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The silver migration effect into the metastable phase forms a micro-electric path, to enhance the
relative dielectric permittivity of CaCu;Ti,O,, ceramics for electronic devices. Controlling the sintering
time uniquely develops the metastable phase of as-sintered CaCu;Ti,O;, ceramics. A post-heating
process that applies the migration of silver into the metastable phase increases the relative dielectric
permittivity. At 1 kHz frequency, the relative dielectric permittivity at room temperature of the silver-
migrated CaCu,Ti,O,, ceramics sintered for 2 h is 565.9 X 103, almost 52 times higher than that of the
as-sintered CaCu;Ti,O,, ceramics. The selected area electron diffraction (SAED) patterns of the large
and small grains were similar, but differed from those of the metastable region, including the grain
boundary of the as-sintered CaCu,Ti,O,, ceramics sintered for 2h by TEM technique. This phenomenon
suggests that enabling Ag-migration into the metastable phase develops a micro-electric path that
improves the relative dielectric permittivity of CaCu;Ti,O,, ceramics.

Due to their outstanding electrical properties, various perovskite titanate materials have played key roles in func-
tional electronic devices'. Among these materials, calcium copper titanate (CCTO; CaCu;Ti,0,,) ceramics have
attracted considerable attention in recent years, due to their high relative dielectric permittivity’-. The crystal
structure of CCTO ceramics was identified as a perovskite-type body-centered cubic (bcc) structure?. Although
numerous theoretical studies and experimental measurements have attempted to determine the reason for the
high relative dielectric permittivity of CCTO ceramics, the mechanism of CCTO ceramic has not yet been clearly
explained. Various models have been proposed to explain the high relative dielectric properties. For example,
some research has shown that the CCTO structure is composed of conducting or semiconducting grains sepa-
rated by thin insulating grain boundaries, which phenomenon is widely assumed to be the structural mechanism
that leads to the high relative dielectric permittivity>*.

Meanwhile, various techniques can be applied to increase the relative dielectric permittivity in a heterogene-
ous material, such as the transformation of the microstructure, or the formation of an electrical path for a contact
network. In the case of microstructural transformation, a metallic material is used to form a large number of
micro capacitors with many conducting particles separated by thin dielectric layers’1°. In addition, some reports
have described the formation of an electric path between an insulator and metallic composite, which related to the
conductivity of composite materials''. However, the artificial formation of an electric path by applying the migra-
tion effect of metal material in the ceramic materials has not yet been reported. Therefore, we focused on the
formation of a micro-electric path in ceramic structure, which can be related to colossal relative dielectric permit-
tivity. The migration effect can be used to form the micro-electric path into CCTO, and a metastable phase region
is therefore required, where the migration process can occur. The metastable phase poses a fundamental question
that is relevant in all disciplines that relate to solid state. Metastable phases can be formed by rapid quenching
technique, or by various processes'>"'. It is generally believed that ceramics develop a metastable phase when
they do not get enough energy for the sintering process. Various processing parameters, such as sintering temper-
ature, sintering time, and applied pressure, can be used to create the required metastable phase during the process.
During the sintering process, the sintering time can be the easiest variable among these parameters to control
the applied energy to obtain the metastable phase. Our previous study observed a metastable phase in CCTO
sintered at 1125 °C for 2 h'®. Therefore, controlling the sintering time can achieve a metastable phase of CCTO
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Figure 1. Surface morphology and chemical composition with various sintering times. Plane-view FE-SEM
and EDS micrographs of the as-sintered CaCu;Ti,O,, ceramics sintered at 1125 °C in air for (a) 0.5h, (b) 2h,
and (c) 12h corresponding to the X-ray maps of calcium (Ca), copper (Cu), titanium (Ti), and oxygen (O).

ceramics, and the migration of metallic material into the metastable phase can then generate the micro-electric
path. Usually, silver (Ag) and nickel (Ni) are the representative migration materials'”'5.

In this research, Ag was selected as the electrode and material for migration. The Ag-migration effects of
CCTO ceramics that have a metastable phase can increase their relative dielectric permittivity. We assumed that
migrating the metallic component into the metastable phase in the ceramic component, forms the micro-electric
path, and as a result, enhances the capacitance. However, no experimental studies have been carried out on the
difference in behavior between the migration effect and the dielectric property of CCTO ceramics.

This study controlled the sintering time at the optimized sintering temperature to observe the various phase
conditions. Measurement of the relative dielectric permittivity, energy dispersive spectroscopy (EDS) and cur-
rent density—electric field (J-E) properties in the fully sintered phase and partially sintered phase enabled the
Ag-migration effect in CCTO to be analyzed and characterized.

