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Ca; 4+ ,Cus_, Ti4O1;, powders were synthesized by a conventional
solid-state reaction. X-ray diffraction (XRD) was performed
to verify the formation of cubic CaCu;Ti4O¢,; (CCTO) and ortho-
rhombic CaTiO3; (CTO) phases at long range. Rietveld refine-
ments indicate that excess Ca atoms added to the Ca,_,
Cuz_, TigO1, (x = 1.0) composition segregated in a CaTiO;
secondary phase suggesting that solubility limit of Ca atoms in
the CaCuzTiyO,, lattice was reached for this system. The FE-
SEM images show that the Ca;, ,Cu;_,TijO; (0 <x <3)
powders are composed of several agglomerated particles with
irregular morphology. X-ray absorption near-edge structure
spectroscopy (XANES) spectra indicated [TiOsV,”]-[TiOg]
complex clusters in the CaCu;Ti O, structure which can be
associated with oxygen vacancies (V,” =V,*, V., and V,)
whereas in the CaTiO; powder, this analysis indicated [TiOg]—
[TiOg] complex clusters in the structure. Ultraviolet-visible
(UV-vis) spectra and photoluminescence (PL) measurements
for the analyzed systems revealed structural defects such as
oxygen vacancies, distortions, and/or strains in CaCu;3Ti O,
and CaTiOj lattices, respectively.

I. Introduction

N recent years, ATiOs-type perovskites (where 4 = Ca, Sr,

Ba, or Pb) are considered as the key materials for applica-
tions in electronic devices due to their interesting electrical
properties.! While studying dielectric properties of ACus.
Ti4O1,> (4 = metallic ions) perovskite-type materials in 2000,
Subramanian et /.’ noticed that the cubic CaCu;Ti;O1,
perovskite had an electrical permittivity of 10.826. This is
constant in the range of 100 to 400 K (above 1 MHz).

The first group of researchers attributed the dielectric
permittivity of CaCu;Ti4Oj, to grain boundaries and defects
related to its microstructure.””> However, another group of
researchers argued that its origin is due to extrinsic
mechanisms such as twins, grain boundary, segregation of
CuO in the grain boundary, electrodes, etc.’” Bueno er al.'’
proposed another model which explains their unusually high
dielectric constant and considered that an internal barrier
layer capacitance mechanism is responsible for this phenome-
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non. In this model, it is proposed that these barriers operate
in the nanoscale range due to polaron defects associated with
a stacking fault. This mechanism is referred to as nanoscale
barrier layer capacitance. Nevertheless, the formation mecha-
nism, detailed structures, and properties of these domains
have not yet been clarified.

In addition to its high dielectric permittivity, CaCu;Ti4O1;
exhibits a strong nonlinear current-voltage behavior. Chung
et al.'' observed a strong nonlinear current-voltage behavior
for this material, and found a nonlinear coefficient value (o)
of 912 in the range of 5-100 mA.'>'* Microelectrodes were
placed on the surface of a CaCu;Ti4O;, sample sintered for
20 h. From electrical measurements, it was concluded that
electrostatic barriers are formed in the grain boundary which
causes the nonohmic behavior, which allows its application
as a varistor material alloy.

Due to these remarkable properties, CaCu;Ti4O,, is being
considered as a promising material for applications in micro-
electronics, mainly for capacitive components. On the other
hand, the dielectric loss of this material is slightly high which
precludes its application in this area.'® Thus, an effective
means to improve these dielectric properties has been to
dope the main crgstalline hase with La,O5,'* VO,,'® Sr0,,'°
MgO,"” Eu,03,'"* ZnO,"” 7r0,* TiO,*' or Sn0,.** Li
et al.*® studied the electrical properties of Ca,; ,Cus_TisO»
ceramics prepared by the solid-state reaction method. These
researchers observed that the secondary CaTiOs; phase is
found in the grain boundary, and the excess of Ca favored
nonohmic properties.

In addition to dielectric and nonohmic properties, the CCTO
ceramic material can be emgloyed as a gas sensor and for
photoluminescent devices.*** Very little research has been
reported in the literature on PL properties of this ceramic oxide.

Parra et al®® observed PL emission bands at 544 and
800 nm in CCTO-based films synthesized by a sol-gel
method. The two emission bands were attributed to [TiOsVo?],
[CuO;;V07], and [CaO,;Vo”] complex clusters, where Vo*
represents oxygen vacancies V., V,', and V,” in the struc-
ture. However, the authors reported limited information on
the origin of the optical property in this material.

