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The effects of microstructural, electrical and optical properties of
(Ba1�xNdx)(Co0.01Ti0.99)O3 (BNCT) (x = 0.00%, 0.25%, 0.50% and 0.75%)
ceramics have been prepared the by sol–gel combustion technique. The
structural phase evolution confirms tetragonal to pseudo-cubic phase with
0.50% and 0.75% doping of Nd3+ ions. The Rietveld refinement analysis of
BNCT ceramics in terms of bond length Ba-O, Ti-O and Ba-Ti have been
discussed, and it also confirmed the lattice parameters systematically. The co-
doping of Nd3+ ions for Ba2+ ion at A-site leads to an increase of the energy
bandgap (Eg) of the samples lying between 2.93 eV to 3.19 eV, which is
ascertained by the blue shift as observed from the UV–visible spectroscopy.
The intensity of photoluminescence (PL) emission was found to decrease with
an increase in Nd3+ concentrations and the deconvolution of the luminescence
peaks were discussed in terms of the role of defects, oxygen vacancies, grain
size, and induced lattice strain. The complex permittivity (e¢ + je¢¢), impedance
plot and AC conductivity (r¢) were examined at room temperature within the
frequency range from 1 Hz to 1 MHz.
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INTRODUCTION

Ferroelectric ceramics with perovskites lattice
structure are vital materials due to their intricate
physical properties and widespread technological
applications. In particular, barium titanate is
regarded as the basis and prototype structure of
valuable ferroelectrics for device applications.1 In
the past few decades, BaTiO3 has been widely used
for device applications such as optoelectronic
devices, pulse generating devices, transducers,
capacitors, resistors, thermal sensors, electrostric-
tion devices, infrared detectors, phase transitions,
electro-optic devices, etc.2,3 From the review of the
literature, it has been observed that these physical
and chemical technological properties of BaTiO3 are
sensitive to the variations of contiguous

temperature, impurities, crystal structure, crystal-
lite size and defect densities.4–7 Also, BaTiO3 can
exist in different structures such as rhombohedral
(< � 90�C), orthorhombic (� 90�C to 5�C), tetrago-
nal (0–130�C) and cubic structure from the Curie
temperature (130�C) and above 1460�C its transfor-
mation into hexagonal phase.1,2,7 In addition, at
Curie temperature, BaTiO3 undergoes ferroelectric–
to–paraelectric transition.8 In accumulation, the
dielectric and semiconducting properties of BaTiO3

ceramics can be modified by the addition of suit-
able oxides in an effective way to enhance their role
in potential applications.9 In particular, the rare-
earth oxide is one of the most important additives of
BaTiO3 for potential applications. The ionic radius
of the substituting rare-earth ion is an important
parameter, which mainly determines the incorpo-
ration site and sequentially through the physical
properties. Generally, the rare-earth elements with
larger ionic radius, such as Nd3+ (1.27 Å) replace
Ba2+ (1.61 Å) and Co3+ (0.65 Å) as their ionic sizes(Received July 15, 2019; accepted October 18, 2019;
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are compatible with that of Ti4+ (0.605 Å) and
maintain the charge compensation. Hence, doped
BTO results in the structural phase transition with
an enhancement of optical and electrical properties
up to a certain doping percentage.10–12

In general, transition metal ions have several
oxidation states, further doping of transition metal
like Fe, Co ions at Ti-site may influence conduction
and exchange interaction between different ele-
ments or different valence states of the same
elements, which helps to augment both the electri-
cal and magnetic properties.9 In other words, Nd
and Co ions are used as a donor type dopant in
BaTiO3 and the formation of donor–acceptor com-
plexes will enhance the electrical and optical prop-
erties of Ba1�xNdx)(Ti0.99Co0.01)O3 ceramics.
However, the donor type dopant at high concentra-
tion is explained by either electronic compensation
with lower concentrations of Nd3+ ion or oxygen-
related vacancies. For higher dopant concentra-
tions, the grain boundaries reduce grain growth.
Increasing grain boundary with an increase in
donor concentration leads to changes electronically
to vacancy compensation in the materials.13

