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A B S T R A C T

Sr2+ modified CaSrxCu3-xTi4O12 ceramic powders with x= ranging from 0.00 to 3.00 were prepared by solid-
state reaction. The effects of Sr2+ CCTO powders were evaluated by X-ray diffraction (XRD) with Rietveld
refinement revealing a mixture of multiple phases. The Raman spectroscopy analysis pointed out that Sr2+

addition produces an emission in the blue region, associated to TiO6 clusters. Optical properties by means of PL
analysis showed emission near to blue region for the samples with x= 0.00, x=0.15, x= 0.30, corresponding
to oxygen vacancies. The emission in the violet region is associated to deep defects while emission in the other
samples is linked to shallow defects typical of disordered crystalline structures. Less prominent emission in the
green region with the increase of Sr2+ corresponds to less self-trapped charges, less interaction between electron
and hole, and donor–acceptor recombination.

1. Introduction

Ceramics based on CaCu3Ti4O12 (CCTO) have awakened the scien-
tific attention due to their giant dielectric constant (ε), discovered by
Subramanian et al. [1] in 2000. In 2004, Chung et al. [2] reported the
non-ohmic property of CCTO. In order to understand the multi-
functional behavior of such system, different researches are being
conducted [3–13]. Several models have been proposed to explain the
dielectric response such as: IBLC model (Internal Barrier Layer Capa-
citor) [14–16], and the NBLC model (Nanosized Barrier Layer Capa-
citor) [12,17]. On the other hand, compared with systems that also
present dielectric behavior, the CCTO has a giant dielectric constant,
which is generated by an extrinsic nature, related to the processing and
to small stoichiometry changes [18–20]. The CCTO system is re-
presented by ′B OAA3 4 12, where ′A is the lattice modifier and the B is the
lattice former.

Photoluminescence (PL) emission is a powerful tool employed to
elucidate the properties of different materials with perovskite structure,
being closely related to the crystal structure and its corresponding
distorted metal–oxygen polyhedrons. In particular, many titanates
present structures with lower symmetries which under ambient condi-
tions could derive the rotation or tilting of regular, rigid octahedrons
resulting in the presence of distorted TiO6 clusters [21–23]. Although
the structure is distorted, the rotation/tilting of the octahedral frame-
work does not disrupt the corner-sharing connectivity.

The PL response is being studied by different researchers, due to the

applicability in optics devices. This has already been reported in dif-
ferent materials with a perovskite structure [21–26], among them the
CTO [27] CCTO [22,28–31] and CCTO/CTO [32]. Usually, the PL be-
havior is attributed to multiphonon processes, i.e., a system in which
relaxation occurs through several paths located in states of energy
above the valence band and below the conduction band [33]. The de-
gree of symmetry and crystallinity has influence on PL emission. Ma-
terials with high degree of symmetry present PL emission through
electronic states created within the band gap of the disordered cluster
in the structure [23]. The PL property of the CCTO is mainly associated
with the presence of oxygen vacancies in the [TiO6] clusters generating
clusters of type ⋅V[TiO ]o5

2 [29,30,34–36]. This type of vacancies gen-
erates energy inside the gaps of the material, altering the movement of
electrons between different levels [29]. As reported by Moura et al., the
band gap of CCTO decreased and consequently an increase in the PL
emission is noted with the increase of Zr4+ doping, producing short-
range distortion in the perovskite structure due to the formation of
[TiO5/TiO6] cluster [37]. Some studies analyzed the substitution of
Ca2+ by Sr2+ in the CCTO [35,38], but few studies have emphasized
the role of partial and total substitutions of the Cu2+ ions. The changes
in the PL property of the CCTO phase with the partial and total sub-
stitution of Cu2+ by Sr+2 in the presence of SCTO phase have been
reported by a small number of authors [39–41]. Therefore, our work is
focused to explain the photoluminescent response of crystalline cera-
mics with multiple phases obtained through solid-state reaction. Our
goal is devoted to some critical steps: (a) Phase formation by a study
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based on thermal analyses and Rietveld refinement, (b) Correlation
between the wavelength emission with the Sr2+ content evidenced by
the photon modes of the multiple phases and (c) The possible origin of
PL behavior caused by Ti4+ off-center, which is common to TiO6

clusters.