The appearance of a PL response is very important in the
investigation of energy levels in materials because it provides
important information about the physical and chemical
properties of materials at the molecular level, including

'The alpha coefficient is the reverse of angular coefficient in E versus J curve, and
has been used to characterize some materials with potential varistor application. This
coefficient can be calculated according to Clarke.'
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shallow and deep defects at the band gap.?® Thus, in this work,
we report the successful preparation of Ca;, Cuz_,TizO1;
(x =0.0, 1.0 and 3.0) powders by a conventional solid-state
reaction. In addition, we propose a structural model to explain
PL properties for this ceramic oxide.

II. Experimental Method

(1) Synthesis of Caj + Cuz_,Ti4O5 (0 < x < 3) Ceramic
Powders

CaCu;TigO1, (CCTO(x = 0)), Ca,Cu,TigOp, (CCTO/CTO
(x = 1)), and CaTiO3 (CTO(x = 3)) ceramic powders were
prepared using a solid-state reaction. Thus, a stoichiometric
quantity of TiO,, CuO, and CaCOj3 (99.99%; Aldrich) were
ball milled in isopropyl alcohol in a polyethylene bottle
using zirconia balls. The powders were milled for 24 h; after
alcohol evaporation, the powders were homogenized in a
mortar and then sieved using a granular sieve of 200 mesh.
Then these compositions were heated at 900°C for 12 h in a
conventional furnace using a heating rate of 5°C/min.

(2) Characterization

CCTO(x = 0), CCTO/CTO(x = 1), and CTO(x = 3) powders
were structurally characterized by XRD in a Rietveld routine
using a Rigaku-DMax/2500PC diffractometer (Tokyo, Japan)
with CuKo radiation (A = 1.5406 A) and in the 20 range
from 10° to 110° with a scanning rate of 0.02°/min. FE-SEM
analyses were performed in back-scattering electron mode
(BSE) using a scanning electron microscope (JSM-6460LV
microscope; Jeol, Tokyo, Japan). The compositional analysis
as well as the mapping of the elements in the analyzed sam-
ples was performed by means of energy dispersive X-ray
spectroscopy (EDXS) analysis. XANES spectra were mea-
sured at the titanium (Ti) K-edge using the DO8B-XAFS2
beam line at the Brazilian Synchrotron Light Laboratory
(LNLS). Ti K-edge XANES spectra were collected in the
range of 4910-5100 eV using an energy step of 0.5 eV and
an 1ntegrat10n time of 3 s. Analyses of XANES spectra were
performed using the IFEFFIT package.””*® UV-vis absorp-
tion spectra of Ca;. Cu;_,Ti4O, powders were performed
using VARIAN Cary 5G Spectrophotometer. The PL was
measured with a 139 Thermal Jarrel-Ash Monospec 27
monochromator (Horiba, Kyoto, Japan) and a Hamamatsu
R446 photomultiplier (Hamamatsu, Shimokanzo, Iwata City,
Japan). The 350.7 nm exciting wavelength of a krypton ion
laser (Coherent Innova, Santa Clara, CA) was used; a nomi-
nal output power of 200 mW was maintained. All measure-
ments were performed at room temperature.

III. Results and Discussion

(1) XRD Measurements and Rietveld Refinement

Figures 1(a)-(c) show XRD patterns of the Caj. Cuz_,-
Ti4O1, (0 > x > 3) ceramic powders, where diffraction peaks
of the CCTO system [see Fig.1(a)] are of a CaCu;3TizO1»
cubic perovskite with a space group /m-3 which is in agree-
ment with the respective Inorganic Crystal Structure Data-
base (ICSD) card no. 95-714. Increasing the amount of Ca
(x = 1.0) produces a secondary phase identified as a perov-
skite-type CaTiO; orthorhombic structure and a space group
Pbnm in accordance with its respective ICSD card no.
74-212. In the CTO system, diffraction peaks related to the
CaCu;TigOq, are absent as expected, and only the diffraction
peaks related to the CaTiO; phase were detected. All XRD
results are in agreement with the literature.?* "

The Rietveld refinement method was performed with the
specific objective to analyze the influence of excess calcium
atoms in Ca; . Cu;_,Ti4O), systems. Figures 2 (a)—(c) show
the Rietveld refinement of three Ca; . Cu;_,TisO, ceramic
powders. The Rietveld refinement was performed through
the GSAS (General Structure Analysis System) program.>>
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Fig. 1. XRD patterns of CCTO(x = 0) (a), CCTO/CTO(x = 1) (b),
and CTO(x = 3) (c) powders prepared by the solid-state reaction.

