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Defect chemistry of donor-doped BaTiO3 with BaO-excess for 

reduction resistant PTCR thermistor applications                                   

- redox-behaviour  

Christian Pithan,*a Hayato Katsub and Rainer Waserac 

The electric conductivity of donor-doped BaTiO3 thermistor ceramics with excessive BaO revealing a reduction-persistent 

PTCR effect has been carefully examined in dependence of materials composition and oxygen partial pressure at moderate 

temperatures between 973 and 1273 K. This thermal regime represents the range which is relevant for the realization of 

insulating grain boundaries in these electrically inhomogeneous ceramic materials through reoxidation. Based on the 

experimental results strong evidence for a general correlation between the PTCR characteristics, DC-conductivity and the 

herewith associated defect chemistry significant to thermistor applications is presented for the system  (Ba, La)mTiO3, where 

m designates the BaO-excess (m  1). Nominal compositions with a relatively  low (Ba+La)/Ti ratio m only show a rather poor 

PTCR effect and an overall donor-type response in conductivity can be observed at all levels of oxygen partial pressure 

considered in the present study.  With increasing (Ba+La)/Ti ratio m the nonlinear resistivity jump with raising temperature 

strongly improves and acceptor-type behaviour seems to dominate the total conductivity at partial pressures of oxygen 

above approximately 10-6 MPa. This result for compositions with high BaO-excess can be understood by the local formation 

of point defect associates in the grain boundary regions that consist of both acceptor-type titanium vacancies and donor-

type oxygen vacancies. Their origin is attributed to the preferential local incorporation of excessive BaO into the BaTiO3 

lattice at the intergranular interfaces.

1. Introduction 

The ferroelectric perovskite compound BaTiO3 has been 

technically utilized in a variety of electroceramic applications 

since its discovery.1 One of them are resistors with positive 

temperature coefficient of resistivity (PTCR) which are 

employed for surge current limitation in electronic circuitry, 

self-regulated heating and for resettable fuses, just to mention 

a few example.2-4 Commonly these passive electronic 

components are referred to as thermistors. Due to economic 

reasons, the overall electric resistance is generally required to 

be as low as possible during the stationary state of use in order 

to reduce unnecessary power losses. For this purpose, recently, 

devices with a multi-layered structure composed of consecutive 

ceramic layers of donor-doped BaTiO3 with alternating inner 

metallic electrodes on Ni-basis have been introduced.5 Since all 

resistive ceramic layers are connected in parallel in this 

arrangement the total resistance of the whole device is 

efficiently decreased.  

 

Likewise to BaTiO3-based chip type PTCR-devices also the multi-

layered counterparts show a drastic enhancement in resistivity up to 

several orders of magnitude upon heating. This resistivity jump 

occurs when the temperature reaches and surpasses the phase 

transition point of the ceramic phase, the so-called Curie 

Temperature TC, where the ferroelectric modification of barium 

titanate transforms into the paraelectric polymorph.  The physical 

phenomenon responsible for this resistivity increase is commonly 

referred to as the PTCR-effect6,7 and only occurs in polycrystalline 

systems such as sintered ceramics.8 

It has been believed for a long time that BaTiO3-based PTCR 

materials must be sintered under oxidizing conditions. Daniels 

et al.9 showed that oxidized, electrically insulating grain 

boundary layers separating the semiconducting cores of the 

donor-doped grains are responsible for the generation of the 

PTCR-effect. According to their point defect chemical analysis 

based on measurements of high temperature DC-

conductivity10, the formation of metal vacancies compensates 

positively charged donor impurities during local reoxidation of 

the intragranular interfaces. This mechanism takes place more 

favourably than compensation by electrons, a process that is 

prevailing only in the interior of the grains and not at the grain 

boundaries. This conception has been confirmed later by 

thermogravimetric studies.11 In consequence the local 

enrichment of immobile and negatively charged acceptor states 

created by metal vacancies at the grain boundaries gives rise to 

resistive back-to-back Schottky type barriers.  
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They impede the motion of electrons from one grain into a 

neighbouring one, if the space charges arising from ferroelectric 

polarization do not counterbalance their electrostatic potential, 

which is actually the case for paraelectric BaTiO3, i.e. above TC.7 

In the view of this defect chemical scenario a demanding 

technological challenge has been to develop reduction resistant 

ceramic formulations for multilayer PTCR-components that 

preferentially should contain Ni-based metallic alloys as 

electrode material. In this case, the metallic and ceramic 

material must be cofired under reducing conditions in order to 

avoid excessive oxidation and corrosion of the metallic 

electrodes. On the other hand, from the defect chemical point 

of view, the generation of the PTCR effect requires a local 

oxidation of the grain boundaries in BaTiO3. 

