ceramics with perovskite-like structure and
ABO3 general formula have been subject of extensive scientific in-
terest due to their variety of physical properties: magnetics, elec-
trics or even optics [1e6]. For these properties, the fundamental
variable governing their performance is the crystalline structure.
The prototypically perovskite structure has the cubic symmetry
Pm-3m. The B cation is at the cube corner and is six-fold coordi-
nated by oxygen ions forming a BO6 octahedron; whereas the A
cation is at the cube center surrounded by eight BO6 octahedra and
coordinated by twelve O2� anions [5,6].

Luminescent properties are one of the most interesting and
important properties investigated in material science. In this sci-
entific field, the lanthanide luminescent-activated materials usu-
ally designated as phosphors, are subject of much interest due to
the wide range of applications in displays, lasers, fluorescent lamps
and solid-state lighting among others [7e9]. Each specific appli-
cation should demand a clear understanding of the ion activator-
.

host interaction. In trivalent lanthanides, it is generally assumed
that they preserve their ion-free energy levels diagram no matter
where they are incorporated, and consequently only a super-
position of their levels and those of the host, need to be considered.
We are convinced this picture is in many cases oversimplified as it
has been demonstrated previously [10e14]. Particularly, Pr3þ

doping oxide based-ceramics show a notable change on the lumi-
nescence properties of lanthanide ion due to the chemical
composition of the ceramic host. For example, the luminescent
response of Pr3þ incorporated into CaTiO3 and CaZrO3 shows
unique features [15]. Pr3þ-doped CaTiO3 exhibits a strong red
emission associated with the 1D2 / 3H4 transition. On the other
hand, Pr3þ-doped CaZrO3 shows a greenish-blue emission ascribed
to the 3P0 / 3H4 transition.

Following the virtual recharge mechanism proposed by Reut
and Ryskin [16], involving a charge exchange from a trivalent
lanthanide (with “relatively low” fourth ionization potential) to
metal in oxidizing-character host lattices, some authors proposed
an explanation to describe the 3P0 / 1D2 de-excitation process in
titanates [17,18]. The central component of this model is a metal-to-
metal charge transfer (MMCT) state (also known as intervalence
charge transfer (IVCT) state). According to theMMCTmodel, in Pr3þ

doped titanates, there is an MMCT state Pr4þ-O2--Ti3þ near to the
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Pr3þ-O2--Ti4þ configuration excited states. Thus, after the promo-
tion of an f electron of Pr3þ through the MMCT, the relaxation oc-
curs from this “state” and then the electron returns to the 1D2
excited level of Pr3þ. This process could produce a “quenching” of
3P0 level emission, depending on the charge transfer level position
respect to the 1D2 and 3P0 levels. However, Barandari�an and co-
workers [19] using state-of-the-art ab initio calculations have
recently shown that the intermediate state responsible for the
nonradiative decay from 3P0 to 1D2 in Pr3þ-doped CaTiO3 is an O2--
to-Ti4þ ligand-to-metal charge transfer (LMCT) state. Moreover,
according to their results, the O2--to-Ti4þ LMCT state could rule out
the necessity of the Pr3þ-Ti4þ MMCT state to explain the dominant
red luminescence assigned to transitions from the 1D2 level to the
3H4 ground state of the Pr3þ. Supporting this fact, some of us have
recently reported experimental results showing the favoring of the
1D2 / 3H4 transition when SrZrO3:Pr3þ samples containing low
concentrations of Ti4þ are excited through the O2--to-Ti4þ LMCT
state [20].

Regardless of whether the red emission in the titanates is due
to the one or the other charge transfer state; or if it is due to an
intricate process in which both charge transfer states operate
simultaneously, it is important for the reader to keep in mind the
peculiar luminescent behavior of the Pr3þ, and how its lumines-
cent properties are strongly dependent on the crystalline and
electronic host structures, which in turn, and in our opinion, are
ruled by the chemical composition. Despite that important effect
of the chemical composition on the luminescent features of Pr3þ,
noticeably only few papers have been reported on titanate Pr3þ-
doped solid-solutions, namely (Ca,Sr)TiO3 [21], (Ca,Sr,Ba)TiO3 [22]
and Ca(Ti,Zr)O3 [23] in which the authors tried to get a compre-
hensive explanation about the above-mentioned factors and their
effect on the luminescent properties of the Pr3þ. Also, although
there are studies about SrTiO3 (STO) and SrZrO3 (SZO) doped with
Pr3þ [20,21,24] and other lanthanide ions [25,26], until now there
are no any work about SrTi1-xZrxO3 solid-solution (STZO) doped
with Pr3þ. Thus, it would be of scientific interest to know how the
luminescent response of Pr3þ changes through a solid-solution
system having different crystal structures and chemical compo-
sitions, in order to get insight into the relationship between the
Pr3þ-luminescent properties and the crystalline and electronic
host structures.

