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Abstract

Air-sintered and atmospherically reduced BaTiO; ceramics were fluorinated by the introduction of a CF;CH,OH fluorination
agent into a hot furnace using a supporting gas: either pure nitrogen or nitrogen containing a low concentration of oxygen. The
nitrogen-supported fluorination resulted in a decrease in the resistivity of the insulating air-sintered samples to semiconducting
values, primarily due to atmospheric reduction. When air-sintered samples were fluorinated using oxygen-containing nitrogen as the
supporting gas, their resistivity remained very high. The exposure of fluorinated samples to air at high temperatures (1200°C)
resulted in a decrease of their resistivity and a remarkable PTCR effect. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The PTCR effect in BaTiOj; ceramics originates in the
temperature-dependent potential barriers at grain
boundaries, which are formed by the creation of accep-
tor states at the surfaces of n-type semiconducting, fer-
roelectric grains.! Normally, semiconducting BaTiOj is
formed by donor doping. By liquid-phase sintering
BaTiO; with the addition of a low concentration of
donor dopant (for example below ~ 0.3 mol% La3*) in
air, the semiconducting form of donor-doped BaTiO;
(Ba;_.La,Ti{* Ti3* O3) results via a process of exag-
gerated (anomal) grain growth.?> Exaggeratedly grown
grains of such ceramics are resistant towards re-oxidation,
allowing preferential re-oxidation of the grain bound-
aries.> Thus, acceptor states, adsorbed oxygen* and/or
intrinsic cation vacancies® are formed at the grain
boundaries with controlled reoxidation resulting in the
formation of the potential barriers.

Undoped BaTiO; can also be prepared in a semi-
conducting form with atmospheric reduction (BaTi‘l‘fy
Tif,+03,y/2( VE&),2). However, atmospherically reduced
BaTiOs; is very prone to re-oxidation due to the presence
of oxygen vacancies in its structure. Consequently, pre-
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ferential re-oxidation of grain boundaries is very diffi-
cult. The PTCR effect in atmospherically reduced
BaTiO; is practically impossible to obtain by controlled
re-oxidation. Nevertheless, Alles et al.® have reported
that the PTCR effect can be provoked in such undoped,
atmospherically reduced BaTiO;, when it is exposed to
a fluorine-containing atmosphere. The phenomenon
was explained by the adsorption of fluorine acceptors at
grain boundaries. The fluorine (F!~) incorporated into
the BaTiO; perovskite structure in the oxygen (O2%7)
sub-lattice would act as the donor dopant.” Substitution
of O%~ ions with F!~ ions is to be expected since both
ions have similar ionic radii.

In the present work, the electrical conductivity of
BaTiO3 ceramics exposed to a fluorine-containing
atmosphere has been studied. The experimental condi-
tions were different to those used by Alles et al.,® leading
to a change in the influence of the fluorination on the
electrical properties of BaTiO3 ceramics.

2. Experimental

Pellets of BaTiO3 ceramics (~8 mm in diameter and
~ 2 mm high) were prepared by sintering at 1360°C for
6 h in air (samples denoted as ‘“‘air-sintered’’). Excess
TiO, (2 mol%) and SiO, (0.8 mol%) were used as
liquid-phase-forming sintering additives. Subsequently,
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some of the samples were atmospherically reduced by
annealing at 1150°C for 1 h in nitrogen containing 1%
of hydrogen (samples denoted as “reduced”). The pel-
lets were exposed to a fluorine-containing atmosphere
for 2 h at high temperatures ranging from 500 to
1100°C. A flow of supporting gas, bubbling through a
fluorination agent (2,2,2-trifluoroethanol = CF;CH,OH),
was introduced into a hot alumina-tube furnace. Pure
nitrogen (experiments referred to as “N,-fluorinated”)
or nitrogen containing a low concentration of oxygen
(~2%) (experiments referred to as “N,/O,-fluorinated”)
were used as the supporting gas for the fluorination.
The concentration of the fluorination agent in the inlet
atmosphere was determined with mass spectrometry to
be approximately 0.5%. The fluorination agent decom-
poses at high temperatures forming free fluorine, which
reacts with the BaTiO; pellets. Some of the fluorinated
samples were additionally reoxidized by cooling in air
from 1200°C at a cooling rate of 5°C/min.

