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Abstract

The formation of the internal barrier layer capacitor (IBLC) structure in CaCu;3Ti;O;, (CCTO) ceramics was found to be facilitated by the ceramic
heat treatment. Electrically insulating grain boundary (GB) and semi-conducting grain interior areas were characterized by impedance spectroscopy
to monitor the evolution of the IBLC structure with increasing sintering temperature 75 (975-1100°C). The intrinsic bulk and GB permittivity
increased by factors of 22 and 300, respectively and the bulk resistivity decreased by a factor of 2103, These trends were accompanied by increased
Cu segregation from the CCTO ceramics as detected by scanning electron microscopy and quantitative energy dispersive analysis of X-rays. The
chemical changes due to possible Cu-loss in CCTO ceramics with increasing Ts are small and beyond the detection limits of X-ray absorption

spectroscopy near Cu and Ti K-edges and Raman Spectroscopy.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

The ternary oxide compound CaCusTisO1 (CCTO) is a
1:3 A-site ordered perovskite (A’A”3B40;2) where the oxy-
gen octahedra are strongly tilted and the A” site Cu cations
adopt a fourfold square-planar coordination. The CCTO unit cell
is a doubled simple perovskite cell and is commonly indexed
as cubic Im-3. CCTO has attracted great interest due to its
exceptionally high dielectric permittivity value &’'~%; in CCTO
ceramics the highest values reported are ~2300,000.'%! It is now
established that the origins of such high permittivity values are
extrinsic in nature!%!2 and are commonplace phenomena in a
large range of CCTO based compounds.”-'3 In polycrystalline
CCTO ceramics such extrinsic effects have been identified as
an internal barrier layer capacitor (IBLC) structure, consisting
of semi-conducting grains separated by thin insulating grain
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boundaries (GBs) leading to high & values.'>!%!3 Furthermore,
a sample-electrode interface effect has been suggested to con-
tribute to the high permittivity as well,'® especially in single
crystals where GBs are absent.!”

A typical ceramic IBLC structure is depicted in Fig. la
where semi-conducting (bulk) grain interiors are shown in grey
whereas the surrounding insulating grain boundary areas are
colorless. No percolation path for high conductivity is available
and the macroscopic direct current (dc) resistance is insulating.
By carrying out alternating current (ac) impedance spectroscopy
(IS) it appears that at sufficiently high frequencies a sharp drop in
dielectric permittivity occurs in &’ vs fplots and the giant extrin-
sic GB value ¢, reduces to a bulk relative dielectric permittivity
g1 of 2100 (Fig. 1b).'%19 This is the typical behavior of an IBLC
structure, where the sharp permittivity drop occurs when the
mean electron conduction path permitted by the applied alter-
nating voltage signal decreases below the average grain size
at increased frequency. The high frequency dielectric response
is, therefore, dominated by the conducting bulk (grains) and
the low frequency response by the insulating GB contribution.
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Fig. 1. Internal barrier layer capacitor (IBLC) structure in CCTO: (a) Ceramic grains are represented schematically by cubes (solid lines). The semi-conducting
(grain) bulk areas are represented by smaller grey cubes. The surrounding insulating grain boundary areas are colorless. No percolation path for high conductivity
is available and the macroscopic dc resistance is insulating. (b) Impedance spectroscopy (IS) data from CCTO ceramics represented in the notation of the real part
of capacitance C’ (effectively &') vs frequency. Image reproduced from Ref.* with permission from the American Institute of Physics (AIP). (c) Idealized equivalent

circuit model to account for GB and bulk dielectric relaxation processes.

Both dielectric relaxation processes (GB and bulk) can each be
described ideally by one parallel resistor—capacitor circuit (RC
element) and the macroscopic behavior can be represented by
a series circuit of two RC elements as demonstrated in Fig. Ic.
The resistors R1 and R2 correspond to the bulk and GB resis-
tivity (p1 and p»), respectively and the capacitors C1 and C2
represent bulk and GB permittivity (¢; and &), respectively. In
CCTO ceramics the inhomogeneous dielectric behavior can be
rather pronounced: GB and bulk resistivity can differ by a fac-
tor of up to ~10°, and the activation energy, E,, associated with
either bulk or GB conduction processes can differ by up to a fac-
tor of ~210.29-2! Especially the large difference in E, is a strong
indicator that different charge transport mechanisms and, there-
fore, significant chemical differences between GB and bulk areas
must exist. Despite considerable previous research efforts, such
underlying chemical differences between GB and bulk in CCTO
are still not yet fully understood. Especially the low bulk resistiv-
ity in nominally insulating stoichiometric CaCu3TisO1; has lead
to controversial discussions over potential non-stoichiometry to
be responsible for inducing semi-conductivity. Whereas in thin
films the formation of oxygen vacancies has been reported,
such claims had been negated in polycrystalline ceramics>* and
the most frequently postulated explanation in the literature is
Cu deficiency on the A” CCTO lattice site.>** Direct chemical
evidence though for any of the postulated solid solution mod-
els explaining non-stoichiometry has not been encountered so
far. In this work the differences between GB and bulk in CCTO
are elucidated by studying the effect of sintering temperature
Ts on the ceramic IBLC structure in terms of the conducting
bulk and insulating GB dielectric relaxations which were sepa-
rately analyzed by using temperature dependent IS (10-320 K).
Increasing Ts from 975 to 1100 °C leads to a factor of ~103

