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1 Introduction

ABSTRACT

Big.617Y0.05CusTisO12(BYCTO) was successfully synthesized through an eco-
nomically semi-wet route using metals nitrates, acetate, and TiO, precursor and
sintered at 1173 K for 8 h. The single phase of ceramic was authorized by XRD
analysis. The crystallite size of BYCTO ceramic was calculated to be 62.3 nm
through XRD measurement. The particle size obtained by TEM analysis was to
be in the range of 55 & 7 nm. The average grain size observed through the SEM
technique was 0.783 pm. The route means square roughness, as well as average
roughness, were determined to be 0.224 pm and 0.179 pm by atomic force
microscope. The dielectric constant (¢') of BYCTO was measured to be 1481 at
307 K and 100 Hz. The tangent loss (tan ¢) was observed to be in the range of
0.13-0.29 at all selected temperatures (307-487 K) and 10 kHz which is lower
than that of Biy;3Cu3TiyOq,. The oxidation state of all metal present in the
ceramic material was verified by XPS analysis.

over a large range of 100-600 K [2]. Due to giant
dielectric permittivity, CCTO materials have been

Since Subramaniam discovered the enormously high
dielectric response perovskite material CaCugTis-
012(CCTO) in 2000 [1]. It displays an exceedingly
colossal dielectric constant of around 10*~10° at room
temperature, which is roughly 10>-10° Hz indepen-
dent in frequency ranges. Compared with other
materials that have a giant dielectric constant, such as
BaTiOj-based ceramics without ferroelectric phase
transition, CCTO has excellent temperature stability
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used for numerous technological applications in
electronic devices such as capacitors, switching, gas
sensing devices, energy storage devices, and micro-
wave communication devices [3-5]. The body-can-
tered cubic structure has been found in CCTO based
ceramics of which it has a lattice parameter of 7.391
A° and space group Im3 [6, 7]. Ferroelectric sub-
stances typically display a high dielectric constant
value and this is related to atomic displacement with
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a non-Centro symmetrical shape [8]. The dielectric, as
well as magnetic behaviour, have been enhanced by
doping of numerous cationic substituents at Cu and
Ti-site in CaCusTisO12(CCTO) [9]. Researchers have
published several models of intrinsic and extrinsic
mechanisms over the past decade to discover the
origin of the CCTO’s giant dielectric constant [10-12].
Instead of an intrinsic property related to the crystal
structure and the extrinsic mechanism related to
grain boundaries properties have been explained
based on the internal layer capacitor (IBLC) model to
improving the dielectric behaviour of CCTO ceram-
ics. This model has also described that CCTO
ceramics consist of n-type semiconducting grains and
insulating grain boundaries. Due to the IBLC phe-
nomenon, electric charge in huge amounts will gather
at the interface of grain and grain boundaries because
of the impact of the electric field therefore this
behaviour of charge would greatly increase the
dielectric response [2]. CCTO ceramic studies by
impedance spectroscopy show that semiconducting
grains and insulating grain boundaries are hetero-
geneous [13, 14]. Bismuth copper titanate (BCTO)
(Biy/3Cu3TisO12) has rarely been investigated as a
member of the titanate family with a general formula
of ACuzTi4Oq, (where Aq,4 Ba, Ca, Sr, Gdy 3, Pry/3,
Y5 /3, Bip 3 or Las/3). However, some researchers have
attempted to synthesize BCTO [15-17]. L.Yang.et.al
was synthesized BCTO with the help of a solid-state
reaction method that has achieved a huge dielectric
constant of approximately 3.3 x 10° at 1 kHz [18].
The big task is that to obtain high dielectric constant
and acceptable low dielectric loss materials continue
as an issue. Lots of work have been done on metals
doping. Sun et al. reported that CaCu;Ti3 9521905012
ceramics have dielectric loss below 0.05 in a wide
frequency range [19]. Saji et al. found that at x = 0.02,
CaCu;sTiy Y, O12_4/» films showed a low tan
0 ~ 0.07 at 1kHz [20]. Luo et al. found that at
x = 0.05, CaCuszTis_+Y;O12_x/2 ceramics decrease the
loss below 0.1 at the frequency range from 1 to
300 kHz, but maintain a high dielectric constant [21].
Sharma et al. reported recently that Y,,3CusTisO12
(YCTO) ceramic has very high dielectric constant
(8434) and also high dielectric constant (3.5) at room
temperature and 100 Hz frequency [22]. In literature,
the BCTO (Biy/3Cu3TiyOqy) is isostructural with
CCTO and YCTO. It indicates the temperature and
frequency dependence of dielectric as CCTO [18, 23].
We have also observed in the literature that BCTO