As a result of a surface reaction of the BaTiOj; pellets
with the atmosphere, a dense surface- reaction layer was
formed® during fluorination at temperatures above
~ 600°C. For electrical measurements and re-oxidation,
the surface-reaction layers were removed by grinding.
The pellets were then electroded with a gallium/indium
eutectic to provide ohmic contacts. Resistivity versus
temperature was measured with a computerized instru-
ment (Model 3457A, Hewlett-Packard, Mountain View,
CA). Impedance analyses were performed using an
impedance/gain-phase analyzer (Model SI 1260, Sola-
tron, Farnborough, UK) in the frequency range from
0.1 Hz to 8 MHz.

3. Results and discussion

3.1. Fluorination with the nitrogen-supported fluorine-
containing atmosphere ( N -fluorination)

Fig. 1 shows the electrical resistivity versus tempera-
ture for the BaTiO; samples which were exposed to the
nitrogen-supported fluorine-containing atmosphere (N,-
fluorination) at various temperatures for 2 h. After
fluorination, all the samples showed common NTCR
behaviour. Therefore, under the applied experimental
conditions fluorine did not provide the grain boundary
acceptors®® necessary for the appearance of the PTCR
effect in atmospherically reduced samples as observed
by Alles et al.® The differences in the influence of fluor-
ination on the electrical properties of BaTiOj ceramics
in the two studies may be due to the different experi-
mental conditions.

Before fluorination, the air-sintered samples were
white and exhibited high values of resistance. However,
when the samples were fluorinated the resistivity of the
samples decreased to the semiconducting region (Fig. 2,
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Fig. 1. Temperature dependence of resistivity for air-sintered (solid
lines) and subsequently reduced (dashed lines) samples, N,- fluori-
nated for 2 h at different temperatures.

curve 1, solid line), while their colour gradually changed
from white to dark grey.

A critical evaluation of the experimental procedure
under which these results were obtained leads to the
conclusion that such a decrease in the resistivity of pure
BaTiO; after fluorination could be the result of fluorine
incorporation in the BaTiO; grains as donors at the
oxygen lattice sites. This would definitely increase the
number of charge carriers and decrease the bulk resis-
tivity. However, this could also be a consequence of the
atmospheric reduction during fluorination when the
oxygen partial pressure was very low due the de-integra-
tion of the organic fluorination agent at high tempera-
tures. To evaluate this possibility, the BaTiO3 samples
were heat treated in ethanol vapour by bubbling nitro-
gen through the ethanol and introducing it to the hot

10°

aud 5 e

10°

-
o
»

-
o
©

-
(-]
N

P R Rt BT MW ETTT EET

1-air sintered
2-reduced
3-alcohol

-

-
o

Electric Resistivity ( 25°C) [Qem]

1 M T v T M 1 v T T
600 700 800 900 1000 1100
Temperature [ °C ]

Fig. 2. The room-temperature resistivity of air-sintered samples and
those subsequently reduced as a function of the temperature of fluor-
ination using nitrogen as a supporting gas (N,-fluorination) before
“re-oxidation” (solid lines) and after “re-oxidation” (dashed lines).
Dotted line 3 illustrates changes in the resistivity of the air-sintered
samples by atmospheric reduction when the fluorination agent
(CF;CH,OH) was replaced by ethanol (CH;CH,OH).
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furnace. The resistivity of air-sintered samples heated
under these conditions showed a similar behaviour to
the fluorinated samples (compare curve 1-solid line and
3-dotted line in Fig. 2).

