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ABSTRACT

CaCus, Tig,, 04, ceramics with x = 0 (CCTO) and 0.09 (CCTO-C/T) were synthesized using the solid-
state reaction method. The objective was to explore the influence of Cu-deficiency and Ti-excess on the
microstructure and dielectric properties of CCTO ceramics. The presence of the primary CCTO phase was
confirmed, regardless of deviations in the Cu and Ti molar ratios. The CCTO-C/T ceramic exhibited
a secondary phase of TiO, and segregation of CuO along the grain boundaries. Adjustment of the Cu and Ti
ratios hindered grain growth in the CCTO-C/ T ceramic. Some CuO segregation along grain boundaries and
deficiencies in Ti and Ca were observed in the CCTO-C/T ceramic. Notably, both CCTO and CCTO-C/T
ceramics demonstrated a remarkable giant dielectric response of 10°. The CCTO-C/T ceramic exhibited a
lower loss tangent compared to the CCTO ceramic. Impedance spectroscopy confirmed electrical
heterogeneity, with distinct electrical responses attributed to semiconducting grains and insulating grain
boundaries. The grain boundary resistance of the CCTO-C/T ceramic was higher than that of the CCTO
ceramic, attributed to the presence of segregated CuO and excessive TiO, phases. Consequently, the
concentration of free electrons within the semiconducting grains of the CCTO-C/T ceramic decreased,
resulting in a decrease in the giant dielectric response. This study provides valuable insights into the factors
influencing the microstructure and dielectric properties of CCTO and CCTO-C/ T ceramics, enhancing our

understanding of these materials and their potential applications in various technological fields.

AndAy: Nsmavaupssladidnvdnauwinlvg veunsy AuAUUTEIRUUYINAY Wedadufl unudaning-
alnd
Keywords: Giant/Colossal Permittivity, Grain Boundary, Internal Barrier Layer Capacitor, Impedance Spectro-

scopy

INTRODUCTION

CaCu;Tig0;, (CCTO) is a captivating material that has garnered significant attention in the fields of
condensed matter physics and materials science (Subramanian et al., 2000; Adams et al., 2006; Miao et
al.,2021; Bhardwaj et al., 2022; Jumpatam et al., 2022). It belongs to the family of complex perovskite
oxides of ACu;Ti4O;, ceramics, where A represents divalent cation or averaged divalent cations, such as
Ca”™, B’ ;5 Na'y,,Y> 10 or Na'y,Bi”",,) (Subramanian and Sleight, 2002; Rai et al., 2022; Saengvong et al.,
2022), showing extraordinary dielectric properties. CCTO is known for its remarkably high dielectric constant
(€' > 109, making it a potential candidate for various technological applications (Moulson and Herbert,
2003).

The crystal structure of CCTO consists of alternating layers of copper (Cu™), calcium (Ca*), and
titanium (Ti*") ions, arranged in a cubic perovskite lattice. Such a high dielectric constant is extremely rare
among known materials and has sparked interest in exploiting CCTO for high-capacitance applications, such

as energy storage devices, capacitors, and microwave components (Moulson and Herbert, 2003).

Unfortunately, the dielectric loss tangent was very large (tan® > 0.1), which is unsuitable for electronic
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applications (Zhang et al., 2019; Jumpatam et al., 2022). A large tanO in CCTO, despite its remarkable
electrical properties, can pose certain challenges and limitations in practical applications. The loss tangent
represents the ratio of the energy dissipated as heat to the stored energy in a material when an electric
field is applied. In the case of CCTO, although it possesses a high dielectric constant and low energy loss,
it is also known to have a relatively large loss tangent.

For CCTO ceramics, the observed abnormal grain growth was likely due to the liquid phase sintering
mechanism (Mei et al., 2008; Vangchangyia et al., 2012). The source of liquid that existed during the sintering
at a high temperature was related to CuO (Lee et al., 2014). Abnormal grain growth in CCTO ceramics often
results in a distribution of grain sizes, which can exhibit a bimodal nature with both large and small grains.
The dc current (movement of free charge carriers) deviates within the ceramic as it avoids the fine—grained
regions. This diversion occurs due to the high impedance associated with the increased density of grain

boundaries in those regions (Adams et al., 2006). Thus, a large number of free charges passing through the

large grain region gives rise to an increase in DC conductivity and tanO value. To mitigate the substantial
enlargement of grain size, the molar ratio of CuO in CCTO must be reduced. Another method to decrease
the enlarged grain growth is to increase the molar ratio of TiO, (Lin et al., 2008; Saengvong et al., 2021). In
this case, it was observed that the average grain size decreased with an increase in the molar ratio of TiO,.
Furthermore, the segregation of the TiO, phase can contribute to an increase in the resistance of the grain
boundaries in CCTO ceramics (Saengvong et al., 2021). The aim of this research work is to reduce the tand
value by employing a combination method that involves simultaneously decreasing the CuO ratio and
increasing the TiO, ratio.

