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ABSTRACT

In this work, the structural and optical properties of the 60Si0,—20Zn0—20TiO, system (in mol%) doped
with 1 mol% of Eu®* were evaluated. Stable and transparent sols, homogeneous gels, and powders were
prepared by a soft chemical process followed by annealing from 700 to 1100 °C. Visible emission was
observed in the photoluminescence (PL) spectra from 570 to 700 nm owing to the Eu>* ions, with the
most intense emission peaks at 614 and 590 nm related to the Dy — ’F, and °Dg — ’F; transitions,
corresponding to red (R) and orange (O) colors, respectively. The R/O intensity ratios between 3.16 and
3.73 were observed and correlated to the structural properties of the host. X-ray diffraction patterns
indicated that the reduction of PL at 614 nm and changes in the R/O values were due to the crystallization
process. In addition, the FTIR spectra showed a gradual decrease of the hydroxyl absorption bands
around 3436 and 1640 cm™! and an increase of the bands related to Ti—O—Ti and Si—0—Si linkages,
indicating polymerization and densification process of the host was achieved above 700 °C. Moreover,
increasing the annealing temperature resulted in the formation of ZnTiO3 and Zn;,TiO4 crystalline phases,
as well as rutile TiO,. Finally, intensity parameters (2;), and quantum efficiency were calculated by
applying Judd—Ofelt theory to Eu>* ions, which showed that the Eu**-doped samples can be used in
displays and LEDs.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

ions to obtain luminescent materials [3,4]. In this binary system,
various crystalline phases are normally formed, such as Zn;Ti30s,

Lanthanide ion (Ln**)-doped inorganic luminescent materials
have become an important topic of research in nanoscience and
nanotechnology [1]. The optical properties of lanthanide ion-doped
silicate systems are of great interest for fundamental studies and
technological applications in optical devices, such as lasers, fiber
amplifiers, and waveguides. Therefore, a detailed understanding of
the local structure and bonding of dopant cations is important for
optical device engineering [2].

The ZnO—TiO, binary system is commonly studied and can be
obtained using different oxide combinations, synthesis processes,
and thermal treatments, and can be doped with transition metal
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ZnTiO3 (zinc metatitanate), and Zn,;TiO4 (zinc orthotitanate). As
shown in chemical Equations (1) and (2), ZnyTi3Og is metastable
and forms at low temperatures (<820 °C), whereas between 820
and 950 °C, unstable ZnTiO3 and TiOy() (rutile TiO3) are formed.
However, the unstable ZnTiOs; phase decomposes into stable
ZnpTiO4 and TiOy) phases around 950 °C. The stable Zn;TiO4
crystalline structure is highly energetically favorable and can be
easily obtained by solid-state [5], which requires high temperatures
to form the desired phases, and normally generates inhomoge-
neous and large particle sizes.

ZnTiO3 and Zn,TiO4 have been doped with transition metals and
their luminescent properties have been studied [3,4]. The crystal
structure of these compounds can have two types of defects, and
the dopant ions can be included in interstitial or substitutional
sites. In particular, ZnTiO3 shows photoluminescence at room
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temperature, due to the oxygen vacancies defects [6,7].

< 820°C

Z[‘lzTi303 —_— ZZDTIO3 +T102(1‘) (1)
27nTio; “2%S, Zn,Tio, + TiOy 2)

The SiO,—ZnO binary system commonly forms Zn,SiO4 (zinc
orthosilicate or willemite) at high temperatures and the sol-gel
process is frequently used to obtain nanocrystalline powders. In
this system, silicon and oxygen tetrahedra, called orthosilicates
(5i04)*, are covalently linked, and zinc is associated with the ox-
ygen of the tetrahedra through ionic interactions between Zn>* and
(Si04)* [8]. He et al. [9] showed that heating at temperatures
higher than 900 °C favors reaction between SiO; and ZnO to form
Zn,Si04, which have been explored as phosphors when doped with
rare-earth ions or transition metal. For example, when doped with
manganese ions (Mn?*) can emit in the green region. Zinc ortho-
silicate and zinc titanate compounds obtained from binary systems
exhibit interesting optical, electronic, and photoluminescence (PL)
emission [3,7].

The incorporation of ZnO and/or TiO, increase the refractive
index of silicate compounds and the solubility of rare-earth ions is
expected, also higher in comparison with that of the pure silica,
which has a low rare-earth solubility of 10'® ions/cm? [10,11]. It
would be a breakthrough enabling not only the miniaturization of
optoelectronic and photonic devices, but also improving rare-earth
ions solubility in silica derived host. ZnO usually has an undefined
stoichiometry, caused by either excess metal (Zn;,x0) or oxygen
deficiencies (ZnO;.x) in the ZnO crystal structure. ZnO can generate
defects in the silica network acting as modifier and breakdown Si-
0-Si linkages, allowing the formation of non-bonding oxygens (Si-
07). The non-bonding oxygens can even coordinate Eu** ions
allowing their greater dispersion into the host [9,12].

