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Abstract

BaTiO; ceramics doped by single dopants of &% Ho,03, Bi, O3, La;03, CeG and TaOs, respectively, were prepared and aged in air.

The room-temperature resistivity was measured and the relationship between resistivity change versus ageing time was determined. The
electrical resistivity of Bi- and Ta-doped samples decreases at the early ageing stage, and then increases with the ageing time; the other dopec
ceramics display a monotonous increase of the resistivity with ageing time. The electrical properties and ageing characteristics are analyzed
by considering interior oxidation and reduction reactions and the electronegativity of the doping elements.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction teristics of aged samples are also different from those of

reduced or oxidized samplés® Therefore, a mechanism
Barium titanate with a perovskite lattice structure has involving a combination of internal oxidation and reduction

been of practical importance for about 50 years because ofreactions was proposed for the ageing characteristics of

its attractive electrical properties. The significance of this donor-doped BaTi@8 In the present paper we report some

material is mainly based on the wide variety of applications recent results on the single-dopant doped BaTééramics

for which it is used, such as capacitors, positive temperatureaged at 100 and 15 in air. The interior oxidation and

coefficient thermistors, piezoelectric devises, optoelectronic reduction reactions of the ceramics and the electronegativ-

elements. On the other hand, it has been a large interest irties of the doping elements are used to explain the doping

its fundamental behaviors such as electronic transport prop-mechanism and abnormal ageing characteristics.

erties, microstructure and lattice dynamicg.The various

applications have resulted in many scientific studies aiming

at preparation and characterization of BaJiGeramics.

The stability of the electric properties is important for the 2. Experimental procedure

practical application. But, in fact, the electrical properties

of the elements would deteriorate during operating under BaTiOs ceramics were prepared by using the raw mate-

various conditions such as electric field, humidity and high rials of BaCQ and TiQ; (>99%, Merck KGaA, Germany)

temperature, etc. Ageing heat treatment is one way to studywith a molar ratio of 1.00:1.01. The powders are doped by

the influence of temperature on the stability of the electrical single dopant (Sg0Os, HoO3, Bi»Os, La,0O3, CeQ and

properties of the ferroelectric ceramics. Some researchersTa;Os, respectively) with an amount from 0.1 to 0.6 mol%

have found that the resistivity/time relationship at high tem- of dopant ions. Generally, Sm, Ho, Bi and La are elements

perature continuous load test is different from that of room with a valency of 3, Ce is a quad-valent element and Ta

temperature ageing, and the resistance/temperature charads a penta-valent element. The starting materials were ball
milled using in alcohol for 24 h followed by calcination at
1000°C for 6 h. The powders were then granulated by using

* Corresponding author. Tel:46-8-790-8335; fax:+46-8-207681. polyvinyl alcohol and pressed into pellets with a diameter of
E-mail address: li@mse.kth.se (Z.C. Li). 15mm and thickness of 4 mm. The shape-forming pressure
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was 100 MPa. Sintering was performed at 136For 2 h in 2D,03 + 4TiOz — 4Dg, + 4Titi + 120, + O, + 4€
air in a box furnace (Model VMK 1800, Linn High Therm

GmbH, Germany). The sintered samples were ground to a

thickness of about 2.5 mm. Silver paste was then painted ongnd

both sides of the sample end surfaces followed by heating at

900°C for 0.5 h to make an electrode. The room-temperature 2D20s + 4BaO— 4Dy; + 4Baga + 120, + Oz + 4€
electrical resistivity of the ceramics was measured by us- (1b)

ing a standard ohmmeter. The room temperature was€20

which was controlled by an air conditioner. The character- where O3 and D,Os are the dopant oxides, D and
istics of electrical resistivity versus temperatupe 1) were Dy; are the positions that the dopant replaced the Ba- and
studied at a heating rate of about@min. The samples  Ti-sites, respectively, @is an oxygen ion at O-site; & an
were aged in air at temperatures of 100 and A50respec- electron in the conduction band. The conduction-band elec-
tively. The electrical resistivities of all the samples were trons increase with the dopant content increases, sqythe
measured after different ageing time and cooling over one decreases with the rising of donor content in the low dop-
night. The resistivity change was calculated by the following ing level. However, when the dopant content is higher than

(1a)

equation: a certain value, the dopant can be compensated by cation
vacancies:
— P—P0 . .
y="5 x 100% 2D,03 + 6TiOz — 4Dg, + 6T + 180, + 2V,  (2a)

wherepg is the resistivity before ageing andis the resis-  2D20s5 + 2BaO— 4Df; + 2Baga + 12Q, + 2V7, (2b)

tivity after ageing. o .
y geing or, acted as acceptor to occupy the Ti-site for the tri-valent

dopant:

3. Results and discussion D203 + 2€ — 2Df; + 300 + Vo (3)

where Vg, is a barium cation vacancy, 7V is a tita-

The dopant content dependence of room-temperature re,i;m cation vacancy and &/is an oxygen vacancy in the
sistivity (ort) of the samples is shown iRig. 1 The oy