In this work, CaCus_Ti4, ,O;, ceramics were synthesized using a solid- state reaction method. The
effects of Cu and Ti molar ratios on phase formation, microstructure, and dielectric properties were studied.

The origins of the variations in the giant dielectric properties were discussed in detail.

MATERIALS AND METHODS

In this study, the synthesis of CaCus, Ti,, O, ceramics with x = 0 (CCTO) and 0.09 (CCTO-C/T) was
conducted using a solid-state reaction method. It has been reported that Ti ions can be substituted into
the Cu site within the CCTO structure (Adams et al., 2006). If this holds true, for the sample with x = 0.09,
approximately 3 at % of the Cu sites could potentially be replaced by Ti ions. The starting raw materials,
i.e., CaC05 (99.9%), CuO (99%) and TiO, (99.9%), were first combined. Subsequently, a ball-milling technique
was employed, with ZrO, balls used as grinding media, to mix the starting materials in ethanol for 24 h.
Following the milling process, the mixture was separated from the ZrO, balls and ethanol evaporated at
90 °C for 24 h. The resulting dried powders were carefully ground and underwent calcination at 800 °C for
5 h. using heating and cooling rates of 5 °C/min. Careful grinding was then performed to obtain a fine and
homogeneous calcined powder. Afterward, pellets were shaped by compressing ceramic powders for all
compositions at 250 MPa using uniaxial compressive strength. Finally, the pellets were sintered at 1,090 °C

for 5 h. at a heating rate of 5 °C/min, followed by natural cooling to room temperature.
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The sintered ceramics were characterized using X-ray diffraction (XRD, PANalytical, EMPYREAN),
field-emission scanning electron microscopy (FE-SEM) with energy— dispersive X-ray analysis ( EDS)
(HITACHI SU8030, Japan) and SEM-mapping technique were employed to systematically characterize the
sintered specimens. To acquire SEM images of the surface morphologies, both samples underwent polishing
and thermal etching. Comprehensive details of each technique are provided in our previous published work
(Prachamon et al., 2022). The dielectric properties were tested. Silver paint was coated on both sides of
the polished samples and heated at 600 °C for 30 min. The dielectric parameters were measured using a
KEYSIGHT E4990A Impedance. The measurement was performed in the temperature range of -60 - 210 °C.
The dielectric measurement was set in the frequency range of 10° - 10° Hz. The measurement was
conducted using the capacitance (C,)-dissipation factor (D or tan®) mode. The value of & was calculated

using the equation,
. Cpd
£oA
where d and A are the sample thickness and electrode area, respectively.

€, is the permittivity of free space (8.854 X 10> F/m). The complex impedance (Z*) was derived

from the equation involving the complex dielectric constant (€),
e =¢ —ig = (IwCyZ*) ™! = [iwCy(Z —iZ)H] 1 (2)

where € and € represent the real and imaginary parts of €. Zand Z represent the real part and
imaginary part of Z*, respectively.

Co = gpA/d is the empty cell capacitance.

RESULTS AND DISCUSSION

First of all, the phase composition and crystal structure of all the sintered CCTO and CCTO-C/T
ceramics were studied using the XRD technique. As shown in Fig. 1, the primary phase of CCTO was detected
in both samples even when the molar ratio of Cu and Ti was deviated from 3:4. The second phase of TiO,
was detected in the CCTO-C/T ceramic. This result is similar to that observed in the TiO,~rich CaCusTis,, O,
ceramics, when the molar ratio of Ti was larger than 4.0 (Lin et al., 2008; Saengvong et al., 2021). This
observation was a result of the excess TiO, present in the initial raw materials. It was found that the lattice
parameters of the CCTO and CCTO-C/T ceramics were 7.399 and 7.298 A, respectively.

