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This work presents the structural, morphological, and luminescent characterization of pure SrTiO; and SrTiO;:Eu’* powders
doped with different europium atomic concentrations from 3.0 to 7.0 a.t.%. Those phosphors were prepared by pressure-assisted
combustion synthesis using titanium oxide as precursor and were subjected to postannealing at 1200°C. XRD measurements
indicated that undoped and Eu** doped samples presented a single cubic crystalline phase and SEM images demonstrated that
we have particles with sizes in the range of 0.2 ym-1.0 ym. Moreover, the size of the grains increases as the content of Eu®" dopant
increases. A strong red emission from Eu’* ions was obtained by photoluminescence under excitation at 396 nm and confirmed
by cathodoluminescence. All those results indicate that our red phosphors could be useful for potential applications in solid state

lighting and field emission displays.

1. Introduction

During last years, oxide materials doped with rare earths
(REs) have attracted great attention because they can be
excited with infrared and ultraviolet light (300-420 nm) to
produce red, green, and blue emissions [1-3]. In addition,
those doped materials could be useful to enhance the color
rendering index (CRI) in fluorescent lamps and phosphor
converted LEDs (Pc-LEDs) [4]. White light emission with
high brightness in solid state devices (SSL) can be created
by a blend of three phosphors (red, green, and blue) or a
single material emitting a broad band of visible light [5,
6]. Luminescent oxides are phosphors which possess higher
physical and chemical stability in comparison to traditional
luminescent materials based on sulfur and phosphorus and
are also interesting because they could be synthesized with
low cost methods and most of them are not toxic [7]. Further-
more, white lighting sources such as fluorescent lamps which
use these oxide phosphors have great color stability and do

not suffer strong changes in chromaticity and color rendering
because intrarare earth atomic transitions are very stable
even with changes of temperature, specifically at the working
temperatures of the SSL [8]. A common oxide phosphor
commercially used for applications in lighting and field emis-
sion displays is Y,05; when it is doped with Eu’* and Tb’*,
green and red emissions are possible under UV excitation
[9, 10]. This phosphor is very efficient for the generation
of light with a quantum efficiency of nearly 100% [11], but
scientists are focusing energies currently to find new mate-
rials which combine magnetic, ferroelectric, low toxicity, and
luminescent properties (multifunctional materials) and those
additional properties cannot be provided by Y,O;host. Some
previous works have found that SrTiO;:Pr**and SrTiO;:Eu’"
phosphors are potential candidates as red phosphors with
good paramagnetic properties [12-16]. In particular, studies
have shown that SrTiO;:Eu’* is a good absorber in the
long ultraviolet region and it is an oxide material with high
chemical stability [14]. Besides, strontium titanate doped with



rare earths (REs) is a compound widely studied due to its high
dielectric constant (~300) and ferroelectric properties, which
make SrTiO5:RE a multifunctional material [14]. Several
techniques to produce SrTiO;:Eu’* powders include the
solid state reaction method, synthesis from molten chloride
complex salts, and the sol-gel technique [14-16]. However,
the pressure-assisted combustion synthesis (PACS) technique
has not been used to obtain Eu** doped SrTiO, to the
best of our knowledge and this technique has been used
successfully to produce highly luminescent materials by
changing their size and morphology [17-19]. Also, the as-
synthesized powders obtained by PACS have higher surface
area, which in turn improves the photoluminescence due to
surface phenomena. Hence, this work presents the use of the
PACS method with a pressure of 2.7 MPa to synthesize pure
SrTiO; and SrTiO;:Eu’"powders with different atomic con-
centrations (a.t.%) of Eu. Moreover, this work demonstrates
that the use of the PACS method allowed us to introduce
a high content of europium without quenching the lumi-
nescence. Finally, the morphology, crystalline structure, and
cathodoluminescence properties were studied as a function
of Eu’" content.