There are not many reports in the literature on the SiO,—Z-
nO—TiO; ternary system. In 1975, Holland and Segnit [13] studied
this ternary system, which contains a ZnO-rich phase, to evaluate
the equilibrium between the liquid and solid phases. More recently,
Sava and collaborators [14] used structural characterization of
Si0,—Zn0O—TiO, ternary system obtained by the sol-gel method to
evaluate the effect of parameters, such as pH, temperature, and
catalyst, on phase formation. Subsequently, Irimpan et al. [15]
evaluated the non-linear optical properties of a 5 mol% ZnO-
doped SiO,—TiO; binary system and observed that the refractive
index and non-linear absorption increase as the volume fraction of
ZnO increases. However, none of the ternary materials in these
previous studies were doped with rare-earth ions or phosphors,
nor were the optical properties studied with a focus on display
applications.

Based on their high chemical and thermal stability, the
Si0,—Zn0O—TiO, materials are very interesting due to their appli-
cations in toxic waste management, chemical protection coatings,
and dielectric layers in optoelectronics, solid electrolytes, catalysts,
and especially in developing efficient light-energy conversion sys-
tems and optical devices [ 14—16]. Gels of this ternary system can be
used for some applications such as toxic wastes incorporation, but
in others are required powders as catalysts and source for physical
depositions, and thin films for chemical protections and displays.
When the physical methods are used, a source of the ceramic or
compacted powder material form should be employed to produce
homogeneous thin films of complex materials. On the other hand, if
a chemical method is used, it is interesting to use very stable and
non-toxic sols to produce high quality thin films by dip-coating or
spin-coating techniques.

The SiO,-ZnO-TiO, ternary system choice was based on the

properties of crystalline phases and glasses mentioned above and
its technological applications. In this study, the synthesis of the
ternary system 60SiO,—20Zn0—20TiO (in mol%) doped with 1 mol
% of Eu* was achieved using a mixed methodology (sol-gel process
and Pechini method). This method is low cost, does not require
atmosphere control, and uses low annealing temperatures to obtain
powders. In addition, the structural properties and PL emission
spectra were determined as a function of heat-treatment to eval-
uate the use of these systems as phosphors in displays, and the Eu>*
quantum efficiency and Judd—Ofelt parameters were determined.
Here, we present only the results for the selected composition
(60Si0,—20Zn0—20Ti03) as a function of heat-treatment, which
shows the most interesting optical and structural features con-
cerning optical devices application.

2. Experimental procedures

Sols, gels, and powders of 60Si0,—20Zn0—20TiO; (in mol%)
doped with 1% mol of Eu>* were prepared. A soft chemical process
combining sol-gel and polymeric precursor methodologies was
developed to obtain stable and transparent sols. The mixed meth-
odology was based on those used for SiO,—ZnO and SiO,—TiO,
binary systems in the literature [9,17].

The molar ratio between citric acid (CA), acting as a chelating
agent, and ethylene glycol (EG), acting as a polymerizing agent, was
3:2. The same molar ratio between metal citrates and EG was
proposed by Pechini [ 18] for polyesterification reactions. The molar
ratio between CA and the metal cations (MC) was 3:1. In accordance
with Neves et al. [ 19], this molar ratio allows the formation of stable
metallic citrate. The tetraethyl orthosilicate (TEOS) was used as
silica precursor. Thus, the molar ratio of CA:EG:TEOS:MC in solution
was 3:2:1:1. The synthesis of the sols was achieved using titanium
citrate formed by dissolving titanium(IV) isopropoxide (Ti(OC3H7)4,
Fluka, >97.0% purity) in a solution of CA (Cs07Hs-H0, Sigma-
Aldrich, 99.5% purity) in ethanol (C;HsOH, Chemycalis, 95.0% pu-
rity) at 30 °C for 5 min. After homogenization of the solution,
europium nitrate pentahydrate (Eu(NOs)s-5H,0, Aldrich, 99.9%
purity) and zinc nitrate hexahydrate (Zn(NOs),-6H0, Vetec, 98.0%
purity) were added, and then TEOS (Si(OC;Hs)4, Merck, >98.0%
purity) was added to form Zn—Eu-Ti—citrates. After further ho-
mogenization (10 min), EG (CoH4(OH),, Merck, >99.5% purity) was
added to the metal citrate solution. The gels were obtained by
drying the sols at 60 °C over 5 days. Then, the gels were subjected to
a heat treatment from 100 to 1100 °C at a heating rate of 5 °C/min
heating rate without a holding time to obtain powders for evalu-
ation of the crystallization process.

The optical transmittance and absorbance spectra of the sols
were measured using an UV/Vis/NIR spectrophotometer (Perki-
nElmer WB1050) from 350 to 750 nm using quartz cuvette as
sample holder and air as reference.