The diffraction peak profiles were better adjusted by the
Thompson-Cox-Hastings pseudo-Voigt (pV-TCH) function
and by an asymmetry function as described by Finger er al.>?
The structural refinement results for CCTO(x = 0), CCTO/
CTO(x = 1), and CTO(x = 3) powders are listed in Table I.

The results in Table I show good agreement between
observed XRD patterns and theoretical patterns. To evaluate
the best fit, we used more than one criterion to judge the
adequacy of the used model,**** also shown in Table I: Ryp,
Rgrage, and %> In the case of the CCTO(x = 0) sample good
values are observed for Rwp and Rg,ge, but the x* value is a
little high. For the CCTO/CTO()» = 1) system, Rpaee Value
is not as good as the Ryp and x> values. This behavior was
expected since there are a mixture of phases (CaCu;TizO;
and CaTiO3;) to be analyzed for the peak positions. By analy-
ses of the CTO(x = 3) sample, it can be observed that all R
values obtained are good. These behaviors are in agreement
with the Y,ps—Year as illustrated in Figs. 2(a)—(c). Figures 2(a)
and (b) present a more difference in residual lines than
Fig. 2(c). Moreover, the lattice parameter (a = b = ¢ = 7.397)
and average cell angles of o= 3 =y =90° estimated from
the refinement confirmed a cubic structure for the CaCus.
Ti4O,; phase. The lattice parameters (a = 5.38, b = 5.44, and
¢ =7.64) and average cell angles oo = 3 =y = 90° also con-
firmed an orthorhombic structure for the CaTiO; second
phase. In Table I, the internal o* and o angle values
observed for CaCu3TiyO;; and CaTiO;, respectively, were
obtained during the structural refinement in accordance with
alterations in lattice parameters and internal positions values
realized by the fitting during the refinement convergence.

The percentage of each phase in all systems studied is listed
in Table I. The CCTO(x = 0) system utilizes a monophasic
(100% CaCu;Tis04;) as well as a CTO(x = 3) (100% CaTiO3)
system. However, the CCTO/CTO(x = 1) system contained
34.1% of a secondary phase. The Rietveld refinement results
also show no significant changes in lattice parameters (a)
ascribed to the CaCu;3TiyO;, phase. In this system, the Cu
atoms starts to occupy the Ca sites, resulting in a Ca-rich
CaCu;Tiy 015 solid solution, however, the solubility limit of Ca
atoms in the system is low due to the difference of atomic radii
between them. Thus, to obtain the CaCu;Ti4O;, monophasic
system, the Ca atomic fraction in the A site of the perovskite
cannot exceed 25%, consequently, the excess of Ca in the
CCTO/CTO(x = 1) powder give rise to a CaTiO3 secondary
phase.? The as-formed two-phase CaCu;Ti4O;,/CaTiO; poly-
crystalline system has been considered a promising material
due to its nonohmic and dielectric properties.?* ="
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Fig. 2.
phase 1: CaCu3Ti;O,; and phase 2: CaTiOs.

Rietveld refinement data of CCTO(x = 0) (a), CCTO/CTO(x = 1) (b), and CTO(x = 3) (c) powders prepared by the solid-state reaction;

Table 1. Lattice Parameters, Percentage of Phases, [TiO¢]l-0—[TiOg] Angle Values (o) for Ca; ., ,Cuz_,TijO2(x = 0, 1.0, and 3.0)
Powder Obtained by the Rietveld Refinement Method. Phase*: CaCusTi O;,; Phase’: CaTiO3
Lattice parameters

a(A) b (A) ¢ (A) Phase* Phase’ o (O)* o () Ry (%) Ryp (%) s
CCTO(x = 0) 7.397 7.397 7.397 100% 141.1 2.8 6.3 2.5
CCTO/CTO phase* 7.3971 7.3971 7.3971 65.9% 140.8 3.48 33 1.4
CCTO/CTO phase’ 5.386 5.446 7.647 34.1% 158.4
CTO(x = 3) 5.384 5.442 7.644 100% 156.3 2.8 6.1 1.9

The crystalline structure of the CaCu3Ti4sO, and CaTiO3
phases is further well described in this article.

