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CaCuygoFe(1TisO012 (CCFTO) has been prepared by a novel semi-wet route and its dielectric properties
have been studied in the temperature range 300-500 K. It is found that dielectric constant (&) decreases
drastically in the frequency range 100 Hz to 1 MHz. Complex plane impedance and modulus analysis was
done to understand this drastic decrease in ¢. Oxidation state of various ions was studied using X-ray
photoelectron spectroscopy (XPS). The decrease in the permittivity of CCFTO can be attributed to two
factors: the suppression of the Ca/Cu disorder in CCFTO which is observed in CaCu3TizO1, (CCTO) and the
absence of the grain boundary internal barrier layer capacitance mechanism.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

CaCus3TizO15 (CCTO) which belongs to a family of compounds of
the type ACu3TizO1, was discovered in 1967 [1]. It has been stud-
ied extensively due to its very high dielectric constant (&) viz. ~103
which remains almost frequency independent up to 106 Hz. It is
also temperature independent in the temperature range 100-600 K
[2,3]. Attempts have been made to understand the origin of this
giant dielectric constant. It has been reported that TiO, and ATiO3
perovskite oxides (where A=Ca, Sr, and Ba) lose small amount
of oxygen during sintering at high temperature. On cooling from
the sintering temperature, re-oxidation takes place. Re-oxidation
occurs only at the surface layers and grain boundaries due to
rapidly falling temperature and short time available during cool-
ing. This leads to the formation of insulating layers at surface and
grain boundaries. The bulk material remains semiconducting. This
produces barrier layers at interfaces [4,5]. A vary large value of
dielectric constant of CCTO has been explained on the basis of
this internal boundary layers capacitance (IBLC) model [6]. Zhu
et al. [7] observed the disorder at Ca/Cu sites in single crystal CCTO
based on integrated study using quantitative electron diffraction
and extended X-ray absorption fine structure. They attributed the
giant permittivity to this kind of Ca/Cu disorder.

CCTO also exhibits high dielectric loss. This limits its use in
devices. Perovskite structure is flexible i.e. its properties can be
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tailored by modifying the chemical compositions through a vari-
ety of possible substitutions [8,9]. It has been reported that doping
2 at.% Fe at Ti site in CCTO leads to a drastic decrease in the value
of its dielectric constant [10]. Substitution of Mn on Cu as well
as Ti site has also been reported to reduce the dielectric constant
drastically [11,12]. This has been explained on the basis of suppres-
sion of barrier layers formation at grain boundaries. Substitution
of Sn on Ti site has been reported to reduce dielectric constant as
well as dielectric loss [13]. This enhances the non-ohmic charac-
ter of CCTO. Doping of Pr on Ca site also suppresses the dielectric
constant as well as dielectric loss of CCTO [14]. Dielectric loss is
reduced significantly without affecting the high value of dielec-
tric constant (>15,000) on substituting 2 mol% of cesium (Cs) on
Ca site [15]. In the present investigation, an effort has been made
to substitute Fe on Cu site in CCTO and study its dielectric prop-
erties. Materials based on CCTO are synthesized by conventional
solid state method and using various chemical routes [16,17]. Solid
state ceramic method requires repeated calcination and sintering at
high temperature (~1000 °C). Chemical routes such as sol-gel and
co-precipitation methods require very expensive raw materials e.g.
metal alkoxides, titanium tetrachloride, etc. In the present work, an
effort has been made to prepare CaCu,gFegTigO12 (CCFTO) by a
novel semi-wet route at relatively low temperature [18,19]. This
novel route employs citrate-nitrate gel chemical method using
TiO, in place of very expensive titanium compounds mentioned
above. Characterization of the sample is done using powder X-ray
diffraction (XRD), scanning electron microscopy (SEM), X-ray pho-
toelectron spectroscopy (XPS) and by measurement of dielectric
properties and impedance analysis.
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2. Experimental

