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Abstract

The Mn-doped CCTO (CaCu;Ti,_,y)Mn, O, system x=0.25, 0.50 and 1.00) ceramic has been synthesized by using metal
nitrates and solid TiO, powder sintered at 1223 K for 8 h. The crystal phase of CCTMO was confirmed by the XRD at
1223 K for 8 h. The phase-structure, as well as microstructure, was examined by XRD and SEM, respectively. The SEM
micrograph revealed the effect of Mn concentration on grain size and grain formation. The bright-field TEM image of the
system confirmed the particle size in the range of 22-30 nm. The stoichiometry and purity of synthesized material were
observed by EDX. The investigated dielectric permittivity and tangent loss were found to be 150 and 0.6, respectively,

at room temperature (10 kHz), which may be used in electronic devices.
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1 Introduction

An unusual and promising perovskite oxide CaCu3T,0,,
(CCTO) was recently found at extraordinarily high dielectric
permittivity at room temperature in the range of 10*-10°,
which is frequency independent and possesses good tem-
perature stability over a broad temperature range from
100 to 800 K [1-3]. The temperature dependency and
high dielectric constant of CCTO have attracted much of
the attention of scientists. Such special physical behavior
and being Ba/Pb free make it a promising application for
microelectronics devices, such as an actual application of
CCTO perovskites in the modern electronic devices; but
the main problems of this type of ceramic material is its
high tangent loss and large linkage current. The CCTO
ceramic has been combined in a 1:3 ratio of A-site-ordered
perovskite A,Cu;Ti,O,, with space group Im3, containing
octahedral Ti-site of TiO4 and was also combined with
A-site of Cu square-planar [1, 4, 5]. The extrinsic origin
relaxation resulting from contact effect, spatial inhomo-
geneity and the internal barrier layer capacitor mechanism

(IBLC) is frequently accepted to be the cause of the colossal
dielectric constant (CDC); and intrinsic relaxation for colos-
sal dielectric constant is also active which is responsible for
electrical behavior of CaCu;Ti,0,, (CCTO), depending on
their synthesis route [6-8]. Previous researches on CCTO
recommended that the local dipoles induced by dop-
ing on Ti-site could be responsible for the high dielectric
constant [9]. Scientists across the globe carried out an
extensive study over the mechanism of dependable high
dielectric constant (e,) of CCTO but have not reached a
definitive conclusion. The internal boundary layer capaci-
tor (IBLC) mechanism explained the high dielectric con-
stant in CCTO ceramics [10-12]. According to IBLC theory,
in CCTO ceramic, the dielectric variation is produced from
the semiconducting grains and insulating grains bound-
ary (GB). Therefore, the variation on microstructure can
explain up to a good extent by studying the dielectric
properties [13, 14]. Recently, researches revealed that the
mixed metal-valent structure (e.g., Ti**/Ti**, Fe?*/Fe3*, Cu*/
Cu?*, Mn3*/Mn4+ and so on) interrelated ordinary behav-
ior of CDC materials [15, 16], which might directly affect
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the dielectrical behavior of CCTO ceramics. In this way, the
different compositions of Mn-doping in CCTO change the
grain boundary and also produce a large effect on dielec-
tric behaviors [14]. The microstructure of CCTO ceramic
also changes considerably with a small variation in sinter-
ing temperature due to irregular grain growth behavior
of Mn-doped ceramics [16, 18]. The metal ion doping in
CCTO was found to be a good method that strongly con-
trols microstructure, particle size, electrical properties of
grains (semiconducting/insulating behaviors) and grain
boundaries (dielectric constant, thickness and resistance)
[19]. On the basis of structural investigation, the part TiOg
octahedra are sufficient to produce local distortions, which
is effectively responsible for the pure ferroelectric proper-
ties of CCTO ceramic. In fact, the ferroelectric behavior was
observed in CCTO in a broad temperature range. Further-
more, in comparison with other isostructural compounds,
only the CCTO has possessed high dielectric constant [20,
21].

