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Modifications in the positive temperature coefficient in resistance (PTCR) of n-BaTiO,
ceramics are brought about by specific additives such as Al,O3, B,O3 or SiO,, leading to the
segregation of secondary phases such as BaAlsTiO1,, BaBsTiO; or BaTiSi;O, at the grain
boundaries. Segregation of barium aluminotitanates resulted in broad PTCR curves, whereas
B.O; addition gave rise to steeper jumps and SiO; addition did not resultin much broadening
compared with donor-only doped samples. Microstructural studies clearly show the
formation of a structurally coherent epitaxial second phase layer of barium aluminotitanate
surrounding the BaTiO; grains. Electron paramagnetic resonance investigations indicated
barium vacancies, Vg., as the major electron trap centres which are activated across the
tetragonal-to-cubic phase transition according to the process V§,+ e =Vg,.. The grain size
dependence of the intensity of the Vi, signal indicated the concentration of these trap centers
in the grain-boundary layer (GBL) regions. Further, the charge occupancy of these centres is
modified by the secondary phases formed through grain-boundary segregation layers.
BaAlsTiO,, gave rise to Al-O ~ hole centres whereas no paramagnetic centres corresponding
to boron could be detected on B,0; addition. Such secondary phases, forming epitaxial
layers over the BaTiO; grains, modify the GBL region, rich in electron traps, surrounding the
grain core. The complex impedance analyses support this three-layer structure, showing the
corresponding contributions to the total resistance which can be assigned as Ry, Ry, and
Rsecondary phase- 1 N€ epitaxial second phase layers bring about inhomogeneity in the spatial
distribution of acceptor states between the grain boundary and the grain bulk resulting in
extended diffuse phase transition characteristics for the GBL regions in n-BaTiO3; ceramics.
This can cause the GBL regions to have different transition temperatures from the grain bulk
and a spread in energy levels of the associated GBL trap states, thus modifying the PTCR
curves. An attempt has been made to explain the results based on the vibronic interactions

applied to the mid-band-gap states in n-BaTiOs. © 7998 Kluwer Academic Publishers