In the recent past, newly developed rare-earth metal doped 

BaTiO3-based ceramic PTCR formulations with excessive BaO, 

that can be sintered under reducing conditions at an oxygen 

partial pressure of oxygen of 10-7 MPa or even less, have been 

reported by Niimi et al.12 These materials reveal a nonlinear 

dependence of resistivity from temperature and a considerable 

PTCR jump upon a post-sintering annealing treatment in air at 

moderate temperatures around 1000 K. The observed PTCR 

effect has been ascribed to the amphoteric chemical nature of 

the rare-earth elements added as dopant. Depending on the 

ionic radius of the respective rare-earth ion incorporated into 

the perovskite lattice of barium titanate, preferentially either 

the Ba- or the Ti-site can be occupied in general. In the 

amphoteric case, however, trivalent dopants such as the ions 

Nd3+ or Sm3+ may enter both crystallographic positions acting as 

acceptor and donor simultaneously. Yet, even La-doped 

hypostoichiometric BaTiO3 ceramics show a pronounced PTCR 

effect after reductive sintering and a respective reoxidation 

treatment, although La3+ represents a pure donor ion which 

only substitutes the Ba2+-ion in the perovskite lattice.13  

The questions, why in all cases stoichiometric compositions 

without any BaO-excess doped with rare-earth elements do not 

show any PTCR-type behaviour and why the resistivity jump is 

enhanced upon increasing the amount of BaO added have not 

been answered yet, although it is known that at elevated 

temperatures BaTiO3 exhibits an appreciable solubility of excess 

BaO.14-15 The conductivities of BaTiO3 ceramics containing 

excessive BaO have been studied in this context by Yeo et al.16 

in detail depending on temperature and partial pressure of 

oxygen. Their conclusions regarding the influence of BaO-excess 

on the lattice disorder in BaTiO3, however, were not related to 

any further doping for practical applications. For this reason, the 

present contribution addresses the role of excessive BaO on the 

defect chemistry of donor-doped BaTiO3 in order to clarify the 

fundamental mechanisms that are responsible for the 

generation of the PTCR-effect in reduction resistant thermistor 

ceramics of this system. The defect chemical relations were 

examined by means of DC-conductivity measurements 

depending on the oxygen partial pressure in an intermediate 

temperature range between 973 K and 1273 K, which 

represents the typical thermal regime for the post-sintering 

reoxidation treatment, where the PTCR effect develops.  

 

2. Experimental 

La-doped BaTiO3 powders were prepared by conventional solid-state 

reaction, the so-called mixed oxide route. Intimate mixtures of 

BaCO3, TiO2 (rutile) and La2O3 powders with additions of colloidal 

silica were calcined in air at 1323 K for two hours. BaCO3 (purity > 

99 %) and TiO2 (purity > 99.9 %) were purchased from Sigma-Aldrich, 

USA, and La2O3 (purity 99.999 %) from Alfa Aesar, United Kingdom.  

The nominal compositions were prepared according to the 

formula (Ba0.998La0.002)mTiO3. The degree of non-stoichiometry 

expressed by the (Ba+La)/Ti ratio m was varied systematically 

between 1.00 and 1.05. 0.7 wt.-% of colloidal silica was added to each 

formulation respectively as sintering flux in order to enhance 

densification during sintering. As binder 3 wt.-% of poly-vinyl acetate 

(PVAc, Zschirmmer & Schwarz, Mohsdorf GmbH & Co KG, Germany) 

were added to the calcined powders which were then pelletized with 

a steel die into cylindrical green bodies by uniaxial cold compaction 

applying a pressure of 100 MPa. These green compacts were then 

decarbonized at 873 K in air for 10 hours and finally sintered for two 

hours at 1573 K in a moist gas mixture of Ar and H2, which resulted 

at this temperature in a partial pressure of oxygen of approximately                

10-9 MPa.  For reoxidation after sintering under these reducing 

conditions the consolidated ceramic pellets were annealed at 973 K 

in ambient air.  In an analogous way Nb-doped ceramic reference 

samples with BaO-excess have been prepared, following exactly the 

same route. They were needed in order to clarify, if the site 

occupancy of the donor affects the defect chemistry of reduction 

resistant BaTiO3 thermistors or not. In contrast to La3+, which 

exclusively occupies the Ba-site of the perovskite lattice, Nb5+ is 

completely incorporated on the Ti-site.  

