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The PTC-type BaTi03 ceramics of similar microstructure are obtained by careful control of a 
sintering scheme. The defect chemistry of them is modified by varying the cooling rate and 
annealing conditons. In addition to applying Heywang and Jonker models for explaining the 
resistivity anomaly of these samples, the outward diffusion of oxygen vacancies (Vo), which 
left excess barium vacancies (VBa) behind, is proposed to be the formation mechanism of 
surface states. The formation of defect complex consisting of a V o-V~a pair is assumed to be 
the cause of small diffusivity of V o in these materials. The phenomena, in which the slower 
cooling rate raises the resistivity of samples, is ascribed to the higher concentration of excess 
barium vacancies (VB,) contained in these samples. However, the maximum potential barrier 
height (q~m,x) of the samples is the same, irrespective of the amount of surface state con- 
centration (Ns) and is estimated to be q~lm.x = 0.66eV, from the In (Pmax)-l/Tma x plot. 

1. Introduction 
Since the positive temperature coefficient of resistivity 
(PTCR) characteristics of donor-doped barium titan- 
ate ceramics was discovered [1], great efforts have been 
made to understand the conduction mechanism [2-10], 
formation mechanism [11-14] and application [15-17] 
of these materials. Nowadays, ceramics with good 
PTCR performance have been produced via careful 
control of processing parameters, and widely applied 
in many thermoelectric devices. As to the conduction 
mechanisms, the Heywang and Jonker models [3, 4] are 
generally accepted to explain the resistivity anomaly. 
The Heywang [3] model proposed that the potential 
barrier arising from the electron-trapping effect of the 
surface states on the grain boundaries results in high 
resistivity of the specimen at elevated temperature. 
Jonker [4] modified this model by proposing the com- 
pensation of surface states due to spontaneous polar- 
ization, which occurs at the ferroelectric state, to 
account for low resistivity of PTCR ceramics at the 
temperature below the Curie point (Tc). 

While these models satisfactorily explain the tem- 
perature dependence of resistivity, the genuine sources 
of surface state is still not well understood. Daniels 
et aI. [8] postulated that the inward diffusion of bar- 
ium vacancies near the grain boundaries plays the 
roles of an electron trap; Jonker [4, 18] and Heywang 
[19] assumed that the adsorption of oxygen atoms 
and segregation of impurities, respectively, at grain 
boundaries act as the surface states. Owing to the 
complexity of the conduction mechanism, the electri- 
cal properties of PTC-type BaTiO3 ceramics are very 
sensitive to both microstructure and defect chemistry 
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of the samples, which, in turn, are significantly affected 
by the processing parameters such as chemical com- 
position [20-22], sintering condition [23, 24] and heat- 
treatment [25, 26], etc. 

In this study, the sintering scheme is carefully con- 
trolled such that the microstructures of the samples 
are similar to each other. The defect chemistry of the 
materials is then modified by means of various cooling 
and annealing processes. The influence of defect 
chemistry on the PTCR behaviour of BaTiO3 ceramics 
can thus be identified, and the defect restoration 
during cooling and annealing will be discussed. 

2. Experimental procedures 
The PTC materials were prepared by the conventional 
mixing-oxide procedure. The raw materials BaCO3, 
TiO2, Sb203 and A1203-SiOz-TiO2(AST ) in a ratio of 
4 : 9 : 3 of reagent grade purity (Riedel-de Haen, West 
Germany), were weighted according to the formula 
BaTil.00503.01 + 0.15% Sb20 3 + 5.3% AST. These 
powders were mixed in an alumina ball mill for 12h 
with deionized water, then calcined at 1000~ C for 2 h 
and pulverized for 4 h. The AST is employed to pro- 
vide a homogeneous and stable microstructure via the 
mechanism of liquid phase sintering [27]. 