1. Introduction

In semiconducting polycrystalline ceramics, the bulk
characteristics are intricately related to the composi-
tion and structure of grains as well as grain bound-
aries. The electrical behaviour of the boundaries is
associated with the charge-transfer process. The seg-
regated impurities, the precipitated second phase and
the distribution of the frozen-in point defects at the
grain boundaries play major roles in determining
the overall electrical properties. The well-known
grain-boundary phenomenon in donor-doped semi-
conducting BaTiOj;, namely the positive temperature
coefficient in resistance (PTCR), has been attributed to
the formation of electrical barriers at the grain bound-
aries across the tetragonal-to-cubic phase transition
[1]. These barriers are reported to arise from acceptor
states near the grain boundary which trap electrons.
A more recent review by Huybrechts et al. [ 2] showed
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that the PTCR effect cannot be explained by assuming
only one kind of electron trap. Native defects such as
barium vacancies, Vg,, titanium vacancies, V;, adsor-
bed gases at the grain boundaries, or 3d transition-
metal ion impurities can act as electron traps, with
experimental evidence supporting one or the other
[3-16]. This has kindled renewed interest in the subject
of PTCR. The differential distribution of these electron
traps as well as the formation of new electron traps by
the alien constituents segregating at the grain bound-
aries can significantly alter the PTCR in BaTiOs.
Segregation studies on BaTiO; have been made pre-
viously by Lewis et al. [6]. From calculations of the
bulk and surface defect energies, they proposed that
there is a strong tendency for segregation of acceptor
states in low-charge states. Also, the activation energy
for the migration of acceptors in the titanium sublat-
tice is very high and hence donors will deplete the
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grain-boundary area, leaving behind an acceptor-rich
layer, which leads to n—i—n junctions responsible for
the PTCR effect. However, according to the segrega-
tion studies made by Chiang and Takagi [15], the
spatial distribution of the acceptor defects at the grain
boundary can be neglected compared with the elec-
tron depletion layer width. Therefore the acceptor
layer caused by segregation is assumed to be one
dimensional in the Heywang [ 1] model, but the accep-
tor levels in the samples of Chiang and Takagi [15]
were much higher (0.3-1.0 mol%) than PTCR doping
levels. Through similar segregation studies, Desu and
Payne [16] proposed an n—i—n model; contrary to the
calculations of Lewis et al. [6], the donors are said to
be segregated at the grain boundaries, creating an
insulating layer through vacancy compensation and
forming the grain-boundary barriers. Again, the do-
nor (10 mol% Nb) and the acceptor levels (0.6 at% Fe)
used by them were much higher than the PTCR dop-
ing levels, namely 0.1-0.3 at% donor and 0.01-0.05
at% acceptor, and hence the model is questionable
vis-g-vis the PTCR effect. Further, the experimental
techniques used by them (scanning Auger electron
spectrosocopy and scanning transmission electron
microscopy) yielded results which were specific to
a few grains or grain boundaries and were not the
average over all the grains or grain boundaries in the
specimen. Experimental evidence exists in the litera-
ture [17-19], by way of electron paramagnetic reson-
ance (EPR) measurements on single crystals and
polycrystalline BaTiO; ceramics, to show that the
acceptors do not segregate at the grain boundaries but
dissolve within the grain bulk at the concentration
levels used for PTCR. Both single crystals and poly-
crystals showed the same set of EPR signals arising
from the acceptor ions (mostly 3d transition-metal
ions). Apart from the bulk dopants, segregation of
grain-boundary modifiers such as Al,Oj, SiO, and
TiO, in BaTiO3; polycrystalline ceramics, owing to
limited solid solubility, is known [13, 20-26]. They
form segregated layers at grain boundaries and also
randomly distributed secondary phases when present
in higher concentrations (greater than 1 mol%). These
have been used as aids to lower the sintering temper-
ature but their effect on the PTCR of BaTiO; has not
been dealt with in detail. No reports exist on the
possible formation of aluminotitanates or silicotitan-
ates of barium along the grain boundaries, nor on the
polytitanates of barium. These secondary phases can
modify the distribution of grain-boundary electron
traps, thus directly influencing the electrical character-
istics of n-BaTiQOj; ceramics. Unlike acceptor dopants,
these segregated species can have a higher tolerance
limit (up to a few per cent) of addition without increas-
ing the room-temperature resistivity. Furthermore,
no report exists on the difference in behaviour when
these modifiers are bulk doped in raw material
BaTiO; powder, in comparison with the heterogen-
eous addition during the ceramic fabrication. In view
of the lack of detailed studies on the segregation effects
of grain-boundary modifiers on PTCR of BaTiO; and
to understand the role of these in modifying the grain-
boundary electrical barriers, we have investigated the
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changing effects in PTCR brought about by specific
grain-boundary modifiers such as Al,O;, B,O; or
SiO; in donor-doped BaTiOj. The resulting grain-
boundary segregation or second-phase formation can
affect the electrical conduction possibly through the
formation of new types of defect state and their differ-
ential distribution between grain boundary and grain
bulk. EPR spectroscopy has been used as a tool, as in
the previous studies by our group [17, 18, 27], for
investigating the grain-boundary trap states in donor-
doped BaTiO;. Impedance spectroscopy studies were
carried out to monitor the contributory components
from the grain-boundary layers (GBLs), leading to an
explanation for the drastic change in PTCR with
different grain-boundary modifiers.

2. Experimental procedures

Preparation of fine powders and the processing of
ceramics have been described elsewhere [17, 28, 29].
The starting material was obtained by the thermal
decomposition of BaTiO(C,0,),4H,0 (BTO). In or-
der to observe the changing pattern of trap centres
associated with native defects by EPR, the BaCl, to
TiOCl, ratio was varied from 0.9 to 1.1 following the
method adopted in [17, 30]. Although the resulting
BaTiO; has a correspondingly small deviation in
stoichiometry leading to possible enhancement in
V. X-ray powder diffractogram showed phase singu-
larity. The background impurities in the starting ma-
terial were kept as low as possible (Mn, less than
0.1 pgg™'; Fe, less than 1pg g~ !) by the procedure
described in [17]. Nb (0.2-0.4 at%, i.e., (3.1-6.3) x 10'°
ions cm™?) was used as the donor and separately,
Mn (25-200 ppm, ie., (0.16-1.17) x 10'° ions cm~3)
was used as the acceptor. Donor concentrations
greater than 0.4 at% resulted in smaller grain sizes.
The grain boundary modifiers (Al,O3, B,O3 or SiO,)
were added heterogeneously, i.e., by mixing the pre-
heated donor doped BaTiO; powder with the modi-
fier and pressing into green discs. The addition of
Al,Oj resulted in the formation of secondary phases
such as BaAlgTiO;, and BasAl;(TiO,, along the
grain boundaries. B,O; addition did result in the
formation of distinct secondary phase but was not
detectable by X-ray diffraction. It is possible that
B,0O; can form a glassy phase having the composition
BaB4TiO,. SiO, led to the formation of second
phases such as BaTiSi;Oq (benitoite).

