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Abstract: In this paper, we have investigated the optical and electrical properties of calcium
copper titanate (CaCu;Ti401;) (CCTO) nanopowder synthesized by sol-gel combustion
process. X-ray diffraction pattern has confirmed the presence of well crystalline CaCu;Ti,O1,
(CCTO) nanopowder with perovskite structure. The intensity of preferential orientation (2 2
0) increases with increasing the calcinations temperature and attained monophase at 800 = C
for 3 hours. The observed characteristic bands in the fourier transform infr-red spectrum
confirmed perovskite CCTO. The nature of surface morphology was studied using scanning
electron microscopy and atomic force microscopy. Optical parameters like refractive index,
extinction coefficient, dielectric constant, direct and indirect allowed band gap values were
examined from diffused reflectance spectroscopy explained in graphical representation.
Nyquist plots show the dominance of grain contribution, which allows the determination of
electrical properties.
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Introduction:

The CaCu;Ti O, (CCTO) was first reported by Subramanian et al.,'. It belongs to a family of oxides of
the type ACu;TisO;, (A=Ca, Cd, Sr, Na, Th)’ and has been known since 1967. This family was expanded and
accurate structures were determined in 1979°. Its structure (space group Im3) can be derived from an ideal cubic
perovskite structure by superimposing a body centered ordering of Ca and Cu ions and a pronounced tilt of the
titanium centered octahedral®. The dielectric constant of CCTO single crystal is close to 10°°, polycrystals in
the range of 10°-10*° and ceramics are more than 10*” over a wide range of temperature from 100-600K. In this
Colossal dielectric behavior has been investigated in detail and it has been attributed to the Maxwell Wagner
relaxation mechanism®. The high dielectric constants and low loss tangential loss materials are widely used in
technological applications such as capacitors, resonators and filters. Dielectric materials can be used to store
electrical energy in the form of charge separation when the electron distributions around constituent atoms or
molecules are polarized by an external electric field’. High dielectric constants allow miniaturization of
components, thus offering the opportunity to decrease the size of electronic devices'’. The solid state reaction
has disadvantages of chemical inhomogeneity'', relatively high calcination temperature in the range of 900-

1100°C'? and this process need a very long milling time, up to 100 hours to obtain a single-phase of CCTO".
Among these various methods, the sol-gel method yields ultrafine powders with homogeneity in the molecular
scale, inducing a fine microstructure of the sintered ceramic''. This work arise to study the properties of sol-gel
synthesized CCTO nanopowder calcined at different temperature and to investigate the optimum temperature
for attaining monophase. The as-prepared powders were characterized by means of XRD, FT-IR, SEM, AFM,
DRS and AC impedance spectroscopy.
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Experimental procedure:

All the starting precursor materials and solvents are in purity of 99% (GR Merck) except Ci,H,504Ti
with a purity of 98% (pure synthesize). The experimental procedure for preparation of CaCu;Ti,Oy, by the sol-
gel method is clearly explained by flow chart shown in figure 1. The final product of brownish colored ash was
calcined at different temperature causes for improvement of crystallization. The final product was characterized
by using various analytical techniques.
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Figure 1. Flow chart for preparation of CCTO nanopowder

The structural properties of CCTO were studied using an XPERT-PRO X-ray Diffractometer with
CuKa radiation (A= 0.15406 nm). The functional group of CCTO was analyzed from FTIR spectrophotometer
(Bruker make, Alpha-E model, Germany) in the wavenumber range from 400 to 2400 cm. The surface
morphology studies were carried out using scanning electron microscope (PHILIPS make, model-XL30) and
AFM (Scanning Probe microscope, PHILIPS make, model: XI.30) in non-contact mode. The calcined powders
were then pressed into cylindrical pellets of 10 mm diameter and 1.4 mm thickness by applying uniform
pressure about 70 MPa using a hydraulic press. It can be sintered at 950 = C for 3 hours and produced the
CCTO ceramic. The palletized ceramic was placed between two copper electrodes and AC impedance analysis
was done using SR830DSP Lock-in amplifier, in the frequency range 1 Hz to 100 kHz at 310 K.