3.2. Fluorination with the nitrogen-supported fluorine-
containing atmosphere with a low concentration of
oxygen (N»/O»-fluorination)

When the air-sintered samples were treated in a fluor-
ine-containing atmosphere using oxygen-containing
nitrogen as the supporting gas (N,/O,-fluorination) their
colour remained white and their resistivity remained
very high (above 10° Q ¢cm, not shown in Fig. 3). On the
other hand, when the reduced samples were fluorinated
with the same fluorine-containing atmosphere (N,/O»-
fluorination) their colour gradually changed with tem-
perature, from the original dark grey to white, at the
same time their resistivity increased, strongly suggesting
their reoxidation (Fig. 3, solid line, 2).

When the fluorination experiments were completed
and the samples were examined, the following general
observations were noted regarding the resistivity of the
samples: (i) the decrease in resistivity of air-sintered and
subsequently Nj-fluorinated samples could be primarily
attributed to their atmospheric reduction (Fig. 2, dotted
line, 3) and (ii) the resistivity of the air-sintered samples
remained practically unchanged after N,/O»-fluorina-
tion, while the increase in the resistivity of the atmo-
spherically reduced samples after N,/O,-fluorination
could be ascribed to the bulk reoxidation (Fig. 3, solid
line, 2).
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Fig. 3. The room-temperature resistivity of reduced samples as a
function of the temperature of fluorination using oxygen-containing
nitrogen as a supporting gas (N,/O,-fluorination, solid line, 2). The
air-sintered samples remained insulating after N,/O,-fluorination with
a resistivity above 10° Qcm (not shown in Fig. 3). The dashed lines
show the room-temperature resistivity of the N,/O,-fluorinated sam-
ples (air-sintered — dashed line, 1 and reduced — dashed line, 2) after
“reoxidation” with cooling in air from 1200°C.

3.3. Re-oxidation of the fluorinated samples

Here we must stress that in spite of the fact that after
the fluorination experiments no exaggerated changes
regarding the electrical properties were noted [see the
comments under (i) and (i1)], drastic changes were noted
when the samples were re-oxidized by cooling from
1200°C in air.

Samples which were atmospherically reduced by
introducing ethanol with nitrogen supporting gas into
the hot furnace (Fig. 2, dotted line, 3), had, after
“reoxidation”, a high resistivity above 10° Qcm (not
shown in the figure) and their colour changed to white.
The oxygen vacancies formed during the atmospheric
reduction were neutralised. In contrast to these atmo-
spherically reduced samples, the resistivity of N»-fluori-
nated air-sintered samples and those subsequently
reduced, were relatively low after reoxidation (few
kQcm, Fig. 2, dashed lines, 1 and 2). However, most
surprising was the finding that these samples exhibit a
pronounced PTCR effect (Fig. 4). The room-tempera-
ture resistivity of these samples increased with increas-
ing fluorination temperature (Fig. 2, dashed lines). So
the resistivity of samples fluorinated at 600°C decreased
from a value of ~ 300 kQcm (Fig. 2, solid lines) after re-
oxidation to less than 1 kQcm (Fig. 2, dashed lines).

The room-temperature resistivity of the white, air-
sintered samples, which were insulating after N,/O»-
fluorination, decreased after ‘‘re-oxidation” with the
temperature of fluorination to semiconducting values
(Fig. 3, dashed line, 1), while their colour changed to
dark grey.

All these “re-oxidized” samples showed a pronounced
PTCR effect (Fig. 5). The complex-impedance analysis
(Fig. 6) revealed that all the samples exhibiting the
PTCR effect had a low grain resistence of a few ohms,
while their grain-boundary resistivity changed, pri-
marily as a result of the temperature of fluorination.
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Fig. 4. Temperature dependence of resistivity for air-sintered samples
(solid lines) and subsequently reduced samples (dashed lines), N»-
fluorinated for 2 h at different temperatures and subsequently re-
oxidized by cooling from 1200°C in air.
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Fig. 5. Temperature dependence of resistivity for air-sintered samples,
which were fluorinated using an oxygen-containing supporting gas
(N,/O,-fluorinated) for 2 h at different temperatures and subsequently
re-oxidized by cooling from 1200°C in air.
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Fig. 6. Complex impedance spectra of samples fluorinated for 2 h at
900°C and subsequently re-oxidized by cooling in air from 1200°C.
The air-sintered (solid line) and reduced (dashed line) samples were
fluorinated using pure nitrogen or oxygen-containing nitrogen as the
supporting gas.