The sample weight losses over the temperature range of
30—950 °C were determined by thermogravimetric analysis (TG) in
a thermobalance (Shimadzu, model DTG-60H) under a continuous
flow of synthetic air (50 mL/min) with a heating rate of 10 °C/min,
using samples of about 23 mg.

Fourier-transform infrared (FTIR) spectra were recorded in
transmission mode on a PerkinElmer spectrometer (model Spec-
trum 400 FTIR) in the 400—4000 cm™' range using the standard
KBr pellet technique. The spectra were obtained out with a reso-
lution of 4 cm ™! and a typical normalization procedure was applied.

Unpolarized Raman spectra were collected between 200 and
1200 cm~! at room temperature with a micro-Raman spectrometer
(Horiba/Jobin Yvon, HR800) using the backscattering geometry. The
powdered samples were excited using a He-Ne laser at 632.8 nm.

X-ray diffraction (XRD) patterns were collected with a Shimadzu
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diffractometer (model XRD 6000) operating at 40 kV and 30 mA
with Cu Ka radiation (A = 1.54056 A). The XRD data were obtained
between 10° and 80° (20) using a scan rate of 2°/min and an
increment of 0.02°.

High-resolution transmission electron microscopy (HR-TEM)
images were acquired using a JEOL microscope (model JEM-2100)
operating at 200 keV. The program used for the acquisition of
planar distances was Gatan Digital Micrograph.

PL excitation and emission spectra of the powders were
measured using a Horiba/Jobin Yvon spectrofluorometer (Fluo-
rolog-3 model FL3-221) with fixed slits for 1.0 nm-resolution, a
450 W Xe arc lamp was used as excitation source, and detection was
carried out using a Hamamatsu photomultiplier tube. The excita-
tion spectra of samples from 350 nm to 595 nm were collected
monitoring emissions at 614 nm, and the emissions spectra be-
tween 500 and 750 nm were collected under excitation at 394 nm,
in front face mode. Eu>* °Dy decay times were obtained with a
pulsed Xe arc lamp (3 ps bandwidth). The PL emission was cor-
rected for the spectral response of the monochromators and the
detector using the typical correction spectrum provided by the
manufacturer. All measurements for the samples were carried out
at room temperature.

3. Results and discussions
3.1. Thermal and structural properties

In Fig. 1(a) shows digital photos of the sol as prepared, the dried
gel at room temperature, and dried gels and powders heat-treated
between 100 °C and 1100 °C. The sol is well transparent between
400 and 750 nm (>71% at 400 nm) with low absorbance (<0.15 at
400 nm), as we can see from transmittance and absorbance spectra
in Fig. 1(b). The high absorbance from 350 nm to 400 nm is due to
metal-ligand charge-transfer bands and absorptions of organic
species. Note that, white color powders could be obtained after
heat-treatments from 700 °C to 1100 °C.

Fig. 2 illustrate the TG/DTG curve for the dried gel of
60Si0,—20Zn0—20TiO, doped with 1 mol% of Eu**. The weight loss
stages can be associated with the absorption bands in the FTIR
spectra of the same composition presented in Fig. 3. In the TG and
DTG curves (Fig. 2), the weight loss stage from 60 to 160 °C is
assigned to the elimination of hydrated water and solvent adsorbed
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Fig. 2. TG and DTG curves of the 60Si0,—20Zn0—20TiO, gels dried at 60 °C.

on the powder surface. The FTIR spectra obtained in the tempera-
ture range of 100—200 °C shows a decrease in the intensity of the
band at 1736 cm™! related to the C=0 stretching mode of free CA,
suggesting that some of the CA is eliminated in this temperature
range [20].

The second weight loss stage occurs in the temperature range
between 160 and 500 °C (Fig. 2) and can be attributed to the
elimination of organic matter and carboxyl groups bonded to ions,
corresponding to a weight loss of approximately 70%. In the FTIR
spectra (Fig. 3), for powders annealed between 200 and 500 °C, a
complete disappearance of the bands at 1736 cm~! (C=0 stretch-
ing mode of free CA), 2980 and 1376 cm~' (C—H stretching and
deformation, respectively), and 1088 cm~! (C—OH axial stretching)
was observed [20]. The band at 1634 cm ™! overlaps or is coincident
with the C=0 asymmetric stretching of the carboxylate groups for
an unidentate complex and the deformation vibrations of
condensing water molecules [21]. In addition, a small inflection is
observed in the DTG curve (Fig. 2) in the temperature range be-
tween 400 and 500 °C, which coincides with the complete disap-
pearance of the bands in the 2900—3200 cm™' region related to
C—H stretching. This observation suggests that the band remaining
at 1634 cm™! above 500 °C corresponds to OH groups.

