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a b s t r a c t

CaCu3Ti4O12: x% Ce (x = 0.00, 0.25, 0.50, 0.75, and 1.00) ceramic composites were prepared via solid-state
reaction. Theoretical atomistic simulations were combined with experimental techniques to uncover Ce
effects in the (micro)structure and photoluminescence of CaCu3Ti4O12-based ceramics. Application of
perovskites ceramics in optoelectronics have been limited by their specific, narrow emission range, which
compromise operational efficiency, pushing for the development of novel perovskite-emissive materials.
This study results confirm that Ce ions are incorporated at Ca sites within the CaCu3Ti4O12 lattice, inducing
point metal and oxygen vacancies in the optical bandgap region. Shallow-level defects (VCa/VO ) were as-
sociated with broadband violet-blue photoluminescent (PL) emissions. Better color rendering may be a
direct consequence of crystalline field splitting/wider PL emission. Furthermore, results demonstrate that
PL on CaCu3Ti4O12: Ce system intensity can be modulated by structural defects, making it promising for
applications in optoelectronics.

© 2022 Published by Elsevier B.V.

1. Introduction

Calcium copper titanate-based (CaCu3Ti4O12) electronic ceramics
have challenged scientists the [1] world over to improve charge and
information storage and technology. CaCu3Ti4O12 (CCTO) displays
giant dielectric permittivity (ε⁓104-105) over a wide frequency
(10−2–106 Hz) and temperature range (100–600 K) [2,3], enabling
applications in dynamic random access memories (DRAM), multi-
layer ceramic capacitors (MLCCs), and microwave devices [4,5],
varistors [6], sensors [7,8], optoelectronic [9,10], and magnetic de-
vices [11,12], etc. Its distorted pseudo-perovskite structure with
stoichiometric formula (AA‘)BO3 formed by inclined [TiO6] octahedra
fosters the so-called Jahn-Teller effect [13].

Photoluminescence (PL) in CCTO-based ceramics is governed by
its electronic structure, which is associated with structural sym-
metry, highly dependent on [TiO6] cluster tilting and rotation due to

O-Ti-O bond displacement, which can be significantly affected by
charge density/mobility, light energy, as well as oxygen vacancy
density [14,15]. Recent studies indicate that optical properties in
CCTO-based ceramics arise from surface defects (e.g., Ti3+ and Cu2+)
and abundant oxygen vacancies, which not only shift the absorption
response to the visible region but also reduces the electron–hole pair
recombination. In previous work, this research group has revealed
the possibility to produce tunable PL intensity and wavelength over
the visible spectrum. Deep-level defects led to orange-red PL emis-
sions, while shallow-level ones produced violet-blue emissions. On
the other hand, vacancy-hole recombination was associated with
blue-shift in samples with higher W content [16]. Thus, based on
cerium covalency effect (Ce4+/Ce3+), the authors expect to observe
metal/oxygen vacancy formation within the CCTO electronic struc-
ture. These intermediary energy levels (shallow and deep-level de-
fects) associated with Ce-related f→d transitions may produce
significant PL emission changes. On a phosphor, generally, a lumi-
nescence activator (e.g.: metallic ions, etc.) or intrinsic defect is in-
corporated into a microcrystalline host. Trivalent rare-earth ions
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(RE) stand out as luminescence activators as a result of their stable
emissions associated with f→d/f→f electronic transitions [17–19].

Released literature suggests a clear interdependence between
CCTO-based ceramics structural point defects (e.g.: oxygen/metal
vacancies) and their optoelectronic properties. Materials scientists
have tried several methods to improve CCTO-based ceramic prop-
erties, such as CCTO matrix composite manufacturing [20–22], dis-
tinct synthesis methods [6,23–25], incorporation of alkaline-earth
metals [26–28], etc. Finally, lanthanide family RE-doping (internal
transition metals) [16,29,30] are known to work as luminescence
centers within the host lattice, introducing extra energy levels
within the electronic structure [15]. These energy levels act as traps,
changing electronic excitation and de-citation dynamics. Dorenbos
[31] reported the importance of RE defect 4 f-shell electron binding
energy in wide band gap compounds relative to the binding energy
valence electrons, determining the RE ion valence and RE ↔ host
electrons/ holes transfer, which is a key mechanism in cerium acti-
vated scintillators [32,33].

Lanthanide-doping has been applied in the optoelectronics in-
dustry due to its capacity to create pure color emissions in chro-
maticity diagram borders (CIE - Commission internationale de
l′eclairage 1931). Hence, these materials have been applied in pho-
tovoltaic devices, light-emitting diodes (LEDs), etc. Cerium stands
out as the most abundant of lanthanides and is promptly reduced
from Ce4+ to Ce3+, leading to spontaneous oxygen vacancy formation
within the CCTO structure [34]. Ce3+ ions are characterized by 4 f1↔
5d1 optical transitions, allowed by spectroscopy selection rules,
which can be recognized as broadband and may be displaced de-
pending on crystalline field, whereas Ce4+ does not show optical
activity due to its [Xe] electronic configuration.

In this study, a theoretical-experimental approach is used to in-
vestigate the influence of cerium in the PL response of CCTO: x% Ce
(x = 0.00, 0.25, 0.50, 0.75, and 1.00) ceramic composites prepared via
solid-state reaction, which to the best of the authors’ knowledge has
not been carried out so far. To do so, the energy solution for the
insertion of Ce ions in the CCTO systemwas simulated. Shallow-level
defects (VCa/VO ) were associated with broadband violet-blue pho-
toluminescent (PL) emissions. Better color rendering may be a direct
consequence of crystalline field splitting and wider PL emission.
Furthermore, this study shows that PL on CaCu3Ti4O12: Ce system
intensity can be modulated by structural defects, making it pro-
mising for applications in optoelectronics.

2. Experimental procedure

2.1. Synthesis

CaCu3Ti4O12 based-ceramic powders were prepared via solid-
state reaction using CaCO3 (99.9%; Sigma-Aldrich), TiO2 (99.9%;
Sigma-Aldrich) and CuO (99.9%; Sigma-Aldrich) as starting reagents.
Cerium ions were added to the CCTO precursors mixture following
the proportion of x wt% Ce (x = 0.00, 0.25, 0.50, 0.75, and 1.00) in the
form of CeO2 (99.9%; Sigma-Aldrich) powder. The oxide mixtures
were ground using yttrium-stabilized zirconia spheres in an iso-
propyl alcohol suspension for 24 h, then they were taken to a fume
hood for two hours and then dried in an oven for 12 h at 100 °C,
deagglomerated in an agate mortar, and sifted in a 200-mesh sieve.
All samples were calcined at 900 °C (~5 °C/min) for 12 h under air
atmosphere, as determined by thermogravimetric analysis (TG-DTG)
and Differential Thermal Analysis (DTA) (Seiko, model EXSTAR 6000)
(Fig. S1-S2). After calcined, the powders were ground for 12 h,
deagglomerated in an agate mortar, and sifted in a 200-mesh sieve
to obtain a homogeneous powder.