\ BaTiOs perovskite lattice. Therefore, the reactions shown
of the Bi- and La-doped samples decreases monotonously:, Egs. (2a), (2b) and (Jpad to an increasing concentra-

with dopant content. They of the other samples decreases o of cation vacancies and a decreasing concentration of

with increasing of dopant content at low doping levels, and .,qyctor band electrons, resulting in an increase of the
reaches a minimum value at a certain doping level, then in- resistivity.

creases with dopant content in the high doping level. For the dopant Ce, it is possible that the dopant was re-

During the sintering process, both tri-valent and qced to be C¥ ion and acted as a donor for Ba-site, or
pgnta-valent elements act as donor_dopants, but the elemenécted as isovalent dopant at Ti-sifE!! It cannot produce as
with the valency of 3 replaces Ba-site and the penta-valent ;. conducting-band electrons as that of tri-valent donor
dopant (Ta) substitutes Ti-site in the grafhs: or penta-valent donor at the same doping level. Therefore
the Ce-doped samples always show higher resistivity than
the other doped materials in present experiment.

Fig. 2 shows the resistivity change with ageing time af-
ter ageing in air at 100C, where the content of the dopants
of Sm, Ho, Bi, La, Ce and Ta are 0.2, 0.3, 0.5, 0.6, 0.3
and 0.3 mol%, respectively. Two types of ageing phenom-
ena can be seen. One, in the samples doped by Sm, Ho, La
and Ce, the resistivity increases quickly during the initial
ageing stage, and then increases monotonously with ageing
time during further ageing. However, another kind of age-
ing phenomenon is that abnormal ageing characteristics oc-
curred in Bi- and Ta-doped samples: the resistivity change
is negative during the initial ageing stage. During the latter
ageing stage, the resistivity increases as those of the first
type of ageing characteristics.

0 o4 02 03 04 05 06 07 The results shown iRig. 2are obtained when samples are
aged at 100C which is below their Curie temperature (about
120°C). In order to compare the ageing characteristics at a
Fig. 1. Dopant content dependence of resistivity in BaTa@ramics. temperature higher than the Curie point, 2B0ageing was
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also performedFig. 3 shows the results of samples aged in trical resistancé? '3 which is in agreement with Heywang’s
air at 150°C. The ageing characteristics are similar to those model of treating the potential in deletion region as a Schot-
aged at 100C. The differences between the two ageing tky barrier}* The oxidation of the electrodes and the oxygen
temperatures are that the time for the decreasing stage anébsorption at the grain boundaries may occur during ageing
for the quickly increasing stage aged at 80is shorter  and result in the increase of the room-temperature electrical
than that aged at 10@, and the resistivity raises faster at  resistivity.

the initial ageing stage at 13C. From the results that the room-temperature electrical re-

The relationship between electrical resistivity and temper- sjstances of Bi- and Ta-doped ceramics decrease in the initial
ature of samples aged at 180 was determined before and  ageing stage, the oxidation of the electrodes and the oxy-
after 50-h ageing (shown iRig. 4). For the samples whose  gen absorption at the grain boundaries cannot be the only
resistivity monotonously increases during ageing such asreactions during ageing. Some further reaction must have
Ho- and Ce-doped ceramics, both the minimum and the max-occurred simultaneously. For example, as pointed out by Li
imum resistivities after ageing are larger than that before et al® the internal reduction reaction has a primary role for
ageing Fig. 4a and b But the opposite results occurred in  the resistivity decrease of aged samples. The detail is de-
the Bi- and Ta-doped sampleSig. 4c and drespectively). scribed in the following.

The room-temperature resistivity of a PTCR ferroelectric  Conduction-band electrons formed in the grains, as shown
ceramic can be attributed to semiconducting grain interiors, in Egs. (1a) and (1b)For the tri-valent and penta-valent
grain boundaries, electrode and the interface between thedonors doped samples, respectively. The compensation re-
electrode and the ceramic. It has been established that theyction of cation vacancy occurs at the grain boundaries si-
grain boundary barrier is the primary contributor to the elec- multaneously as shown igs. (2a) and (2b)At the same
time, the oxygen absorption at the grain boundaries acts as
an oxidizing reaction:

2TiOz + O — 2Tirj + 60p + 2Vg, + 4h 4)

100 : —
——5m —8—Ho —#—Bi ——La ——Ce ——Ta

where h represents the holes contributing to conduction.
This reaction is then gradually propagating into the interior
of the grains. Combining this reaction with in shown in
Eqg. (1a) the following result is obtained:

2D,03 + 6TiO2 + E»
— 4Dg, + 6Titi + 180, + O + 4€ + 4h (5)

Resistivity Change (%)

The electron compensation occurs as:

4€ + 4h — nil (6)

