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Sintering and properties of highly donor-doped
barium titanate ceramics

S. UREK, M. DROFENIK, D. MAKOVEC
Ceramics Department, "JozZef Stefan” Institute, Jamova 39, 1111 Ljubljana, Slovenia

The electrical properties of donor (La®t) doped BaTiO3; samples with a donor concentration
in the range from 0.3 to 1.5 mol. % of La were studied. Samples were sintered at a low
partial pressure of oxygen in order to facilitate anomalous grain growth and donor
incorporation. In order to optimise the PTCR anomaly, the samples were annealed in air

at 1100°C. Results show that with the use of a specific sintering profile PTCR ceramics
containing an amount of donor dopant >0.3 mol. %, can be prepared. Heavily doped
samples which do not exhibit anomalous grain growth show a core shell structure.
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1. Introduction duction, it can be very easily reoxidised, and that, the
Donor-doped BaTi@can be obtained through the solid presence of oxygen vacancies enhances the lattice dif-
state reaction of intimately mixed oxides. In this way, fusion of any oxygen absorbed at the interface, which
donor-doped ceramics can be obtained with a doparwould otherwise create the surface states required for
content dependent on its solubility in the Bagifat- the PTCR affect. In addition, when complete reoxida-
tice. In such a solid solution the electron compensation of the grains during cooling is prevented and a thin
tion of dopants is favoured at low partial pressures ofiayer containing acceptor states is formed, the PTCR
oxygen. That is to say, the solid-state reaction or theeffect could also be induced in the undoped reduced
already formed solid solution will result in the forma- samples of BaTi@ Reduced semiconducting BaBO
tion of semiconducting BaTi©during treatment un- samples heated and cooled in the presence of a fluorine
der low oxygen partial pressures. During this process &ontaining atmosphere meet these conditions. Fluorine
semiconducting donor-doped Ba®® formed which  adsorbed at the interface forms acceptor sates and pre-
contains a dopant amount equal to the solubility limitvents the reoxidation of reduced BaEi@hen cooled
of the corresponding dopant in Ba§yOThese sam- in air after being reduced in a reducing atmosphere [5].
ples, when treated at high oxygen partial pressures, cdnuring anomalous grain growth in the presence of lig-
be reoxidized and the insulating form of donor-dopeduid phase a semiconducting reduced form of donor-
BaTiOs is obtained [1]. According to defect chemistry doped BaTiQ can be obtained. The semiconducting
based on electrical measurements it was shown that &aTiOz growing out from the liquid phase contains
lower temperatures and high oxygen partial pressuretelatively small amounts of oxygen vacancies and can
the insulating form is stable (vacancy compensation ofherefore adsorb oxygen during cooling forming accep-
dopants), while at higher temperatures and low oxygetor states and/or creating cation vacancies. Foreignions
partial pressures the semiconducting form, where eleddonors) in doped BaTi@are partially compensated
tron compensation of dopants occurs, is stable (electrofor by cation vacancies and strongly suppress oxygen
compensation of dopants). The transition temperaturen diffusion because of the absence of oxygen vacan-
between the two phases s at roughly 13@Gn anoxy-  cies. The ambipolar diffusion coefficient of oxygen is
gen atmosphere and 1220 in air, and is donor dopant a function of the concentration of the donor and the
concentration dependent [2]. concentration and ambipolar diffusion coefficients of
A conseqguence of these results is the fact that théhe charged defects. This has a consequence that the
synthesis of a semiconducting solid solution of donor-oxygen diffusion can be in some instances completely
doped BaTiQ@ cannot be performed below 1220 in  blocked [6]. Thus, in this case the oxygen atoms might
air by solid state reaction. However, it can be performedye adsorbed at the grain surfaces and create the surface
viaanomalous grain growth. Thus, via anomalous grairacceptor states needed for the PTCR anomaly.