CCTO was synthesized by solid-state method from the
metal oxide at high temperature. This method needed a
long reaction time, high calcination and sintering temper-
ature. In addition, some other secondary phases (CuQ, TiO,
and Cu,TiO;) may also come out during synthesis [22, 23].
On the other hand, synthesis by a chemical solution pro-
cess such as sol-gel using metal alkoxide gives intimate
and uniform mixing of the metal ion at the atomic scale.
In this route, titanium isopropoxide Ti(OR), is very costly.
So, we have synthesized CaCu;Ti(,_,\Mn,0,, by a semi-wet
route and reported their comparative studies of synthe-
sis, microstructure, dielectric and ferroelectric properties.
In this method, metal nitrates have been used in powder
form instead of using costly titanium isopropoxide.

The CCTMO was calcined as well as sintered at 973 K
and 1223 K, respectively, for 8 h. The results confirmed that
the Mn-doping can make the dielectric constant decrease
with increasing Mn concentration about two orders of
magnitude (from 10%-102) [21, 24]. These procedures
possess the advantage to refine permittivity, dielectric
loss and the ferromagnetic response of Mn-doped CCTO
ceramics.

2 Experimental details
2.1 Materials and synthesis

CCTMO was synthesized through a semi-wet route. In
this method, chemicals calcium nitrate Ca(NO;),-4H,0
(98% Merck, India), copper nitrate Cu(NO;),-3H,0 (99%
Merck, India), manganese acetate Mn(CH;COO),-4H,0
(99% Merck, India) and titanium oxide TiO, (99% Merck,
India), were taken in stoichiometric amounts in molar
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ratio. The solution of Ca(NO;),-4H,0, Cu (NO;),-3H,0,
and Mn(CH;C00),-4H,0 was prepared in distilled water.
All the solutions were mixed together in a beaker, and a
stoichiometric amount of solid TiO, was added in solution.
The calculated amount of citric acid (99.5%, Merck India)
equivalent to metal ions was dissolved in distilled water
and mixed with the solution. The resulting solution was
heated on a hot-plate magnetic stirrer at 348-353 K to
evaporate water and allows for self-ignition. A fluffy mass
of CCTMO powders was obtained after the removal of a
lot of gases. Citric acid was used as a complexing agent
that acts as fuel in the ignition step. The resulting CCTMO
powder was ground with the help of agate and mortar to
make a fine powder. The powder was calcined at 1073 K for
6 h. Calcined powder was used to make cylindrical pellets
using 2% PVA as a binder on applying 3 tons of pressure
using hydraulic pressure for 90 s. Finally, the CCTMO pel-
lets were sintered at 1373 Kfor 8 h.

2.2 Characterization

The crystalline phase of CCTMO ceramic-sintered sample
was identified by X-ray diffractometer (Rigaku miniflex 600,
Japan) applying Cu-ka radiation with wavelength 1.5418
A.The microstructure and elemental composition were
confirmed by scanning electron microscope (ZEISS; model
EVO18 research, Germany) attached with an energy-dis-
persive X-ray (EDX) analyzer (Oxford instrument, USA). The
particle size was examined by a high-resolution transmis-
sion electron microscope (HR-TEM, Technai G2 20 S-Twin).
For HR-TEM characterization, the sample was dispersed in
acetone and sonicated for 2 h. This suspension was depos-
ited on a carbon-coated copper grid and dried in oven for
4 h.The thickness and surface morphology were analyzed
using atomic force microscopy (NTEGRA Prima, Germany).
The dielectric data of silver-coated cylindrical pellets were
examined by LCR meter (PSM1735, NumetriQN,L, UK). The
ferroelectric behaviors of sintered CCTMO ceramics were
measured by the ferroelectric tracer (automatic P-E loop
tracer, Marin India).

3 Results and discussion
3.1 Microstructure studies

The X-ray diffraction pattern of CaCu;Ti,_ ,Mn,0O,, (x=0.25,
0.50 and 1.00) ceramics powder sintered at 1223 Kfor 8 h
is shown in Fig. 1. It illustrates the presence of CCTO as a
major phase along with the minor phase of TiO,. The dif-
fraction patterns are correctly matched with JCPDS (card
no. 21-0140), which confirms the presence of the major
phase formation of CCTO with the minor secondary phase
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Fig. 1 XRD patterns of CaCu;Ti,_,Mn,O,, ax=0.25,b x=0.50, ¢ x=1.00 sintered at 1223 Kfor 8 h

with JCPDS (card no. 46-1238) of TiO, [23]. The structure of
the CCTO sample does not change after Mn-doping sin-
tered at 1223 K for 8 h, and it remains cubical in all com-
positions of Mn-doped CCTO samples. The crystallite size
(D) of CCTMO was calculated by using the Debye-Scherrer
formula, which is represented as follows in eq. (1).

