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(Ca, Mn)-codoped Ba1−x Srx TiO3 (BST) solid solution, i.e. Ba0.4 Sr0.5 Ca0.08 Mn0.02 TiO3 , was successfully
synthesized via sol-gel process. The product was characterized by TG-DTA thermal analyses, XRD, TEM.
The effects of both curing temperature and applied voltage on the resistance, etc. were investigated. It
showed that the structure of BST was unable to be changed even though it was codoped by Ca2+ and
Mn2+ . TEM photographs demonstrated the influence of curing temperature on the morphologies of the tested
samples. The dependence of resistance on the curing temperature illustrated that (Ca, Mn)-codoped BST
was capable of exhibiting the positive temperature coefficient (PTC) effect at low frequency; nevertheless,
it might display the negative temperature coefficient (NTC) effect at other frequencies. The relationships
between the resistance and applied voltage revealed that the resistance property of (Ca, Mn)-codoped BST
appeared at low frequencies, but its property of capacitive reactance might present at high frequency. These
findings mean that the electrical property of BST can be adjusted by codoping method. These phenomena
can be explained by the grain boundary resistance effect, Heywang model and ion polarization theory.
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chemical stability of BST, it is needed to modify their
electrical properties. The selection of dopants is a key
factor in the preparation of ABO3 -type perovskite BST
materials via sol-gel reaction. The electrical properties and kinetic behaviors of the undoped and single
doped BST have been extensively investigated [7,13].
Researches primarily focus on the properties of donor
for the B site of ABO3 perovskite structure BST [1416]. The investigation of donor for A site, however, is
relatively insufficient; especially on the study of dopants
of calcium and manganese, which are regarded as being
able to affect the grain boundary resistance and mainly
exist in the grain boundary [12,17-19].
In our previous publications [20,21], the kinetic parameters of Ca2+ and Mn2+ codoped Ba1−x Srx TiO3
and preparration of Ba0.4 Sr0.5 Ca0.08 Mn0.02 TiO3 solid
solution have been studied. To inspect the influence of
cationic substitution of Ca2+ and Mn2+ for A-site on
the electrical characteristics of such solid solution, in
this work, its electrical property will be investigated.
Special attention will be paid to the A-site displacement of Ca2+ and Mn2+ codoping and the impacts of
both curing temperature and applied voltage on its resistance at different frequencies, which is expected to
exhibit different temperature coefficient (TC) effect.

I. INTRODUCTION

Recently, ferroelectric materials have attracted considerable attentions due to their chemical stability, high
permittivity and low loss, etc. Among which, barium strontium titanate (Ba1−x Srx TiO3 , BST) is becoming more attractive because of its high dielectric
constant and large dielectric breakdown strength compared to BaTiO3 , PbTiO3 , etc. [1-4]. In general,
BaTiO3 and SrTiO3 are the representative ABO3 -type
perovskite materials. BaTiO3 is usually a ferroelectric material with the Curie temperature of 120 ◦ C,
and SrTiO3 is a paraelectric one with no ferroelectric
phase transition [4]. Nevertheless, the combined production of BaTiO3 and SrTiO3 , Ba1−x Srx TiO3 (BST)
is a solid solution system between BaTiO3 and SrTiO3 ,
i.e. Ba1−x Srx TiO3 simultaneously has the advantages
of high dielectric constant of BaTiO3 and the structural stability of SrTiO3 [4,5]. In view of their merits,
the investigation on BST solid solution is therefore significantly important [3-6].
Various innovative approaches [7-9] have been used
to synthesize undoped and doped BST. Sol-gel process
[9-11] has attracted special interesting due to its simple procedure and low reaction temperature, etc. It
becomes an effective route for fabricating BaTiO3 -base
materials. A variety of atom-substitution BST are created by sol-gel method [12,13]. In addition, because
the doped atoms can affect the crystalline structure and