The powder mixtures were mixed with an organic
binder and pressed at 200 M Pa to obtain green ceram-
ics of 65-70% compaction. The binder was sub-
sequently burnt off at 1100 K in air. The discs were
then sintered in static air at 1650 K to obtain ceramics
of 1-25 um grain size. The sinter density of the ceramic
discs ranged from 92 to 97% of the single-crystal
value. Ceramics of different grain sizes were obtained
by varying the sintering conditions for a given com-
position or by increasing the donor concentration to
more than 0.4 at%. The ceramic discs were polished
after sintering so that layers of 20-30 um on both the
sides were removed, in order to ensure that the meas-
ured characteristics did not correspond to those of



external surface regions. Ohmic metal contacts were
then made by electroless nickel plating [31].

The p-T measurements were carried out at low-
voltage signals (less than 0.5 V) while the sample tem-
perature was varied from 298 to 700 K at a constant
rate of 2 K min~'. Microstructural studies of polished
and etched or fractured discs were carried out using
a 8360 Cambridge scanning electron microscope with
an ultimate resolution of 4 nm. This instrument was
fitted with fully automated equipment for quantitative
energy-dispersive X-ray analysis (EDXA). EPR
spectra were recorded using a Varian E109 X-band
spectrometer having a TEq;; cavity, in the temper-
ature range from 80 to 550 K. For ready comparison
of intensities, the amounts of sample (150 mg), micro-
wave powers and modulation amplitudes were kept
the same. The EPR signal intensities were expressed as
double integrated intensities (DIIs) calculated from
the empirical relation [32]

DII =
(signal height)(signal width)*
(gain)(sample mass)(modulation amplitude)(power

)lf2

(1

Measurements of the impedance, Z, were carried out
using an HP4194A impedance—gain phase analyser at
a signal strength of 0.5 V,,,...

3. Results
3.1. Resistivity-temperature (p-T)
characteristics

Fig. | shows the PTCR characteristics of donor-doped
BaTiO, with different grain boundary modifiers. The
PTCR jump may be defined as the magnitude of the
difference between pp,,, and po,. Ceramics containing
donor alone show a PTCR jump of about six orders of
magnitude whereas, for the ceramics formulated with
Al,O; as the grain-boundary modifier, the PTCR
jumps are quite broad with decreased pg.. but the
room-temperature resistivity is decreased. T, Is as
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Figure 1 p-T characteristics of BaTiO; + 0.3 at% Nb with no
grain-boundary modifier (curve a), 3 mol% Al,O; (curve b),
1 mol% B,Q; (curve c) and 3 mol% SiOa. (curve d).

high as 600 K with 3 mol% Al,O; (Fig. 1). The scann-
ing electron micrographs (Fig. 2) show the presence
of secondary phases along the grain boundary and
triple junctions. For more than 2 mol% Al,Os;, a thin
platy second phase, clearly distinguishable from the
nearly rounded grains, is observed which appears as
needle shaped from the side of the fractured surfaces
(Fig. 2a). These are identified as BaAlsTiO,, from
EDXA [33]. The presence of rounded grains and the
solidification bands suggest the influence of a liquid
phase (Fig. 2b) during sintering. The scanning clectron
micrographs clearly show the uniform coating of the
secondary phases surrounding the BaTiO; grain,
which can form a structurally coherent epitaxial layer.
For the ceramics containing B,O,, the PTCR is much
steeper as a result of the shift in T, to as low as
420 K for 1 mol% B,O; or less (Fig. 1). However, the
magnitude of the PTCR jump remains nearly the same
as that of the specimens without B,O; with compara-
ble pnax. The pgy increases with increasing B,O, con-
centration and above 2 mol% the ceramics become
highly resistive. The addition of SiO, does not result
in much broadening of the PTCR jump (Fig. 1). Silica
forms distinetly identifiable secondary phases, such as
BaTiSi;0y, along grain boundaries and triple junc-
tions which, in turn, does not form solid solutions with

Figure 2 Microstructure of BaTiO; + 0.3 at% Nb + 3 mol% Al,O,.
The coherence of the secondary phases by way of over growth
on BaTiO, grains is shown by the arrows in (b).
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BaTiOs;. Broadening of the p—T characteristics indi-
cates enhanced disorder at the GBLs through the
formation of secondary phases which can induce
modifications in the spatial distribution of point de-
fects with respect to grain core or grain-boundary
regions.

3.2. Electron paramagnetic resonance

EPR studies have been carried out to observe the
changing pattern of trap states. The undoped BaTiO;
did not show any EPR signals, indicating the absence
of any paramagnetic impurities above the detection
limits of EPR spectroscopy. Fig. 3 shows the EPR
signals for BaTiO; + 0.3 at% Nb exhibiting PTCR at
temperatures corresponding to the stability regions of
the four crystallographic modifications. At room tem-
perature, BaTiO; + 0.3 at% Nb showed an asymmet-
ric signal with g =1.963 and a very weak signal
having g = 1.997 (Fig. 3). Above T, the g = 1.963
signal becomes symmetric together with a pronounced
gain in intensity for the g = 1.997 signal. The variation
in DIT of the g = 1.997 signal with temperature (Fig. 3)
shows the pronounced intensity of this signal in the
rhombohedral and cubic phases.

