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A B S T R A C T

Here, we report on the effect of chemical substitution on the structural and optical properties of Cu-
doped CaTiO3 (CTO) polycrystalline powders synthesized by the polymeric precursor method. Our
findings are discussed based on the structural order-disorder effects originating from the modification of
the Ca1�xCuxTiO3 microcrystal matrix. These results may elucidate the compositional modulation and
methods of controlling the structural design, as well as reveal the changes in the optical behavior of this
system at an atomic level.
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1. Introduction

Recently, complex perovskite oxides have been the subject of
many studies in several fields because of their desirable properties
and potential applications [1–5]. Among these promising materi-
als, which have a general formula of ABO3, calcium titanate (CaTiO3

(CTO)) is a chemically stable, n-type semiconductor with a wide
band-gap of �3.56 eV. CTO has excellent electrical and optical
properties, which render it a potential candidate for applications
such as electronic devices, computer memory, and capacitors [6,7].

Along with the development of novel complex perovskite oxide
materials, a large number of synthetic strategies have recently
been developed to produce CTO materials of different sizes and
morphologies [8–15]. In this context, it is well known that the
polymeric precursor method is a simple, clean, and efficient
approach to fabricate complex functional materials. It also offers
excellent chemical homogeneity and precise stoichiometric
control during heat treatments at relatively low temperatures
[9,15,16]. Hence, this synthetic strategy substantially reduces the
presence of segregated phases and does not require long annealing
periods compared with other synthetic methods [9,15,16].
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Moreover, it is well known that doping can enhance the physical
and chemical properties of these materials. Hence, these chemical
substitutions, especially the partial replacement of the Ca2+ or Ti4+

atoms, allow the emergence of technologically interesting
properties for new applications.

From the most recent studies, up to now, the use of doped CTO
materials has attracted large attention and proven to be an
effective means as strategy to obtain of materials with a giant
dielectric constant, new luminescent materials and so on [17–19].
As is well-known, the Cu2+ ions can influence dielectric permittiv-
ity as well as its microstructure, modifying the potential barriers,
mainly when segregated into grain boundary [20–22]. From recent
studies, it has been observed that a small amounts of Cu2+ ions
added to CTO material (e.g., such as 2–10 mol%) is responsible for
increased its dielectric permittivity in 40 times. Although
permittivity values obtained for these systems being smaller than
those are reported for CaCu3Ti4O12 (CCTO) perovskite, at higher
concentrations of Cu2+ ions, i.e. above 40% mol, a tangent of loss
(tand) value of approximately 0.05 at 1 kHz was observed in the
same frequency range [23]. However, it is crucial to elucidate the
order-disorder effects and structural changes that occur when the
Ca2+ ions in the material are replaced with Cu2+ ions. This is a key
factor for the design of novel complex functional materials with
tunable properties, and it is of great technological importance for
many applications.
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Here, we report a detailed study on copper doping and its
effects on the structural and optical properties of Ca1�xCuxTiO3

powders synthesized by the polymeric precursor method. The
obtained precursor was investigated using thermogravimetric
analysis (TGA). These obtained powders were analyzed using X-ray
diffraction (XRD) with Rietveld refinement, micro-Raman (MR)
spectroscopy, field-emission scanning electron microscopy (FE-
SEM), Brunauer–Emmett–Teller (BET) nitrogen adsorption/de-
sorption isotherms, as well as ultraviolet–visible (UV–vis) and
photoluminescence (PL) measurements. These analyses can
elucidate the structural changes, which is critical for controlling
the optical behavior of the Ca1�xCuxTiO3 powders, being an
important strategy in order to revealing its potential applications.

2. Experimental

The polymeric gel of Ca1�xCuxTiO3 with 0 � x � 0.10 mol of Cu2+

ions was synthesized by polymeric precursor method. Initially, a
1.0 � 10�2mol solution of titanium citrate was maintained at 60 �C.
Subsequently, (1�x) � 10�2mol of Ca(NO3).4H2O was added to the
solution. Following its complete dissolution, stoichiometric
quantities of 0.00, 0.02, 0.04, or 0.10 � 10�2mol of Cu(NO3)2.2.5H2O
were also added to the system. These samples were denoted as
CTO, x = 0.02, x = 0.04, and x = 0.10, respectively. Under constant
stirring, the system was maintained at 80 �C until its complete
homogenization. Then, ethylene glycol was added to the citric acid
solution in a mass ratio of 60:40, respectively; thus producing a
polymeric resin. Fig. 1 shows the TGA/differential thermal analysis
(DTA) curve for thermal decomposition of the polymeric resin. The
TGA/DTA analysis was performed using NETZCH-STA-409CELL
equipment at a heating rate of 5 �C/min under an air atmosphere.

