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Abstract

Intense photoluminescence (PL) emission was observed in Zr-doped calcium copper titanate powders. The compounds were synthesized by a
soft chemical method and heat treated at temperatures between 300 and 850 °C. The decomposition of the precursors was examined by X-ray
diffraction, Fourier transform infrared, Fourier transform Raman, and ultraviolet—visible spectroscopies; as well as PL analysis. Here, we discuss
the role of the structural ordering, which facilitates the self-trapping of electrons and charge transfer, and review the mechanism that triggers the
PL. The most intense PL emission was obtained for the sample with 5% Zr calcined at 750 °C, which is neither highly disordered nor completely

ordered at ~520 nm.
© 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The photoluminescence (PL) emissions of perovskite mate-
rials are closely related to the crystal structure and are caused
by disorders in metal-oxygen polyhedra [1-12]. In particular,
the TiOg octahedron has a remarkable structural flexibility.
Under ambient conditions, such a characteristic is confirmed in
many titanates by the presence of structures with lower
symmetries, which are derived from the cubic aristotype
structure (Pm3m symmetry) through the rotation or tilting of
a regular rigid octahedron, or are due to the presence of
distorted TiOg octahedra [13]. Despite the distorted structure,
the rotation or tilting does not disrupt the corner-sharing
connectivity. Furthermore, the tilt of the octahedral framework
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plays a key role in determining the properties of perovskite
oxides.

Solution-based methods have been widely used to prepare
ceramics [14,15]. The most adopted techniques can be grouped
into four categories: (1) sol-gel processes; (2) metallorganic
decompositions; (3) colloidal sol-gel processes; and (4) gel
routes involving the formation of an organic polymeric
complex (polymeric precursor method, PPM). The PPM can
be divided into two groups [16]: (1) in situ polymerization of
organometallic monomers; (2) preparation of a viscous solu-
tion system consisting of metal ions, polymers, and a solvent.
At high polymer concentrations, this viscous solution can be
easily converted into a thermoplastic gel. The in situ PPM has
been extensively used to obtain ceramic powders with small
particle sizes and a single phase [17]. This method was
originally developed by Pechini [18], and is based on the
chelation of a metallic cation by a carboxylic acid (such as
citric acid) with further polymerization, promoted by the
addition of ethylene glycol, and consequent polyesterification.
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The properties of calcium copper titanate oxides (CCTO) are
strongly dependent on the processing conditions [19], and
doping [20,21]. For the doping effects, there are examples
showing that the substitution of Ti for Zr [22,23] causes a
decrease of an order of magnitude in the dielectric constant,
also weakening the temperature dependence. Zr-doped calcium
copper titanate (CCTZO) generally exhibits a fine-grained and
dense microstructure, in which the Zr doping enhances the
grain size uniformity [24]. Another interesting property is
related to the PL, which is produced by the decay of excited
electrons to their fundamental state. According to Pontes et al.
[25], the PL signal is related to the structure, and fades away as
the system shifts toward increased organization, indicating that
the PL of CCTO/CCTZO powders originates from inorganic
amorphous phases. However, up to certain quantities of
dopants, some rearrangements occurring in the structure
significantly enhance the PL emission. Thus, the PL behavior
at room temperature can be related to the degree of order in the
CCTO lattice, controlled by the [TiOs] and [TiOg] clusters. In
a previous study, our group investigated the influence of the
annealing temperature on the PL of CCTO powders [26]. In
the current work, CCTZO powders were prepared with the aim
of improving the lattice defects and phase transformations as
well as increasing the surface area, which affects the crystal-
lization process of the main phase. CCTO/CCTZO powders
were obtained at low calcination temperatures affecting the PL
behavior. In the framework of a more extensive project [27—
29] aimed at the design and synthesis of perovskite-based
materials with PL properties, the influence of the degree of
order on the structural and PL behavior of CCTO/CCTZO
powders has been investigated. Therefore, the novelty of this
research lies in the examination of the impact of the structural
order and disorders associated with Zr doping on the PL
emission. Four main critical steps are involved: (1) synthesis of
the powders; (2) structural characterization of the disorders to
clarify their relationships with the orderliness of the parental
samples; (3) identification of the formation mechanisms of the
disorders; (4) understanding of the critical relationship between
the structural degree of order and disorders and the PL
properties.

