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Abstract

In this work a comparative study of undoped CaCu;Ti;O,, (CCTO) and doped with Fe**(CCTOF) and Nb>*(CCTON) ceramics, was aimed to
modify the electronic transport. XRD patterns, FE-SEM microstructural analysis, impedance spectroscopy and /-V response curves were afforded to
correlate the microstructure with the nonlinear /-V behaviour. The appearance of nonlinear behaviour in doped CCTO samples has been correlated
with the ceramic microstructure that consists in n-type semiconductor grains, surrounded by a grain boundary phase based on CuO. The presence
of this secondary grain boundary phase is the responsible of the assisted liquid phase sintering in CCTO ceramics. Doped samples showed cleaner

grain boundaries than CCTO and nonlinearity in the /-V response.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The CaCu3TisO12 compound, CCTO, has recently attracted
much interest due to its extraordinarily high static dielectric con-
stant (up to 10)° which is practically frequency independent up
to10° Hz! and possesses good temperature stability over a tem-
perature range between —173 and 127 °C. This extremely high
dielectric constant is usually associated to ferroelectric or relaxor
materials. However, CCTO structure remains centrosymmetric
at all temperatures with no phase transitions. The unit cell of
this titanate was identified in 19797 as a body-centred cubic
perovskite-like structure with Im3 space group and a lattice
parameter of 7.391 A. The TiOg octahedra are tilted resulting in
the doubling of the perovskite-like lattice parameter, and involv-
ing a square planar arrangement of the oxygen around the Cu®*
cations.?

The origin of the giant dielectric constant of CCTO is
not fully understood. It is still questionable whether the high
dielectric constant is intrinsic to a perfect crystal or extrin-
sic and related to the material microstructure,* as indicated in
the grain boundary barrier layer capacitance,” IBLC, model.
In this model the conductivity of the sample is prevented
to percolate by the presence of insulating blocking layers
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at the surfaces or at internal domains boundaries. Thus, the
behaviour of CCTO can be explained in terms of semi con-
ducting grains and insulating grain boundaries but the presence
of a secondary phase at the grain boundary was not previously
observed.

Through a combination of micro contact /-V measurements,
Kelvin probe force microscopy, and resistivity and thermoelec-
tric power measurements on individual grains, as well as across
grain boundaries, it has been determined that the grains are con-
ducting and are n-type, and a large potential barrier exists at the
grain boundaries reflecting their insulating character.* Oxygen
vacancies may be proposed as a possible cause for the electron
formation.® In addition to the high permittivity, CaCu3TisO12
has remarkably nonlinear current—voltage characteristics.® An
intrinsic electrostatic barrier at the grain boundaries is attributed
to be responsible for the nonlinear behaviour. Under dc
bias, the grain boundary resistance decreases and the nonlin-
ear response appears with a barrier height estimated to be
0.82eV.” The effect of further annealing at different temper-
atures in oxygen-rich atmospheres allows® to conclude that
nonohmic electrical properties are originated from a Schottky-
type potential barrier, according to a chemical model in which
oxygen plays a key role.® However, the p-type grain boundary
conductivity® is attributed to the fact that segregated transition
metal oxides are metal deficient and become oxygen enriched.
At the same time no secondary grain boundary phases were
detected.
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The purpose of the present work is to investigate the effect
of acceptor doping, Fe’*, and donor doping, Nb>*, on the
current—voltage behaviour of CCTO material.

2. Experimental procedure

Ceramic samples of Cag 25Cuq 75 TiO3 (CCTO), Cag 25Cug.75
Tig.99Fep.0102.995 (CCTOF) and Cag 25Cuyg.75 Tio.99Nbg 01 03,005
(CCTON) were prepared by a conventional solid state reaction
and sintering process. The analytical grade CaCOs3 (Aldrich),
TiO, (Merck), CuO (Aldrich), Nb,Os (Fluka) and Fe;Os3
(Aldrich) powders were mixed for 2 h, by attrition milling with
1.2 mm Zirconia balls using de-ionized water as liquid medium
and 0.2wt% of Dolapix C64 as dispersant. The milled pow-
ders were dried and sieved trough a 100 wm mesh. The powders
were calcined at 900 °C for 12 h and then attrition milled again
for 3 h. The organic binders, 0.6 wt% of Polyvinyl alcohol, PVA,
and 0.3 wt% of polyethylene glycol, PEG, were added into the
calcined powders upon milling to help the formation of com-
pacts. Powders were dried and sieved trough a 63 wm mesh and
uniaxially pressed at 200 MPa into discs of 8§ mm in diameter and
1.3 mm in thickness. Different sintering temperatures were stud-
ied to improve the ceramic density and, finally, 1100 °C heating
rate 3 °C/min was chosen as it gave the best results. The pellets
were sintered in air at 1100 °C for 2, 16 and 32h and one set
was furnace cooled to room temperature, with a cooling rate of
3 °C/min, while the other one was air-quenched on a brass block.