decrease in bulk resistivity pj, an increase in GB permittivity
&7 by a factor of ~300 and an increase of bulk dielectric per-
mittivity &1 by a factor of ~2. As the dielectric properties of
both the bulk and GB regions show high sensitivity to heat treat-
ment, it seems reasonable that the large differences between
such bulk and GB dielectric properties may themselves also
be related to the heat treatment. It is shown here that the step-
feature in the ¢’ vs f plot (Fig. 1b) evolves and becomes more
pronounced with increasing T, thus supporting the hypothesis
of increasing dielectric inhomogeneity as a result of the evolv-
ing chemical differences between GB and bulk with increasing
Ts.

Attempts to directly measure any underlying chemi-
cal/crystallographic differences in CCTO ceramics due to
variations in Ts have been made, but X-ray absorption spec-
troscopy near the Cu and Ti K-edges (XANES) and Raman
spectroscopy failed to reveal any significant changes. Such
changes must therefore be small and the dielectric proper-
ties of CCTO appear to be highly sensitive to subtle chemical
and/or structural modifications. Scanning electron microscopy
(SEM) operating in backscattered electron mode combined with
high resolution qualitative energy dispersive analysis of X-rays
(EDAX) on sintered ceramics revealed increased segregation
of a Cu-rich phase with increasing 7s and accumulation on
the ceramic surfaces, with the segregation being clearly visi-
ble at Ts ~ 1050 °C and above. For a Ts of 1100°C, some of
the Cu-rich phase appeared to volatilize as noted by an irre-
versible mass loss detected by thermal gravimetry. Furthermore,
a subtle increase of bulk lattice parameter @ with increasing 75
was detected. Quantitative EDAX spot analysis of single CCTO
grains on polished ceramic surfaces provided some indication
of Cu-loss from the main CCTO grain interior phase. Therefore,



this work presented here supports the model of Cu deficiency in
CCTO grain interior areas as a source for semi-conductivity.

2. Experimental
2.1. Powder and pellet production

CaCu3TigO12 powder was synthesized from dried reagents
of CaCOs3 (Aldrich, 99.995% purity), CuO (Aldrich, 99.99%)
and TiOy (Sigma-Aldrich, 99.99%). Mixing and grinding of
the precursors was performed using an agate pestle and mortar.
5 successive mixing/grinding and heat treatment cycles were
required to complete the reaction and achieve good homoge-
nization. Powder synthesis was performed at 975 °C in a Lenton
muffle furnace on Pt foil for 12 and 6 h in successive cycles until
the phase assemblage showed no further changes as detected
by X-ray diffraction (XRD). Rapid cooling was performed by
removing the Pt foils containing the CCTO powder from the
furnace at temperature and quenching them on a brass block.
XRD phase analysis was performed using a high-resolution
STOE STADI-P diffractometer (STOE & Cie GmbH, Darm-
stadt) with an image plate detector, Cu K/a/1 radiation in
transmission mode, operated at 40kV and 40 mA. Six pellets
were pressed from freshly crushed and ground CCTO using a
uni-axial hydraulic press (1 ton) and each pellet was sintered at
a different temperature, i.e. 975, 1000, 1025, 1050, 1075 and
1100 °C on Pt foil for 12 h followed by slow-cooling in the fur-
nace. For electrical characterization by IS the pellet surfaces
were first thoroughly polished and then covered on both sides
with Au electrodes using dc sputtering.

2.2. Impedance spectroscopy (IS) measurements

Impedance spectra of sintered pellets were obtained in terms
of separated real and imaginary parts of the complex impedance
(Z' —Z") over a large frequency range (f=10Hz to 2 MHz)
between 10 and 320K using an Agilent E4A980A LCR meter
with 100mV amplitude of the applied ac voltage signal and
an Oxford Instruments closed-cycle He refrigerator. The com-
plex data obtained in terms of Z' — Z” were converted into the
permittivity &’ — &¢”, conductivity o’ — o”’and modulus M’ — M”
notations using the standard conversions.?®>” The basic princi-
ples of IS are reviewed in the Supporting online materials, Part
L.