2.2. Characterization

2.2.1. (Micro)structural characterization
X-ray powder diffraction (XRPD) was performed on a Bruker

(model D8 Advance Eco) diffractometer, operating at 40 kV/25mA
(Cu - Kα radiation; λCu≈1.5406 Å) over the 10 ≤ θ ≤ 100° range (0.02°
step size; 10 s/point collection time), and 0.6mm receiving slit.
Rietveld analysis was carried out using Topas Academic V5 [35] based
on the Inorganic Crystal Structure Database (ICSD). Quantitative
phase analysis, geometric, and Rietveld parameters (RBragg, Rwp, Rexp
and χ2) were determined adjusting the background function to a
Chebychev 4th order polynomial. Chemical surface analysis was
performed on all samples using X-ray photoelectron spectroscopy
(XPS) using a conventional XPS spectrometer (ScientaOmicron
ESCA+) consisting of a high-performance hemispheric analyzer
(EAC2000) and an Al Kα (hν=1486.6 eV) monochromatic excitation
source. Analysis was performed under ultra-high vacuum (UHV)
operating pressure ~ 10−9 Pa. XPS high-resolution spectra were re-
corded at constant pass energy (20 eV; 0.05 eV step size) using a
charge neutralizer (CN10) to eliminate surface charging effects. XPS
results were analyzed on CASA XPS.

Raman spectra for all samples were collected over the
150–1200 cm−1 at room temperature on a Horiba Jobin Yvon spec-
trophotometer (model LabRAM HR 800) equipped with an argon-ion
laser (λAr ≈ 532 nm; ⁓ 1.13 cm−1 step size). X-ray absorption (XAS)
data were collected around the Ti (E0 ≈ 4966 eV) and Cu (E0 ≈
8979 eV) K-edge at the X-ray Absorption beamlines (XAFS1/XAFS2)
at the Brazilian Synchrotron Light Laboratory (LNLS/CNPEM,
Campinas, Brazil). Experiments were performed on transmission
mode using thin polymeric membranes. Ti/Cu-foils were used to
calibrate the monochromator, while TiO2 and Ti2O3, CuO and CuO2

were used as reference materials for the measurements, at the Ti and
Cu K-edge, respectively [36]. Three sequential scans were run for
each sample in order to optimize the signal-to-noise ratio. The ex-
perimental data were analyzed using the ATHENA software [37].

Field-emission-gun coupled scanning electron microscopy (FEG-
SEM) was performed on a Supra 35-VP microscope (Carl Zeiss) for
evaluating particle size/morphology. Samples were dispersed on
isopropanol, spread over a polyimide film, and dried under UV-light.
Particle size distribution was determined using the software
ImageJ [38].

2.2.2. Optical characterization
Photoluminescent response of all samples excited at 350 nm was

measured at room temperature on a Fluorolog-3 FL3–122 (Horiba
Jobin Yvon) over the 370–650 nm range. PL data were deconvoluted
based on a Gaussian function. Finally, the associated points on the
chromaticity diagram (CIE 1931) were obtained based on the PL
spectrum for each sample (x = 0.00 – 1.00) using Origin® 2019.

2.3. Computational methods

Atomistic simulation based on the Coulombic and the short-
range term of the Buckingham potential (Eq. 1) was used to perform
static simulations, based on the Born model, to investigate the in-
corporation of Ce3+, Ce4+, and Ce3+/Ce4+ ions within the CCTO
structure.

=U Aexp
r C

r
Buckingham ij

ij
6 (1)

where UBuckinhanm is the Buckingham interatomic potential, A re-
presents the repulsion between two ions i and j separated by a
distance r, which is related to the size and "hardness" of the ions, ρ is

H. Moreno, M. Damm, S.M. Freitas et al. Journal of Alloys and Compounds 923 (2022) 166185

2



Fig. 1. XRPD patterns for all samples of the CaCu3Ti4O12: Ce (x = 0.00–1.00) system (a) x = 0.00, (b) x = 0.25, (c) x = 0.50, (d) x = 0.75, and (e) x = 1.00 fitted using the Rietveld
refinement method.
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the minimum energy distance, and C is the term included to model
the dispersion. The energy minimization procedure, which adjusts
ionic positions in order to obtain the lowest energy structure, was
adopted. The core-shell model is included to describe the ionic po-
larizability effect, in which the anions are divided into a massive core
and a massless shell connected to a harmonic spring [39]. Defect
calculations were performed using the Mott-Littleton methods, in
which the crystal lattice is partitioned into a region in which re-
laxations close to the defect are treated explicitly, while the re-
mainder of the lattice is treated using quasi-continuum methods
[40]. For all calculations, the General Utility Lattice Program (GULP)
code was used [41].

3. Results and discussion

3.1. (Micro)structural characterization

Fig. 1(a-e) shows XRPD patterns of the CaCu3Ti4O12: Ce
(x = 0.00–1.00) system. Sample x = 0.00 displayed pure CCTO stan-
dard crystal data (ICSD #259849) with cubic perovskite-type struc-
ture and space group Im-3. CaCu3Ti4O12: Ce (x = 0.25–1.00)
diffractograms revealed the formation of ceramic composites. Ana-
logously to the sample with x = 0.00, diffraction peaks were well
indexed by CCTO phase (ICSD #259849). On the other hand, these
sample displayed peaks associated with TiO2 (ICSD#33840, space
group P42/mnm), CuO (ICSD#69094, space group C12/c), and CaTiO3