The microstructures of the CCTO and CCTO-C/T ceramics were studied. Fig. 2 shows the polished
surfaces of the CCTO and CCTO-C/T ceramics. A dense microstructure devoid of pores was achieved in
both ceramics. As anticipated, the growth of grains in CCTO ceramics can be suppressed by reducing the
Cu molar ratio (< 3.0) and/or increasing the Ti molar ratio (> 4.0). The mean grain sizes of the CCTO and
CCTO-C/T ceramics were calculated to be 125.9 + 46.9 and 93.0 + 26.2 ym, respectively. The grain growth
in polycrystalline ceramics is usually caused by the movement of the grain boundaries, which can be

enhanced by the presence of liquid phase during the sintering process (Rahaman, 2003; Lee et al., 2014).



230 KKU Science Journal Volume 51 Number 3 Research

The rapid grain growth in the CCTO ceramic is generally attributed to the existence of CuO-related liquid
phas (Mei et al., 2008; Lee et al., 2014). In the case of CCTO-C/T ceramic, the inhibited grain growth was
caused by Cu-deficient and Ti-rich ratios, giving rise to the decreased liquid phase content and existence

of TiO, phase, as shown in Fig. 1.
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Fig. 1 XRD patterns of CCTO and CCTO-C/T ceramics.

Fig. 2 SEM images of CCTO (a) and CCTO-C/T ceramics (b).

To further study the microstructure of the sintered ceramics, SEM mapping analysis was performed.
As shown in Fig. 3(a), the Ca, Cu, Ti, and O elements homogeneously dispersed throughout the
microstructure. However, slight segregation of CuO phase along the grain boundaries was observed in the
CCTO-C/T ceramic, while Ti- and Ca-deficient were observed, as indicated by write arrows. This result may
be caused by the imbalance of structure due to non-stoichiometry of the CCTO-C/T ceramic. EDS technique
was used to further characterize the chemical compositions at the grain boundaries and inside the grains.
As depicted in Fig. 4, the EDS spectrum detected within the grains (point-1) displayed the characteristic
peaks of all elements present in the CCTO phase. However, a CuO-rich phase was observed in the EDS
spectrum taken at the grain boundary (point-2). In accordance with the EDS results, the CCTO samples
exhibited element percentages of 5.8 wt.% Ca, 36.5 wt.% Cu, and 28.2 wt.% Ti, respectively. For the CCTO-
C/T sample, the corresponding element percentages were 6.0 wt.% Ca, 32.4 wt.% Cu, and 29.8 wt.% Ti.
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The weight percentage ratios of Ti:Cu in the CCTO and CCTO-C/T samples were calculated to be 0.77 and
0.92, respectively. Evidently, the percentage ratio in the CCTO-C/T sample was larger than that in the CCTO

sample, confirming Ti enrichment and Cu deficiency in the CCTO-C/T sample.
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Fig. 4 SEM image of surface morphology of CCTO-C/T ceramic and EDS spectra detected
at different points.
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Effect Cu-deficient and Ti-rich on the giant dielectric properties was investigated. Fig. 5(a) illustrates
the frequency dependence of the € at 25 °C. Both the ceramics exhibited the giant dielectric response.
Although the € value of the CCTO-C/T ceramic was lower than that of the CCTO ceramic over the measured
frequency, the €' value of the CCTO-C/T ceramic was still very large (~6.58 x 10" at 1 kHz.). Notably, a low
frequency tand value of the CCTO-C/T ceramic was lower that of the CCTO ceramic. At 25 °C and 1 kHz.,
the tand values of the CCTO and CCTO-C/T ceramics were 0.091 and 0.053, respectively. The giant dielectric
properties can be described using the internal barrier layer capacitor (IBLC) model based on the Maxwell-
Wagner polarization at the insulating grain boundaries (Liu et al., 2004). The larger €’ value of the CCTO
ceramic was primarily attributed to the larger mean grain size (Adams et al., 2006; Wu et al., 2002; Schmidt
et al., 2012; Vangchangyia et al., 2012). Furthermore, the reduced tanO value is usually related to the
decreased grain size. It is worth noting that the rapid increase in tanO of both ceramics in a high frequency
range was due to the dielectric relaxation phenomenon (Kao, 2004; Liu et al., 2004; Thongbai et al., 2012),
which is usually accompanied by the rapid decrease in €' in the same frequency range.