The X-ray diffraction analysis was performed on a Siemens
Kristalloflex difractometer using Cu Koy radiation and Ni filter.
Samples were polished and thermally etched at 900 °C during
5 min. The microstructure of the samples was observed by using
a Hitachi S-4700 field emission scanning electron microscope,
FE-SEM, coupled with energy dispersed spectroscopy, EDS.
Polished discs were electroded with room temperature silver
paste to form a parallel plate capacitor. The current—voltage
(I-V) characteristics of the samples were studied using a Keith-
ley 2410 Source meter.

3. Results and discussion

The density value of the different sintered samples, ranged
from 4.8 to 4.9 g/cm?, and it was similar to the data reported
by other authors.® Fig. 1 illustrates characteristic XRD pat-
terns of CCTO, CCTOF and CCTON samples sintered for 16 h.
The XRD analysis of the undoped and doped CCTO samples
showed, also in agreement with previous works, a single per-
ovskite phase. However, high intensity XRD studies on undoped
CCTO served to find out traces of a second phase identified as
CuO (Fig. 2). The presence of secondary phases was previously
only found in non-stoichiometric compositions as CaTiO3, CuO
and Cuy0.” According to the phase diagram,'® Cu®* cations
are reduced at temperatures >1000 °C forming a liquid phase at
1075 °C. During cooling, Cu'* is reoxidized as can be confirmed
by the presence of the CuO phase.

Fig. 3 shows the microstructural evolution of undoped ceram-
ics. Two hour sintered CCTO sample, revealed the presence
of a bimodal microstructure composed by exaggerated grain
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Fig. 1. XRD of (a) CCTO (b) CCTOF and (c) CCTON sintered for 16 h and
furnace cooled.

growth grains, >150 wm, having trapped porosity, small grain
regions, ~4—6 pm, and a secondary phase that crystallized on
the surface and which was, in contrast, more brilliant than the
CCTO matrix. This brilliant phase, identified as CuO, was ana-
lyzed by using EDS as copper oxide and contains ~4 mol% of
TiO, in solid solution. In the CCTO 16 h sintering sample, both
grain growth and microstructure was uniform, showing large
grains with trapped porosity and a secondary phase, generally
located at the grain boundaries. The CCTO 32 h sample, showed
a decrease in the presence of grain boundary secondary phase
and, as aresult, cleaner grain boundaries. Liquid-sintering phase,
based on a CuO phase, seems to be the driven force for the
undoped CCTO ceramics and the responsible of the exagger-
ated grain growth. The presence of CuO implies that the solid
solution was uncompleted at this stage. As the system reached
the equilibrium, the CuO-based grain boundary phase was incor-
porated to the grain. The solubility of Ti-cations in CuO and the
low surface/volume ratio of grains, allow the presence of CuO-
based grain boundary phase. This secondary phase recrystallized
during the etching thermal treatment at 900 °C, which is a tem-
perature below the liquid appearance. The presence of this kind
of grain boundary secondary phase could be on the origin of the
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Fig. 2. High intensity XRD of sintered CCTO 16 h and furnace cooled.
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Fig. 3. SEM micrographs of CCTO sintered for (a) 2h (b) 16 h and (c) 32 h, furnace cooled.

discrepancies between different dielectric values found in the
literature.

Both dopants produced grain growth control that was more
effective for donor-doped samples at lower sintering time
(Fig. 4). The 32h sintered CCTOF and CCTON microstruc-
tures, revealed a grain size <50 wm having less grain trapped
porosity and an important presence of clean grain boundaries.
When the grain boundary phase was evident, its thickness was
lower than the observed in CCTO samples.

