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Abstract

This article reports that europium-doped strontium titanate (SrTiO3:Eu
3þ ) was successfully synthesized using a co-precipitation method at

room temperature with processing in a microwave-hydrothermal system at 140 1C for 30 min. Phase composition and structure were examined
using X-Ray Diffraction, and Fourier-Transform Raman spectroscopy, revealing a cubic structure with a Pm3m space group. The optical
properties were investigated by ultraviolet-visible absorption and photoluminescence, which showed that red emissions originate from Eu3þ

transitions. Field emission scanning electron microscopy revealed spherical-like Eu3þ doped SrTiO3 nanoparticles.
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

SrTiO3 compounds are members of an important inorganic
materials family with a distinctive perovskite-type structure
and have been investigated because of their unique structure,
good chemical and physical stability, strong visible lumines-
cence, and excellent optical properties [1,2]. Such character-
istics can be used in applications, such as optoelectronic
devices, gas sensors, photocatalysts, or photoelectrodes, to
improve efficiency [3,4]. Moreover, structural changes can
result in SrTiO3 having diverse physical and chemical proper-
ties. Some new optical properties of this material can be
obtained by doping it with rare earth (RE) ions [5,6].
Nanoparticles of inorganic compounds activated by RE ions
have received much attention due to their broad applicability
and potential use in technology [7,8]. New matrices are
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desperately needed for doping to enrich the categories of
products and develop a more common and comprehensive
theory [9]. Eu3þ ions are important because of their potential
application as red phosphors, in optical amplifiers, in electro-
luminescent devices, and in lasers [10,11]. Among all the RE
ions, Eu3þ is usually employed as a red emitting center
because of its unique 4f6 configuration that can be effectively
activated by ultraviolet rays or cathode rays and emits high
purity red light [12].
Preparation techniques that have been proposed to fabricate

SrTiO3 include solid-state reaction procedures [13] and polymeric
precursor methods [14]. However, these synthesis routes result in
agglomeration of particles and require a high synthesis temperature
and large amounts of energy. In addition, they produce a poor
morphology of phosphor particles and an uneven distribution of
particle size at a low production rate with long preparation cycles.
Consequently, it is very important to develop economic and simple
synthesis methods for titanate materials. The microwave hydro-
thermal (MH) method has drawn tremendous attention owing to its
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advantages, such as low reaction temperature, energy econ-
omy, well-defined product morphology, and energy effi-
ciency, because power is only applied within the reactive
mixture. The microwave-assisted processing is fast, clean,
simple, and often more energetically efficient than conven-
tional heating [15,16].

This article reports a successful synthesis of SrTiO3 doped
with 1 mol% of Eu3þ crystal phosphors by the MH method.
SrTiO3 was chosen as the host, because it has attractive
chemical and thermal stability properties.
Fig. 1. XRD patterns of SrTiO3: Eu3þ processed in a microwave-assisted
hydrothermal method at 140 1C for 30 min.
2. Experimental details

2.1. Synthesis and MH processing of SrTiO3:Eu crystals

SrTiO3 doped with 1 mol% of Eu3þ powders were synthe-
sized by co-precipitation without surfactants in aqueous
solutions. Ti(OC3H7)4 (99.99%, Aldrich), SrCl2.2H2O
(99.9%, Merck), and KOH (99%, Merck) were used as starting
materials. First, 0.01 mol of Ti(OC3H7)4 was slowly added to
25 mL of deionized water while stirring. Similarly, 0.01 mol of
SrCl2.2H2O was dissolved in 25 mL of deionized water,
separately, with constant stirring. Eu(NO3)3 � 5H2O (1 mol%
Eu3þ with respect to Sr2þ , 99.99%, Aldrich) was added to this
reaction mixture. KOH was used as a mineralizer agent. The
mixture containing all the ions was transferred to a Teflon
autoclave with 100 mL capacity (80% filled), sealed, and
placed in the MH system using 2.45- GHz microwave radia-
tion with a maximum power of 800 W. The reactional mixture
was heated at 140 1C for 30 min. This was followed by natural
cooling of the autoclave to room temperature. The product was
washed several times until a neutral pH was obtained and dried
at 70 1C for 6 h.
2.2. Characterization of SrTiO3:Eu
3þ crystals