Fig. 1 presents the TGA/DTA curve for the thermal decomposi-
tion of the polymeric resin heat treated from 25 to 1000 �C. As can
be seen, an exothermic peak was observed at 350 �C which is
associated to a weight loss of 6.88%, corresponding to decomposi-
tion of the polymer chains involving the metallic cations producing
CO2 and H2O, which produced an amorphous powder (see Fig. 2(a–
d)). Above 600 �C, none weight loss was detected, indicating that a
stable ceramic oxide is formed. According to this result, crystalline
Ca1�xCuxTiO3 powders with 0 � x � 0.10 of Cu2+ ions are obtained
after different stages of calcination. The first step, so-called the pre-
calcination, constitutes of the polymeric resin calcination to
Fig. 1. TGA/DTA curves of amorphous powder obt
eliminate the larger amount of organic material, citric acid and
ethylene glycol, used in the synthesis. The second step, in
particular consists of a heat treating of these material for removal
of residual organic materials as well as obtain a crystalline
Ca1�xCuxTiO3 powders. In this work, the polymeric resin was
heated in a conventional oven at 350 �C for 4 h using a heating rate
of 1 �C/min (i.e., the pre-calcination). This resulting material was
manually de-agglomerated in the agate mortar. Then, using a
tubular oven under an O2 atmosphere, this material was heated at
800 �C for 2 h using a heating rate of 5 �C/min (see Fig. 2(a–d)).

The Ca1�xCuxTiO3 powders with 0 < x < 0.10 mol of Cu2+ ions
were characterized by XRD with Rietveld refinement using a
Rigaku-DMax/2500PC (Japan) with Cu-Ka radiation (l = 1.5406 Å).
The analysis was conducted in the 2u range from 10� to 130� with a
scanning rate of 0.02�/min. The Rietveld refinement was
performed using the General Structure Analysis software (GSAS)
program [24]. Rietveld refinement is a method in which the
position and intensity of peaks in a diffraction pattern obtained
from step-scanning measurements enables an approximate
structural model of an actual structure to be produced [25].
Hence, refined parameters for all the samples were obtained, such
as the scale factor, background, shift lattice constants, profile of
half-width parameters (u, v, w), isotropic thermal parameters,
strain anisotropy factor, occupancy, and atomic functional
positions. Furthermore, the background was corrected using a
Chebyshev polynomial of the first kind. The model described by
Stephens [26] was used to account for the anisotropy in the half
width of the reflections. As implemented in the GSAS program, the
profile peak function was modeled using a convolution of the
Thompson-Cox-Hastings pseudo-Voigt function [27] with the
asymmetry function described by Finger et al. [28].

Micro Raman (MR) spectra were obtained using the 488 nm line
of a Nd:YAG laser, maintaining its maximum output power at
25 mW to study the structural organization at short-range. The
surface areas of the Ca1�xCuxTiO3 powders were evaluated by the
BET method using nitrogen adsorption/desorption analysis, which
was conducted on a Micromeritics ASAP 2010 surface area and
porosity analyzer. The morphologies of the as-prepared
Ca1�xCuxTiO3 powders were thoroughly investigated using
FE-SEM (JEOL, Model 7500F, JEOL Ltd. Tokyo, Japan). The UV–vis
absorption spectroscopy of the as-prepared materials was
performed using Cary 5 G equipment, and the band-gap energy
ained by the calcination of the polymeric gel.



Fig. 2. (a-d) XRD patterns of Ca1�xCuxTiO3 powders. Inset in (a-d) illustrates XRD patterns for the pre-calcination step.
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(Egap) values were calculated by the Kubelka-Munk method [29].
The PL emission spectra were measured with a 139 Thermal Jarrel-
Ash Monospec 27 monochromator and a Hamamatsu
R446 photomultiplier. A krypton ion laser (Coherent Innova) with
an exciting wavelength of 350 nm was used, maintaining a nominal
output power of 200 mW. All the measurements were performed
at room temperature.

