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Abstract

Highly donor-doped and large grained BaTiO; ceramics can be prepared by sintering in a reducing atmosphere. If these specimens
are again heat treated at a certain sintering temperature and cooled in air, PTCR (positive temperature coefficient resistor) char-
acteristics appear. When the cooling rate is low, another third RC (resistance-capacitance) component appears besides that of the
grains and grain boundaries in impedance analysis. This RC component is associated with donor segregation. It is not observed when
the cooling rate is high. In the slightly donor-doped specimens where the cooling rate, microstructure and R (resistivity)-7 (tem-
perature) properties are similar to the former, this third RC component also does not appear. The segregation related phenomena
were confirmed by STEM/EDS analysis. These trends correspond to the space charge segregation theory that explains that the
space charge potential, which acts as the driving force for donor segregation, becomes large during the cooling process in air.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There are many applications for donor-doped BaTiO3
such as PTCR, boundary layer capacitors etc. As a
result, this material has been intensively studied, espe-
cially for grain boundary phenomena, which determine
the properties of these devices. Among the grain bound-
ary phenomena observed, grain boundary segregation is
crucial because it has a remarkable effect on both the
electrical properties and microstructures. In the case of
acceptor-doped BaTiOs3, acceptor segregation was easily
detected, and there is ample experimental evidence.!™ As
for donor-doped BaTiOs3, although donor segregation
was not as easily detected as acceptor segregation,!=2 3
several researchers provided evidence of donor segrega-
tion in barium titanate through compositional ana-
lysis.*6~7

However, it is not clear in these reports that men-
tioned donor segregation, whether donor segregation
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was caused by the driving force of the space charge
potential or by misfit strain energy. Application of the
space charge segregation theory to donor-doped BaTiO3
explains that a high donor concentration, high oxygen
partial pressure and low temperature favor donor segre-
gation.® The magnitude of the space charge potential that
causes the driving force for donor segregation increases as
the cooling process proceeds from sintering temperature
in air. Therefore, in order to verify that donor segregation
in donor-doped BaTiOj; is caused by the space charge
potential, it should be shown that initially homo-
geneously distributed donors can segregate during the
cooling process from sintering temperature in air.
When donor segregation occurs in the grain boundary
region, it results in the formation of highly resistive
layers at the grain boundary, by shifting the donor
incorporation from electronic to vacancy compensation.
Thus, the total resistivity of the sample can be repre-
sented by the grain resistance, the resistance from a
potential barrier and the resistance from the dopant-
segregation-induced insulating region.”'° Based on this
model, the insulating layer may act as another R (resis-
tance) C (capacitance) component that is different from
the conventional PTCR (positive temperature coefficient
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resistor) equivalent circuit components of grains and
grain boundaries. Recently a report presented indirect
evidence for donor segregation and its effect on grain
boundary impedance in BaTiO; by detecting the third
RC component in impedance/modulus analysis.®
Generally above certain doping concentrations (about
0.4-0.5 mol%), donor-doped BaTiO; reverts to insulat-
ing behavior and its grain size becomes very small.
However, if sintered in a reducing atmosphere, semi-
conducting specimens can be obtained with a large grain
size and homogeneous donor distribution even though
the donor concentration is high. In this study, these spe-
cimens were heat treated at a sintering temperature in air
with different cooling rates, and the possibility of donor
segregation was investigated. In slightly and heavily
donor-doped specimens of which the microstructures
and R(resistivity)-7(temperature) properties are similar
to each other, differences in impedance data were ana-
lyzed. In addition, whether or not donor segregation
occurs during the cooling process in air was confirmed
by STEM (scanning transmission electron microscopy)/
EDS (energy dispersive X-ray spectroscopy) analysis.