growth the reduced form of donor-doped BaZi€an It appears therefore, justifiable in asserting that
be formed under thermodynamic conditions where it isthe primary reason for donor dopant incorporation in
otherwise not stable in air below 1200 [3, 4]. Onthe BaTiO;s is not to achieve a semiconducting phase but
other hand, pure BaTi{xan be made semiconducting primarily to obtain a phase which is also highly resis-
by heating it in a strongly reducing atmosphere. tant to reoxidation, making it possible to engineer the
It should be noted that, due to the large number ofsurface acceptor states and/or the PTCR effect. Taking
oxygen vacancies present in the BaJl@xtice afterre-  into account the above discussion, it can be supposed
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that there is no reasonable objection to preparing PTCB. Results and discussion
ceramics over the whole donor concentration rangdrig. 1 shows the DC resistivity vs. the temperature
where anomalous grain growth occcurs. Donor-dope@haracteristics of donor-doped BaTi®intered in air
BaTiO; growing out from the liquid phase during (Fig. 1a) and nitrogen (Fig. 1b). It can be seen that
anomalous grain growth is semiconducting, resistantf all the tested samples only the 0.3 mol.sintering in
to the global reoxidation, and is therefore suitableair. On the other hand, when the samples were sin-
for engineering the density of the acceptor surfacaered in nitrogen and the partial pressure of oxygen
states. At a lower oxygen pressure during sintering, thevas strongly decreased, the PTCR anomaly was also
anomalous grain growth associated with donor dopanéxhibited by the more highly donor-doped samples, i.e.
incorporation in the presence of the liquid phase take$.4 and 0.5 mol. % doped samples, while 0.6, 0.8, 1.0
place even if the samples contain a dopant amourdnd 1.5 mol. % doped samples showed NTCR charac-
which is above the critical concentration of samplesteristics.
usually sintered in air [3]. In general the PTCR anomaly in donor-doped
Once highly donor-doped semiconducting sampleBaTiO; was exhibited by samples which developed
>0.3 mol.% are formed via anomalous grain growth,anomalous grain growth during sintering, i.e. a mi-
the surface acceptor state density must be optimisecrostructure which consists of semiconducting and re-
in order to tailor the PTCR effect. The purpose of theoxidation resistant grains.
present paper is to study the effect of a high donor Such semiconducting grains are appropriate for engi-
concentrations on the PTCR anomaly in Ba3iO neering the potential barrier by forming acceptor states
atthe grain boundaries: i) by adsorbing atoms which ex-
hibit sufficient electron affinity and attract delocalized
electrons, such as for example oxygen and/or halogen
atoms [8], ii) by the creation of cation vacancies [2] or
iii) by the segregation of transition elements, as for ex-
ample M+, Cr®* and Fé™ at the grain boundary [9].
These various acceptors can function as acceptors in-
dividually or in combination, if present simultaneously,
eading to a PTCR effect.
The thermodynamic conditions under which anoma-
us grain growth in donor-doped BaTi@ccurs, as-
sociated with oxygen release, are given by the relation
INnP=A/Cop+ B [3]. Where A=Sy (S= critical
2.2. Sintering and reoxidation conditions surface areg; = specific surface energy) aiit= Gox
Pellets with dimensiost = 12 mmh = 3mmwere pre- (Gox= free energy associated with oxygen release dur-
pared, placed on platinum supports in an alumina boaf'd @1omalous grain growth and donor dopantincorpo-
and sintered in a tube furnace at 1380for 2 hoursin  ration) andCq is the critical donor dopant concentration
nitrogen (99.9% pure). The samples were sintered witivhich blocks anomalous grain growth. , _
the same heating and cooling rate of about@onin. Thus the critical donor dopand concentration which
Reoxidation was carried out at 1150 in air with a  Plocks anomalous grain growth, at a constant critical
flow rate of 300 cri/min. The duration of the reoxida- SPecific surface, can be increased when the partial
tion (1, 3and 24 hours) was varied to change the surfaceressure of oxygen during anomalous grain growth is
acceptor state density. The reoxidation of some heaviljlecreased.

