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In the present work, Sro.g,X,y,zCamInzo‘,:(xEuS*, yTm>*, zTb®*) particles were synthesized by the ultrasonic
spray pyrolysis (USP) method to obtain a single-phase white phosphorus formed by six different cations in
solution within the lattice (superstructure). The samples were also structurally and morphologically char-
acterized by X-ray diffraction (XRD) techniques and by field emission scanning electron microscopy (FE-SEM).
The photoluminescent behavior and the characteristics of the emitted colors were studied by the variation in the
co-doping of the rare earth elements. The Sry 9Cag 1In,04 sample showed a near blue color emission, but all co-

doped samples showed emission in white with very close chromaticity coordinates to the standard white
(x=10.33 and y = 0.33). The Tm** —Tb®** (ET1), Tm** —Eu®* (ET2) and Tb®* —Eu®* (ET3) Energy
Transfers were proposed and are considered necessary for adjusting and controlling the desired color properties.

1. Introduction

SrIn,04 is a semiconductor that presents several applications in the
area of photoluminescence [1,2] and photocatalysis [3,4]. The prop-
erties presented by SrIn,0, are related to the structural arrangement of
the clusters [InOg] [5]. In the structure of SrIn,Oy4, the distorted octa-
hedra [InOg] are connected by sharing their edges and angles, and have
eight coordinated Sr atoms [6], showing an orthorhombic CaFe,O,4
structure with a PnamD;f space group [7].

SrIn,0, is considered an efficient host network for rare earth ions
because of its physico-chemical stability and low phonon energy
(467 cm™ ') [8]. The use of rare earth (RE) ions as dopants in the
SrIn,0,4 matrix enables enhancing the photoluminescent characteristics
of the material. The new spectroscopic properties and various appli-
cations involving the use of RE were identified [9-13].

The generation of white light has been the target of several studies
due to its great potential for applications in exposure and lighting
[14-16]. The use of an inorganic host matrix coded with different rare
earth ions which present different specific electronic transitions in the
visible region has been highlighted by the results [17,18]. The success
in developing these materials is related to the production of white light
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emitting phosphors based on the energy transfer mechanism from the
sensitizer to the activator [19,20]. Some host matrices can act as a
sensitizer. To do so, it is necessary to utilize different synthesis methods
and to observe the obtained physicochemical and thermochemical
properties in order to guarantee good performance [21-23].

Ultrasonic pyrolysis spray (USP) method consists of atomizing or
nebulizing a precursor solution by an ultrasonic transducer, then the
droplets undergo different and simultaneous physicochemical phe-
nomena when subjected to the thermal treatment. These phenomena
may include solvent evaporation, precipitation and drying of the so-
lutes, decomposition, chemical alteration through reduction or oxida-
tion, resulting in the formation of fine powders with morphology of
non-agglomerated microspheres [24-26].

The luminescent property of the materials arises from the complex
interaction between the host matrix, the activating ions (RE>* = Eu™,
Tm3*, Tb®") and the structural and electronic flaws. This work can be
considered a continuation of the “Influence Ca-doped SrIn,O, powders
on photoluminescence property prepared by ultrasonic spray pyrolysis”
[27], in which doping with 10% Ca in SrIn,O4 obtained good photo-
luminescent properties. Thus, the purpose of this study is to evaluate
the influence of Srgg_x—y—,Cap1 204 (xEu®*, yTm®**, 2Tb>*) as a
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Table 1
The samples codes table Sro.g—y—y—;Cao.1In04:(xEu®*, yTm**, 2Tb** % mol).

x y z Code

0%
1%
1.5%
2%
1%
1%
1%
1%

0%
1%
1%
1%
1.5%
2%
1%
1%

0%
1%
1%
1%
1%
1%
1.5%
2%

SCIO
SCIO-1.0RE
SCIO-1.5Eu
SCIO-2.0Eu
SCIO-1.5Tm
SCIO-2.0Tm
SCIO-1.5Tb
SCIO-2.0Tb

function of the RE3™ concentration variation on the photoluminescent
behavior using the following characterization techniques: X-Ray Dif-
fraction (XRD), UV-Visible Spectroscopy, Photoluminescence (PL) and
Field Scanning Electron Microscopy (FE-SEM).

2. Experimental
2.1. Materials

First, Sro.o_x—y-,Ca01My04:(xEu®*, yTm3*, zTb®* mol%) pow-
ders were synthesized by the ultrasonic spray pyrolysis method (USP)
[24,28]. Strontium nitrate [Sr(NO3),] (Alfa Aesar, 99% purity), calcium
nitrate tetrahydrate [Ca(NOs3)y4 H,0] (Synth, 99% purity), indium
nitrate [In(NO3)3] (Alfa Aesar, 99.9% purity), europium oxide [Eu,03]
(Alfa Aesar, 99.9% purity), terbium oxide (Tb,0;) (Aldrich, 99.9%
purity), thulium oxide (Tm,03) (Aldrich, 99.9% purity) and nitric acid
(Synth, 65% PA) were used as precursors.