K
~ BCOSH

M

where D is crystallite size, k is constant equal to 0.89,Ais a
wavelength of X-ray, 6 is the Bragg diffraction angle and
B is the full width at half maximum (FWHM) in radians. For
the calculation of the correct value of crystallite size, the
line broadening due to instrumental effect was eliminated
by using a standard sample (silicon wafer) for XRD data.
The average crystalline size of CCTMO was calculated as
16 nm, 40 nm and 32 nm at different Mn-doping concen-
trations x=0.25, 0.50, and 1.00 (CaCu;Ti,_,Mn,0,,), respec-
tively. The lattice parameter increases with an increased
doping concentration of Mn in CCTO due to increases in
density.

Figure 2 illustrates the bright-field TEM images (a, b and
¢) along with the corresponding SEAD pattern (d, e and
f) of CaCu;Ti,_,Mn,0O,, ceramics with (x=0.25, 0.50 and

1.00) sintered at 1223 K for 8 h. The observed particle size
measured by TEM was found to be 23+ 10 nm, 31£10 nm
and 24+ 10 nm at a different doping concentration of Mn
(x=0.25, 0.50 and 1.00) in CaCuj;Ti,_,Mn,0,, ceramic. The
particle size calculated by TEM is close to crystallite size
observed by X-ray diffraction. Figure 2(d, e and f) shows
the selected area diffraction (SAED) pattern, which con-
firms that the free-standing crystal shows the single crystal
in nature [25].

Figure 3a-c presents the SEM micrograph of
CaCus;Ti,_,Mn,0 (x=0.25, 0.50 and 1.00) ceramics sam-
ple sintered at 1223 K for 8 h. The doping of Mn in CCTO
greatly affects the microstructures [11]. The microstruc-
tural progress showed a relatively different behavior
according to the doped Mn content. The average grain
size of CCTMO ceramic at low doped Mn content (x=0.25)
has been observed at 1.90 um. The average grain size of
CCTMO at high Mn-doped (x=0.50 and 1.00) content
has been observed as 1.57 um and 1.78 um, respectively.
The grain size uniformly increases with increasing Mn
compositions. The increase in grain size with increasing
Mn concentration may be due to enlarged grain bound-
ary mobility [12]. Figure 3d-f presents the EDX spectra of
CCTMO ceramic sintered at 1223 K for 8 h, which confirms
the presence of Ca, Cu, Mn, Ti and O elements. The atomic
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Fig.2 Bright-field TEM images and their corresponding SAED patterns of sintered CaCu;Ti,_,Mn,0O,, ceramic (0.25, 0.50 and 1.00)
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Fig.3 SEM micrograph of CaCu;Ti,_,Mn,O,, ceramics a x=0.25, b x=0.50, ¢ x=1.00 and EDX spectra of CaCu;Ti,_ Mn,0,, ceramics d
x=0.25, e x=0.50, f x=1.00 sintered at 1223 Kfor 8 h
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percentage of Ca, Cu, Mn, Ti, and O elements is shown in
Table 1 with different compositions confirming the stoichi-
ometry and purity of CCTMO ceramic materials.

Figure 4a depicts 2D atomic force micrograph (AFM) of
CaCuj;Ti,_,Mn,0,, (x=1.00) ceramic sintered at 1223 K for
8 h.The 2D micrograph illustrates the bimodal structures
of grains separated from the grain boundary [26]. The
average roughness (R,) and root mean square roughness
(Ry) were found to be 72 nm and 90 nm, respectively, on
a scanned area 20 um x 20 um. The maximum peak valley
depth (R,) of a 2D structure is found to be 241 pum. Fig-
ure 4b shows the distribution of the particles observed in
the 3D structure. Figure 4c presents the histogram of grain

Table 1 Atomic percentage of elements for CaCusTi,_4Mn,0O,,
ceramics (x=0.25, 0.50 and 1.00) sintered at 1223 K for 8 h

Composition Atomic percent of elements

Ca (%) Cu (%) Ti (%) Mn (%) O (%)
0.25 5.00 15.00 18.75 1.25 60.00
0.50 5.00 15.00 17.50 2.50 60.00
1.00 5.00 15.00 15.00 5.00 60.00

size, in which the majority of grains are obtained in the
range of 1.0-1.4 um. The average grain size estimated by a
2D micrograph was found to be 1.2 um out of 191 gains, as
shown in Fig. 4¢, which is supported by SEM investigation.