3. Results and discussion

The crystalline structure of the as-prepared Ca1�xCuxTiO3

powders were evaluated by XRD with Rietveld refinement analysis
and MR spectroscopy. Fig. 2 (a-d) shows the XRD patterns of the
Ca1�xCuxTiO3 powders, revealing a polycrystalline nature at long-
range. An analysis of these results indicated that all the diffraction
peaks were perfectly indexed to the CTO orthorhombic structure
with a space group of Pbnm, in accordance with the Inorganic
Crystal Structure Database (ICSD) card number 74-212. For
x > 0.02 compositions, a CCTO cubic secondary phase with a space
group of Im-3 was identified in addition to the CTO phase. The
secondary phase was indexed according to ICSD card number
95-714. This suggests that the presence of the CCTO phase was
owed to the limited atomic diffusion of the Ca, Ti, and Cu atoms,
which is promoted by the extended heat treatments used to
eliminate the organic material. Furthermore, these findings
suggest that the amount of precipitated CCTO phase increased
as the Cu2+ ion concentration increased.

The Rietveld refinement measurements of the as-prepared
Ca1�xCuxTiO3 powders were used to elucidate the structural
changes and to determine the percentage of the second phase, as
shown in Fig. 3 and Table 1. As shown in Fig. 3 (a-d), the Rietveld
refinement results showed a good relationship between the
observed XRD patterns and the theoretical ones. The solubility
limit was estimated as �0.02 mol for the CTO orthorhombic
structure. In these analyses, the determined percentages of the
secondary phase in x = 0.04 and x = 0.10 systems were 4.34 wt.% and
9.80 wt.%, respectively, indicating that all the Cu atoms are
crystallized in a CCTO secondary phase.

In CTO unit cell, the Ca atoms are coordinated to twelve O atoms
that form dodecahedral [CaO12] clusters, while the Ti atoms are
coordinated to six O atoms that form octahedral [TiO6] clusters. In
this structure, the adjacent [TiO6] clusters are displaced from its
symmetric center. For Ca1�xCuxTiO3 powders, this effect can be
noted by the small variation of approximately 156–158� between
[TiO6]�a�[TiO6] clusters. This behavior can be attributed to the
replacement by the Ca2+ ions to Cu2+ ions into A-site of the
perovskite structure, i.e., due to its polarization effect on [CaO12] e
[TiO6] clusters in the host lattice, which is able to create distortions



Fig. 3. Rietveld refinements of the XRD patterns of as-prepared Ca1�xCuxTiO3 powders: (a) CTO, (b) x = 0.02, (c) x = 0.04, and (d) x = 0.10.
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and strains in Ca1�xCuxTiO3 powders and also have strong an
influence on its optical properties [30]. However, it can be noted
that the lattice parameters and unit cell volumes obtained through
the XRD refinement are very close to those published in the
literature for the CTO materials [30–32]. Moreover, changes in the
crystallization, heating rates, heat-treatment temperature, proc-
essing time, or crystal growth process can influence the structural
distortion degree of the octahedral TiO6 clusters within CTO matrix
[33,34].

Most notably, there were no other significant changes in the
lattice parameter values with the introduction of Cu2+ ions into the
A sites of the Ca1�xCuxTiO3 powders. This may be associated with
Table 1
Lattice parameters, unit cell volume, and correlation parameters obtained through the Rie
ions prepared by polymeric precursor method.

LatticeParameters V (

a (Å) b (Å) c (Å)

CTO 5.3864(8) 5.4374 (8) 7.6464(11) 223
x = 0.02 5.3863(9) 5.4382(10) 7.6457(13) 223
x = 0.04 5.3868(16) 5.4374(18) 7.6464(23) 223
x = 0.10 5.3861(12) 5.4369(13) 7.6449(17) 223
the heat treatment conditions used to obtain the Ca1�xCuxTiO3

powders. In the polymeric precursor method, the amorphous
powder has been subjected to a heat treatment in a conventional
oven. During this process, the energy is slowly transferred from the
surface of the powder to its interior, promoting the growth of a CTO
crystalline structure with a greater degree of structural organiza-
tion. Moreover, it should be noted that Ca2+ and Cu2+ possess
similar ionic radii (Cu2+ = 0.960 Å and Ca2+ = 0.969 Å). This corre-
sponds with the lack of variation in the lattice parameters and the
cell volume of the copper-doped CTO, as shown in Table 1.
Furthermore, the peaks (212), (142) observed in the XRD patterns
of CTO phase, also should be attribute to CCTO phase
tveld refinement method for the Ca1�xCuxTiO3 powders with 0 � x � 0.10 mol of Cu2+