In light of the above properties, in the present
work, we prepared (Ba1�xNdx)(Ti0.99Co0.01)O3

ceramics with different Nd-doping concentrations
using the sol–gel combustion method. In the present
case, the Ba2+ ions are substituted by Nd3+ ion at A-
site (off-valent), which can lead to an A-site disor-
dered cation with defect structure. These result in a
blue shift in optical absorption, which depends on
the carrier concentration as investigated. The deter-
minations of this exploration are studied through
the effect of Nd3+ ions on the structural, optical and
electrical properties of the modified BNCT ceramics
that were investigated and the observed results are
reported.

EXPERIMENTAL DETAILS

(Ba1�xNdx)(Co0.01Ti0.99)O3 (x = 0.00%, 0.25%,
0.50% and 0.75%) ceramics were prepared using
the sol–gel combustion technique with proper stoi-
chiometric proportions of (C12H28O4Ti), (Co(NO3)2),
Nd2O3 (Ba(NO3)2) that were taken as a starting
reagent. Glacial acetic acid and ethanol were used
as solvents for the above mixtures. Titanium (IV)
isopropoxide was added very slowly to the clear
mixture solution with continuous stirring to obtain
a yellowish solution. This solution was added
together into deionized water to complete the
hydrolysis process. The mixed final solution was
continuously stirred in a hotplate at 80�C for 4 h.
Subsequently, the wet gel was formed through the
combustion process, and the resultant powder was
calcined at 900�C for 3 h.

The powder x-ray diffraction (XRD) was analyzed
using a Bruker-D2 phaser diffractometer with radi-
ation of Cu-Ka having wavelength k = 1.5418 Å and
step size of 0.02� for the 2h from 10� to 80� to confirm

the phase formation. The XRD pattern of Rietveld
refinement profile fitting was analyzed by the GSAS
& EXPUGI software package.14 The Raman spectra
are analyzed using a Raman spectrometer (Lab-
RamHR) with excitation laser wavelength 514 nm.
The surface morphology with a grain size of the
synthesized ceramics was analyzed using an High-
resolution Scanning Electron Microscope (HRSEM),
which was recorded at ambient temperature using a
Quanta 200 FEG scanning electron microscope.
Grain size distributions were calculated using
Image j analyzing software and plotting as log-
normal distribution in the form of a histogram. The
diffuse reflectance spectra (DRS) were recorded at
ambient temperature by an UV–visible Spectrome-
ter (Shimadzu UV 2450 PC Spectrophotometer) and
the band gap was achieved using a tauc plot. The
photoluminescence analyses were obtained using a
fluorescence spectrometer (Varian Cary Eclipse)
with an excitation source of 435 nm. In this work,
PL spectra were fitted with a Gaussian function
independently and individual peaks were obtained
through the deconvolution process by Fityk soft-
ware.15 For dielectric measurements, the samples
were pelletized with the dimensions of 8 mm (dia)
and 1 mm (thickness), sintered at 900�C, and for the
electrode contact silver paste was coated on both
sides of the pellet. The frequency-dependent dielec-
tric measurements were carried out on the sintered
pellets by employing PSM1735NumetriQ. The
observed results are discussed in detail below.