Above 700 °C, a gradual decrease of the hydroxyl absorption

(b) 100 v v v v v v v 5.0
90 45
SOI Gel 80 | e—m—, 4.0
_ $ 704 E3s
8 60 F302
c b7
S 50 259
= <3
3 Eoo®
£ 40 zog
c
S 304 15®
=
204 Collected from sol] [ '*°
103 N\—~ 0.5
0 0.0

350 400 450 500 550 600

Wavelength (nm)

650 700 750

Dried gels

Powders

Fig. 1. (a) Digital photos of the sol as prepared, the dried gel at room temperature, and the materials (dried gels and powders) heat-treated between 100 °C and 1100 °C. (b)

Transmittance and absorbance spectra of the sol.
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Fig. 3. FTIR normalized spectra of 60Si0,—20Zn0—20TiO, gels and powders samples
annealed from 100 °C to 1100 °C.

bands around 3436 cm™! is observed in the FTIR spectra (Fig. 3),

and another pattern is detected in the 800—400 cm™~! region cor-
responding to the absorption bands of Zn—0 (450 and 610 cm™ 1),
Ti—0 (462 and 526 cm™1), Ti—O of TiOg (580 cm™!), and Si—O—Ti
(900—1000 cm™!). At the same temperature, the Raman spectra
(Fig. 4) show peaks at 410, 740, and 950 cm™, suggesting the for-
mation of the ZnTiOs3 structure [22,23], which is confirmed by the
XRD patterns presented below. After annealing at 800 °C, the
sample showed FTIR absorption bands at 460, 610, 660, and
780 cm™ !, which are related to M—O stretching (where M = metal),
which is characteristic of spinel-type structures. These observa-
tions are in agreement with the XRD diffraction patterns and
Raman spectra reported by Chaves et al. [3].

Finally, a decrease in the intensity associated with Si—O—Ti
(900—-1000 cm~!) and an increase in the absorption of new

mZn,TiO,
Q znTio,
e TiO,

Intensity (arb.units)

700°C 3

T T T T T T T T T
200 300 400 500 600 700 800 9(%0 1000 1100 1200

Raman Shift (cm™)

Fig. 4. Raman spectra of 60Si0,—20Zn0—20TiO, powders samples annealed from
700 °C to 1100 °C.

linkages, such as Si—0—Si (800 and 1100—1200 cm ') and Ti—O—Ti
(500—600 cm™!) are observed in the FTIR spectra (Fig. 3). The
Raman spectra for powders heat-treated above 900 °C (Fig. 4) show
a structural change, is associated with the beginning of the crys-
tallization of the Zn,TiO4 phase and segregation of TiO; as the rutile
phase. Such crystallization leads to titanium oxide segregation, as
reported by Gunyji et al. [24], and will be well discussed below with
the XRD results.

The XRD patterns of the powders annealed from 700 to 1100 °C
are presented in Fig. 5. At 700 °C, the powder is completely
amorphous, whereas the XRD pattern of the powder heat-treated
at 800 °C shows peaks characteristic of zinc metatitanate (ZnTiOs,
JCPDS card N° 39-0190) [25]. In contrast, the diffraction patterns of
the powders heat-treated from 900 to 1100 °C, show a slight shift of
the main peaks at 35.4° and 30.0° toward smaller angles, which is
indicative of the formation of the Zn,TiO4 phase (JCPDS card N° 25-
1164) [26]. The XRD pattern for the powders heat-treated at 1100 °C
reveals a low intensity peak corresponding to an additional phase,
the TiO; rutile structure (JCPDS card N° 88-1175) [27]. The segre-
gation of this oxide occurs concomitantly with the formation of
zinc titanate (ZnyTiO4). The Raman spectra (Fig. 4) confirms the
presence of the TiO; rutile phase in the powder heat-treated at
900 °C or higher.

Both zinc titanate phases have numerous similarities in their
crystallographic cards; however, the phases obtained are consistent
with those reported in the literature for the ZnO—TiO, binary sys-
tem [28,29]. In this system, the Zn,Ti3O3 phase decomposes to
ZnTiOs and TiO; rutile phases at temperatures below 820 °C, but at
temperatures higher than 950 °C, the ZnTiO3 phase transforms into
ZnyTiO4 and TiO; rutile phases. The main peak of the TiO; rutile
phase had a very low intensity, and was not easily observed in the
diffractograms collected at 2.0°/min. However, when the XRD
pattern was collected at 0.5°/min (inset, Fig. 5), the main diffraction
peak of the TiO; rutile phase at 27.6° was clearly observed, con-
firming the assignment of the phases in the Raman spectra in Fig. 4.
The powders had crystallite sizes of 9.0 and 19.0 nm at 900 and
1100 °C, respectively.