1.1. Experimental procedures

BaTiO; (Fuji-Titanium Industry Co., 99.8%), Nb,Os
(Aldrich Chemical Co., 99.9%), MgO (High Purity
Chemicals, 99.98%), BaCO; (Aldrich Chemicals Co.,
99.98%), MnO, (High Purity Chemicals, 99.99%) and
TiO, (Aldrich Chemicals Co., 99.9%) powders were used
as starting materials. Donor Nb and acceptor Mg or Mn
were incorporated into the Ti sites substitutionally
(Nbr;, Mgri”’, and Mnyy or Mn;”). The compositions of
the specimens in this study are listed in Table 1. The
actual compositions were prepared by mixing undoped
BaTiO3;, Nb,Os, MgO, and BaCOs;, and designed for
unit A:B site ratio.

These donor and acceptor doped BaTiO; powders
were ball milled with ethanol in a polypropylene jar for

Table 1
Conditions for specimen preparation

24 h then dried and calcined at 1100°C for 2 h followed
by additional ball milling. The resulting powders were
pressed into disks and treated with cold isostatic press-
ing at a pressure of 150 MPa. 0.1 mol% Nb—-0.05 mol%
Mn-doped BaTiO; (slightly donor-doped) specimens
were sintered at 1400°C for 2 h in air with a heating rate
of 300°C/h and a cooling rate of 160°C/h to 900°C, and
followed by furnace cooling. 0.85 mol% Nb-doped
(heavily donor-doped) BaTiO; specimens were sintered
at 1300°C for 2 h in a reducing atmosphere (oxygen
partial pressure PO,=10"1% atm, CO/CO, atmosphere)
then heat-treated at 1400°C for 2 h in air with a heating
rate of 300°C/h and a cooling rate of 160°C/h and
800°C/h to 900°C respectively, and followed by furnace
cooling.

In order to identify whether donor segregation in
BaTiO; occurs during the cooling process in air or not,
STEM/EDS analysis was performed. However, in the
above concentration range it is very difficult to detect the
segregation phenomenon unless severe segregation
occurs. This is because in EDS analysis the peaks corre-
sponding to atoms where the concentrations are 1-2
mol% are difficult to distinguish from the background
noise. Thus, for STEM/EDS analysis, 6 mol% Nb-2.6
mol% Mg-doped BaTiO; (net 0.8 mol% Nb) specimens
were sintered at 1300°C for 2 h in a reducing atmosphere
(PO>=10"'9atm, CO/CO, atmosphere) then heat-treated
at 1400°C for 2 h in air with a heating rate of 300°C/h and
a cooling rate of 50°C/h to 900°C, followed by furnace
cooling. The conditions for specimen preparation are
listed in Table 1.

The electrodes for electrical property measurements
were prepared by silk printing an In-Ga paste for ohmic
contact and a Ag paste for the protecting electrodes.
These were heat treated at 600°C for 30 min. The resis-
tivities were measured using a DC method with a digital
multimeter (3478A, Hewlett-Packard) in the tempera-
ture range of 30-300°C. Impedance data were measured
by a LF impedance analyzer (HP4192, Hewlett-Pack-

Composition

Heat treatment condition

Abbreviation

0.1 mol% Nb-0.05 mol%
Mn-doped BaTiO;
(BaTig.9985Nbg.001Mn.000503)

0.85 mol% Nb-doped BaTiO;

(BaTig.9915Nbg.008503) (PO,=107"% atm)

Sintering at 1400°C 2 h in air
(PO, =0.2 atm), cooling rate: 160°C/h

Sintering at 1300°C 2 h in a reducing atmosphere

0.INb—0.05Mn—-BT-160

0.85Nb-BT-160

= Heating at 1400°C 2 h in air Cooling rate: 160°C /h

Sintering at 1300°C 2 h in a reducing atmosphere

(PO, =10"10 atm)

0.85Nb—BT-800

= Heating at 1400°C 2 h in air Cooling rate: 800°C /h

6 mol% Nb—2.6 mol% Mg-doped
BaTiO; (net 0.8 mol% Nb)
(BaTig.914Nbg.06Mg0.02603)

(PO*>=10"10 atm)

Sintering at 1300°C 2 h in a reducing atmosphere

6Nb—2.6Mg-BT-50

= Heating at 1400°C 2 h in air Cooling rate: 50°C /h
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ard) in the temperature range of 30-400°C. Evaluation
of each RC component value for a properly assumed
equivalent RC circuit and data analysis was carried out
using EQUIVALENT CIRCUIT (Version 3.97) software
which extracts R, C, and n (relaxational distribution
parameter ranging from zero to unity) by non-linear
least squares fitting.