Phase purity was inspected by X-ray diffraction (XRD) using a 

goniometer in Bragg-Brentano  configuration with a Cu-K  X-ray 

source (X´pert system, Philips, The Netherlands). The measuring 

conditions were typically: (i) angular range of Bragg reflections: 20° 

to 100° and (ii) scanning speed: 0.25°min-1. The lattice parameters 

were determined through Rietveld-refinements obtained from these 

measurements. Microstructural analysis of the reoxidized ceramics 

included observation by scanning and high-resolution transmission 

electron microscopy (SEM: S-4100, Hitachi, Japan; HR-TEM: JEM-

3200, Jeol, Japan). The investigation of the electrical characteristics 

focussed essentially on measurements of the DC-conductivity in 

dependence on temperature and partial pressure of oxygen. For this 

purpose the ceramic samples were connected to a current source 

(6220, Keithley, USA) and a voltmeter (PM2534, Philips, The 

Netherlands) according to the four point geometry. During the 

measurement, the samples were kept in the centre of a gas-tight 

quartz tube that was placed into a tube furnace. Inside the quartz 

tube the samples were contacted tightly using Pt-wires. The 

temperature inside the furnace was monitored with a thermocouple 

and the partial pressure of oxygen p(O2) was controlled in the regime 

between 10-21 MPa and 10-1 MPa with an oxygen electrolytic pump 

(SEMG5, Zirox GmbH, Germany) connected at the gas inlet side of 

the quartz tube in order to adjust the p(O2) of inflowing dry or 

humidified gas mixtures of H2 and Ar. Simultaneously the p(O2) of the 

exhaust gas at the outlet of the tubular quartz sample recipient was 

recorded with an oxygen sensor (Zirox GmbH, Germany).  
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Additionally in-situ impedance spectroscopic 

measurements have been carried out in order to determine the 

frequency dependent AC-conductivity as a function of the 

partial pressure of oxygen. In this case an Impedance - Gain 

phase analyser (Schlumberger Instruments, SI 1260, United 

Kingdom) with dielectric interface (Solatron Analytical, Model 

1296, United Kingdom) was connected according to the 2 point 

geometry to the sample inside the quartz recipient. 

3. Materials characteristics 

It is well accepted that an electrically insulating grain boundary 

layer predominately determines the PTCR effect in donor-doped 

BaTiO3 ceramics with semiconducting grain cores.6, 7 The present 

contribution focuses on the influence of BaO-excess on the PTCR-

characteristics and more specifically on the related point defect 

chemical relations of such materials. Since the solubility of BaO in 

BaTiO3 is believed to be rather small (less than 100 ppm)13 the effect 

of overstoichiometry on the microstructure, phase purity and on the 

crystallography of the perovskite lattice of the corresponding BaO-

rich ceramics have been studied carefully first before investigating 

the electrical characteristics, related to the PTCR-effect.  

3.1. Microstructural and crystallographic analysis 

SEM, HR-TEM and XRD in conjunction with Rietveld analyses 

have been used in order to clarify the influence of excessive BaO 

on the microstructural and crystallographic characteristics of 

the reduction resistant thermistor ceramics of this study. Fig. 1 

exemplarily shows some selected fracture surfaces of La-doped 

(0.2 at.-%) ceramics depending on the (Ba+La)/Ti ratio m, as 

they have been observed by SEM. A statistical quantification of 

the influence of m on the average grain size determined using a 

computer-assisted method is also presented in Fig. 1. 

Fig. 1 Fracture surfaces and derived average grain sizes of                        

(Bam-0.002La0.002)TiO3 ceramics with various BaO-excess sintered at               

1573 K and p(O2) = 10-9 MPa: (a) m = 1.01, (b) m = 1.03 and (c) m = 1.05. 

The representation in (d) shows the influence of excessive BaO on the 

average grain size. The numbers inside the graph represent average 

numerical values in m and the bars through the data points the 

experimental error. 

Under identical sintering conditions and at the same level of 

donor doping, excessive BaO effectively reduces the average grain 

size in BaTiO3-based PTCR ceramics down to approximately 1 m for 

compositions with 4 mol.-% or more of additional BaO. This 

refinement in microstructure is related with a corresponding 

increase of the volume fraction of resistive grain boundaries in the 

ceramics. Accordingly, from an electrical point of view, a marked 

decrease of DC-resistivity is anticipated with increasing BaO-content. 