Å3) a[Ti-O-Ti] RBragg(%) Rwp(%) x2

.9 (6) 156.3� 3.14 8.44 1.313

.9(7) 157.2� 3.46 6.89 1.33

.9(11) 157.8� 3.57 5.96 1.27

.8(8) 157.9� 4.39 5.39 1.34
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simultaneously, and as a consequence of the increase in Cu
composition is observed a large increase in the relative intensity of
these peaks, which is in good agreement with the Rietveld
refinement results.

For x � 0.02 compositions, we observed the formation of a
CCTO/CTO polycrystalline system [11]. In the CCTO structure, the
Cu atoms are coordinated with four oxygen atoms of the square-
planar [CuO4] clusters. Moreover, the distortion of the [TiO6]
clusters in the CCTO matrix, owed to changes in the Cu��O bond
length, could increase the number of [TiO5VO

�]–[TiO6] clusters in
the structure. The refinement results reveal a square planar
distorted octahedral Cu2+ complexes clusters, as a consequence of
Jahn-Teller effects [35]. In this case, the conductivity of CCTO
would be owed to charge transference from [TiO5VO

�] to [CuO4]0,
[TiO5Vo

x] to [CuO4]x, or [CuO4]’ to [CuO4]x. Moreover, this process
leads to the production of a Cu+ species ([CuO4]’) in the lattice [36–
41]. Thus, MR spectroscopy can be used to determine the level of
structural defects or asymmetry–symmetry in the Ca1�xCuxTiO3

systems.
Fig. 4 shows the MR spectra of Ca1�xCuxTiO3 powders,

confirming the structural order at short-range. The structural
behavior of the CTO powders resulted in nine Raman-active modes
at 156, 180, 224, 246, 285, 335, 470, 491, and 631 cm�1, which are
assigned to the orthorhombic structure of the CTO. In particular,
the peaks located at around 156, 180, 224, 246, 285, and 335 cm�1

are associated with the [O��Ti��O] bending vibration modes, while
the peaks at 470 and 491 cm�1 are assigned to distortions in the
[TiO6] octahedral clusters. The peak at 631 cm�1 is assigned to the
[Ti-O-Ti] anti-symmetric stretching mode of the [TiO6] octahedral
clusters [9,10]. For the Ca1�xCuxTiO3 powders with x = 0.0 and
x = 0.02, the horizontal arrows indicate the broadening of the
631 cm�1 Raman-active mode as a function of the Cu2+ ion
concentration in the CTO lattice. In our previous work [30],
significant changes in this Raman mode could be related to the
symmetry breaking of the [CaO12] clusters caused by the increase
in Cu composition in the A-site of CTO host matrix. This suggests
the existence of an asymmetric structure due to the modification of
the rotational modes in the [TiO6] octahedral clusters (see Fig. 4);
specifically, a high electron density region (excess of electrons) and
a low electron density region (excess of holes) are formed.

In this case, the addition of the Cu2+ ions into the CTO matrix
completely changes the MR spectra at short-range. However,
besides the Raman modes ascribed to the CTO orthorhombic phase
for the x = 0.04 and x = 0.10 systems, Raman-active modes were also
Fig. 4. MR spectra of as-prepared Ca1�xCuxTiO3 powders.
verified at 447 cm�1(�) and 503 cm�1(�), which were ascribed to the
rotation-like modes of the [TiO6] linkages related to the CCTO
secondary phase [42–44]. Moreover, the Raman mode at 503 cm�1