The obtained crystals were structurally characterized from
X-ray powder diffraction (XRD) patterns using a Shimadzu-
XRD-6000 (Japan) with Cu-Kα radiation (λ=1.5406 Å) in the
2θ range from 101 to 701 with a scanning velocity of 21/min in
normal routine scanning. FT-Raman spectroscopy was per-
formed with a Bruker-RFS 100 (Germany). The Raman spectra
were obtained using a 1064-nm line with a Nd:YAG laser,
while keeping its maximum output power at 100 mW, in the
range from 50 to 1000 cm�1. The morphologies of SrTiO3:
Eu3þ crystals were observed by field emission scanning
electron microscopy (FE-SEM) through a Carl Zeiss, model
Supra 35-VP (Germany) operated at 6 kV. Ultraviolet-visible
(UV-vis) diffuse reflectance spectra were produced using a
Varian spectrophotometer model Cary 5G (USA) in diffuse
reflectance mode. Photoluminescence (PL) measurements were
performed using a Jobin Yvon-Fluorolog spectrofluorometer
under continuous Xe lamp (450 W) excitation at room temp-
erature (λ=393 nm).
3. Results and discussion

3.1. XRD patterns

The XRD patterns of the SrTiO3 obtained by the co-
precipitation method and processed in an MH system are
shown in Fig. 1. The diffraction peaks match the standard data
of a cubic phase with a Pm3m space group, according to the
Joint Committee for Powder Diffractions Standards, JCPDS
Card N1 35-0734 as indicated. Some traces of additional peaks
correspond to impurity phases (marked by n), which are
attributed to the SrCO3 phase and are probably due the
existence of strontium vacancies in the SrTiO3 structure. The
SrCO3 phase corresponds to the Pmcn orthorhombic structure
indexed by JCPDS card N1 05-0418.
3.2. FT-Raman spectroscopy analysis

Raman spectroscopy has been used to study the structure and
symmetry in solids as well as phase transitions in different
perovskites [17]. The phenomenon of inelastic light scattering is
generally used to investigate the behavioral changes in the local
symmetry of ceramics. Fig. 2 illustrates the Raman spectrum for
the sample of SrTiO3:Eu prepared by co-precipitation and
processed using an MH method. Six Raman-active modes were
observed in the range of 150–1100 cm�1 that were assigned to
the cubic structure. Assignments of Raman active modes for the
europium-doped- SrTiO3 structure are shown in Table 1. The
information in the table shows an excellent match between the
Raman shift of peaks at 177, 264, 545, 736, 800, and 1069 cm�1

and the frequencies of TO2, TO3, TO4, TO, LO4, and SrCO3

phonons, respectively. These results agree with those of Moreira
et al. [18] who prepared pure strontium titanate nanospheres. The
purpose was to perform a joint experimental analysis and first-
principle calculations on MH synthesis of ST nanospheres.
According to the XRD analysis, the Raman spectrum (Fig. 2)
displays a peak at 1069 cm�1 that corresponds to SrCO3. Similar



Fig. 2. FT- Raman spectrum of SrTiO3: Eu
3þ .

Table 1
Frequencies (cm�1) obtained by Raman analysis of SrTiO3:Eu

3þ .

Vibrational modes Ref. [18] ST:Eu3þ

TO2 Mode P1 179 177
TO3 Mode P2 265 264
TO4 Mode P3 545 545
TO Mode P4 724 736
LO4 Mode P5 792 800
SrCO3 Mode P6 1072 1069

Fig. 3. UV-Vis absorbance spectrum SrTiO3: Eu
3þ .
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results have been observed for pure SrTiO3 in other research
reported in the literature [19].
3.3. Ultraviolet-visible absorption spectroscopy analysis

The optical band gap (Eg) was calculated by the Wood and
Tauc method to understand the effect of structural distortions
on the SrTiO3:Eu

3þ electronic state distribution. In this
calculation, the Eg value is related to the absorbance and
photon energy. Fig. 3 shows the optical absorbance spectra as
a function of photon energy for a sample of strontium titanate
doped with 1 mol% of Eu3þ .