II. EXPERIMENTAL SECTION
A. Preparation of (Ca, Mn)-codoped Ba1−x Srx TiO3 solid
solution

At room temperature, Ba1−x Srx TiO3 solid solution
system is usually in a ferroelectric phase when Ba content x is in a range from 0.7 to 1.0, and in a paraelec-
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tric phase when Ba content x is in a range from 0 to
0.7 [4]. To begin with a paraelectric state of BST, the
Ba1−x Srx TiO3 (x=0.5), Ba0.5 Sr0.5 TiO3 was selected as
starting material (undoped BST) for this study.
All sol-gel reactions were performed at the room
temperature (about 27 ◦ C) unless otherwise noted.
The preparation route is described as follows: firstly,
0.4 mol% Ba(OH)2 ·8H2 O (>99.0%); 0.5 mol%
Sr(OH)2 ·8H2 O (>99.0%); 0.02 mol% Mn(CH3 COO)2
·4H2 O (>99.0%) and 0.08 mol% Ca(CH3 COO)2 ·H2 O
(>99.0%) were dissolved in appropriate CH3 COOH
(>99.5%), respectively; then they were mixed together
and dissolved by stoichiometric glacial acetic acid to
produce a homogeneous drop solution. Meanwhile the
Ti precursor was fabricated from tetrabutyl titauate
(Ti(OBu)4 ) (>98.0%) in the presence of n-butanol
(n-BuOH) (>99.0%) stirred vigorously for additional
30 min; finally, the homogeneous drop solution was
added dropwise into the Ti precursor about 2 h. The
resulting mixture was vigorously stirred via magnetic
stirrer for additional 4 h, and subsequently allowed to
age. After aging for near 6 h, the deeply yellow colored
gel was dried at 70 ◦ C for 7 days. This xerogel was
sintered at 500, 650, 750 and 850 ◦ C for 2 h in the air,
respectively; the (Ca, Mn)-codoped BST solid solution
was obtained.

Jun-sheng Liu et al.

cal contact, the flat surfaces of the samples were coated
with Ag alloy rubbing. The direct current (d.c.) resistivity of these samples was measured at room temperature via two-probe method. Prior to the measurement, the sample powder sintered at 850 ◦ C for 2 h
was crushed and well-ground in a mortar, and subsequently compressed into wafer (about 1.6-cm diameter
and 0.4-cm thickness). To reduce the experimental errors, the mean values of three times testing were selected as its final result. The measuring error is estimated to be within 10%.

III. RESULTS AND DISCUSSION
A. TG-DTA analysis

To investigate the thermal degradation behaviors of
the prepared samples, TG-DTA analyses were carried
out and the corresponding curves were shown in Fig.1.

B. Sample characterizations

The above-prepared xerogel (ca. 9.4 mg) was used
to conduct thermal analysis using thermogravimetric
(TG) and differential thermal analysis (DTA) (WCT2A, Beijing Optical Instrument Co.), under air atmosphere using a heating rate of 15 ◦ C/min from room
temperature to 900 ◦ C. Prior to the measurement, the
xerogel was ground to a size of < 0.15 mm.
Powder X-ray diffraction (XRD) measurements were
performed on a X-ray diffractometer (Rigaku D/maxγB, Japan) using an copper anticathode (wavelength
Cu Kα: λ =0.15406 nm) from 10 to 80◦ 2θ, operated
with a voltage of 40 kV, a current of 50 mA, a scan
speed of 6◦ /min and a step/sample of 0.02◦ .
Morphology of the samples was observed using a
transmission electron microscope (TEM) (Hitachi H800, Japan), operated with an accelerating voltage of
180.0 kV. Prior to the measurement, the solid products
were crushed and well-ground in a mortar, subsequently
dispersed in ethanol and ultrasonic vibration via ultrasonicator for 2 h. Finally, one or two drop of such mixture was dropped into copper mesh.
The dependence of the resistance of (Ca,Mn)codoped BST on the curing temperature and applied
voltage was determined using an impedance analyzer
(ZL5 intelligence LCR, Shanghai) in the frequency
range of 0.5-100 kHz, and in the voltage range of 0-25 V,
respectively. The applied voltage was provided by
manostat (PPE-3323, Goodwill, Taiwan). For electri-

FIG. 1 TG-DTA curves of the prepared xerogel at a heating
rate of 15 ◦ C/min. The quantity of weight loss was marked
as DW in the corresponding stage.