Ca(NO3),-4H,0 (99.5%, Qualigens, India), Cu(NOs3 ),-3H,0 (99.5%, Merck, India),
Fe(NO3)3-9H,0 (99.8%, Merck, India), TiO, (99.5%, Merck, India) and citric acid
(99.5%, Merck, India) were used as raw materials. One molar solution of calcium
nitrate, copper nitrate and ferric nitrate was prepared. Appropriate amount of solid
TiO, powder was added to the mixed solutions so that ratio of concentration of
Ca:Cu:Fe:Ti is 1:2.9:0.1:4 in the resulting mixture. Citric acid (equivalent to metal
ions) was then added to this solution. The solution was evaporated on a hot plate
at 70-80°C with constant stirring followed by drying in an oven at 100-120°C
overnight to get the dry gel. The dried CCFTO gel was calcined in air at 800°C
for 6 h. The calcined powder was pressed into cylindrical pellets (dia~ 12 mm and
thickness ~ 1-2 mm) uniaxially using a hydraulic press. The pressed samples were
sintered at 900 °C for 6 h in air. Heating as well as cooling rate of 5°C/min was used
during calcination and sintering.

XRD patterns of the calcined and sintered powder were recorded using Rich-
Seifert, ID-3000 diffractometer operated at 40kV and 30 mA employing Cu-Ko
radiation (1 =1.540598 A). Microstructure and chemical composition of the sam-
ple was studied using freshly fractured surface of the sintered sample by Hitache
scanning electron microscope (SEM) (model: S-4800) equipped with energy dis-
persive X-ray (EDX) spectrometer operated at 15 kV. Dielectric measurements were
made using a pellet, both surfaces of which were polished and coated with silver
paint. An impedance analyzer (Novocontrol Alpha-A High Performance Frequency
Analyzer) was used to measure the capacitance, resistance and dielectric loss in the
temperature and frequency range of 300-500 K and 102-10° Hz, respectively. Com-
plex plane impedance and modulus plots were also recorded by this analyzer. X-ray
photoelectron spectra (XPS) were recorded using AXIS-NOVA (Kratos Inc.) having a
monochromatic Al-Ka X-ray source (1486.6 eV). Kinetic energies of the photoelec-
trons of interest were measured using a hemispherical electron analyzer operating in
the constant pass energy mode. The base pressure along the analysis was maintained
at 4.2 x 1072 Torr. Before analysis, the samples were cleaned by ion-bombardment
using an Ar* beam (2kV) for 2 min. X-ray photoelectron spectra (XPS) data were
signal averaged and taken at an increment of 0.05 eV with dwelling times of 100 ms.
Binding energies were calibrated relative to the C 1s peak at 284.6 eV from the resid-
ual carbon contamination of the samples. High-resolution spectral envelopes were
obtained by curve fitting synthetic peak components using the software package
‘XPS Peak’.

3. Results and discussion

Fig. 1(a and b) shows XRD patterns of CCFTO powder obtained
by calcination of gel at 800°C and sintering of calcined powder
at 900°C, respectively. XRD pattern of the powder calcined at
800°C (Fig. 1(a)) shows the presence of CuO phase. XRD pattern
of the sample sintered at 900 °C shows the formation of solid solu-
tion. This shows that the sample can be prepared by the present
process at much lower temperature than the solid state ceramic
method. XRD data were indexed on the basis of JCPDS, card no. 75-
2188 of CCTO. CCFTO has a cubic structure with lattice parameter
‘a’=7.379+0.001 A. This is slightly less than the lattice parameter
of CCTO reported previously [20]. The change of lattice parameter
is due to the difference between the ionic radius of the host (Cu?*)
and substituted ion (Fe3).

Fig. 2(a-c) shows scanning electron micrograph (SEM), EDX
image and EDX spectrum of fractured surface of CCFTO, respec-
tively. A dense but inhomogeneous microstructure consisting of a
few large grains and mostly small grains is observed. Small grains
have size in the range 1-5 pm. The large grains are separated from
one another by regions consisting of fine grains. Fig. 2(b) shows the
EDX spectrum of the region containing both large as well as small
grains of CCFTO ceramic. Ca, Cu, Ti, Fe and O are found to be 6.45,
29.23, 30.86, 0.95 and 32.51% by weight, respectively. This is con-
sistent with the stoichiometry of CCFTO within the experimental
error. A spurious signal was found for presence of platinum (Pt) due
to platinum paint coated on the sample.