Results and discussion:

The XRD pattern of as-synthesized CCTO nanopowder has shown (Fig. 2) distinct diffraction peaks
which are depicted. According to S. Jesurani et al.,'’, the formation of CCTO starts when the precursor is
calcined at 650 = C. It was decided to start with a calcinations temperature of 600 = C, which shows the
presence of secondary phases such as CaTiO; and CuO content are also present.
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Figure 2. XRD pattern of calcium copper titanate nanopowder calcined at different temperature.
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Further increasing the calcination temperature from 650 to 800 °C, the intensity of peak corresponding
CaTiO; and CuO decreases and vanishes completely at 800 °C. The diffraction peaks along (2 2 0), (00 2), (0 1
3), (4 0 0) and (4 2 2) miller planes corresponded to values about 34.3, 35.6, 38.7, 49.3 and 61.59. All the
observed diffraction peaks were well assigned to the cubic structure with body centered lattice of CaCu;Ti;O1,
[JCPDS # 752188]. At calcination temperature of 800 °C. There are no other phases present in this sample,
suggests that monophase with the high purity nature of CCTO. The intensity of the preferred orientation (2 2 0)
increases with increase in calcination temperature due to their enhanced crystallinity.
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Figure 3. FTIR spectrum of CCTO powder

According to the literature survey, the formation temperature of CCTO in solid-state reaction is 1000 to
1100 °C"and yields CCTO with the addition of some other phase such as CuO, CaTiOs, TiOzl’”. But in this
case that type of problem is removed due to the superiority of this method. The crystallite size, strain'’ and
dislocation density of the CCTO nanopowder calcined at 800 = C were calculated to be 39.2 nm,0.026 and 6.4
X 10"lines/m respectively. The obtained lattice parametersa=b=c=7.37A and volume of the unit cell 399.71
(A)’were similar to literature results.

The phase formation of calcium copper titanate was further confirmed from FT-IR spectrum shown in
figure 3. The absorption peak corresponds to 552 cm™ is related to Ca-O. The Vibrational mode of the-O-Ti
was appeared at 447 cm’'. The absorption peak at 513 cm™ is assigned to bending of Cu-O'". All the
characteristic absorption bands lie in the wavenumber region of 380-700 cm™ which once again confirms the
presence of CCTO causes to mixed vibrations of CuO, and TiOg groups'®.

Figure 4 (a), displays the SEM image of CCTO calcined at 800 °C. It can be revealed that the particles
are present well agglomerated and not easy to define the size of distinct particles. Therefore, in this case
average crystalline size (particle size) was calculated from Debye Scherer relation and about the values of 39.2
nm.
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Figure 4. (a) SEM and (b) AFM image of CCTO nanopowders.

The CCTO powder was dissolved in acetone and coated on an amorphous glass substrate and record 3-
D surface morphology. The AFM image (Fig.4 (b)) clearly shows that the formation of many agglomeration
with different thickness depending on the chemical composition of the phases. The most used amplitude
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parameters like the average roughness (R,) and the root mean square roughness (R,) values about 41 nm and 48
nm respectively. The functional parameters such as skewness (Rgy) and kurtosis (Rg,) moments are used to
measure the asymmetry and the flatness, respectively. In this case, Skewness values about nearly zero (0.2),
which indicates that the profile is symmetry about mean line. The Kurtosis value is smaller than three (2.1) it
means that the surface is flat so called platycurtic'’.

The variation of absorption coefficient with photon energy was used to find out the nature of electronic
transition. The electron momentum is conserved in direct band gap and momentum is not conserved in indirect
band transition'®. The direct and indirect allowed transition band gap energy was evaluated from Kubelka-Munk
relation'”.
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Figure 5.DRS study for band gap transitions.

The allowed direct and indirect bandgap of CCTO nanopowders was observed from plot shown in
figure 5. From this figure, the direct and indirect band gap value is 3.02 and 3.25 eV respectively. Observed
direct band gap value is slightly differed with a reported value of CCTO thin film as 2.88 e¢V*’. The small
difference in, can be related to many factors, such as employed method, shape (powder, crystal or thin film) and
synthesis conditions. Optical parameters like refractive index, extinction coefficient and dielectric constant were
evaluated from reflectance spectrum®'. The wavelength dependent refractive index and extinction coefficient of
nanopowder was shown in figure 7.

The extinction coefficient is a measure of the fraction of light lost due to scattering and absorption per
unit distance of the penetration medium. It is known that the refractive index is. The complex dielectric constant
is a fundamental intrinsic property of the material. The real part of the dielectric constant shows how much it
will slow down the speed of light in the material, whereas the imaginary part shows how a dielectric material
absorbs energy from an electric field due to dipole motion®.
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Figure 6.Variation of (a)Refractive index and extinction coefficient (b) real and imaginery part of
permittivity of CCTO with wavelength
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The plot of the extiction coefficient versus wavelength of incident photon energy shows that the
absorptions are low in the visible region, especially for a yellow color region, which indicates that the as-
synthesized powder was in the physical appearance of dark yellow in color. Figure (6 (a)) shows that the
extinction coefficient decreasing with an increase in wavelength and there proves that the fraction of light lost
and causes for decrease in absorbance™.