2. Experimental procedure

2.1. Synthesis

Ceramic powders based on CaSrxCu3-xTi4O12 (0.00≤ x≤ 3.0),
specifically with x values of 0.00, 0.15, 0.30, 1.50, 2.70 and 3.00, were
prepared using solid-state reaction. The reagents used were CaCO3

(Aldrich), CuO (Aldrich), TiO2 (Aldrich) and SrCO3 (Aldrich), all of
them of analytic grade (99.99% of purity). To obtain homogeneity of
the powder, the reagents were mechanically mixture in a rotary mill for
24 h using a polyethylene pot, zirconium balls stabilized with yttrium
and isopropyl alcohol. After drying in stove for 12 h, the powder was
deagglomerated in mortar, granulated in sieve of 200 mesh and calci-
nated at 1050 °C for 12 h. The thermogravimetric studies were made
using a TG-DTA of vertical cell, Netzsch, STA 409 model.

2.2. Characterizations

Phase analysis of the powders was carried out using the X-ray dif-
fractometry technique by a rotatory diffractometer (RIGAKU®, model
RINT2000) operated at 50 kV/120mA and using copper Kα radiation.
The study was performed in the range of 10–120, with steps of 0.02
grades. The crystalline structure and Rietveld refinement were acquired
with the software's Mercury 3.8 and Diamond 4.40 and GSAS free
version. The phases were identified and refined based on the Inorganic
Crystal Structure Database (ICSD). The Raman spectroscopy char-
acterization was obtained by LabRAM iHR550 Horiba Jobin Yvon
spectrometer with a laser 514 nm wavelength, as an excitation source,
and spectral resolution of 1 cm−1, with 40 scans, in the range
100–800 cm−1, coupled to a CCD detector.

The UV–vis spectrum was obtained using a photo spectrometer Cary
5 G (Varian, USA) in a diffusive reflection mode. To calculate the gap
energy value (Egap) the Kubelka-Munk method was used [42]. This
strategy is based on the counts with the scattering phenomena of the
radiation with the matter, allowing a more precise value of gap energy.
This value is related with the absorbance of the material and the pho-
tons energy by the Eq. (1):

= −∞v R v Eah C ( (h ) )1 gap
n (1)

where, α is the linear coefficient of absorbance, hν is the photons en-
ergy, C1 is a constant, ∞R is the reflectance when the sample is taken as
infinitely thick, Egap is the optical energy gap and n is a constant as-
sociated to the different types of electronic transitions (n=½ to direct
transitions and n=2 to indirect transitions). The photoluminescent
spectrum was built using a thermal monochromator monospec Jarrel-
Ash and a photomultiplier Hamamatsu R446. A laser (Coherent Innova)
of wavelength 350.7 nm (2.57 eV), with 200mW of power was used. All
measurements were performed at room temperature.

3. Results and discussion

3.1. Thermal analysis

Fig. 1(a) shows the thermogravimetric analysis (TG) to all powders
synthesized through solid-state reaction. CaSrxCu3-xTi4O12 sample with
x=0.00 shows a single mass loss in the temperature range from 600 °C
at 850 °C due to the CaCO3 decomposition. Samples with low Sr2+

contents (x= 0.15–0.30) show two mass loss stages. The first one be-
gins at 230 °C and can be attributed to the output of water adsorbed by
the carbonates while the second stage at range 650–850 °C is caused by