(2) Field Emission Scanning Electron Microscopy
(FE-SEM)

Figures 3(a)—(f) present the FE-SEM images in BSE mode
of the CCTO(x = 0), CCTO/CTO(x = 1), and CTO(x = 3) sys-
tems prepared by the solid-state reaction. During the FE-SEM
analyses, the EDXS analysis as well as the mapping of OK,
CaK, TiK, and CuK elements in these samples, which are
shown in Table II and Figs. 3(c), (), and (i), respectively.

The images show that these systems are composed of
several agglomerated particles with irregular morphologies,
resulting in a nonuniform particle size distribution [Figs. 3
(a), (d), and (g)] arising from the ball milling stages in the
solid-state reaction procedure. Moreover, in these systems,
the loose particles are in contact by means of weak forces,
including van der Waals forces. Thus, during the heat treat-
ment, these newly formed contacts start sintering at the initial
stage. As a consequence, the connectivity between the parti-
cles increases giving rise to a large aggregate of particles.

The CCTO system presents the majority of the particles in
the range of 1.0-1.5 pm as well as the CCTO/CTO system.

The CCTO and CCTO/CTO powders are also heterogenous
because of limited atomic diffusion of Ca, Cu, and Ti atoms
through micrometer-sized grains. In the case of CCTO/CTO
(x = 1), the heterogeneity is strongly dependent on the Ca/Cu
ratio on this system, therefore, Cu-rich regions (Region 1) and
Ca-rich regions (Region 2) is clearly seen in Fig.3(e). From
this image, it was possible to observe the presence of some
Cu atoms in Region 2, which are segregated in the particles
surface. The obtained results are confirmed by the EDX
analyses (Table II) and it can be seen from the CaK and
CuK mapping [Fig. 3(f)], respectively. Moreover, they are in
accordance with the Rietveld refinement analyses (Table 1),
where it was verified 65.9% of CaCu;Ti4O;, and 34.1% of
CaTiO; for this polycrystalline system were verified.

The CTO system presents particles in the range of 500 nm
—2.0 pm. Moreover, the mapping of CaK, TiK, and OK
elements also indicates that this sample is homogeneous in its
composition.

(3) Representation of CaCu;Ti 0;; and CaTiO;

Unit Cell: Structural Defects

Figures 4(a) and (b) show a schematic representation of
CaCusTiyOp, and CaTiO;z unit cells modeled through the
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(c)

Fig. 3. FE-SEM images of the CCTO(x = 0) (a, b), CCTO/CTO(x = 1) (d, e), CTO(x = 3) (g, h) systems, respectively. Mapping of the OK,
CakK, TiK, and CuK elements of CCTO (c), CCTO/CTO (f), and CTO (i) systems.

Table II. Percentage of Elements Presents in CCTO(x = 0),
CCTO/CTO(x = 1), and CTO(x = 3) Powders Obtained by
Means of EDXS Analysis

CCTO/CTO CCTO/CTO
Elements CCTO region 1 region 2 CTO
CaK 3.42 4.01 5.56 23.28
CukK 11.11 15.79 4.82
TiK 14.28 7.48 10.11 24.24
OK 71.20 3593 34.23 52.47

Diamond-Crystal and Molecular Structure Visualization
software (DEMO version for Windows).*® Atomic coordi-
nates obtained from the Rietveld refinement (Table I) were
used to model the structures.

CaCu;Ti4O4, material has a body-centered cubic structure
with a space group Im-3. In this structure, one-fourth of A
sites are occupied by Ca and three-fourth of these sites are
occupied by Cu atoms.?” The Ca atoms are coordinated with
12 oxygen atoms which form [CaO,] clusters in a cuboctahe-
dral configuration. The Cu atoms are coordinated with four
oxygen atoms which form [CuQy] clusters in a square planar
configuration as a result of the Jahn-Teller effect.’®* Ti
atoms are located at B sites which are coordinated with six
oxygen atoms in an octahedral configuration. These [TiOg]
octahedra are displaced from the symmetric center to accom-
modate [CuQy] clusters in the CaCu;Ti;O;, cubic struc-
ture.*>*! On the other hand, these [CuO,4] and [TiOg] clusters
are bonded to each other with [TiOg]-0-[TiOg] angles of
~141°(x = 1.0). Such a variation is also controlled by the
oxygen position of 1.971 and 1.966 A in the Ca;. Cuz_,-
Ti4O1; system (x = 0.0 and 1.0) [see Fig. 4(a)].

