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In  this  letter,  we  report  a  detailed  study  of  the influence  of  the synthesis  and  the  optical  properties  of
Sr-doped  MgTO3 powders  synthesized  via  a polymeric  precursor  method.  Our  findings  explain  the  shift
vailable online 14 January 2015
in  PL  behavior  from  blue  to  near-infrared  (NIR)  emission,  which  is caused  by  different  concentrations
of deep  and  shallow  defects  in the  samples  and  thus  enables  the  design  of differently  colored  materials.
Additionally,  the  present  results  provide  useful  insights  into  designing  a new  series  of  NIR-emitting
materials  that  have  potential  applications  in  emerging  technologies  ranging  from  optoelectronics  to  the
biomedical  field.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Perovskite oxides are a fascinating class of multifunctional inor-
anic materials that have attracted much attention in recent years
1–6]. Perovskite structures have the general formula ABO3, where
he divalent metal (A) is a network modifier and tetravalent metal
ites (B) are network formers for these structures [2]. The Perovskite
aterial ABO3 structure can adopt five phases, cubic, tetragonal,

rthorhombic, trigonal, and monoclinic polymorphs depending on
he tilting and rotation of the [BO6] polyhedral clusters in the lat-
ice [3]. In this context, considerable effort has been devoted to
he production of perovskite oxide materials with a large variety of

orphologies and sizes, due to their high potential for use in light-
mitting diodes, photocatalysts, sensors, microwave dielectrics,
nd photovoltaic applications [4–7]. Understanding the relation-
hip between the structural and electronic order-disorder effects
n the crystalline materials is crucial in designing novel materials

ith tunable physical and chemical properties [8,9].
Among oxide perovskites, magnesium titanate MgTiO3 (MTO) is

n important semiconductor material characterized by an ilmenite

tructure with space group R-3H and a rhombohedral crystal phase
hich has received much attention in recent years, due to the
nique properties of MTO. This material shows utility for a wide

∗ Corresponding author at: INCTMN, LIEC, Departamento de Química, Universi-
ade Federal de São Carlos, P.O. Box 676, 13565-905 São Carlos, SP, Brazil.

E-mail address: felipe laporta@yahoo.com.br (F.A. La Porta).

ttp://dx.doi.org/10.1016/j.cplett.2015.01.011
009-2614/© 2015 Elsevier B.V. All rights reserved.
range of applications in electronic systems such as capacitors and
mobile communications as well as radar and satellite broadcasting
[7,10–12]. The size, shape and synthetic environment are crucial
factors in determining the chemical and physical properties of MTO
materials [7]. A large number of synthetic strategies have been
developed for the growth of these materials, such as solid-state
reaction [10], thermal decomposition of peroxide precursors [11],
hydrothermal processing [12]. However, the problems that persist
in the preparation of MTO  for these synthesis routes are, in partic-
ular, the presence of Mg2TiO4 and MgTi2O5 phases and a relatively
high sintering temperature (>1400 ◦C) required to obtain the pure
phase. The polymeric precursor method is a very versatile method
of synthesis due to the use of low temperature heat treatments,
which reduces segregated phases, leading to a better distribution of
cations in the polymer resin and complete chemical homogeneity
on a molecular scale in the system [13]. The method of synthe-
sis involved in preparing these materials influences the structural
defects, which are responsible for modifying the properties of these
systems.

A considerable effort has been made recently to understand the
intrinsic and visible emissions in MTO  [7,14,15], and this knowl-
edge plays a key role in streamlining the physical properties of
the system. In particular, the photoluminescence (PL) properties
are an important quantum optical phenomenon and are one of

the most powerful methods for studying the order-disorder effects
in semiconductors [8,9]. The doping process in semiconductors
often causes significant alterations in the structural and electronic
properties of these materials, and is the most promising strategy

dx.doi.org/10.1016/j.cplett.2015.01.011
http://www.sciencedirect.com/science/journal/00092614
www.elsevier.com/locate/cplett
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2015.01.011&domain=pdf
mailto:felipe_laporta@yahoo.com.br
dx.doi.org/10.1016/j.cplett.2015.01.011
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 various temperatures for 2 h: (A) 0.0, (B) 0.2 and (C) 0.4% of Sr+2-doped MTO.
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Figure 1. XRD patterns of the synthesized MTO  and MTO:Sr calcined at

o further enhance their properties and applications in materials
cience [5,6,15–17]. However, few studies have been reported on
ear-infrared (NIR) emissions for such particles [14].