2. Experimental procedure

Powders were synthesized by the PPM. Calcium carbonate
(C12H504Ti, Aldrich, 99.999%), titanium (IV) isopropoxide
(C12H2804Ti, Aldrich, 99.999%), copper (II) carbonate basic
(CuCOs; - Cu- (OH),, Aldrich, 99.99%), zirconium hydroxide
(Zr(OH)y4, IPEN 99.5%), ethylene glycol (99%, J.T. Baker), and
anhydrous citric acid (99.5%, J.T Baker) were used as starting
materials. Ti (IV) isopropoxide and Zr hydroxide were dissolved
in aqueous solutions of citric acid under constant stirring at
50 °C. Subsequently, the Ca and Cu precursors were added, and
the citrate solution was stirred at 95 °C to obtain a clear and
homogenous solution. After homogenization, ethylene glycol
was added to promote the citrate polymerization. The metal:
citric acid:ethylene glycol ratio was fixed at 1:4:16. The
polymeric resin was placed in a conventional furnace and heat

treated at 300 °C for 4 h, forming the precursor powders. These
were then heat treated at temperatures between 300 and 850 °C
for 2 h in a tube furnace under ambient conditions, as reported
in the literature [30]. The samples are referred to as CCTO,
CCTO:5Zr, CCTO:10Zr, and CCTO:15Zr, based on the amount
of Zr in the material. The crystalline phase of the powders was
analyzed using X-ray diffraction (XRD; Rigaku-DMax 2500PC,
Japan) with Cu-Ka radiation in the 20 range of 20-80° and a
rate of 0.03° min~'. Fourier transform Raman (FT-Raman)
spectroscopy was performed on a Bruker — RFS 100 (Germany),
with a 1064 nm Nd:YAG laser used as the excitation source
with power of 70 mW. Ultraviolet—visible (UV-vis) spectro-
scopy of the powders was performed using Cary 5G equipment.
The morphology of the as-prepared samples was observed using
a high-resolution field-emission gun scanning electron micro-
scope (FEG-SEM; Supra 35-VP, Carl Zeiss, Germany). The PL
properties were measured with a Thermal Jarrel-Ash Mono-
spec27 monochromator and a Hamamatsu R446 photomulti-
plier. The excitation source was a 350.7 nm krypton ion laser
(Coherent Innova) operating at 200 mW. All measurements
were performed at room temperature.

3. Results and discussion

Fig. la—d shows the evolution of the XRD patterns of the
CCTO powders, heat treated at temperatures between 300 and
850 °C for 2 h under ambient conditions, containing different
amounts of Zr. The diffraction peaks, visible even in the
powders annealed at 300 °C, indicate that, at these temperatures,
the powders begin to show long-range structural order, with
CuO, TiO,, and ZrO, phases clearly evident. The CCTO phase
shows increasing structural order as the calcination temperature
rises to 850 °C, in agreement with the literature data [31-33].
However, the CuO phase is suppressed in the CCTZO powder,
which indicates that Zr doping can inhibit the decomposition of
the CCTO organic material during the annealing, or even shift
its crystallization temperature to higher values. Further increase
in temperature leads to a single CCTO phase, with consequent
complete loss of PL properties [26]. The crystallization process
of the structurally disordered CCTO clearly starts at tempera-
tures as low as 400 °C (see Fig. la) and is completed after
annealing at 850 °C, allowing its partial indexation in accor-
dance with the lattice parameter values obtained from the
standard JCPDS no. 75-2188 data.

Fig. 2 shows the Raman spectra of CCTO and CCTZO
powders heat-treated at 750 °C for 2 h under ambient condi-
tions. Four modes associated with the CCTO phases can be
observed at 296, 447, 501, and 605 cm™ 1, in agreement with
other reported results for CCTO [34]. The main mode,
associated with TiO, (anatase phase), shows an intense signal
at around 143 cm ™!, in agreement with the literature data [35].
In addition to the main modes of CCTO and TiO, phase, the
320 cm ™' peak, typical of the measurement system, is clearly
seen in all samples [36]. The Raman mode at 296 cm” lis a
weak low-frequency mode, which is almost certainly asso-
ciated with the E, mode [37], and develops a broad shoulder as
the Zr content increases, indicating possible short-range lattice
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Fig. 1. X-ray diffraction patterns of calcium copper titanate (CCTO)/Zr-doped calcium copper titanate (CCTZO) powders heat treated at temperatures between 300
and 850 °C for 2 h under ambient conditions: (a) CCTO; (b) CCTO:5Zr; (c) CCTO:10Zr; (d) CCTO:15Zr.