was only observed for the x = 0.10 composition. We consider that
the addition of the Cu atoms to the Ca1�xCuxTiO3 powders
(x = 0.04 and x = 0.10) causes changes in the structural polarization
of the CCTO phase. This can be attributed to structural defects
(oxygen vacancies and/or distortions) owed to the different bond
lengths of the Cu��O linkages [11,30,33]. This behavior can be
indicative of a higher Ca2+/Cu2+ ratio, and thus depends on the spin
orientation. This appears as the secondary phase in the
Ca1�xCuxTiO3 samples, which is owed to the structural rearrange-
ment from a lower-symmetry CTO orthorhombic system to a
higher-symmetry CCTO cubic system. This confirms the formation
of a polycrystalline system, and correlates with the Rietveld data.
Therefore, the phase transformation and cluster rotation induce
depolarization via the replacement of the Ca2+ ions by the Cu2+

ions.
Fig. 5 shows the FE-SEM micrographs of the as-prepared

Ca1�xCuxTiO3 powders. The inset in Fig. 5 shows the specific
surface area (S) values of the Ca1�xCuxTiO3 powders. By analyzing
the obtained results, as shown in Fig. 5, it can be determined that
the Ca1�xCuxTiO3 powders prepared by the polymeric precursor
method consist of aggregated, irregular, and lamellar particles,
which explains the low surface area values obtained for these
systems. As can be seen in Fig. 5(a), there is little contact between
the particles in the CTO powder. In this sample, the particles are
less reactive (surface area of 3.61 m2/g), and will not have sufficient
energy to initiate the sintering process (neck forming); thus, the
particles are merely aggregated.

When the Cu2+ concentration is increased from x = 0 to 0.02 (see
Fig. 5(b) and (c)), the bonding between the particles is enhanced
because the surface area of these particles is increased from 3.61 to
3.75 m2g�1, respectively. Subsequently, during the heat treatment,
contact between the particles will be maintained by van der Waals
forces. Sintering is initiated between the contacting particles (neck
forming) and consequently large aggregates will form [45].
Moreover, as the Cu2+ concentration is increased above 0.02, the
particles become more reactive, and larger agglomerates can be
observed. In general, the FE-SEM micrographs reveal that the
addition of Cu2+ ions promotes the sintering process at lower
temperatures, and also results in structural changes and the
relaxation of the material.

Fig. 6 displays the UV–vis spectra of the as-prepared
Ca1�xCuxTiO3 powders. According to previous studies [10,46],
both the CTO and CCTO exhibit an optical absorption spectrum
governed by direct electronic transitions. For the Ca1�xCuxTiO3

powders, the UV–vis absorption measurements showed Egap
values varying between 3.51 and 2.10 eV, which is associated with
specific structural disordering of the lattice [10–12].

Therefore, this behavior can be associated with the formation of
acceptor and donor levels between the conduction and valence
bands that may have been introduced by the oxygen vacancies of
the particles, which are in three different charge states (i.e., VO

x,
VO

�, and VO
��). Two different band-gap values were determined for

both of the Ca1�xCuxTiO3 (x = 0.04 and x = 0.10) powders with
excess Cu atoms (see Fig. 6). These values are associated with the
CCTO cubic phase (2.45 eV and 2.05 eV) and the CTO orthorhombic
phase (3.2 eV and 2.28 eV). This behavior suggests that a low
concentration of energy states exists within the valence and
conduction bands, which can be ascribed to the increased Cu
content within the host matrix. This plays an important role in the
optical transitions of such systems. This stoichiometric change
leads to a greater contribution from the 3d orbital states of the Cu
atoms in the CCTO secondary phase and a lower contribution from
the Ti 3d orbital states of the CTO phase [47,48]. So in principle, the



Fig. 5. FE-SEM images of CaTiO3(a), x = 0.02 (b;c), x = 0.04 (d;e), and x = 0.10 (f,g) powders prepared by the polymeric precursor method.

6 L.H. Oliveira et al. / Materials Research Bulletin 81 (2016) 1–9
cluster-like elucidation have played a significant role on the
understanding of PL performance is supported and strengthened
by different extrinsic (at surface) and intrinsic (at bulk) defect level
distributions, which are responsible for tunable the optical
behavior in such systems. The defect structure and density
variation surface and/or bulk might be responsible for the different
PL behavior of CCTO and CTO. Effective separation (electron/hole)
requires the presence of a cluster-to-cluster transfer process of
electrons or holes from [CaO12]o/d or [CuO12]o/d or [TiO6]o/d, where
o = ordered and d = disordered. One way to boost PL efficiency is to
exchange ordered complex clusters to disordered complex clusters.