TEM images show that the sample does not have crystalline
structures at 700 °C. The material remained amorphous up to a
temperature of 800 °C, where crystallization began and spherical
nanoparticles with an average size of 5.4 + 0.1 nm were observed
(Fig. 6(a)). At a temperature of 900 °C, spherical nanoparticles were

T
O-ZnTiO,

n ZI']ZTiO4 g O ®-TiO, ()
Q ZnTiO, £ e °
® TiO, () §

£ -

Intensity (arb.units)

40 '50' - '60' - '70' - '80
20 (degrees)

Fig. 5. X-ray diffraction patterns of 60Si0,—20ZnO - 20TiO, powders annealed at
different temperatures, and the inset is of that heat-treated at 1100 °C.
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Fig. 6. TEM image of powders with 60Si0,—20Zn0—20TiO2, treated at a) 800 °C; b) 900 °C; c¢) 1000 °C; d) 1100 °C and e) statistical histogram of the size distribution of the

nanoparticles of Fig. 5a.

observed to be dispersed in an amorphous medium (Fig. 6(b)), with
an interatomic distance of ~2.54 + 0.05 A, which corresponds to the
(311) plane of ZnTiO3 [24]. Planar distances of 3.14 + 0.04 A
(Fig. 6(c)) and 3.39 + 0.05 A (Fig. 6(d)) were measured for the
powders heat treated at 1000 and 1100 °C, which are similar to that
expected for the (220) plane of the Zn;TiO4 phase and the (110)
plane of the TiO, rutile phase, respectively [25,26]. These images
corroborate the data obtained by XRD. Fig. 6(e) shows a statistical
histogram of the narrow size distribution of the nanoparticles in
Fig. 6(a).

The zinc titanate compounds obtained here are consistent with
those observed by Chang et al. [5]. However, in our work, the
crystallization of Zn;,Tiz0g, as proposed by Yang and Swisher [30]
and Kim et al. [31], was not observed, probably due to
modification of the phase formation kinetics by the used chemical
process.

Many reports on the synthesis of binary ZnO—TiO5 indicate that
different compounds can be formed simultaneously [4,32]. Hou

et al. [22] used the sol-gel process to prepare compounds with a
1:1 mol ratio of ZnO and TiO-, and obtained a mixture of crystalline
phases from 800 to 1000 °C, as elucidated by XRD. However, in
these systems, crystalline compounds were already observed
around 500 °C, whereas the silica present in our ternary system
increases the crystallization temperature. Gunji et al. [24] reported
that silica retarded titanium oxide segregation in a SiO,—TiO> bi-
nary system. On the other hand, Aubert et al. [33] reported the
formation of ZnTiO crystallites with an unidentified ratio at tem-
peratures higher than 600 °C, showing that Eu>* doped thin films
showed high red emission when annealed at 800 °C. The various
zinc titanate structures have been evaluated by researchers. In
1960, Dulin and Rase [34] proposed a phase diagram for the
Zn0O—TiO; binary system, and recently, Yang and Swisher [30] and
Kim et al. [31] have included new structures in the phase diagram,
specifically Zn,Ti3Og. Our FTIR, Raman, and XRD results showed
that despite the presence of SiO, led to phase crystallization as
indicated in the phase diagram proposed by Kim et al. [31].
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3.2. Eu?t ion excitation and emission

Fig. 7(a) shows the excitation spectra from 60SiO,-20Zn0O-
20TiO, (mol%) powders doped with 1 mol% of Eu** heat-treated
(H.T.) from 700 °C to 1100 °C. The narrow bands around 362, 382,
394, 413, 464, 533, and 579 nm are attributed to the f-f transitions
of the Eu>* 4f° configuration. These peaks are assigned to the
transitions ’Fo — °Dy4 (362 nm), ’Fy — °Gp.6 (382 nm), "Fo — °Lg
(394 nm), ’Fy — °Ds (414 nm), 'Fy — 5D, (464 nm), "Fy — °Dy
(533 nm), and 'Fy — Dy (579 nm). For powders H.T. between
700 °C and 900 °C the strongest peak is located at 394 nm, but
those ones H.T. at 1000 °C and 1100 °C the strongest peak is
centered at 464 nm. In fact, increasing the temperature of heat-
treatment, the intensity peak at 464 nm in comparison with that
at 394 nm increases, indicating that the Eu* surroundings have
been changed. Another feature is observed for ’Fy — Dy transition,
which is not only at 579 nm, but also another narrow and centered
at 587 nm for H.T at 1100 °C; and a broadening is observed for
powders H.T. from 700 °C to 1000 °C, probably mainly due to two
different microenvironments for Eu>* ions. It is reasonable suppose
that the ZnTiO3 and Zn;,TiO4 lattices distorts to have enough space
for extra oxygen accommodation and this extra oxygen in the lat-
tices could be responsible for another Eu* transition ’Fo— °Dy (at
587 nm). Only 394 nm excitation was chosen to achieve emission
spectra due to its dominant intensity in most samples.