Results and Discussion

We have attempted to control the phase of CCTO ceramics, expecting that controlling the sintering time could
achieve a metastable phase of CCTO ceramics. The as-sintered CCTO ceramics were analyzed by FE-SEM and
EDS to observe the surface morphology, determine the stoichiometric composition of small and large grains,
and check the metastable phases. Figure 1a,b and ¢ show the FE-SEM images for the surface microstructure of
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Ca 5.49 5.77 5.90 2.56 5.98
Cu 16.27 17.26 17.41 29.27 17.73
Ti 23.36 24.84 25.04 10.70 25.50
(6] 54.88 52.13 51.64 57.47 50.79

Ca 4.62 4.51 593 4.84 4.30 6.53 6.88
Cu 15.56 10.23 17.11 23.25 12.72 19.92 16.89
Ti 20.84 18.25 24.43 19.90 18.47 28.08 3112
(€] 58.98 66.82 52.53 51.66 64.51 45.47 44.99
Ag 0 0.19 0 0.35 0 0 0.12

Table 1. Chemical composition of grain, grain boundary and metastable phase for the as-sintered and Ag-
migrated CaCu;Ti,O,, ceramics sintered at 1125°C in air for 0.5h, 2h, and 12 h.

0.5h, 2h, and 12h sintered CCTO ceramics, respectively, without the post-heating process. Grain growth was
not observed in the CCTO ceramics sintered for 0.5h, except for the CCTO ceramics sintered for 2h and 12h.
In addition, the average particle size of the 0.5h sintered CCTO ceramics was around 1 um. It was found that
the increased sintering time could promote grain growth and dense microstructure'®. While small grains were
observed for the 0.5h sintered CCTO ceramics, both small and large grains, as well as a metastable phase, were
observed for the 2 h sintered CCTO ceramics, and very large grains were observed for the 12h sintered CCTO
ceramics.

The EDS analysis allows the stoichiometric composition in the various regions in the CCTO ceramics to be
measured. Table 1 shows the measured stoichiometric composition of the as-sintered CCTO (Ca,Cu;Ti,O,,)
ceramics. The elemental contents of grain, grain boundary and metastable phase represented by error bars are
shown in Figure S4. The measured composition ratio of small grains (Pt. 1, Fig. 1a) for the 0.5h sintered CCTO
almost matched the stoichiometric composition (Figure S1). However, increasing the sintering time to 2h,
resulted in some parts of the grains in the CCTO ceramics being grown as metastable phase. Figure 1b shows
this phenomenon. The EDS result of the 2 h sintered CCTO ceramic showed the composition ratio in the large
grain region (Pt. 2, Fig. 1b) to be similar to that of the small grain region (Pt. 3, Fig. 1b). These composition ratios
in the large and small grains almost matched the stoichiometric composition. However, Pt. 4 in Fig. 1b showed
a nonstoichiometric ratio, which is the metastable phase (Figure S2). The 12h sintered CCTO ceramics showed
relatively large grains, and no small grains, compared with those of other specimens. The EDS analysis showed
that the large grains (Pt. 5, Fig. 1¢) almost matched the stoichiometric composition (Figure S3). The FE-SEM and
EDS results indicate that the longer sintering time contributes to grain growth and densification. Moreover, a
metastable phase was not observed in the 0.5h and 12 h sintered CCTO ceramics. The formation mechanism of
the metastable phase can be explained as liquid phase sintering behavior which segregated Cu rich phase in case
of CCTO ceramics. It was shown that Cu rich phase segregates out of CCTO grain towards the grain boundary
and then forms metastable phase by increasing the dwell time. Cu rich phase was not segregated in 0.5 h sintered
CCTO ceramic, but it was segregated to grain boundary region as the metastable phase with the sintering dwell
time increased to 2 h. The segregated Cu rich phase was evaporated as the sintering time increases to 12 h.

In order to verify the distribution of the metastable phase, EDS elemental mapping was performed on CCTO
ceramics sintered with different conditions. The EDS mapping shows a distinct distribution of specific elements
within an inspection field, as indicated by unique colors. Also, the bright spots in the EDS mapping correspond
to a high concentration of the mapped element. The EDS elemental mapping results show the degree of calcium
(Ca), copper (Cu), titanium (T1), and oxygen (O) concentration based on the SEM images in Fig. 1. The colors
representing the Ca, Cu, Ti, and O elements are purple, cyan, green, and red, respectively. The Cu rich region,
indicated as the brightest part of the EDS analysis, was only observed in the 2 h sintered CCTO ceramics, espe-
cially near the grain boundaries. The degree of brightness modulation corresponds to the intensity of stoichio-
metric composition in Table 1. We believe that this Cu rich region could form the metastable phase during the
sintering process. In contrast to the 2h sintered CCTO ceramics, no metastable phase region was observed in the
CCTO ceramics sintered for 0.5h and 12 h. The different grain size distribution and chemical composition of the
CCTO specimens, as a result of the different sintering times, may have caused the differences in their dielectric
and electrical properties after the Ag-migration process.