RESULTS AND DISCUSSION

XRD Analysis

Figure 1 illustrates the XRD patterns of BNCT
samples recorded at ambient temperature. A struc-
tural phase evolution is observed as tetragonal to
pseudo-cubic phase on increasing Nd3+ ion concen-
trations at 0.50% and 0.75%. The perovskite struc-
ture of BNCT ceramics was analyzed by Rietveld
refinement and the observed results in terms of
bond length and lattice parameters have been
analyzed. In order to reveal it, the lattice parame-
ters of ceramic samples are deliberated in Table I. It
is noteworthy that the observed patterns are very
good matches with the calculated patterns as a
result of comparatively lesser residuals for the
weighted patterns Rp and Rwp values. In addition,
the lattice parameters, residual factors, the good-
ness of fit (Rwp, RP, and v2), bond lengths and unit
cell volume were obtained from the refinement and
are listed in Table I. In ABO3 structure, the Co3+

(0.65 Å) ions are doped in the Ti4+-site (0.605 Å)
because of the similar ionic radii. Further, Nd3+

(0.98 Å) are doped in the A-site, as it enters into the
lattice site of Ba2+ (1.36 Å) ions due to the compa-
rable coordination number and difference in the
ionic radii of Nd3+ and Ba2+ ions.16–18 The ionic radii
of Ba2+ that are greater than the Nd3+ leads to an
increase in the bond length of Ba-O in the BNCT
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ceramics. Further, the doping of Ti4+ ions is com-
pared to the Co3+ ions, which results in a reduced
bond length between A-site (Nd3+ ion) and O�2 as
related to the Ba-O bond. It is realistic that Nd3+

ions completely entered the BNCT lattice as
observed from our results. However, when the
content of Nd3+ increased it might be replaced by
a Ti4+ ion, which lead to an increase in unit cell
volume. From Table I, it is observed that the Ti-O

bond lengths at the octahedron site are approxi-
mately equal to two. The lattice parameters (a, b
and c) obtained from the refinement are found to
decrease with doping ion concentration from
x = 0.25% to 0.75% which may be due to induced
strain in the BTO lattice.

Microstructure (HRSEM) Analysis

The HRSEM images of BNCT ferroelectric cera-
mic materials are recorded at ambient temperature
for various doping concentrations of Nd3+ ions as
illustrated in Fig. 2a, b, c, and d, respectively. The
microstructure of BNCT exhibits a large number of
grains with aggregated polygonal shape and some
grains show a possible draw line on polygonal shape
and pyramid shape. As increasing Nd3+ ions, the
grain sizes are found to be decreased and grains are
randomly oriented in the doped BCT system. These
observed surface morphological images confirm the
average grain size decreases with the addition of
Nd3+ ion to BCT ceramics. The inhibition of smaller
grain size may be due to the smaller ionic radii of
Nd3+ ion.11

Optical Analysis

UV–Visible Spectroscopy and Estimation
of the Energy Band Gap

The UV–visible absorption spectra for BCT and
BNCT perovskite samples were probed by means of
diffuse reflectance spectroscopy (DRS) technique
and the observed results are shown in Fig. 3a. The
diffuse reflectance spectra of prepared BNCT cera-
mic materials is against a reference standard
material BaSO4 compound in the wide range of
200–800 nm wavelengths. It was apparent that on
increasing Nd3+ ion doping concentration in BNCT
ceramics, the maximum absorption was found to
shift towards higher wavelength, which signifies the

Fig. 1. Powder XRD pattern with Rietveld refinement of
(Ba1�xNdx)(Co0.01Ti0.99)O3 (BCT), (BNCT-1 x = 0.25%), BNCT-2
x = 0.50%) (BNCT-3 x = 0.75%).

Table I. Powder XRD Rietveld refinement factors of (Ba12xNdx)(Co0.01Ti0.99)O3(BCT), (BNCT-1 x = 0.25%),
BNCT-2 x = 0.50%), (BNCT-3 x = 0.75%)

Sample BCT BNCT-1 BNCT-2 BNCT-3

Crystallite size (nm) 70 53 46 43
Lattice strain (10�3) 2.2 2.3 3.6 5.7
X-ray density (gm/cm3) 6.199 5.702 5.929 6.489
Lattice parameters

a (Å) 4.0031 4.0038 4.0017 4.0113
c (Å) 4.0198 4.0176 4.0014 3.9999
c/a 1.0041 1.0034 0.999 0.997
Cell volume (Å3) 64.420 64.405 64.283 64.365