In recent years, several articles were published which
propose a structural model for the CaCu3TisO;, mate-
rial.'®* Different techniques such as transmission electron
microscopy (TEM)* and electron paramagnetic resonance
(EPR)* confirmed polaron defects at twinned nanodomains.
According to these authors, distortions in [TiOg4] clusters
caused by changes in the bond length of Cu—O could increase
the number of clusters [TiOsVo']-[TiOg] in the structure [see
Fig. 4(a)]. In this case, the conductivity of the CCTO would
occur by charge transference from [TiOsVg'] to [CuOy4] and
from [TiOsV,"] to [CuOy4]* or [CuQy4] to [CuOy]* clusters.
Moreover, this process gives rise to Cu™ species ([CuOg4]) in
the lattice. In this process, there is movement of electrons

Dstartion degres between
T clusters

(b) Distoron degree between
T clusters

X

(_J Calcium atoms 0 Copper aloms . Tianium atoms @ Oxygen atoms

Fig. 4. Schematic representation of a CaCu;Ti4Oq; unit cell (a) and
CaTiO; unit cell (b).

into 3d orbitals of Ti atoms, forming Ti*" cations, which
works as charge carriers in the material. According to some
authors, the presence of this species can also be influenced
by the copper content into CaCu;Ti4O, system. In this case,
the origin of these species is from the reduction of CuO dur-
ing the sintering process.*'™*® These species play an impor-
tant role in the formation of hole-electron (h’-¢™) pairs which
results in a charge gradient in the lattice.

Another point to consider is the existence of [CaO;,V,/]
clusters in the CaCus;TizsO;, structure. In this case, the
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charge transference process will occur from [TiOsV,7] to
[TiOg]’ or from [CaO,,V,] to [CaO,,]. To understand this
phenomenon, the Kroger-Vink notation*” was used to
describe the electronic charge of the cationic species in the
CaCu;TigOq, system. Thus, the complex oxygen vacancies
Vo', Vo', and V") stabilized the lattice defects via charge
compensation.
For the network formers:

[TiOg]" + [TiOs5V¥] — [TiOg)’ + [TiOsV?] (1)
[TiOg]" + [TiOsV?] — [TiOg) + [TiOsV?) 2

Also, this model can be extended for the network
modifiers:

[Ca04]" + [TiOg)" — [CuOy4]' + [TiO4)* (3)
[Ca0,]" + [Ca0; VY] — [CaOyy] + [Ca0y, V) (4
[CuOa]* + [CaOy V] — [CaOyy] + [CaOy V] (5)
[CuO4]" + [CaOyy] — [CuOy4) + [CaOyy]" (6)
[Cu0s) - [CuO,]" where, Cul! and Cul 0

In the CaTiOs structure, Ca atoms are coordinated to 12
oxygens atoms, and the Ti is coordinated to six oxygens
atoms ([CaO;,] and [TiOg] clusters). The adjacent [TiOg]
clusters are also displaced from the symmetric center [see
Fig. 4(b)] and show angles between [TiOg]-a—[TiOg] clusters
of ~156°(CTO) and 158°(CCTO:Ca) (see Table I). These
changes in o angles in the CaTiO; phase are strongly
related to the formation of [TiOglj < [TiOgl, clusters
(o = ordered, d = disordered).*® Thus, the distortion
between these complex clusters causes a polarization and/or
a difference in the charge density in the orthorhombic struc-
ture® which is able to promote a charge transfer from the
[TiOg]*q to the [TiOg]",. These complex clusters can also
create hole (h")-electron (e”)-polarons in the CTO as well as
in CCTO/CTO(x = 1.0) systems which potentially influence
its optical properties.”® The charge transference in the Ca-
TiO3 phase is also represented by the Krdger-Vink notation
in Eq. (8).