@ Springer

J Mater Sci: Mater Electron (2021) 32:26371-26383

ceramic has a very high dielectric constant of nearly
29 x 10* at 323K and a high dielectric loss of
approximately 3.0 at 100 Hz, which was prepared by
the semi-wet route. Due to which it has been used in
potential applications and also its magnetic studies
show paramagnetic to the superparamagnetic phase
transition [24].

To this extent, we have reported studies of syn-
thesis, microstructures, and effect on dielectric and
impedance properties of BCTO ceramic by partial
substitution of Yttrium (Y) on Bi site because Bi and Y
have trivalent and the crystal radii of Bi (1.10 A) and
Y (1.02 A) are comparable to each other. The dielec-
tric properties of the Y-doped ceramic synthesised
through a semi-wet route, as well as its microstruc-
tural properties, were examined and described. Fur-
thermore, the optical energy gap study of
semiconducting BYCTO ceramic is an important
aspect for establishing the dielectric nature. There-
fore, the Kubelka-Munk theory based on the diffuse
reflectance study provides important insight into the
band structure of prepared ceramic. It is described as

« (1-R)?

P(R) = %=+ (1)

F(R): Kubelka-Munk function, a: absorption coef-
ficient, R: reflectance, S: scattering factor.

The resulting optical bandgap can be determined
by plotting diffuse reflectance versus wavelength,
where the onset of a linear increase in the curve
defines the corresponding bandgap energy. How-
ever, since this method of measuring bandgap energy
produces slightly inaccurate results, the form of
transition (direct/indirect) must be recorded during
evaluation. absorption edge analysis was used to
evaluate the form of transition. The optical bandgap
represented in Eq. 2

ahv = kx (hv — Eg)"" 2)

where k¥, E; are the energy-independent constant and
optical bandgap. The exponent n defines the type of
transition where the value of n = 2 and 1/2 for direct
and indirect allowed transitions, respectively. Since
F(R) is proportional to o, a modified form of Eq. 2 can
be represented as

F(R) # v =k * (v — E,) /" (3)

The giant dielectric constant ceramics, all have
micro-sized grains, and the dielectric constant has
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been discovered to increase as grain size increases,
preventing the downsizing of smaller and quicker
electronic components. Various methods have been
used earlier to synthesized the CCTO ceramics
mostly state reaction technique through multi-step
calcinations processes at high temperatures, leading
to microcrystalline powder, mechanical milling, sol-
gel, polymerization, and other wet chemical methods
are also used to prepare nanocrystalline CCTO
powder. However, traditional sintering of micro-and
nano-crystalline CCTO powder (generally at high
temperatures > 1000 °C for long periods at a time
between 3 and 48 h) results in coarse-grained CCTO
ceramics with grain sizes ranging from a few to
300 um. When CCTO nano ceramics were prepared
by mechanochemical synthesis and spark plasma
sintering at 1050 °C for 10 h to study the effect of
grain size on high dielectric constant [25]. It was
found that grain size considerably about 2-3 pm but
conventional sintering of the same mechano-synthe-
sized CCTO nano-powder at 1050 °C for 10 h leads to
CCTO ceramics with the grain size of 20 pm [26]. The
average grain size of the BCTO ceramic prepared
semi-wet route at 1073 K for 8 h was found to be in
the range of 0.73 &+ 0.2 pm [24].s0 our purpose is to
reduce the grain size synthesized by semi-wet route.