distortions. The modes at 447 cm~' and 501 cm™' are
associated with the A, symmetry (TiOg, rotation-like), while
that at 605 cm ™" is related to the F . symmetry (O-Ti-O, anti-
tensing). A similar scenario, to the E, mode, can be seen for
the 447 cm ™' peak, which becomes broader as the amount of
Zr increases, indicating its influence on the formation of the
[TiO5)/[TiOg] clusters. According to Kolev et al. [7] and Valim
et al. [38], the modes near 290, 445, and 510 cm~ ! are
associated with TiOg rotation-like modes, whereas the modes
at 574cm™"' and ~780 cm ™" are characteristic of Ti—~O-Ti
vibrations (anti-tensing and tensing, respectively) of the TiOg
octahedron. Although Raman spectroscopy is more sensitive
than XRD, no traces of CuO, CaTiO5; and ZrO, modes were
observed, as reported in the literature [38]. This indicates that
these phases are more soluble than TiO, in the CCTO lattice at
short-range.

Fig. 3 illustrates the UV—vis spectral absorbance dependence
of the disordered and partially ordered CCTO/CCTZO pow-
ders calcined at 300 °C and 750 °C, respectively. The max-
imum absorption is located at ~400 nm, and the respective
band gap values were determined using the Kubelka model
[39]. The optical energy band gap is related to the absorbance
and photon energy as follows (1):

hva oc (h° — EP')? 1)

where a is the absorbance, % is the Planck constant, v is the
frequency, and Egp‘ is the optical band gap [40]. In partially
ordered CCTO powders, the absorbance measurements sug-
gested a non-uniform band gap structure with a tail of localized
states (see Fig. 3a and b). These results were confirmed by the
UV-vis spectra, which showed a decrease in the Urbach tail
when the temperature increased. The reduction in the optical
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band gap of the disordered CCTO as a function of the Zr
content can be correlated with the raise of structural defects, or
localized states, inside the band gap. This behavior indicates
that the ZrOg octahedron is more distorted than the TiOg
octahedron in the perovskite lattice. The values were between
1.68 and 2.48 eV for the disordered powders, obtained at
300 °C, and between 2.02 and 2.06 eV for the partially ordered
powders, obtained at 750 °C. The optical band gaps were
larger than those reported by Kant et al (~200 meV) [41], and
for the system partially crystallized at 300 °C, the level of Zr
doping had a significant influence on . The main changes in the
band gap can be ascribed to a reduction of defects in the
lattice, which results in the decrease of the intermediary energy
levels due to the reduction of oxygen vacancies located in the
BOg octahedra. This behavior presumably occurs due to the
distortions caused into the [MOg] octahedral group by different
Zr contents, which induces more distortions, in the octahedron,
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Fig. 2. Raman spectra of (CCTO)/(CCTZO) powders heat treated at 750 °C for
2 h under ambient conditions.
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than Ti atoms, as shown by Cavalcante et al. [42]. This
behavior occurs due to the covalent nature of the bonds formed
by these network formers (Ti and Zr), which results in a more
important role for the structural organization and formation of
the first coordination centers (TiOg and ZrOg) in the lattice.
However, displacements of the network modifiers (Ca and Cu),
due to addition of Zr, results in great differences from the
experimental value of the gap because these form bonds that
are ionic in nature promoting disorder among the oxygens that
are not linked to the lattice. The atoms act via the formation of
second centers of coordination (CuO and CaQ,) in the lattice.
In this way, the gaps are bigger when displacement of Zr atoms
is promoted as this result in [ZrOg] clusters, which are more
distorted than [TiOg] clusters. Furthermore, Laulhe” et al. [43]
showed through extended X-ray absorption fine structure
measurement that fluctuations in the Zr—O distance can be
due to Zr displacements in their octahedron, but can also result
from distortions of the ZrOg octahedron induced by the Zr/Ti
chemical disorder. The disordered powder (Fig. 3a) presents a
spectral dependence similar to that observed in amorphous
semiconductors such as silicon. The nature of these exponen-
tial optical edges and tails may be associated with localized
defect states promoted by the disordered structure. In this
sample, high absorbance values can be obtained throughout the
whole photon energy range, due to the high number of
secondary phases. The differences in the optical band gap
behavior can be associated with the changes in the local atomic
structure or lattice, as observed in the XRD and Raman results.
However, the CCTO/CCTZO powders heat treated at 750 °C
showed a typical interband transition in the high-energy region
of the absorbance curve (Fig. 3b). The progressive treatment
promotes a reduction of the structural disorder and an increase
of the inclination of the dashed line or tail, reducing the
deviations in the optical gap value. Therefore, the variation of
the optical band gap as a function of the temperature can be
used to evaluate the degree of structural order in CCTO and
CCTZO powders prepared by the soft chemical method.
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Fig. 3. Ultraviolet—visible absorbance spectra of (CCTO)/(CCTZO) powders heat treated at (a) 300 and (b) 750 °C for 2 h under ambient conditions.
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Fig. 4. Field-emission gun scanning electron microscopy images of (a) CCTO; (b) CCTO:5Zr; (c) CCTO:10Zr and (d) CCTO:15Zr powders heat treated at 750 °C

for 2 h under ambient conditions.