(ICSD#74213, space group Pbnm). Furthermore, Rietveld analysis
(Table 1) suggests incorporation of Ce ions at Ca sites within the
CCTO structure, especially for x = 0.25. Rietveld analysis also suggests
solid solution of Ce ions in the CCTO structure is limited to 0.50%,
beyond which CeO2 phase can be observed (ICSD #29046, with space
group Fm-3m) formation besides the structures mentioned (TiO2,
CuO and CaTiO3). Ce ions are likely contributing to CeO2 phase for-
mation in the ceramic composite. Furthermore, its incorporation at
Ca sites within the CTO structure becomes more relevant. Ca: Cu
ratio adjustment leading to CCTO dissociation as a result of
Ce4+→Ce3+/Ti4+→Ti3+ reactions may justify the presence of CTO, TiO2,
and CuO structures [42]. Table 1 shows all Rietveld and lattice
parameters obtained for the CaCu3Ti4O12: Ce system, and indicate a
coherent, reliable refinement [16,27,43]. According to the Rietveld
method, incorporation of Ce ions into Ca ions within the CCTO lattice
leads to lattice expansion, which may result from the incorporation
of Ce ions at Ca sites (for Coordination XII: RCa2+=1.34 Å, RCe4+=1.14 Å,
RCe3+=1.34 Å) [44]. Fig. 1(f) illustrates this strong peak displacement
towards lower 2θ values, indicating lattice expansion in the Ca-
Cu3Ti4O12: Ce (x = 0.25–1.00) composites, especially for samples with
x = 1.00. Additionally, XRPD analysis indicates that CCTO peak in-
tensity decreases significantly in the CaCu3Ti4O12: Ce (x = 0.25–1.00)
composites compared to sample x = 0.00. Such a shift in peak posi-
tion associated to peak intensity changes suggests the presence of
defects in the CCTO crystal, which may be related to oxygen

vacancies originated during the synthesis process. Even though Ce3+

and Ce4+ ions influence the host lattice in a different way, oxygen ion
motion, promoted by the doping ions, caused crystallite expansion
(See Table 1), which can be related to PL response.

Fig. 2(a-e) exhibits Ti 2p high-resolution XPS spectra for all
samples of the CaCu3Ti4O12: Ce system (x = 0.00 – 1.00). Spectra
unveils two main peaks, ~465 eV (Ti 2p3/2) and ~459 eV (Ti 2p1/2).
These peaks were deconvoluted into spin-orbit doublet Ti state
peaks (Ti4+ - TiO2, and Ti3+ - Ti2O3, respectively) [45]. Based on fitting
parameters, Ti4+: Ti3+ ratio in the CCTO structure was estimated
(Table 2). At ~459 eV, the main peak was ascribed to Ti4+ ions, and
the secondary peak (~457 eV) to Ti3+ ions. Analogously to XRPD re-
sults, titanium tends to reduce (Ti4++e-→Ti3+) increasing Ce content.

Fig. 3(a-e) shows Cu 2p high-resolution XPS spectra for all the
samples of the CaCu3Ti4O12: Ce system (x = 0.00 – 1.00). The results
reveal peaks associated with Cu 2p3/2 spin-orbit doublets (~933 eV)
and its satellite peak (~941 eV). This feature indicates that the CCTO
lattice contains Cu2+/Cu+ ions simultaneously [45,46]. Cu 2p3/2 peak
can be deconvoluted into two peaks related to Cu2+ at ~934.7 eV
(CuO), and Cu+ at ~ 932.5 eV (Cu2O) [47,48]. XPS data shows the si-
multaneous presence of Cu+/Cu2+ ions within the CCTO structure,
which is consistent with released literature [49]. Hence, its semi-
conductivity stems from electrons hopping between Cu+↔Cu2+ sites
in the CCTO structure [50]. Table 2 shows Cu2+:Cu+ ratio in the CCTO
structure.

Finally, Fig. 3(f) exhibits Ce 3d high-resolution XPS spectra for
sample with x = 1.00, which the authors believe to represent all
other samples of the CaCu3Ti4O12: Ce (x = 0.25–1.00) system. Sample
x = 1.00 shows co-existence of Ce3+/Ce4+ states associated with the
presence of Ce 3d3/2 (~900 eV) and Ce 3d5/2 (~884 eV) peaks, related
to two spin-orbit doublets originated from different configurations
of the Ce4+ photoemission final state, and another two from Ce3+

lower oxidation state [51,52]. Compared to the other samples
(x = 0.25–0.75), sample x = 1.00 presents a higher signal-to-noise
ratio. Hence, even though the spectrum intensity is relatively low,
and the noise level is high, it was possible to interpret the data and
show the presence of Ce3+ and Ce4+ ions. Additionally, to corroborate
these results, Energy Dispersive X-ray Spectroscopy (EDS) mea-
surements were performed (Fig. S4), which confirm the presence of
Ce ions in all samples.

Fig. 4(a) displays Raman spectra collected at room temperature
for all samples of the CaCu3Ti4O12: Ce (x = 0.00–1.00) system. All
samples showed three out of the eight CCTO Raman active modes
generally reported in the released literature. At 275 (Fg1), 440 (Ag1)
and 552 (Ag2) cm−1, M1, M3, and M5, respectively, are all [TiO6]-re-
lated vibrational modes [16,53,54]. M5 can be associated with
asymmetric coplanar O2- ions vibration around Ti4+ ions in the [TiO6]
octahedra [54]. Modes M3 (440 cm−1), and M6 (607 cm−1) are gen-
erated by vertex joint octahedra interactions (folding, twisting, etc.).
It is important to note that [TiO6] clusters within the CaTiO3 lattice
may also contribute, proportionally, to the intensity of modes M1,

Table 1
Structural and Rietveld parameters for all samples of the CaCu3Ti4O12: Ce (x = 0.00 – 1.00) system.

Samples CCTO TiO2 CTO CuO CeO2 Rietveld parameters

V (Å3) phase (%) RBragg phase (%) RBragg phase (%) RBragg phase (%) RBragg phase (%) RBragg Rexp Rwp Rp χ2

x = 0.00 402.9 100.00 2.59 – – – – – – – – 5.91 6.25 4.96 1.06
x = 0.25 403.4 2.34 2.18 1.44 2.61 1.72 2.44 1.28 – – 5.20 5.51 4.35 1.06
x = 0.50 403.2 77.09 2.14 2.44 0.36 14.24 4.15 6.14 0.32 0.09 1.52 5.20 5.51 4.35 1.06
x = 0.75 403.6 85.78 1.69 2.02 0.51 8.26 1.19 3.46 0.63 0.46 1.21 5.52 6.53 5.09 1.18
x = 1.00 404.2 76.50 1.57 3.15 1.06 14.00 3.28 5.90 0.28 0.47 0.78 3.63 4.61 3.67 1.27
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Fig. 2. (a–e) Ti 2p deconvoluted XPS spectra for all samples of the CaCu3Ti4O12: Ce (x = 0.00–1.00) system.
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M3, and M5. M1 and M3 exhibit peak broadening for higher Ce con-
tents (i.e., x = 0.50–1.00), which may result from [TiO6]-related
modes M1 (~275 cm−1)/M3 (~442 cm−1) overlapping with [CeO8]-re-
lated modes and M2 and M4 (~275 cm−1), respectively, corroborating
XRPD data [55,56]. This study’s results also demonstrate slight M3

red-shifts increasing Ce content, implying O–Ti–O stretching. Like-
wise, M1 and M5 Raman shifts indicate atomic motions in the [TiO6]
clusters [57]. Finally, Table 3 compiles all vibrational modes ob-
served for the composite samples of the CaCu3Ti4O12: Ce
(x = 0.00–1.00) system.