Temperature dependence of dielectric constant (&) and dielec-
tric loss (tan &) of CCFTO at a few selected frequencies between
100Hz and 100 kHz is shown in Fig. 3(a and b), respectively. Ini-
tially a plateau is observed near room temperature. This is followed
by a rapid increase over a range of temperature. Another plateau
appears after this. It is again followed by a region exhibiting a
sharp increase in ¢ with temperature. This sharp increase is due
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Fig. 1. X-ray powder diffraction patterns for the system CaCu, 9Feo1TisO12 (CCFTO).
(a) Calcined at 800°C for 6 h and (b) sintered at 900 °C for 6 h.

to rapid increase in the space charge polarization. Space charge
polarization is present because of chemical microheterogeneities.
Microheterogeneities arise due to random occupation of equivalent
crystallographic sites (square planer) by Cu?* and Fe3* ions. Dif-
ference in the chemical composition between these microregions
leads to difference between conductivity of these regions. This
gives rise to space charge polarisation. The conductivity increases
exponentially with temperature. Therefore, the difference between
conductivity will also increase rapidly. This leads to arapid increase
in the dielectric constant at high temperature. It seems that this
difference increases rapidly beyond the temperature where the
second plateau ends. The transition temperature between any two
regions shifts to higher temperature side with increasing frequency
of measurement. This behavior is similar to that of relaxors [21].

Peaks are also observed in tan § vs. T plots corresponding to the
inflexion point in the & vs. T plots (Fig. 3(b)). It is observed that
the position of the peak shifts to higher temperature with increas-
ing frequency. Variation of ¢ and tan § with frequency at a few
temperatures, shown in Fig. 4(a and b), also indicates the presence
of a dielectric relaxation. This figure shows that there is a large
difference in the temperature (~20-25°C) between the point of
inflexion in ¢ vs. T plot (Fig. 3(a)) and peak temperature in tan
& vs. T plot (Fig. 3(b)). This shows that this relaxation is due to
Maxwell-Wagner polarisation [22]. Had it been Debye type relax-
ation, the inflexion point in Fig. 3(a) and peak in Fig. 3(b) would
have appeared at the same temperature.

Impedance and modulus analysis separates the contributions
of the grains, grain boundaries and electrode specimen interface to
the total observed resistance and capacitance of the sample, respec-
tively [23]. Typical complex plane impedance plot obtained for
CCFTO at 400 K is shown in Fig. 5. Similar plots are observed at other
temperatures (350 K and 450K). Two arcs are clearly observed in
these plots. The intercept of the arc, in the higher frequency range,
passing through the origin on Z' axis gives the contribution of the
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Fig.2. (a) SEM micrographs, (b) EDXimage and (c) EDX spectra of CaCu, 9Feq 1 Ti4O12,
(CCFTO). Pt signal comes from coating.

resistance, Rg, of the grains to the total observed resistance. Another
arc in the lower frequency range gives contribution of the resis-
tance, Rgp, of the grain boundaries to the total observed resistance.
Values of corresponding capacitance Cg and Cgp, can be obtained
from the relation: wRC=1 where w is the angular frequency at the
peak of circular arc and w =2, f being the frequency in Hz. The
value of resistance obtained for grains (Rg) is 3.9 x 10° 2 while that
of grain boundaries is 5.79 x 10> Q at 400K. This shows that the
grains as well as grain boundaries are insulating. This leads to sup-
pression of formation of IBLC layers resulting in very low value of
dielectric constant.

Modulus spectroscopic plots of CCFTO at a few temperatures are
shown in Fig. 6(a). These plots can be resolved into two Gaussian
curves as shown in Fig. 6(b) indicating the presence of two relax-
ation processes. Relaxation time, t is determined from the higher
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Fig.3. Plots of: (a)dielectric constant (&) and (b)dielectricloss (tan §) vs temperature
for CaCuygFeq1TisO12 (CCFTO) at selected frequencies.

frequency peak using the relation t = 1/27f. Log 7 vs. 1000/T plot is
shown in Fig. 7. Linear nature of this plot shows that variation of ©
with temperature can be expressed by the relation:

E
T=71y exp (ﬁ) (1)

where E; is the activation energy for dielectric relaxation and k is
the Boltzmann constant. Value of E;, determined by least square
fitting of the data, is 0.42 eV. This value agrees with the value for
Maxwell-Wagner polarization in the literature [10,24,25].