Fig. 2 represents the effect of extra BaO on the phase purity of 

overstoichiometric La-doped BaTiO3 ceramics sintered under 

reducing conditions. Surprisingly no additional reflection peaks, 

other than the ones belonging to the tetragonal polymorph of phase 

pure barium titanate could be identified in the XRD patterns shown 

here up to a (Ba+La)/Ti ratio m as high as 1.03. Because of the very 

limited solubility of the BaTiO3 lattice for additional BaO at low 

temperatures, this result seemed unexpected at a first glance. For 

compositions exceeding 3 mol.-% of BaO-addition additional 

reflection peaks arising from barium orthotitanate could be found. 

Fig. 2 XRD-patterns recorded for (Bam-0.002La0.002)TiO3 ceramics with various 

(Ba+La)/Ti ratios m up to m = 1.05 sintered at 1573 K and p(O2) = 10-9 MPa. 

The inset shows a magnified view on the range of double Bragg-reflection 

angles between 20° and 35° and gives evidence for the presence of barium 

orthotitanate Ba2TiO4 for compositions with more than 4 mol.-% of BaO 

addition. 

Other impurities expected from of the addition of the 

sintering flux SiO2
17-18 are phases of the type BaTiSiO5 or 

Ba2TiSi2O8 (fresnoite) originating from the system BaO-TiO2-

SiO2. Very few localized inclusions of such secondary phases on 

the grain boundaries could in fact be identified by HR-TEM in 

combination with EDX (energy dispersive X-ray spectroscopy).  

In summary, the extent of phase impurities and secondary 

phases through the addition of BaO appears to be less 

pronounced compared to the strong effect of grain refinement 

excessive BaO causes. 

Therefore, the assumption arose, that in fact the perovskite 

lattice of BaTiO3 tolerates larger amounts of soluble BaO even 

at low temperatures surpassing the limits reported in the 

literature so far. 
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Still, however, the experimental values fall within a 

reasonable range, from what would be expected from the 

theoretical point of view. Nevertheless, it must be concluded 

that actually not all donors are compensated by electrons11. 

In the oxidizing regime above approximately                           

p(O2) = 10-10 MPa a reliable measurement of DC-conductivity at 

intermediate temperatures below 1470 K is problematic due to 

the slow kinetics of metal vacancies equilibration.  

The experimental results (open black symbols) shown for m 

= 1.01 in fig. 6 represent values that have been recorded 24 

hours after adjusting temperature and oxygen partial pressure. 

It is evident that these data do not correspond to the 

thermodynamic equilibrium, because they are situated 

between the two opposite extreme cases of a completely frozen 

Schottky equilibrium (blue curve) and of fully active metal 

vacancy compensation (red curve). These results show that the 

Schottky reaction is, even at intermediate temperatures as low 

as 1273 K, at least partially operative.  

The formation of metal vacancies in the oxidizing regime 

apparently takes place only very slowly and locally restricted, 

presumably starting from grain boundary regions. It is 

important to keep this fact in mind when analysing the defect 

chemical situation of the technical material compositions of the 

present study. 

4.2. Kröger-Vink representations: Effect of the BaO-excess 

Fig. 7 represents experimentally determined Kröger-Vink 

diagrams recorded in the temperature range from 973 K to           

1273 K for compositions with 1, 3 and 5 mole percent of BaO-

excess (m = 1.01, 1.03 and 1.05). The open symbols denote 

again non-saturated values  that were measured after keeping 

the temperature and partial pressure of oxygen at a constant 

level. The full symbols stand for experiments, for which 

equilibration was reached. 

For the compositions with a relatively large excess of BaO 

the p(O2) dependence of DC-conductivity differs quite strongly 

from the experimental results obtained for the case of m = 1.01 

and from the calculated curves previously presented in fig. 6. In 

both cases m = 1.03 and m = 1.05 essentially similar 

characteristics are observed. At strongly reduced partial 

pressures of oxygen the slope is always negative and at high 

p(O2)-values above 10-7  10-5 MPa the slope is flat or even 

positive in the double logarithmic plot. 