2 Material synthesis

The Big¢17Y0.05CusTi4O1, referred to as the BYCTO
sample was prepared by a semi-wet route. In this
synthesis, we have used chemicals such as Bismuth
nitrate Bi(NO3)5-5H,0 (99%Merck, India),
Y(NO3);6H,O [99.8% obtained from HiMedia,
Mumbai, Indial, copper acetate Cu(CH;COO),-H,O
(99% Merck, India) and titanium oxide TiO2 (98.5%
Merck, India), were used in stoichiometric ratio as
starting materials. We prepared the solution of Bis-
muth nitrate Bi(NO3)3-5H,O (99%Merck, India),
copper acetate Cu(CH3COO),-H,O (99% Merck,
India) separately in beakers with double-distilled
water and blended all solutions in the beaker. Solid
TiO, was added in solution with a stoichiometric
amount. The whole solution was heated by putting it
on a hot plate magnetic stirrer and maintained the
temperature of the stirrer about 348-353 K for
12-15 h. The calculated amount of Citric acid gener-
ally equivalent to metal ions was mixed with distilled
water and added slowly in solution because citric
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acid act as organic fuel for the solution as well as
used as a complexing agent in the ignition step, due
to these properties it helps in mixing very well. After
continuous heating the solution, i.e., evaporation of
water, a slurry form was obtained that allows self-
ignitions [27]. We were obtained a fluffy mass of
BYCTO samples after removing a lot of gases. The
resulting BYCTO material was changed into fine
powders with the help of agate and mortar. The
powder was calcined at 1073 K for 6 h and mixed
with 2% PVA solution as a binder and dry it in fur-
nish at 673 K for 2 h to remove PVA. After this,
obtained powder undergoes palletization with the
help of hydraulic press by applying pressure 4-5 ton
using hydraulic pressure for 2 min. At last, the pal-
lets were sintered at 1173 K for 8 h.

3 Material characterization

The elemental compositions and microstructure of
sintered sample were observed by an energy-dis-
persive X-ray (EDX) analyser (Oxford instrument,
USA) attached with the scanning electron micro-
scope. The particle size was confirmed by a high-
resolution transmission electron microscope (HR-
TEM, Technai G2 20 S-Twin).to make a sample for
HR-TEM characterization. The sintered sample was
disseminated in acetone and sonicated for 90 min.
This suspension was applied on a carbon-coated
copper grid and dried in an oven for 5 h. The surface
morphology and thickness were examined with the
help of atomic force microscopy (NTEGRA Prima,
Germany). The crystalline phase of Bigg17Y0.05Cus-
Ti4O012 (BYCTO) ceramic-sintered samples was rec-
ognized by an X-ray diffractometer (Rigaku minifex
600, Japan) employing Cu-ko radiation with wave-
length 1.5418 A. For dielectric and electrical mea-
surements of pallets which were polished and coated
by silver paste on both sides and then kept at 150 °C
for 50 min to form electrodes for electrical charac-
terization. The capacitance (C), tangent loss or
dielectric loss (tan ¢) and conductance (G) were
measured from LCR meter (PSM1735-NumetriQ,
Newton 4th Ltd, UK) with variation of temperature
and frequencies. From these data, the dielectric con-
stant and conductivity of the sample were deter-
mined using the sample dimension. The oxidation
state was confirmed by X-ray photoelectron spec-
troscopy (XPS) using Thermo Fisher Scientific Ka
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(Waltham, MA) in broad scan survey mode and high
energy resolution with AlKo (1486.6 eV). Balance
deuterium halogen source (DH 2000 BAL, Ocean
Optics) is used for recording the reflection spectra
under the spectral range 210-2500 nm. Optical
bandgap energy of BYCTO ceramic was extracted
from the detected diffuse reflectance spectra.

4 Results and discussion
4.1 X-ray diffraction (XRD) analysis

Figure 1a shows the XRD pattern of Bige17Y0.05Cus-
Ti4O;, ceramics material referred to as BYCTO of
single dopant sintered at 1173 K for 8 h which indeed
exhibits the single-phase formation of BYCTO cera-
mic with a body-centered cubic structure takes place.
The main XRD diffraction peaks of BYCTO ceramic
corresponding to (200) (211), (220), (310), (222), (321),
(400), (422), (440) planes were acceptably matched
with BCTO (JCPDS card No. 46-0725) [28]. XRD
pattern was indexed based on a body-centered cubic
structure of BCTO ceramic.