For the CaTiOj5 lattice former:

[TiOg]% + [TiOg] — [TiOg],, + [TiOg]5 ®)

Also, the proposed model for the lattice former can be
extended for the network modifiers and is represented by

Eq. (9):
[Ca0y]; + [CaOpa]y — [CaOyy], 4 [CaOyy]3 ©)

In this work, we propose that the charge transference is
responsible for the PL response of CaCu;Ti4O,, and CaTiO;
structures as a consequence of different structural defects.
The CaCu;3TigO;, could be mainly associated with oxygen
vacancies ([TiOsV,], [TiOsV,"], [CaO,V,], [CaO;;V,7]).
On the other hand, the optical properties of the CaTiO;
structure possibly arises from distortions/strains in the
([TiOg]§ < [TiOg],, complex and [CaOy,]] < [CaOya]).

(4) XANES Analyses
Figures 5(a)—-(d) show Ti K-edge XANES spectra of CCTO
(x = 0), CCTO/CTO (x = 1), and CTO(x = 3) powders.
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Fig. 5. (a) Ti K-edge XANES spectra of CCTO(x =0), CCTO/
CTO(x = 1), and CTO(x = 3) powders. Inset of the expanded view
of the pre-edge region of normalized XANES spectra for CCTO
(x =0), CCTO/CTO(x = 1), and CTO(x = 3) samples.

The XANES region is comprised in the range of 50 eV
above the absorption region of the analyzed material. In case
of Ti atoms, the XANES region is comprised at 4966 eV.>!
The inset of Fig. 5 shows that the pre-edge region is
composed of three peaks at 4968 (a), 4971 (b), and 4975 eV
(c), respectively. The A peak is caused by a quadrupole exci-
tation from the ls electron to the #,, orbitals of the absorb-
ing [TiOg] octahedral. The B peak arises from the excitation
of the ls electron to the e, orbitals of its octahedra which is
caused by p-d mixing contributions. Finally, the feature of C
peak in the pre-edge region is attributed to dipole excitations
of Ti Is electrons into e, orbitals of neighboring [TiO¢]
octahedra.>>™>*

The XANES analysis was employed in several theoretical
studies of structurally disordered titanates reported by our
research group. The research indicated that the area and
intensity of the pre-edge B peak can provide information
about complex clusters [TiOs] and [TiO¢] as well as the
local environment of Ti in the titanate structures.>*>
Figure 4 illustrates the characteristic pre-edge peak observed
for Ca;, Cu;_,TigO;, systems (x = 0.0, 1.0, and 3.0) which
is characteristic of a five-coordination of [TiOs] clusters and
a six-coordination of octahedral [TiOg] clusters. In addition,
the higher intensity of this peak indicates that the local envi-
ronment of Ti is noncentrosymmetric; i.e., distorted from its
symmetric center.*® 3

To estimate the percentage of [TiOs] and [TiO¢] complex
clusters in Ca;; ,Cus_,TiyOp> systems (see Fig. 6), each
B peak area (located at around 4971 eV) was evaluated.
Figure 6 shows that the XANES analysis for CCTO(x = 0)
powder indicated a higher percentage (98%) of Ti fivefold
coordination ([TiOsVo?”]) which is associated with oxygen
vacancies (V.7 = V,*, V', and V,”) between the clusters
[TiO-TiO5.V,7] in the CaCusTi 0,5 structure.>®>’

To facilitate a better analysis of the Ti-K XANES spec-
trum of the CCTO/CTO (x = 1) system (see Fig.6), it was
necessary to perform a linear combination of CCTO(x = 0)
and CTO(x =3) XANES spectra using the appropriate
amount estimated for each phase through the Rietveld refine-
ment method (see Table I). Using the analysis of the
pre-edge region for this powder, the Ti-K XANES spectrum
for the CCTO/CTO(x = 1) system can be described by the
contribution of CaCusTi4O;, and CaTiO; crystalline phases.
The increase in the intensity of the C peak compared to the
CCTO(x = 0) powder (see inset of Fig. 5) is mainly ascribed
to the covalent nature of Cu-O in the CaCu;TizO4, structure.
This phenomenon is responsible for the appearance of [TiOs.
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Fig. 6. Calculated area by means of integration of XANES spectra in the range from 4960 to 4990 eV for CCTO(x = 0), CCTO/CTO(x = 1),
and CTO(x = 3) powders and percentages for [TiOs] and [TiOg] clusters presented in these systems.

Vo]-[TiOg] in the structure. Moreover, it is verified 47% of
[TiOs] and 54% of [TiOg] clusters (distorted [TiOg] octa
hedrons) in the CCTO/CTO(x = 1) system. These results
suggest that the structural defects of CaCusTizO;, and
CaTiO; structures can influence the charge transference as
well as optical properties of this system.