After granulation by passing through a 60 mesh 
powder sieve, the powders were pressed into discs 
(12 mm diameter and 2.2 mm thickness) under a pres- 
sure of about 90 MPa. All of the samples were sintered 
in air at 1350 ~ C for 2 h but with the cooling procedure 
strictly controlled. The cooling was conducted at 10, 
33, 100, 300, 900~ h -1 , and quenching, respectively. 
All the samples were annealed at 600 ~ C for 40 min in 
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Figure 1 The micrographs of polished and thermally etched surface of  the sample sintered at 1350~ for 2h and cooled at the rate of 
(a) 10~ l, (b) 100~ - I ,  (c) 900~ -~ and (d) quenching. 

air to study the corresponding effect on the electrical 
properties. Additional heat treatments, i.e. 1000~ C in 
air for 10 to 250 min, were conducted before the said 
annealing process (600~ for 40 min) for quenched 
samples. After plating with electroless-nickel as elec- 
trodes, the d.c. resistivity-temperature (p-T) charac- 
teristics of the samples were measured. The micro- 
structure was observed using a scanning electron 
microscope (JOEL, JCXA-733). The complex impe- 
dance technique was employed to determine the 
intrinsic resistivity of grains, using an impedance 
analyser (Hewlett Packard, HP 4192A). The details of 
the technique have been described elsewhere [28]. 

3. R e s u l t s  
The microstructure of samples is not significantly 
influenced by the cooling rate (~c) in the sintering 

process and the subsequent annealing procedure. The 
typical micrographs shown in Fig. 1 illustrate that all 
the granular structure is similar in density (~  90% of 
theoretical density), grain size (~-2{)~m) and size dis- 
tribution, irrespective of the cooling condition. The 
similarity in microstructure for all samples shows that 
the modification of electrical properties arises from 
the effect of defect restoration in the samples. 

The effects of cooling rate (~c) on the p-T charac- 
teristics of PTC-type BaTiO3 ceramics are demon- 
strated in Fig, 2. Both the room-temperature and 
high-temperature resistivities of the samples decrease 
wilh the increase of ~o value, when the cooling rate of 
the specimens is slower than 300~ h-1 (full curves). 
The cooling rate also modifies the shape of the p-T 
curve markedly. The resistivity anomaly rises sharply 
at Tc and drops rapidly after the maximum for the 
10 ~ C h i cooled sample. Both the resistivity jump at 
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Tc and declination after maximum resistivity (Pmax) 

occur at a less steep rate as the cooling rate (~o) 
increases. Moreover, the temperature corresponding 
to the maximum resistivity (Tin,x) shifts toward the 
higher end for samples cooled at a faster rate. Further 
increase in cooling rate does not significantly modify 
the p-T characteristics, which is shown as a broken 
curve in Fig. 2 for the 900 ~ C h ~ cooled sample. Small 
value of Pm,x accompanied with the poor PTCR 
behaviour are observed for the quenched samples 
(chain curve in Fig. 2). 
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Figure 2 The resistivity-temperature characteristics of  the samples 
sintered at 1350 ~ C for 2 h and cooling at diffei'ent rates; 10 ~ C h -L , 
33~ - l ,  100~ -I and 300~ -I (full curves), 900~ -l  
(broken curve), and quenched (chain curve). 
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Figure 3 The maximum and minimum resistivities of the samples 
before (full curves) and after (broken curves) 600 ~ C annealing, and 
the intrinsic grain resistivities obtained from complex impedance 
analysis (chain curve). (o p ...... �9 Pm,~ ( 600~ 40min), O Pmi., 
A Pmin ( 6000 C, 40 rain), �9 PO)" 