In TG curve, three-stage weight loss were shown.
Corresponding to these degradation steps, several
exothermic peaks were exhibited in the DTA curve. A
gradual weight loss (ca. 0.72 mg) below 370 ◦ C could
be assigned to the evaporation and elimination of the
bonded water and residual solvent in the xerogel. A
sharp weight loss (ca. 1.31 mg) in the temperature
range from 370 ◦ C to 580 ◦ C was mainly caused by
the decomposition of the organic groups and the formation of crystal. The steady weight loss (ca. 0.43 mg)
beyond 580 ◦ C was due to the further crystallization of
(Ca, Mn)-codoped BST.
Moreover, it can be found in DTA curve that there exist different exothermic peaks. These exothermic peaks
clearly exhibited the formation of crystallization with
an increase in annealing temperature. The first exothermic peak was related to the removal of organic groups
and bonded water in the xerogel. The second peak
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demonstrated the occurrence of reaction, resulting in
the production of codoped BST solid solution. The
third peak could be ascribed to the further crystallization of the codoped BST. Obviously, no other endothermic or exothermic peaks were detected in this
DTA curve, therefore it can be concluded that the (Ca,
Mn)-codoped BST solid solution was successfully prepared by sol-gel method [20].

B. XRD analysis

To investigate the effects of annealing temperature on
the crystallization of the (Ca, Mn)-codoped BST, XRD
measurement was carried out and presented in Fig.2.
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file), such as the (110), (111), (200), (211) and (220)
peaks; meanwhile without preferential orientation was
detected in these XRD patterns. It can be concluded
that the crystalline structure of the (Ca, Mn)-codoped
BST still remains the perovskite phase structure after
the replacement of Ca2+ and Mn2+ substituting A-site
Ba2+ , implying that the codoping of Ca2+ and Mn2+ is
unable to change the crystalline structure of BST materials. This means that Mn2+ can be incorporated into
BST materials by sol-gel method. This finding is consistent with the conclusions reported by some researchers
[17-19]. For example, Ren et al. have reported that
Mn2+ could be doped into BST material by sol-gel process and the valence state of the Mn-doped BST had
the same valence as the Mn (II) dopant[17,18].
The theoretical interpretation to the above trend
might be attributed to the fact that small amount of
displacement of Ca2+ and Mn2+ can not lead to large
oxygen vacancy even though both Ca2+ ionic radius (0.1
nm) and Mn2+ ionic radius (0.083 nm) are smaller than
those of Ba2+ (0.135 nm), Sr2+ (0.118 nm), and O2−
(0.14 nm) [24,25], this make them unable to impact the
perovskite phase structure of the codoped BST.
In addition, it can be seen that peak splitting occurred at high temperature. For example, the peak
splitting appeared at 750 ◦ C, but peak splitting was
not detected at 650 ◦ C. It suggested that the annealing
temperature affected the crystalline figures. This means
that the transformation of crystalline state occurred in
the temperature range of 650-750 ◦ C. This observation
is similar to the result proposed by Wang et al [26], in
which it stated that cubic perovskite could be changed
into ferroelectric state through the induction of outer
force in the case of CaTiO3 induced by a negative pressure. The reason can be ascribed to the alteration of
grain size and lattice constant [22,23].

FIG. 2 XRD patterns of the (Ca, Mn)-codoped BST annealed at various temperatures.
C. TEM observation

It can be found that the annealing temperatures had
influence on the crystalline form of the tested samples.
For example, for the sample sintered at 500 ◦ C, a small
diffraction peak was observed, which was related to the
(100) orientation of BST materials [22,23], suggesting
the occurrence of crystallization at near 500 ◦ C. However, for the samples sintered at 650-850 ◦ C, several
diffraction peaks were clearly indicated, which should
be assigned to the (110), (111), (200), (211) and (220)
directions as marked in Fig.2, implying the completion
of crystallization. Moreover, it can also be found that
the peak locations remained intact even if the sintering temperature increased up to 850◦ C; meanwhile the
intensity of these diffraction peaks increased a little,
indicating an increase in the degree of crystallization.
Since no pattern in JCPDS (Joint Committee on Powder Diffraction Standards file) could be discovered, the
XRD patterns of the explored samples had the same
directions as those of Ba0.5 Sr0.5 TiO3 (pattern 39-1395