From the XANES analysis of the CTO powders, the
increase in the area of the pre-edge B peak compared to the
CCTO system suggests an increase in the concentration of Ti
sixfold coordination (distorted [TiOg] octahedrons) and the
number of [TiOg]j < [TiOg], cluster species in the system.
All results obtained are in agreement with the proposed
structural model presented in this report.

(5) UV-vis Absorption Spectroscopy Analyses
UV-vis absorbance spectra for Ca; ,Cuz_,TiyO;, systems
are presented in Figs. 7(a)—(d), respectively. Wood and
Tauc®® demonstrated a relationship between the absorption
curve and the energy gap of the material. Band gap values
are obtained by extrapolating the linear region of the curve.
According to this method, the energy dependence of the gap
and the optical absorbance follows Eq. (10).
2

hvococ (hv — Eg,,) (10)
where o is the absorbance, /1 is the Planck’s constant, v is the
frequency, and E,,,' is the band gap of the material where
the ¢ constant is associated with different types of electronic
transitions (¢t = 1/2, 2, 3/2, or 3 for direct allowed, indirect
allowed, direct forbidden, and indirect forbidden transitions,

respectively). In this report, optical band gap values are listed
in Figs. 7(a)—(d).

The electronic transitions of CaCu3TiyO;, powders are
ascribed to charge electronic transitions between the 2p
orbitals of oxygen atoms in the valence band (VB) and 3d
orbitals of copper atoms in the conduction band (CB).
Fahan et al.’studied the electronic properties of CaCus.
Ti4O1, by means of ab initio calculations, based on spin-
polarized density-functional theory. The electronic band
structure indicated electronic transitions from the maximum-
energy states (near or inside), the VB to minimum-energy
states (below or inside), the CB, in a different regions in the
Brillouin zone (indirect band gap). Moreover, we obtained a
direct band gap value of 0.24 eV and an indirect band gap
of 0.18 eV. The difference between these two values is lower
due to the conductive character presented by this powder. In
this article, the experimental band gap value was evaluated
as 1.5 eV. The literature also reported experimental band
gap values in the range of 2.0-3.5 eV %!

The calculated band structures *3>%3-62 also showed that
the electronic transition for CaTiO3; powders occurs inside
[TiOg] octahedral clusters since 2p orbitals of oxygen atoms
in VB and 3d orbitals of the titanium atoms can be associ-
ated with the CB [see Fig. 6(c)]. These electronic states can
be perturbed or nonuniformly distributed in the Brillouin
zone. Thus, for Ca; Cu;_,Ti;O;, powders prepared by the
solid-state reaction, interactions that influence FE,,, values
are related to copper in the CaCu;Ti;O;, system and to
distortions or strains associated with [TiOg] clusters in the
CaTiOs lattice.
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Fig. 7. UV-vis absorbance spectra of CCTO(x = 0) (a and b), CCTO/CTO(x = 1) (c), and CTO (d) systems (*CaCu3Ti;O,, and ‘CaTiO3).

In this present work, the band structure for CaCu3TizO1,
was considered a direct transition and an indirect for the
CCTO(x = 0) system. Therefore, the value of n = 0.5 and
n = 2.0 were used for direct and indirect band gap in Eq. (9),
respectively. From Figs. 7(a) and (b), we found the same
band gap value of 2.3 eV for both electronic transitions.

As there is no difference between the direct and indirect
band gap for CCTO(x = 0) system, we consider a direct tran-
sition for the CCTO/CTO system, because of the CaTiO;
secondary phase, which presents a direct transition. The
CCTO/CTO(x = 1.0) powder shows two band gap values
[see Fig. 7(c)] associated with the CaCu;TizOp, (2.0 eV)
phase and the CaTiO; phase (3.7 eV). The segregation of the
CaTiO; secondary phase leads to a lower contribution from
3d orbitals of Cu and a higher contribution from Ti 3d orbi-
tals of the CaTiO; which confirms that both phases can
contribute to the appearance of energetic levels between the
valence and CB.

For the CTO system, a band gap value of 4.0 eV was
produced as a result of structural defects (mostly distortions
and/or strains in the CaTiOjs structure). In the CTO system,
these defects are able to induce a symmetry break of [TiOg]
and [CaO,] which leads to an additional contribution of 3d
Ti electronic levels to compose energetic levels between
valence and CB.