Fig. 4(b) depicts XANES spectra measured at the Ti K-edge for al
samples of the CaCu3Ti4O12: Ce (x = 0.00–1.00) system. Fig. 4(b) in-
sert reveals pre-edge structures (peaks A, B, and C) associated with
local symmetry/coordination of Ti ions within the CCTO lattice [58].
Peaks A, B, and C are all related to the octahedral nature of [TiO6]
clusters, which constitute the CCTO structure, corroborating the
Raman and XRPD data [59,60]. Two assumptions arise from pre-edge
peak observations: occurrence of (1) Ti quadrupole 1 s (occupied)→
3d (unoccupied) transitions; and (2) dipolar 1 s (occupied)→3d
(unoccupied) transition (relocation between neighboring sites in
titanium atoms) [61]. Peak A (at ~4968 eV) results from two different
mechanisms: potential 1 s; and quadrupole transitions 1 s-3d (ab-
sorption by octahedral t2 g band). Peak B (~4971 eV) suggests dipolar
transitions to p states, and quadrupole 1 s→3d transitions (absorption
by the octahedral eg band) [61–63]. Finally, peak C (~4974 eV) may be
associated with electronic dipolar Ti 1 s→t2 g transitions in adjacent
[TiO6] octahedra [61–63]. Fig. 4(c) shows XANES spectra measured at
the Cu K-edge of all samples of the CaCu3Ti4O12: Ce (x = 0.00–1.00)
system. An intense feature at ~8982 eV in the Cu2O reference spec-
trum (hatched line labeled B) indicate dipole allowed 1 s→4p tran-
sitions. This aspect works as a fingerprint for Cu+ ion with d0

configuration with no holes in the 3d layer. Analogously for the CuO
standard, one can observe a weak feature at ~8978 eV (hatched line
labeled A), which is related to dipole forbidden 1 s→3d transition,
characteristic of Cu2+ ions in a 3d9 configuration [64]. For all samples,
Ti K‐edge energy position was between that of the standard samples
(Ti2O3, Ti3+, and TiO2, Ti4+, respectively). Likewise, Cu K‐edge energy
position was between Cu2O (Cu+) and CuO (Cu2+), indicating the
presence of Cu+/Cu2+ and Ti3+/Ti4+ oxidation states simultaneously
across all samples. These results are consistent with XPS and XRPD
data. Additionally, XRPD analysis suggests incorporation of Ce ions
into Ca sites within the CCTO and CTO structures, which plays a key
role in oxygen vacancy formation [64].

Fig. 5(a-f) displays FEG-SEM micrographs for all samples of the
CaCu3Ti4O12: Ce (x = 0.00–1.00) system and their respective particle
size distribution (inserts). Apart from showing a mono-dispersed,
submicrometric (~500 nm) particle size distribution, one can ob-
serve a decrease in mean particle size as with Ce content increases
up to the solubility limit (x = 0.50), whereas for x = 0.75–1.00, mean
particle size increases. These results may be associated with

thermodynamic changes in the systems caused by CeO2 phase for-
mation. One can observe irregularly shaped, roundish particles with
no significant changes to particles shape can be observed as a
function of Ce content.

3.2. Defect calculations

The most probable site for the added Ce ions to occupy within the
CCTO structure, and the associated charge-compensating defects
(vacancies and interstitials), were estimated based on an energy-
related approach. To do so, the formation energy associated with
Frenkel, Schottky, and antisite disorders for Ce4+/Ce3+ incorporation
into different cationic sites within the CCTO structure (Ca2+, Cu2+, or
Ti4+) were calculated using static simulations, according to pre-
viously reported methodology [16,65,66]. Table 4 presents all in-
trinsic defect possibilities arranged in the form of Kröger-Vink
equations, each with its associated solution energy. The highest
solution energy intrinsic defects are those related to Ti at an inter-
stitial position, Ti4+ Frenkel, and anti-Schottky defects, indicating
these are not favorable defects to be formed considering Ce in-
corporation. On the other hand, Ca2+ pseudo-Schottky showed the
lowest energy solution among all intrinsic defects, suggesting that
VCa associated with VO has the highest probability for the CCTO
structure. Comparatively, to account for Ce4+/Ce3+ ion incorporation
into the CCTO lattice, eighteen reactions were used to evaluate the
most favorable incorporation scenario for Ce4+→Ce3+ reducing Ce
species. All defect reactions used to simulate Ce3+, Ce4+, and
Ce4+→Ce3+ incorporation within the CCTO lattice are displayed in
Tables 5–7, according to the Kröger-Vink notation.

Fig. 6(a-c) show the solution energy associated with each pos-
sible defect reaction considered for incorporation of Ce3+, Ce4+, and
Ce4+→Ce3+, respectively, within the CCTO lattice calculated following
the same methodology reported in previous works [65–67]. Fig. 6(a)
and Table 5 indicate that Ce3+ incorporation at Ca sites within the
CCTO compensated by VCa is the most favorable. Dopant ionic radius
is key to determine incorporation site RCe3+ ≈ RCa2+, which suggests
that Ce3+ ions may be incorporated at Ca2+ sites within the CCTO
structure (CN: 12-RCa2+=1.34 Å, RCe3+ =1.34 Å/RCe4+=1.14 Å; CN:
6–RTi4+ = 0.60 Å, RCe3+=1.01 Å/RCe4+=0.87 Å, where CN represents the
ion coordination number) [44]. Table 8 shows that Ce3+ incorpora-
tion at Ca/Cu sites causes less perturbation on first neighbors com-
pared to Ce3+ incorporation at Ti4+ sites, which may even lead to
lattice shrinkage.