2.3. Scanning electron microscopy (SEM) and energy
dispersive analysis of X-rays (EDAX)

Scanning electron microscopy (SEM) combined with energy
dispersive analysis of X-rays (EDAX) was carried out on all pel-
lets sintered at different temperatures to investigate any changes
in chemical composition and the pellet microstructure. A JEOL
JSM 6400 microscope equipped with a facility for quantitative
energy dispersive analysis of X-rays (EDAX) was used. The
SEM was operated in backscattered electron mode with colour
contrast emphasizing differences in atomic number; phases con-
taining atoms of higher atomic number have a brighter contrast.

High resolution quantitative EDAX line scans were carried out
using a narrow detector opening to achieve maximum spatial
resolution along the single scanning line on the pellet.

In an attempt to detect non-stoichiometry in the main CCTO
phase, high resolution quantitative EDAX spot analysis on the
centre of single CCTO grains with a narrow detector opening
were carried out. For all sintered pellets the Ca:Cu:Ti ratios
on the centre of 25 different grains were measured to obtain a
statistical average for each sample. The penetration depth of
the electron beam spot on one single CCTO grain was esti-
mated to be 1-2 wm and, therefore, the main X-ray intensity
detected was expected to be emitted from the CCTO grain cen-
tres irrespective of the inter-granular phase. The quantitative
EDAX Ca:Cu:Ti ratios were corrected with respect to standard
samples consisting of a CuTi alloy and a CaTiOs ceramic with
predetermined 1:1 Cu:Ti and Ca:Ti atomic ratios. The fabrica-
tion of such standard samples is described in the Supporting
online materials, Part II. Furthermore, several large area EDAX
scans (150 wm x 150 wm) with a wide detector opening were
carried out on each pellet to obtain the average surface cation
concentrations.

Furthermore, the mean grain sizes for all sintered pellets were
determined from the respective backscattered SEM images by
averaging the size of 220 randomly selected CCTO grains on
each sample and the grain size distributions were investigated.

2.4. Thermal gravimetry

Thermal gravimetry was carried out on CCTO powder syn-
thesized at 1000 °C. A Perkin Elmer Pyris 1 thermogravimetric
analyzer was used to measure the mass changes of the powder
by heating up to 1100 °C. Two measurements were carried out:
(A) the cooling cycle was initiated after holding the sample at
1100 °C for 60 min, and (B) the heat ramp was reversed and the
cooling cycle initiated immediately after reaching 1100 °C.

2.5. Lattice parameter determination by X-ray diffraction

Small amounts of CCTO powder synthesized at 975 °C were
heated at 1000, 1025, 1050, 1075 and 1100°C on Pt foil for
12 h followed by rapid cooling on a brass block. Lattice param-
eter determination was achieved by mixing each powder with an
internal Si standard, and the CCTO lattice parameters were deter-
mined by XRD using the STOE STADI-P diffractometer with a
position sensitive detector (PSD). The CCTO lattice parameters
were fitted from high angle Si and CCTO reflections using a lin-
ear least squares fitting routine provided within the WinXPOW
software package.

2.6. X-ray absorption near edge spectroscopy (XANES) in
CCTO for Cu and Ti K-edges

Cu K-edge and Ti K-edge X-ray absorption spectra (XAS)
were acquired on beamline BL11.1 atthe ELETTRA light source
and on beamline X23A2 at the National Synchrotron Light
Source (NSLS), respectively. In both cases, data were collected
in transmission mode using CCTO powder samples, which had



been heated to different temperatures followed by rapid cool-
ing (see previous section). The powders were prepared for XAS
measurements by diluting with polyethylene glycol and press-
ing into thin discs to afford a thickness of approximately one
absorption length. Energy calibrations were achieved by using
Cu and Ti metal foils measured in situ with a reference ion cham-
ber. XAS data reduction and analysis was performed using the
program ATHENA.?

2.7. Raman spectroscopy

Unpolarized Raman spectra were taken at room tempera-
ture on 975, 1000, 1025, 1050, 1075 and 1100 °C sintered and
polished pellets using a Renishaw InVia micro-Raman spec-
trometer. Laser power of ~#10mW was focused on a ~20 um
spot. The spectrometer was equipped with a Peltier-cooled mul-
tichannel CCD detector and a diffraction grating 2400 L/mm,

the slit opening was 65 wm. Spectral resolution was ~1 cm™".