Fig. 7(b) shows the emission spectra of Eu>* excited at 394 nm
for 60Si0,—20Zn0—20TiO; as a function of annealing temperature
(from 700 to 1100 °C). The observed emissions are due to >Dg — ’Fy
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Fig. 7. Eu>* room-temperature (a) excitation spectra (emission wavelength 614 nm)
and (b) emission spectra (excitation wavelength 394 nm) of 60Si0,—20Zn0O—20TiO,
powders samples annealed from 700 °C to 1100 °C, doped with 1 mol% of Eu*.

(578 nm), °Dy — ’F; (591 nm), °Dg — F, (614 nm), Dy — "F3
(652 nm), and >Dy — ’F4 (701 nm) transitions, and the dominant
emission occurs for the electric dipole allowed transition around
614 nm.

Yaiphaba et al. [1] mention that the splitting levels depend on
the (i) intensity of the excitation source; (ii) excitation/emission slit
widths; and (iii) crystallinity. At high annealing temperatures (at
900 and at 1000 °C), the energy levels do not split, as expected due
to the high sample crystallinity, and similarity regarding the dis-
tribution of Eu* ions, which are located in similar regions or sites.
On the other hand, although the annealing temperature can result
in organization around active ions, defects around the ions can
decrease the PL emission. In addition, Eu* ion segregation can
occur to form Eu—O—Eu clusters, which leads to energy transfer
between adjacent Eu* ions, and defects can quench the PL emis-
sion [35]. Stark splitting is well observed only for sample H.T. at
1100 °C, related to Eu>* ions located in crystalline sites, also a broad
band centered at 440 nm was noted in this sample, probably from
defects in the host.

The characteristics of the PL spectra shown in Fig. 7(b) and the
crystallization process are directly related to changes in the R/O
values (Table 1). The R/O value is the relation between the emission
intensities at 614 and 590 nm due to the °Dy — ’F, and °Dg — 'F
transitions of Eu*, respectively. R is red emission (614 nm) cor-
responding to the electric-dipole-allowed transition and O is or-
ange emission (590 nm) corresponding to the magnetic-dipole-
allowed transition [36]. At 700 °C, the samples have R/O values of
around 3.55, indicating low symmetry around the Eu®* ions.
However, at 900 °C changes occur due to the effective crystalliza-
tion of some phases in the powders, and the R/O value is around
3.73, indicating an even more asymmetric environment around
Eu?*. Subsequently, because of the crystalline transition of the
material, the R/O values decreases to 3.27 at 1000 °C and to 3.16 at
1100 °C.

Fig. 8 shows the emission decay profiles of the samples annealed
between 700 and 1100 °C. The °Dy decay time was obtained from
the profiles with an excitation wavelength of 394 nm and an
emission wavelength of 614 nm. As shown in Fig. 8, non single-
exponential decays were observed for all of the samples. In this
case, the average lifetime can be calculated by Refs. [11,37]:

)
Tag = / %dt, 3)

i'o

where 7,y is the average lifetime, I(t) is the PL intensity at time t, I,
is the initial PL intensity at O ms, and tyis the time at which the PL
emission becomes zero (~10 ms). The average lifetimes (7avg) for
the samples annealed between 700 and 1100 °C varied from 1.99 to
1.11 ms, as listed in Table 1.

As the decay profiles were not single-exponential curves, all five
curves in Fig. 8 could be fitted to the sum of two exponential
functions [38]:

Table 1

R/O ratio values between °Dy — ’F, and °Dy — ’F; transitions and the average decay
lifetime in milliseconds of D3 — ’F, transition of Eu** ions in 60Si0,—20Z-
n0—20TiO, in mol% powders annealed from 700 °C to 1100 °C.

Heat-treatment (°C) R/O ratio Average lifetime (tavg) (+0.05 ms)
700 3.55 1.99
800 3.70 1.82
900 3.73 1.59
1000 3.27 1.24
1100 3.16 1.11
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Fig. 8. Eu>* room-temperature emission decay curves monitored at 614 nm under
excitation at 394 nm obtained for 60Si0,—20Zn0—20TiO, powder samples annealed
from 700 °C to 1100 °C. Lines show fits obtained with two adjusted decay times and
amplitudes A; and A, (A1 + A, = 1), respectively. For 700 °C, 71 = 2.46 ms, 7, = 1.11 ms,
A; =0.64 and A; = 0.36; for 800 °C, 71 = 2.11 ms, 72 = 1.09 ms, A; = 0.71 and A, = 0.29;
for 900 °C, 71 = 1.75 ms, 7, = 0.71 ms, A; = 0.83 and A, = 0.17; for 1000 °C,
71 = 1.37 ms, 7, = 0.22 ms, A; = 0.85 and A, = 0.15; and for 1100 °C, 7; = 1.40 ms,
72 = 0.53 ms, A; = 0.61 and A; = 0.39.