2.2. Experimental procedure

Eu,03, Tb40; and Tm,053 oxides were dissolved separately in 10 ml
of nitric acid to obtain the respective nitrates, because these oxides
were insoluble in the reaction medium. In order to obtain
Sro.57Cag.1In;04:(1% Eu®*, 1% Tm3®*, 1% Tb®* %mol) the precursor
solution was prepared by dissolving 7.83 mmol of strontium nitrate,
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0.9 mmol of calcium nitrate, 0.09 mmol of nitrate of ethanol, 0.09 mmol
of thulium nitrate, 0.09 mmol of terbium nitrate and 18 mmol of indium
nitrate in 190 ml of distilled water. The solvation energy of H;O mo-
lecules in this solution causes fast dissociation of the reagents, i.e. the
Sr?*, Ca®* and In®>* are solvated by the H,0O and NO3;~ species. It is
well known that the Sr atoms coordinate with two NO3 ™, Ca atoms
coordinate with four H,O and two NO3~, and In atoms coordinate with
three H,0 and three NO;~ to form distorted octahedral clusters. There
is a strong electrostatic attraction between the [Sr/Ca/Eu/Tb/Tm] and
In cluster complexes due to their difference in electronic density be-
tween them. When the solvent starts to evaporate, the viscosity of water
decreases and the mobility of the cluster complex is then favored,
considerably increasing the effective rate of collisions between the
species in the solution. Moreover, the thermal decomposition occurs
directly in the nucleation sites, forcing the crystallization kinetics of the
primary crystals (Eq. (1)).

09 — x —y — zSr(NO3), + 0.1Ca(NO3), + 2In(NO3); + xEu(NO3)s
+ mi (NO3)3 + ZTb(N03)3 + VleO(l)

A
= Sty9—x—y—zEuxTmyTb,Cag1In;, Oy + nNOyg) + nH, O €))

Then, the precursor solution was atomized using an ultrasonic
nebulizer (frequency of 2.4 MHz) with a flow of air (3L min~ 1) and the
heating temperatures were from 700 °C for zone 1 and 1050 °C for zone
2. Reference [27] describes more details on the equipment and tech-
nique used. The other precursor solutions were made according to the
stoichiometric shown in Table 1.

2.3. Characterizing Sro.o—x—y—:Cao1In204(xEWP™, yTm®*, 2Tb®* %
mol) particles

The Sto.0-x—y—,Cag1In204:(xEu®*, yTm®*, 2Tb** %mol) powders
were characterized by XRD 7000, 40 kV and 30 mAh XRD, with CuKa
(A = 1.5406 A), 20 of 10° to 80° and step speed of 1° min~!. The 20
range of 10° to 120° and step speed of 0.02° min~' were used for the
Rietveld refinement measure. The morphology was analyzed using field
emission scanning electron microscopy (FE-SEM, Carl Zeiss, model
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Fig. 1. XRD patterns of Sro.o_ -, Cao 1In20, obtained by USP (a) SCIO, (b) SCIO-1.0RE, (c) SCIO-1.5Eu, (d) SCIO-2.0Eu, (e) SCIO-1.5Tb, (f) SCIO-2.0Tb, (g) SCIO-

1.5Tm and (h) SCIO-2.0Tm.
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Fig. 2. Rietveld refinement of Srg ¢ _x—,_,Cag.1In,04 obtained by USP (a) SCIO, (b) SCIO-1.0RE, (c) SCIO-1.5Eu, (d) SCIO-2.0Eu, (e) SCIO-1.5Tb, (f) SCIO-2.0Tb, (g)
SCIO-1.5Tm and (h) SCIO-2.0Tm. Where Obs are the experimental data of XRD, Calc are the data theoretically calculated to fit the experimental diffractogram, Obs-
Calc are the difference between the experimental data and calculated data, ICSD 16241 are the bragg peaks of the crystallographic sheet.

Supra 35-VP, operating at 6 kV), the powder of the samples was added
in ethanol and dispersed by means of an ultrasonic bath in ethanol for
about 10 min, dripped on metal silicon plates and oven dried at 40 °C
for 3h. No metal coating was used on the particles. The UV-Vis re-
flectance spectrum was obtained using a UV-Vis spectrometer
(Shimadzu, model UV-2600). Photoluminescence (PL) spectra were
obtained using a Thermal Jarrell-Ash Monospec 27 monochromator and
a Hamamatsu R446 photomultiplier. The excitation source used in the
samples was a laser with a wavelength of 350.7 nm with krypton ions
(Coherent Innova) with an output of approximately 13.3 mW.