Thermal etching was carried out at 1300°C for
polished samples and the microstructures were observed
using scanning electron microscopy (SEM, Jeol JSM
5600). The chemical compositions at the grain and grain
boundaries were analyzed with STEM (Phillips CM20)
with EDS attachment.

2. Results and discussions

Fig. 1(a) and (b) shows the microstructures of the 0.1
mol% Nb-0.05 mol% Mn-doped BaTiOj; specimen sin-
tered at 1400°C in air, and 0.85 mol% Nb-doped BaTiO;
specimen sintered at 1300°C in a reducing atmosphere
(PO,=10"10 atm), respectively. Both specimens have
similar microstructures with average grain sizes of 40-50
um. Thus, there is no possibility that the difference in
electrical impedance data is due to differences in micro-
structures. Fleig et al. reported that there is the possibi-
lity of the occurrence of a third semicircle due to
constriction resistance.!! Very porous materials that
show incomplete wetting of the grain surfaces or poor
grain-to-grain contact can exhibit this phenomenon.
Thus, if the specimen shown Fig. 1(a) has two RC com-
ponents of grains and grain boundaries and the specimen
shown Fig. 1(b) shows another third RC component in
addition to the two, it can be expected that the third RC
component is not due to constriction resistance, because
the microstructures are the same in both cases.

Fig. 2 shows R (resistivity)-T (temperature) curves for
0.INb-0.05Mn—BT-160, 0.85Nb—-BT-160 and 0.85Nb-
BT-800 specimens. The room temperature resistivities of

0.85 mol% Nb-doped BaTiO; specimens are very sensi-
tive to cooling rate after heat treatment in air, and were
above 107 Qcm insulating when the cooling rate was
lower than 100°C/h in our experiment. In both 0.1Nb-
0.05Mn—-BT-160 and 0.85Nb-BT-160 specimens, R,
(minimum resistivity) and R, (maximum resistivity)
were similar to each other and were 10* Qcm and over
5x107 Qcm, respectively.

The magnitude of the theoretically derived space
charge potential in the temperature range of 1000—
1400°C that causes the driving force for donor segrega-
tion, is small for low PO, and high temperatures, and
large for high PO, and low temperatures.® Near the sin-
tering temperature, the equilibrium defect distributions
in the grain boundary regions are maintained. However,
as the cooling process proceeds, the equilibrium defect
distributions corresponding to each decreasing tempera-
ture are not maintained due to kinetic problems. Thus,
in the case of a high cooling rate, the donor distribution
in the grain boundary region will be similar to the equi-
librium donor distributions of high temperatures, and in
the case of a low cooling rate, the donor distribution in
the grain boundary region will be similar to the equili-
brium donor distributions of lower temperatures. This
means that a lower cooling rate enhances donor segre-
gation. Thus, it is expected that donor segregation
occurs far more in the 0.85Nb—BT-160 specimen than in
the 0.85Nb—BT-800 specimen.

In the 0.1Nb-0.05Mn-BT specimen where net donor
concentration is very low, the values of the space charge
potential are small in the overall temperature range
(1000-1400°C), and the increase in the values are negli-
gible with decreasing temperature. Thus, donor segre-
gation is not expected to occur.