STZO belongs to the perovskite family compounds. On one hand,
it exists the STOwhich has the phase transition from tetragonal (I4/
mcm) to cubic (Pm-3m) at 105 K [27]. On the other, SZO have three
phase transitions; orthorhombic (Pnma) to “pseudo-tetragonal”
(Imma) at 1023 K, “pseudo-tetragonal” (Imma) to tetragonal (I4/
mcm) at 1113 K, and finally tetragonal (I4/mcm) to cubic (Pm-3m) at
1343 K [28]. Regarding the phase diagram of the STZO, there are
some experimental reports about it. In one of them, the authors
used synchrotron X-ray and neutron powder diffraction techniques
[29]. The others are based on studies of systems having phase
transitions of analogues structures; Pm-3m, I4/mcm, R3c, Imma and
Pnma as those exhibited by the end compositions of STZO; and on
the analysis of their mechanical properties [30,31]. However,
despite all this effort, no consensus exists yet, about the actual
phase-transition in the STZO system. Some authors stated that
there are three phase-transition, involving four different symme-
tries; Pnma, Imma, I4/mcm and Pm-3m [30], but in opposition to this
result, other authors have described the system as having only two
phase-transition, and therefore involving three symmetries; Pnma,
I4/mcm and Pm-3m [29]. In any case, the structure varieties and
phase transitions involved in this system may result in an
interesting lanthanide doped solid-solution which deserves to be
investigated, since luminescence and structure are strongly
correlated.

Of interest for any research that intends to investigate the
interaction between a host and a dopant, is the location of the
energy levels of the dopant relative to the electronic structure of
the host. Nowadays, there is a reasonable phenomenological model
explaining this issue for the lanthanide ions, being accomplished by
Thiel [32e34] and Dorenbos [35e37]: the chemical shift model
(CSM).

In the present work, we take advantage of the approach of the
CSM formulated by Dorenbos to estimate the binding energies of
the electrons in 4f-states and in the host band states relative to the
same reference: the vacuum energy. This approach of the CSM
makes easy the comparison of many materials, some of them
similar, and allows to rationalize the effect of the host on the optical
properties of the lanthanide ions [10,13,14,35e38].

On the other hand, in recent years, the development of multi-
color emitting phosphors for solid-state lighting applications, has
attracted great attention [9,39e41]. Usually, phosphors are the
combination of a host lattice doped with low concentrations of
activator ions. The activator ions have their own intrinsic lumi-
nescent characteristics which could be added to those ones of the
host to produce the desirable emission effect. The most common
activator ions used for solid-state lighting devices, are Ce3þ, Tb3þ

and Eu2þ [39,42]. However, the host lattice characteristics ulti-
mately determine the optical properties of a phosphor. Many efforts
have been made in the search of appropriated phosphors which
would be able to transform ultraviolet or blue light into a combi-
nation of red, green and blue light to produce white light [9,39]. For
this reason, it is necessary to assess the possibility that Pr3þ-doped
STZO solid-solution could be a suitable oxide phosphor with
optimal luminescent properties for solid-state lighting.

In this work we investigate the crystalline structure and the
luminescent features of the solid-solution Sr0.9955Pr0.003Ti1-xZrxO3
as function of the Ti/Zr relative concentration. In order to achieve
our aim, powder compounds of the SPTZO solid-solution were
synthesized by the Pechini method. They were characterized by X-
ray Diffraction (XRD); Scanning Electron Microscopy (SEM), Energy
Dispersive X-Ray Spectroscopy (EDS), reflectance and luminescent
spectroscopies. Finally, the observed modulation of Pr3þ greenish-
blue and red emission ascribed to the 3P0 / 3H4 and 1D2 / 3H4
transitions, respectively, as well as the effect of the host lattice on
the phosphor luminescent properties were analyzed by using the
approach of the CSM to account for the Pr3þ luminescence prop-
erties along the entire Sr0.9955Pr0.003Ti1-xZrxO3 solid-solution.

2. Experimental

2.1. Ceramic powders synthesis

Polycrystalline ceramic powders of the Sr0.9955Pr0.003Ti1-xZrxO3
(0.0� x� 1.0) solid-solution (SPTZO) were synthetized by the
Pechini method [43]. A small concentration at 0.3% mol of Pr3þ was
incorporated into the STZO solid solution series in away to preserve
the charge balance. The starting raw materials used were Sr(NO3)2
(99%, Sigma-Aldrich), Pr(NO3)3$6H2O (99.9%, Sigma-Aldrich),
Ti(OCH(CH3)2)4 (97%, Sigma-Aldrich), Zr(O(CH2)2-CH3)4 (70% in 1-
propanol, Sigma-Aldrich), citric acid C3H4(COOH)3 (ACS reagent,
Sigma-Aldrich), ethylene glycol C2H6O2 (ACS reagent, Sigma-
Aldrich) and absolute ethanol (ACS reagent, JT Baker). In a typical
Pechini synthesis, the titanium isopropoxide and zirconium
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propoxide were dissolved in absolute ethanol under continuous
stirring, immediately after that, citric acid (molar ration 1:4,
amount of metals: citric acid) and ethylene glycol was added for
stabilization of the Zr4þ and Ti4þ cations. This solution was stirred
by 1 h at 60 �C. Apart, strontium nitrate and praseodymium nitrate
were dissolved in deionized water under stirring by 30min at room
temperature. This last aqueous solution was blended with the
former alcoholic solution. Then, the temperature of the final solu-
tion was raised to 70 �C for induce the evaporation of the solvents
giving place to a viscous yellowish solution. For promoting poly-
merization of the blend, the temperature was set at 90 �C until a
resinwas obtained. This resinwas then pre-calcinated in an oven at
300 �C for 1 h obtaining a dark-brown powder. Finally, the pre-
calcined powders were further calcined at 800 �C for 1 h in air.