3. Results and discussion
3.1. X-ray diffraction

The XRD patterns of Stgo_x—y—,Cag1n:04:(xEu®*, yTm®*, zTb**+
mol%) obtained by the ultrasonic spray pyrolysis method are shown in
Fig. 1. The samples were indexed in a unit cell with orthorhombic
structure with the Pnam (66) space group according to the JCPDS 33-
1336. No peaks were observed in the secondary phases of the dopant
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ions (Ca®*, Eu®", Tb®>* and Tm®"), indicating that the dopant ions
were successfully incorporated into the indates structure using the ul-
trasonic spray pyrolysis method, resulting in forming indices composed
of six metal cations. The occurrence of small displacements of diffrac-
tion peaks was verified according to the stoichiometry used, which
occurs due to the different molarities used in the atomic substitutions of
Sr?™ ions by of Eu®", Tb®* and Tm®™ ions, resulting in changes in the
network parameters of the indate structure.

The Rietveld refinement method [29] using the General Structure
Analysis System (GSAS) with graphic interface EXPGUI [30] was used
in the XRD patterns of the Srgo_x_y—,Cag1In,04 particles to identify
possible modifications in the structures resulting from the different
doping. All Srgo_x—y—,Cap1In;04 XRD patterns were indexed as or-
thorhombic cells (Pnma) according to ICSD 16241 (SrIn,O,). The fol-
lowing parameters were refined: scaling factor and phase fraction;
background (displaced Chebyshev polynomial function); peak shape
(Thomson-Cox-Hasting pseudo-Voigt); change in the network constants;
fractional atomic coordinates; and isotropic thermal parameters. Fig. 2
shows the results obtained from the Rietveld refinement.