the release of CO2 from CaCO3 as it is known that SrCO3 decomposes
between the 875 °C and 1035 °C [43,44]. On the other hand, the sam-
ples with x=1.50–3.00 illustrate four mass loss stages. Two stages are
identical as mentioned above while the other two can be explained as
follows: At 450 °C the release of CO occurs, and near 880 °C, CO2 goes
out of SrCO3 [43]. Such samples revealed a 20% of mass loss at 1030 °C,
indicating that high calcination temperatures are required to obtain
such crystalline phases. The Fig. 1(b) shows the DTG curves where two
distinct events can be noted. The first one occurs between 480 and
580 °C, being associated to the release of CO2 coming from both car-
bonates [45,46]. The second one takes place from 700 until 1050 °C and
can be explained by the complete decomposition of CaCO3 and SrCO3.
For the samples with x=2.70 and x= 3.00 the second event is shifted
to higher temperatures, being related to phase changes corresponding
to strontium carbonate [43]. Thus, for comparative terms, 1050 °C was
chosen as the calcination temperature, ensuring no mass loss.

3.2. X-ray diffractometry

Fig. 2 shows the X-ray diffraction patterns. It can be observed that
the sample with x= 0.00 (Fig. 2a) presented only the CCTO phase
(ICSD card 91–097), corresponding to a cubic perovskite structure with
space group Im-3, while the sample with x=3.00 (Fig. 2f) presented
only SCTO phase (ICSD card 29–0861) with orthorhombic structure
(Table 1). This phase belongs in the space group Ibmm, as already

Fig. 1. (a) Thermogravimetric graphics and (b) derivative of the thermogravimetric
analysis of ceramic powders based on CaSrxCu3-xTi4O12 (0.00≤ x≤ 3.00).
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shown in the literature [46]. The presence of CCTO, SCTO and CTO
(ICSD card 62–149) with space group Pbnm was evidenced in the
samples with x= 0.15, 0.30, 1.50 and 2.70 (Fig. 2b–e). In this study,
the Rietveld refinement technique was used to investigate the crystal
structure of the all examined samples. The data were collected from
powders calcinated at 1050 °C for 12 h obtained through solid-state
reaction in the conventional furnace. The crystal structure was used as a

tool for structural refinement; the results showed that the oxygen oc-
tahedron was heavily tilted and the Cu2+ cations adopted a four-fold
square-planar coordination. The structure refinement data for all sam-
ples were presented and the χ2 values lead to conclude that the re-
finement was credible in accordance with released literature. Table I
illustrates the Rwp, Rexp, unit cell volume (V), χ2 and the percentage of
each phase. We noted that the sample with x=0.15 shows the CCTO

Fig. 2. X-ray diffraction of ceramic powders based on CaSrxCu3-xTi4O12 where (a) x= 0.00; (b) x= 0.15; (c) x= 0.30; (d) x= 1.50; (e) x= 2.70 and (f) x= 3.00.
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(96.60%) and SCTO (3.40%) phases indicating that Sr2+ exceeds the
limits of solid substitution. The sample with x= 0.30 showed three
phases in equilibrium, denoted as CCTO (72.48%), SCTO (7.90%) and
CTO (19.62%). As already shown in literature [47], the CTO phase is
originated from the copper deficiency in CCTO. Different proportions of
the same phases presenting CCTO (40.57%), SCTO (33.96%) and CTO
(25.46%) were obtained for the sample with x= 1.50. In the case of the
sample with x= 2.70 is evident the presence of CCTO, CTO and SCTO
phases, with the largest percentage being the SCTO phase (65.04%).
Finally, the sample with x=3.00 presents SCTO phase as a single
phase, indicating that Sr2+ completely replaces calcium on the CTO

phase.