EPR signals with g = 1.963 and g = 1.997 have
been reported earlier [17, 27] for donor-doped as well
as H,-reduced BaTiQ; ceramics. Since the intensity of
the g = 1.963 signal increased with increasing degree
of reduction together with increased conductivity, it
was reported to arise from shallow donor-type centres,
possibly trapped electrons, resonating between the
oxygen vacancy and two of the adjoining titanium
ions (Ti* *—V,~Ti** defect centres). This model is also
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Figure 3 Variation in DII of the g = 1.997 signal with temperature
for BaTiO; + 0.3 at% Nb. The EPR signals (g = 1.963 and
g = 1.997) of the sample in all the four phase stability regions is also
shown. For direct comparison of the signals, the receiver gain of the
EPR spectrometer was kept constant. C, cubic; T, tetragonal;
O, orthorhombic; R, rhombohedral.
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in agreement with the oxygen loss observed by mass
spectrometry by Drofenik et al. [34] and the mass loss
studies in semiconducting BaTiO; [35]. From the
appearance of the g = 1.997 signal above T, and its
increase in intensity with decreased [Ba]/[ Ti] values
in the precursor oxalate even for the undoped H,-
reduced samples [17, 27], it was concluded that this
signal originated from barium vacancies, which
should be from the singly ionized centres, Vg,, since
the spin pairing in doubly ionized defect centres, Vg,
makes them EPR inactive. Considering the very low
concentration of Vg, in the temperature region of the
PTCR, shown from the defect chemistry studies [36],
and the increase in resistivity above the Curie point,
the conversion Vi, + ¢’ = Vj, was suggested across
the phase transition to explain PTCR, the barium
vacancies existing as neutral entities in the tetragonal
phase.

The present results show that the intensity of
g = 1.997 signal in the cubic phase also depends on
the donor concentration (Fig. 4), their intensity now
being much higher compared with that of the undoped
H,-reduced BaTiO; samples. Also the DII of
g = 1.997 is maximum in the absence of grain-bound-
ary segregated impurities. The appearance of this sig-
nal must be due to the changes in the crystal symmetry
rather than the absence of spontaneous polarization,
P, since the signal is present in the orthorhombic and
rhombohedral phases of BaTiO; which are ferroelec-
tric. The intensity of g =-1.997 also shows an inverse
relation to the average grain size of the ceramics; the
latter can be varied by changing the sintering para-
meters for a given composition of doped BaTiOs;.
That the g = 1.963 and g = 1.997 signals do not arise
from the | +3)><—|—%) transition-of background
Cr** and Fe®* impurities, respectively, is confirmed
by the intentional doping of these acceptor ions. The
g ~ 2.00 signal of Fe** [37, 38] and the g = 1.961
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Figure 4 Variation in DII of the g = 1.997 signal for BaTiO;
+ 0.3 at% Nb with [Ba]/[Ti] ratio (O) at 423 K, and average
grain size (@) at 300 K.



signal of Cr** [39] did not show any discernible
variation across the tetragonal-to-cubic phase
transition temperature.

Fig. 5 shows the EPR spectra of PTCR BaTiO;
+ 0.3 at% Nb containing 25 ppm Mn acceptor as
well as Al,O; as grain-boundary modifier additive.
No signal arising from Mn is observable at 300 K. In
fact, the specimen is identical with that of BaTiO;
+ 0.3 at% Nb and shows a similar variation in EPR
spectra with temperature. Above 400 K (in the para-
electric cubic phase), the six-line signal having the
hyperfine splitting parameters corresponding to
Mn?* signal appears. These six lines were misinter-
preted, at first, as arising from the hyperfine compo-
nents of titanium ion (*°Ti isotope of about 7%
abundance) [37], but were later identified to arise
from | 4+ 4m;>«<>| — Im;) transition of Mn?* impu-
rities occupying the Ti** sites [40, 41]. The appear-
ance of Mn?* signals above T has been explained by
the lattice symmetry dependent Mn** + ¢'=Mn*"
conversion [18] arising from the relative shift of
Mn3* energy level towards the valence-band edge
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Figure 5 EPR spectra of BaTiO5 + 0.3 at% Nb + 25 ppm Mn with
no grain-boundary modifier (curves a and b), 3 mol% Al,O; (curves
¢, ¢, and d), 1 mol% B,O; (curves e and f).