In order to have an insight into the microstructure of
the (Ca, Mn)-codoped BST calcined at different temperatures, TEM observation was conducted and illustrated in Fig.3.
It can be noted that the annealing temperature has
some impacts on the morphology of the samples. As
shown in Fig.3(a), particle aggregates were observed in
the TEM photograph of the sample sintered at 650 ◦ C.
But such aggregates were decreased slightly except an
increase in the size of particles when the sample sintered at 850 ◦ C (see Fig.3(b)), which implied that small
amount of substitution of Ca2+ and Mn2+ cannot influence the crystalline structure of codoped BST.
Several reasons might be responsible for this trend.
One could be the atom displacement. With an increase of the annealing temperature, the vibration of
both atoms and ions in BST, especially the doped ions,
enhances highly. It will give rise to the partial displace-
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FIG. 3 TEM photographs of (Ca, Mn)-codoped BST powders annealed at (a) 650 ◦ C, (b) 850 ◦ C; (×40,000).

ment of the atoms or ions. As a result the atoms and the
doped ions have the tendency to rearrange and aggregate within limited space, leading to an increase in the
size of particles and the transformation of crystalline
state. Another reason might be related to the changeable valence of Mn ions, which will bring about energy
jump due to the effect of outer force, resulting in the
occurrence of multi-valent Mn ions and the alteration
of crystalline shape with an increase in the annealing
temperature. In addition, the speed of elevating temperature will also be responsible for this trend. Because
the size of a particle is mainly controlled by the formative condition, higher speed of elevating temperature
will favor the formation of larger size of particles due to
the incomplete crystallization. On the contrary, small
size of particles will be generated. Meanwhile, small
size of grain might tend to aggregate, because it occupies small space and is easy to penetrate the holes of
other particles. It will result in the appearance of clusters in materials. Therefore, the annealing temperature
can affect the aggregation of particles.
D. Dependence of resistance on the curing temperature

To study the influence of curing temperature on the
electrical properties of the synthesized codoped BST,
the dependence of the resistance of (Ca, Mn)-codoped
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BST on the curing temperature was determined and
presented in Fig.4. For comparison, the relationship
between the resistance of Mn-coped BST and the curing
temperature was given in Fig.5.
It can be noted that both the curing temperature
and the frequency have some effects on the resistance
of (Ca, Mn)-codoped BST. As shown in Fig.4(a)-(c), for
the same curing temperature, the resistance decreased
rapidly with the rising frequency. However, for the same
frequency with different curing temperature, the resistance exhibited various change trends. For example,
at the frequencies 1, 10 and 66.66 kHz, the resistance
curve indicated an upward trend with the elevated curing temperature, especially at high curing temperature.
It revealed the positive temperature coefficient (PTC)
effect. But at other frequencies, the resistance curve
exhibited the negative temperature coefficient (NTC)
effect. These observations clearly demonstrate that the
curing temperature can affect the resistance of (Ca,
Mn)-codoped BST. These findings are similar to the result reported by Yu et al. [27]. It stated that the doped
BST could exhibit an abnormal negative temperature
coefficient in the frequencies higher than 50 kHz.
Furthermore, the curing temperature was also able
to impact the resistance of Mn-doped BST. As shown
in Fig.5, the resistances of Mn-doped BST decreased
slightly with the elevated curing temperature not only
at low frequency (f = 0.5-5 kHz, Fig.5(a),(b)) but also
at high frequency (f = 50-100 kHz, Fig.5(c), (d)), which
exhibit the NTC effect. Whereas at middle frequency (f
= 10-20 kHz, Fig.5(b),(c)), irregular curves appeared,
demonstrating the influence of curing temperature on
the resistance of Mn-doped BST.
By comparing the phenomena observed in Fig.4 with
those in Fig.5, it can be found that the resistances of
(Ca, Mn)-codoped BST were obviously less than those
of Mn-doped BST. It suggests that the codoping of
Ca2+ and Mn2+ has highly lowered the resistances of
BST, i.e. codoping has significantly improved the electrical property of BST. The resistance improvement of
BST will be very meaningful for the development of
BST functional materials. It demonstrats that codoping of metal ions is an effective method to regulate the
electrical property of BST materials.
To explain the above phenomena, special attention
will be paid to the change of the grain boundary resistance and the possible energy jump of the doped Mn
ion. It is reported that in the doped BST materials,
the doped Mn ion mainly exists in the grain boundary and can conduct energy jump, thus influences the
grain boundary resistance [12,17-19], leading to the alteration of the resistance with the curing temperature.
When the curing temperature increases, the vibration
of doped ions is accordingly promoted. Resonance will
be induced when the given frequency approaches the intrinsic one of the doped ion vibration. Thus the energy
jump of the doped Mn ion might occur, resulting in an
resistance increase.
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FIG. 4 The relationships between the curing temperature and the resistance of (Ca, Mn)-codoped BST at different frequencies.