2.2. Characterization

The crystal structure characterization of SPTZO powders were
carried out from X-ray patterns measured in a Bruker D-8 Advance
diffractometer fitted with a CuKa X-ray tube and a one-
dimensional position-sensitive silicon strip detector (Bruker,
Lynxeye) [44]. The diffraction patterns were measured between
20� and 110�, with a 2q step of 0.020415�, for 76.8 s per point.
Crystalline structures were refined by the Rietveld method using a
fundamental parameters approach [45]. During the refinements,
as implemented in the TOPAS code, version 4.2 [46]. SRM-NIST
660 b (LaB6) [47] was used to model the contributions of the in-
strument. The Cu-Ka X-ray emission profile was modeled with the
one reported by G. H€olzer et al. [48]. The parameters used in re-
finements included polynomial terms for modeling of the back-
ground, the lattice parameters, terms indicating the position and
intensity of the “tube tails”, specimen displacement, structural
parameters, and the width of a Lorentzian profile for modeling the
average crystallite size. Last feature was modeled in reciprocal
space with a symmetrized harmonics expansion [49]. The stan-
dard deviations, given in parentheses in the text, show the vari-
ation in the last digit; when they correspond to Rietveld refined
parameters [50]. The morphology and EDS spectra of SPTZO
powders were performed by SEM in a Field Emission Scanning
Electron Microscope (JEOL JSM-7600F). The diffuse reflectance
spectra measurements were recorded using a Praying Mantis cell-
type (Harrick Scientific Products Inc.) in the range of 200 nm to
700 nm and performed in a Cary 5 spectrophotometer. Once that
spectra were measured, a mathematical analysis was performed
to calculate the energy of the bandgap. An Edinburgh Instruments
FSP920 spectrofluorometer based on the method of single photon
counting, equipped with a 450W xenon lamp as a CW light source
and an R928P PMT as a detector, was used to record emission and
Fig. 1. XRD patterns of SPTZO powders calcinated at 800 �C for 1 h as a function
excitation spectra. All the excitation and emission spectra were
corrected for the wavelength dependent responses of the Xe lamp
and the detector, respectively.

3. Results and discussion

3.1. Crystal structure

The XRD patterns of the SPTZO powders synthetized by the
Pechinimethod and calcined at 800 �C for 1 h are shown in Fig.1. All
samples showa pure perovskite-like structure. However, symmetry
changes appear when chemical composition of the solid solution
varies. In Fig.1(a), the diffractograms are grouped according to their
crystal structure. It is cubic from x¼ 0.0 to 0.2 matching with PDF
card 04-007-0044 of SrTiO3; tetragonal from x¼ 0.3 to 0.6
matching with PDF card 01-070-5452 of SrZr0.5Ti0.5O3 and ortho-
rhombic from x¼ 0.7 to 1.0 matching with PDF card 04-014-8276 of
SrZrO3. Regarding the phase diagram, a previous work considers
that there are two [29] phase-transitions and other considers three
[30]. Due to this discrepancy, in this work it was very important to
analyze and establish the crystal structure and phase transitions
occurring in the SPZTO solid solution, with the final purpose to
assess the probably impact on the optical properties.

In Fig. 1 (b) representative two-theta section of XRD patterns of
SPTZO powders is illustrated. In b), the evolution of the (100) and
(111) reflections is presented. The indexed peak for cubic structure
(100) disappear in tetragonal structure and reappear in ortho-
rhombic structure as the (002) peak. The indexed peak for the cubic
structure is (111), (202) for tetragonal and finally (103) and (022) for
orthorhombic. In Fig. 1 (c), the most intense reflection for all crystal
symmetries is shown. The systematic shift toward lower angles of
the reflection maximum as Zr4þ content (x) increases, is associated
with the enlargement of the crystal cell, which is consistent with
the fact that Zr4þ has a larger ionic radius than Ti4þ. According to
Shannon in a VI-coordination the ionic radii of Zr4þ and Ti4þ are
0.72Å and 0.605Å, respectively [51].

To get more insight into the effect on the crystal structural
features as a function of chemical composition such as the cell
parameters and the average crystallite size, Rietveld analyses were
performed for all samples. In the samples that exhibit cubic
structure, the unit cell was modeled with the symmetry described
by the space group Pm-3m (No. 221). In the samples having
tetragonal structure, the unit cell was modeled with the symmetry
described by the space group I4/mcm (No. 140). Finally, in the
samples which crystallize in the orthorhombic structure, the unit
cell was modeled with the symmetry described by the space group
Pnma (No. 62). In Table 1 are summarized the atomic position for
each ion according to the space group.
of x for different 2q intervals. (a) 20�e80� , (b) 20�e41�, and (c) 29.5�e33.5� .



Table 1
Atomic position of ions for the SPTZO powders Rietveld refinement [29,52]

Space group Sr2þ/Pr3þ Ti4þ/Zr4þ O2-

Pm-3m (½, ½, ½) (0, 0, 0) (½, 0, 0)
I4/mcm (0, ½, ¼) (0, 0, 0) (0, 0, ¼)

(x, xþ½, 0)a

Pnmab (xSr, ¼, ySr)c (0, 0, 0) (xO1, ¼, yO1)c

(xO2, yO2, zO2)c

a Initial value of x used for refinement was that one reported in Table 1 of ref. [29]
for SrTi0.5Zr0.5O3.

b We transform the Pbnm non-conventional setting of space group 62 reported in
[29], into its standard setting Pnma.

c Initial values for the refinable coordinates were those reported in Table 1 of ref.
[29] for SrTi0.2Zr0.8O3.