Rietveld refinement of the XRD pattern for Big ¢17-
Y0.05Cu3TisO1, ceramic were carried out with the help
of Fullproff software is shown in Fig. 1b. It is inferred
from the figure that both of the calculated pattern
assigned by red circle and experimentally observed
pattern assigned by the black circles are exactly
overlapped to each other’s which indicates the good
fitting of the XRD data. The lower value of 7
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Bragges reflections and difference between calculated
pattern and experimental observed pattern and their
peak positions also confirmed single phase formation
of Bipe17Y0.05CusTisO12 ceramic along with body-
centered cubic structure and space group Im-3 [29].
The refined cell parameters, Phase with the Space
group, Bragg R-factor, RF factor, refined half-width
parameters, and Reliability factor of BYCTO ceramic
are mentioned in Table 1. The goodness of fit R,/ Ry
and #* observed from the retvield refinement was
found to be 1.39 and 2.84 respectively inferred the
reasonable refinement of the XRD result. The refined
value of atomic position and occupancy for BYCTO
ceramic observed during the refinement is mentioned
in Table. 2.

The crystallite size BYCTO ceramic material was
calculated by the Debye-Scherrer formula which has
been given below:

ki
~ BcosO

(4)

where D, 4, 0 and f are the crystallite size, the
wavelength of X-ray (0.15418 A°), Bragg diffraction
angle, and full width at half maximum (FWHM) in
radians. k is crystal shape coefficient (0.89). The line
broadening occurred due to instrumental effect has
been removed with the help of a standard sample
(silicon wafer) for XRD data to determine the exact
value of crystallite size. The average crystallite size of
the BYCTO sample at Y-doping concentration was
calculated to be 62.3 nm.
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Fig. 1 a XRD pattern of Big ;7Y 0.05sCu3TizO1, ceramic sintered at 1173 K for 8 h; b shows the Le Bail full pattern matching analysis of

XRD patterns for Big 617Y0.05Cu3Ti4O1, ceramic
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Table 1 The refined cell S

parameters, Phase with the x2.84

Space group, Bragg R-fa.ctor, Refined cell parameters (A) a=b=c=742091 Angle o=pf=7y=90°

RF factor, refined half—wldth Phase BCC Space group of phase I m -3

parameters, and rehablhty Bragg R-factor (%): 3.63 RF factor (%): 4.46

factor of BYCTO ceramic Refined half-width parameters U = 0 V =— 0.004473 W = 0.009538
Reliability factor (%) R,=19.2 Ryp =138 Rexp = 8.16

Table 2 The refined Chi-square (%) value, refined coordinates
and occupancy of BYCTO ceramic

¥ 2.84

Atom  Ion x y z Occupancy
Bi Bi* ¥ 0.00000 0.00000 0.00000 0.01699
Cu Cu>*  0.00000 0.50000 0.50000  0.09952

Ti Ti** 0.00000  0.00000  0.00000 0.15119

o 0%~ 0.18070  0.30194  0.00000 0.47078

4.2 Microstructural studies
4.2.1 Transmission electron microscopic (TEM) studies

Figure 2 depicts the bright field image of BYCTO
ceramics sintered at 1173 K for 8 h along with the
corresponding selected electron area diffraction pat-
tern. The nature of particles was found to be poly-
crystalline which is shown in Fig. 2a. The observed
particle size was determined by TEM measurement
with the help of Image ] software and obtained to be
in the range of 55 & 7 nm. The calculated particle
size from TEM was near the average crystallite size
obtained from XRD. The selected electron area
diffraction also confirmed the polycrystalline nature

Fig. 2 a Bright-field TEM
image; b SAED pattern (a)
Big 617Y0.05CusTi4O1, ceramic
sintered at 1173 K for 8 h

of BYCTO ceramic shows bright spot patterns indi-
cate corresponding planes (2 2 0) (4 2 2) and (6 2 0)
which is mentioned in Fig. 2b.