3. Results and discussion
3.1. Impedance spectroscopy

IS data were interpreted using the brick-work layer model,
where bulk and GB dielectric relaxations can each be described
by aparallel RC element and the macroscopic dielectric response
is represented by a series connection of two RC elements
(Fig. 1¢).?? 1S data at 80K for pellets sintered at different tem-
peratures are plotted in terms of the real part of the dielectric
permittivity ¢’ vs frequency fin Fig. 2, where two distinct per-
mittivity plateaus are shown. In the framework of dielectric
relaxations represented by RC elements, the high-permittivity
plateau at low frequencies primarily originates from the GB
contribution, whereas the low permittivity plateau at high fre-
quencies (in this work termed &1*) primarily originates from
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Fig. 2. (a) Real part of dielectric permittivity &’ vs frequency f [Hz] at 80K
for pellets sintered at various 7s. The magnitude of the GB plateau increases
significantly with Ts. (b) High frequency behavior of ¢’ vs f. Axes are identical
to the main figure. The bulk permittivity plateau &;* increases by a factor of ~2
with increasing 7.

the bulk contribution.’ It is apparent that the low frequency GB
plateau value increases substantially with increasing Ts. This
increase is far too large to be explained by the changes in grain
size or by the increase observed in the pellet density from ~80 to
~95% for Ts =975 to 1100 °C (see Supporting online materials,
Part III). From equivalent circuit analysis, it can be shown that
the value of the high permittivity plateau at low frequency is
a composite term involving all R and C components; however,
it is entirely dominated by the C term of the GB for the data
sets shown in Fig. 2. The contributions of the other compo-
nents are negligible and cannot explain the strong increase in
plateau magnitude with 7. Therefore, it can be concluded that
the GB permittivity in CCTO shows a substantial increase with
increasing Ts. This trend was confirmed from Cole—Cole plots
of ¢’ vs ¢ displaying one single arc, where the arc diameter
represents the magnitude of the GB permittivity. Such plots are
presented in the Supporting online materials, Part I. A mag-
nification of Fig. 2a data is shown in Fig. 2b focusing on the
high frequency end. It is demonstrated that the magnitude of
the bulk-dominated low permittivity plateau at high frequency
£1* increases moderately with 7. The formal expression for the
high frequency permittivity plateau €1 * based on the RC element
model (Fig. 1c) is dominated by the intrinsic bulk value ¢ but
contains a contribution from the GB permittivity €. This con-
tribution can be estimated and does not affect the general trend
(see below and Supporting online materials, Part I). Therefore,
the data in Fig. 2b can be interpreted as a modest increase in the
bulk dielectric permittivity with 7.

InFig. 3 the real part of conductivity o” is plotted vs frequency
f. At low f the data are strongly frequency dependent, whereas
at higher f'a conductivity plateau is observed. In the framework
of the brick-work layer RC element model the o’ plateau at high
f represents the intrinsic bulk conductivity. From Fig. 3 it can
be seen that at 80 K the bulk conductivity strongly increases
by a factor of ~100 with increasing Ts. Such increase in bulk
conductivity is even stronger pronounced at lower temperatures
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Fig. 3. Real part of conductivity o’ vs f[Hz] at 80 K for pellets sintered at various
Ts. The magnitude of the high f plateau associated with the bulk dielectric
relaxation increases significantly with increasing Ts indicating an increase in
bulk conductivity.



as discussed below. The lower GB conductivity is expected to
appear as a second low-conductivity plateau at low frequency.
Indications for such a low-frequency GB relaxation can be seen
in the data for 7s=1100°C in Fig. 3. The GB relaxation is
more clearly visible at higher temperatures, but strong overlap
with a non-ohmic electrode interface relaxation was apparent,
which did not allow reliable extraction of GB conductivity values
and/or trends with Ts.

The reported trend of bulk conductivity ¢’ vs Ts was
confirmed from complex plane impedance plots —Z” vs Z' dis-
playing two arcs for the bulk and GB relaxations, where the arc
diameter represents the magnitude of the resistivity of the respec-
tive contribution. Such plots are presented in the Supporting
online materials, Part I. For more clearly assessing the trends of
all circuit parameters (Fig. 1c) with Tg quantitatively, analysis
of IS data was carried out as follows:

(1) GB permittivity ¢, was obtained from the high-permittivity
plateaus at low frequency in Fig. 2 at 80 K. Contributions
from the bulk dielectric relaxation were found to be negli-
gible and therefore no correction was made to the plateau
value.

(2) Bulk permittivity ¢; was obtained from the low permittiv-
ity plateaus £1* at high frequency from data taken at 50 K,
where the e1* bulk plateau is fully developed for all sam-
ples (in Fig. 2 the samples sintered at 1075 and 1100 °C do
not show a full relaxation of ¢’ towards the bulk plateau &1 *
at high f). e1* values were corrected and the precise bulk
permittivity €1 obtained by taking into account a small con-
tribution from the GB permittivity &>, which was determined
as described in (1).

(3) Bulkresistivity p; was calculated from the bulk permittivity
&1 and the frequency of the bulk dielectric relaxation peaks
displayed in plots of the electric modulus function M” vs f
(not shown here).