3.2 Dielectric studies

The frequency-dependent dielectric constant (e,) at room
temperature is shown in Fig. 5. The dielectric permittiv-
ity (e,) decreases with increasing frequency. The value
of dielectric constant (e,) at room temperature at 10 kHz
was found to be 148, 122 and 105 for CaCu;Ti,_ ,Mn,O,,
(x=0.25,0.50 and 1.00) ceramic samples sintered at 1223 K
for 8 h. Figure 6 shows the tangent loss (tan 8) against
frequency at room temperature (10 kHz). The tangent
loss (tan &) of CaCu;Ti,_,Mn,0O,, (x=0.25, 0.50 and 1.00)
ceramic was found to be 0.4, 0.3 and 0.6 at 10 kHz. The tan-
gent loss in Mn-doped CCTO was found to be 0.5 at 10 kHz
for all measured compositions [27, 28]. These effects create
semiconducting grains and insulating boundaries as pub-
lished in many ceramic oxides by using the IBLC mecha-
nism in different CCTMO compositions [29]. The tangent
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Fig.4 AFM images of CaCu;Ti,_,Mn O, (x=1.00) ceramics sintered at 1223 K for 8 h a 2-dimensional structure, b 3-dimensional structure, ¢
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Fig.5 Dielectric constant (g,) as the function of frequency for
CaCuj;Ti,_ Mn,O,, ceramics (x=0.25, 0.50 and 1.00) sintered at
1223 Kfor8h
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Fig.6 Dielectric loss (tan 6) as the function frequency
CaCu;Ti,_Mn,0,, ceramics (x=0.25, 50 and 1.00) sintered at 1223 K
for8 h

loss curves observed in the Mn-doped CCTO are due to
thermally activated relaxation [30].

Figure 7 depicts that the polarization against the
electric field P-E hysteresis loop of different composi-
tions of Mn-doped CCTO ceramic was detected at room
temperature (313 K). This calculation was carried out
at a frequency of 150 Hz. With the increasing tempera-
ture, the nature of the loop has been changed which
becomes slimmer. This property of the P-E loop shows
the evolution process to relaxor ferroelectrics [31]. At
the given electric field, resultant remnant polarization
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Fig.7 P-E hysteresis loop for CaCu;Ti,_,Mn,O;, ceramics (x=0.25,
0.50 and 1.00) at room temperature

(P,) increases with increasing Mn concentration in CCTO
samples. The measured value of remnant polarization
(Pr) for CaCu3T(4_yMn,0O,, ceramic with compositions
x=0.25, 0.50 and 1.00 is 0.259, 0.258 and 0.427 uC/cm?
at 1223 K for 8 h. On the applying, high electric field
saturation was not found in the P-E hystersis loop for
CaCusTi,_y Mn, O, ceramicx (x= 0.25, 0.50 and 1.00) at
room temperature. The absence of saturation polariza-
tion is due to the resistor joint in parallel, indicating the
lossy capacitor nature of the materials [32].

4 Conclusions

CaCu3T, 4Mn,0;, (x=0.25,0.50 and 1.00) was success-
fully synthesized by semi-wet route. Solid TiO, powder
and metal nitrates are used in the preparation of CCTMO.
The major phase as CCTO along with the minor phase of
TiO, was confirmed by XRD sintered at 1223 K for 8 h.
The SEM micrograph shows the clear grain and grain
boundaries with an average grain size in the range of
1-2 um. The particle size was measured by the TEM tech-
nique. The dielectric constant decreases with increasing
Mn concentration in CCTMO ceramic. The measured tan-
gent loss decreases with increasing frequency. The stoi-
chiometry and purity of CCTMO ceramic were confirmed
by the EDX analysis.
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