doped and reduced samples was investigated by TGA The anom_alous grain grOV_Vth, taking place at lower
analysis. oxygen partial pressures will therefore proceed at a

higher critical donor concentratiog), Fig. 1b. Sam-
ples sintered at a lower oxygen partial pressure and
2.3. Electrical testing subjected to anomalous grain growth show a PTCR ef-
For electrical measurements, the surfaces of sintereféct, also demonstrating that a relatively low concentra-
specimens were painted with In-Ga paste to providdion of oxygen during heat treatment, i.e. 0.01 vol. %.,
ohmic contact. The temperature dependence of resiss enough to develop the necessary surface acceptor
tance and of capacitance at 100 kHz was measuregtates.
with a multimeter (HEAWLETT-PACKARD 3457A) Samples with an amount of donor dopan0.6
in a temperature-programmable furnace at a heatingiol. % proved to be exceptional, with the anomalous
rate of 3°C/min from 25°C to 300°C. grain growth being blocked. These samples contain an
Impedance as a function of frequency in the rangeamount of dopant within the concentration range where
from 5 Hz to 13 MHz at 250C, was measured using an anomalous grain growth does not occur. Therefore in
impedance analyser (HEWLETT-PACKARD 4092A) these samples anomalous grain growth cannot be ex-
to obtain the sample grain resistivity. pected in spite of the low oxygen partial pressure ap-
The key parameters characterising the PTCR effegblied during heating, and normal grain growth via solid
including the height of the potential barriegg() and  state diffusion occurs [10].
the surface acceptor states denshty)(were estimated The increase in the average grain size after sintering
according references [7]. in these heavily doped samples via normal grain growth

2. Experimental procedure

2.1. Powder preparation

Donor (La) doped BaTi@ was prepared by using
BaTiOs; (TRANSELCO, lot 219-9, lot 950097) with the
addition of 1.74 wt. % excess of T.JTRANSELCO,
lot77295)and0.3,0.4,0.5,0.8,1.0and 1.5 mol. % of L
respectively (Johnson Matthey, lot 530433). Weighe
amounts of the starting oxides were homogenised in ap,
agate planetary ball mill with alcohol for 3 hours.
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Figure 1 (a) Resistance vs. temperature for 0.3, 0.4, 0.5 mol.% doped samples sintered in air, (b) resistance vs. temperature for 0.3, 0.4, 0.5, 0.6, 0.8,
1.0 and 1.5 mol.% doped samples sintered in nitrogen (99.9% pure).

was limited to less than aboutn, Fig. 2. These sam- Microstructures of these samples were composed of
ples, however, after sintering at 140D in nitrogen doped BaTi@ matrix grains and a Ti-rich phase, mainly
were grey/blue in colour and exhibited a low electrical BagTi1 7040, which was crystallized from liquid phase
resistivity of about 202 cm and showed NTCR be- during cooling of the samples. Any “free” k@3 or

haviour over the whole measured temperature range.,a-rich phases have never been observed, suggesting
Fig. 1b. complete dissolution of added La in the matrix grains.

Detailed TEM analysis of such fine-grained, highly However, the doped BaTiInatrix grains show a typi-
La-doped BaTi@ samples revealed, that all the La cal “core-shell” structure, indicating nonhomogeneous
added was incorporated into the Bagif@atrix grains.  distribution of the dopant [11-13]. Because of very
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Figure 3 TEM image of sample doped with 1.5 mol. % La sintered in
air at 1380°C, showing a typical core shell structure. Image was taken
at a temperature of approximately 90.

ent dopant concentrations, different parts of the grain
(grain core-grain shell) display different Curie tempera-
tures. It is known that with incorporation of La into the
BaTiO; structure, the Curie temperature is decreased
by more than 20C per mol. % La [14]. The undoped
grain core will have thd@c of pure BaTiQ (~128°C),
while the doped grain shell will have a much loviley.

If the sample’s temperature was betweenThef the
core and th@c¢ of the shell, the “core-shell” structured
grain would be characterized with a tetragonal core and
a cubic shell. Fig. 3 shows a TEM micrograph of the mi-
crostructure of the 1.5 mol. % La-doped Bagi€am-

ple which was heated in a TEM to approximately’@0
Ferroelectric domain boundaries are visible in the cores
of the matrix grains, while grain shells are absent from
the ferroelectric domain boundaries, showing tetrago-
nal grain cores and cubic grain shells.

The room temperature resistivity of the highly La-
doped samples after sintering at low oxygen partial
pressures were of the order of about26m indicating
a free-electron concentration)(of about 188 /cr?.
The defect structure of the grains is different in the
undoped grain core than in the highly La-doped grain
Figurg 2 (a) Microstructure of 0.6 mol. % doped s:f\mples_sint_ered inair, shell. In the grain core, free electrons appear mainly
(b) microstructure of 0.8 mol. % doped sample§ smtergd in mtrogen,(c)aS a consequence of oxygen deficiency, according to
microstructure of 1.0 mol. % doped samples sintered in nitrogen. . ’ .