during the phase transformation. Mn exists as Mn>*
in the tetragonal phases which, owing to the very short
relaxation time, is not observable by EPR at these
temperatures. Thus Mn®* acts as a trap centre for
charge carriers. This effect auguments the trapping
action of V3, to convert itself to Vg, across the tetrag-
onal-to-cubic phase transition. Similar to Vy, the
appearance of Mn?* was also shown to be crystal
structure dependent owing to the presence of this
signal in other ferroelectric phases (less than 190 K)
[18]. Although [ Mn] is only one fifth to one twentieth
of the donor concentration, [D], the number of Mn
ions per cubic centimetre is still large, which will
account for the criticism raised by Huybrechts et al.
[2] regarding the effect of Mn in augumenting the
charge carrier trapping by VE, across the phase
transition to explain the significant increase in PTCR
jump. It has been demonstrated earlier [42] that the
variations in intensities of acceptor signals with tem-
perature (e.g., Mn>*) have an activation energy of the
order of transverse optical (TO) phonon modes indic-
ating the involvement of vibronic mechanism (interac-
tion of lattice vibrations with the electronic states
either from intrinsic defects or extrinsic impurities).
The EPR spectra of the specimens formulated with
Al,0; showed two other asymmetric overlapping sig-
nals at 300 K with g =2.0537 and g = 2.0721, as well
as the g = 1.963 signal. These signals should arise
from a hole centre because Ag = gops — g. 1S positive
(g. = 2.0036, which corresponds to a free electron).
The increase in DII of the hole centres with decreasing
grain size is explainable in terms of the enhanced
concentration of these centres at the GBL regions.
These hole centre signals are identified to originate
from Al-O~ defect centres [33]. The DII of these
signals decreased with increasing temperature except
for a peak around the Curie point (Fig. 5). The
g = 1.997 signal appeared above T., but now with
diminished intensity, reduced by about 2.5 times that
of the specimens containing donor alone (Fig. 6).
For the specimens formulated with B,O5 as the
grain-boundary modifier, no paramagnetic centres

bl

Figure 6 Variation in DII of the g = 1.997 signal in BaTiO; con-
taining 0.3 at% Nb (curve a), 0.3 at% Nb + 3 mol% Al,O; (curve
b), 0.3 at% Nb + 1 mol% B,0O; (curve ¢). Curve d shows the
variation in the hole centre in a specimen containing 0.3 at%
Nb + 3 mol% ALO;.
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involving boron are observed. This can be due to the
strong spin-lattice relaxation of boron impurity-
related centres and the least stability for BOg in prefer-
ence to BO, or BO; polyhedra. Accordingly, B,O;
may segregate to form a secondary glassy phase. Sim-
ilar to donor-only samples, only one asymmetric sig-
nal with g = 1.963 is observed at 300 K and, above T,
this becomes symmetric and the g = 1.997 signals ap-
pears. The change in intensity of g = 1.997 signal
(Fig. 6) was nearly eight times lower than that of
specimens with donor alone. This shows the effect of
boron in suppressing the g = 1.997 signal above T..
Since PTCR is a grain-boundary phenomenon, the
trap centres responsible for charge trapping across
phase transition should be concentrated at the grain
boundaries. In order to verify this, the EPR spectra
of n-BaTiO; was studied as a function of grain size.
Fig. 4 shows that the DII of the g = 1.997 signal
decreases with increasing grain size (i.e., decreasing
GBL), thus confirming that the defect centre giving
rise to this signal should be concentrated more at the
grain boundaries than in the bulk. This is also true for
the Al-O~ hole centres present in ceramics for-
mulated using Al;O; as the grain-boundary modifier.

3.3. Complex impedance results

The complex impedance spectra of the specimens
formulated with Al,O5 were studied above and below
T, to decipher the number of electrical components
with which the grains and GBLs in BaTiO; ceramics
are made up of. A detailed investigation of the com-
plex impedance analysis of PTCR BaTiOj; ceramics
can be found in our earlier publications [43,47]. Fig. 7
shows the results for 3 mol% Al,O;. Clearly, two
semicircles and hence three contributary components
to the total impedance could be deciphered. Since
BaAlsTiO,, can segeregate at the grain boundaries,
the three contributions can be attributed to the
grain interior resistance (R,), the grain-boundary
resistance (Ry,) and that from the secondary phase
(Rsecondary phase)- Such a three-component contribution
is supported by the scanning electron microscopy
(SEM) results which showed that the secondary
phases form a coherent epitaxial layer surrounding
BaTiO; grains. Also, the presence of three electrical
components (namely the non-ferroelectric grain-
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Figure 7 Complex impedance spectra of BaTiO; + 0.3 at%
Nb + 3 mol% Al,O3 below and above T.. (A), 300 K; (O), 423 K;
(@), 450 K.
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Figure 8 Variation in the grain and grain-boundary resistance with
temperature for BaTiO; ceramics containing 0.3 at% Nb (curve a),
0.3 at% Nb + 3 mol% Al,O; (curve b) and 0.3 at% Nb + 1 mol%
B,O; (curve c).