The influences of  cooling rate on the electrical 
behaviour are summarized in Fig. 3. Both the minimum 
and maximum resistivities (Pmin and Pmax) of the samples 
in Fig. 2 are plotted against the cooling conditions of 
the samples (full curves). It is interesting to note that 
the PTCR jump (Pmax/Pmin) is almost unchanged, 
about four orders of  magnitude although Pmin and Pmax 
decrease simultaneously as the cooling rate increases. 
Furthermore, Pmi, remains at about 30 f~cm for the 
samples cooled faster than 300~ ~. The intrinsic 
resistivity of the grain interior (P0) of the samples is 
estimated from the result of the complex impedance 
measurement and is the value obtained from the 
extrapolation of the resistance-reactance ( R - X )  curves 
toward high frequency end. The P0 value of all the 
samples is the same ( ~  10f*cm), irrespective of their 
cooling conditions, and is plotted as a chain curve in 
Fig. 3. This result reveals that the mechanism by 
which the cooling rate influences the electrical proper- 
ties ( P m a x  and Pmin) of these samples is through the 
modification of  defect chemistry in the regions near 
the grain boundaries rather than via the changes of  
resistivity in the interior of  the grains. 
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Figure 4 Effect of 1000 ~ C annealing (full curves) and 600 ~ C anneal- 
ing (broken curves) on the Pmax and Pmin of the quenched samples. 
(e p .... �9 p .... (600~ 40min) O Pmin, A Pmin ( 600~ 40min)). 

Low temperature annealing (600~ for 40min) 
decreases the Pmin and Pmax of all samples slightly 
except for the quenched ones, as indicated by the 
broken curves in Fig. 3. High temperature annealing 
(1000~ on the quenched samples, unexpectedly, 
only increases the high temperature resistivity 
moderately. The prolonging of annealing time (ta) 
imposes only a minor effect on the improvement of the 
PTCR behaviour of the samples (full curves in Fig. 4). 
Re-annealing at low temperature (600 ~ C) after these 
samples are quenched from 1000~ C increases the Pmax 
further (broken curves in Fig. 4). The Pmin, on the 
other hand, only changed by a negligible amount  for 
both the annealing processes. 

4. Discussion 
According to the Heywang's model [3], the apparent 
resistivity of PTC samples is related to the potential 
barrier height 4) existing at grain boundaries by the 
following equation 

P = ~P0 exp (4 ) /kT)  (1) 

where e and Po are the geometrical factor and resis- 
tivity of the grains, respectively and k and T are 
Boltzmann constant and measuring temperature (K), 
respectively. The potential barrier height qS, on the 
other hand is related to the surface states existing at 
grain boundaries and the other intrinsic electronic 
parameters of the grains. The correlation between 
these parameters can be simplified as 

e 2 Ns  2 

q~ - -  2 ~ 0  g r  No (2) 

where e is the electronic charge, Ns the concentration 
of effective surface states, ND the concentration of 
ionized donors, e0 the permittivity of vacuum, and er 
the relative permittivity (dielectric constant). The tem- 
perature dependence of  the dielectric constant above 
Tc follows the Curie-Weiss law, i.e. 

C 

T-To 

where C is the Curie constant and Tc the Curie point. 
When the temperature increases above Tc, the bar- 

rier height q5 will rise rapidly due to the abrupt drop 
of  %. The apparent resistivity, thereafter, increases 
exponentially with the temperature. As the potential 
barrier bends upward, the energy level of the surface 
states (Es) also increases relative to the Fermi level 
(Ev),  since the energy level of the surface states E~ 
is fixed relative to the bottom of the conduction band. 
Re-emission of trapped electrons from the surface 
states will occur as the Es is raised over the Fermi level 
(Ev). The increase in q5 due to the lowering Of Sr is thus 
suppressed by the decrease in surface state concentra- 
tion % (cf. Equation 2). The potential barrier, 
therefore, reaches its maximum value (~bm~x) at the 
moment that the surface state level E s touches the 
Fermi level (EF) and Om~x = Es -- EF. Whenever the 
nature of the surface states, or the E~ value, of the 
samples is the same, the maximum potential barrier 
height qSma x of the samples will be the same too, no 
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matter how high the concentration of surface states 
Ns is. 