0 100 200 300 00 500
Ageing Time (hour)

Fig. 2. Resistivity change vs. the ageing time in the samples aged in air Where nil represgnts the standarq state which is t?-ken as the

at 100°C, where the content of the dopants of Sm, Ho, Bi, La, Ce and perfect crystal with all electrons in the lowest available en-

Ta are 0.2, 0.3, 0.5, 0.6, 0.3 and 0.3 mol%, respectively. ergy states. For the penta-valent dopant, a similar reaction

100 can occur by combinindegs. (4) and (1h)and the same

05 B —h Bl b MO 8 Té result as shown iicq. (6)is obtained. The cation vacancy

80-| compensation reaction predominates at the grain boundaries,
f 4 as described b¥gs. (2a) and (2b)ndicating that the con-
g %01 - centration of the cation vacancies increases and the electron
8 o . e concentration decreases. Thus the room-temperature resis-
5 A _ el - f;:: tivity of the aged samples increased.
2 o " /,/:: a—h— If the oxygen absorption at the grain boundaries only
% ok ./: . occurs dur@ng ageing, it is impossible to ge.t t'h(.—:‘ result of
@ \‘:—}’/H the aged Bi- and Ta-doped samples. The resistivity decrease
2 must result from some other reaction, which is suggested

to be the reduction reactions occurring at grain boundaries.
40 T . T ‘ i Combining the reactiong&qgs. (2a) and (4)(or that of
4 9 o o " " Egs. (2b) and (9) the following reactions occur:
Ageing Time (hour)

Fig. 3. Resistivity change vs. the ageing time in the samples aged in air 2D205 +4TIOz — Oz — 4DBa + 4Tiri 412G, — 4h
at 150°C, the concentrations of dopants are the same as thaigin2 (7a)
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Fig. 4. temperature dependence of resistivity of the BaTéeramics before ageing and being aged at°Tfor 50 h: (a) 0.3 mol% Ho-doped ceramic,
(b) 0.3mol% Ce-doped ceramic, (c) 0.5mol% Bi-doped ceramic, (d) 0.3 mol% Ta-doped ceramic.

2D,05 + 2BaO— O, — 4D3; + 2Baga + 100, — 4h trons and the barium vacancies. Because of the combina-
(7b) tion of oxidation/reduction reaction processes, the number
of conduction electrons will be more than in samples with
Therefore both of the concentrations of hole for conduc- only oxidation, resulting in a maximum resistivity lower than
tion and cation vacancy decrease at the grain boundaries durbefore ageing. This should be the reason for the behavior
ing ageing. This also indicates that the chance of a reactionshown inFig. 4.
occurring to a combination d&gs. (4) and (1afor trivalent The next question is why thg;; decreasing took place
doping, and ofEgs. (4) and (1bJ¥or penta-valent doping, in Bi-doped ceramics and Ta-doped ceramics instead of in
must decrease. Therefore the concentration of conductingthe others doped ceramics. From the reason for the resis-
electrons increases and the room-temperature resistivity oftance decrease as described above, the reduction reactions
the aged samples (Bi- and Ta-doped) decreases during theesulting in the forms as shown Eqgs. (7a) and (7bdre the
initial ageing stage. important cause. So the question can aim at the reduction
On the other hand, the free electron will be captured by reactions occurred at grain boundaries themselves. It is well
the barium vacancy at the grain boundary during the ferro- known that the electronegativity represents the power of an
electric phase transformation when the samples are heateditom in a molecule to attract electrons. According to the
above their Curie temperature. This electron capturing pro- concept, each kind of atom has a certain attracting ability
cess should respond the PTCR effé&o the PTCR effect  for the electrons involved in a chemical bond. An atom with
of the ceramics is depended on the concentrations of elec-the higher electronegativity value will always pull the elec-
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trons away from the atom that has the lower electronegative,3. The maximum resistance and the resistance rise rate of

and the electrons is dragged over to the more electronega- the Bi- and Ta-doped samples in the initial ageing stage

tive atom. The degree of the electron deviation towards the in PTCR effect become less than that before ageing;

more electronegeative atom is depended on the difference The maximum resistance and the resistance rise rate

in the electronegativities between the atoms involved. For  of the other samples become larger than that before

the tri-valent dopants, the reduction reaction depends on the ageing.

power between the dopant and the Ti atom to attract electron4. The electrical properties and ageing characteristics are

from oxygen ion. The electronegativities of the atoms of Sm, related to interior oxidation and reduction reactions. The

Ho and La are 1.17, 1.23 and 1.1 in Pauling scale, respec- electronegativities of the atoms are supposed as a primary

tively, which are less electronegative than the Tiatom (1.54).  factor for the reduction reaction.

It is more difficult for the atoms of Sm, Ho and La to attract

the electrons from oxygen ion than for Ti. Therefore the oxy-

gen ions have much difficulty in forming oxygen molecules. References
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