boundary region, the ferroelectric shell-type outer
grain region and the conductive grain cores) was in-
dicated by Sinclair and West [44] in their complex
impedance studies on n-BaTiO; ceramics. The low-
frequency value of Z’ (real part of the impedance),
which is dominated by the grain-boundary resistance,
increases to very high values above T, resulting in
a large area under the semicircle of the Cole-Cole plot.
The variations in R, and Ry, with temperature for the
ceramics with and without grain-boundary modifiers
are shown in Fig. 8. Ry, versus T shows exactly similar
behaviour to that of the PTCR effect in bulk speci-
mens. This confirms that Al,O; indeed helps in the
grain-boundary segregation of BaAlgTiO;,, thereby
increasing the density of acceptor states either through
the formation of new states or through charge redis-
tribution between the existing defect states.

4. Discussion

Although there are various theories put forward by
several workers [1, 3, 6,7, 15, 16, 27] in explaining the
PTCR in BaTiO; ceramics, all of them agree thatit is
caused by the trapping of charge at the grain bound-
aries. The debate still continues as to whether the
charge carriers in n-BaTiO; are small polarons or
band electrons [45, 46]. Further, the character of the
electron traps were identified differently by different
researchers [3, 6, 7, 13, 15, 16]. The electron traps form-
ing the two-dimensional plane along the grain bound-
aries, as assumed by Heywang [1], were modified
by Daniels and Wernicke [3] to include the thickness
of the grain-boundary regions. From the thermodyn-
amic equilibrium at high temperatures and the kinetic
processes during cooling, they proposed a model con-
taining a conductive grain and an insulating Vg,-rich
grain-boundary zone. The Vg, act as electron traps,
thereby generating the potential barrier at the grain
boundaries. However, the formation of titanium va-
cancies can also be favoured since the formation



energy of Vy; and Vg, are shown to be nearly compa-
rable [6]. The present results favour Vg, in preference
to Vp; because of the increasing intensity of the
g =1997 EPR signal with decreasing [Ba]/[Ti]
ratios. Adsorbed oxygen as electron traps was sugges-
ted by Jonker [ 7] based on his experiments on donor-
doped BaTiOj; which produced PTCR jumps of three
to five orders of magnitude when the specimens were
annealed in an O, atmosphere between 800 and
1000 °C; in this temperature region, Vg, diffusion from
the grain boundary into the grain could be neglected.
However, grain-boundary diffusion of oxygen can
climinate most of the oxygen vacancies, thereby ren-
dering the GBL region dominant in cation vacancy
compensation. Under these conditions, cation va-
cancy diffusion from the grain bulk is not essential for
the formation of a more insulating grain-boundary
region. Thus barium vacancies form the major grain-
boundary electron traps in donor-doped BaTiO; al-
though the presence of other types of electron trap,
possibly at much lower densities, cannot be excluded.

Segregation of alien constituents can now bring
carrier redistribution among the various charge states
of barium vacancies, V3,, Vi, or Vi, thereby affecting
the electrical conductivity of the BaTiOj3 ceramic. The
present results clearly show the drastic change in
PTCR brought about by the grain-boundary modi-
fiers such as Al,O3, B,O; or SiO,. This leads to the
segregation of second phases such as BaAlgTiO,,,
BaTiSi;O, or BaB4TiO;,. The resulting change in
PTCR can be due to the alterations in the grain-
boundary structure, leading to the formation of new
types of electron trap accompanied by the charge
redistribution among the existing traps. The large
increase in the EPR signal intensity of the g = 1.997
signal in the cubic and rhombohedral phases, accom-
panied by the large decrease in conductivity, shows
that the electrons are trapped in these phases by the
corresponding acceptor centres. The appearance of
this signal for samples prepared without the donors
and the grain-boundary modifiers followed by reduc-
tion in H, + N, at elevated temperatures suggests
that it originates from intrinsic defect centres in
BaTiO;. The variation in DII with [Ba]/[Ti] ratio
indicates that the associated defect centre should be
the singly ionized barium vacancy, Vg,, which is EPR
active. The barium vacancy, existing as neutral V3, in
the tetragonal phase, converts to Vg, in the cubic
phase by trapping an electron (V§, + ¢'==Vg,), thus
increasing the resistivity [17, 27].