Fig. 2. Rietveld refinement plots of SPTZO powders with x¼ a) 0.1 - cubic, b) 0.5 e

tetragonal and c) 0.9 e orthorhombic synthesized by the Pechini method and calci-
nated at 800 �C for 1 h.

Fig. 3. Lattice parameters of SPTZO powders calcinated at 800 �C for 1 h determined by
Rietveld refinements as function of x. Doted vertical lines indicate the composition
regions for each crystal phase. The cubic cell parameter has been appropriately scaled
by a factor of √2. Notice the break in the vertical axis. The gray dashed-lines are only
indicative for the reader.
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The good agreement between experimental data and the
calculated data obtained from the model, can be seen in Fig. 2. In
this figure, the result of Rietveld refinements of three representa-
tive samples containing 10mol%, 50mol% and 90mol% of Zr4þ are
plotted.

Table 2 exhibits the results of the Rietveld refinement: the
average crystallite size, the lattice parameters, the Rwp values; also,
Table 2
Rietveld refinement results for the SPTZO powders calcinated at 800 �C for 1 h.

x (mol) Space group Crystallite size (nm) a (Å)

0.0 Pm-3m 53.3(3) 3.90653(6)
0.1 Pm-3m 33.1(2) 3.91865(9)
0.2 Pm-3m 37.2(3) 3.930(2)
0.3 I4/mcm 37.1(4) 5.6070(2)
0.4 I4/mcm 29.6(3) 5.6302(3)
0.5 I4/mcm 27.8(3) 5.6600(5)
0.6 I4/mcm 22.4(2) 5.6896(6)
0.7 Pnma 25.3(3) 5.6965(8)
0.8 Pnma 34.5(3) 5.7802(6)
0.9 Pnma 39.6(4) 5.7584(5)
1.0 Pnma 51.7(4) 5.8007(15)

a When the distance between Ti/Zr and O in the (Ti/Z)O6 octahedron has more than o
are included the distances between Ti4þ/Zr4þ and O2�. The average
crystallite size values for all compositions are in the nanometric
scale and; moreover, the average crystallite size tends to decrease
as x increases, and reach a minimum for x¼ 0.6, the last compo-
sition having tetragonal structure. After that, the crystallite size
increases again and reach a new maximum for x¼ 1.0. Regarding
the Rwp values, they are lower than 10%, indicating appropriate
refinements [53]. The observed increase in the interionic distance
between Ti4þ/Zr4þ and O2� as the zirconium content increases, is
consistent with the enlargement of the unit cell, i.e. increase of the
cell parameters (see Fig. 3), since Zr4þ has a larger ionic radius than
Ti4þ, as above-mentioned.

In Fig. 3 is shown the evolution of the refined lattice parameters
(see Table 2) as a function of x. However, to illustrate in a unified
way the evolution of those parameters as the Ti4þ/Zr4þ composition
changes, in the Fig. 3 the a-cubic lattice parameter was scaled by a
factor of √2. The acubic scaled, atetra and the aortho lattice parameter
show a continuous change, despite the Pm-3m/ I4/mcm transition
from x¼ 0.2 to x¼ 0.3, and the I4/mcm/ Pnma transition from x¼
0.6 to x ¼ 0.7. Similar behavior is observed for the ctetra and bortho
lattice parameters. The sequence of the crystal structures at room
temperature for the SPTZO solid-solution is as follows: cubic from
x¼ 0.0 to x¼ 0.2, tetragonal from x¼ 0.3 to x¼ 0.6 and ortho-
rhombic from x¼ 0.7 to x¼ 1.0. This behavior is in agreement with
b (Å) c (Å) d[(Ti/Zr)-O]a (Å) Rwp (%)

e e 1.95327(3) 7.52
e e 1.95932(4) 7.13
e e 1.96588(6) 9.27
e 7.9291(8) 1.9824(6) 9.15
e 7.9620(9) 1.9946(7) 9.62
e 7.9787(7) 2.0080(9) 8.44
e 8.0226(9) 2.0259(1) 9.76
8.0546(8) 5.7643(9) 2.053(24) 8.71
8.1105(5) 5.7287(6) 2.053(12) 7.51
8.1537(4) 5.7958(5) 2.080(13) 7.02
8.2145(5) 5.7998(14) 2.090(14) 7.16

ne value, average is reported.



Fig. 4. SEM images and EDS microanalysis for Sr0.9955Pr0.003Ti1-xZrxO3, x¼ 0.0, 0.2, 0.3, 0.5, 0.8 and 1.0 samples.

Fig. 5. UVevisible absorption spectra of SPTZO powders calcinated at 800 �C for 1 h.
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the work where only two phase-transitions are seen [29]. There is
only a small variation in the composition intervals.