Here we report the development of a series of novel
g1−xSrxTiO3 (MTO:Sr) materials with intense PL emissions at

oom temperature in the NIR region. Non-doped and MTO:Sr mate-
ials were successfully synthesized via the polymeric precursor
ethod. The obtained materials were analyzed by X-ray diffraction

XRD), micro-Raman (MR) spectroscopy, field emission scanning
lectron microscopy (FE-SEM), ultraviolet–visible (UV–vis) and
hotoluminescence (PL) measurements. In this context, our objec-
ive is focused primarily on analyzing the structural, morphological
nd optical properties of this novel MTO:Sr material as a function
f the annealing temperature and different Sr+2-doped concentra-
ions.

. Experimental details

MTO  and MTO:Sr materials were successfully synthesized via a
olymeric precursor method. All materials were used without fur-
her purification or treatment. Magnesium acetate (CH3CO2)2Mg
98%, Aldrich), titanium butoxide Ti[O(CH2)3CH3]4 (99%, Aldrich),
r(NO3)2 (99.93%, Aldrich), ethylene glycol, C2H6O2 (99.5%, Synth),
nd citric acid C6H8O7 (99.5%, Synth) were used as raw materials.
n a typical procedure, titanium citrate was formed by dissolu-
ion of titanium butoxide in an aqueous solution of citric acid
nder constant stirring. The citrate solution was stirred at 90 ◦C
o obtain a clear homogeneous solution. (CH3CO2)2Mg was added
n a stoichiometric quantity to the Ti citrate solution. After the
omogenization of the Mg2+ cations, C2H6O2 was added to promote

 polyesterification reaction. For the preparation of the MTO:Sr
owers, different molar concentrations of Sr(NO3)2 were added to
he solution in a stoichiometric quantity relative to the Mg2+ and
i citrate concentrations. The citric acid/ethylene glycol ratio was
xed at 60/40 by mass. These powders were heat treated initially
t 350 ◦C for 2 h using a 5 ◦C min−1 constant heating rate, and they
ere then annealed at 400, 500, 600 and 700 ◦C in a tubular furnace
ith a gradient control for 2 h in an oxygen atmosphere.

The obtained powders were structurally characterized by XRD
sing a Rigaku-DMax/2500PC with Cu K� radiation (� = 1.5406 Å)

n the 2� range from 10◦ to 75◦ with 0.02◦ min−1 increments.
R measurements were performed using a T64000 spectrome-

er (Jobin-Yvon, France) triple monochromator coupled to a CCD
etector. Spectra were obtained using the 514.5 nm wavelength of

n argon ion laser; its maximum output power was maintained
t 8 mW.  The morphologies of the MTO  and MTO:Sr powders were
bserved by FE-SEM using an FEG-VP JEOL, and are presented in the
upporting Information. The optical properties were analyzed by
Figure 2. Structure of the rhombohedral MTO  compound and illustrations of the
octahedral [MgO6] and [TiO6] clusters.

means of UV–vis absorption spectra and PL measurements. UV–vis
spectra were taken using a Cary 5G spectrophotometer (Varian,
USA) in diffuse reflection mode. PL spectra were collected with a
Thermal Jarrel-Ash Monospec monochromator and a Hamamatsu
R446 Photomultiplier. The 350.7 nm (2.57 eV) exciting wavelength
of a krypton ion laser (Coherent Innova) was  used with the out-
put of the laser maintained at 200 mW.  All measurements were
performed at room temperature.