I=Ae ™ 4 Ayet/m2, (4)

where A; and A; are the amplitudes at zero time, and the sum of A;
and A; is unity (A + A2 = 1), I is the amplitude at time t, and 71 and
T, are the decay lifetimes. The values of the decay lifetimes and the
amplitudes at zero time are show as a function of heat-treatment in
Table 2.

The A1 and A; values, as well as the 71 and 7, decay times, varied
with the annealing temperature. Increasing the temperature from
700 to 1100 °C resulted in a decrease in the 71 value from 2.46 to
1.40 ms and a similar decrease in the 75 value from 1.11 to 0.53 ms.
This result can be correlated with the differences in the symmetry
of the microenvironment or nearest neighbor environment of the
rare-earth ion, as well as refractive index changes [39], as observed
by Ferrari et al. [40] in Er3*-doped SiO;—Ta,0s. The increase in A;
from 700 to 1000 °C indicated that Eu>* ions are preferentially
incorporated in Zn sites of the ZnTiO3 phase, likely because the
jonic radius of Eu** (1.066 A) is closer to that of Zn>* (0.74 A) than
that of Ti** (0.68 A) [41,42]. However, the formation of the Zn,TiO4
and TiO; rutile phases at higher temperatures decreases the Ay
amplitude, while increasing 74, suggesting that the formation of
Zn,TiO4 and rutile TiO, reduces the >Dy lifetime of Eu>*. All these
features are corroborated by XRD patterns presented in Fig. 5, or be
powders remained amorphous until 700 °C, increasing the heat
treatment causes an increase of the crystalline content and its
crystallinity (formation of TiO3, Zn,TiO4 and ZnTiO3 phases) which
certainly increase the interaction and an efficient energy transfer
within the nearest-neighbor Eu>* ions, increasing nonradiative
recombination effects. Moreover, some amounts of Eu>* ions can be

Table 2
Decay lifetimes and the amplitudes at zero time of >°D3 — ’F, transition of Eu>* ions
in 60Si0,—20Zn0—20TiO, in mol% powders annealed from 700 °C to 1100 °C.

Temperature (°C) 71 (ms) 72 (ms) Aq A

700 2.46 1.11 0.64 0.36
800 211 1.09 0.71 0.29
900 1.75 0.71 0.83 0.17
1000 1.37 0.22 0.85 0.15
1100 1.40 0.53 0.61 0.39

quenched due to trapped surface defects and structural defects
leading to reduction of the excited state radiative lifetime [38—40].
Besides, higher amounts of crystalline contents increase the
refractive index of the material that lead to lower radiative lifetime
of Eu* ions, for example, Chang et al. [38] related the lower decay
lifetime with the YInGe;O; phase formed when the annealing
temperature rises. Here in our work, we have a mixture of two
crystalline phases making difficult correlate the lifetime values to a
specific phase.

In the study on R3_3xEu3xSbO7 (R = La, Gd or Y, x = 0.05—1.0)
synthesized via a solid state reaction [37], the authors reveal a pair
broadening effect for intermediate Eu>* doping (0.2 < x < 0.6,
lifetime of ~1.2 ms in Lay49EuggpSbO7), in a heavily Eu3+—doped
sample (0.7 < x < 1.0, lifetime of ~0.2 ms in Lag goEuy10SbO7) there
are cluster centers inducing luminescence quenching, and only for
low concentrations (0.05 < x < 0.2, lifetime of ~2.3 ms in
Lay g5Eug15Sb07) there are isolated Eu?" centers. Note that 1 mol%
of Eu* correspond to x = 0.0133 (Las.g6Eug,04Sb07) should have
only isolated centers. Based on this, we can propose that our
samples have similar behavior, at low H.T. temperatures there are
isolated centers and at higher H.T. temperatures present pair
broadening effect and clustering formation.

Werts et al. [43] and Carlos et al. [44] previously calculated the
spontaneous emission probability (A), radiative lifetime (7graq),
quantum efficiency for °Dy — ’F, emission, and Q, and Q4 pa-
rameters, as presented below.

The pure magnetic-dipole character of the Dy — ’F; transition
enables the determination of the intensity parameters from the
emission spectrum. As this transition does not depend on the local
ligand field experienced by Eu* ions, it can be used as a reference
for the entire spectrum [43,44]. The Ag; spontaneous decay rate for
the °Dy — F; transition is Ag; = A’y -1, where A'g; = 14.65 s~ ! in
vacuum and n is the refractive index of the host material. Then, the
intensity of the °>Dy — ’Fy_g transitions in terms of the area of the
emission curves (Sgj) is:

Soj = hcvAyN(5po), (5)

where N(°Dy) is the Dy level population that emits. The total
radiative decay rate can be written as:

6 SO]
0 hCUOI

6
Ap1hcv
AT — AO] — 01 01 (6)
2 S
J=0 o]

The branching ratio for the >Dy — ’Fsg transitions must be
neglected owing to its low relative intensity, and the radiative
contribution can be calculated using only the >°Dy — “Fy_4 transi-
tions [44].