3.3. Raman spectroscopy

Fig. 3a shows the Raman spectrum of all samples, where 13 dif-
ferent Raman modes (P1-P13), all associated to TiO6 clusters can be
noted. P7, P8 and P9 Raman modes could be identified for the com-
positions with x=0.00, 0.15 and 0.30, corresponding to wavenumbers
near to 445 cm−1 (P7 mode), 506 cm−1 (P8 mode), and 572 cm−1 (P9
mode). All these modes could be addressed to TiO6 clusters in the Tg

and Ag symmetries. Besides that, P7 and P8 Raman modes shift to an

Table 1
Structural parameters of samples of CaSrxCu3-xTi4O12, with x=0.00, 0.15, 0.30, 1.50, 2.70 and 3.00.

Samples CaCu3Ti4O12 Sr.75Ca.25TiO3 CaTiO3 Rietveld values
percentage (%) percentage (%) percentage (%)

a (Å) Volume (Å3) a (Å) b (Å) c (Å) Volume (Å3) a (Å) b (Å) c (Å) Volume (Å3) Rp Rwp χ2

x= 0.00 100 0 0 2.82 3.85 2.766
7.394 404.26 0 0 0 0 0 0 0 0

x=0.15 96.60 3.40 0 3.72 5.51 4.964
7.422 408.83 5.342 5.480 7.773 233.97 0 0 0 0

x=0.30 72.48 7.90 19.62 3.19 4.46 3.659
7.422 408.79 5.485 5.50 7.791 235.06 5.246 5.270 7.418 205.11

x=1.50 40.57 33.96 25.46 4.29 6.12 5.411
7.397 404.77 5.485 5.501 7.798 235.31 5.502 5.559 7.741 236.78

x=2.70 5.75 65.04 29.21 5.30 7.07 5.557
7.397 404.67 5.497 5.506 7.805 236.67 5.452 5.482 7.781 232.59

x=3.0 0 100 0 5.74 7.65 5.771
0 0 5.492 5.501 7.798 235.60 0 0 0 0

Fig. 3. a) Raman spectrum of ceramic powders based on CaSrxCu3-xTi4O12 (0.00≤ x≤ 3.00). b) Representation of the crystalline structures of CCTO and SCTO.
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Table 2
Experimental vibrational modes of samples of CaSrxCu3-xTi4O12, compared with literature values.

s ModeCaSrxCu3-xTi4O12 Literature

x=000 x=0.15 x=0.30 x=1.50 x=2.0 x=3.00 [48,58]

Ag1 (cm−1) 442 443 443 447 447 447 445
Ag2 (cm−1) 510 509 509 509 510 509 512
Fg1 (cm−1) 573 573 573 574 574 574 572

Fig. 4. UV–vis absorbance spectrum of ceramic powders based on CaSrxCu3-xTi4O12, where (a) x=0.00; (b) x=0.15; (c) x= 0.30; (d) x= 1.50; (e) x= 2.70 e (f) x= 3.00.
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emission of high energy in the blue region, caused by a stress generated
in the c axis produced by the Sr2+, whose ionic radius (1.26 Å) is larger
when compared to the ionic radius of Cu2+ (0.73 Å) when the com-
position reaches x=1.50 [48,49]. A phase transition from cubic to
orthorhombic structure could be observed for the sample with x=2.70
and is addressed to P8 Raman mode. The 13 vibrational Raman modes
are evident for the sample with x= 3.00, indicating low symmetry at
short-range. However, it is necessary to highlight that the mode located
near 549 cm−1, which is related to TO4 phonon mode, usually found in
the rhombohedral structure of SCTO (Fig. 3b), is evident for the sam-
ples with x= 2.70 and 3.00 [49]. The vibration Raman modes P12, P13
(740 cm−1 and 802 cm−1) are associated to acoustic modes with high
magnitude. All modes pointed out in this research were compared with
the values related in the literature [48,50] (Table 2). The main differ-
ences observed could be caused by a structural disorder at short range
in the structure, which is minimized when Cu2+is substituted by Sr2+.