In Fig. 4 are shown the SEM images and EDS spectra of SPTZO
samples calcined at 800 �C for 1 h at different structure and x
composition (Zr content); x¼ 0.0 and 0.2 (cubic), x¼ 0.3 and 0.5
(tetragonal), and 0.8 and 1.0 (orthorhombic). The SEM images revel
the homogeneous dispersion of particles. For the sample with
x¼ 0.0, the grains are round-shaped and form agglomerates. The
average crystallite size is around 100 nm. For samples containing
both, Zr4þ and Ti4þ, the powders are made of agglomerates of
equiaxial round-shaped particles. Their average crystallite sizes are
approximately between 50 nm and 100 nm. Finally, for the sample
with x¼ 1.0, the particles show again an increase of the grain size.
These particles are not round shaped like the other samples. The
substitution of Ti4þ by Zr4þ in the solid-solution, results in a
decrease in the average crystallite size. Finally, in zirconium-rich
samples, an increase in average crystallite size is observed. The
average crystallite sizes agree with data calculated from Rietveld
refinement. The EDS spectra show the presence of strontium (Sr),
titanium (Ti), zirconium (Zr) and oxygen (O). The intensity of the
titanium peak decreases accordingly as the amount of Zr4þ in-
creases through the solid-solution.
3.2. Optical properties

Regarding the SPTZO solid-solution samples, the substitution of
Ti4þ for Zr4þ in STO is supposed to impact the optical properties of
materials. Themost obvious effect should be themodification of the
energy band gap along the solid-solution, since it is well-known the
significant difference in the energy band gap of STO and SZO
[10,54]. Diffuse reflectance spectra measurements of SPTZO sam-
ples were performed to determine the changes in the absorbance as
the composition of the solid-solution compounds is modified. The
UVevisible (230 nme600 nm) absorption spectra of SPTZO pow-
ders are shown in Fig. 5. It is observed a broad band for almost all
ceramic powders in the UV range, from 230 nm to 400 nm. The
absorption edges show a shift to lowest wavelength from x¼ 0.0 to
x¼ 1.0, i.e., as Zr4þ content increases. This shifting toward shorter
wavelengths has also been observed in undoped samples for some
compositions of the Sr(Ti,Zr)O3 solid-solution [55], so it may be
related to structural changes, such as the cation-oxygen distance
which depends on the relative amount Ti/Zr (see Table 2).

In the inset of Fig. 5 are displayed the spectra in the range from
400 nm to 750 nmwhere low-intensity absorption maxima around
450 nm, 500 nm and 600 nm ascribed to the f-f transitions of Pr3þ

appear. The first maxima are ascribed to the transitions from 3H4 to
3P2, (3P1, 1I6), and 3P0 levels of Pr3þ, while the maximum
atz 600 nm is ascribed to the transition 3H4 / 1D2.

Assuming that, the sudden increase in the absorption spectra is
associated with the band-to-band transition, and whose energy
corresponds to the energy of the optical band gap, Eg, (hereafter
referred only as the energy band gap), and except for the Eg value of
SrZrO3 obtained from Ref. [10], we calculate all the others Eg values
of the SPTZO samples, as follows. The diffuse reflectance data were
converted by the Kubelka-Munk function [56] and then the band
gap energies were determined from Tauc plots [57]. In Fig. 6, the
evolution of the Eg values is shown. As it is seen, there is an increase
of Eg associated with the increase of the zirconium content. This
behavior can be related to the differences in the binding energy of
Ti-3d sates as compared with the Zr-4d states. Zr-4d states possess
higher binding energies [55]. The valence band (VB) in STO and SZO
is mainly associated with the O2p states, while the conduction band
(CB) is mainly due to Ti3d and Zr4d states. Despite the observed in-
crease of Eg as a function of the relative Ti4þ/Zr4þ concentration,
from our results of the photoluminescence spectroscopy and the
approach we use to explain them (presented below), the Eg values
seem to be lower than expected because the presence of a low-
laying in energy state, that we ascribe to the O2--to-Ti4þ LMCT.

The normalized excitation spectra for all the series compounds
along the solid-solution when monitoring the 489 nm (3P0 / 3H4)
and the 605 nm (1D2 / 3H4) emission maxima, are presented in



Fig. 6. Composition dependence of bandgap estimated from diffuse reflectance
spectra. Notice the break in the band gap energy axis.

G. L�opez-Pacheco et al. / Journal of Alloys and Compounds 753 (2018) 138e148 143
Fig. 7(a) and (b), respectively. Both sets of spectra show a broad
band in the region of shorter wavelengths, ascribed to the inter-
action between Pr3þ and the host. Since in a previous work in Pr3þ-
doped SrTiO3 the presence of a Pr3þ-Ti4þ MMCT state is not
demonstrated beyond doubt, but the presence of an O2dTi4þ LMCT
Fig. 7. Normalized excitation spectra of SPTZO powders monitoring at 489 nm (3P0 /
3H4) (a) and 605 nm (1D2 / 3H4) (b).
state it is shown [21] and after some previous results in Pr3þ-doped
SrZrO3 containing 1mol% of Ti4þ [20] we ascribe that band as being
due to the last charge transfer state. At this point it is important to
emphasize that our ascription does not rule out the presence of the
Pr3þ-Ti4þ MMCT state; however, more specific experiments as
those reported in Ref. [21], and for now out of our reach, need to be
performed to clarify this contentious issue.

For the sample Sr0.9955Pr0.003ZrO3 (x¼ 1.0) only the tail of the
short-wavelengths-band is observed, since its maximum is sup-
posed to appear even at shorter wavelengths, where our experi-
mental set up is unable to go [24]. As it is seen, there is a shift of the
edge of the broad band toward shorter wavelengths as the Zr4þ

content increases. This trend is similar than that observed in the
diffuse reflectance spectra, depicted in Fig. 5. On the right side of
Fig. 7(a) and (b) are also observed the excitation peaks due to the f-f
transitions of Pr3þ. They are assigned to the transitions from the 3H4
level to the 3P2, (3P1, 1I6) and 3P0 (only seen in Fig. 7(b)) levels.