n = [V3] + 2[V5°], where V3] is the concentration of
singly ionized oxygen vacancies ands] is the con-
centration of doubly ionized oxygen vacancies. In the
low diffusivity of donor dopants in the BaTigattice  grain shell, the appearance of free electrons is addition-
[11], the dopant is incorporated into the matrix grainsally increased due to partial electronic compensation of
preferentially during grain growth in the presencethe donor charge of I3 incorporated in the BaTi©
of the reactive liquid phase with the “dissolution- structure at the Ba sites. However, the majority of
precipitation” mechanism [12]. Thus, the grain coredonors are compensated for by the formation of ion-
is nearly free of any dopant, while the grain shell, ob-ized cation vacancies. It is known [15-17] that equi-
tained by grain growth, is highly doped. Due to differ- librium cation vacancies in donor-doped Ba%i@e Ti
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vacancies (7). Thus, the electroneutrality condition atypical TG analysis of oxygen uptake during the heat
for the doped grain shell would be:

N+ 4Vl = [Lag] + [V5] +2[Vs']

treatment in air of heavily doped samples. The weight
gain of oxygen during reoxidation is higher for the more

heavily doped samples, in agreement with general ob-
servations [1]. If no dopants were incorporated in the

Because of the relatively high concentration of oxy-BaTiOs, the weight gain would be the same for all sam-
gen vacancies present in the reduced BaTggains, ] )
any O, adsorbed at the interface needed to form sur- IN contrast, the grains which develop anomalous
face states for the PTCR effect, is eliminated via lat-grain growth are very resistant to reoxidation. No
tice diffusion, resulting in the NTCR character of thesechanges can be detected when TG analysis was per-
semiconducting grains after cooling in nitrogen at aformed, however, in spite of this a strong resistivity
very low oxygen partial pressure, Fig. 1b. - TTNE <

When the reduced, i.e. sintered in nitrogen, highlyl100°Cinair, Fig. 5. . o
doped samples were treated in air complete reoxida- During oxidation, cation vacancies are initially
tion of the sample takes place. A relatively high anionformed atthe grain boundaries and the surfaces exposed
and cation vacancy concentration enhances the reoxi0 air. Their relative distribution is determined by the
dation of doped BaTi@ After heat treatment in air the doping level, temperature and oxygen activity. As the
samples were yellow and highly resistant. Fig. 4 showde€mperature is lowered or the oxygen activity increased,
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Figure 4 TGA analyses of reduced BaTi@amples doped with 1.0 and

1.5 mol. % La.
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ples.

increase in the samples can be noted after annealing at

the concentration of cation vacancies increases. These
defects diffuse inwards to establish a new defect equi-
librium. The reoxidation of reduced forms of donor-
doped BaTiQ can be extremely slow for kinetic rea-
sons [2, 6].

The more the samples are prone to anomalous grain
growth and the more anomalous grains are developed,
which is accompanied by donor incorporation, a small
oxygen vacancy concentration and a small grain bound-
ary surface, the less are they prone to reoxidation. Sam-
ples doped with 0.3 and 0.4 mol. % developed anoma-
lous grain growth to the greatest extent. These grains
are resistant to reoxidation and during sintering and/or
cooling in a nitrogen atmosphere (0.01 vol. %) de-
velop surface acceptor states via oxygen adsorption
and/or the formation of cation vacancies, as required
for the PTCR anomaly.

In order to optimise the PTCR effect the surface ac-
ceptor state density must be optimised. To increase the
number of surface acceptor states, the samples must
be treated under thermodynamic conditions where sur-
face acceptor states will be created. We believe that
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Figure 5 Complex impedance spectra of 0.4 mol. % doped samples measured’&.250
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TABLE | Calculated parameters of reoxidized 0.3 and 0.4 mol.% La-doped samples with dependence on the reoxidation time

Content of La (mol.%) Reox. time (h) D(um) A/h (cm) Rmax (€2.cm) Rg (2¢cm) Ns (1/crr?) Ng (1/cn?) ep (eV)
0.3 1 11 0.044 8.8 1¢° 10.2 2.4¢ 108 6.1x 10'8 0.43
0.3 3 11 0.047 1.8 10 13.2 5x 103 5x 10'8 0.90
0.3 24 11 0.043 14 107 17.2 6< 1013 3.8x 10'8 0.97
0.4 1 7 0.039 3.5 10° 8.3 7.4¢ 108 7.5x 1018 0.90
0.4 3 7 0.049 4.9 10° 10.4 8.3¢ 1013 6x 10'8 0.92
0.4 24 7 0.038 1.8 10 16.2 9.6¢ 1013 4x 10'8 0.94
besides the adsorption of oxygen atoms, the cation va-

cancies formed during treatment of the samples under oy o
the appropriate thermodynamic conditions (in air be- 109 oa
low 1220°C) are also important for optimisation of the 108 [ — 05

surface acceptor state density [2].