The absorption curve shows the typical optical behavior of
crystalline or structurally arranged materials. A tail with a very
subtle absorption gradient is observed after the linear fit forms
an angle with the x-axis, which is very close to 901. The Egap

value found by extrapolation of the experimental curve was
3.08 eV for the SrTiO3:Eu sample. Egap values are related to
the presence of intermediate levels between the valence band
and conduction band due to the presence of a structural
disorder-order network of material and are also related to the
photoluminescent behavior presented. The reported Egap value
for pure strontium titanate (ST) prepared by the polymeric
precursor method was approximately 3.2 eV [20]. However,
Egap values are very dependent upon the synthesis method,
morphology, orientation, and distortions in the lattice, as well
as doping [21]. Fig. 3 shows the decrease in the Egap values
with respect to the literature value for pure ST as a result of the
insertion of Eu3þ ions in the SrTiO3 network. This behavior
can be related to an increase of intermediary energy levels
between the valence band and conduction band. This phenom-
enon can be explained by new electronic levels related to
additional 4f orbitals of Eu3þ ions. Cavalcante et al. [22]
achieved a significant reduction in Egap values (from 4.9 to
3.82 eV) upon the replacement of Ba2þ by Pr3þ in the
BaWO4 lattice. They reported that Pr3þ ions induce the
appearance of a new intermediary energy level within the
optical band gap, since the praseodymium contributes 4f
orbitals, while the barium exhibits 6 s orbitals in the valence
band. These effects were also attributed to distortions in the
BaWO4 lattice and the formation of barium and oxygen
vacancies. The vacancies are related to the substitution of
trivalent Pr3þ ions into the A-sites normally occupied by
divalent Ba2þ ions, which leads to negative charge compensa-
tion in the crystal. In other work, Chen et al. [23] explained the
correlation between the electronic structure and optical proper-
ties of Eu-doped ZnO crystals. According to the authors, when
Eu3þ ions are incorporated into the ZnO host, they tend to
form localized states and introduce electrons (i.e., impurities)
into the ZnO band gap, which are responsible for the band gap
reduction.

3.4. PL emission analysis

The literature reports that pure strontium titanate displays a
broad band spectrum in the range of 400–800 nm with the
maximum centered around 460 nm [19]. This broad band
luminescence is usually observed in perovskite crystals,
associated with the presence of imperfections or defects, and
is typical of a multiphonon and multilevel process. In
particular, SrTiO3 can accommodate rare-earth ions in the
structure; hence, this doping is not only used as a probe to
investigate local centers and energy, but also to cause changes
in the optical behavior of these materials [24].
Therefore, the presence of Eu3þ in the SrTiO3 host results

in good luminescence properties. Fig. 4(a) presents the
excitation spectrum of the Eu3þ -doped SrTiO3 powder,
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monitored at the Eu3þ emission at 614 nm. In the 350–480 nm
spectral range, sharp lines are visible due to the 4f-4f transitions
of the Eu3þ ions. The main peak is assigned to the transition of
the 7F0 fundamental to the 5L0 excited state at 393 nm.

Fig. 4(b) shows the photoluminescence emission spectrum
of the sample of Eu3þ -doped SrTiO3 (excited at 393 nm). The
ST:Eu3þ system has characteristic Eu3þ transitions. The
Fig. 4. (a) Excitation spectrum of SrTiO3: Eu
3þ . (b) Emission spectrum of

SrTiO3: Eu
3þ (λ¼393 nm).