(6) PL Measurements

For a better understanding of PL properties and their depen-
dence on the structural order—disorder in ceramic powders,
PL emission spectra of Ca;y Cus_,TiyOp, systems were
taken. Emission spectra were taken at room temperature; the
broad emission band with a maximum situated at 440 nm
was also observed.

— CCTO —— CCTO/CTO ——CTO
440nm

Relative Intensity ( arb.units.)

—T T ™

L] T T T T T
350 400 450 500 550 600 650 70D 750
Wavelength ( nm)

Fig. 8. PL emission spectra of CCTO(x = 0), CCTO/CTO(x = 1),
and CTO(x = 3) powders prepared by the solid-state reaction.

The CCTO system has a lower PL emission intensity (see
Fig. 8). UV-vis spectra for this sample [see Fig. 7(a)] reveal
that the concentration of copper is strongly related to the
conductive character of the powder (2.3 eV).”!

However, with excess Ca, CaTiOsz induced an additional
contribution of 3d Ti electronic levels in electronic states
which can be associated with the PL intensity enhancement
as x increases from 0 to 1.0. For the CCTO/CTO(x = 1.0)
system, we believe that the PL intensity is strongly related to
the difference in the charge process transference. The charge
density in the CaCu3TiyO,;, phase produces a more favorable
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charge transference process from the [CuOy4]' to [CuOy]"*, and
from the [TiOg]*q to [TiO¢]%s, or [CaO;, V'] to [CaO,,]" [see
Egs. (1)~(7)]. In the CaTiO5 phase, as a consequence of the
excess Ca, the charge density could arise from the breaking
symmetry of [CaO;,] and [TiOg] clusters caused by distor-
tions/strains in the lattice which thus produces a more favor-
able charge transference process from the [TiOg]} — [TiOg]

and [CaOpy]} 5 [CaOp].

Figure 8 illustrates that CTO powder causes a decrease in
the PL intensity. In this system, electronic energy states will
be composed mainly of the oxygen 2p (VB) and titanium 3d
(CB) which results in an increase in the energy gap value;
i.e., a reduction in intermediate levels of energy. Otherwise,
this increase is not related to a structural organization but
is a contribution of different types of orbitals. Another
point to consider for this system is the formation of struc-
tural defects such as distortions or strains which create
[TiOg]§ < [TiOg]. clusters in the CaTiO; lattice and charge
transference between these clusters.

Ry
(o]

1V. Conclusions

From the results obtained, the CaCusTi4O;, cubic structure
(Im-3) and CaTiO3 orthorhombic (Pbhnm) phases in the
systems were verified. Rietveld refinements indicate that
excess Ca atoms added to the CCTO/CTO(x = 1.0) segre-
gated in a CaTiO; secondary phase which suggests that solu-
bility limit of Ca atoms in the CaCu3TizOj, lattice was
reached for this system. The FE-SEM images show that the
Ca; 4, Cus_,Tiy0p, (0 < x <3) powders are composed by
several agglomerated particles with irregular morphology.
The CCTO(x = 0) and CCTO/CTO(x = 1) systems are com-
positional and heterogeneous. This behavior was attributed
to the limited atomic diffusion of Ca, Cu, and Ti atoms
through micrometer-sized grains. Moreover, a Cu-rich region
and a Ca-rich region was noticed for the CCTO/CTO(x = 1)
polycrystalline system, which was confirmed by EDXS analy-
ses. XANES spectra indicate that structural defects associ-
ated with oxygen vacancies ([TiOsTiOs.V,?]) could be
present in the CaCu;TisO, structure and distorted [TiOg] in
the CaTiOj; structure. UV—vis absorbance spectra indicate an
increase in Ey,, values. The CCTO/CTO (x = 1.0) system
has two E,,, values which are associated with CaCu3Ti4O,,
and CaTiOj; phases. This behavior is associated with an addi-
tional contribution of 3d Ti electronic levels of CaTiOs.
Ca;_,Cu;_,Ti4O, (x = 0.0, 1.0, and 3.0) systems presented a
PL emission at 440 nm where the intensity is probably
related to structural defects in CaCu3TizO;, (oxygen vacan-
cies) and CaTiO; (distortions/strains) phases and potentially
influence the charge transference process as well as its optical
properties.
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