4.2.2  High resolution scanning electron microscopic
(SEM) studies

Figure 3a demonstrates the microstructure of the cleft
surface of BYCTO which is sintered at 1173 K for 8 h.
In the figure of the SEM image, we have seen some
porosity that usually because of the exclusion of few
substantial gases through the ignition of nitrate
citrate precursor gel. It also clears from the fig-
ure grains exist in granular form with the polygonal
shape which is well parted by grain boundaries. The
average grains size of synthesized BYCTO ceramic
was found to be 0.783 pm with the help of Image ]
software. The obtained grain size by SEM analysis is
larger than that of crystallite size measured from
XRD. The higher value of grain size is generally
occurred due to the formation of a combination of
some particles because, in the SEM instrument, the
beam is scanned over the sample while in a TEM
instrument, the beam passes through the sample. For
this reason, the SEM image shows surface morphol-
ogy and surface characteristics of the samples in form
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Fig. 3 The SEM micrograph and b EDX spectra corresponding Big ¢17Y0.05Cu3TizO;, ceramics

of powder or film, while a TEM image displays
internal structure and real particle sizes because of
operating at high working potential. The origin of the
differences in the particles sizes obtained by the SEM
and TEM images can be understood from the step of
sample supplying for these analyses, Therefore, the
images obtained from TEM analysis have higher
resolution and the agglomerations could be distin-
guished with this instrument, while in the SEM
image, the agglomerated particles are usually
observed with larger sizes(grain size). The chemical
compositions and purity of the synthesized pallet
were examined by EDX analysis. Figure 3b confirms
the presence of Bi, Y, Cu, Ti, and O elements in the
EDX spectrum of sintered BYCTO ceramic, and their
atomic percentage, as well as weight percentage,
were found to be 3.73, 0.31, 18.10, 24.15, 53.12 and
19.62, 0.67, 37.41, 29.11, 21.64, respectively [22].

4.2.3 Atomic force microscopic (AFM) studies

Figure 4a reveals a two-dimensional AFM image of
BYCTO-sintered ceramic that exhibits the surface
morphology of grains separated by grain boundaries.
The AFM image shows plate-like grains parted by
clear grain boundaries, the buffer layer, and a com-
pact structure with granular morphology [30]. The
maximum peak height of grains in the 3D image of
AFM for BYCTO ceramics was determined to be
0.509 pm under scan area 10 x 10 mm®. The average
and root mean square roughness was calculated to be
0.179 pm and 0.224 pm in the 3D surface roughness
of BYCTO ceramic that is exhibited in Fig. 4b. The
AFM investigation showed the existence of particles
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in widespread size distribution in BYCTO ceramic.
The average grain size was determined to be in the
range of 0.5-1.0 pm out of 245 grains by the two-
dimensional image of AFM as shown in histogram
Fig. 4c which was also verified by SEM analysis.
Figure 4d demonstrates the peak distribution curve
of the 3D AFM image, highlighting the surface
roughness of the BYCTO ceramic.

4.3 X-ray photoelectron spectroscopic
(XPS) studies

The XPS spectrum of Bigg17Y0.05CusTisO12(BYCTO)
ceramic sintered at 1173 K for 8 h is visualized in
Figs. 5a—e. In this study, we used Carbon 1s as a
reference, with the B.E. value of 284.58 eV to com-
pensate for the charge effects of the surface. The
presence of Bismuth Yttrium Copper Titanium and
Oxygen required in the BYCTO ceramic have been
confirmed by XPS analysis that reveals bismuth exist
in 4 3 oxidation state with binding energy 158.79 and
164.01 eV found at Bi *fs s> and Bi i, /2, Tespectively
[28, 31]. This is shown in Fig. 5a. The XPS spectrum of
Yttrium in BYCTO ceramic with binding energy is
illustrated in Fig. 5b that established the presence
of + 3 oxidation state of Yttrium having binding
energy 158.78 eV corresponds to Y *ds/, [32] Fig-
ure 5¢ depicts the binding energies 933.77 eV and
953.70 eV corresponding to the Cu *p; /» and Cu %ps 5
respectively with satellite peaks in the XPS spectrum
of copper which exhibits that copper exists + 2 oxi-
dation state in BYCTO ceramic [33]. The presence of
satellites shake-up peaks at 940.5 eV, 941.1 eV and
9435 eV), are related with Cu2 + oxidation state
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Fig. 4 AFM images of Bige17Y0.05Cu3Ti;O;, ceramic, a two-dimensional image for grain boundary, b three-dimensional image for
surface roughness, ¢ depth histogram graph, and d bar diagram for particle size distribution