2. Experimental

2.1. Synthesis of SrTiO; and SrTiOy:Eu’* Powders. Pure
SrTiO; and SrTiO;:Eu powders were synthesized by
pressure-assisted combustion synthesis (PACS) using
strontium nitrate [Sr(NO;);-H,O Puratronic 99.9965%],
europium nitrate [Eu(NO;);-6H,0O REacton 99.9%], and
titanium oxide [TiO, anatase phase Alfa Aesar, 99.5%] as
reagents and hydrazine [N,H, Alfa Aesar de 98.5%] as the
reductive noncarbonaceous fuel. The pure SrTiO; powders
were synthesized using two different precursors as a source
of titanium in order to know which one is better to obtain
pure phase under our conditions of synthesis: titanium
dioxide (TiO,) and titanium isopropoxide [Ti(OC;H,),].
The chemical reactions are expressed in

2(1 - x) Sr(NO;), + 2xEu (NOs), + 2TiO,
+(5+ 3x)N,H, — 28r,_,Eu,TiO,4 @
+2(5+3x)H,0+ (7 +4x)N,

(1-x)Sr(NO;), + xEu (NO;), + Ti (OC;H;),
+ (11 - 3x) N,H, — Sr,_,Eu, TiO, (2)
+ (36 — 6x) H,O + (12 - 0.5x) N, + CO,

The samples obtained from these precursors are labeled as
STO and STO,,,, respectively. The europium doped samples
were synthesized using TiO,, and Eu’" was added in atomic
concentration of x = 3.0%, 5.0%, and 7.0%; those samples
were labeled as STO3, STO5, and STO7, respectively. The
precursors were weighed at the appropriate stoichiometric
ratio (® = 1) and dissolved in deionized water [20]. The
mixture obtained was homogeneous and had a gelatinous
consistency. Later, the mixture was introduced into a high
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pressure reactor. The reactor was purged with argon for 10
minutes to create an inert atmosphere, and subsequently it
was closed. After this, the temperature was raised at 100°C
and the argon flow began again for about 15 minutes in order
to evacuate the water vapor. Afterwards, the reactor exhaust
was closed and the argon inlet opened to pressurize up to
2.7 MPa. The next step was to increase gradually the reactor
temperature up to 340°C and it was maintained for 15 minutes
to produce an exothermic reaction in a pressurized environ-
ment. When the temperature reached 340°C, a maximum
peak on the pressure of 7.0 MPa was observed during the
combustion reaction. Once the reaction has occurred, the
exhaust valve was carefully opened to release the pressure and
the reactor was purged with argon in order to remove any
residual gas. To understand the advantages of the pressure-
assisted process, an Eu-doped sample with x = 7.0 a.t.% was
fabricated by normal combustion synthesis without applying
pressure using hydrazine; this sample was named STO7-
CS. The concentration of 7% for Eu®* dopant was selected
for the sample synthesized without pressure because the
sample STO7 fabricated with pressure presented the best
luminescent properties. Finally, all powders were removed
from the pressure reactor and annealed at 1200°C in air
atmosphere.

2.2. Morphological and Structural Characterization. The X-
ray diffraction patterns of the samples were obtained using
a Philips X'Pert diffractometer with CuK, radiation (A =
0.15406 nm) in the 20 range 0of 10-80° (steps of 0.02°) at room
temperature. Scanning electron microscopy (SEM) images
were obtained utilizing energy of 10kV in a JEOL JSM-530
microscope.

2.3. Optical Characterization. Photoluminescence (PL) spec-
tra were collected with a fluorescence spectrophotometer
(Hitachi FL-4500). Cathodoluminescence (CL) was mea-
sured with a spectrometer consisting of a 0.25 m monochro-
mator (Oriel MS260i) and a thermoelectrically cooled CCD
(InstaspecIV). The spectrometer was coupled with a quartz
optic fiber to an ultrahigh vacuum (UHV) CL chamber
equipped with a 10keV electron gun (Kimball Physics).
The luminance and the CIE coordinates of our phosphors
under an excitation of 8 yW were obtained using a Konica
Minolta spectroradiometer CS-2000. All the measurements
were made at room temperature.

3. Results and Discussion

3.1. Structure and Morphology. The SrTiO; (STO) compound
has a perovskite-type structure with space group Pm3m
(221) and lattice parameter of a = 3.905A. Furthermore,
it is an insulator at room temperature with a direct band
gap value of 3.2eV [21]. The diffraction pattern of STO
powders in Figure 1(b) indicates the presence of a single
cubic phase which is in agreement with the JCPDS 86-0178
card, while the STO,,, sample (see Figure 1(a)) showed small
peaks of secondary phases identified as TiO, and Sr;Ti,0,,
which are indexed with « and 3 symbols, respectively. This
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FIGURE 1: XRD patterns of (a) STO,, and (b) STO sample.