As can be seen, the Obs-Calc lines of the refinements are tending to
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Table 2 Table 3
Rietveld refined structural parameters for the Srg.o_x—_,—,Cao.1In,04 samples. Position of the atoms in the unit cell.
Compounds SCIO SCIO-1.0RE SCIO-1.5Eu SCIO-2.0Eu Sample Atom X y z Occ
Crystal system  Orthorhombic  Orthorhombic  Orthorhombic  Orthorhombic
Space Group Pnam Pnam Pnam Pnam SCIO Srl 0.7536 0.6533 0.2500 0.9288
Inl 0.4195 0.1075 0.2500 1.0000
Lattice parameters (fi) In2 0.4295 0.6119 0.2500 1.0000
a 9.8312 9.8435 9.8474 9.8466 o1 0.1290 0.1675 0.2500 1.0000
b 11.5089 11.5269 11.5251 11.5264 02 0.1290 0.4655 0.2500 1.0000
c 3.2728 3.2792 3.2792 3.2804 03 0.5275 0.7761 0.2500 1.0000
a 90° 90° 90° 90° 04 0.4054 0.4256 0.2500 1.0000
V(/i3) 370.32 372.08 372.16 372.31 Cal 0.7536 0.6533 0.2500 0.1032
XZ 1.210 1.364 1.284 1.572 SCIO-1.0RE Srl 0.7538 0.6519 0.2500 0.8859
Rwp (%) 17.96 24.91 22.72 23.91
Inl 0.4195 0.1081 0.2500 1.0000
Rp (%) 13.06 18.32 16.27 17.62 In2 0.4299 0.6119 0.2500 1.0000
D (nm) 31.06 29.97 19.99 21.54
e (c10%) les Lol 124 113 o1 0.2114 0.1634 0.2500 1.0000
02 0.1294 0.4744 0.2500 1.0000
03 0.5285 0.7834 0.2500 1.0000
Compounds SCIO-1.5Tb SCIO-2.0Tb SCIO-1.5Tm SCIO-2.0Tm 04 0.4004 0.4134 0.2500 1.0000
Crystal system  Orthorhombic  Orthorhombic  Orthorhombic  Orthorhombic Cal 0.7538 0.6519 0.2500 0.1017
Space Group  Pnam Pnam Priam Pnam Eul 0.7538 0.6519 0.2500 0.0102
- A Tbl 0.7538 0.6519 0.2500 0.0102
Lattice parameters (A) Tm1 0.7538 0.6519 0.2500 0.0102
a 9.8546 9.8574 9.8493 9.8540
b 11.5482 11.5533 11.5377 11.5407 SCIO-1.5Eu Srl 0.7539 0.6522 0.2500 0.8747
c 3.2825 3.2844 3.2817 3.2818 Inl 0.4194 0.1077 0.2500 1.0000
a 90° 90° 90° 90° In2 0.4287 0.6120 0.2500 1.0000
V(A3) 373.56 374.04 372.93 373.22 o1 0.2114 0.1592 0.2500 1.0000
xr 1.301 1.302 1.268 1.248 02 0.1283 0.4807 0.2500 1.0000
Rwp (%) 22.85 23.00 22.45 22.11 03 0.5155 0.7886 0.2500 1.0000
Rp (%) 16.70 16.91 16.46 16.06 04 0.4104 0.4231 0.2500 1.0000
D (nm) 13.53 14.22 14.90 13.86 Cal 0.7539 0.6522 0.2500 0.1010
€ (x10'3) 1.85 1.77 1.67 1.81 Eul 0.7539 0.6522 0.2500 0.0151
Tbl 0.7539 0.6522 0.2500 0.0101
Legend: a, b and ¢ = lattice parameters; a = angle between b and c; V = unit cell Tm1 0.7539 0.6522 0.2500 0.0101
volume; x? = chi-squared; Rwp = weighted profile factor; Rp = profile factor;
D = crystallite size; ¢ = microstrain, SCIO-2.0Eu Srl 0.7524 0.6527 0.2500 0.8446
? Inl 0.4185 0.1087 0.2500 1.0000
In2 0.4271 0.6120 0.2500 1.0000
be rectilinear, indicating that the differences between the experimental o1 0.2124 0.1793 0.2500 1.0000
data and the theoretically calculated data are close to zero, showing 02 0.1263 0.4739 0.2500 1.0000
that the diffraction patterns of the samples are well adapted to ICSD 03 0.5254 0.7873 0.2500 1.0000
. . 04 0.4004 0.4171 0.2500 1.0000
16241. The results of the structural parameters, atomic positioning and Cal 0.7524 0.6527 0.9500 0.0982
crystallite size of Srgo_x—y-,Cao1In;04 samples are presented in Eul 0.7524 0.6527 0.2500 0.0196
Tables 2 and 3. The reliability parameters 2, Rwp and Rp, shown in Tbl 0.7524 0.6527 0.2500 0.0098
Table 1 indicate good quality of structural refinements and numerical Tml 0.7524 0.6527 0.2500 0.0098
results. The network parameter values, a, b and c, calculated for the SCIO-1.5Tb Srl 0.7506 0.6498 0.2500 0.8738
samples are values close to those found in the literature. Ming et al [31] Inl 0.4188 0.1081 0.2500 1.0000
obtained SrIn,04:0.01Er®* by the solid-state reaction method and the In2 0.4308 0.6104 0.2500 1.0000
o o1 0.2224 0.1644 0.2500 1.0000
values of tlcle network parameters shown were a = 9.8317A, 02 0.1264 0.5034 0.2500 1.0000
b =11.4950A and c = 3.2662 A. The SCIO Sal'nople showed th? fol- 03 0.5335 0.7874 0.2500 1.0000
lowing values of network parameters: a = 9.8312A, b = 11.5089 A and 04 0.4214 0.4108 0.2500 1.0000
c = 3.2728A, and the unit cell volume was 370.316 A%, The small Cal 0.7506 0.6498 0.2500 0.1009
differences observed in the Srog_x—y—,Cao1In,04 samples and SCIO Eul 0.7506 0.6498 0.2500 0.0101
occurred due to the substitution of Sr>* ions (ionic ratio of 1.260 A ¥b11 g‘;:gz 8'2:32 g‘ﬁggg g‘gigi
[32]) by Eu®*, Tb®>* and Tm®* ions (ionic ratio of 1.066 A, 1.040 A and " ) ) ' )
0.994 A, respectively [32]) and the different concentrations of each SCIO-2.0Tb Srl 0.7470 0.6506 0.2500 0.8808
dopant ion. When replacing ions with larger radii by ions with smaller fnl 0.4210 0.1085 0.2500 1.0000
pant 1on. placing 8 Y In2 0.4305 0.6118 0.2500 1.0000
radii, it is expected that the values of the network parameters and o1 0.2224 0.1494 0.2500 1.0000
consequently the volume of the unit cell decreases [33,34]. In the 02 0.1284 0.4934 0.2500 1.0000
Sr0.9-x—y—2Ca01INx04:(xEu®", yTm®**, 2Tb®") samples, as shown in 03 0.5325 0.7934 0.2500 1.0000
Table 2, the unit cell volume values increase as the dopant concentra- 841 g';gg g‘g;(l)i g'gggg (1).(1)822
tion increases (Eu®*, Tm®* and Tb®*). Bishop et al [35] reported that Eil 0.7470 0.6506 0.9500 0.0102
the phenomenon of network parameter contraction is caused by oxygen Tb1 0.7470 0.6506 0.2500 0.0205
vacancies forming due to electrostatic interaction, and the phenomenon Tm1 0.7470 0.6506 0.2500 0.0102

of network parameter expansion is due to the change in the cation ratio
because of the steric effect. Thus, it is believed that the increase in the
network parameters and unit cell volume of Srgo_x_y_,Cag.1In;04:
(xEu®*, yTm3®*, 2Tb®*) occurs due to the steric effect caused by the
valence difference between Sr?* ions and Eu®*, Tb®* and Tm>* ions.