FIG. 5 The relationships between the curing temperature and the resistance of Mn-doped BST at different frequencies.

Moreover, it is well accepted that the PTC effect
mainly stems from the grain boundaries of BST. At
the same time, the doping of Sr, Ca, Pb, etc. can effectively improve PTC temperature (Curie temperature)
[28]. Many authors have reported that PTC effect depended on the extent of oxidation [12,29,30], i.e. the
production and the diffusion of oxygen vacancies played
an important role in the formation of PTC effect. For
example, Qi et al. have proposed that Mn3+ dissolved
on the grain boundary more quickly than that in the
bulk of the grain in an oxidizing atmosphere, and the
manganese was apt to be doubly ionized in the BaTiO3
solution [12]. The reaction could be expressed as fol-

lows:
Mn2 O3 → 2Mn0Ti + Vo·· + 3O×
o
Based on the above expression, it can be speculated
that when the BST is codoped with calcium and manganese ions, the diffusion of these dopants into the bulk
of the grain is possibly promoted by the following reactions:
Mn → Mn00Ti + Vo··
0
··
×
CaO + Mn2 O3 → Ca×
Ba + 2MnTi + Vo + 4Oo
As a result, the grain boundary resistances are altered due to the influence of both calcium and man-
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E. Effect of applied voltage on the resistance

(Ca, Mn)-codoped BST, the measurement of resistance
against applied voltage was performed and shown in
Fig.6. For the convenience of comparison, the resistance of the Ba0.5 Sr0.5 TiO3 versus the applied voltage
was presented in Fig.7.
It showed that the resistance of (Ca, Mn)-codoped
BST is affected not only by the applied voltage but also
by the frequency. For the same applied voltage, the resistance decreased sharply with the increasing frequency
from 7.5 MΩ at 1 kHz (Fig.6(a)) to 95 kΩ at 50 kHz
(Fig.6(d)). But for the same frequency, they exhibited
different change trends. As illustrated in Fig.6(a)-(d),
the resistances showed an upward tendency at low frequency (1 and 5 kHz) and a downward trend at middle
frequency (20 kHz), whereas at high frequency (50 and
100 kHz), they remained constant in the case of neglecting the experimental error. It suggested that (Ca,
Mn)-codoped BST can exhibit the properties of resistance at low frequency; but the properties of capacitive
reactance at high frequency [27].
Nevertheless, different phenomenon can be observed
in the curves of the resistance of undoped BST against
applied voltage. As shown in Fig.7, the applied voltage
has some influences on the resistance of undoped BST.
At low frequency, the resistance curves exhibited an upward trend with the elevated applied voltage except the
voltage below 5 V at the frequency of 1 kHz (Fig.7(a)).
However, at high frequency such as 20-100 kHz, the
resistance almost remained constant (Fig.7(c)). It implied that there exists little influence of applied voltage
on the resistance of the undoped BST at high frequency.
By comparing the resistance data obtained in Fig.7
with those in Fig.6, it can be noted that the resistances
of codoped BST has noticeably decreased. It suggested
that the conducting ability of Ba0.5 Sr0.5 TiO3 was highly
raised after the codoping of Ca2+ and Mn2+ . In addition, it can also be noted that the resistance of both the
undoped and codoped BST all significantly decreased
with the increasing frequency. It indicated the promotion of conducting ability of BST under applied voltage.
Meanwhile, the applied voltage has little influence on
the resistance of both the undoped and codoped BST
at high frequency, demonstrating the property of capacitive reactance. These data show that the codoping of
Ca2+ and Mn2+ have effectively regulated the electrical
property of BST materials.
The theoretical interpretation to the above trends is
the ion polarization theory. According to the ion polarization theory, the static polarizability of a material
can be described as follows [35]:
e2 X 1
Xe =
(2)
ε0 m q ω q 2