Fig. 5(b) illustrates the dielectric properties at 1 kHz. as a function of temperature within the range
of -60 to 210 °C. Remarkably, both samples exhibit a significant giant dielectric behavior across a broad
spectrum of temperatures. Notably, the temperature dependence of €' for the CCTO-C/T ceramic proves
to be improved compared to that of the CCTO ceramic. At elevated temperatures, the €' of the CCTO-C/T
ceramic displays slightly less dependence on temperature when contrasted with the CCTO ceramic.
Additionally, at higher temperatures, the tanO value of the CCTO-C/T ceramic is notably lower than that of
the CCTO ceramic, as shown in the inset of Fig. 5(b). The heightened €' and tanO values at elevated
temperatures are linked to the DC conduction of free charge carriers capable of traversing the insulating
grain boundary (Adams et al., 2006). Consequently, the DC conduction of the CCTO-C/T ceramic is enhanced

at high temperatures, rendering it well-suited for capacitor applications.
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Fig. 5 €’ as a function of frequency (10” - 10° Hz.) at 25°C for the CCTO and CCTO-C/T ceramics; inset
shows tand at 25 °C (a). €' as a temperature (-60 - 210 °C) at 1 kHz. for the CCTO and CCTO-C/T

ceramics; inset shows tanO at 1 kHz. (b).
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It has been suggested that Ti ions can substitute into the Cu site within the CCTO structure (Adams
et al., 2006). However, in this current study, the presence of a second phase, TiO,, was detected in the XRD
pattern of the CCTO-C/T ceramic. Consequently, we can infer that excessive Ti might not preferentially
substitute into the Cu site of the CCTO structure, or Ti could substitute into the Cu site in minute quantities.
Through microstructural analysis, the segregation of Cu-rich phases along the grain boundaries was observed,
even when the molar ratio of CuO was lower than 3.0. Previous research (Lin et al., 2008) has indicated
that the presence of the TiO, phase can lead to a reduction in tand and €', while variations in the Cu molar
ratio strongly influence changes in the resistance and capacitance of the grain boundaries, subsequently
affecting the values of tand and €' (Mei et al., 2008). Consequently, in cases where x > 0.09, it is anticipated
that the € values would notably decrease due to excessive TiO, presence and Cu molar deficiency in the
CCTO ceramics. Moreover, tan® would likely experience a significant increase because the resistance of the
grain boundaries primarily correlates with the Cu ratio rather than the Ti ratio in the CCTO structure. The
electrostatic potential barrier height and associated grain boundary resistance generally decrease when Cu
is deficient (< 3.0). Conversely, when x < 0.09, observable changes in dielectric properties might not be
apparent. The dielectric properties of the CCTO-C/T and CCTO ceramics were compared to those of
previous works, as summarized in Table 1. As evident, the dielectric properties of CCTO-C/ T are intriguing

when compared to those reported previously (Cheng et al., 2012; Ni and Chen, 2009; Ni and Chen, 2010).

Table 1 Comparison of the €' and tand values at approximately 25°C and 1 kHz. for CCTO and CCTO-C/T

ceramics with values from previous studies.

Doping
Ceramic composition e tand References
concentration (x)
0.00 51,555 ~0.1
0.05 22,628 ~0.3
CaCusTig,Ce 0y, (Cheng et al., 2012)
0.10 916 ~0.5
0.15 91 ~7
0.00 ~35,000 ~0.05
CaCus(Tiy,SNYsO1, 0.05 ~60,000 ~0.04 (Ni and Chen, 2009)
0.10 ~90,000 ~0.04
0.00 ~35,000 ~0.3
Ca(Cuy, Mg )5 TigOy, 0.05 ~100,000 ~0.5 (Ni and Chen, 2009)
0.10 ~200,000 ~0.3
0.00 (CCTO) ~32,000 0.091
CaCus, Tiq,, O In this work

0.09 (CCTO-C/T) ~90,000 0.053
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To further elucidate the mechanism underlying the siant dielectric response in both CCTO and
CCTO-C/T ceramics, Impedance Spectroscopy (IS) was conducted. Usually, IS is employed to ascertain the
electrical properties of both the grains and grain boundaries (Adams et al., 2006, Schmidt et al., 2012). The
electrical behavior of the grain boundaries can be discerned through the presence of a prominent
semicircular arc within the complex impedance plane (Z*) plot. Likewise, the electrical characteristics of
the grains can be deduced from the subtle semicircular arc observed at high frequencies. However, in cases
where a small arc is not evident, the electrical response of the grains can still be characterized by the
nonzero intercept observed on the Z'-axis. As illustrated in Fig. 6, at 25 °C, only portions of large semicircular
arcs are observable within the frequency range of 40 - 10° Hz. for both the CCTO and CCTO-C/T ceramics.
Furthermore, a nonzero intercept on the Z'-axis can be observed at high frequencies. These results are
similar to those reported in literature Adams et al. (2006), Schmidt et al. (2012) and Vangchangyia et al.
(2012), where they were identified as the electrical responses of the insulating grain boundaries and the
semiconducting grains, respectively. As the temperature is raised to 60 °C, the large semicircular arcs
become more prominently visible, and the nonzero intercept remains observable. Consequently, the
substantial dielectric properties of both the CCTO and CCTO-C/T ceramics can be attributed to their
electrically heterogeneous microstructure. When an electric field is applied across the samples, free
electrons can move within the semiconducting grains but are hindered from traversing the insulating grain
boundary layers. These trapped free electrons at the interface between the semiconducting grains and
insulating grain boundaries lead to interfacial polarization. Consequently, significant €’ values are attainable