The ternary system CaO-CuO-TiO, was reported for CCTO ceramics by Gibbs energy and XRD analysis®*?!.
Jacob et al. carried out the measurement of oxygen potential to determine the standard Gibbs energy of formation
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Figure 2. (a) Phase relations in the ternary system CaO-CuO-TiO, for theoretical Ca,Cu;Ti,0,, ceramics,
experimental 0.5h, 2h, and 12 h sintered CaCu;Ti O, ceramics depending on position. (b) X-ray diffraction
profiles of the as-sintered CaCu;Ti,O,, ceramics sintered at 1125°C in air for 0.5h, 2h, and 12 h.

of CCTO. It was reported the presence of CaTiO;, Ca;Ti,0,, and Ca,Ti;0,, compounds along the CaO-TiO,
binary at 1000°C in 0.165 (Po,/P°) < 1. Also, Ca,CuOj; phase was present along the CaO-CuO binary. In order
to explain the metastable phase of 2h sintered CCTO, phase diagram was analyzed. Figure 2a shows the phase
relations in the ternary system CaO-CuO-TiO, for theoretical Ca,Cu;Ti,0,, ceramics and experimental 0.5h,
2h, and 12 h sintered CaCu;Ti,0,, ceramics depending on position. The phase diagrams are based on measured
stoichiometric composition of the as-sintered CCTO in the Table 1. In Fig. 2a, the phases of all grains except
for the metastable phase are close to theoretical Ca,Cu;Ti,O,, phase. It means that there is less possibility of the
secondary phase existence in 0.5h and 12h sintered CCTO than 2 h sintered CCTO that has metastable phase.

Figure 2b shows the XRD patterns of the CCTO ceramics, which were sintered at 1125°C for 0.5h, 2h, and
12h. The XRD analysis shows that for the 0.5h and 12h sintered specimens, the CCTO ceramics have a perovskite
structure without any pyrochlore phase. However in the 2 h sintered CCTO ceramics, secondary phases of TiO,
(27.5°) and CuO (36°) were observed. The secondary phases were reported such as CaTiO;, CuO, TiO, depend-
ing on the sintering temperature and the mixing process by types of mixing medium in synthesizing®>?*. In this
study, TiO, and CuO phases appear in the 2 h sintered CCTO ceramics, which can be attributed to the separated
Cu phase.

In order to verify the Ag-migration effect on the metastable phase, EDS elemental mapping was performed on
CCTO ceramics sintered with different conditions. Figure S8 shows the EDS micrograph of Ag-migrated CCTO
ceramics. Although various attempts have been made to analyze the migrated Ag by EDS mapping, it has been
analyzed only by the whole image. It is very difficult to identify the Ag on metastable phase and grain boundary
using EDS mapping because the measurement limitation of EDS mapping and the amount of migrated Ag are
quite small. Therefore, it is considered efficient to use chemical composition analysis and electrical characteris-
tics. Figure 3a,c and e show the FE-SEM images for the Ag-migrated CCTO ceramics sintered at 0.5h, 2h, and
12h, respectively. Figure 3b,d and f are magnified views of the Ag-migrated CCTO ceramics. Various points of
the grains, grain boundaries, and metastable phase regions were checked (from Pts. 1 to 7), and their compo-
sition ratios were measured by EDS analysis. Table 1 shows the degrees of concentration of Ca, Cu, Ti, O, and
Ag that were measured. Surprisingly, Fig. 3d shows the Ag element was detected in the metastable phase region
including the grain boundaries (Pt. 4) in the 2 h sintered CCTO ceramics (Figure S6). Also, it was detected in the
grain boundary region at Pt. 2 in Fig. 3b (Figure S5) and Pt. 7 in Fig. 3f (Figure S7). However, Ag element was
not detected in the small and large grain region (Pts. 1, 3, 5 and 6). This means that in the 2h sintered CCTO
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Figure 3. EDS analysis of FE-SEM images for the CaCu;Ti,O,, ceramics sintered at 1125 °C for (a) and (b)
0.5h, (c) and (d) 2h, and (e) and (f) 12h after the Ag-migration process at 700 °C in air for 1h.

ceramics after the post-heating process, Ag element was migrated into the metastable phase. The migration can
occur through the metastable phase or extended defects such as grain boundary. In general, the migration is
more effective at the grain boundary rather than grain, because the activation energy of grain boundary is much
smaller with the extended defects?®. Thus, Ag can be expected to migrate through the metastable phase and grain
boundaries compared to grain region where is chemically proportional.