The resistivity of the 0.1Nb-0.05Mn-BT-160 speci-
men is dominated by the grain boundary resistivity that
is caused by grain boundary oxidation during the cooling
process in air. However, the resistivity of the 0.85Nb—
BT-160 specimen is dominated not only by the grain

Fig. 1. Microstructures of (a) the 0.1 mol% Nb—0.05 mol% Mn-doped BaTiO; specimen that was sintered at 1400°C in air, and (b) the 0.85 mol%
Nb-doped BaTiO; specimen that was sintered at 1300°C in a reducing atmosphere (PO, =10~ atm).
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Fig. 2. R (resistivity)-T (temperature) curves for 0.1Nb-0.05Mn-BT-
160, 0.85Nb-BT-160 and 0.85SNb-BT-800 specimens.
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boundary resistivity, which is caused by grain boundary
oxidation, but also by the resistivity that is caused by a
segregation-induced insulating layer during the cooling
process in air. Therefore, although the R (resistivity)-T
(temperature) properties are similar between the two
specimens, there may be differences in the RC compo-
nents.

Fig. 3 shows the complex modulus plane plots of
measured and fitted data for the 0.1Nb-0.05Mn-BT-160
specimen at different temperatures. In all temperature
ranges the measured modulus data can be fitted to two
RC responses, which means that the specimen is com-
posed of two RC components. The semi-circle in the low
frequency range is due to the grain boundary RC com-
ponent, and that in the high frequency range is due to the
grain core RC component. This behavior is identical to
the conventional PTCR equivalent circuit model.

Fig. 4 shows the complex modulus plane plots of mea-
sured and fitted data for the 0.85Nb—BT-160 specimen at
different temperatures. It appears that the modulus data
at 100°C is described by two semicircles of which the one
in the low frequency range is flat. The modulus data at
180°C also shows two semicircles. However the semicircle
in the low frequency range does not start at the zero point.
That is, the semicircle corresponding to the data below 50
Hz is completely cut off and is not shown. At 240°C, a
hidden semicircle appears. The measured data can be
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Fig. 3. Complex modulus plane plots of measured and fitted data for the 0.1Nb-0.05Mn-BT-160 specimen at different temperatures: (a) 30°C, (b)

140°C, (c) 240°C, (d) 320°C.
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Fig. 4. Complex modulus plane plots of measured and fitted data for the 0.85Nb—BT-160 specimen at different temperatures: (a) 30°C, (b) 100°C,

(¢) 180°C, (d) 240°C, (e) 300°C, (f) 360°C.

fitted to three RC responses in all temperature ranges.
Thus this specimen is composed of three RC compo-
nents. The semicircle in the lowest frequency range is
due to the grain boundary RC component, and that in
the highest frequency range is due to the grain core RC
component. The semicircle in the middle frequency
range is associated with the RC component of the seg-
regation-induced insulating layer. Near T¢, two semi-
circles corresponding to grain boundary and segregation
layer are superimposed [Fig. 4(b)]. Also, as the tem-
perature increases further, the semicircle corresponding
to the segregation layer moves to a higher frequency
range [Fig. 4(c)—(f)]. That is, the RC value of the segre-
gation layer becomes increasingly similar to that of the
grain from that of grain boundary with the increase of
temperature. This third RC component begins to dis-
appear above 360°C.

Fig. 5 shows the resistance values of each RC element
of 0.85Nb—BT-160 specimen with temperature extracted
from curve fitting. Resistance values of grain are roughly
constant with temperature. Resistance values of grain
boundary and segregation layer show PTCR effects, and
NTCR (negative temperature coefficient resistor) effects
above the PTCR maximum.

Fig. 6 shows reciprocal capacitance values of grain
and grain boundary of the 0.85Nb-BT-160 specimen
with temperature extracted from curve fitting. The capa-
citance data of grain follow the Curie—Weiss law. The
capacitance data of grain boundary are roughly tem-
perature independent at high temperatures, and a
departure occurs in which reciprocal values of grain
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Fig. 5. Resistance values of each RC element of the 0.85Nb-BT-160
specimen with temperature extracted from curve fitting.

boundary (Cgbl) appear to decreases around the Curie
temperature (7¢c). This behavior is similar to the trend
of the constriction boundary model.!?> The equivalent
circuit and data analysis appear to be realistic, since the
above resistance and capacitance values of each RC
component extracted from the nonlinear least squares
(NLLS) fitting method show simple and reasonable
temperature dependence.