since these peak is characteristic of a partially filled
d-orbital (d’) and is not present in the d'°
Cu + spectra [34]. Figure 5d displays the XPS spec-
trum of titanium of BYCTO which contributes four
peak corresponding binding energies of 457.99 eV,
463.66 eV, 460.50 eV, and 466.42 eV, respectively. The
first two binding energy peaks corresponding to the
Ti 2p3 s> and Ti zpl ,2 confirmed the existence of + 4
oxidation state of Ti ion in the ceramic and the later
two binding energy peak are related to the three
valence state of Ti that denotes the existence of Ti*>
also in the ceramic [32, 34]. Figure 5e represents the O
1s core-level XPS peaks of BYCTO ceramic sintered
for 8 h. It is clear from the figure that the two O 1s
signals were observed which shows three different
surface oxygen having different binding energies.
The lower binding energy at 529.48 eV occurred due

to the lattice oxygen at the normal lattice site in the
crystal structure that gives the information about
hybridization of O 2p with transition metal ions. The
binding energy peak at 530.87 eV is designated to the
hydroxyl groups (OH) or -cation-oxygen bond.
However, the asymmetric behavior of high energy
532.77 eV in the O 1s XPS spectrum is consistent with
the existence of the effect of absorbing H2O or oxy-
gen vacancy [35, 36].

4.4 Dielectric studies

Figure 6 illustrates temperature-dependent dielectric
constant (¢/ and dielectric loss (tan 0) of sintered
BYCTO ceramic at few selected frequencies. It was
observed that the dielectric permittivity nearly inde-
pendent from 310 to 390 K at some selected fre-
quencies. From Fig. 6a, we also found that the two
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Fig. 5 XPS spectra of a Bi; b Y ¢ Cu; d Ti; e O of Big17Y0.05Cu3Ti4O, sintered ceramic

dielectric peaks at 415 and 450 K for all evaluated well detected that the dielectric permittivity reduces

frequencies in which the first peak occurs corre- employing rising frequency. The dielectric constant
sponds to the ferroelectric-ferroelectric (FE-FE) and for sintered BYCTO ceramic was calculated to be
the second peak corresponding to the ferroelectric— 135.45, 127.46, and 112.67 at 1, 10, and 0.100 kHz,
paraelectric (FE-PE) phase transition [37]. It was as respectively. Figure 6b reveals the tangent loss (tan 6)
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Fig. 6 Plot of a dielectric constant (¢'); b tangent loss (tand) vs temperature of Big ¢17Y0.05Cu3TizO, sintered ceramic at some measured

frequency

of BYCTO ceramic at few selected temperatures for
all measured frequencies [38]. It was observed that
tan ¢ increases from 310 K in the beginning and
decreases after 360 K. The tan ¢ loss was determined
to be 0.07,0.09 and 0.14 at 100 kHz,10 kHz, and
1 kHz, respectively. Figure 7 represents the plot of
dielectric constant and dielectric loss as a function of
frequency for sintered BYCTO ceramics at some
selected temperatures. The value of ¢ was deter-
mined to be 1481, 741, 322, and 465 at 307 K, 367 K,
427 K, and 487 K, respectively. It is also clear from
Fig. 7a that the ¢ value sharply falls along with
enhancing frequency till 10 kHz and afterward, it
does not change much more, i.e., nearly constant on

1600

—a— 307K

1400 (a)
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Dielectric(er)
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]
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] ]
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the increasing frequency at all selected temperatures.
Figure 7b shows that the dielectric loss rapidly
decreases up to 10 kHz and after that, it continues
constantly in a higher frequency range at all mea-
sured temperatures. The values of tangent loss of
BYCTO were found to be in the range of 0.13 to 0.29
at 10 kHz from 307 to 487 K. The space charge
polarization is responsible for the decrement of
dielectric constant with frequency. Since in lower
frequency range, the charges generate more elec-
tronic polarization because it has more time to cover
a longer distance in the materials and consequently
dielectric constant increases. In the higher frequency
region, the dielectric permittivity does not change
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—a— 307 K

(b)

tan &

00 L] ] L] ]
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Fig. 7 Frequency dependence of a dielectric constant (¢'); b dielectric loss (tand) of Big ;7Y .05Cu3TigO1, ceramics at a few selected

temperatures
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much more because of space charge no longer follows
the external electric field means no charge accumu-
lates at the interface [22, 24].