In order to confirm the existence of the metastable phase region and the migration effect, as-sintered and
Ag-migrated CCTO ceramics sintered for 2h were prepared for transmission electron microscopy (TEM).
Figure 4a and b show the TEM images and the selected area electron diffraction (SAED) patterns of the large and
small grains of as-sintered CCTO ceramics that correspond to Pts. 2 and 3 in Fig. 1b, respectively. The large and
small grains show similar SAED patterns. Figure 4c shows the TEM image and SAED pattern of the metastable
phase region of the as-sintered CCTO ceramics that corresponds to Pt. 4 in Fig. 1b. The SAED pattern of the
metastable phase region differs significantly from those for the large and small grain sized CCTO ceramics. From
the SAED pattern for Inserts a and b in Fig. 4, crystalline properties of (—101), (0-11) and (1-10) are evident. In
contrast, crystalline properties are not evident, as shown in the SAED pattern of Insert ¢ in Fig. 4. It seems that an
appreciably different SAED spot appears, because the CCTO ceramic shows twinned and misoriented structure,
and a nonstoichiometric composition dependent sintering process?*°. Moreover, there is contrast difference in
Fig. 4c which defects are presented with increased contrast”. This means that the large and small grains have rel-
atively crystalline properties, compared with those of metastable phase. EDS, XRD, and TEM analysis of the 2h
sintered CCTO ceramic clearly show a metastable phase region. In this metastable phase, the migration process
can lead to the formation of the micro-electric path in the CCTO ceramic. Figure 4d shows the SAED pattern of
the metastable phase region in the Ag-migrated CCTO ceramic, which corresponds to Pt. 4 in Fig. 3d. Although
change of SAED patterns is apparent between the metastable phase regions of the as-sintered and Ag-migrated
CCTO ceramics, we have not evidently detected the metastable phase. It is because of low dimensional Cu rich
region and change the extinction of the reflections®. EDS analysis confirmed the presence of the migrated Ag in
the CCTO ceramics.

Figure 5a and b show the frequency dependences of the relative dielectric permittivity and the dielectric loss
for the as-sintered and Ag-migrated CCTO ceramics, respectively, sintered at 1125 °C for 0.5h, 2h, and 12h.
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Figure 4. TEM images and selected area diffraction patterns of (a) large grain region, (b) small grain region,
and (c) metastable phase region including grain boundary for the as-sintered CaCu;Ti,0,, ceramics sintered
for 2h. (a)-(c) correspond to Pts. 2-4, respectively, in Fig. 1b. TEM image and SAED pattern of (d) metastable
phase region for Ag-migrated CaCu;Ti O, ceramics sintered for 2h corresponding to Pt. 4 in Fig. 3d.

Figure 5a shows that before the post-heating process, the relative dielectric permittivity €, at a frequency of 1 kHz
of all the as-sintered CCTO ceramics was more than 8,500. The relative dielectric permittivity of the CCTO
ceramics was increased with increasing sintering time. This could be due to the increased grain size, which is a
result of the decreased porosity of the as-sintered CCTO specimens, as confirmed by the FE-SEM micrograph
(Fig. 1). The relative dielectric permittivity for Ag-migrated CCTO ceramics was colossally increased after the
post-heating process in air at 700 °C for 1h, as seen in Fig. 5b. At a frequency of 1kHz, the relative dielectric
permittivities of Ag-migrated CCTO ceramics sintered for 0.5h, 2h, and 12h were 178.3 x 10°, 565.9 x 10 and
92.6 x 107, respectively. In particular, the relative dielectric permittivity of Ag-migrated CCTO sintered for 2h
was almost 52 times that of the as-sintered CCTO ceramic; this Ag-migrated CCTO specimen has the highest
value among the specimens. The metastable phase behavior was reported depending on sintering temperature
and dwell time®. The relative dielectric permittivity of CCTO ceramic sintered at 1050 °C was higher than that
of the CCTO ceramic sintered at 1100 °C. This is not in agreement with our study that the relative dielectric per-
mittivity of the CCTO ceramics was increased with increasing sintering time, but may be associated with grain
growth observed here. Moreover, it is a remarkable difference that the relative dielectric permittivity of CCTO
ceramics has achieved a colossal growth employing Ag-migration effect on metastable phase and grain bound-
ary by post-annealing process. Additionally, the increase of the relative dielectric permittivity of Ag-migrated
CCTO sintered for 12 h was less than that of the Ag-migrated CCTO sintered for 0.5h. Since the 0.5h sintered
CCTO ceramics have a greater number of grain boundaries than the 12h sintered CCTO ceramics, Ag can more
easily migrate into the grain boundaries. As a result, a much higher relative dielectric permittivity was observed,
compared with the 12h sintered CCTO. Figure S9 show the variation of the imaginary part (¢”) of the complex
dielectric constant with frequency at different sintering time of the as-sintered and Ag-migrated CCTO ceramics.