All these behaviors of each RC element of the 0.85Nb—
BT-160 specimen are similar to those previously reported
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Fig. 6. Reciprocal capacitance values of grain and grain boundary of

the 0.85Nb-BT-160 specimen with temperature extracted from curve
fitting.

in the heavily donor-doped specimens (0.5 mol% Nb-—
0.07 mol% Mg-doped BaTiOs) that were sintered in air,
which were reported to be indirect evidence for donor
segregation.® In the reports, the disappearance of the RC
element associated with donor segregation above 360°C
was explained by a Fermi level change in the dopant
segregation layer with a change in temperature and the
valence change of titanium vacancies from V""" to
V1. Thus, it is expected that donor segregation has
occurred in the 0.85Nb—BT-160 specimen.

Fig. 7 shows complex modulus plane plots of mea-
sured and fitted data for the 0.85Nb-BT-800 specimen
at different temperatures. In all temperature ranges the
measured modulus data can be fitted to the responses of
one R (resistance) component and one RC component.

4
(@) 30°C © = 1MHz
3 L 7 m
HooM™ ‘ \.
-
27 a
v
o = :data
Uy v : Fitting R-(RC)
. §7/30le | 1M
0 1 2 3 4
4 v
(c) 220°C = 1.9MHz
v
30w :
v
2 &
yl
%
1L = data
o v : Fitting R-(RC)
0 //10H; . ) 105M'
0 2 4 6 8

One semicircle appears and this is due to the grain
boundary RC component. The semicircle associated
with the grain core RC component is outside the range
of measuring frequency, or the grain core is represented
by only the resistance component. Thus, in this case
when the cooling rate in air is high, donor segregation is
not expected to have occurred, although donor concentra-
tion is high. These results imply that, in the specimen
where the donor distribution is initially homogeneous
without segregation, donor segregation caused by the
space charge potential can occur during the cooling
process of the heat treatment in air.

In order to present direct evidence for the segregation
related phenomena, compositional analysis was per-
formed. Fig. 8 shows the microstructure of the 6 mol%
Nb-2.6 mol% Mg-doped BaTiO; (net 0.8 mol% Nb)
specimen that was sintered at 1300°C for 2 h in a redu-
cing atmosphere (PO,=10"!" atm). The grain sizes
range from 20-30 pm, and show a relatively homo-
geneous distribution. It was identified from EDS analy-
sis that donor Nb distributes homogencously at all
points in the specimen. This specimen was heat-treated
at 1400°C for 2 h in air with the cooling rate of 50°C/h
to 900°C, then followed by furnace cooling (6Nb—
2.6Mg-BT-50).

Fig. 9(a) and (b) shows the STEM/EDS results for the
6Nb—2.6Mg-BT-50 specimen at the grain boundary
core and at a point 30 nm away. The intensity of the Nb
peak at the grain boundary core is larger than that at a
point 30 nm away from the grain boundary core.
Among boundaries investigated, although some of them
showed negligible donor segregation, many of them
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Fig. 7. Complex modulus plane plots of measured and fitted data for the 0.85Nb-BT-800 specimen at different temperatures: (a) 30°C, (b) 140°C,

(¢) 220°C, (d) 300°C.
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Fig. 8. Microstructure of the 6 mol% Nb-2.6 mol% Mg-doped
BaTiO; (net 0.8 mol% Nb) specimen that was sintered at 1300°C for 2
h in a reducing atmosphere (PO, =10"1° atm).