Fig. 5. Scanning Electron Microscopy I
peaks are ascribed to the f-f transitions from the ground state
to the excited states of Eu3þ ion.
The emission spectra for the Eu3þ ion presents the most intense

emission lines corresponding to the 5D0-
7FJ (J¼0,1,2,3,4)

transitions and occur in the range of 550–750 nm. The 5D0-
7F2

transition around 614 nm dominates the spectrum and is more
intense than the other transitions. Furthermore, the forbidden
transition “singlet-singlet” 5D0-

7F0 is detectable and can be seen
in the low wavelength region of the spectrum. The 5D0-

7F1
transition results from a forced magnetic dipole mechanism, and its
intensity is not significantly altered by perturbation of the crystal-
line field [25].
In this research, Eu3þ replaces Sr2þ on the SrTiO3 cubic

network and, therefore, charge compensations are required.
Defects in the crystal lattice play an important role in the
determination of the luminescent properties of the oxides
[26,27]. Therefore, direct changing of the contents of some
types of defects may cause variations of concentrations of the
corresponding luminescence centers [28,29]. In particular,
vacancies are very important in the formation of the
luminescence-center structure for such crystals [30,31]. Their
content may be varied, in particular, by an appropriate doping
effect of the material. When the network is excited, the
absorbed energy is lost by non-radiative energy transfer due
to ion-ion (Eu3þ -Eu3þ ) interactions or ion vacancies (defects
generated by the insertion of the dopant into the host matrix).
The PL intensity of the ST matrix is reduced while the Eu3þ

emissions become dominant and are perfectly seen in the
spectrum (Fig. 4).
3.5. FE-SEM analysis

The FE-SEM images are shown in Fig. 5 for the SrTiO3:
Eu3þ compound prepared by an MH method. Beyond the
aggregation process, nanoparticles will auto-organize, taking
the form of nanospheres. This “self-assembly” process, where
the composition is an important element, corresponds to a pre-
defined interaction between individual particles, and results in
a highly ordered and spontaneous specific form. This process
can be carried out, in this case, by OH� groups adsorbed on
the surface of the nanoparticles.
mages (FE-SEM) of SrTiO3: Eu
3þ .
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This process between particles tends to form three-
dimensional architectures, resulting in energy loss. Thus, the
process reduces accumulated energies associated with incom-
plete surfaces at random distances and, by converging,
eliminates the mineral-air or mineral-fluid interfaces [32].
The interaction between components of self-organized systems
are controlled by hydrogen bonds, Van der Waals forces, and
electrostatic or hydrophobic interactions. Both internal inter-
actions and external conditions, such as electrostatic forces,
affect the “self-assembly” [33].

Satisfactory conditions for synthesis by the MH method are
attributed to the rapid and effective interaction between the
electromagnetic radiation and permanent dipole moment of
water molecules [34]. In this way, the permanent dipoles of
water are induced in solution and can enhance rapid heating of
the system because they directly interact with microwaves.
This kind of interaction is linked to the capacity for electro-
magnetic radiation absorption and its effectiveness in convert-
ing electromagnetic radiation to thermal energy [35].

If the temperature is high (above 100 1C), the value of the
dielectric constant diminishes accompanied by an additional
decrease of dielectric loss. Thus, the absorption of electro-
magnetic radiation reduces very quickly and it is more difficult
to heat the solution. Introducing ions into the solution may
lead to an increase of dielectric response of the middle of the
solution, and may help control reductions in absorption of
electromagnetic radiation [36]. KOH is preferred for this role
in microwave assisted hydrothermal reactions, because it has
advantages over other mineralizer agents. Another benefit of
KOH is the high degree of supersaturation during precipitation
and, because of its high solubility in water, limited absorption
of potassium by the particles [35].
4. Conclusions

In summary, Eu3þ -doped SrTiO3 nanoparticles with
spherical-like morphology were successfully synthesized by a
facile hydrothermal method. The use of microwave energy is
able to promote a rapid structural organization of the lattice.
The system provided the necessary conditions for rapid
crystalline phase formation during MH synthesis under appro-
priate conditions of temperature and pressure. This process is
affected by the action of electromagnetic radiation (2.45 GHz)
on solvent polar molecules (water) and generates results that
are not achieved by conventional thermal processes. The
material exhibits a strong red emission under 393 nm excita-
tion, making this phosphor a promising candidate for applica-
tion in displays.
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