In order to understand the impedance properties of the CCTO ceramics, the complex impedance meas-
urements of as-sintered and Ag-migrated CCTO ceramics were analyzed. Figure 6a and b show the complex
impedance spectra (Cole-Cole plots) of the as-sintered and Ag-migrated CCTO ceramics, respectively, sintered
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Figure 5. Frequency dependence of the relative dielectric permittivity and dielectric loss for the (a) as-sintered,
and (b) Ag-migrated CaCu;Ti,0,, ceramics sintered at 1125°C in air for 0.5h, 2h, and 12 h.

at 1125°C for 0.5h, 2h, and 12 h. The Insets show magnified views of the high-frequency region close to the
origin. Generally, impedance plots are composed of two semicircular arcs; the intercept of one arc on the real
axis indicates the grain resistance (R;), while the intercept of the other arc indicates the grain boundary resist-
ance (Rgp)*. Frequency dependent impedance plots of the 0.5h, 2h, and 12 h sintered CCTO ceramics can be
modeled as one very weak semicircle and one normal semicircle of the grain and grain boundaries, respectively.
Therefore, the insets correspond to the impedance plots of high frequency, which are related to the grain proper-
ties. Figure 6a shows that the R increased with increasing sintering time for the 0.5h, 2h, and 12h as-sintered
CCTO ceramics. Figure 6b shows that the Ag-migration process decreased the R of all the CCTO specimens.
In particular, the Rgp of Ag-migrated CCTO sintered for 2h decreased from 120,000 Q to 166 Q; the measured
resistance value was the lowest, and reduced to 0.138% of that without the post-heating process. We believe these
drastically decreased resistance values probably derive from the Ag-migration effect into the CCTO specimen.
The developed micro-electric path after the post-heating process helped to increase the capacitance values, as
discussed, and as shown in Fig. 5. On the other hand, the without and with Ag-migration effect showed no sig-
nificant difference in R;. The insets show the resistance of the grain region, which has no area for Ag-migration.
Therefore, R in the grains region did not change with the introduction of the Ag-migration process. As a result,
we are convinced that the Ag-migration phenomenon occurs into the metastable phase and the grain boundary
area, rather than in the more stable phase, such as the grain area of CCTO ceramics.

Figure 6¢ and d show the electric field (E) dependent current density (J) plots of the as-sintered and
Ag-migrated CCTO ceramics sintered at 1125°C in air for 0.5h, 2h, and 12h, respectively. The current density
of the as-sintered CCTO ceramics increased with increasing sintering time. Before the post-heating process, the
leakage current density of the 12 h sintered CCTO was higher than those of the other two specimens. In general,
dielectric materials have a nonlinear current density (J) - electric field (E) relationship (J-E) that withstands
leakage current to a certain level of threshold voltage. Therefore, by measuring the nonlinear J-E characteristic
curve, the electrical properties of a specimen can be used to distinguish between the dielectric and conduc-
tor materials. The J-E properties of CCTO ceramics have been shown to have a strongly nonlinear relation-
ship*3!. Figure 6d shows that the Ag-migration process colossally increased the leakage current density. Similarly,
with the increase in relative dielectric permittivity, the 2 h sintered CCTO showed the highest current density
among the three specimens, and the leakage current density reached almost 884 times higher than that of the
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Figure 6. Cole-Cole plots of the (a) as-sintered, and (b) Ag-migrated CaCu;Ti,O, ceramics sintered at 1125°C
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origin. Current density versus electric field of the (c) as-sintered, and (d) Ag-migrated CaCu;Ti,O,, ceramics.
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Figure 7. Schematic of the Ag-migration phenomenon into metastable phase including grain boundary for the
2h sintered CaCu,Ti,O,, ceramics.

as-sintered CCTO ceramic measured at 60 V/cm. Additionally, after the Ag-migration process the 0.5h sintered
CCTO ceramics showed a higher leakage current density than that of the 12h sintered CCTO ceramics. These
results indicate that the Ag-migration effect into the metastable phase, including the grain boundaries, colossally
increased the current density. We believe this increased leakage current density probably derived from the devel-
oped micro-electric path into the metastable phase during the post-heating process.