All three procedures for quantitative analysis are described
in detail in the Supporting online materials, Part 1. The
trends of GB permittivity &, bulk permittivity ¢; and bulk
resistivity p; vs Ts at selected temperatures are shown in
Fig. 4. For sintering temperatures between 975 and 1100 °C
the e, values show a massive exponential increase with Tg
by a factor of ~300 (Fig. 4a). This increase is in agreement
with previous work on CCTO ceramics sintered at different
temperatures,>® but is significantly more pronounced as was
found in previous studies on 1100 °C sintered CCTO with differ-
entsintering time.!33! Ts as opposed to sintering time has a more
pronounced influence on the dielectric properties of CCTO,
which indicates the importance of diffusion-related phenomena
occurring during the densification sintering process in CCTO
ceramics.

The intrinsic bulk permittivity ¢; shows an approximately
linear increase with Ts between 1000 and 1100 °C by a factor of
~2 (Fig. 4b), which can be associated with intrinsic changes of
the bulk phase. Only minor parts of such increase can be asso-
ciated with changes in pellet density. The rather high intrinsic
g1 values of ~100 in CCTO and related materials have been
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Fig. 5. SEM images collected in backscattered electron mode from unpolished surfaces of CCTO pellets sintered at 1025 and 1075 °C (first row), and EDAX line
scans (second row). The solid (red) lines in the first row indicate the quantitative EDAX line scans of 210 pwm, with the Ti, Cu, Ca and oxygen atomic concentrations
along such lines being presented in the second row. Cu segregation at 7s = 1075 °C in form of an inter-granular phase is indicated. The oxygen concentration mainly
reflects topographical contrast; the carbon (C) detection comes from a thin carbon layer evaporated onto the pellets to enable SEM analysis. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of the article.)

associated previously with the formation of an incipient ferro-
electric phase.’?> The formation of this type of phase seems to
be particularly pronounced here by increasing Ts from 975 to
1000 °C.

Fig. 4c demonstrates that the bulk resistivity p; shows an
exponential decrease with increasing Ts between 1000 and
1100 °C by a factor of ~1000-4000. No such decrease can be
observed though by increasing Ts from 975 to 1000 °C despite
the clear increase of €1 mentioned above. This suggests that the
increase in &1 may have a different source than the decrease in
p1. The two effects may not be directly related to each other,
although both may be facilitated by the heat treatment.

The solid lines in Fig. 4 are a guide to the eyes. The changes
in bulk permittivity and resistivity clearly indicate an intrinsic
change in the bulk CCTO phase that is presumably related to its
chemical composition. The trends of ¢; and &, vs Ts (Fig. 4a
and b) are equivalent for different temperatures due to the weak
temperature dependence of the bulk and GB permittivity for

all samples. Contrarily, the bulk resistivity p; shows a stronger
dependence on Ts at lower temperatures. Fig. 4c shows two
representative data sets at 20 and 50 K where the slope of p;
vs Ts increases slightly with decreasing temperature. This is
consistent with Fig. 3, where the o’ vs f curves indicate a weaker
dependence for 80 K.

3.2. Scanning electron microscopy (SEM) and energy
dispersive analysis of X-rays (EDAX)

SEM images in the backscattered electron mode and EDAX
line scans on the unpolished surfaces of CCTO ceramics sin-
tered at 1025 and 1075 °C are shown in Fig. 5. EDAX data were
collected from left to right along the solid (false-coloured red)
lines to determine the cation concentrations. From this analy-
sis, a Cu-rich phase starts to segregate out of the ceramics at
Ts ~ 1050 °C and accumulates between the CCTO grains as an
inter-granular phase (Fig. 5). This phase is clearly detectable



at 1075 °C whereas there are no detectable signs of it when
Ts =1025°C. EDAX point measurements for the 1075 °C sin-
tered pellet indicated a high Cu content for the inter-granular
phase (about 68%) and the remaining 32% of Ca and Ti cations
may well be a proximity effect due to the adjacent CCTO phase.
The segregated phase is therefore most likely copper oxide and
not a Cu rich CCTO type phase. This inter-granular Cu,O phase
could not be detected by XRD, probably due to its small vol-
ume fraction. Alternatively, such Cu, O may be amorphous and
no XRD detection was therefore possible. All XRD patterns
displayed evidence only for the CCTO phase to be present up
to Ts =1100 °C but decomposition of CCTO was indicated at
Ts=1125°C.