Figure 6 (b) exhibit that optical dielectric constant of CCTO is approximately 1.5-1.6 and dielectric loss
is nearly 0.2-0.3 X10® in the visible region. From IR to visible region, sudden changes in complex dielectric
constant, it means that the nature of CCTO was depending on electromagnetic radiation. Hence it can be used as
antenna devices. The complex impedance spectroscopy (CIS) was used to classify the real and imaginary
components of the complex impedance and related parameters, and it can provide the information about the
relationship between the structure-property of the ceramics. In this frequency dependent electrical parameters
are related by four formalisms.
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Figure 7. Nyquist plot of CCTO ceramic sintered at 950 °C for 3 hour.

The Nyquist plot (Z’ vs Z’’) of an as-prepared CCTO ceramic over a frequency region of 1 Hz-100
KHz at temperature 310 K is shown in figure 7. The polycrystalline materials usually have two semi-circle arcs
in Nyquist plot, but in this case a single arc is observed. Subrat K. Barik et al., ** reported that the second

semicircle arc appeared only if the temperature is above 250 °C.

The appearance of single semicircle provided the information about CCTO has a single polarization
mechanism corresponds to the bulk or grain effects. The composition of CCTO ceramic can be described by
one bulk resistance and one bulk capacitance both are connected in parallel due to the semi-circle arc is
originating at the origin point. The intercept of single arc on the real axis in the higher frequency region tells
about a bulk resistance (F&). The bulk dielectric constant and DC electrical conductivity was are thickness
dependent electrical properties of the material. From these relations, electrical parameters were evaluated from

impedance spectrum are as follows: bulk resistance (H5) ~ 9.5 MQ, bulk capacitance ((CTs)~ 557 nf,

relaxation frequency {(f1r)~300.4 Hz, relaxation time (1) ~ 3.3 msand DC conductivity ((0]a:)~ 62X 10
’0'm™. It can be also satisfied the condition for 27faR »Cr = 1.The existence of a step like transitions in the
M’ imply that the presence of a relaxation process. In this relaxation process is due to the presence of immobile
species at lower temperatures and defects/vacancies at higher temperatures.

In this single relaxation coincides with the result of Nyquist plot. The appearance of a peak in the plot
of M’ indicates that the transitions occurred from long-range to short-range mobility to increase in frequency™.
Also, the peak can provide a clear indication of conductivity relaxation. The maximum frequency ,,, gives the
relaxation time t from the relation @y, t=1%. Generally, distributions of relaxation times were attributed to the
difference in the environment surrounding and different ions in a ceramic material. The modulus formalism is
an important formalism for characterized the relaxation mechanism in ceramic materials. Figure 8 (a) shows the
variation of the real (M) and the imaginary part of the electric modulus (M’’) within the frequency region of 1
Hz-100 KHz for the CCTO ceramic. It can be exhibited that the value of M’ is very low in the lower frequency
region and a sigmoidal increment and reach nearly constant value of M’ in the higher frequency region.
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Figure 8.(a)Frequency dependent complex modulus and (b) ac conductiviytyof CCTO ceramic

The variation of AC electrical conductivity with the frequency of CCTO ceramic sintered at 950 = C
for 3 hours is shown in figure 8 (b). It is shown clear that the AC electrical conductivity is frequency
independent at lower frequency and dependent nature on higher frequency region. The frequency independent
value of AC conductivity (Tac) corresponds to the DC conductivity (Za-)*. AC electrical conductivity was
increased with increased frequency and it confirmed the presence of interfacial effect on CCTO ceramics causes
for higher dielectric constant.

Conclusion:

In summary, the cubic system with body-centered lattice of the CaCu;Ti;Onanopowder was
successfully synthesized by sol-gel method and confirmed from XRD stuides. The amplitude parameters and
functional parameters were analyzed from topography image. The FTIR spectrum showed that a mixed
vibration of CuO, and TiO4 groups prevailing in the CCTO structure. Optical property of as-synthesized
nanopowder was investigated from DRS. The real and imaginary components of the complex impedance and
related parameters provided the information about the composition of CCTO ceramic.
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