3.4. Ultraviolet-Visible absorbance spectroscopy (UV–vis)

Fig. 4 shows the UV–vis spectra for the Sr2+ modified CaSrxCu3-
xTi4O12 ceramic powders. The optical band gap values obtained
through the linear fitting of tails from the UV–vis spectra are shown. It
is noted that samples with Sr2+ content of x= 0.00, 0.15 and 0.30 have
an energy gap, around of 2.24 eV, due to the electronic transitions
between the oxygen orbitals in the valence band (VB) and the copper
orbitals in the conduction band (CB) corresponding to the CCTO phase
[51]. On the other hand, for the samples with x=1.50, 2.70 and 3.00,
an energy gap at around 3.45 eV, can be attributed to the electronic
transitions in the [TiO6] clusters caused by charge transfer between the
O-2p orbitals in the VB and Ti-3d orbitals in the CB [29].

Fig. 5 illustrates the dependence of band gap energy as a function of
Sr2+ content. It can be noted that the band gap energy is quite similar
for the samples with x= 0.00, 0.15 and 0.30 because the major phase
present in such compositions is the CCTO phase, as previously discussed
by Rietveld analysis. The same trend can be noted for the samples with
x=1.50, 2.70 and 3.00 of Sr2+ whereas the major phase is the SCTO.
In this way, it can be concluded that the addition of Sr2+ in the CCTO
generates a material with lower symmetry at short range as evidenced
by Raman spectroscopy, and also with fewer defects producing an in-
crease in the band gap energy. The samples with x= 1.50 and x=2.70
had two band gaps, which are associated with the presence of different
crystal structure as already reported in the literature [27]. Moreover,
other authors have shown that small band gap values are characteristic

of structures with many defects, and the decrease of these defects
produces an increase in the band gap [22,29,37].

The absorbance curves vs wavelength (nm) are presented in Fig. 6.
It can be noted that the absorption process for the samples with
x=0.00, x= 0.15 and x=0.30 began at 600 nm, which indicates that
the energy gap is about 2.0 eV, as it was confirmed by UV–vis tech-
nique. This is typically associated with the CCTO cubic structure. On
the other hand, the samples with x= 1.50 and x=2.70 displayed a
similar behavior, showing two absorption processes. The first one, near
to 350 nm and the second, near to 600 nm, could be explained by two
different crystal structures (cubic structure for CCTO), (and orthor-
hombic structure for CTO and SCTO phases), as previously discussed.
An increase in the photon absorption was reached from a wavelength
(350 nm), which corresponds to the energy of 3.0 eV, approximately.
This value matches with the gap energy of the SCTO phase, present in
the samples with higher Sr2+ contents. The samples with x= 2.70
showed a decrease in the photon absorption due to the decrease of
CCTO phase. The sample with x= 3.00 showed a single SCTO photon
absorption close to 350 nm, which indicates the presence of a single
phase.

3.5. Photoluminescent spectroscopy

Fig. 7 shows the PL curves of the samples treated at 1050 °C and
illustrates the effects of Sr2+ modified CaSrxCu3-xTi4O12 ceramic pow-
ders. Samples with x=0.00, x= 0.15 and x= 0.30 (Fig. 6a-c) has a
broad emission near to the blue region (450 nm), which should be ex-
plained, according to T. Badapanda's and L. S. Cavalcante's works, by
the presence of oxygen vacancies, produced in ternary oxides with
changes in the temperature [51,52], On the other hand, the sample with
x=1.50 (Fig. 6d) shows no emission in the violet region being asso-
ciated to deep defects in the band gap, whereas the samples with
x=2.70 and x= 3.00 (Fig. 6e-f) produce emissions in the violet and
blue regions corresponding to shallow defects in the band gap [53].
Something that must be considered is that the decrease of the green
emission with the increase in the amount of Sr2+ can be associated to
the decrease of self-trapped charges, less interaction between electron
and hole, and donor–acceptor recombination [54]. The orange-red
emission was evidenced in all samples, beginning with an emission in
the region near to the red region, and with the increase Sr2+ content
this emission moves to the orange region, which is associated with
shallow defects [52]. The results of this study reveal a positive influence
of the Sr2+ ions on optical properties. Such doping leads to an increase
in the band gaps which stimulates PL emission at different wavelengths

Fig. 5. Dependence of band gap energy as a function of Sr content based on CaSrxCu3-
xTi4O12 (0.00≤ x≤ 3.00).