3. Results and discussion

The XRD patterns were performed on the MTO and MTO:Sr sam-
ples to provide long-range structural information and to investigate
the purity and polycrystalline nature of these materials. Figure 1
shows the XRD pattern obtained for the MTO  and MTO:Sr samples
heat treated from 400◦ to 700 ◦C. On the basis of these results, the
structural transformation as a function of the heat treatment can
be monitored. The results shows that the samples heat treated at
400 ◦C and 500 ◦C are amorphous, i.e. are completely disordered at
long-range. The beginning of the crystallization of the MTO phase
can be observed at 600 ◦C, where the appearance of diffraction
peaks indicates that above this temperature the samples have a
higher crystallinity with a greater long-range order (see Figure 1).
However, it is still possible to observe the formation of a second

phase MgTi2O5 at this given temperature. In the pure phase MTO
powders are obtained at 700 ◦C and all of the diffraction peaks
can be indexed as a rhombohedral ilmenite-type structure with
space group R-3H (see Figure 2), which is in agreement with the
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Figure 3. Micro-Raman spectra of the synthesized MTO and MTO:Sr calcin

espective Joint Committee on Powder Diffraction Standards
JCPDS) card 06-0494 and with the diffraction peaks previously
eported in the literature [18–20].

Figure 2 shows a representation of the unit cells of the MTO
hombohedral ilmenite-type structure with space group R-3H.
he Visualization for Electronic and Structural Analysis (VESTA)
rogram (version 3.1.8 for Windows) [21] was  used for the con-
truction of the MTO  structure model. In Figure 2, the MTO  belongs
o the ilmenite-type structure based on a rhombohedral close
acking array of oxide ions where Mg2+ and Ti+4 ions occupy the
ctahedral clusters [MgO6] and [TiO6], respectively.

To gain insight into the structure of the MTO  and MTO:Sr
amples at short-range, MR  spectroscopy was employed. Figure 3
hows the MR  spectrum of the MTO  and MTO:Sr for powders heat
reated from 400◦ to 700 ◦C. No Raman active modes of MTO  sam-
les heat treated at 400 ◦C and 500 ◦C, regardless of doping, are
bserved, indicating that these samples are Raman inactive and
re completely disordered in the short-range. These results are in
greement with the XRD (see Figure 1), and we conclude the struc-
ural organization at the long-range and short-range of the MTO
hase begins at 600 ◦C. The group theory for MTO  in the rhombohe-
ral structure [22–24] predicts the crystals should have 10 distinct
ibrational Raman-active modes (5AG + 5BG), which are observed
or the samples heat treated at 600 ◦C and 700 ◦C (see Figure 3). All
aman-active modes can be observed for the samples treated at
emperatures of 600 ◦C and 700 ◦C, which confirms that the MTO
nd MTO:Sr samples are structurally ordered at the short-range.
n other words, increasing the annealing temperature favors the
tructural organization of the MTO  and MTO:Sr samples at the
hort-range.
Table 1 lists the ten positions (P1-P10) of the Raman modes
or all samples. These results show a red-shift in the Raman spec-
ra and are attributed to different distortions and bond lengths of
he [MgO6] and [TiO6] clusters. The Ag modes situated at 217 and

able 1
aman peak positions observed in the MR spectra (in cm−1) of the synthesized MTO  and M

MTOPowder [20] MTOPowder [22] MTOThin Fi

Ag 229 225 228 

Eg  285.8 281 285 

Ag  310 306 311 

Eg  330.9 328 332 

Eg  356.5 353 358 

Ag  400.2 398 401 

Eg  488.9 486 491 

Ag  501.2 500 501 

Eg  643.9 641 643 

Ag  716.4 715 717 
various temperatures for 2 h: (a) 0, (b) 0.2 and (c) 0.4% of Sr+2-doped MTO.

299 cm−1 arise from the vibrations of Mg  and Ti atoms along the
z-axis. On the other hand, the other Ag modes observed at 391,
493 and 710 cm−1 are ascribed to the vibrations of O atoms and
the intense Eg mode at 275 cm−1 is related to the anti-symmetric
breathing vibration of the O octahedron. In particular, for the modes
at 493 and 710 cm−1 the six O atoms show breathing-like vibra-
tions, each with a different vibration direction into the octahedral
configuration.