The unit cells of each sample were modeled using the VESTA pro-
gram [36] from the lattice parameter and atomic coordinate data ob-
tained in the Rietveld refinement (Tables 1 and 2), as shown in Fig. 3.

(continued on next page)
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Table 3 (continued)

Sample Atom X y z Occ

SCIO-1.5Tm Srl 0.7522 0.6516 0.2500 0.8706
Inl 0.4181 0.1066 0.2500 1.0000
In2 0.4290 0.6122 0.2500 1.0000
01 0.2024 0.1664 0.2500 1.0000
02 0.1242 0.4690 0.2500 1.0000
03 0.5374 0.7698 0.2500 1.0000
04 0.4184 0.4198 0.2500 1.0000
Cal 0.7522 0.6516 0.2500 0.1006
Eul 0.7522 0.6516 0.2500 0.0101
Tbl 0.7522 0.6516 0.2500 0.0101
Tm1 0.7522 0.6516 0.2500 0.0151

SCIO-2.0Tm Srl 0.7494 0.6517 0.2500 0.8616
Inl 0.4181 0.1083 0.2500 1.0000
In2 0.4276 0.6109 0.2500 1.0000
01 0.2074 0.1634 0.2500 1.0000
02 0.1272 0.4804 0.2500 1.0000
03 0.5315 0.7822 0.2500 1.0000
04 0.4114 0.4179 0.2500 1.0000
Cal 0.7494 0.6517 0.2500 0.1002
Eul 0.7494 0.6517 0.2500 0.0100
Tbl 0.7494 0.6517 0.2500 0.0100
Tml 0.7494 0.6517 0.2500 0.0200

The orthorhombic crystal structure (Pnma) of strontium indate is
formed by two different octahedral clusters of [InO¢] and one octahe-
dron cluster of [SrOg] [7]. When ionic substitution of the Sr>* atoms by
other chemical elements (of the same valence or not) occurs, small
distortions happen in the clusters of [InO¢] and [SrOg] which will result
in changes in the atoms positioning of the clusters and changes in the
chemical bond length of the atoms inside the unit cell. Schenck and
Miiller-buschbaum [7] showed that the distance values for a pure
sample of SrIn,O, between the Sr-O atoms were 2.53A (2x), 2.55A
(2x), 2.61A, 2.694, 2.75A and 3.76A. Fig. 4 shows the [SrOgl/
[CaOg]/[REOg] cluster of each Srgo_x—_y—,Cag1In,04 sample. It is
noted that the substitutions of Sr>* ions by RE>" ions promote dis-
tortions in the clusters, resulting in shortening or stretching of Sr-O/Ca-
O/RE-O chemical bonds.

3.2. Scanning electron microscopy

Fig. 5 shows the micrographs of the Srg.g_x_y_;Ca 1In,04 samples
obtained by USP. The morphology of Srgg_x—y—,Cag1In;04 samples
are formed by slightly distorted microspheres, with the porous surface
being similar to a foam. The doped with rare earth elements produced
small distortions in the morphology and surface of the microspheres
compared to the SCIO sample. It can be seen that the morphology of the
pure sample has a spongy shape (Fig. 5a), whereas the doped samples

Ultrasonics - Sonochemistry 56 (2019) 14-24

with higher rare earth content have a deflated ball-shape microsphere
(Fig. 5d-h). Several physical phenomena occur simultaneously during
the Pyrolysis Spray process such as solvent evaporation on the drop’s
surface, diffusion of solvent vapors away from the drop in the gas
phase, drop shrinkage, drop temperature change and solute diffusion in
direction to the drop center [37]. In addition to these phenomena, the
use of metal nitrates tends to form porous and/or irregular spherical
particulates because metal nitrates tend to melt before the solvent is
completely removed, forming a molten salt which inhibits solvent re-
moval [37]. Thus, the particles obtained in this study have porous
spherical shape due to the use of metallic nitrates in the precursor so-
lution and without large morphological differences among the samples
because of the low concentration variation in the rare earth dopants,
which does not imply in significant solubility or temperature differ-
ences of the nitrate in the percussion solution.