Important to highlight, is the noticeable change between
spectra corresponding to the samples with x¼ 1.0 and x¼ 0.9 (also
very remarkable in Fig. 5). This change is due to addition of Ti4þ,
and in order to illustrate its effect, in Fig. 7 are also included the
spectrum of the sample Sr0.9955Pr0.003Zr0.99Ti0.01O3 (x¼ 0.99). As
we have demonstrated in a previous work [20], the addition of Ti4þ

to SZO at low concentration, results in the formation of an O2--to-
Ti4þ LMCT state. This state produces a band with a full width at half
maximum of ~10 000 cm�1, very similar in its features as those
reported for many large band gap compounds where Ti4þ is added
as a dopant [58e60]. Since the energy of the O2--to-Ti4þ LMCT state
is lower than the energy associated with the O2--to-Zr4þ LMCT
state, in our opinion this is the reason why there is an important
shift in the edge of the excitation and absorption bands, associated
with the host, between samples with x¼ 0.9 and SZO (x¼ 1.0). In
the same way, we are convinced this could be the reason for the
lower values of Eg (Fig. 6) obtained for compositions containing
Ti4þ. Apart from the SPTO sample, where the energy of the O2--to-
Ti4þ LMCT state must correspond to the energy required to excite
electrons from the valence band to the exciton level [14], in all the
other compositions containing Ti4þ, the O2--to-Ti4þ LMCT state
would be defining the edge of the absorption and excitation bands
associated with the host, but they not necessarily should
Fig. 8. Stacked VRBE diagrams for the series compounds of the Sr0.9955Pr0.003Ti1-xZrxO3

solid-solution. Ev, Ec and Eex represent the binding energies of the top of the valence
band (VB), the bottom of the conduction band (CB), and the exciton state, respectively.
The binding energies for the representative levels of the Pr3þ, 3H4, 1D2, and 3P0, the Eg
values (inset of Fig. 6), and the energy of the O2--to-Ti4þ LMCT state derived from the
excitation spectra measured at lem¼ 605 nm are also plotted. The energy of the O2--to-
Ti4þ LMCT for sample with x¼ 1, corresponds to sample with x¼ 0.99.
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correspondwith the transition from the valence band to the exciton
level, which is exactly as Eg is defined. In any case, the edge of the
interband transitionwould bemasked by the strong band related to
the O2--to-Ti4þ LMCT state as it has already been reported [20].

To present a semi quantitative explanation of the previous re-
sults, also useful for discussing the results to be presented, we
construct the scheme of Fig. 8 following the approach of the
chemical shift model formulated by Dorenbos [35,37,61]. In general
terms, the chemical shift model allows the location, referred to a
unique energy reference, the vacuum binding energy, of: 1) the top
of the valence and bottom of conduction bands, and the exciton
level of the host, 2) the 4f-energy-levels of divalent and trivalent
lanthanides, and 3) the energy levels due to many other doping
ions. In Fig. 8 are shown the stacked vacuum referred electron
binding energies (VRBE) diagrams of the solid-solution SPTZO se-
ries compounds.

The diagrams of Fig. 8 are plotted from ours and those experi-
mental data adapted from previous reports [10,54]. All these data
are summarized in Table 3. To fix the VRBE values of the top of the
valence band, the bottom of the conduction band, the exciton level
and the energy levels of Pr3þ, we perform a linear interpolation, as a
function of x, i.e. the content of Zr4þ in the solid-solution, between
the data previously reported for STO [54] and SZO [10]. In Fig. 8,
referred to the binding energy at the top of the valence band, is
plotted the value of the energies obtained from the maxima at the
highest wavelength of the excitation spectra for each compound
when lem¼ 605 nm. It is important to notice the similarity among
these values and those obtained from excitation spectra when
lem¼ 489 nm (see Table 3), they are the same if measurement er-
rors are taken into account, which are supposed to be around a few
tenths of eV [62]. It is also clear the mismatch between the energy
of the exciton state, Eex, and the energy obtained from the excita-
tion spectra. Even more noticeable, it is the difference between the
Table 3
Optical properties of the SPTZO series compounds. These data serve as input for the const
relatives to the vacuum.

x
(mol)

Ev
(eV)a

Ec
(eV)a

Eex
(eV)a

3H4

(eV)a

0.0 �7.34 �3.78 �3.88 �7.2

0.1 �7.41 �3.5 �3.72 �7.2

0.2 �7.48 �3.40 �3.55 �7.1

0.3 �7.55 �3.22 �3.39 �7.1

0.4 �7.62 �3.03 �3.23 �7.1

0.5 �7.69 �2.84 �3.06 �7.1

0.6 �7.77 �2.65 �2.90 �7.1

0.7 �7.84 �2.46 �2.74 �7.0

0.8 �7.91 �2.28 �2.58 �7.0

0.9 �7.98 �2.09 �2.41 �7.0

1.0 �8.05 �1.90 �2.25 �7.0

a Values correspond to linear interpolation between data reported in Ref. [54] for SrT
b Values result from the addition of Ev and the data of the inset in Fig. 6.
c Data obtained from the maxima of the excitation spectra of Fig. 7(b).
d Values in eV result of adding Ev and the equivalent in eV of the corresponding wave
e Similar to c, but for excitation spectra of Fig. 7(a).
f Values in eV calculated in the same way as explained in d.
values of the energies Eg and Eex, which ideally should be the same.
We think that the main cause of both disagreement is associated
with the low-lying in energy LMCT (O2--to-Ti4þ) state due to the
presence of Ti4þ, that as above-mentioned, mask the actual band
associated with the interband transition. Thus, we assign the en-
ergy values obtained from the excitation spectra to the O2--to-Ti4þ