According to the Heywang! and Jonker* model, three
basic demands have to be fulfilled for the formation of
the temperature-dependent potential barriers at the
grain boundaries in BaTiO; ceramics: (i) ferroelectricity,
(i1) n-type semiconductivity of the matrix grains, and
(iii) the presence of acceptor surface states at the grain
boundaries. The semiconductivity of BaTiO3 could be
achieved by donor doping, in the case of fluorination by
the incorporation of fluorine donors into the BaTiO;
structure, or by atmospheric reduction, as observed
during nitrogen-supported fluorination. The high resis-
tivity of air-sintered samples, fluorinated using oxygen-
containing supporting gas proved that fluorine donors
were not incorporated into the BaTiOj structure during
fluorination. On the other hand, fluorination could
provide acceptor states when fluorine is adsorbed at the
grain boundaries.®® Since the PTCR effect was never
observed after the fluorination of reduced samples
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Fig. 7. Temperature dependence of resistivity for samples which were
fluorinated at 900°C using an oxygen-containing supporting gas (N,/
O,-fluorinated) and then heated to 1200°C in nitrogen (heating and
cooling rate 5°C/min) before (solid line) and after (dashed line) re-
oxidation by cooling from 1200°C in air.

(before re-oxidation), this possibility is unlikely for the
experimental conditions we used for fluorination. Using
SEM and TEM, fluorine could not be detected any-
where inside the BaTiO; samples. However, the
remarkable changes in the resistivity of the fluorinated
samples after the “‘re-oxidation™ step strongly suggest
the presence of the fluorine somewhere inside the cera-
mics. We believe that fluorine is present at the grain
boundaries. During the ‘“‘re-oxidation” step the tem-
perature is increased and fluorine can be incorporated
as a donor into the BaTiO; grains, resulting in a drastic
decrease in the resistivity of the BaTiO; grains. At the
same time, the re-oxidation of the grain boundaries
provides the required acceptor surface states, which can
result in the appearance of the PTCR effect. When air-
sintered samples, N,/O,-fluorinated at 900°C, were
heated to 1200°C and then cooled in pure nitrogen, their
resistivity was dramatically decreased from the insulat-
ing region to a few Qcm. However, because of the
absence of the acceptor surface states normally formed
during reoxidation, these samples showed a common
NTCR behaviour. After the reoxidation of these sam-
ples by cooling from 1200°C in air, a remarkable PTCR
effect was induced (Fig. 7).

4. Conclusions

As reported by Alles et al.,° the fluorination of atmo-
spherically reduced BaTiO; ceramics can provide the
grain-boundary acceptor states necessary for the appear-
ance of the PTCR effect. In the present study a different
influence of the treatment in the fluorine-containing
atmosphere on the BaTiO; ceramics’ resistivity has been
observed, most probably because of the different
experimental conditions used.
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The influence of the fluorination on the ceramics
resistivity depended primarily on the supporting gas
used. If pure nitrogen was used as the supporting gas for
the fluorination agent CF;CH,OH, the resistivity of the
insulating air-sintered samples was decreased primarily
due to their atmospheric reduction. If an oxygen-con-
taining supporting gas was used, the resistivity of the
fluorinated air-sintered samples remained high. The
influence of the fluorine on the resistivity of the samples
was clearly visible only when fluorinated samples were
exposed to air at high temperatures (reoxidation). In
this case, the resistivity of fluorinated samples decreased
and a remarkable PTCR effect appeared. The results
suggest that at high temperatures the fluorine present
after fluorination inside the BaTiO; ceramics is incor-
porated into the BaTiOj grain structure as a donor at
the oxygen lattice sites.
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