Figure 7 shows a schematic of the Ag-migration into the metastable phase region including a grain boundary
for the 2 h sintered CCTO ceramics. The post-heating process can migrate Ag material into the metastable region,
and form a micro-electric path through the metastable phase and grain boundary region.
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We reported on the Ag-doping effect to CCTO ceramics on microstructure and dielectric properties®. The
surface morphologies of 1-4 mol% Ag-doped CCTO ceramics sintered at temperatures from 975 to 1125 °C for
12 h were investigated. The sintering temperature was decreased by Ag dopant as a sintering aid in the CCTO
ceramics. Moreover, the relative dielectric permittivity of Ag-doped CCTO ceramic was increased. Although
the low sintering temperature and dielectric properties were improve by Ag-doping effect, it is different from the
Ag-migration effect to CCTO ceramics. In this study, the metastable phase of CCTO ceramics can be achieved by
controlling the sintering time. After the sintering process, a post-heating process at 700 °C for 1 h was employed
to migrate the Ag materials into the CCTO ceramics. Therefore, we artificially controlled Ag-migration into the
metastable phase region, which could generate the micro-electric path; as a result, we could increase the relative
dielectric permittivity by a large margin. It is strongly suggested that developing the micro-electric path through
the Ag-migration process into the metastable phase and grain boundaries can colossally increase the relative die-
lectric permittivity of the CCTO ceramics. Therefore for electronic device applications, the Ag-migration process
into the metastable phase can be performed, introducing a micro-electric path to enhance the relative dielectric
permittivity.

Conclusions

In this research, the metastable phase of CCTO ceramics was designed and prepared with the intention of
employing the Ag-migration process to develop a micro-electric path into the CCTO ceramics. We modulated
the sintering time to prepare the metastable phase of CCTO ceramics. The EDS analysis revealed the metastable
phase in the 2h sintered CCTO ceramics; therefore, the post-heating process migrated Ag into the metastable
phase. Also, the Ag element was detected in the grain boundary of CCTO ceramics sintered for 0.5h and 12h.
Development of the micro-electric path through the Ag-migration process colossally increased the relative die-
lectric permittivity of the 2 h sintered CCTO ceramics. Impedance spectroscopy and J-E plot results support that
the Ag-migration phenomenon occurs into the metastable phase and grain boundary, rather than in the more
stable CCTO phase to grain region. Ag-migration into the metastable phase by the post-heating process in CCTO
ceramics develops the micro-electric path to promote colossal relative dielectric permittivity.

Materials and Methods

Preparation of the as-sintered and Ag-migrated CaCu;Ti,O,, ceramics. CaCu,Ti,O,, powders
were prepared by employing Ca(OH), (Aldrich, 95% purity), CuO (High Purity Chemicals, 99.99% purity), and
TiO, (Aldrich, 99.9% purity from rutile) powders. These stoichiometric powders were ball-milled using ZrO,
balls with ethyl alcohol for 24 h. The dried powders were calcined at 900 °C in air for 12h at a rate of 5°C/min,
and then slowly cooled to room temperature. The CCTO powder was pressed (1 ton) into cylindrical pellets of
12 mm diameter and 1.5 mm thickness. The pellets were sintered in an electrical furnace at 1125°C for 0.5h, 2h,
and 12h. In order to measure the dielectric properties and metallic migration, the polished CCTO specimens
were coated with a conducting silver paste. The Ag-coated CCTO specimens were post-heated at 700 °C in air for
1 h to achieve Ag migration.

Measurement of the as-sintered and Ag-migrated CCTO ceramics. The EDS experimental analysis
showed migrated Ag in the metastable phase and grain boundaries. The relative dielectric permittivity (e,), die-
lectric loss (tan §), and complex impedance of the CCTO specimens were measured by employing an Agilent
4294A precision impedance analyzer (40 Hz-110 MHz). The complex impedance (Z*) was calculated using the
expression,

o=z~ jz (1)

where, Z* is the complex impedance, and Z’ and Z” are the real and imaginary parts of the complex impedance,
respectively. Transmission electron microscopy (TEM; Tecnai F30 ST field-emission gun instrument) was used
to observe the atomic arrangement and SAED patterns. Energy dispersive spectroscopy (JEOL 5410, UK) was
performed to investigate the chemical compositions of the CCTO ceramics. The electric field dependent leakage
current density (J-E) characteristic at room temperature was measured by Keithley 6517 A electrometer/high
resistance meter.