PL measurements were performed to elucidate the influence of
the various Cu atomic concentrations on the optical properties of
the Ca1�xCuxTiO3 powders. This is a very simple, convenient
method for the analysis of structural defects at medium-range [49–
51]. Fig. 7 shows the PL emission spectra of the as-prepared
Ca1�xCuxTiO3 powders. Several PL emission peaks can be observed
for the Ca1�xCuxTiO3 powders, which exhibit typical broad-band
behavior. Specifically, the relaxations involve several energy states
within the band gap, which are in accordance with the optically
measured gap. In particular, the individual contribution of each de-
convoluted PL profile was obtained using the Voigt function of the
PL emission spectra, and analyzed using the PeakFit program
(version 4.05) [52]. The peak positions and corresponding areas,
shown in Fig. 7, were included in the analysis.

We compare the optical behavior of the as-prepared
Ca1�xCuxTiO3 powders, which is a crucial step in order to revealing
its potential applications. The Ca1�xCuxTiO3 powders (x = 0.02 and
0.04) presented six components; one component was situated at
the violet region (390–418 nm), blue region (460–490 nm), orange
region (617 nm), and red region (670 nm), respectively, and two
were situated at the green region (500–565 nm). The CTO and
x = 0.10 samples presented just two components, one at the blue
region and one at the orange or red region. As can be seen, CTO
system presented a PL emission mainly centered at the blue region
(54.05%), which is associated to a higher concentration of deep
defects. As the Cu2+ concentration was increased to x = 0.02, the
area percentage of the orange component decreased to 1.9%.
Moreover, it was possible to observed a red component situated at
670 nm (2.2%). The x = 0.04 composition presented a decrease in
the area percentage of the blue (39%) and green (15%) components,
while an increase in the area percentage of the orange (17%) and
red (7%) components was observed. This behavior is also
accompanied by the displacement of the PL emission to a higher
wavelength. Finally, the PL emission of the x = 0.10 composition
was situated in just the blue region (460 nm). From these results, it
can be determined that the increased Cu2+ concentration is
responsible for promoting a reduction in the structural polariza-
tion of the Ca1�xCuxTiO3 powders. This polarization favors the
elimination of deep defects and promotes a redistribution of the
intermediary states in the optical band gap. This fact suggests that
the PL behavior of the Ca1�xCuxTiO3 powders is directly influenced
by the structural disorders that yield discrete levels in the
forbidden band gap, which were confirmed by the UV–vis
measurements (see Fig. 6). Therefore, the analysis of the PL data
of the as-prepared Ca1�xCuxTiO3 powders suggest that such
materials are promising to fabrication of visible lighting lasers
devices in the blue, green and red regions of the electromagnetic
spectrum, i.e., depending on the Cu composition in the host matrix.

In previous studies [30], using as a strategy of synthesis the
microwave-assisted hydrothermal method, in particular, the PL
profile reported for the Cu-doped CTO powders with x = 0.02 is
subtly different from the one in this study. In general, the optical
behavior is strongly dependent on the synthetic methods which



Fig. 6. UV–vis absorbance spectra of as-prepared Ca1�xCuxTiO3 powders: (a) CTO, (b) x = 0.02, (c) x = 0.04, and (d) x = 0.10.

L.H. Oliveira et al. / Materials Research Bulletin 81 (2016) 1–9 7
provide a different structural organization level for such materials,
i.e., especially at the medium range. To further clarify the PL
mechanism based on structural changes induced by the dopants in
the host matrix, the formation of oxygen vacancies (i.e., VO

x, VO
�,

and VO
��) has a crucial role in the elucidation of this microscopi-

cally observed behavior. The oxygen vacancies within the
disordered structure may provide a possible explanation for the
changes observed in the PL emission of the as-prepared
Ca1�xCuxTiO3 powders. Based on the structural order-disorder
effects, we used the Kröger–Vink notation to explain and represent
the oxygen vacancy formation (i.e., VO

x, VO
�, and VO

��) in the
Ca1�xCuxTiO3 systems, which are summarized in the following
equations:

[TiO6]x + [TiO5Vo
x] ! [TiO6]0 + [TiO5Vo

�] (1)

[TiO6]x + [TiO5Vo
�] ! [TiO6]0 + [TiO5Vo

��] (2)

Here, [TiO6]0 is a donor, ½TiO5V
�
O	 is a donor–acceptor, and ½TiO5V

��
O 	

is an acceptor. This model can be extended for the lattice modifiers;
in this case, the charge will transfer from [TiO6]0 to½CuO12	x, or from
½CuO11V

x
O	x to ½CuO12	0 .