XPS measurements were carried out in order to determine the
valence state of the cations. Figs. 8-10 show the high resolution
core level XPS spectra of fractured surface of CCFTO sample. The
0O-1s spectra shown in Fig. 8, can be divided into two Gaussian
bands with maxima at 529.2 eV and 531.1 eV. Similar results have
been observed for CuO[26,27],0.65Pb(Mg3Nb,/3)03 - 0.35PbTiO3
single crystal [28] and thin films of Bag 5Srg 5TiO3 [29]. Two peaks
may correspond to two types of oxygen ions. The former can be
attributed to the oxygen in the bulk while the latter can be ascribed
to the chemisorbed oxygen [27]. Presence of an oxygen rich surface
layer has been reported by Prakash and Varma [24].

The core level XPS spectra of Fe-2p and Ti-2p of the fractured
surface of CCFTO are shown in Fig. 9(a and b), respectively. It can
be seen from the Fig. 9(a) that the binding energies of Fe2p3, and
Fe2pq, levels are 711.9eV and 724.5 eV, respectively. This shows
presence of iron as Fe3* in CCFTO [30,31]. The satellite peak, asso-
ciated with Fe2p;, peak observed at 718.5eV, is quite distinct.
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Fig. 4. Plots of: (a) dielectric constant (¢) and (b) dielectric loss (tan §) vs log fre-
quency for CaCuygFe1Ti4O12 (CCFTO) at selected temperatures.

Another satellite peak appears at 731.9eV. This may be a satel-
lite peak for Fe-2py,. Fig. 9(b), demonstrates that Ti 2p3;; and
the Ti 2p;, core-level peaks are located at around 457.6eV and
463.4 eV, respectively. These are very close to the experimental
values reported for TiO, [32]. This shows that the Ti ions are in
the tetravalent state i.e. there is no change in the valency of Ti*
ions when Fe is doped on Cu site in CCTO.

2.0 1
] ©)
. 1.5 4 O
\cC: 7
[«
Z 1.0 ©
N @)
| O
0.5 @)
O.Oﬁ .

T T
00 05 10 15 20
Z'(10° Q)

Fig. 5. Complex impedance plane plot of CaCu;gFeqTizO12 (CCFTO) at 400 K.
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Fig. 6. (a) Plots of imaginary part of modulus (M”) vs. log f of CaCuygFeqTig012
(CCFTO) at different temperatures and (b) resolution of modulus spectroscopic plot
at 350K into two Gaussian curves.

Fig. 10(a and b) is plotted after correction of charging effects
using a binding energy of 284.6eV as C-1s peak. XPS shows Cu-
2p3p, and Cu-2pqp, peaks at 933.5eV and 953.6 eV, respectively in
Fig.10(a). Cu2p3, spectra also have a satellite on the higher binding
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Fig. 7. Variation of relaxation time, T with inverse of absolute temperature.
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Fig. 8. X-ray photoelectron spectrum (XPS) of O-1s core level for CCFTO.