4.5 Impedance spectroscopy studies

Complex impedance spectroscopy (CIS) is one of the
most efficient methods to knowing the dielectric
depression and the existence of the internal barrier
layer generally occurs due to the contribution of
grains and grain boundaries in perovskites ceramic
materials and Information regarding the simultane-
ous occurrence of multi-polarization processes and
their relaxation conditions can be obtained [39]. It can
also be determined the effective involvement of
grains, grain boundaries, and electrode interface
specimen to the total resistance as well as capaci-
tance, respectively. All the three contributions in the
complex impedance plot are done by the semi-cir-
cular arc and occur at different frequency regions,
i.e, at lower frequency region, grains contribution
occurs and at middle frequency region, grain
boundaries contribution occurs but at higher fre-
quency region, the electrode contribution takes place,
respectively. Figure 8a shows the CIS plot of BYCTO-
sintered ceramic for 8 h at some selected tempera-
tures (307487 K). It indicated the existence of one
semi-circular arc having different intercepts because
of grain boundaries. The graph reveals the inset data
of complex impedance plot through expanded view
in higher frequency region which providing non-zero
intercepts on z-axis by extrapolation that suggest

3.0x10°
..... @@ |™ 307 K
—e— 367K
25x10°4 7" —A—427 K
—v— 487 K
2.0x10°4
C 1.5x10°
N
1.0x10°
5.0x10°
0.0 .
0.0 1.0x10° 1.5x10°

Z'(Q)
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another semi-circular arc in the higher frequency
region. These non-zero intercepts provided grain
resistance. The values of grains and grain boundaries
resistance can be calculated from the following
equation,

1 1
7* = . . =7 —iz" 5
R, +iwC, * Ry +ioCy l ®)
where
R R
7 — g 5 gb . (6)
1+ (ngCg) 1+ (a)Rgngb)
and

wRC,

ngngb
2 1 Keb
1+ (wR,Cy)

where Rg, Rgp, Cg and Cgy, are the grain resistance,
grain boundary resistance, the capacitance of grain,
and grain boundary. The w =2nf represents the
angular frequency. From the inset figure values of
grains, resistance were found to be 457.62 Q, 384.89 Q,
349.34 Q and 250.16 Q at 307 K,367 K,427 K, and
487 K, respectively. On the increasing temperature, it
was found that the size of the arc decreases, i.e.,
resistance decreases that means the grain boundaries
resistance reduces [40]. At different temperatures, the
values of grain boundaries resistance can be calcu-
lated from arcs which are shown in Fig. 8a and we
were found to be 1,569,905.96 Q,1,642,633.23 Q,
1,722,466.04 Q and 1,880,041.8 Q at 487 K, 427 K,
367 K and 307 K, respectively. It was also observed
that the high value of grain boundaries resistance
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Fig. 8 a complex Impedance plane plots (Z’ vs Z") at few selected temperatures b Plots of imaginary impedance (Z") with frequency at
few measured temperatures of Big g17Y¢.05Cu3Ti4O1, ceramic
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decreased the arc of the grains in the higher fre-
quency region. This is related to the Internal Barrier
layer Capacitance (IBLC) phenomenon and that tells
the information about conducting behaviour of grains
parted by insulating grain boundaries [41].