Based on our results reported in Table 1, the Eg modes located
at 321 cm−1 and 346 cm−1 can be described as the twisting of the O
octahedron with the vibrations of Mg  and Ti atoms parallel to the
xy-plane. The Eg modes located at 480 and 635 cm−1 are due to the
anti-symmetric breathing and twisting vibrations of the O octa-
hedra with the cationic vibrations parallel to the xy-plane [7,24].
Another important aspect concerns the Eg modes at 480 cm−1

where both Mg  and Ti atoms are involved in the vibration, whereas
the mode at 635 cm−1 is associated to the Ti O stretch [24]. Our
results show a greater variation in the Raman-active vibrational
modes of the [TiO6] clusters in the rhombohedral structure of the
MTO  and MTO:Sr for powders heat treated from 400◦ to 700 ◦C (see
Table 1). In particular, the experimental Raman spectra for MTO  in
the rhombohedral structure previously reported by other authors
[7,22–24] is in good agreement with this study.

The optical properties of the MTO  and MTO:Sr were analyzed
by means of UV–vis absorption spectra and PL measurements.
In general, the optical band gap energies are controlled by the
degree of structural and electronic disorder in the lattice which
enable a change in the optical transitions offering an opportunity
for tuning their properties by band gap engineering. In this con-
text, a semi-empirical relationship was used to calculate the optical

experimental band gap energy (Egap) using the following Eq. (1):

˛hv = C1(hv − Egap)n, (1)

TO:Sr calcined at 700 ◦C for 2 h.

lms [7] MTO  MTO:Sr 0.2% MTO:Sr 0.4%

217 218 218
275 275 275
299 299 299
321 320 320
346 346 346
391 390 390
480 480 480
493 493 493
635 636 636
710 710 710
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Table 2
Optical band gap energy values obtained for the samples (in eV).

Temperature 400 500 600 700
(◦C) (◦C) (◦C) (◦C)

MTO  3.5 3.5 3.8 4.0

w
t
c
e
r
r
[
i
(
B
i
t
c
s
p

lower calcination temperatures (see Figure 4(a, b)). In particular,
0.2% 3.6 3.6 3.6 4.0
0.4% 3.6 3.6 3.7 4.0

here  ̨ is the linear absorption coefficient of the material, h� is
he photon energy, C1 is a proportionality constant, Egap is the opti-
al band gap and n is a constant associated with different types of
lectronic transitions (n = 1/2, 2, 3/2 or 3 for direct allowed, indi-
ect allowed, direct forbidden and indirect forbidden transitions,
espectively); for more details on this methodology see reference
9]. In particular, the Egap values obtained for the samples are
n good agreement with those of MTO  reported in the literature
3.72–3.19 eV) [14] and by theoretical calculations (5.46 eV) [7].
ased on the results reported in Table 2, an increase is observed

n the value of the optical band gap due to the increase of the heat
reatment temperature, which indicates a reduction in the defect

oncentration observed for crystalline materials or an ordered
tructure which is in good agreement with our results of the XRD
atterns and MR  spectra.
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Figure 4. PL spectra at room temperature of the synthesized MTO  and MTO:Sr calc
ics Letters 622 (2015) 9–14