means that the use of titanium isopropoxide as precur-
sor produces additional spurious phases; in contrast, the
titanium oxide produced pure SrTiO;. Thus, the europium
doped materials were fabricated using the titanium oxide
to avoid impurities. Probably, the spurious phases appeared
because the temperature of 340°C is barely enough to burn
the organic compounds from the titanium isopropoxide;
then, the presence of organic residuals could change the
dynamics of the reaction to form pure SrTiO;. In contrast,
the inorganic precursor TiO, does not have organic materials
which can interfere with the chemical reaction to produce
pure SrTiO;. The XRD patterns of pure SrTiO; (STO) and
Eu’* doped SrTiO; (STO:Eu’*) powders in Figure 2 show
that all samples had only cubic phase. The presence of a single
phase in all samples suggests that Eu’" ions are successfully
substituting the Sr** or Ti** into the SrTiO; crystalline lattice
[13,14]. Moreover, this result also indicates that our procedure
of synthesis is good enough to introduce relatively high
concentrations of Eu dopant into STO without producing
segregation of phase. Furthermore, the XRD patterns of
the sample STO7-SC produced without pressure (P = 0)
were compared with that one for sample STO7 in order
to elucidate the advantages of the pressure-assisted process.
Figure 2(a) shows that sample STO7-SC presented spurious
phases, marked by § and « symbols, attributed to Eu,O,
and TiO,, respectively. This result points out that Eu’*
cannot be successfully incorporated into the crystal lattice
of SrTiO; without applying pressure. Thus, the pressure-
assisted combustion synthesis allows us to obtain the SrTiO,
phosphors with cubic phase without any impurity; see sample
STO7 in Figure 2(a). The lattice parameters were calculated
taking in account the 20 position of the diffraction peak
associated with the plane (110) on the XRD patterns and
Bragg’s law. Therefore, the estimated lattice parameters were
a=3.90354,3.9090 A,3.9071 A, and 3.9051 A for STO, STO3,
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FIGURE 2: (a) XRD patterns of (a) STO, STO3, STO5, and STO7
phosphors. (b) shows the diffraction peaks associated with the plane
(110) for samples STO and STO7.

STO5, and STO?7, respectively, and those values are very close
to the reported value of 3.905 A [22].

The substitution of Sr**ions by Eu** can induce a charge
decompensation as has been reported [14]; this result can
distort the crystalline lattice which could enhance the lumi-
nescence intensity of SrTiO;:Eu’" because the interatomic
4f-4f Eu**forbidden transitions are more probable in lattices
with no inversion of symmetry [17]. Thus, the crystalline
lattice is distorted by the charge decompensation and by the
difference between the atoms sizes of the Eu®* (1.087 A) and
Sr** (1.44 A); this has been observed in several perovskite
systems [14-16, 22-24]. A measure of the distortion of a
perovskite-type ABOj; lattice can be determined by using the
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FIGURE 3: SEM images of (a) STO, (b)

Goldsmith tolerance factor (¢) that depends on the ionic radii
74> g, and ry of the perovskite ABO; structure [24] and is
given by the following equation:

Ty t1)

Bl )

If we substitute the values r, (Sr**) = 1.44 A, ry (Ti*") =
0.605A, and r, (O™%) = 1.40 A corresponding to the pure
SrTiO; cubic perovskite [25], we obtain a tolerance factor of
t = 1.0 which corresponds to an ideal perovskite; this value
indicates that the positions of the atoms into the pure SrTiO,
have high symmetry. The incorporation of Eu®*to substitute
Sr** ions should change the tolerance factor t; if we calculate
the tolerance factor using ry (Eu**) =1.087 A, a value t = 0.87
is obtained; this points out that the introduction of Eu** as
dopant into the crystalline lattice causes a huge distortion.
The pure SrTiO;structure is formed by TiOg octahedral
anions within the cubic lattice. The Sr** or Eu’* ions are
surrounded by eight TiOgoctahedrons in the SrTiO;:Eu’*
matrix; thus, the TiO4 anions should be distorted in the per-
ovskite structure SrTiO,:Eu’* by the doping effect of Eu’*; in
consequence, the sites where the Eu** ions are located within
the crystal lattice of STO lack symmetry. This is beneficial for
our powders because the photoluminescence properties are
enhanced [14-16]. The imbalance of the crystalline structure
can also be observed by a shift of the diffraction peaks in
the XRD patterns. Figure 2(b) depicts the diffraction peaks
corresponding to plane (110) in samples STO and STO7. As
observed, there is a shift toward lower angles of the diffraction
peak associated with plane (110) as the Eu concentration is
increased from 0 to 7%. The difference in 26 was 0.06°. Hence,

STO;

(¢) STO3, and (d) STO7 samples.

iso>

we can infer that the crystal lattice has been expanded due to
the presence of Eu and it was similarly observed in [14].