Figure 8b represents the variation of impedance
(2”) with frequency at some selected. In this figure,
we were observed that the values of Z” decreased
with raising frequency and in higher frequency
regions, it was been collapse to each other. From the
figure, it was observed the appearance of two relax-
ation peaks at all measured temperatures one at
191 Hz and the other at 2. 226 kHz. The first relax-
ation peak in the lower frequency region was
obtained due to the electrode phenomenon and
another peak was observed around 2.226 kHz
because of the grain boundaries effect [22]. On the
increasing temperature, the suppression of relaxation
peaks was observed in a higher frequency region that
explains the existence of temperature-dependent
Maxwell-Wagner dielectric relaxation. [22]

4.6 Conductivity measurement

Figure 9a reveals the trend of temperature-depen-
dent conductivity (DC) of sintered BYCTO ceramic at
different frequencies, i.e., In ¢ vs 1000/T. In this fig-
ure, we were observed that the conductivity surge
with increasing temperature. This conductivity can
be fitted by the Arrhenius equation as,

g =apexp (—E,/kgT) (8)

where E,, 0o, kg, and T are the activation energy
related to the conduction process, pre-exponential
factor, Boltzmann constant, and absolute tempera-
ture. From the figure, it was observed that activation
energy slow down on raising frequency. The activa-
tion energy for ionic conduction was found to be
0.212 eV, 0.209 eV, and 0.152 eV at 1 kHz, 10 kHz,
and 100 kHz, respectively. This occurs because of the
improvement of electronic jumps on increasing the
applied frequency [41]. The In oac vs In o plot of
BYCTO-sintered ceramic samples at different tem-
peratures is illustrated in Fig. 9b. It was found that at
all frequencies, the conductance spectra do not con-
verge. This shows that the AC conductivity depen-
dent on temperatures at all frequencies. The
conductivity behaviours in a sample related to AC
contribution followed the universal power law,
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OAC (CO) =09+ Aw’® (9)

where oy and A are the DC conductivity and pre-
exponential factors. The factor s gives information
about the degree of interaction between the mobile
ions, also called a pre-exponential factor and its value
is lower than 1 [38]. From Fig. 9b, we have calculated
the value of s with the help of Eq. 2 by plotting the
slop In oac vs In @ for BYCTO-sintered ceramic. The
values of s were extracted 0.839, 0.806, 0.751 and.719
at 307 K, 367 K, 427 K, and 487 K, respectively. This
indicates that the frequency dependence of oaoc can
be explained in terms of the correlated barrier hop-
ping (CBH) model [42].

4.7 Optical properties

Diffuse reflectance ultraviolet—visible spectropho-
tometry (DRS) is used to determine the optical
properties of the samples. Figure 10 shows the DRS
UV-Vis spectra of Bige17Y005CuszTisO12 (BYCTO)
nanoparticles. The optical bandgap value of the
BYCTO ceramic is varying that depend upon the size
of the nanoparticle prepared and the corresponding
synthesis process. In the present experiment, we have
adopted Kubelka-Munk theory for the determination
of optical bandgap value of BYCTO nanoparticles,
from recorded diffuse reflectance spectra. The expo-
nent n in Eq. 3 described in the introduction sec-
tion, can be determined from the plot of
(F(R).hv)" vs. hv. The best fit to the straight line near
the onset of absorption, observed for n =1/2 rec-
ommending indirect allowed transition for BYCTO
nanoparticle.

From the plot of (F(R)*1v)!/? vs. hv (inset figure)
the bandgap value of the prepared BYCTO
nanoparticle is calculated to be 5.02 eV, from the
extrapolation of the linear region of the curve.

5 Conclusion

In this study, BYCTO was synthesized by an eco-
nomically semi-wet route using metal nitrate solution
and TiO2 powder. The single-phase formation of
BYCTO was established by XRD and the average
crystallite size was calculated to be 53 nm with the
help of the XRD result, which is in good agreement
with particle size (55 nm-94 nm) found by TEM
measurement. The average grain size of BYCTO
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Fig. 10 Diffuse reflectance spectra of Bigg17Y0.05Cu3TizO12
sintered ceramic

ceramic sintered at 1273 K for 8 h was calculated to
be 0.783 um and fine grain boundaries and corre-
spondingly supported by AFM analysis. The dielec-
tric constant and tangent loss were found to be
temperature independent in the higher frequency
range and temperature dependent in the lower fre-
quency range. The conformation of Bi, Y, Cu, Ti, and
O elements and their atomic percentage present in
ceramic materials were determined with the help of
the EDX spectrum. The impedance of BYCTO cera-
mic reveals the contribution associated with the grain
boundaries. Correlated Barrier Hopping (CBH)

@ Springer

models were used to explain the AC conductivity and
frequency exponent parameters.
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