Figure 4 shows the PL spectra at room temperature of the syn-
thesized MTO  and MTO:Sr heat treated at various temperatures
for 2 h. According to different temperatures and doping concen-
trations of Sr+2, the PL behavior of MTO  causes a visible red-shift
suggesting a change in the local chemical environment and dis-
order in the crystalline systems of the MTO  microcrystals which
enables the design of different colored material for PL emissions
and requires that certain localized states should exist in the forbid-
den band gap, which were observed in the UV–vis measurements.
Figure 4(a, b) illustrates the PL behavior for samples heat treated
at 400◦ and 500 ◦C and confirms a broad band covering the vis-
ible electromagnetic spectrum in the range from 400 to 800 nm,
with maximum emission at 550 nm to 715 nm,  respectively, when
excited by a 350.7 nm laser. In this case, the PL behavior for the MTO
and MTO:Sr is typical of the multiphonon process, i.e., a system
where relaxation occurs by several paths involving the participa-
tion of numerous states within the band gap of the material [25,26].
A major change in the PL behavior can be observed with the increase
in crystallinity of the samples calcined at 600◦ and 700 ◦C, as shown
in Figure 4(c, d), when compared to the samples obtained at the
the PL emissions in the visible region are completely suppressed
and intense emission in the NIR region can be observed as a large
red-shift in the PL behavior as shown in Figure 4(c, d).
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Structural and electronic order-disorder effects in semiconduc-
or materials have a major influence on the optical properties
7–9,25,26]. PL is an interesting technique for probing certain
tructural aspects to provide information at the short- and
edium-range, where the degree of the local order is such that

tructurally inequitable sites can be distinguished by their different
ypes of electronic transitions and are linked to a specific structural
rrangement [26,27]. In this context, Longo and co-workers offered
n explanation based on the Kröger–Vink notation to explain the
acancy formation in perovskite oxide materials [25]. The local
tructure and the disorder in the crystalline structure as well as
he variation in the interface/bulk-surface might be responsible for
he different PL behaviors of the MTO  and MTO:Sr materials, which
an be easily visualized in Figure 4.

In this case, we offer a possible explanation for the observed
hanges in the PL behavior of these materials in terms of the struc-
ural and electronic order-disorder effects leading to the formation
f complex clusters. The increase in the band gap is due to the
eduction of intermediary levels at the short-range and long-range,
hich are associated with a larger organization of network modi-
ers due to the increase of the concentration of Sr-doped MTO, and
esulting in a shift from blue to red PL emissions for the synthe-
ized MTO  and MTO:Sr calcined at various temperatures for 2 h. The
ffects can be represented by complex clusters as follows: [TiO6]x

o
nd [MgO6]x

o clusters and [TiO5 · Vx
O]

d
and [MgO5 · Vx

O]
d

clusters
where o = order and d = disorder), using Kröger–Vink notation to
haracterize the local chemical environment and disorder in crys-
alline materials. In particular, oxygen vacancy can occur in three
ifferent charge states (where VZ

O = VX
O , V

•
O, V

••
O ) [25,26]. Disor-

ered structures are electron-trapping or hole-trapping centers and
ccur by the dislocation of Mg  or Ti atoms in the octahedral clus-
ers in the MTO  crystal. Effective charge separations (electron–hole)
equire the presence of cluster-to-cluster charge transfer (CCCT)
rocesses [26] and are strongly dependent on the formation and
ecombination of all complex clusters present in MTO  materials,
hich are described in the following equations:

TiO6]x + [TiO5 · Vx
O] → [TiO6]′ + [TiO5 · V

•
O] (2)

TiO6]x + [TiO5 · Vx
O] → [TiO6]′ + [TiO5 · V

••
O ] (3)

MgO6]x + [MgO5 · Vx
O] → [MgO6]′ + [MgO5 · V

•
O] (4)

MgO6]x + [MgO5 · Vx
O] → [MgO6]′ + [MgO5 · V

••
O ] (5)

Structural and electronic reconstructions of all possible combi-
ations of clusters belonging to a specific crystal are essential for
nderstanding the PL phenomenon [26]. Previously reported the-
retical and experimental studies have shown that defects as the
etwork clusters are formed are responsible for generating deeper
efects in the structures of these materials when compared with
he same type of defect generated in the network modifier, i.e.,
he disorder forming network polarizes the structure with greater
ase with a base in the local structure [7]. The increase in the
reatment temperature of MTO  in particular is responsible for pro-

oting the evolution of a crystallization process in these materials,
here associated shallow defects are eliminated and the deeper
efects remain which can be easily observed in the PL spectra (see
igure 4) and are in good agreement with our XRD and MR results
see Figures 1 and 2).