R-factor (%)
Rp 6.01 5.35 5.28 5.81
Rwp 7.80 7.19 7.09 7.91
v2 2.65 2.40 2.30 2.92

Bond length (Å)
Ti-O 1.990(9) 2.015(5) 2.003(6) 2.002(13)
Ba-O 2.802(4) 2.831(5) 2.833(6) 2.832(13)
Ba-Ti 3.402(12) 3.554(12) 3.469(8) 3.469(17)
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strong optical absorption behavior of the samples. In
the UV–Vis absorption spectra of BNCT ceramics,
the peaks corresponding to typical Co3+ transitions
are observed and ligand–metal charge transfer
movements O2� fi Co3+ and O2� fi Co2+ at
554 nm. The optical absorption behavior of BNCT
samples exposes the influence of crystallite size,
grain size and lattice strain in the samples.19

The optical energy band gap was estimated from
the diffuse reflectance spectra and is shown in
Fig. 3b. The equivalent absorption spectra using the
Tauc function of absorption coefficient a and optical
band gap Eg is expressed as

hm ¼ ðhv � EgÞn; ð1Þ

where ‘h’ is Planck’s constant, ‘m’ is the frequency of
incident radiation and n = ½ for the direct and
n = 2 for the indirect bandgap semiconductor mate-
rials. The optical energy bandgap (Eg) values were
correlated with factors such as temperature, surface
morphology and preparation methods of the ceramic
materials.20 The estimated band gap values varied
from 2.93 eV to 3.19 eV for BNCT at various

concentrations. Similarly, the estimation of charge
carrier concentrations (ne) from the bandgap, which
originates from charge transfer and raises its value
from 0.947 9 1020 cm�3 to 1.208 9 1020 cm�3 upon
doping of Nd3+ ion concentrations, has the observed
results reported in Table II. It is identified that the
effect of doping along with particle size greatly
influences electronic parameters like energy band-
gap and carrier concentrations. However, the
decrease in the tetragonality phase with increasing
Nd3+ ion doping concentrations, the influence of the
interaction on the bandgap is gradually increased.
From Table II, it is observed that there is the
increase of bandgap and carrier concentration val-
ues with increasing the doping content of Nd3+ in
BCT compounds. In addition, the bandgap of per-
ovskites can also be increased through tetragonal to
pseudo-cubic structural phase transition.21 In the
present case, the Nd3+ ion concentration was
increased and the observed band gap (Eg) also
gradually increases for the variation of dominated
phase transition. These types of variation in energy
band gap values occur due to the order–disorder

Fig. 2. HR SEM images of (Ba1�xNdx)(Co0.01Ti0.99)O3 (a-BCT), (b-BNCT-1), (c-BNCT-2) (d-BNCT-3).
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factor, which is ascribed due to the presence of
impurities or distortions of TiO6 octahedra and
oxygen-related vacancies.22

Luminescent Properties

PL is one of the most extensive studies used to
scrutinizing the intermediate energy levels within
the energy band gap and determining the degree of
ordered-disordered structure. The ambient temper-
ature PL spectra of BNCT samples are shown in
Fig. 4. In general, for the ABO3 structure, the PL
emission occurs due to the polarization of some
localized states in the bandgap, self-trapped exci-
tons, oxygen vacancies which are the mainly dom-
inant defect centers and formation of oxygen
vacancies related to freeing of charge carriers.23

The BCT and Nd3+ doped BCT samples clearly
showed that the three strongest emission peaks,
viz., green (532 nm), orange (595 nm) and red
(717 nm) are as observed in this spectrum. It was
analyzed using Fityk software by the Gaussian
deconvolution process and depicted in Fig. 4. The
wavelength region of the fitted curves through
Gaussian fit independently, the each and individual
peaks are attained through the de-convolution
process and exposed in Table III.24–26 The visible
PL emission specifies the more ordered and disor-
dered structure of ABO3 materials, and it is
observed in green, orange and red emissions.27,28