[CuO12]x + [TiO6]0 ! [CuO12]0 + [TiO6]x (3)

[CaO12]x + [CaO11Vo
x] ! [CaO12]0 + [CaO11Vo

�] (4)

[CaO12]x + [CaO11Vo
�] ! [CaO12]0 + [CaO11Vo

��] (5)
½CuO12	x þ ½CaO12	0! ½CuO12	0 þ ½CaO12	x ð6Þ
Following the above logic, the following equations can summarize
the charge transfer among the clusters for the CCTO secondary
phase:

[CuO4]x + [TiO6]0 ! [CuO4]0 + [TiO6]x (7)

[CuO4]x + [CaO12]’ ! [CuO4]0 + [CaO12]x (8)

[CuO4]0 !e
0
[CuO4]x where, CuII and CuI (9)

In this case, the charge will transfer from [TiO6]0 to ½CuO4	xor
from ½CuO11V

x
O	x to ½CuO12	0 . An analysis of the complex clusters

based on the Kröger–Vink notation for these systems revealed that
chemical substitution promotes the formation of oxygen vacancies
and can explain, in principle, the higher densification observed in
the CTO phase and hence are consistent with our previous reported
[11], in which the analysis of the X-ray absorption near edge
structure (XANES) spectroscopy that reveals different coordination
environments for these materials.

The intentional structural changes generated by the composi-
tional modulation of the system can be reasonably understood by
equations 1–9, which summarize the modification of the local
matrix responsible for the creation of new luminescent centers in
such materials. For these systems, the charge transfer that occurs
during the formation of these species is strongly related to the
structural distortions of the [TiO6]-a-[TiO6] clusters and the



Fig. 7. Deconvolution of PL emission spectra of the as-prepared Ca1�xCuxTiO3 powders: (a) CTO, (b) x = 0.02, (c) x = 0.04, and (d) x = 0.10.
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formation of defects inside the band gap, as discussed earlier. Thus,
it is highly likely that the PL emission of the Ca1�xCuxTiO3 powders
can be explained by the identification of these key factors.
Moreover, the proportion of the secondary phase also affects the PL
behavior of the complex clusters in Ca1�xCuxTiO3 systems, i.e.,
promotes a redistribution of the intermediary states inside the
optical band gap. All these effects can generate strain and
distortion in the CTO and CCTO crystalline lattice by modifying
the density of structural defects. This promotes control of the PL
behavior, and hence provides a rational method to analyze the
effects of order-disorder on the electronic structure of these
systems.

4. Conclusions

This work reported on the optical properties and structural
control of Ca1�xCuxTiO3 powders synthesized via the polymeric
precursor method. XRD with Rietveld refinements, MR, FE-SEM,
BET, UV-vis, and PL measurements were extensively employed to
investigate the relationship between the structure and properties
of these complex materials based on Ca1�xCuxTiO3 systems. The
XRD and Rietveld results suggest that a CTO/CCTO polycrystalline
system forms in powders with a Cu2+ ion concentration are greater
than 0.02. For the powders with Cu concentrations of x = 0.04 and
0.10, the MR spectroscopy also presented a different Raman-active
mode, which was ascribed to the rotation-like modes of the [TiO6]
linkages related to the CCTO phase. This can be ascribed to a
structural rearrangement in the Ca1�xCuxTiO3 samples, from a
lower-symmetry CTO orthorhombic system to a higher-symmetry
CCTO cubic system. These distortions (i.e., on short-, medium-, and
long-range length scales) in the structural arrangement of the
Ca1�xCuxTiO3 system are responsible for the rational control of
their physical and chemical properties. The optical behavior of the
Ca1�xCuxTiO3 powders are directly influenced by structural
disorders that yield discrete levels in the forbidden band gap,
which suggests that the samples have varying concentrations of
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deep and shallow defects. Our results demonstrate the influence of
the structural changes originating from the modification of the
matrix (i.e., the effect of replacing Ca+2 with Cu+2 in Ca1�xCuxTiO3

powders), which is crucial for the future development of devices
that will use these complex systems.
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