SEM images of STO, STO;y,, STO3, and STO7 samples
are illustrated in Figures 3(a)-3(d), respectively. All of them
(except sample STO,,, in Figure 3(b)) exhibited individual
and coalesced grains with irregular shape. The average sizes
for those grains were 0.48 ym, 0.56 ym, and 0.60 ym for STO,
STO3, and STO?7, respectively. Our results are in agreement
with other reports where authors showed that the coalescence
of grains is favored with a successive increase of the Eu®*
content [26]. The sample STO,,, in Figure 3(b) exhibits
almost all particles coalesced in comparison with the rest of
samples, and the few grains that are not coalesced have an
average size of ~0.23 ym; the absence of individual grains
could be due to the low level of crystallinity and presence
of other phases as explained in section above. Finally, it is
worthy to mention that the sample STO7-SC shows coalesced
grains as observed for STO,,, in Figure 3(b) but the size of
the grains that are not coalesced was 0.44 ym; this result
corroborates that the coalescence of grains is related with
the poor crystallinity of the sample STO7-SC and, therefore,
spurious phases such as Eu, 05 and TiO, were observed in the
sample STO7-SC; see Figure 2(b).

3.2. Luminescent Properties. Figure 4 shows the excitation
spectra of the STO3, STO5, and STO7 samples monitored at
593 nm. A main excitation band is centered at 396 nm and
corresponds to the °F, — "L transition of Eu’*. It is worthy
to notice that there is no charge transfer band (CTB) in the
range of 200-300 nm which associated with the transfer of
electrons between O*~ and Eu’" atoms. The no presence is
normally caused by a quenching effect produced by a high
content of Eu’* ions, since those ones absorb the excitation
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FIGURE 4: Excitation spectra of samples STO3, STO5, STO7, and
STO7-SC.

of light preferably [14]. Also the excitation band is broader
and asymmetric as the Eu’" dopant concentration increases.
This is probably due to the increase of lattice distortions as
the amount of Eu increases and to the band gap transitions of
the host as similarly observed in BiOCL:Eu [27]. The emission
spectra of the STO3, STO5, and STO7 samples in Figure 5
show two main peaks located at 593 nm and 615 nm as well
as a small shoulder at 581 nm. The first peak is associated
with the magnetic dipole transition D, — ’F,, the second
one corresponds to an electric dipole transition °D, — ’F,,
and the shoulder is related with the singlet-singlet forbidden
transition °D, — ’F, [13-17]. This figure also depicts the no
emission of the undoped sample STO as well as an increase
of luminescence as the content of Eu®" increases, suggesting
that we have not reached the quenching of luminescence even
though we used a dopant concentration as high as 7.0 a.t.%,
which is opposite to that observed in the work of Jiang et
al., where they observed quenching after a concentration
of 5.0a.t.% [14]. Further, Figure 5 shows that the sample
fabricated without pressure (sample STO7-CS) presented an
intensity 43% lower with respect to the sample made with
pressure (sample STO7). This result confirms that the PACS
method is useful to enhance the luminescent properties of
the samples. The excitation spectrum of sample STO7-CS
in Figure4 indicates that the position and shape of the
excitation band did not change, suggesting that the crystalline
distortions of this sample should be similar to those of sample
STO7. The inset in Figure 5 illustrates the red emission of
sample STO7 which had the strongest luminescence; this
sample was excited utilizing a commercial 396 nm UV-LED
with a power of 8 yW and its luminance observed was
~250 Cd/m?; this level of brightness of our phosphors is
enough for applications in displays and lighting [28]. The CIE
coordinate was (0.57, 0.42), indicating that the emission color
is located in the orange-red region.
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FIGURE 5: Emission spectra of samples STO, STO3, STO5, STO7 and
STO7-SC.