In this case, the XRD pattern showed the presence of CaTiOs,
TiO, and small residues of the main CCTO phase, but no Cu,O
phase was detected. Furthermore, no signs of Cu,O phase are
detectable in the SEM backscattered images either after sin-
tering at 1125°C (see Supporting online materials, Part III).
This may be understood within the following scenario: Cu,O
segregation is clearly visible above Ts = 1050 °C leading to a Cu-
deficient CCTO grain interior phase and a range of Cu-deficient
compositions CaCuz_,TisO12 may exist, constituting a small
solid solution (y > 0 would be small and close to zero). Cu seg-
regation occurs towards the grain boundary areas, which may
therefore contain higher Cu content than the bulk. At higher T
such segregation may intensify and the increasing Cu-deficiency
in the bulk phase may ultimately lead to the decomposition of
the CCTO phase, where the segregated Cu,O may volatilize.
Cu,O volatilization is supported by thermal gravimetry results
presented below in the next section. Since increasing Cu,O seg-
regation and volatilization was the only clear visible change of
the CCTO phase with increasing Ts, the substantial increase
in conductivity of the CCTO grain interior bulk with Ts may
be explained by Cu-deficiency (CaCu3_yTizO12). Such Cu-
deficiency has been suggested previously in the literature to be
involved with the high conductivity in the bulk as mentioned
above.?* In this context, it would be plausible that the ten-
dency for Cu-segregation from CCTO grains originates from
the volatility of Cu, which thus constitutes the ultimate driving
force for the formation and development of the IBLC structure
especially for ceramics sintered within ~100 °C of the decom-
position temperature.

There is an alternative and plausible explanation for the seg-
regation of this Cu-rich phase though. It may always be prevalent
but can only accumulate at the pellet surfaces at sufficiently high
Ts due to increased diffusion-related migration associated with
the higher sintering temperature. This explanation appears less
likely, however, as there were no signs of a Cu-rich phase in
the SEM backscattered images on the unpolished and polished
surfaces of pellets sintered at or below T = 1025 °C. Prelimi-
nary transmission electron microscopy (TEM) experiments did
not yield any conclusive evidence for the presence of such a
prevalent Cu-rich phase.

Fig. 6 shows the results from high resolution, quantita-
tive EDAX spot analysis of single CCTO grains, corrected to
standard compounds. The Cu contents in terms of the atomic
fractions for an average of 25 grains and for the large area
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Fig. 6. Quantitative EDAX results corrected to Ca, Cu and Ti standards. Data
were obtained from an average of 25 single grains in each pellet (unpolished)
(M) and from large area average scans (5 large scans of 150 wm x 150 wm for
each sample) of the same pellets (& ). Cu segregation is clearly indicated by
the large area scans (red solid line), whereas single grain analysis yielded some
indications for Cu-loss from the main CaCu3z_yTi4O12 phase (black dotted line).
The bold green solid line indicates the expected 0.375 Cu content based on a
stoichiometric cation composition of 1:3:4 for Ca:Cu:Ti. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of the article.)

average (both for unpolished samples) are displayed vs Ts. The
solid horizontal (green) line represents the expected 0.375 Cu
cationic ratio (atomic fraction). Cu segregation is clearly evident
due to Cu-excess on the unpolished surface above Ts > 1050 °C.
Averaging the Cu content in 25 single grains gave a weak trend
towards Cu-loss from within the grain interiors but the trend
is statistically just on the limit of significance due to the large
experimental error (see error bars). It should be noted though
that the data points for single grains in Fig. 6 represent the high-
est probability of the actual Cu content of the CCTO grains,
and it does not seem plausible that the clear trend observed
on 6 data points is a statistical coincidence. Large area scans
taken from polished surfaces showed no Cu accumulation. Obvi-
ously, the Cu-rich phase accumulates at the pellet surfaces during
sintering and can be removed by polishing. The error bars rep-
resent the first standard deviation of the Cu concentration in
the 25 grains investigated. Although the statistical significance
of the Cu-loss detected here (CaCus—,Ti4O12) may be critical,
such Cu-loss would be consistent with the increase in bulk con-
ductivity as mentioned before. A high mobility of a secondary
Cu-containing phase and accumulation on the pellet surfaces
can be unambiguously confirmed.

It should be noted that all changes in dielectric properties
with Tg described in the previous section were investigated by
IS on well polished pellets. Therefore, the detected dielectric
changes cannot be a reflection of the secondary Cu-containing
phase.

In the Supporting online materials, Part III, SEM images of
all pellets are presented and demonstrate a moderate increase
of the mean grain size from 3.0 to 4.8 um with increasing
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Fig. 7. TG data of CCTO powder. The heating/cooling ramp conditions are
indicated in the figure panel. Orange arrows indicate the heating and cooling
cycle. The dashed arrow and the dashed line indicate the cooling curve from a
second measurement carried out using the same heating conditions but with the
cooling cycle starting immediately after reaching 1100 °C (data is not shown
explicitly). In the main experiment, irreversible and reversible mass losses were
detected. Irreversible mass loss suggests Cu volatilization and/or incomplete re-
oxygenation upon cooling, whereas reversible mass loss suggests reduction and
complete re-oxidation.