Makcharoen et al. [68] showed a substantial mean grain size
decrease with Ca2+ substitution for Ce3+ in CCTO ceramics. Similarly,
Cheng et al. [49] suggested oxygen vacancy formation as charge-
compensating defects for trivalent lanthanide doping at Ca2+ sites.
Nonetheless, this study’s results suggest Ca vacancies (VCa) as charge
compensation for Ce ion incorporation. Fig. 6(b) and Table 6 also
show Ce4+ incorporation at Cu/Ca sites compensated by VCa have the
lowest energy solution and, thus, are the most probable. This derives
from VCa high probability to spontaneously form within the CCTO
lattice as intrinsic defects. Table 8 exhibits the local distortion
around Ce4+ ions incorporated at each of the cationic sites in the
CCTO structure considering its coordination. The CCTO lattice is not
as affected by Ce4+ incorporation at Cu sites compared to Ce4+ sub-
stitution at Ca/Ti sites. Slighter change in interatomic distance for
Ce4+/Cu substitution compared to Ce4+/Ca and Ce4+/Ti may explain
its lowest solution energy. Additionally, the largest difference in
interatomic distance was obtained for Ce4+ ions incorporated at Ti

Table 2
XPS fitting parameters for all samples of the CaCu3Ti4O12: Ce (x = 0.00 – 1.00) system.

Samples Ti4+: Ti3+ ratio (%) Cu2+: Cu+ ratio (%)

x = 0.00 63.1: 36.9 82.3: 17.7
x = 0.25 72.6: 27.4 70.1: 29.9
x = 0.50 53.8: 46.2 91.6: 8.4
x = 0.75 55.7: 44.3 79.6: 20.4
x = 1.00 54.7: 45.3 86.5: 13.5
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Fig. 3. (a–e) Cu 2p and (f) Ce 3d deconvoluted XPS spectra for all samples of the CaCu3Ti4O12: Ce (x = 0.25–1.00) system.
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sites (RTi4+=0.605 Å, RCu2+=0.570 Å, RCa2+=1.34 Å, RCe4+=0.870 Å) [44].
Preferred incorporation mechanism can be inferred comparing its
corresponding energy solutions. According to Cheng et al. [51], on
Ce4+-doped CCTO, Cu+ formation is suppressed as confirmed by this
paper’s results.

The valence state of cerium can convert between Ce3+ in Ce2O3 and
Ce4+ in CeO2 due to its unique Ce3+/Ce4+ redox couple [49]. For this
reason, this study has investigated the possibility of Ce4+ reduction to
Ce3+ at CCTO. Table 7 shows the schemes for Ce reduction, and the
solution energy for each scheme is in Fig. 6(c). The most favorable
scheme for Ce reduction is the incorporation at Ca site compensated
by Ca vacancy (1.11 eV). The solution energy for Ce reduction (1.11 eV)
is a little lower than that for the substitution of Ce4+ ion at Cu site
compensated by an Ca vacancy (1.36 eV); this means that Ce4+ is more
likely to reduce to Ce3+ than to remain Ce4+ in CCTO.

To estimate Ce solubility limit within the CCTO lattice, the con-
centration-dependent method reported by Rezende et al. [69] was
used. Considering Ce incorporation within the CCTO lattice and the
most probable substitution sites, adequate defect reactions and en-
ergy solutions equations for Ce3+ (Eqs. (2)–(4))/Ce4+ (Eqs. (5)–(7))
incorporation were developed, respectively. Simulated energy solu-
tion values for each of sample concentrations (x = 0.00–1.00) are
summarized in Table 9.
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Ca V Ce Cu Ti O
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Fig. 4. (a) Raman spectra of the CaCu3Ti4O12: Ce (x = 0.00 – 1.00) system; (b) Ti K – edge (inserts highlight pre-edge peaks); and (c) Cu K – edge XANES spectra obtained at room
temperature for all samples of the CaCu3Ti4O12: Ce (x = 0.00 – 1.00) system (the insert shows characteristic bands A and B).

Table 3
Raman shift and its associated mode/motion description for all samples of the
CaCu3Ti4O12: Ce (x = 0.00 – 1.00) system.

CaCu3Ti4O12 Mode Motion description Observed Raman shifts
(cm−1)

Fg(1) TiO6 rotation ⁓275
Ag(1) TiO6 rotation ⁓442
Fg(3) O - Ti - O antisymmetric

stretching
⁓551

CeO2 – transversely acoustic mode ⁓275
Fg(2) Ce – O symmetric vibration ⁓460

TiO2 Ag(1) O - Ti – O stretching ⁓610
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Fig. 5. FE-SEM micrograph images and particle size distribution for all samples of the CaCu3Ti4O12: Ce (x = 0.00–1.00) system: (a) x = 0.00, (b) x = 0.25, (c) x = 0.50, (d) x = 0.75, (e),
and x = 1.00. The inserts show particle size distribution.

Table 4
Intrinsic defect formation energies (eV/defect) in CaCu3Ti4O12.

Defect Site Reaction Solution energy (eV)

Frenkel Ca +Ca V CaCa Ca i
•• 7.00

Cu +Cu V CuCu Cu i
•• 6.25

Ti +Ti V TiTi Ti i
•••• 11.91

O +O V Oo o i
•• 4.82

Schottky Total + + + + + + +Ca Cu Ti O V V V V CaCu Ti O3 4 12 3 4 12Ca Cu Ti O Ca Cu Ti o
••

3 4 12 3.07

Anti-Schottky Total + + +CaCu Ti O Ca Cu Ti O3 4 12i i i i3 4 12 •• •• •••• 10.05

Pseudo Schottky Ca + + +Ca O V V CaOCa o Ca o
•• 1.97

Cu + + +Cu O V V CuOCu o Cu o
•• 2.26

Ti + + +Ti O V V TiO2 2Ti o Ti o
••

2 3.92

Antisítio – + +Ca Ti Ca TiCa Ti Ti Ca
•• 4.84

– + +Cu Ti Cu TiCu Ti Ti Cu
•• 2.33
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where ESol represents the energy solution, Elatt lattice formation
energy, and X the element/ cluster molar proportion.

Ce solubility limit within the CCTO lattice is defined when the
energy solution surpasses zero (ESol≥0). Considering x = 0.25% for
both Ce3+ and Ce4+ addition, ESol < 0 (Table 9), hence the ions are
readily soluble within the CCTO lattice. Increasing cerium content
leads to an increase in ESol considering both Ce3+ and Ce4+ addition.
For x = 0.50, ESol > 0, thus, solubility is not spontaneous for x ≥ 0.50.
Therefore, our estimate shows that the maximum Ce3+ (Ce2O3) and
Ce4+ (CeO2) concentrations in which solid solution occurs (solubility
limit) are 0.493mol% and 0.490mol%, respectively. Rietveld analysis
showed CeO2-phase formation only for samples with x ≥ 0.50–1.00,
and little lattice distortion associated. Likewise, Ti K-edge XANES
spectra revealed no significant changes, suggesting that Ce

incorporation does not lead to severe distortions of [TiO6] clusters
within the CCTO lattice. Hence, atomistic simulations confirmed the
experimentally measured structure of the CaCu3Ti4O12: Ce
(x = 0.00–1.00) system.