FEG-SEM micrographs of CCTO (a) and CCTZO with
different Zr contents (b—d) are shown in Fig. 4. There are
clearly significant differences in the morphology of the CCTO
and CCTZO powders. Poor contrast and intense agglomeration
of extremely fine particles are observed in the CCTZO powders,
while monodispersed particles with a lower degree of aggrega-
tion are observed in the undoped system. The higher agglom-
eration degree of CCTZO may be attributed to Zr doping, which
can suppress the decomposition of organic material in CCTO
during calcination at high temperature. As shown in Fig. 4a, the
CCTO powder exhibited larger particle sizes with a better
homogeneous distribution. However, as seen in Fig. 4b—d, upon
increasing the Zr content, the CCTZO powders exhibited a
higher degree of agglomeration due to the reduction of the
particle dimensions. Therefore, the particle size of the CCTZO
powders was reduced, and the uniformity vanished via Zr
doping. Micrometric and anisotropic CCTZO agglomerates
could be observed [44].

The evolution of the PL emissions for both CCTO and
CCTZO powders obtained at 750 °C are shown in Fig. 5.
Basically, the origin of the PL emission in the Zr-doped
samples can be associated with the lattice symmetry breaking
due to the presence of oxygen vacancies or distortions, and the
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Fig. 5. Photoluminescence spectra at room temperature of (CCTO)/(CCTZO)
powders heat treated at 750 °C for 2 h under ambient conditions.

charge transfer occurring from the [TiOs - V3] — [ZrOs - V3] to
the [TiOg¢] clusters, which creates electrons and hole polarons
that can be designed as Jahn-Teller bipolarons. The powder
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calcined at 750 °C for 2h was initially composed of the
polymeric precursor, which exhibited low PL. However, after
heating, the PL was likely associated with the level of
structural organization [44] and the charge transfer occurring
between Ca, Cu and Ti ions. Notably, there are electronic
levels of the amorphous cluster included in the wide band gap
of the crystalline cluster, demonstrating a charge transfer
between (TiOg) and (TiOs) centers. In this case, a Ti ion
forms an octahedral TiOg complex, while a second Ti ion, in a
different octahedron, forms a TiOs complex plus an oxygen
vacancy. If these two different V§® structures coexist, the
charges of the two holes are compensated by one oxygen
vacancy. This suggests that the formation of an amorphous
cluster may introduce electronic levels in the forbidden gap.
The octahedral geometry of the crystalline cluster is an
advantage for TiOg because it minimizes the electrostatic
interactions between the six oxygen ligands arranged around
the positively charged (Ti (1)) center. The interactions betw-
een Ti and O in the TiOg complex are strong, whereas they
are weak in the TiOs complex. This means that the dZ and
d§7 bonding combinations in the crystalline cluster are
unstable, in contrast to those in the amorphous cluster. Charge
trapping is the most critical condition to obtain intense PL
emission. Structural defects at short and intermediate ranges
lead to the formation of intermediate energy levels in the band
gap as well as inhomogeneous charge distributions in the unit
cell, allowing electrons to be trapped. The lower conduction
band (CB) is mainly formed by the 4d orbitals of Zr atoms.
The levels responsible for the reduction of the band gap are
mainly due to the 2p orbitals of oxygen atoms in the valence
band (VB), stabilized by the break of the Zr—O bond. The
localized levels are energetically distributed so that several
photons are able to excite the trapped electrons. After photon
excitation, a recombination process takes place, in which an
electron of the CB loses its energy and reoccupies the energy
level of an electron (¢™) or hole (h') in the VB. The results
showed that the charge transfer concerns not only the network
former (TiOg), but also the network modifiers (CaO, and
CuO). Thus, the symmetry of the CaTiO3; and CuTiOj; systems
is modified intrinsically by the random movement of the Ca
and Cu atoms, due to their ionic character. The highest PL
emission was originated from the CCTO:5Zr sample obtained
at 750 °C, in which the structure was neither completely
amorphous nor fully ordered. The structural transformations
of the main phase start from the early stage of the polyester-
ification of the citrate solution containing the Ti, Ca and Cu
ions [45]. Ti, which is the lattice former, ideally bonds with six
oxygen atoms, but it can adopt various other coordination
numbers before reaching this ideal configuration. Before
crystallization, the structure is a mixture of TiO, clusters
intercalated by Ca, Cu, and Zr atoms. Upon crystallization,
only TiOg clusters remains and the PL vanishes, showing that
complete order quenches the PL emission. According to Pontes
et al. [25], if the PL signal is related to the amorphous
structure, the signal fades away as the system becomes
increasingly organized. This is a good indication that the PL
of CCTO and CCTZO powders obtained by the PPM,