3.3. UV-Visible Spectroscopy

Fig. 6 and Table 4 present the estimated values for the gap energy of
Sr0.9-x—y—zCa0.1IN204:(xEu®*, yTm3*, 2Tb>*) samples. Gap energy
values (Egap) were estimated by converting the reflectance data of the
samples to absorbance using the Kubelka-Munk function [38] followed
by the Wood and Tauc method [39]. The optical gap energy is given by
ahy « (hv—Egap)k [39], where h is the Planck constant, v is the frequency,
a is the absorbance and k is indicated for the different transitions. Re-
garding the Srg.¢_x_y_,Cao1In,0,4 samples, k = 2 was implemented,
which indicates a permitted indirect electronic transition. The graphs
were plotted with absorbance versus photon energy (eV) and extra-
polating the linear portion of the curve to zero absorption to estimate
Egap. The estimated band gap values of the samples are approximate
values to those found in the literature, as shown in Table 4.

It is observed that the gap energy of Srg o _x—y—,Cao.1In;04 samples
tends to decrease as the substitutions of Sr>* ions by an increase of
Eu®*, Tb®* and Tb®" ions, with this decrease being more significant
with the increase in doping concentration of the Tb®** ions. The in-
crease in Eu>" dopant concentration resulted in a slight increase in the
gap energy, as this non-linear gap energy behavior with Eu®>* doping is
reported in the literature with other materials. Gurgel et al [42] syn-
thesized PbMoO,4:(Eu®*, Tb®*, Tm3*) by the sonochemical method
and observed non-linearity in the gap energy as the of Eu®" doping
increased (doping between 0.5% and 1.5 mol%). Lovisa et al [17] ob-
tained ZnMoO4:(Eu®*, Tb®*, Tm®*) by the sonochemical method and
observed similar behavior, with an increase and decrease in gap energy
with the increase of Eu®* doping (doping between 1% and 3 mol%).
The changes in the gap energy of the samples occur due to the structural
distortions, defects and load imbalance caused by the substitution of
Sr?* ions by RE®' ions, which will introduce impurities and

d)_

Fig. 3. Model of orthorhombic structure of the Srg o —x—, —-Cao.1In,04 obtained by USP (a) SCIO, (b) SCIO-1.0RE, (c) SCIO-1.5Eu, (d) SCIO-2.0Eu, (e) SCIO-1.5Tb, (f)

SCIO-2.0Tb, (g) SCIO-1.5Tm and (h) SCIO-2.0Tm.
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Fig. 4. Distances of the chemical bonds between Sr-O/Ca-O/RE-O atoms (a) SCIO, (b) SCIO-1.0RE, (c) SCIO-1.5Eu, (d) SCIO-2.0Eu, (e) SCIO-1.5Tb, (f) SCIO-2.0Tb,

(g) SCIO-1.5Tm and (h) SCIO-2.0Tm.

Fig. 5. SEM micrographs of (a) SCIO, (b) SCIO-1.0RE, (c) SCIO-1.5Eu, (d) SCIO-
2.0Eu, (e) SCIO-1.5Tb, (f) SCIO-2.0Tb, (g) SCIO-1.5Tm and (h) SCIO-2.0Tm.
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intermediate levels between the valence band and the conduction band
of the samples [43-45].

3.4. Photoluminescence measurements

3.4.1. PL emission spectra Sro.9—x—y—Cao 11204 (xEw®*, yTm® ", 2T+
mol%) and quenching effect

Fig. 7 illustrates the photoluminescence emission profiles of the
Sr0.9—x—y—2Ca01N204:(xEu ™, yTm®**, 2Tb®" mol%) particles. The
samples were excited at 350.7 nm at room temperature. Luminescence
spectra presented emission bands attributed to Tm®**, D, — 3F, and
1G4 — 3Hg in 456 and 479 nm [46], accompanied by emissions of Tb3™,
Dy —7F; (J = 6, 5, 3) in 417, 445 and 469 nm, °D4 — "F; (J = 6, 5) in
494 and 541 nm [47], and Eu®*, 5Dy —7F; (J = 1, 2, 3, 4) in 592, 621,
651 and 703 nm [48]. It is observed that the positions of the transition
bands are the same, but their intensity varies according to the changes
in the composition of the dopants (Eu®*, Tm®*, Tb®*). The presence of
a wide band comprised in the blue region with its maximum around
450 nm is also noticed for the SCIO-x%Eu and SCIO-y%Tm samples.
The wide band for the SCIO-z%Tb samples undergoes a shift towards
the green region with maximum around 550 nm due to the influence of
the increase in Tb®* concentration. The existence of this band width in
the emission spectra is associated to the contribution of the SCIO matrix
in the photoluminescent behavior. According to Medeiros et al [27], the
broadband profile is related to relaxation by multiphonic and multilevel
processes. This type of relaxation can happen through several paths and
involves the participation of numerous intermediary states in the band
gap. This change in band width is attributed to the positioning of net-
work defects (i.e., oxygen vacancies, impurities, distorted links) in the
band gap. Thus, the emission in blue-green is associated with an orderly
structure with surface defects, while the red-yellow emission is asso-
ciated with a disordered structure with deep defects [49].