In contrast to the data published by Chung et al.,® both the
furnace cooled and quenched undoped CCTO ceramics showed
ohmic behaviour in I~V response (Fig. 5). It was observed
that near to the current upper limit of the electrometer some
unlinearities could be interpreted as nonlinear current—voltage
behaviour, but uncertainty and lack of reproducibility of these
measurements were questioned. Resistivity decreases gradually

as increasing sintering time and the quenched ceramic possesses
a remarkable high resistivity.!!

CuO-based ceramic is confirmed to be a metal deficient p-
type semiconductor with copper vacancies generated at low
temperature.'> Undoped CuO ceramic showed a dc resistivity
of ~5 Qcm.!3 When sintering CuO at temperatures higher than
1000 °C, the coexisting Cu,O, on 3 °C/min furnace cooled sam-
ples increased the resistivity more than an order of magnitude.'?
So, quenched samples could have a higher proportion of reduced
phase and thus, grain resistivity increases and controls the
overall samples resistivity. The p-type semiconductor nature
of grain boundaries, reported by Marques et al.,? in sintered
samples thermally treated at different oxygen-rich atmospheres,
could be correlated with the existence of a second grain bound-
ary CuO-based phase and thus with the nonohmic response
appearance.

Fig. 4. SEM micrographs of CCTOF sintered for (a) 2h (b) 32 h and CCTON samples sintered for (c) 2 h and (d) 32 h. All of them furnace cooled.
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Fig. 5. I-V behaviour of CCTO samples, sintered for 2h (triangles) and
32h (squares). Furnace cooled to room temperature (black symbols) and air-
quenched (open symbols).

On the other hand, doped samples, CCTOF and CCTON,
showed nonlinear current—voltage characteristics, as shown in
Figs. 6 and 7, and the I-V curves were quite reproducible. In both
cases, the breakdown voltage and the resistivity of the linear part
of the curve, decrease with increasing the sintering time and in
the air-quenched samples. By comparison with undoped CCTO,
doped ceramic show lower breakdown voltages even the grain
size is quite lower. The nonlinear behaviour of doped samples
could be associated with the fact that CCTOF and CCCTON
have smaller grains than CCTO and CuO secondary phase at
the grain boundaries is thinner and it is more spread out. The
thinner and the more homogeneous the secondary phase is shared
amongst the grain boundaries, the better the rectification of the
I-V curve is. In contrast, CCTO samples possess a very thick
grain boundary secondary phase, creating an insulator effect
responsible of the material linear behaviour.

The dopants used, favour the incorporation of CuO-based
phase into the CCTO structure. To establish a possible sim-
ilarity with ZnO-based varistors,'# relating the presence of a
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Fig. 6. I-V behaviour of CCTOF samples sintered for 2h (triangles) and
32h (squares). Furnace cooled to room temperature (black symbols) and air-
quenched (open symbols).
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Fig. 7. I-V behaviour of CCTON samples sintered for 2h (triangles) and
32h (squares). Furnace cooled to room temperature (black symbols) and air-
quenched (open symbols).

very thin layer of amorphous secondary phase as the origin of
high nonlinear properties, would require a more careful TEM
observation experiments. Taking into account the reported bar-
rier height’ (estimated to be 0.82eV) and the grain size of the
sintered CCTON 32 h sample, the breakdown voltage must be
17V, in good agreement with the observed in Fig. 7. In doped
samples the dc resistivity in the nonohmic region, was lower
for the quenched samples than for the furnace cooled ones that
revealed again the higher grain conductivity.

In addition, the adequate amount and nature of the donor
dopant required to maximize grain conductivity!> and the
ceramic processing to control the grain boundary phase nature,3
would require further studies to optimize nonlinear behaviour in
order to facilitate device development.

4. Conclusions

The appearance of nonlinear behaviour in doped CCTO sam-
ples has been correlated with the ceramic microstructure which
consisted in n-type semiconductor grains surrounded by a grain
boundary phase, based on CuO. The presence of a grain bound-
ary CuO-based phase was revealed in undoped CCTO samples
and favours the liquid phase sintering of these ceramics. The
secondary phase evolved to disappear when increasing the sin-
tering time. Dopants modified the sintering kinetic and produced
a limited grain growth control. Doped samples showed cleaner
grain boundaries with a very thin secondary phase coat on
them, responsible for the nonlinear /-V behaviour. On the other
hand, CCTO’s secondary phase is thicker creating an insulator
grain boundary and, consequently, a linear behaviour of the I-V
curve.
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