Fig. 6. Absorbance spectrum of ceramic powders based on CaSrxCu3-xTi4O12 (0.00≤
x≤ 3.00).
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characterized by deep and shallow defects attributed to VO and VO va-
cancies. Thus, electronic transitions of low energies were higher in
samples with Sr2+ addition. Typically, oxygen vacancies are the main
responsible for the PL property representing the energetic levels in the
band gap region causing charge transfer [29,34]. T. Sequinel et al.
obtained CCTO thin films using a soft chemical solution and pressure
method. The authors proposed that the pressure causes a decrease in
the band gap and an increase in the photoluminescence (PL) emission
suggesting that the pressure facilitates the displacement of Ti4+ in the
titanate clusters, and the charge transference which could be attributed
to the presence TiO[ ]o

x
6 and ⋅TiO V[ ]O

X
d5 clusters (where o-order and d-

disorder) in the structure [24,31]. It is known in the literature that the
photoluminescence emission in the blue region is related to TiO[ ]o

x
6

cluster with oxygen vacancies of the mono-ionized type [55], as can be
seen with the Kröger-Vink notation through to the Eq. (2):

+ ⋅ → ′ + ⋅TiO TiO V TiO TiO V[ ] [ ] [ ] [ ],x
O
x

O6 5 6 5
• (2)

while the emission in the lower energy region, green and red, is related
to the charge transfer to clusters with doubly ionized vacancies (Eq.
(3)):

+ ⋅ → ′ + ⋅TiO TiO V TiO TiO V[ ] [ ] [ ] [ ];x
O O6 5
•

6 5
•• (3)

lower band gaps and intermediate energy levels produced PL emissions.
Our results pointed out that the samples with x=0.15 to x=1.5

possess a gradual increase of the emission in the blue region. Raman,
XRD and UV–Vis spectroscopy data indicated that Sr2+promotes an
increased stress along the c axis of the crystal lattice with the coex-
istence of CCTO, SCTO and CTO phases, and photons absorption close
to 2.25 eV. That indicates that the disorder state of the clusters in the
structure tend to maintain the presence of shallow defects in the ma-
terial, especially mono-ionized oxygen vacancies VO. Higher
Sr2+ content samples (x= 2.70–3.00) shows the absence of the CCTO
phase with photons absorption of high energy in the range of 3.5 eV and
a clear indication by Raman spectroscopy of less ordered symmetry.
This reflects in the PL behavior, contributing to the emission in the
blue, green and orange wavelengths. Therefore, the system with high

Sr2+ content will be characterized by deep and shallow defects at-
tributed to VO and VO vacancies [33,56–58].

4. Conclusions

Distinct PL responses were observed for Sr2+ modified CaSrxCu3-
xTi4O12 powders obtained through solid-state reaction. Sr2+ exerted a
greater influence on optical characteristics which produced an increase
in the band gap due to the rupture of the Ti–O bonds and the genesis of
intermediary energy levels inside the band gap region (overlap between
valence and conduction bands). A less ordered structure evidenced by
high number of longitudinal and transversal modes were noted. High
band gap energy values obtained by Sr2+ addition reveal a less ordered
structure at short range with fewer defects than the CCTO system.
Strontium doping leads to an increase in the band gaps which stimu-
lates PL emission at different wavelengths characterized by deep and
shallow defects attributed to VO and VO vacancies. This is caused by the
absence of the CCTO phase with photons absorptions of high energy in
the range of 3.5 eV and a clear indication of less ordered symmetry.
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