References
1. Homes, C. C,, Vogt, T., Shapiro, S. M., Wakimoto, S. & Ramirez, A. P. Optical response of high-dielectric-constant perovskite-related
oxide. Science 293, 673-676 (2001).
2. Subramanian, M. A, Li, D., Duan, N., Reisner, B. A. & Sleight, A. W. High Dielectric constant in ACu;Ti,O,, and ACu,Ti;FeO,,
phases. J. Solid State Chem. 151, 323-325 (2000).
. Ramirez, A. P. et al. Giant dielectric constant response in a copper-titanate. Solid State Commun. 115, 217-220 (2000).
4. Chung, S. Y, Kim, I. D. & Kang, S.J. L. Strong nonlinear current-voltage behaviour in perovskite-derivative calcium copper titanate.
Nat. Mater. 3,774-778 (2004).
5. Adams, T. B., Sinclair, D. C. & West, A. R. Giant barrier layer capacitance effects in CaCu,Ti,0,, ceramics. Adv. Mater. 14, 1321-1323
(2002).
6. Sinclair, D. C., Adams, T. B., Morrison, F. D. & West, A. R. CaCu;Ti,O,,: One-step internal barrier layer capacitor. Appl. Phys. Lett.
80, 2153-2155 (2002).
7. Prakash, B. S. & Varma, K. B. R. Dielectric behavior of CCTO/epoxy and Al-CCTO/epoxy composites. Compos. Sci. Technol. 67,
2363-2368 (2007).
8. Pecharroman, C., Esteban-Betegon, E, Bartolomé, J. E,, Lopez-Esteban, S. & Moya, J. S. New percolative BaTiO;-Ni composites with
a high and frequency-independent dielectric constant (¢, ~ 80000). Adv. Mater. 13, 1541-1544 (2001).
9. Wang, C., Fang, Q. E & Zhu, Z. G. Enhanced dielectric properties of low-temperature sintered SrBi,Nb,O,/Ag composites. Appl.
Phys. Lett. 80, 3578-3580 (2002).
10. He, E, Lau, S., Chan, H. L. & Fan, J. High dielectric permittivity and Low percolation threshold in nanocomposites based on
poly(vinylidenefluoride) and exfoliated graphite nanoplates. Adv. Mater. 21, 710-715 (2009).

w

SCIENTIFICREPORTS| (2018) 8:1392 | DOI:10.1038/s41598-018-19241-0 9



www.nature.com/scientificreports/

11. Nan., C. W. Physics of inhomogeneous inorganic materials. Prog. Mater. Sci. 37, 1-116 (1993).

12. Kane, R. H., Giessen, B. G. & Grant, N. . New metastable phases in binary tin alloy systems. Acta Metall Mater. 14, 605-609 (1966).

13. McPherson, R. Formation of metastable phases in flame- and plasma-prepared alumina. J. Mater. Sci. 8, 851-858 (1973).

14. Penn, R. L. & Banfield, J. F. Oriented attachment and growth, twinning, polytypism, and formation of metastable phases: Insights
from nanocrystalline TiO,. Am. Miner. 83, 1077-1082 (1998).

15. Clarkson, J. R, Price, T.]. & Adams, C. J. Role of metastable phases in the spontaneous precipitation of calcium carbonate. J. Chem.
Soc. -Faraday Trans. 88, 243-249 (1992).

16. Lee, J. W. & Koh, J. H. Grain size effects on the dielectric properties of CaCu,Ti,O, ceramics for supercapacitor applications. Ceram.
Int. 41, 10442-10447 (2015).

17. Zuo, R, Li, L. & Gui, Z. Infuence of silver migration on dielectric properties and reliability of relaxor based MLCCs. Ceram. Int. 26,
673-676 (2000).

18. Dumesic, J. A., Stevenson, S. A., Sherwood, R. D. & Baker, R. T. K. Migration of nickel and titanium oxide species as studied by in
situ scanning transmission electron microscopy. J. Catal. 99, 79-87 (1986).

19. Chen, I. W. & Wang, X. H. Sintering dense nanocrystalline ceramics without final-stage grain growth. Nature 404, 168-171 (2000).

20. Jacob, K. T., Shekhar, C., Li, X. & Kale, G. M. Gibbs energy of formation of CaCu;Ti,O,, and phase relations in the system
CaO-CuO/Cu,0-TiO,. Acta Mater. 56, 4798-4803 (2008).

21. Lee, S. Y., Kim, H. E. & Yoo, S. I. Subsolidus Phase Relationship in the CaO-CuO-TiO, Ternary System at 950 °C in Air. J. Am.
Ceram. Soc. 97,2416-2419 (2014).