For the SCIO-x%Eu samples presented in Fig. 7(a), the increase in
the Eu®>* amount favored the increase of the emission intensity, in-
creasing the luminescence. A decrease in the photoluminescence in-
tensity is observed for the SCIO-2.0Tm and SCIO-2.0Tb samples. This
behavior is well referenced in several works [50-52], and is known as
the concentration quenching effect [53]. This behavior is associated to
the cross-relaxation energy transfer between RE ions which are very
close at a distance determined as critical distance (CD). In this condi-
tion, the activating ions (A) which are constituted by RE ions interact
with each other so that non-radiative transitions are favored due to
better non-radiative coupling between the ions [54]. The excitation
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Fig. 6. UV-Vis absorbance spectra of (a) SCIO, (b) SCIO-1.0RE, (c) SCIO-1.5Eu, (d) SCIO-2.0Eu, (e) SCIO-1.5Tb, (f) SCIO-2.0Tb, (g) SCIO-1.5Tm and (h) SCIO-2.0Tm.
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Table 4
Comparative results between the Eg,;, values of Srpo_x— y_ZCa0_11n204:(xEu3 *,
yTm>*, 2Tb**) obtained in this work and those reported in the literature.

Sample Egap (eV) Synthesis Method Ref.

SCIO 3.56 usp [This work]
SCIO-1.0RE 3.48 USP [This work]
SCIO-1.5Eu 3.60 USP [This work]
SCIO-2.0Eu 3.61 USP [This work]
SCIO-1.5Tb 3.27 usp [This work]
SCIO-2.0Tb 3.21 USP [This work]
SCIO-1.5Tm 3.44 USP [This work]
SCIO-2.0Tm 3.38 usp [This work]
SrIn,04 3.60 State Solid [40]

SrIn,04 3.66 Combustion [41]

energy is transferred randomly from one ion to another, leading to the
concentration quenching and consequently suppression in photo-
luminescence. According to Blasse, the CD can be expressed as [55]:

)1/3

where V is the volume of the unit cell, X. is the critical concentration of
dopant ions, and Z is the number of the host cations in the unit cell. The
following values for the SCIO-2.0Tm and SCIO-2.0Tb systems were
considered: Z = 4, V(2%Tm) = 373.22 A%, V(2%Tb) = 374.04 A> and
X. = 0.04. The calculated CD (2%Tm) and CD (2%Tb) values were
16.45 and 16.47 A, respectively. Simple exchange interactions are
promoted when the critical distance is within the 5-10 A range [56]. In
this case, other multipolar electrical interactions are responsible for the
quenching effect for larger CDs. According to Dexter’s theory there are

3V
4X.7Z

CD = 2(
®))
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quadrupole and quadrupole-quadrupole, respectively [57]. The RE-RE
distance in the present work is larger than 10 A. Accordingly, the in-
teractions acting on the systems are calculated as the multipolar type.

3.4.2. Energy transfer in Sro.o—x—y—:Cap1Inz04(xEw>", yTm>*, zTb°*
mol%).

The present study aimed to investigate the possible energy transfer
(ETs) between the ions in the triple doped samples. Tm®* shows strong
fluorescence in the blue region; in contrast, Tb®* and Eu®" ions have
strong uptake in the blue region [54]. Therefore, the samples coded
with the Tm®*, Tb®* and Eu®* ions present great possibilities of the
existence of ETs between ions due to their particular absorption and
emission characteristics. Considering that the Tm®**, Tb®* and Eu®*
ions emit their characteristic colors in blue, green and red, respectively,
then these dopants have potential white emission conditions when they
are set at an appropriate concentration in a given matrix. Fig. 8 shows
the diagram of energy levels of the rare earth ions used and the possible
electronic transitions and energy transfers.

For the excitation of 350.7 nm, the Tm>™" ions in the fundamental
state are promoted to state 'D,, from which these ions decay radio-
actively to the 3F, state by emitting photons in the blue region. At the
same time, Tm®" ions relax non-radioactively from D, state to 'Gy
state, filling it. As time progresses, the meta-stable state of 'G, becomes
depopulated and the Tm>* ions relax to the ground state of >Hg,
emitting fluorescence. The Tm>™* ions are classified as sensitizers be-
cause they have higher absorption energy levels, being able to transfer
part of this energy to the activating ions (Tb®**, Eu®*).

(i) ET1 refers to Tm** (!G,4) — Tb%* (°D,). When the Tm>™" ions ex-
cited in the 'D, state decay, part of their energy passes to the °F,
state emitting in blue, and another non-radioactively part decays

three multipole-multipole interactions: dipole-dipole, dipole-
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Fig. 7. Photoluminescence emission spectra: (a) SCIO-x%Eu, (b) SCIO-y%Tm and (c) SCIO-z%Tb, excited at 350.7 nm.
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Fig. 9. CIE diagram of Srpo—x—,—5Ca01Inz04:(xEu®", yTm®*, 2Tb>™).

to the metastable G, state, at the same time part of this energy is
transferred to the D, state of Tb®* [58].