3.3. Optical characterization

Fig. 7(a-b) show the PL emission for all samples of the Ca-
Cu3Ti4O12: Ce (x = 0.00–1.00) system excited at 350 and 400 nm,
respectively, on a CIE 1931 chromaticity diagram. These results
evidence broadening of the emission band (full-width half max-
imum, FWHM), which may result from PL quenching with Ce con-
tent increase. These results lead to improved color rendering, which
is key in LED applications [70]. Furthermore, CIE diagram shows

Table 5
Kröger-Vink reactions for Ce3 + incorporation within the CaCu3Ti4O12 lattice and the associated energy solutions.

Site Charge-compensator Reaction Solution Energy (eV)

Ca 1. Ca vacancy + + +2Ce O 3Ca 2Ce V 3CaO2 3 Ca Ca
•

Ca
1.00

2. Cu vacancy + + + + +Ce O Ca Cu Ce V CaO CuO2 2 2Ca Cu Ca Cu2 3 1.19

3. Ti vacancy + + + + +Ce O Ca Ti Ce V CaO TiO2 4 4 4Ca Ti Ca Ti2 3 2 1.97

4. O interstitial + + +Ce O Ca Ce O CaO2 2 2Ca Ca i2 3 2.90

5. Antisite CaTi + + + + +Ce O Ca Ti Ce Ca CaO TiO2 2Ca Ti Ca Ti2 3 2 2.70

6. Antisite CuTi + + + + + +Ce O CuO Ca Ti Ce Cu CaO TiO2 2 2Ca Ti Ca Ti2 3 2 1.28

Ti 7. Oxygen vacancies + + + +Ce O Ti O Ce V TiO2 2 2Ti O Ti O2 3 2 3.89

8. Ca interstitial + + + +Ce O Ti CaO Ce Ca TiO2 2 2Ti Ti i2 3 • 2 7.24

9. Cu interstitial + + + +Ce O Ti CuO Ce Cu TiO2 2 2Ti Ti i2 3 • 2 6.55

10. Ti Interstitial + + +Ce O Ti Ce Ti TiO2 4 4 3Ti Ti i2 3 • • 2 7.08

11. Antisite (TiCa
•• ) + + + + +Ce O Ti Ca Ce Ti CaO TiO2 2Ti Ca Ti Ca2 3 2 5.00

12. Antisite (TiCu
•• ) + + + + +Ce O Ti Cu Ce Ti CuO TiO2 2Ti Cu Ti Cu2 3 • 2 3.84

Cu 13. Ca vacancy + + + + +Ce O Cu Ca Ce V CaO CuO2 2 2Cu Ca Cu Ca2 3 1.12

14. Cu vacancy + + +Ce O Cu Ce V CuO3 2 3Cu Cu Cu2 3
1.31

15. Ti vacancy + + + + +Ce O Cu Ti Ce V CuO TiO2 4 4 4Cu Ti Cu Ti2 3 2 2.11

16. O interstitial + + +Ce O Cu Ce O CuO2 2 2Cu Cu i2 3 3.02

17. Antisite CaTi + + + + + +Ce O CaO Cu Ti Ce Ca CuO TiO2 2 2Cu Ti Cu Ti2 3 2 1.92

18. Antisite CuTi + + + + +Ce O Cu Ti Ce Cu CuO TiO2 2Cu Ti Cu Ti2 3 2 1.40

Table 6
Kröger-Vink reactions for Ce4 + incorporation within the CaCu3Ti4O12 lattice and the associated energy solutions.

Site Charge compensation Reaction Solution Energy (eV)

Ca 1. Ca vacancy + + +CeO 2Ca Ce V 2CaO2 Ca Ca
••

Ca
1.47

2. Cu vacancy + + + + +CeO Cu Ca Ce V CaO CuOCu Ca Ca Cu2 •• 1.76

3. Ti vacancy + + + + +CeO Ca Ti Ce V CaO TiO2 2 2 2Ca Ti Ca Ti2 •• 2 3.25

4. O interstitial + + +CeO Ca Ce O CaOCa Ca i2 •• 4.32

5. Antisite CaTi + + + +CeO Ca Ti Ce Ca TiOCa Ti Ca Ti2 •• 2 2.68

6. Antisite CuTi + + + + + +CeO CuO Ca Ti Ce Cu TiO CaOCa Ti Ca Ti2 •• 2 1.89

Ti 7. Ce at Ti site + +CeO Ti Ce TiOTi Ti2 2 1.97
Cu 8. Ca vacancy + + + + +CeO Cu Ca Ce V CaO CuO2 Cu Ca Cu

••
Ca

1.36

9. Cu vacancy + + +CeO Cu Ce V CuO2 2Cu Cu Cu2 •• 1.65

10. Ti vacancy + + + + +CeO Cu Ti Ce V CuO TiO2 2 2Cu Ti Cu Ti2 •• 2 3.10

11. O interstitial + + +CeO Cu Ce O CuOCu Cu i2 •• 4.21

12. Antisite CaTi + + + + + +CeO CaO Cu Ti Ce Ca TiO CuOCu Ti Cu Ti2 •• 2 2.57

13. Antisite CuTi + + + +CeO Cu Ti Ce Cu TiOCu Ti Cu Ti2 •• 2 1.78
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Table 7
Kröger-Vink reactions for Ce4 +→ Ce3 + incorporation within the CaCu3Ti4O12 lattice and the associated energy solutions.