It is well known that the narrow bands in the luminescent
spectrum of Eu’ are sensitive to the crystallographic site
symmetry occupied by Eu’* ions; that is, the electric dipole
transition °D, — ’F, observed at 615nm is allowed only
when Eu’" is located at a noncentrosymmetric crystallo-
graphic site, while the °D, — ’F, magnetic dipole tran-
sition observed at 593 nm comes from Eu ions in sites with
inversion symmetry. Usually the luminescence intensity ratio
of °D, — ’F, to°D, — ’F,, also called asymmetry ratio,
is considered as a probe to detect the inversion symmetry
around Eu’" ions in the host [29]. In our case, the values
for this ratio were 0.75, 0.77, and 0.68 for the STO3, STO5,
and STO7 samples, suggesting that the degree of distortion
decreases as the Eu concentration increases; we would expect
higher distortions in the lattice as the Eu®" increases but it
did not occur. This opposite behavior can be explained if the
europium enters into Sr** and Ti*" sites at the same time
as observed by Jiang et al. [14]. In addition, a low degree of
distortions can be supported by the fact that the values of
the cell parameters for STO and STO7 were similar (3.9035
for STO and 3.9051 A for STO7), which indicates that the
lattice distortions in STO7 are small. In fact, the difference
in the values of cell parameters in the samples STO3 and
STO5 with respect to that for STO was higher (3.9090 A,
and 3.9071 A for STO3 and STO5, resp.), suggesting that the
crystalline distortions are bigger in those samples; this is in
agreement with the values of luminescence intensity ratio
for STO3 and STO5. The °D, — ’F,transition (emission
centered at 593 nm) is very sensitive to the chemical bonds
in the vicinity of Eu®"; if the distortions in sample STO are
small, a hi%her intensity of this band is expected compared
to that for D, — ’F,transition which hardly changes due
to any variation in the crystalline lattice around the Eu’*
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ion. Jiang et al. also presented a similar spectrum to that we
have in our work [14], where higher emission intensity was
observed for the °D, — ’F,transition compared to that
for the °D, — "F,transition. Finally, we should mention
that the emission corresponding to the °D, — ’F,transition
observed in our spectra in Figure 5 is rarely presented in Eu-
doped hosts. This emission is only observed in hosts where
the site symmetries of Eu®* are low [30]. In fact, it is well
known that the substitution of divalent ions by trivalent ions
produces a distortion of the site symmetry which allows a
strong interaction of the Dy, and "Fylevels [30]. In our case,
the Eu’"is surely entering into the Sr** sites; this in turn
promotes the 5D0 - 7F0 transition.

The cathodoluminescence spectrum of STO7 sample is
presented in Figure 6. As observed, the spectrum is very
similar to that obtained by photoluminescence and the
emission color was orange-red again. This confirms that the
origin of the luminescence of this material is associated
with the Eu®* dopant, since the transitions D, — ’F,,
°D, — ’'F,,and°D, — ’F, appear again. In this case,
the ratio D, — ’F, /°D, — ’F, was 0.70; from here,
we can infer that the °D, — ’F, transition is improved
in cathodoluminescence. If we compare that transition in
photoluminescence (emission band at 617 nm) with that in
cathodoluminescence, we realize that such a band is broader
in cathodoluminescence and this explains why the ratio
°D, — ’'F,/’D, — ’F, increased in comparison with
photoluminescence. By the way, cathodoluminescence is a
method which requires electrons with high energy to excite
any material; thus, they can penetrate the bulk material easily
to excite more Eu’* ions. Therefore, we observed a higher
contribution to the red emission of Eu’"ions in cathodolu-
minescence. Finally, those results confirm that the Eu**ions
were incorporated successfully inside the lattice using our
pressure-assisted combustion method, since the same red
emission bands were observed in cathodoluminescence and
in photoluminescence; this last one involves the excitation of
Eu’" ions located at the surface on microparticles.
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4. Conclusions

In summary, SrTiO; and SrTiO5:Eu’* powders were success-
fully produced by pressure-assisted combustion synthesis;
this method allowed us to introduce Eu®* up to 7a.t.%
without quenching of luminescence. All samples presented a
cubic structure and there was no segregation of phases when
the samples are fabricated with TiO, as precursor or up to a
concentration of 7 a.t.% for the europium dopant. However,
segregation of phases appeared when titanium isopropoxide
is used as reagent or when the pressure-assisted process is not
used. Further, the luminescence properties of the phosphors
are improved by increasing the concentration of europium
or by using the pressure-assisted process. The luminance
of 250 Cd/m* observed in the sample with 7a.t.% of Eu®*
suggests that our phosphors could be useful for applications
in solid state lighting where UV sources are employed or
displays.
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