After the reoxidation of, for example, 0.4 mol. %
samples in which anomalous growth of donor-doped
grains developed, the grain resistance after 24 hours of
reoxidation changes by an order of magnitude, while the
grain boundary resistance drastically increases, Fig. 5,
due to the increase of the depletion layer thickness
(8), Table I. The diffusion of cation vacancies initially
formed at the interfaces in these grains is extremely
slow, as is the increase in the depletion layer thickness.

In general the optimisation of the PTCR anomaly in
donor-doped BaTigis associated with the correlation
between engineering the surface acceptor state density
and the spontaneous polarisation of BagliO

According to Jonker [18], in BaTigxthe difference in
polarisation direction and consequently the net polari-
sation perpendicular to the grain boundaries associated
with surface changes at the grain boundary, fills up the
depletion layer either completely or partially.

However, since the surface charges at the grain
boundary created by spontaneous polarisaffgrof
BaTiOs is limited, the optimisation of the PTCR
anomaly will be the highest when the induced acceptor
state density is close to this limiting value, otherwise
the cold resistivity, i.e omin Will deviate significantly
from that of the donor-doped grains and will increase
very quickly with increasindNs [19] .

Fig. 6 shows the temperature dependence of electri-
cal resistivity of the reoxidized samples. The 0.3 and
0.4 doped samples after reoxidation for 1, 3 and 24
hours show some changes. Particularly for longer times
of reoxidation the cold resistivity increases. However,
drastic changes were noted for more highly doped sam-
ples where anomalous grain growth was not developed
during sintering. In these samples, which are prone to
reoxidation, the resistivity drastically increases.

So the samples doped with 0.6, 0.8, 1.0 and 1.5
mol. % of dopant aftel h ofheating in air were highly
resistive &107 2 cm) while the other 0.3, 0.4 and 0.5
mol. % La doped samples showed remarkable changes.
The cold resistance increased and the temperature of
the PTCR effect increased as well; particularly with
0.5 mol. % La doped samples, where anomalous grain

growth was not well developed, after 24 h of reoxida-Figure 6 (a) Temperature dependence of electrical resistance 0f 0.3, 0.4
and 0.5 mol. % La doped samples reoxidised for 1 hour, (b) temperature
dependence of electrical resistance of 0.3, 0.4 and 0.5 mol. % La doped
samples reoxidised for 3 hours, (c) temperature dependence of electrical
resistance of 0.3 and 0.4 mol. % La doped samples reoxidised for 24

tion in air they exhibited resistivity- 10" Q.
The temperature dependence of relative permitiv
ity & for the samples sintered in nitrogen and then

Resistance (ohm)

Resistance (ohm)

Resistance (ohm)

reoxidized is shown in Fig. 7. After reoxidation the nours.
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24000 r concentrations in the range where the diffusion of oxy-
22000 | ‘ 24 hours: gen vacancies is strongly inhibited.
20000 L ) After a longer reoxidation time the acceptor state
18000 I density increases and can be not completely compen-

*;’ L6000 | sated for by the spontaneous polarisation belgwin

= - that caseomin is governed by the grain boundary resis-

g 14000 tivit
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o 12000 -
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g 10000_—

& 8000 | 4. Conclusions
6000 This study has confirmed that BaTidased PTCR
4000 |- ceramics can be prepared with sintering in the at-
2000 | mosphere containing low concentration of oxygen

E (0.01 vol. % Q) across the whole concentration range

30 40 60 80 100 120 140 160 1so 200 220  of donor-doped samples where the anomalous grain
growth is found to occur.

Samples where the anomalous grain growth was
Figure 7 The temperature dependence of relative permitivity as afunc-blocked and normal grain growth takes place are
tion of donor concentration in reoxidised samples. very prone to reoxidation and exhibit a core-shell mi-

crostructure.

A oxygen concentration as low as 0.01 vol. % is suf-
0.5, 0.6, 1.0 and 1.5 mol.% La doped samples beficient for creating enough surface acceptor states in
came isolators wittRpc > 107 Q and exhibited aroom donor-doped BaTi@for the PTCR anomaly to occur.
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