Ts =1000-1100 °C. As mentioned above, this increase is insuf-
ficient to explain the large increase of GB permittivity &, (Fig. 2).

The grain size distributions are displayed in the Supporting
online materials as well.

3.3. Thermal gravimetry

Thermal gravimetry (TG) results of CCTO powder are shown
inFig. 7, where the different heat ramps are indicated by different
colours. A total mass loss of ~2.5% was observed after the
heating cycle reached 1100 °C and the temperature was held for
60 min at 1100 °C.

A mass gain of ~1% is observed during the cooling cycle
between 1100 and 1000 °C. Therefore, the temperature was held
at 900 °C for 30 min to ensure no further significant mass gain
occurred. The reversible mass loss/gain may well be attributed to
reversible changes in the oxygen content. It is not clear whether
this effect is associated with the CCTO phase or the segre-
gated Cu containing phase, e.g.: CuO — CupO — CuO. The
irreversible mass loss of ~1.5% may be due to Cu volatilization
and/or incomplete re-oxidation on cooling. A large incomplete
re-oxidation of CCTO is less likely, because this would lead to
significant changes in the cationic oxidation states, which would
be reflected in perceptible changes of the lattice parameter a.
Such changes in @ were found to be subtle though as is shown in
the next section, and Cu loss due to volatilization is much more
likely.

Reduction and reoxidation processes may occur on relatively
long time scales because no sign of reversible mass loss
(reduction and reoxidation) was found by performing the
equivalent experiment on samples cooled immediately from
1100°C. Such data with the heating ramp set to start the
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Fig. 8. CCTO lattice parameter a vs Ts determined from powder XRD using
an internal Si standard. For Ts > 1025 °C an approximately linear increase of @
with increasing T is observed (the solid line serves as a guide to the eyes).

cooling cycle immediately after reaching 1100 °C is not shown
explicitly in Fig. 7, but the respective cooling curve is indicated
by the dashed arrow and the dashed line at ~99.75% on the
y-axis. The heating curves of the two TG experiments coincided
as expected. The small irreversible mass loss detected in the
second TG experiment may also be attributed to Cu-loss.

3.4. Lattice parameter determination by XRD

XRD patterns of powders heated at 975-1100°C for 12h
were all single-phase (phase pure CCTO), whereas decomposi-
tion of the CCTO phase was indicated at 1125 °C. Fig. 8 shows
an approximately linear increase of the CCTO lattice parame-
ter a with increasing Ts for Ts > 1025 °C (see solid trend line).
For T's < 1000 °C, no clear trend is obvious. In the literature, an
increase of lattice parameter is often associated with a partial
reduction of cations and the concomitant increase in cationic
radius. The increase in a detected here is rather small though
(maximum change is 20.02%) and any potential incomplete re-
oxidation after high temperature reduction of the Cu and/or Ti
cations in CCTO would be exceptionally small.

3.5. X-ray absorption near edge spectroscopy (XANES) in
CCTO for Cu and Ti K-edges

Cu K-edge and Ti K-edge absorption spectra for CCTO pow-
ders heated at 975 and 1100°C and overlaid with standard
spectra are shown in Figs. 9 and 10, respectively. Inspection of
the standard spectra in Fig. 9 shows a shift in the Cu absorption
edge position towards higher energy with increasing oxidation
state, reflecting the increased binding energy of the ls core
shell with increasing effective nuclear charge. The position of
the absorption edge (typically extracted from the position of
the edge crest or the first inflection point) has been used to
estimate oxidation states but extraction of reliable information
can be complicated by differences in edge features for differ-
ent compounds despite the same nominal redox state.>> These
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Fig. 9. XANES of the Cu-edge in CCTO powder heated to different temper-
atures. The figure inset shows the pre-edge region in more detail. There is no
indication of Cu* in either the 975 or the 1100 °C powder samples.

differences are related to constructive and destructive interfer-
ence arising from single and multiple scattering events between
the absorber and neighbouring atoms.>* In addition to the edge
position, pre-edge features in XANES spectra can be a power-
ful tool in determining redox state changes in transition metal
compounds (Fig. 9 Inset).33-33

The intense feature at ~8981 eV in the Cu, O reference spec-
trum (indicated by the hatched line labeled B) is related to the
dipole allowed 1s to 4p transition and is a signature of Cu* ions.>®
Similarly for the CuO standard the weak feature at ~8978 eV
(indicated by the hatched line labelled A) is related to the for-
mally dipole forbidden 1s to 3d transition and is characteristic
of Cu”* ions.3” Shimizu et al. showed that the normalized height
of this Cu?* peak decreases and the absolute position shifts to
higher energy with increasing co-ordination number of the Cu
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Fig. 10. XANES of the Ti-edge in CCTO powder heated to different tempera-
tures. The figure inset shows the pre-edge region in more detail. The pre-edge
feature indicates the presence of octahedrally coordinated Ti** in both the
975 °C and the 1100 °C powder samples. There is no indication of any reduced
Ti-species.
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Fig. 11. Raman spectra of CCTO pellets sintered at different temperatures 7.
No sign of phonon mode changes for 7s =975-1100 °C are observed.