originates from inorganic amorphous phases with PL proper-
ties. CCTO treated at 750 °C presented an intense and broad
PL with a maximum in the visible region at ~490 nm. The PL
emission may be lower, owing to the presence of a large
number of defects associated with disorder in the CCTO
lattice. Interestingly, the CCTO powder thermally treated at
750 °C showed the main PL band with a maximum emission at
around 490 nm (strong green emission) upon excitation by a
350.7 nm wavelength laser. This emission can be related to
TiOs, CuO;;, and CaO;; vacancy clusters, represented by
[CaO,; - V'], [TiOs- V'], [CuOy; - V'] and [TiOs- V3®], in
which V§® stands for oxygen vacancies. In fact, the PL
emission process is related to defects or to the degree of
order—disorder in the CCTO lattice, which can be attributed to
the presence of [TiOg-TiOs. V3] or [ZrOg—ZrOs- V@] com-
plex clusters [44,46]. TiOg would be linked to CaO;, and/or
CuOy, clusters, which could also be associated with these
complex clusters, respectively. These complex defects are
deeply inserted into the band gap, leading to PL emission. A
proposed model for wide band PL, based on the literature data,
states that the most important effects occur before excitation,
i.e., before the photon arrives. According to the Kroger—Vink
notation [46], some complexes can create electron-captured
oxygen vacancies:

[TiOs - Vi ] +[TiOg]* —[TiOs - Vo]+[TiOg] )
[TiOs - Vo] 4 [TiOg]* —[TiOs - V,]+[TiOg] 3)
[TiOs - V,]+ % 02 - [TiOg]" (4)
[ZrOs - VX]+[ZtOg]* = [ZrOs - V,]+[Z1O¢] (5)
[ZrOs - Vo] 4 [ZtOg]* — [Z1Os - V] +[ZrOg] (6)
[ZrOs - V, ]+ % 02— [ZrOg]* (7)

In these structures, the [TiOs - V'] and [ZrOs - V'] clusters
are donors, [TiOg]* and

[ZrOg]" clusters are acceptors, [TiOg]" and [ZrOg] clusters
act as electron donors, complex vacancies as [TiOs- V§] and
[ZrOs - V3] tend to trap electrons or holes, and [TiOs - V3] and
[ZrOs - V3] act as electron traps. These equations suggest that
the oxygen vacancy trapped electron in the VB is a necessary
requirement for the transition of a VB electron to the CB,
which results in PL emission as it returns to its fundamental
state [47,48].

4. Conclusions

Pure and impurity-free Zr doped CCTO powders were
synthesized by the soft chemical method at 850 °C for 2 h.
The XRD analysis suggests that the powder crystallization
process begins at 400 °C, reaching complete order at 850 °C.
The Raman analysis revealed that, as the Zr content increases,
the short-range lattice distortions of the perovskite structure
become evident, influencing the formation of the [TiOs]/[TiOg¢]
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clusters. The UV-vis spectra revealed the presence of localized
energy levels in the band gap, possibly due to a certain structural
disorder in the lattice. As the Zr content increased, the band gap
energy decreased, owing to the presence of localized levels in
the band gap and charge discontinuities induced by the local
disorder, which favor the trapping of electrons and holes for PL
emission. CCTO:5Zr powders heat treated at 750 °C for 2 h
exhibited the highest PL, with an intense and broad maximum at
~520 nm and a strong emission at ~490 nm, which can be
controlled by introducing complex defects into the band gap.
Therefore, the mechanism responsible for the PL emission in
such systems is a consequence of the charge transfer not only in
the network former (TiOg), but also in the network modifiers
(Ca0; and CuO) and the mixture of TiO, clusters intercalated
by Ca, Cu and Zr atoms in which TiOg is linked to CaOy, and/
or CuO,, clusters, associated with [CaOy;- V'], [TiOs- V'],
[CuOy; - Vo], and [TiOs - VS®] clusters.
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