A larger surface state concentration (N~) results in a 
higher potential barrier, qS, according to Equation 2. 
The surface state level E~ is thus closer to the Fermi 
level (Ev) and the potential barrier will reach its maxi- 
mum value more quickly after the temperature passes 
T~. On the other hand, lower Ns corresponds to 
smaller q~ and E~ is further away from EF. The poten- 
tial barrier will approach its maximum at a higher 
(T - To) value. This is demonstrated qualitatively in 
Fig. 2. Recalling that the electric resistivity of PTC 
samples is related to the potential barrier ~b through 
Equation 1, the maximum potential barrier height 
~bmax can thus be expressed as 

~m,~x = ln(pmax) - l n a  (3) 
kTmax \ P0 

The plot ofln (Pmax/PO) against 1/Tmax as shown in Fig. 
5 is observed to fit a straight line surprisingly well for 
data corresponding to the samples cooled at a rate 
from 10 to 300 ~ Ch 1. This result infers that the q~ax 
values of these samples are the same which, in turn, 
indicates that the potential barrier arises from the 
surface state of the same nature (i.e. E~ value). Only 
the concentration of surface states N~ varies with the 
cooling rate. The faster the cooling rate the lower the 
Ns will be. The maximum potential barrier height of 
these samples is estimated to be q~m,~ = 0.66 eV. The 
fact that the data of 900~ b_. 1 cooled and quenched 
samples do not fall on the same straight line could be 
caused by the alteration of the nature of surface state 
and needs to be investigated further. 

As for the mechanism of the formation of surface 
states, although the inward diffusion of barium 
vacancies (VB~) proposed by Daniels [8] explained 
successfully the formation of carrier depletion layer in 
the grain boundary region, it can not explain the 
results of our observation. As shown in Fig. 4, the Pm,~ 
of quenched samples increases only moderately when 
they are annealed at 1000~ for 10 to 250min (full 
curve) and increases further by 600~ annealing for 
40 rain (broken curve). Since the diffusivity of VBa in 
BaTiO3 lattice, as investigated by Wernicke [29], is 
OBa --= 6.8 x l0  -2 exp (-2.76eV/kT), the diffusion 
length Of Va, is thus estimated to be 0.22 to 1.11 #m at 
1000~ and is negligible at 600 ~ C. Had the Daniels' 
model been true, there would be a depletion layer 
formed at the grain boundary regions such that the 
resistivity should be restored completely by 1000~ 
annealing, whereas it should not be Changed by 600 ~ C 
annealing, for the quenched samples. This is not the 
case. The outward diffusion of Vo is thus proposed to 
explain the formation of excess VBa during cooling. 

The equilibrium concentrations of VB~ and Vo, 
according to the law of mass action, are approxi- 
mately the same and they are smaller when the samples 
are exposed to lower temperature: Diffusion of VB, 
and Vo toward the grain boundary are thus expected 
to occur. The diffusivity of barium vacancies (VB~) is, 
however, much lower than that of oxygen vacancies 
(Vo) so that the VBa can be approximately assumed 
frozen during the cooling process. Excess V~a thus 
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Figure 5 The plot of log (Pmax/P0) against 1/Tm. X of the 1350 ~ C, 2 h 
sintered samples cooled at different rates. 

results at the grain boundary region due to outward 
diffusion of Vo. Since the VBa can act as electron traps, 
a layer depleted in the charge carrier will result, which 
is as effective as the surface state of concentration Ns 
at forming a potential barrier q~. The slower the cool- 
ing rate, the larger the amount of excess VBa left over 
and hence the higher the potential barrier q~ will be. 

When the samples are annealed at 600~ for 
40 rain, after being cooled at room temperature, the 
equilibrium vacancy concentration is raised to a higher 
level. The oxygen vacancies (Vo) thereafter will diffuse 
inwardly and recombine with a proportion of excess 
barium vacancies (VBa). The equivalent surface state 
concentration Ns is lowered slightly and results in a 
smaller/)max value. As for the effect of annealing on the 
quenched samples, the existing concentrations of VBa 
and Vo correspond to the equilibrium values of the 
sintering temperature (1350 ~ C) when the samples are 
quenched from that temperature. The annealing at 
1000 ~ C will certainly lower the oxygen vacancy con- 
centration via outward diffusion of Vo leaving the 
frozen VBa behind. The Pmax of the samples is thus 
expected to increase. Re-annealing at 600 ~ C after the 
samples have been quenched from 1000~ will result 
in the same behaviour as shown in Fig. 4. 