Site Charge compensation Reaction Solution Energy (eV)

Ca 1. Ca vacancy + + + +2CeO 3Ca 2Ce V 3CaO 0 5O.2 Ca Ca
•

Ca 2
1.11

2. Cu vacancy + + + + + +CeO Ca Cu Ce V CaO CuO O2 2 2 2 0.5Ca Cu Ca Cu2 2 1.31

3. Ti vacancy + + + + + +CeO Ca Ti Ce V CaO TiO O4 4 4 4 0.5Ca Ti Ca Ti2 2 2 3.97

4. O interstitial + + + +CeO Ca Ce O CaO O2 2 2 2Ca Ca i2 2 6.65

5. Antisite CaTi + + + + + +CeO Ca Ti Ce Ca CaO TiO O2 2 2 0.5Ca Ti Ca Ti2 2 2 2.88

6. Antisite CuTi + + + + + + +CeO CuO Ca Ti Ce Cu CaO TiO O2 2 2 2 0.5Ca Ti Ca Ti2 2 2 1.39

Ti 7. Oxygen vacancies + + + + +CeO Ti O Ce V TiO O2 2 2 2 0.5Ti O Ti O2 2 2 4.00

8. Ca interstitial + + + + +CeO Ti CaO Ce Ca TiO O2 2 2 2 0.5Ti Ti i2 • 2 2 7.36

9. Cu interstitial + + + + +CeO Ti CuO Ce Cu TiO O2 2 2 2 0.5Ti Ti i2 • 2 2 6.67

10. Ti Interstitial + + + +CeO Ti Ce Ti TiO O4 4 4 3Ti Ti i2 • • 2 2 11.26

11. Antisite (TiCa
•• ) + + + + + +CeO Ti Ca Ce Ti CaO TiO O2 2 2 0.5Ti Ca Ti Ca2 2 2 5.11

12. Antisite (TiCu
•• ) + + + + + +CeO Ti Cu Ce Ti CuO TiO O2 2 2 0.5Ti Cu Ti Cu2 • 2 2 3.96

Cu 13. Ca vacancy + + + + + +CeO Cu Ca Ce V CaO CuO O2 2 2 2Cu Ca Cu Ca2 2
1.23

14. Cu vacancy + + + +CeO Cu Ce V CuO O2 3 2 3 0.5Cu Cu Cu2 2 1.42

15. Ti vacancy + + + + + +CeO Cu Ti Ce V CuO TiO O4 4 4 4Cu Ti Cu Ti2 2 2 7.64

16. O interstitial + + + +CeO Cu Ce O CuO O2 2 2 2 0.5Cu Cu i2 2 3.13

17. Antisite CaTi + + + + + + +CeO CaO Cu Ti Ce Ca CuO TiO O2 2 2 2 0.5Cu Ti Cu Ti2 2 2 2.04

18. Antisite CuTi + + + + + +CeO Cu Ti Ce Cu CuO TiO O2 2 2 0.5Cu Ti Cu Ti2 2 2 1.51

Fig. 6. Energy solution (a) Ce3+; (b) Ce4+; and (c) Ce4+ → Ce3+ incorporation at Ca, Cu, and Ti within the CCTO lattice.
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peripheral emissions when the samples are excited by a 350 nm
source producing purer colors. On the other hand, the 400 nm ex-
citation source produces PL emissions closer to the CIE diagram
center for all samples (x = 0.00–1.00), thus indicating the contribu-
tion of different color centers in the gamut emission (white LED
emissions).

Fig. 7(c-d) display PL emission spectra for all samples of the
CaCu3Ti4O12: Ce (x = 0.00–1.00) system excited at 350 and 400 nm,
respectively. Samples excited at 350 nm exhibit intrinsic PL emis-
sions on the violet-blue region (400–450 nm). Samples excited at
400 nm unveil typical intrinsic CCTO PL emissions on the green-or-
ange region (λ ≈ 530–620 nm), as expected. These emissions can be
associated with two main mechanisms: (1) CCTO gap transitions
(CB→VB); and (2) defect-related transitions. Green emissions can be
associated with gap transition (CB→VB) electron-hole pair re-
combination, which may be induced by light in CCTO. Intrinsic de-
fects within CCTO electronic structure (i.e., VCa, VCu, VO , e , and h•)
can be associated with violet-blue emissions (< 500 nm) (shallow-
level defects near the VB and/or the CB) or red-infrared emissions
(> 620 nm) (deep-level defects). Considering the presence of Ce3+

ions in CaCu3Ti4O12: Ce, luminescence can be associated with ex-
citon formation, while Ce4+ in CaCu3Ti4O12: Ce, cannot interact po-
sitively with excitons due to its noble gas electronic configuration
([Xe]). Additionally, Ce4+ can re-absorb excitonic emissions through
nonradiative mechanisms, negatively impacting on the light yield.
That may be the reason why PL quenching can be observed for
cerium doped samples (x > 0.00) [71]. The presence of Ce3+ ions
with specific ground ([Xe]4f1) and excited ([Xe]5d1) state config-
urations may be identified by a symmetric, broad band, causing a
blue shift on the PL emissions of samples with x > 0.00 [71]. Fur-
thermore, cerium exhibits the so called nephelauxetic effect (cova-
lency–Ce3+/Ce4+), which influences Ce3+ 5d energy levels resulting in
greater crystalline field splitting [33,72]. Each of Ce3+ electronic
states 5d1 (excited state) and 4f1 (ground state) is split by the crystal
field into two (or more) components, namely 2D5/2 and 2D3/2 and

2F5/2 and 2F7/2, respectively, due to spin–orbit coupling [73]. Blue PL
emissions (~460 nm) may be ascribed to CCTO bandgap excitation-
recombination mechanisms.

Structural effects caused by Ce incorporation at Ca sites within
the CCTO lattice can be observed in the PL spectra of samples
x = 0.25–1.00. By increasing Ce content (x = 0.00–1.00), one can ob-
serve an increase in green emission, which may be associated with
electron–hole/donor-acceptor charge transferring due to the for-
mation of self-trapped charges within the optical bandgap region,
but also to the presence of phase CuO/TiO2 with intrinsic green PL
emission, which contributes to producing different tones of blue PL
emissions [16]. On the other hand, CTO phase also contributes to the
red-orange PL emission due to its intrinsic characteristics [74]. Ce3+

5d1→4 f1 emission is generally centered at 520 nm; however, it is
necessary to consider that Ce3+ emissions are highly dependent on
host lattice. This study’s results suggest that in the CaCu3Ti4O12: Ce
(x = 0.00–1.00) system Ce3+ 5d1→4f1 transitions occur around
460 nm, which explains broadening of the main PL emission peak
and clarifies higher color rendering associated with Ce addition.

Several authors have observed strong blue emission in bulk CeO2

(~422 nm), in which lower CeO2 concentration led to peak dis-
placement towards violet emissions (lower wavelengths). Authors
associated these emissions to CeO2 4 f→VB (valence band) transi-
tions 9[73,75]. On bulk CeO2, PL emission may be ascribed to pho-
toreduction processes, leading to the simultaneous presence of Ce4+/
Ce3+, and oxygen vacancy formation within the CeO2 lattice. In the
structure, Ce3+ ions tend to trap holes, while oxygen vacancies tend
to trap electrons leading to broad associated emission [75]. These
reports are consistent with this study’s results, which show violet-
blue emissions increase associated with CeO2 phase formation, as
corroborated by the XRPD analysis.