The visible green emission band as observed at
532 nm was due to the presence of host lattice
oxygen vacancies or by lattice defects due to the self-
activated phosphor type luminescence, which can be
realized in the perovskite systems.29 The near
energy band edge (NBE) emission of the BNCT
system measures the bandgap energy (EPL). Fur-
ther, the increase of Nd3+ ion dopant concentrations
leads to shifting of the strong emission peak from
520 nm to 545 nm with an increase in the bandgap
value from 2.312 eV to 2.320 eV as observed from
Table II. This type of similar behavior was observed
in UV-absorption spectral analysis. Therefore, the
obtained PL spectra independently prove the exis-
tence of oxygen-related vacancies which are due to
the defects in shallow donor level near the conduc-
tion band and defect states. The oxygen vacancies
were observed as highly localized sensitive centers
to trap the electrons from the valence band and then
the interaction of this electron trapped with holes
form self-trapped excitations. The intensity of the
emission increased progressively, representing
decreasing of oxygen vacancies related defects with
the increasing doping of Nd3+ ions.30

Dielectric Analysis

Figure 5a and b show the effect of frequency with
the real part of dielectric constant (e¢) andthe
imaginary part of dielectric loss (e¢¢) obtained from
1 Hz to 1 MHz for (Ba1�xNdx)(Co0.01Ti0.99)O3

(BNCT) (x = 0.00%, 0.25%, 0.50% and 0.75%)
ceramics at ambient temperature. From Fig. 5a,
we observed that the e¢ reduced with an increase of
frequency, which is constant with the collective
response of orientational relaxation of induced

Fig. 3. (a) UV DRS spectra of (Ba1�xNdx)(Co0.01Ti0.99)O3 (BCT),
(BNCT-1 x = 0.25%), BNCT-2 x = 0.50%) (BNCT-3 x = 0.75%). (b)
UV optical band gap of (Ba1�xNdx)(Co0.01Ti0.99)O3 (BCT), (BNCT-1
x = 0.25%), BNCT-2 x = 0.50%) (BNCT-3 x = 0.75%).

Table II. The near energy band edge (NBE)
emission, Band gap (Eg) and Carrier
concentration (ne), of (Ba12xNdx)(Co0.01Ti0.99)O3

(BCT), (BNCT-1 x = 0.25%), BNCT-2 x = 0.50%)
(BNCT-3 x = 0.75%)

NBE EPL (eV) Band gap
Eg (eV)

Carrier concentration
ne 3 1020 (cm23)

2.313 2.84 0.947
2.315 2.98 1.095
2.319 3.04 1.162
3.320 3.08 1.208
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dipoles and charge carrier conduction. At the low-
frequency region, its space charge, atomic, dipolar
and electronic polarization follows the applied elec-
tric field. However, in the high-frequency region,
only ionic and electronic polarization can follow the
applied electric field and other polarizations are not
able to follow and behave as static naturally. The
dispersive behavior dielectric constants with fre-
quency are due to the Maxwell–Wagner type polar-
ization, which agrees with Koop’s phenomenological
theory.5,31 At 1000 Hz frequency, the value of e¢ has
been found to 3268, 3314, 4909 and 12128 for
different doping concentrations at ambient temper-
ature. The enhancement of dielectric constants on
increasing Nd3+ ion doping leads to a change in the

particle size and interactions between free carrier
concentrations.32

The dielectric loss (e¢¢) as exposed in Fig. 5b,
exhibits the energy loss in the dielectric materials
which is also reduced with higher frequencies. In
lower frequency regions, the value of e¢¢ appears to
be in decreasing trends, due to the dipole contribu-
tion towards polarization.5,33 This decrease in loss
factor with an increase in Nd3+ doping is attributed
to improving the dielectric properties of BCT with
Nd3+ ion doping. The increase of free carrier con-
centrations and the reduction of oxygen vacancies
are also responsible for the increasing e¢ and
decreasing of e¢¢ upon the doping of Nd3+ ion in
BCT compounds.34

Fig. 4. PL spectra of (Ba1�xNdx)(Co0.01Ti0.99)O3 (BCT), (BNCT-1 x = 0.25%), BNCT-2 x = 0.50%) (BNCT-3 x = 0.75%).