695

showed donor segregation. Thus, donor segregation is
confirmed. However, in the 6 mol% Nb-2.6 mol% Mg-
doped BaTiO; specimen sintered only in a reducing
atmosphere (PO,=10"!" atm) and not heat-treated in
air, no difference in Nb peak intensitiecs was observed
between the grain boundary core and interior. This
result directly implies that donor segregation has
occurred during the cooling process after heat treatment
in air, and that this segregation is caused by the space
charge potential.

In order to provide somewhat more compelling evi-
dence for the proposed relation between the electrical
behavior and segregation of Nb, impedance analysis
was performed for the 6 mol% Nb-2.6 mol% Mg-
doped BaTiOj; specimens. For the 6Nb-2.6Mg—BT-50
specimen, however, the resistivity of the specimen is too
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Fig. 9. STEM/EDS results for the 6Nb-2.6Mg-BT-50 specimen (a) at the grain boundary core, and (b) at a point 30 nm away from the grain

boundary core.
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Fig. 10. Complex modulus plane plots of measured data at different temperatures for the 6 mol% Nb-2.6 mol% Mg-doped BaTiO3 (net 0.8 mol%
Nb) specimen that was sintered at 1300°C for 2 h in a reducing atmosphere (PO, =10"!? atm), and then heat-treated in air at 1400°C for 2 h with the
cooling rate of 200°C: (a) 60°C, (b) 130°C, (c) 180°C, (d) 250°C.
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high (> 10° Qcm) in the measurement temperature range.
Thus, proper impedance measurement and data analysis
on this sample were impossible because of the limitations
of the measurable range of an impedance analyzer.
However, when the cooling rate of the 6Nb-2.6Mg—BT
specimen was slightly increased and set to be 200°C/h,
impedance data could narrowly be measured. 3RC
terms could be identified in these data, and are shown in
Fig. 10.

Fig. 10 shows the complex modulus plane plots of the
measured data for the 6 mol% Nb-2.6 mol% Mg-
doped BaTiO; specimen of which the cooling rate is
200°C/h. The behaviors of modulus data with the
increase in temperature are almost the same as those for
0.85Nb-BT-160 specimen. As the temperatures increa-
ses, the behaviors of modules data change from three RC
responses (60, 130 and 180°C data) to two RC responses
(250°C data). Thus the proposed relation between the
three RC responses and segregation of Nb can be con-
firmed.

In the same manner, donor segregation is expected to
have occurred in the 0.85Nb—BT-160 specimen during
the cooling process in air, and this phenomenon is
associated with the third RC component in the impe-
dance/modulus analysis.

3. Conclusions

Although the microstructures and R (resistivity)-T
(temperature) characteristics are similar to each other,
differences in the RC components of each specimen can
occur if the net donor concentration of each specimen
differs. The electrical modulus data of the specimen in
which the net donor concentration is low, shows two RC
components of the grain and grain boundary, although
the cooling rate in air is low (0.1Nb-0.05Mn—BT-160
specimen). The modulus data of the specimen in which
net donor concentration is high, show another third RC
component when the cooling rate after heat treatment in
air is low (0.85Nb-BT-160 specimen). The third RC
component does not appear when the cooling rate in air
is high (0.85Nb-BT-800 specimen). This RC component
is associated with donor segregation. Therefore, it means
that in the specimen where the donor distributes initially
homogeneously without segregation, donor segregation
can occur during the cooling process after heat treatment
in air. This phenomenon corresponds to the space charge
segregation theory for donor-doped BaTiO;, which
explains that space charge potential increases with
decreasing temperature in air. The 6 mol% Nb-2.6 mol%
Mg-doped BaTiO; specimen sintered in a reducing

atmosphere shows negligible donor segregation although
the net donor concentration is high (net 0.8 mol% ND).
However, when the specimen was again heat treated in
air with a low cooling rate, donor segregation was
detected from STEM / EDS analysis. This phenomenon
can be direct evidence for space charge segregation dur-
ing the cooling process in air for donor-doped BaTiOs.
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