The EPR results for the specimens formulated with
Al,O; indicate the formation of AI-O~ hole centres
having axial symmetry. In the oxide lattices contain-
ing corner-shared cation polyhedra, the impurity
cation with lower charges than the lattice cations can
be compensated by the hole being trapped at the
bridging oxygen, e.g., Ti**—O " —AI** centres in the
present case. Correspondingly, the intensity of the
g = 1.997 signal in the cubic phase decreases. This can
be due to the charge redistribution among the inter-
band defect states. The hole centres, having an oppo-
site trapping character to that of electron centres, can
reduce the charge occupancy of the latter and hence

cause a reduction in the DII of the g = 1.997 signal. It
has already been reported by us [33, 47] that the
grain-boundary segregation of A1** as BaAlgTiO,, in
donor-doped BaTiOj; results in a higher density of
trap states. The Al-related hole centres influenced by
the BaAl4TiO,, content as well as by the grain size
can, in turn, influence the charge occupancy of the
trap centres present in the GBL regions. The GBLs,
rich in electron traps, can be thought to be formed as
the outermost layer of BaTiO; grain. It is possible that
the secondary phases form an epitaxial layer over this,
as supported by our SEM results. This leads to three
contributions (R,, Ry, and Rgecondary phase) t0 the total
resistance of the samples as is evidenced from the
impedance results. A similar model of a grain-bound-
ary phase surrounding an outer grain and the grain
core has already been suggested in literature [44].
There can also be a fourth contribution from the
electrode—ceramic interface.

Diffuse phase transition (DPT) behaviour (coexist-
ence of both tetragonal and cubic phases over a range
of temperatures) in donor-doped BaTiO; ceramics
and its solid solutions is known in the literature
[48-51], although the question as to whether its phase
transformation itself is of a displacive (soft-mode) type
[52-557 or of a disorder type (relaxator) [56—60] is
still unresolved. Experimental evidence [52, 53, 57,
61-63] exists favouring both and, in general, a cross-
over from the displacive to order—disorder behaviour
can be envisaged. In semiconducting BaTiO;, the
order—disorder gives way to DPT behaviour. Al-
though the origin of DPT is not very clear, it is said to
be associated with the compositional [487] or thermal
fluctuation [ 50] or with the intergranular strain distri-
bution [64]. It is considered that the DPT in isovalent
substitution is due to polarized microregions [65]
with different Curie temperatures whereas, in the
case of aliovalent-impurity-substituted ceramics, the
formation of lattice defects additionally influence the
phase transition behaviour. Donor and acceptor
dopants can introduce cation or oxygen vacancies
owing to the prevalence of mixed compensation
[27, 66]. Such perturbations within the BaTiO5 lattice
not only can result in a shift in T, but also can induce
DPT behaviour due to the inhomogeneity in the spa-
tial distribution of point defects with respect to the
grain core-GBL regions. Now, an epitaxial layer of
the second phase surrounding the GBL can lead to
extended DPT behaviour in these ceramics and thus it
is possible that the GBL can have a different T, from
the grain bulk. This can lead to a spread in energy
levels of the associated GBL trap states, resulting in
broad PTCR jumps.

In the case of B,O; addition, the present results
show that the reduction in intensity of the g = 1.997
signal above T, is not accompanied by any boron-
related EPR signal. This implies that B,O; does not
result in any new type of defect state in the GBL
regions but decreases the number of activatable
V. acceptor states. Unlike the case of Al,O5 addition,
the pgr is increased on B,0O; addition, implying the
prevalence of vacancy compensation in the tetragonal
phase. In that case, boron (or the glassy phase formed

3281



through B,0; addition) might influence the activation
of V&, to V3, in the cubic phase, which are undetect-
able by EPR. This redistribution of charges among the
point defects can lead to a decreased concentration of
V3. Added to this, the segregated layers may not
influence the diffuse nature of the GBL and hence it
can have a T, quite similar to that of the grain bulk,
resulting in steeper PTCR jumps.

Thus our results show that the PTCR in BaTiO;
across the tetragonal-to-cubic phase transition is ex-
hibited through the activation of trap centres which is
suitably modified by specific grain-boundary modi-
fiers. The so-called “activation” of acceptor states
which can be a result of changing vibronic character-
istics of the system is evident from the fact that the
activation energy for the EPR signals from the accep-
tor impurities is of the order of TO-phonon models
[42]. Vibronic theory emphasizes the role of the elec-
tron subsystem as the origin of ferroelectric properties
and was first explained on the basis of vibronic inter-
actions (electron—lattice vibrational interactions) in
perovskite-type crystals (e.g., BaTiO;) by Bersuker
and Vekhter [67]. The basic principle of the vibronic
theory states that, under certain conditions, the mix-
ing of the ground electronic state with nearby excited
states by the dipole-type nuclear displacements
(pseudo-Jahn—Teller distortion) results in the instabil-
ity of the high-symmetry configuration with regard to
these displacements, leading to the spontaneous polar-
ization of the crystal. Hence the electronic band struc-
ture and the electron motion are strongly influenced
by the changes in the lattice structure at the phase
transition, i.e., they are dependent on the symmetry.