energy side which is similar to that reported for Cu?* in CuO [33] or
La-Sr-Cu and Y-Ba-Cu oxides [26]. The satellite peaks correspond
to 2p3d® configuration where 2p indicates that there is one electron
missing (core hole) in the Cu-2p [34]. In a photoelectron emission
process, electron charges are transferred from the surrounding to
the core holes. Such a situation causes the main peak to be asso-
ciated with a satellite at higher binding energy, as observed here
[27]. The existing satellites confirm the existence of copper as Cu?*.
The satellite peak is absent in Cu;O because it has a completely
filled d shell (d'9). Fig. 10(b) shows two peaks at 345.8eV and
349.4 eV corresponding to spin orbit doublets of Ca-2p3), and Ca-
2p1, respectively. In CCTO, one shoulder which appears on higher
energy side of each of these peaks has been ascribed to two different
occupation sites of Caions [35], one site is in the CaO4, icosahedron
and other is in the CuO4 planar square. This result is similar to that
observed in Baj _xCaxTiOs. In Ba; _yCay TiO3 prepared by ceramic
method, some of the Ca%* occupies Ti** site inspite of a large differ-
ence in their size. This has been proved by Rietveld analysis [36].
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Fig. 9. X-ray photoelectron spectrum (XPS) of: (a) Fe-2p core level and (b) Ti-2p
core level for CCFTO.
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Fig. 10. X-ray photoelectron spectrum (XPS) of: (a) Cu-2p core level and (b) Ca-2p
core level for CCFTO.

However, the shoulders are absent in CCFTO indicating that there
is no disorder present on Ca and Cu site unlike in CCTO.

According to the above discussion, Ti** and Ca2* show the same
valency in CCFTO as in CCTO. Only some Cu* ions are oxidized to
Cu?* jons when Fe is doped in CCTO on the Cu sites. In CCTO, for-
mation of Cu* ions may be explained simply by creation of oxygen
vacancies which are produced due to loss of oxygen from the grains
during sintering, as in most perovskite compounds [37]. The elec-
trons produced in this process enter the 3d conduction band formed
by the Cu atoms and not the Ti atoms as suggested earlier [38].
This gives rise to the formula CaCu%fXCu;TL;Ou_X /2- This can be
expressed as follows:

0o <> 302 + Vg +2¢ (2)
2Cu?*t 4 2e’ — 2Cut (3)

where all the species are written in accordance with Kréger Vink
notation of defects. On substituting Fe* at Cu?* site, formation of
oxygen vacancies and Cu* ions is suppressed as under:

’ eeFey0
2(Cuf .Y +00 + Vg ELQZCLIEIH +400 + 2Feizz+ (4)

A small concentration of iron exists in 2+ state while the major
amount remains in 3+ state as indicated by XPS. It follows from the
above discussion that substitution of iron at copper site suppresses
disorder on Ca2* and Cu?* sites as well as presence of oxygen vacan-
cies in the bulk. These factors which lead to high value of dielectric
constant are absent in CCFTO. XPS results show that Cu* is oxi-
dized to Cu?* in CCFTO. This reduces oxygen vacancies through Eq.
(4). The decrease in the number of oxygen vacancies will lead to
an increase in the resistance of the bulk (grains) in CCFTO rela-
tive to CCTO. This has been evidenced by the impedance spectrum
(Fig. 5(a)). This suggests that the permittivity in CCFTO ceramic can
no longer be interpreted by the IBLC model. Absence of the IBLC
mechanism is responsible for the drastic decrease in the permittiv-
ity of CCFTO as compared with that of CCTO. XPS studies show that
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there is no disorder in CCFTO i.e. disorder at Ca/Cu sites is greatly
suppressed when Fe is doped at Cu sites. Therefore, the suppres-
sion of disorder at Ca/Cu in CCFTO might be another reason for the
greatly reduced permittivity.

4. Conclusions

Single phase CCFTO was successfully prepared using the pow-
der synthesized by semi-wet route. Substitution of Fe3* at Cu site
in CCTO drastically reduces the dielectric constant. In CCFTO, XPS
results suggest that Fe doped on Cu sites is present as Fe3* and cop-
per is present as Cu* in CCFTO. Traces of Fe may be in 2+ state. Both
these factors will reduce the concentration of oxygen vacancies in
the bulk CCFTO and lead to high resistivity of the grains. This sup-
presses the formation of IBLC layers at grains—grain boundaries. On
the other hand, the disorder at Ca/Cu sites in CCFTO is suppressed.
We conclude that substantial less value of permittivity of CCFTO
than CCTO can be attributed to two reasons: one is the absence of
the IBLC mechanism due to the increased resistivity of the grains
in CCFTO and the other is the suppression of Ca/Cu disorder.
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