LMCT state. Supporting the plausibility of the VRBE diagram of
Fig. 8, and considering that typical errors in this type of diagrams
are around few tenths of eV [62], there are the next two important
facts. The energies of the exciton level, Eex, the band gap Eg, and the
O2--to-Ti4þ LMCT state, have similar values for SPTO; and the en-
ergy values associated with the O2--to-Ti4þ LMCT transition for
samples with x from 0.1 to 0.8, are around e 4 eV as it is expected
[14]. The energy value of the O2--to-Ti4þ LMCT state for the sample
with x¼ 0.9 is �3.25 eV, which is greater than those of samples
containing more Ti4þ, but similar to the value of �3.15 eV found for
the sample with x¼ 0.99 (showed in the VRBE diagram of the
sample with x¼ 1.0).

The first effect on the luminescent response of the SPTZO solid-
solution as the Zr4þ increases, is seen in the excitation spectra (not
normalized) for the representative transitions 3P0 / 3H4

(lem¼ 489 nm) and 1D2 /
3H4 (lem¼ 605 nm) depicted in Fig. 9. In

these spectra, a continuous increase in the luminescence intensity
from x¼ 0.0 to x¼ 0.5, and then a decrease from x¼ 0.5 to x¼ 0.9
are observed. Since such behavior occurs for both transitions, it is
attributed to changes in the interaction between the f-f transitions
of Pr3þ and the host. Those changes are mainly due to the modifi-
cations in the electronic structure of the host, associated, in turn,
with the change in the crystal structure induced by the incorpo-
ration of Zr4þ. Those structural-related modifications, lead to favor
the energy transfer from the host to the Pr3þ, and reaches a
maximum for the samplewith x¼ 0.5. In this regard, Fig. 8 seems to
give some clue about the excitation behavior. As the energy
ruction of the stacked VRBE diagrams showed in Fig. 8. The values given in eV are all

Eg
(eV)b

LMCT
(lem¼ 605 nm)
(nm)c

(eV)d

LMCT
(lem¼ 489 nm)
(nm)e

(eV)f

3 �4.05 371.0
�4.00

350.0
�3.80

1 �4.07 355.0
�3.92

350.0
�3.87

9 �4.11 350.0
�3.94

338.0
�3.81

6 �4.14 345.0
�3.96

336.0
�3.86

4 �4.23 343.0
�4.01

337.0
�3.94

2 �4.23 339.0
�4.04

338.0
�4.03

0 �4.29 334.0
�4.05

334.0
�4.05

8 �4.26 306.0
�3.78

304.0
�3.76

5 �4.10 300.0
�3.77

302.0
�3.80

3 �4.05 268.0
�3.35

264.0
�3.29

1 �2.46 253.0
�3.15

253.0
�3.15

iO3 (x¼ 0) and data reported in Ref. [10] for SrZrO3 (x¼ 1).

length of the maxima in the excitation spectra.



Fig. 9. Excitation spectra corresponding to the host of SPTZO, when monitored at 489 nm (3P0 / 3H4) (a), and at 605 nm (1D2 /
3H4) (b). Important to notice is that the values of x

(front to back) increase in the spectra on the left from 0.0 to 0.5 and decrease in the spectra on the right from 1.0 to 0.5.

G. L�opez-Pacheco et al. / Journal of Alloys and Compounds 753 (2018) 138e148 145
difference between the O2--to-Ti4þ LMCT state and the levels of
Pr3þ decreases from x¼ 0.0 to x¼ 0.5, the energy transfer from the
host to Pr3þ is more efficient and the excitation intensity increases.
However, from x ¼ 0.6 to x ¼ 0.9 that difference in energy again
increases making the transfer of energy more difficult; thus, the
excitation intensity once more decreases.

The second effect, also reveled in the excitation spectra, but
associated with the f-f transition of Pr3þ is shown in Fig. 10. As it is
observed, the participation in the activation of the 3P0 / 3H4

(lem¼ 489 nm) transition via the f-f energy levels increases (except
for the sample with x¼ 0) as the content of Zr4þ increases in the
solid solution. On the opposite way, the contribution of those levels
to the activation of the 1D2 / 3H4 (lem¼ 605 nm) transition
Fig. 10. Excitation spectra corresponding to the f-f transitions of Pr3þ SPTZO, when monitore
the values of x (front to back) increase in the spectra on the left from 0.0 (SPTO) to 1.0 (SP
decreases as the content of Zr4þ increases. We attribute this com-
plementary behavior to the relative Ti/Zr concentration.