Table III. PL modes and full width at half maxima of (Ba12xNdx)(Co0.01Ti0.99)O3 (BCT), (BNCT-1 x = 0.25%),
BNCT-2 x = 0.50%) (BNCT-3 x = 0.75%)

PL peaks (nm) FWHM (nm)

BCT BNCT-1 BNCT-2 BNCT-3 BCT BNCT-1 BNCT-2 BNCT-3

534.198 533.842 532.813 532.692 4.897 5.087 4.669 4.946
596.131 596.696 596.129 597.301 2.811 3.089 2.851 2.798
718.198 718.186 717.552 718.672 3.003 2.988 2.959 3.028
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AC Conductivity and Impedance Analysis

Figure 6a depicts the frequency dependence of the
real part of the ac conductivity (r¢) at ambient
temperature for the present samples. From the
conductivity dispersive curve, it is clearly noted that
the conductivity r¢(x) rapidly increases with the
change in frequency. The power-law behavior is
evident in the ac conductivity throughout the entire
frequency range, because of the absence of a fre-
quency-independent plateau region at the lower
frequency regions.35

However, the plateau region slowly develops as
an increasing trend of the Nd3+ ion doping, which is
representing the activated nature of dc conduction
in these compounds. The r¢(x) values are found to be
increased with an increase in Nd3+ ion content in
BCT samples.36 This increase in conductivity leads

to an enhancement of the transition of charge
carriers. In order to get more insight into the
electrical conduction mechanisms, we have exe-
cuted the impedance analysis through the complex
plane plot of Z¢ versus Z¢¢ (Nyquist plots) at ambient
temperature which is shown in Fig. 6b. For Nd3+

ion-doped BCT samples (x = 0.00%, 0.25%, 0.50%,
0.75%), a clear semicircular arc could not be
observed due to the high resistivity nature of the
sample. For BCT samples, the reductions in the size
of an arc reveal that the dielectric relaxations vary
from the ideal Debye behavior. This deviation can
be related to additional electrical conductivity due
to the larger grain boundary volume in comparison
to the smaller particle size.37

CONCLUSIONS

The effects of Nd3+ ion doping on BCT struc-
tural phase composition, microstructures and
electro-optical properties have been investigated.
The XRD analysis confirmed the phase transition
in tetragonal to pseudo-cubic structure performed
with increasing Nd3+ ion doping levels. In addi-
tion, the grain size of the BNCT samples was
found to be decreasing with the increasing of
Nd3+ ion content. The Nd3+ ions enter into Ba2+

ions at A-sites on doping, in addition to the above
the Nd3+ ion to some extent can significantly
decrease the grain growth. This may be due to
lattice distortion and a decrement in the oxygen
vacancy concentrations caused by the addition of
Nd3+ ions. The doping of Nd3+ ions in BCT
ceramics can also increase the bandgap and the
deconvolution of the luminescence spectra unam-
biguously conferred it. The observed PL emission
peaks at 534 nm, occur due to oxygen vacancies
and further, it confirms structural changes in
BCT on Nd3+ ions doping. In addition, the size
effects (crystallite size and grain size contribu-
tions) which are responsible for bandgap incre-
ment (2.84–3.08 eV) show a blue shift, as
observed not only from the UV-spectra but also
obtained on PL emission (3.313–3.318 eV) stud-
ies. Also, the dielectric constant increases with
increasing Nd3+ ion concentrations in BCT
ceramics.
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