While the vibronic theory has been accepted for
smaller-band-gap ferroelectrics, in general, the vib-
ronic interaction concepts can also be attempted for
mid-band-gap states in wide-band-gap materials such
as BaTiOs, particularly for the acceptor states. For the
electrical transport properties, most important are the
changes in localized levels in the band gap introduced
by impurities as well as the native defects. Further-
more, the hole conduction is non-prevalent in the
wide-band-gap materials and the acceptors are inva-
riably self-compensated. Therefore, the concept of vib-
ronic theory can be made use of for the defective
BaTiO3 containing mid-band-gap states. The energy
distribution of these states is dependent on the sym-
metry configuration of the lattice and hence the charge
redistribution at these acceptor states occurs during
the structural phase transition. Barium vacancies
remain neutral in the tetragonal phase whereas they
are singly ionized in the cubic phase. The cation
vacancies disrupt the chemical bond in MTiO;
which is made up of 2p® orbitals of O>~ ions, crea-
ting the acceptor states. During the structural phase
transitions, as a result of the changing vibronic char-
acteristics, all the Vg, acceptor states are lifted out of
the valence band so as to form discrete levels within
the band gap and can capture electrons from the
conduction band to become Vg, thus increasing the
resistance. Redistribution of charges at the acceptor
states arising out of the extrinsic impurities are pos-
sible by a similar mechanism. These changes are inde-
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pendent of the vanishing P, and hence will account for
the strong negative temperature coefficient in resist-
ance change across the orthorhombic—rhombohedral
phase transition in n-BaTiO; reported by us [68] and
also the PTCR across the ferroelectric—ferroelectric
transition temperature in potassium bismuth niobates
[69].

It has been demonstrated through infrared [70, 71],
Raman [72-74], and carrier-mobility [ 75-77] invest-
igations that the charge carriers interact dominantly
with the optical modes although, in general, acoustic
phonons are the predominant carrier scattering modes
in semiconducting materials. Detailed studies [78, 79]
revealed that the electron—-TO phonon interaction
predominates in perovskites such as BaTiOj;. Indeed
these TO phonons are soft in the sense that the fre-
quency of the mode goes to zero as the T, is ap-
proached. The major contribution to PTCR across
the phase transition is expected to be due to the
enhanced carrier scattering by these soft TO phonons
in the vicinity of T.. Following the electron-TO-
phonon interaction model of Kobayashi et al. [80] to
explain the resistivity anomaly of SnTe around T, an
expression for the temperature dependence of resistiv-
ity increment across the phase transition can be
obtained as

D \?(keP \* h
Ap = (constant) <7l> < :1 Al) Yoo Nro,o(Ep)'/?
@

Where Ap is the anomalous change in resistivity
across the structural phase transition, P is the trans-
verse momentum matrix element, D, is the transverse
interband deformation potential, a is the lattice con-
stant, d is the density of the crystal, wyo is the fre-
quency of the TO phenon, Nyo 4 is the occupation
number of the corresponding phonon and A is the
change in energy levels between acceptor states arising
owing to valency fluctuations. In the temperature
regions of interest, the above equation can be further
simplified by considering the approximations

kFPJ_ 2 EF
< mA > A ®
and
kT
~ 4
TO, q hO)TO ( )
Hence

2Ex kT
A 2do?,

Thus, knowing the A values between the acceptor
states, the change in resistivity across the phase
transition could be determined. For example,
A = 0.8eV between Vg, and Vg, levels; A =~ 0.5eV
between Mn®* and Mn?* levels in [TiOg]®~ oc-
tahedra as determined by the conductivity changes
during optically detected magnetic resonance studies
[81].

The present results show that the GBL can have
a DPT and is different from the bulk owing to the

Ap = (constant) (%) (Ep'? ()



prevalence of segregated second phases such as
BaAlsTiO{,. In such a situation, A values can be
different for the grain bulk and the GBL region, thus
accounting for the broadening or steepness of PTCR
curves with different grain-boundary modifiers. Good
agreement between the calculated and the experi-
mentally observed resistivity around T, can be ob-
tained if other multiphonon processes are also taken
into consideration.

5. Conclusions

Segregation of alien constituents at the grain bound-
aries by way of secondary phases influences the DPT
characteristics of the GBLs in donor-doped BaTiOj4
ceramics. This can lead to a distribution of acceptor
energy levels or charge redistribution among these
GBL trap states (barium vacancies being the major
electron traps) which directly affect the PTCR charac-
teristics in these ceramics. The resulting modification
in PTCR (broader or steeper jumps), under such an
extended DPT behaviour, can be explained on the
basis of the difference between the vibronic interac-
tions in the GBL and in the grain bulk owing to the
difference in energy level separation between the trap
states in these regions.
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