Even though the oxygen vacancy diffusion mechan- 
ism seems to be able to account for the observed 
cooling and annealing effect on the electrical resis- 
tivities of PTCR specimens qualitatively well, there 
still exists a discrepancy. The diffusion rate of oxygen 
vacancies (Vo) in BaTiO3, according to the investigation 
by Wernicke [29], D o = 5.7 x 103 exp ( -  2.05 eV/kT), 
which is enormous at high temperature. With such a 
high diffusivity, almost all of the Vo can diffuse to 
grain boundaries instantaneously during cooling, 
immaterial to the ~c value. The result will be grains 
excess in VB, everywhere which will render the 
materials insulating. The only remedy to such a dis- 
crepancy between the model and observed results is to 
assume that the diffusion of Vo is significantly slowed 
down due to some unknown mechanism. Formation 
of a defect complex which consists of a pair of barium 
and oxygen vacancies (Vo'-V~a) bonded together is, 
therefore, proposed. 



As the sample is cooled from the sintering tem- 
perature, the equilibrium values of VB, and Vo are 
lowered. Both of the vacancies have a tendency to 
diffuse towards the grain boundaries. The diffusion of  
VB, is slow and that of Vo is initially rapid. The excess 
barium vacancy (VBa) which is thermodynamically 
unfavourable, tends to capture the oxygen vacancy 
(Vo) and form a defect complex (V o' -V~a). The dif- 
fusion of  Vo is significantly suppressed immediately 
after the formation of the Vo-Vaa complex since the 
oxygen vacancy must overcome the binding energy of 
the defect complex before it can diffuse. The result is 
that only the V o sited at regions very close to the grain 
boundary have the chance to diffuse out. Thus only an 
ultra-thin layer of excess VBa region is formed and the 
electrical resistivity can be increased slightly. 

When the samples are quenched from sintering tem- 
perature, the existence of  frozen VBa and Vo is quite 
abundant. Both the vacancies experience the high 
energy state. They associate with each other easily and 
form the defect complex (Vo-V~a). As the tempera- 
ture is raised again to the annealing temperature 
(1000 ~ C), the outward diffusion of oxygen vacancies 
(Vo) is, thus, very slow. Consequently, the annealing 
process can only moderately modify the Pmax value. It 
is worth noting that while the reoxidation of  the 
materials owing to outward diffusion of V o is retarded, 
the reduction of  materials due to inward diffusion of  
oxygen vacancies is not expected to be affected 
markedly by the existence of a defect complex. This is 
in accord with the results observed by Jonker [18]. 

5. Conclusions 
The electrical properties of PTC-type BaTiO~ ceramics 
were varied by controlling the cooling or annealing 
processes. Owing to the similarity of the microstruc- 
tures of each sample, the variation of PTCR behav- 
iour can be ascribed solely as the influences of  the 
defect chemistry of  the materials. 

1. The decrease of maximum and minimum resis- 
tivities (Pmax and Pmin) a s  the cooling rate increases 
from 10 to 300~ -~ can be simply explained by 
Heywang's and Jonker's model. 

2. The potential barrier is presumed to result from 
the existence of  excess barium vacancies (VBa) near 
grain boundary regions, which are possibly due to the 
outward diffusions of the oxygen vacancies (Vo) to the 
grain boundaries during cooling. 

3. The maximum potential barrier height (qS~,a~) of 
the samples is the same and can be deduced from the 
relationship between the Pmax and corresponding tem- 
perature (T~,~). It is estimated to be qS,,,x = 0.66eV. 

4. The formation of a Vo-V~ defect complex is 
proposed to explain the retardation of oxygen vacancy 

diffusion, which, in turn accounts for the phenomenon 
that the annealing can only affect the electrical proper- 
ties moderately. 
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