(ii) ET2 refers to Tm®>* (}G,) — Eu®* (°D,). The Tm3* ions in the
fundamental state are promoted to excited 'D, state which de-
composes non-radioactively in the metastable state of 'G4. The
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Tm3* ions then directly transfer some of their energy to the °D,
state of Eu®" during this process. Another type of energy migration
is part of the 'G, (Tm>*) state which subsequently transfers energy
to the °D,, state of Eu®* through the D, state of Tb®>* by means of
non-radioactive relaxations. In this case, the presence of the Tb®™*
ions facilitate ET2 between the Tm** and Eu®" ions. The excited
Eu®* ions relax non-radioactively to °D; and then to the me-
tastable °Dj, state. Therefore, these ions finally decay in a radio-
active pathway from the metastable state to “F; (J = 1, 2, 3 and 4)
ground state by emitting photons in their respective regions [59].

(iii) ET3 refers to Tb®* (°D3) = Eu®" (°D;). The Tb®* ions in the °Ds
excited state non-radioactively relax at °D, in the energy transfer
process, and then transfer part of their energy to the °D; excited
state of Eu®". Eu®" ions decay rapidly in a cascade effect through
non-radioactive emission transitions filling the metastable state
Do. They subsequently relax radioactively by presenting their re-
spective energy levels “F; (J =1, 2, 3 and 4) within the visible
region [60].

3.4.3. Color properties of Sro.9—x—y—2Cp.1IN204(xE’", yTm®*, zTb*+
mol%).

The chromaticity coordinates (x, y) of Srgo_x—_y—,Cag1In,04 sam-
ples are shown in Fig. 9. The luminescent color with the change in RE
concentration may be visibly adequate and controlled. All samples
emitted in the white region as shown in the chromaticity diagram. The

Table 5
Chromaticity coordinates (CIE) and correlated temperature color (CCT) for Sr0,9,X,y,zCaOJIHZO‘;:(xEuS+, mi3+, 2Tb%™).
Code Sample X y CCT (K) CRI (%) Color
A SCIO 0.25 0.29 14108 83 Beginning dusk (Blue)
B SCIO-1.0RE 0.36 0.34 4322 89 Neutral white
C SCIO-1.5Eu 0.42 0.34 2655 79 Warm white (bulb)
D SCIO-2.0Eu 0.39 0.34 3228 80 Warm white (bright halo)
E SCIO-1.5Tb 0.36 0.40 4673 88 Between neutral white and daylight
F SCIO-2.0 Tb 0.36 0.35 4530 95 Between neutral white and daylight
G SCIO-1.5Tm 0.32 0.26 7205 59 Light summer shade
H SCIO-2.0Tm 0.38 0.34 3385 84 Between warm white and neutral white
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correlated color temperatures (CCTs) exhibit a variation between the
values of 2655-7205K for samples doped with RE>*. The Color Re-
producibility Index (CRI) was also evaluated and all samples presented
values equal to or greater than 80%, except for the SCIO-1.5%Tm
sample with 59%. This result represents that the light emitted by the
samples faithfully reproduce the colors seen in the objects, independent
of the CCT values. The adjustable luminescent properties of
St0.9-x—y—2Ca01IN204:(xEu® ", yTm®*, 2Tb** mol%) which were in-
vestigated prove their potential application in the LED display devices.
Table 5 records all information regarding the color characteristics of
Sr0.9-x—y—2Ca01INx04:(xEu", yTm**, 2Tb>* mol%) according to the
behavior shown in the emission spectra in Fig. 7.

4. Conclusion

The Srg.9_x—y—,Cap.1In,0,4 particles were successfully obtained by
the USP method. In observing the XRD results, it was possible to
identify the formation of the orthorhombic phase without the presence
of the secondary phase, indicating that the dopants were successfully
introduced into the matrix. The morphology of the
Sro.0-x—y—-Cap1In,04 particles is spherical with small distortions
presenting a level of surface porosity, with the morphology of the pure
sample having a spongy shape, whereas the doped samples with higher
rare earth content have a deflated ball-shape microsphere. The gap
energy was estimated between 3.21 and 3.66 eV, and this variation may
be associated with the defects, structural distortions and imbalance of
loads caused by the substitution: Sr?>* — RE>". The photoluminescence
results present well-defined Eu®*, Tm®* and Tb® emissions and an
expressive contribution of the SCIO matrix. All samples showed emis-
sion in white and the majority had CRI = 80%.
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