22. Prakash, B. S. & Varma, K. B. R. The influence of the segregation of Cu-rich phase on the microstructural and impedance
characteristics of CaCu;Ti O, ceramics. J. Mater. Sci. 42, 7467-7477 (2007).

23. Zaman, R. A. et al. Role of mixing mediums in the synthesis of single phase CaCu;Ti,0,, (CCTO). J. Ceram. Precess. Res. 17,
626-631 (2016).

24. Mehrer, H. Diffusion in Solids: Fundamentals, Methods, Materials, Diffusion-Controlled Processes, Springer, Berlin, Heidelberg
(2007).

25. Tselev, A. et al. Evidence for power-law frequency dependence of intrinsic dielectric response in the CaCu;Ti,0,,. Phys. Rev. B 70,
144101 (2004).

26. Wu, L., Zhu, Y., Park, S., Shapiro, S. & Shirane, G. Defect structure of the high-dielectric-constant perovskite CaCu,Ti,O,. Phys. Rev.
B71,014118 (2005).

27. Hashimoto, A. et al. Direct evidence for atomic defects in graphene layers. Nature 430, 870-873 (2004).

28. Zheng, ]. C. et al. Nanoscale disorder and local electronic properties of CaCu;Ti,O,,: An integrated study of electron, neutron, and
x-ray diffraction, x-ray absorption fine structure, and first-principles calculations. Phys. Rev. B 81, 144203 (2010).

29. Lohnert, R., Schmidt, R. & Topfer, J. Effect of sintering conditions on microstructure and dielectric properties of CaCu,;Ti,0,,
(CCTO) ceramics. J. Electroceram. 34, 241-248 (2015).

30. Park, S. U. & Koh, J. H. Dielectric properties of Ag-doped 0.94(K, sNa, 5)NbO;-0.06LiNbO; ceramics prepared by templated grain
growth. Mater. Res. Bull. 58, 69-73 (2014).

31. Sun, D. L., Wu, A. Y. & Yin, S. T. Structure, properties, and impedance spectroscopy of CaCu;Ti,0,, ceramics prepared by sol-gel
process. J. Am. Ceram. Soc. 91, 169-173 (2008).

32. Lee, J. W. & Koh, J. H. Enhanced dielectric properties of Ag-doped CCTO ceramics for energy storage devices. Ceram. Int. 43,
9493-9497 (2017).

Acknowledgements
This research was supported by Basic Science Research Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Science, ICT & Future Planning (2016R1A2B4011892).

Author Contributions

J.W.L. and J.H.K. contributed to the design of the study. G.H.L. carried out the EDS analysis. D.J.S. and J.K.
synthesized and characterized the CCTO ceramics. J.W.L. and S.].J. wrote the manuscript. All authors reviewed
the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-19241-0.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:1392 | DOI:10.1038/s41598-018-19241-0 10


http://dx.doi.org/10.1038/s41598-018-19241-0
http://creativecommons.org/licenses/by/4.0/

	Ag-migration effects on the metastable phase in CaCu3Ti4O12 capacitors

	Results and Discussion

	Conclusions

	Materials and Methods

	Preparation of the as-sintered and Ag-migrated CaCu3Ti4O12 ceramics. 
	Measurement of the as-sintered and Ag-migrated CCTO ceramics. 

	Acknowledgements

	Figure 1 Surface morphology and chemical composition with various sintering times.
	Figure 2 (a) Phase relations in the ternary system CaO-CuO-TiO2 for theoretical Ca1Cu3Ti4O12 ceramics, experimental 0.
	Figure 3 EDS analysis of FE-SEM images for the CaCu3Ti4O12 ceramics sintered at 1125 °C for (a) and (b) 0.
	Figure 4 TEM images and selected area diffraction patterns of (a) large grain region, (b) small grain region, and (c) metastable phase region including grain boundary for the as-sintered CaCu3Ti4O12 ceramics sintered for 2 h.
	Figure 5 Frequency dependence of the relative dielectric permittivity and dielectric loss for the (a) as-sintered, and (b) Ag-migrated CaCu3Ti4O12 ceramics sintered at 1125 °C in air for 0.
	Figure 6 Cole-Cole plots of the (a) as-sintered, and (b) Ag-migrated CaCu3Ti4O12 ceramics sintered at 1125 °C in air for 0.
	Figure 7 Schematic of the Ag-migration phenomenon into metastable phase including grain boundary for the 2 h sintered CaCu3Ti4O12 ceramics.
	Table 1 Chemical composition of grain, grain boundary and metastable phase for the as-sintered and Ag-migrated CaCu3Ti4O12 ceramics sintered at 1125 °C in air for 0.