atom.® The presence or absence of these features is therefore
a useful tool in discriminating between Cu* and Cu®* cations.
As can be seen from Fig. 9 Inset, the presence of the weak pre-
edge feature at #8978 eV indicates that the dominant redox state
for copper is Cu®* in both CCTO samples, sintered at 975 °C
and 1100 °C. No significant difference between the two spec-
tra can be observed suggesting that a potential change in redox
state due to Ts must be below the detection limit of this exper-
imental technique. These results compare well with previous
data reported by Romero et al.,!> demonstrating a negligible
effect of sintering time (2 and 32 h) on the oxidation state(s) of
Cu in CCTO. Fig. 10 shows Ti K-edge absorption spectra for
the CCTO powders heated at 975 °C and 1100 °C overlaid with
standard spectra from Ti-metal (Ti), TiO (Ti**), Ti,O3 (Ti**)
and TiO, (Ti**). TiO, exhibits pre-edge features at ~4972 eV
characteristic of Ti** ions which are replicated in the spectra of
both CCTO samples (see figure inset). This indicates that the
dominant state for titanium in both samples is Ti** and within
the resolution of the experiment the heat treatment temperatures
Ts appears to have no influence on the oxidation state(s) of the
Tiions in CCTO. Generally, it can be concluded that both the Cu
and Ti edges in CCTO as determined by XANES are insensitive
to changes in the ceramic sintering temperature despite large
changes displayed in the electric properties.

3.6. Raman spectroscopy

Raman spectra of CCTO pellets sintered at different 75 are
depicted in Fig. 11. The detected Raman modes are in agree-
ment with previous reports,>**! where the mode with a Raman
shift of 445 cm™! was identified as Ag(1) which forms a double
peak structure with the F¢(2) mode at a slightly higher Raman
shift. The modes at 511 and 576 cm™! were identified as Ag(2)
and Fg(3), respectively. The Ag(1), Ag(2) and Fg(2) modes arise
from TiOg rotation-like lattice vibrations, whereas the Fy(3)
mode is associated with a O-Ti—O anti-stretching vibration.>
No changes in the phonon mode structure are evident from the



Raman Spectroscopy data. Although significant changes in elec-
tric properties have been detected for pellets sintered at different
Ts no changes are obvious in the Ti-related lattice vibrations.
This is in agreement with Ref.!> where no significant changes
in the Raman spectra were found for CCTO sintered at 1100 °C
with different sintering times of 2 and 32 h. It can be concluded
that Raman Spectroscopy is insensitive to changes in sintering
time and/or sintering temperature of CCTO ceramics.

4. Conclusions

By changing the sintering temperature of CCTO ceramics
from 975 to 1100 °C massive variations in the electric proper-
ties were detected. The bulk and GB permittivity increased by
factors of ~2 and 300, respectively, whereas the bulk resistivity
decreased by a factor of ~103. Despite such dramatic changes
in electric properties, it is difficult to detect significant changes
in the compound chemistry and especially changes in the oxi-
dation state(s) of the Cu and Ti ions which are presumably
linked to the bulk conductivity. Such chemical changes must
exist though and it is concluded that the CCTO electric prop-
erties must be highly sensitive to exceptionally small chemical
changes. Any valence and subtle structural changes induced by
Ts were found to be below the resolution limit of XANES at
the Cu and Ti K-edges and Raman spectroscopy. Quantitative
EDAX analysis indicated a weak trend for Cu-loss within indi-
vidual CCTO grains with increasing Ts. Segregation of a Cu-rich
phase out of CCTO ceramics at Ts > 1050 °C was unambigu-
ously detected. This secondary Cu-rich phase may exhibit high
mobility, accumulate at the pellet surfaces and, in part, may
volatilize at 1100 °C as demonstrated by an irreversible ~1.5%
mass loss detected by thermal gravimetry. Furthermore, the pres-
ence of areversible ~1% mass gain detected on cooling provides
evidence for changes in oxygen stoichiometry due to reduction
(on heating) and reoxidation (on cooling) processes in samples
heat treated at 1100 °C in air for at least 60 min.

It is concluded that increasing the sintering temperature T
promotes the formation of the IBLC structure. The dramatic dif-
ferences in bulk and GB electric properties of CCTO ceramics
are primarily driven by subtle chemical changes such as Cu seg-
regation from the bulk to the grain boundary regions, promoted
by the heat treatment conditions employed.
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