In particular, the infrared emission is a lower energetic emis-
ion and can be related to deeper defects in the band gap region
hich originate due to the presence of a larger concentration

f the [TiO5 · V
••
O ] or [TiO5 · V •

O] complex clusters. A decrease in

mission intensity is observed in the NIR region (see Figure 4(c,
)) due to the increase of the concentration of Sr-doped MTO
here the incorporation of the dopant element is responsible

or the structural organization at the short-range and long-range
ics Letters 622 (2015) 9–14 13

(see Figures 1 and 2). As the crystallization evolves, the atomic crys-
talline structure renders a better electronic configuration, which
increases the PL emission. These results present an important con-
tribution toward a deeper understanding of the impact of the local
disorder in perovskite materials, which is responsible for mod-
ulating the physical and chemical properties. Two effects in the
emission of the MTO  samples can be identified. The first effect is
intrinsic to perovskite material derived from bulk material that
is made up of asymmetric distorted [MgO6] and [TiO6] octahedral
which allows the excited [MgO6] and [TiO6] octahedra groups. This
excited state favors the population of intermediary energy levels
within the band gap of this material. The second effect is a con-
sequence of the surface and interface complex cluster defect that
produce extrinsic defects that also decrease the band gap and allow
PL emission. The interplay between the cluster distortions and the
surface defects generates a specific PL emission color. Before the
photon arrival, the short- and middle-range structural defects gen-
erate localized states within the band gap and a non-homogeneous
charge distribution in the cell. After the photon arrival, the lattice
configuration changes, and distorted excited clusters are formed,
allowing electrons to become trapped. In the latter, the photons
decay by radiative or non-radiative relaxations.

Based on these findings and from previous research, these ideas
can be generalized to other cases, thus expanding the knowledge
about the nature of the PL behavior in semiconductor materials
based on order-disorder effects at short-, middle- and long-range.
Thus, it is shown that locations where the structural defects in the
network modifier have a more important and significant role on
the PL emission behavior are expected to have a stronger emission
in the blue spectral region due to the presence of a higher concen-
tration of the short-range structural defects. In systems where the
PL behavior is dominated by long-range defects, that are closely
associated with structural defects linked to the disorder forming
network a strong emission in the red spectral region is expected.
Finally the structural defects in the middle-range can be associated
with a balanced contribution of defects in the former and modi-
fier network. This study showed that PL emission is affected by the
structural defects in the network former and in the network mod-
ifier due to the replacement of Mg2+ by Sr2+ ions. Therefore, the
deviations observed in the spectroscopic properties of these sys-
tems can be understood in an intuitive way based on the presence
of structural defects at the short-, middle- and long-range, which
are associated with the disorder in the former and modifier net-
works. These ideas lead to new perspectives and provide a solid
base that contributes to a deeper understanding of the physical
and chemical properties of semiconductor materials beyond those
discussed in this letter.

4. Conclusions

In summary, we  have reported the synthesis and photolumi-
nescence properties of synthesized MTO  and MTO:Sr calcined at
various temperatures for 2 h. The quantitative analysis of the results
obtained by XRD, MR,  FE-SEM, UV–vis, and PL measurements was
employed to provide valuable insights into the short-, medium-
and long-range structural defect concentrations and allow the pro-
posal of a possible model to explain the PL behavior of the MTO
and MTO:Sr samples based on order-disorder effects. Moreover,
the results showed that the MTO  and MTO:Sr samples treated at
600 and 700 ◦C were ordered at the short- and long-range, as con-
firmed by XRD and MR,  and were disordered at the medium-range

as shown by the PL investigations.

Our results show that samples that were heat treated at 700 ◦C
crystallize in a rhombohedral structure. The PL phenomenon in
MTO  and MTO:Sr MTO  at room temperature is directly influenced
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y the structural disorders that yield discrete levels in the forbid-
en band gap. Our findings explain the shift in PL behavior from
lue to NIR emission, which is caused by different concentrations
f deep and shallow defects in the samples and enables the design
f different colored materials. These results provide useful insights
nto designing a new series of NIR-emitting materials based on MTO
hat have a wide range of potential applications. We  believe that
hese materials can be useful for the design of new electro-optic
evices.
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