Interesting to note in this context is the fact that the shape 

of the curves obtained for (Ba1.048La0.002)TiO3, the composition 

with the highest excess in BaO, remarkably resemble to typically 

acceptor doped BaTiO3,13,17 although the net composition is 

actually donor doped. At low partial pressures of oxygen, the 

slope almost perfectly corresponds to a value of -1/6. In the 

oxidizing regime, however, the slope is very close to the value 

+1/4. Both these respective parts of the conductivity curves 

meet in a point of minimum conductivity, which is referred to  

in the case of acceptor doped BaTiO3  to the so-called intrinsic 

minimum of conductivity, where the concentration values of 

electrons n and of defect electrons or holes p are exactly 

identical. Therefore, this transition point marks a change of the 

conduction mechanism from n- to p-type semiconduction. The 

intermediate range of oxygen partial pressures could, however, 

not be assessed in a reliable manner with the available 

experimental setup because of the difficulty to control and 

maintain intermediate values of p(O2) properly.15 

Fig. 7 Experimentally determined Kröger-Vink diagrams showing the 

p(O2) dependence of DC-conductivity for measuring temperatures in 

the range from 973 K to 1273 K. Three cases are considered here: La-

doped BaTiO3 with (a) 1 mol.-% (m = 1.01), (b) 3 mol.-% (m = 1.03) and               

(c) 5 mol.-% (m = 1.05) of BaO-excess. Open symbols represent 

conductivity measurements carried out after keeping the respective 

temperature and value of p(O2) constant for 24 hours and the full 

symbols denote data recorded after full equilibration of conductivity. 

Compared to the theoretically expected values of 

conductivity and assuming that all donors are fully incorporated 

and ionized  (  = 10+2.55 

the maximum conductivity in figures 7 (b) and (c) are 

significantly smaller (  = 10+1.05 m = 1.03 at 1273 K and 

for p(O2) = 10-14 MPa;  = 10+0.38 m = 1.05 at 1173 K and 

for p(O2) = 10-15.7 MPa). This difference amounts to one or two 

orders of magnitude.  
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This significant enhancement is apparently related to the 

emergence of p-type conductivity at relatively high values of 

p(O2) and connected to the oxidation of the grain boundaries. 

Fig. 11 (a) Dependence of the DC conductivity  (full, black symbols) 

and of the PTCR parameter  (open, colored symbols) from the partial 

pressure of oxygen p(O2) at 700 °C for the composition Ba1.048La0.002TiO3. 

(b) Temperature characteristics of resistivity depending on the partial 

pressure of oxygen p(O2) applied during the post sintering reoxidation 

treatment. 

4.3. The case of Nb-doped BaTiO3 with BaO-excess 

Before concluding the defect chemistry of BaO-excess PTCR 

compositions based on BaTiO3, a possible scenario had to be 

excluded.  

The high amount of BaO added could result in the expulsion 

of La-donor ions from the A-site of the perovskite crystal 

structure causing a reduction of the effective donor 

concentration in the grain interior. Since the donor content of 

the PTCR ceramics studied in this study is rather low, a direct 

analytical detection by electron spectroscopic methods, such as 

EDX (Energy-dispersive X-ray spectroscopy), is problematic, 

unless local segregation or enrichment occurs. In order to 

exclude this hypothetic assumption Nb-doped BaTiO3 ceramics 

have been prepared and their electric characteristics were 

investigated.  

The ionic radius of Nb5+-cations (64 pm for six-fold 

coordination) is very similar to that of Ti4+-cations (60.5 pm for 

six-fold coordination).32 Due to this reason it is believed that the 

donor Nb5+ preferentially occupies the B-site of the perovskite 

lattice. Since the chemical compositions studied in this context 

are rich in BaO, it is highly probable that Nb5+ is completely 

soluble in BaTiO3, unless Nb2O5 and BaO form secondary 

phases. Fig. 12 shows the case of Nb-doped (0.2 mol.- %) barium 

titanate with 5 mol.-% of BaO-excess. The results clearly 

demonstrate that the PTCR effect in BaO-rich BaTiO3 does not 

depend on the kind of donor used. Even if a donor that occupies 

the B-site is incorporated a strong increase of resistivity at the 

Curie temperature TC is obtained, fig. 12 (a). Decisive is the 

crucial BaO-excess not the type of the donor ion. The modified 

Kröger-Vink diagram for Nb-doped BaTiO3 in fig. 12(b) again 

shows p-type conductivity in the regime of high partial 

pressures of oxygen. Chan and Smyth33 reported previously that 

only a small portion of Nb and as low as 0.02 mol.-% is sufficient 

to achieve n-type conductivity over the whole p(O2) regime 

considered in the present study.  

Fig. 12 (a) Temperature characteristics of resistivity and (b) DC- 

conductivity  in dependence of partial pressure of oxygen p(O2) in the 

intermediate temperature range from 973 K to 1173 K. The materials 

composition considered here is Ba1.05(Ti0.998Nb0.002)O3 and the electrical 

properties were determined ex-situ after annealing at 700 °C for two 

hours in air. 
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vacancies are refilled after reoxidation. This particular local 

defect chemical situation is triggered through the likewise 

locally enrichment of BaO at these interfaces. Especially the 

existence of different activation energies for electric conduction 

in the oxidizing regime strongly support the idea that the 

creation and dissociation of metal and oxygen defect associates 

plays an important role. 
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