since the dielectric response is directly tied to the strength of interfacial polarization.
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Fig. 6 Impedance complex plane (Z*) plots of CCTO and CCTO-C/T ceramics at 25 °C (a) and 60 °C;

their insets Z* at high frequencies, revealing the nonzero intercept on the Z'-axis (b).

According to the IS based on the IBLC model, the grain boundary resistance and grain resistance
can be calculated from the diameter of the large arc and nonzero intercept, respectively. It is important to

note that the grain boundary resistance of the CCTO-C/T ceramic was larger than that of the CCTO ceramic.

This result was consistent with reduced tan® of the CCTO-C/T ceramic. Moreover, this result is the primary



U MIETINYEERNS U, VN 51 Laud 3 235

cause for improving the temperature dependence on the dielectric properties of the CCTO-C/T ceramic.
Usually, the low-frequency tanO value of CCTO-based materials exhibits an inverse relationship with the

resistance of the insulating grain boundary. This phenomenon accounts for the observed lower tan® in the
CCTO-C/T ceramic when compared to that of the CCTO ceramic. The presence of a segregated CuO phase
along the grain boundaries and an excessive TiO, phase within the CCTO-C/T ceramic could potentially
serve as the principal factors contributing to the heightened grain boundary resistance. Furthermore, the
grain resistance of the CCTO-C/T ceramic was slightly larger than that of the CCTO ceramic. The result
indicated that concentration of free electrons inside the semiconducting grains of the CCTO ceramic was
higher than that of the CCTO-C/T ceramic. According to the interfacial polarization, the intensity of
polarization depends on the concentration of accumulated charges at the internal interfaces (Kao, 2004;
Mingmuang et al., 2022; Thongyong et al., 2023). Thus, the larger €' value of the CCTO ceramic (compared
to that of the CCTO-C/T ceramic) should be due to higher concentration of accumulated charges at the
grain boundaries. It is crucial to note that the segregation of CuO and excessive TiO, phases could impede
the occurrence of oxygen loss during the sintering process. As is widely recognized, the presence of free
electrons in CCTO ceramics is commonly associated with the abundance of oxygen vacancies.
Consequently, an anticipation arose that the concentration of oxygen vacancies within the CCTO-C/T
ceramic would be lower compared to that within the CCTO ceramic. As a result, the grain resistance of the

CCTO ceramic proved to be inferior to that of the CCTO-C/T ceramic.

CONCLUSIONS

In conclusion, the presence of the primary CCTO phase was confirmed, even when the Cu and Ti
molar ratios deviated. The CCTO-C/T ceramic exhibited a secondary phase of TiO, and segregation of CuO
along the grain boundaries. Both compositions demonstrated dense ceramics without any pores. Grain
growth in CCTO ceramics was hindered by reducing the Cu molar ratio and increasing the Ti molar ratio.
SEM mapping revealed a homogeneous distribution of Ca, Cu, Ti, and O elements, with slight segregation
of CuO along grain boundaries and deficiencies in Ti and Ca observed in the CCTO-C/T ceramic. Both
ceramics exhibited a significant giant dielectric response of ~10°, with the CCTO-C/T ceramic displaying
lower tan® values compared to the CCTO ceramic. IS confirmed the electrical heterogeneity of the
ceramics, with distinct electrical responses attributed to semiconducting grains and insulating grain
boundaries. The grain boundary resistance of the CCTO-C/T ceramic was higher than that of the CCTO
ceramic, whereas the grain resistance of the CCTO ceramic was lower than that of the CCTO-C/ T ceramic.
These differences were attributed to the segregation of CuO and excessive TiO, phases, which affected the
grain boundary resistance and the concentration of free electrons within the semiconducting grains. The
CCTO-C/T ceramic was expected to have a smaller concentration of oxygen vacancies, resulting in higher
grain resistance compared to the CCTO ceramic. Overall, this study provides valuable insights into the

factors influencing the microstructure and dielectric properties of CCTO and CCTO-C/T ceramics.
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