3.4. General discussion

Based on the PL response in Fig. 8(a), this study proposes a
practical model to explain PL emission mechanisms for CaCu3Ti4O12:
Ce system considering the theoretical-experimental approach. One
can observe emission quenching, which can be associated with
electron-hole recombination. On the other hand, blue PL emission
from Ce3+ increases as a result of CCTO bandgap excitation, leading
to exciton creation and subsequent nonradiative recombination re-
sults in excitation from the ground 4 f states to the excited 5d states
on Ce3+ centers. CCTO-based ceramics PL emissions are driven by the
presence of shallow and/or deep-level defects in the electronic
structure of the material. PL results show direct electronic conduc-
tion (CB)→valence band (VB) emissions, and light generated elec-
trons (e ), and holes (h•). Sample x = 0.00 exhibits larger red emission
as a result of higher deep defect concentration compared to shallow
defects. Fig. 8 exhibits a practical model used to explain PL emissions
on CaCu3Ti4O12: Ce system considering the theoretical simulations
and experimental data (structural and optical measurements) pre-
sented in this paper, as well as considering RE and non-RE related
trapping mechanisms. PL emission mechanisms of CCTO-based
ceramics are strongly influenced by the presence of shallow/deep-
level defects in the electronic structure as this research group has
shown in previous studies [15,16]. In the case of CaCu3Ti4O12: Ce

Table 8
Interatomic distance changes considering Ce3 + and Ce4 + incorporation at Ca, Cu, and
Ti sites within the CCTO lattice.

Ce3+ ions CeCa
• CeCu

• Ce´Ti

Ce-O (x12) Ce-O (x4) Ce-O (x6)
-0.02 0.24 0.38

Ce4+ ions CeCa
•• CeCu

•• CeTi

Ce-O (x12) Ce-O (x4) Ce-O (x6)
-0.15 0.05 0.21

Table 9
Solution energy for different Ce3 + and Ce4 + contents added to the CCTO lattice and
solubility limit.

Valence state 0.25%
CeO2

0.50%
CeO2

0.75%
CeO2

1.00%
CeO2

Max.
% CeO2

Ce3+ ions -3.12 -1.54 0.04 1.62 0.493
Ce4+ ions -1.53 0.06 1.65 3.24 0.490

H. Moreno, M. Damm, S.M. Freitas et al. Journal of Alloys and Compounds 923 (2022) 166185

12



system, apart from intrinsic defects, such as e , h•, VCa, and VCu, in-
duced within the bandgap region both by Ce addition and light
source excitation. Performed atomistic simulations revealed the
presence of oxygen and metal vacancies (VCa/VCu), and local sym-
metry disruption with increasing Ce content, which was experi-
mentally confirmed using XPS, Raman, and XAS. One can observe
very specific Ce-related emissions: (1) Ce3+ has specific ground ([Xe]
4f1) and excited ([Xe]5d1) state configurations, which are sig-
nificantly dependent on chemical environment. In addition to crys-
talline field splitting, the nephelauxetic effect (covalency–Ce3+/Ce4+),
which also influences 5d energy levels in Ce3+ ions resulting in a

greater crystalline field splitting [76]. These results are confirmed by
XPS analysis.

Fig. 8(b) considers the possible transitions in Ce3+ (5d1 and 4 f1),
accounting for energy transfer mechanisms from CCTO excited by
the light source. Intermediary energy levels in the CCTO: Ce optical
bandgap induce electron-hole polaron formation. These traps within
the optical bandgap energy region improve electron-hole (e h )
recombination efficiency in the presence of metal/oxygen vacancies
[77,78]. Considering Ce addition, Brito et al. [79] showed the im-
portance of kinetics 4 fn−1-5d1 transitions lifetime of advanced per-
sistent luminescence mechanisms for both RE2+ and RE3+ doping

Fig. 7. Chromaticity diagram (CIE 1931) obtained for all samples of the CaCu3Ti4O12: Ce (x = 0.00–1.00) system excited at (a) 350 and (b) 400 nm, and its respective PL emission
spectra (c) 350 nm and (d) 400 nm excitation energy source.
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(~50 ns–1 µs). For CCTO doped with Ce3+, short PL lifetime may be
associated with competition between emission and electron hop-
ping to the CCTO conduction band (CB)/trapping. Therefore, al-
though energetically favorable, Ce3+-doped compounds tend to
present fluorescent response instead of persistent luminescence. The
presence of Ce ions (RE) within the CCTO structure, make it neces-
sary to consider an additional kT term due to its reduction me-
chanism (Ce4+→Ce3+). The term kT accounts for the energy necessary
to overcome the thermal barrier at that defect level at a temperature
T (k ≈ 1381 ×10−23 J.K−1, Boltzmann constant) to calculate PL effi-
ciency, as proposed by Dorenbos et. al. [31].

4. Conclusion

This study uses an experimental-theoretical approach to provide
strong evidence that Ce addition within the CCTO lattice is balanced
by metal and oxygen vacancies (VCa, VCu, and VO , respectively). PL
response of the CaCu3Ti4O12: Ce system can be generally defined by
CCTO gap transitions (CB→VB), and defect-related transitions (i.e.,
VCa, VCu,VO , e , and h•), which may be shallow-level defects – close to
the valence or conduction bands – or deep-level defects – near the
center of the bandgap region. Ce covalency (Ce4+→Ce3+) may be
associated with PL active Ce3+ ions, which also increases oxygen
vacancy density/mobility within the CCTO lattice. Additionally, in-
trinsic PL emission contributions of CaTiO3 and TiO2 phases must be
considered. Broader, lower intensity violet-green PL emission related
to Ce dependence on host lattice crystalline field suggests Ce3+ 5d1→
4 f1 transitions around 460 nm. Finally, CIE data reveals pure color
(peripheral) emissions considering a 350 nm excitation source, and
white color (centered) emissions for a 400 nm excitation source.
Thus, this study’s results provide clear theoretical-experimental
evidence of the possibility to tune PL intensity and wavelength over
the visible spectrum. Better color rendering may be a direct con-
sequence of crystalline field splitting/wider PL emission, making
CaCu3Ti4O12: Ce ceramics a suitable choice to be applied in optoe-
lectronics.
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