Regarding the emission of Pr3þ, we found very interesting re-
sults. When samples containing Ti4þ (x¼ 0 to x¼ 0.9) were excited
through the host band, always the dominant emission is that
ascribed to the red 1D2 / 3H4 transition as it is shown in Fig. 11.
This result can be explained in simple terms. As previously
described, the host-excitation band for samples containing Ti4þ is
governed by the low-laying in energy LMCT (O2--to-Ti4þ) state.
Recently, and refuting the accepted idea of the origin of the
dominant red emission in Pr3þ-doped titanates, evidence has been
presented indicating that at least one component of the LMCT (O2--
to-Ti4þ) state laying between the 3P0 and 1D2 levels of Pr3þ can be
d at 489 nm (3P0 / 3H4) (a), and at 605 nm (1D2 /
3H4) (b). Important to notice is that

ZO) and decrease in the spectra on the right from 1.0 to 0.0.



Fig. 11. Emission spectra of samples SPTZO (x¼ 0 to x¼ 0.9, i.e. only of those con-
taining Ti4þ). For sample x¼ 0.9, lexc¼ 260 nm. For all the other samples
lexc¼ 340 nm.

Fig. 13. Color space CIE 1931, where the color coordinates corresponding to all the
compositions of the SPTZO solid solution are indicated. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of
this article.)
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responsible for the dominance of the 1D2 / 3H4 transition in the
luminescent response of CaTiO3:Pr3þ by providing an efficient
nonradiative decaymechanism to selectively populate the 1D2 state
[19]. Thus, we attribute the red dominance in the emission spectra
of Fig. 11 to the same argument; although the Pr3þ-Ti4þ MMCT
could not be completely ruled out to be playing a role in this pro-
cess. However, no obvious evidence of the Pr3þ-Ti4þ MMCT as that
one found for the O2--to-Ti4þ LMCT is present in the absorption and
emission spectra we measure.

In Fig. 12, the normalized emission spectra for the SPTZO sam-
ples when excited through the 3H4 / 3P2 transition of Pr3þ at
447 nm are shown. In this case, the emission exhibits a modulation
between the 1D2 / 3H4 and 3P0 / 3H4 bands as x increases. For
Fig. 12. Emission spectra (lexc ¼ 447 nm) of SPTZO. Inset shows R/(RþB) ratio as a
function of x. R and B are the integrated areas of the red and green-bluish bands in the
spectra. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
x¼ 0 the emission is practically dominated by the 1D2/
3H4 as it is

expected in Pr3þ-doped titanates. However, as the Zr4þ increases,
the band ascribed to the 3P0 / 3H4 transition gradually gains in-
tensity in comparison to the band due to the 1D2 /

3H4 transition,
and finally becomes dominant for the sample with x¼ 1.0. Since
another bands ascribed to the transitions 3P0 / 3H6 and 3P1 / 3F2
overlap with the 1D2 / 3H4 peak, its position is indicated by the
arrow in Fig. 12. As it is seen, the intensity at this point is very weak
for the SPZO (x¼ 1.0) sample. These results observed for the end
compositions of the SPTZO solid-solution agree with those previ-
ously reported for SrTiO3 [21] and SrZrO3 [20,24] doped with Pr3þ.

In order to know the relative contribution of the 3P0 / 3H4 and
1D2 / 3H4 bands, denoted as B (greenish-blue) and R (red), in the
inset of Fig. 12 the intensity ratio R/R(RþB) is plotted as function of
x. R and B were calculated by integrating the areas of the red and
greenish-blue emission bands, respectively. As expected, the
magnitude of the R/R(RþB) ratios decreases as x increases.

Finally, taking advantage of the modulation in the intensity of
the emission associated with the transitions 3P0 / 3H4 and 1D2 /
3H4 we assess the color features of the SPTZO solid-solution series
compounds. Fig. 13 shows the color coordinates, CIE 1931, for the
entire series plotted in its corresponding color space. In the figure,
it is clearly seen the impact of the stoichiometry in the tuning of the
luminescent properties.
4. Conclusions

Polycrystalline powder samples of Sr0.9955Pr0.003Ti1-xZrxO3

(0.0� x� 1.0) solid-solution were synthesized by the Pechini
method at 800 �C for 1 h. The Rietveld analyses allow to establish
the crystal structure for the entire solid-solution SPTZO. Three
crystal phases were found, cubic (Pm-3m) from x¼ 0.0 to x¼ 0.2,
tetragonal (I4/mcm) from x¼ 0.3 to x¼ 0.5, and orthorhombic
(Pnma) from x¼ 0.6 to x¼ 1.0. The estimated average crystal size
was smaller than 100 nm for all compositions. The optical
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properties of the compounds are reasonable explained using the
chemical shift model. This model allows us to explain that the
smaller the difference in energy between the O2--to-Ti4þ LMCT
state and the higher levels of Pr3þ is, the more efficient the energy
transfer from the host to Pr3þ is. The dominance of the 1D2 /

3H4
transition in samples containing Ti4þ when excited through the
host, are related with the low-laying in energy O2--to-Ti4þ LMCT
state. Although we do not discard the existence of the Pr3þ-Ti4þ

MMCT, we do not find obvious evidence of its presence in the ab-
sorption and excitation spectra. In order to establish or rule out its
presence, additional experiments need to be performed. On the
other hand, a modulation between the emission associated with
the 3P0 / 3H4 and 1D2 / 3H4 transitions as a function of x when
samples are excited via the 3H4 / 3P2 transition at 447 nm, is
demonstrated. As we finally showed, this behavior allows the
tuning of the color of the emission as a function of the chemical
composition of the SPTZO series compounds.
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