The emission quantum efficiency (q) is defined by the experi-
mental and radiative lifetime ratio:

q= ke (7)
TRad
The site symmetry and luminescence behavior of Eu®* ions in
the matrix was carried out by calculating the Judd—Ofelt parame-
ters Q; (A =2, 4). In the Judd—Ofelt theory, the intensity parameters
Q, are given by:

3h 9 1
Q. — _ Aoy (8)
* T B4mtely? n(n2 +2)2 ‘<5DO|U(*)|7F]>‘2

The values for the reduced matrix elements are 0.0032 for
A=J]=2and 0.0023 for A = | = 4. Table 3 lists the determined Agj,
Ap2, Ao4, AT, TRad» q(%), 2, and Q4 values. For comparison, the
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Table 3

Judd-Ofelt parameters, quantum efficiency, and intensity parameters for Dy state under excitation at 394 nm.

Heat-treatment (°C) Ao1 (s71) Anz (s71) Aoa (s Ar(s71) TRad (MS) Tavg (MS) Q (%) Q5 (1072% cm?) Q4 (1072' cm?)

700 55.1 2043 147 274.1 3.65 1.99 55 6.27 6.44

800 57.6 2215 146 293.7 3.40 1.82 53 6.44 6.10

900 62.1 2415 14.1 317.7 3.15 1.59 51 6.50 5.45

1000 68.4 2335 16.0 3179 3.14 124 39 5.65 5.58

1100 68.3 2249 15.4 308.6 324 1.11 34 5.44 5.34
emission quantum efficiency was calculated using the 7,y values. Acknowledgements

In this calculation, we used the refractive index (n) previously
determined for thin films with same the composition and heat-
treatment.

The dependence of the radiative lifetime on the heat-treatment
originates from the radiation field polarization of the medium and
the photon density change in an optically dense medium. In fact,
the refractive index varies due to the formation of crystalline
phases [45]. The oscillator strength of the electric dipole transition
for Eu>* should increase from 700 to 1000 °C, and due to this, the
3Dy radiative lifetime of Eu* decreases or the radiative transition
rates are higher, as seen in Table 3. In this way, the quantum effi-
ciency (q) of the >Dg — ’F, transition is higher for samples heat-
treated at 700 °C (55%), but slightly reduced by increasing the
heat-treatment to 900 °C (51%), taking into account 7,yg. Taking into
account the two experimental lifetimes obtained at 900 °C by
fitting the decay curve to a bi-exponential function, q values of 56%
and 23% are obtained for 71 and 7, respectively. This result in-
dicates that a high portion of Eu>* ions is located in a protected site
that is not well coupled to hydroxyl groups or defects.

The polarization and asymmetry behavior of rare-earth ligands
are determined by the Q, parameter, whereas Q4 depends on long-
range effects [46]. The higher ©, value for Eu>* in samples heat-
treated at 900 °C indicates a highly asymmetric nature, which is
corroborated by the R/O ratio of 3.73, which is probably related to
the formation of a single ZnTiO3 phase. The low Q4 value implies
that 5D0 — 7F, transition efficiency increases, and this transition
accounts for the majority of Eu>* emission, resulting in this ma-
terial having almost pure red emission.

4. Conclusions

Homogeneous and transparent solutions of 60SiO,—20Z-
n0—20TiO, doped with 1 mol% of Eu>* were prepared by a mixed
methodology consisting of a sol-gel process and a polymeric pre-
cursor method. The structural evolution of the gels and powders
were evaluated, with effective removal of organic compounds at
annealing temperatures between 600 and 700 °C, and the residual
hydroxyl groups removed at higher annealing temperatures,
especially 1100 °C. The crystalline phases obtained depending on
the annealing temperature, with zinc titanate (Zn,TiO4) as the
major phase as high temperatures. However, at 800 °C, only ZnTiO3
is formed. At 900 °C, the largest R/O ratio was obtained as a
consequence of the low symmetry around Eu>* ions in the crys-
tallized ZnTiO3 phase. Moreover, this sample had good quantum
efficiency (55% and 23% for 71 and 7 or 51% for Tayg). Eu?* ions in
the 60Si0,—20Zn0—20TiO, host system have a high Q, value,
revealing their highly asymmetric nature, which depends on the
annealing temperature and the crystalline phases. Finally, inter-
esting structural characteristics and optical emission were obtained
for Eu**-doped samples with potential application in displays as
nanostructured red emitters.

The authors would like to thank the Brazilian agencies CNPq,
CAPES, FAPEG, FAPESP, IFG, and FUNAPE for financial support, and
PhD student Robson Rosa Silva of UNESP-Araraquara for help with
Raman spectra measurements.
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