Investigating the dependence of dc electric field on
the capacitance is one effective tool to study the behavior of ferroelectric materials [33,34]. To have an insight
into the effect of applied voltage on the resistance of

And the dynamic polarizability of materials can be expressed as [35]:
e2 X
1
X 0e =
(3)
ε0 m q ωq 2 − ω 2

ganese ions. Compared with Mn-doped BST, the partial replacement of both Ca2+ and Mn2+ at A-site may
favor the decrease in the resistance at major frequencies. Whereas at the frequency such as 1kHz, 10kHz and
66.66 kHz, the numbers of hopping electrons are dominant due to an increase in the potential energy with the
elevated curing temperature, thus the impact of dopants
of Ca2+ and Mn2+ will be highly weakened. Meanwhile
the ion polarization tends to be more stable. Besides,
Mn has a changeable valence, which might also affect
the resistance of (Ca, Mn)-codoped BST. Therefore the
change trends in the resistance should be regarded as
the combined effect of these factors.
Furthermore, according to Heywang model theory
[31], the resistance of materials is primarily determined
by grain boundary potential barrier and temperature,
and doping method can change the resistance of materials within certain temperature. The relationship between the resistance and the temperature can be described as follows [32]:
ρ = B exp(eΦ/kt)

(1)

where B denotes certain constant, k stands for Boltzmann constant, φ is the grain boundary potential barrier, e the charge capacity of electron, t the temperature, and ρ the resistance.
It is evident that the resistance is controlled by the
grain boundary potential barrier φ and the temperature t. When the temperature increases, grain boundary potential barrier maybe increase dramatically. The
resistance increases drastically because the motion of
electrons is prevented in the grain boundary. In addition, the motion of electron is related to its vibration
frequency, which also makes some contributions to the
alteration of the resistance in the material. For example, at middle frequency, due to the ferroelectricity of
grains, the relationship between the resistance and the
temperature exhibits the electrical characteristics. But
at low frequency, it reveals the characteristics of resistance and capacitance of grains [27,32].
The above evidences clearly demonstrate the dependence of resistance on the frequency and the curing temperature. In summary, it is the combined interaction of
grain boundary resistance and the curing temperature
that will be responsible for the change trends in the
resistance of (Ca, Mn)-codoped BST at different frequencies. The significant difference in the resistances of
the (Ca, Mn)-codoped BST and the Mn-doped BST is
possibly the confirmation of such different interactions
of atoms and doped ions in BST materials.
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FIG. 6 The effect of applied voltage on the resistance of (Ca, Mn)-codoped BST at various frequencies.

FIG. 7 The effect of applied voltage on the resistance of Ba0.5 Sr0.5 TiO3 at various frequencies.

where ωq is the intrinsic frequency of the qth polarization charge of sample, m is the effective mass of polarization charge, ε0 is the vacuum dielectric constant,
e stands for the polarization charge, and ω is the frequency of applied field.
As described in Eqs.(2) and (3), it can be noted that
the dynamic polarization elevates with an increase in
the frequency of applied field, which will cause an increase in the resistances of both doped and undoped
BST. At low frequency, the roles of spontaneous polarization and static polarization are the dominant form
for both doped and undoped BST, meanwhile the semiconducting behavior is not significant; consequently Mn
ions possibly exist in the grain boundary and block
the thermal motion of electrons. However, at high frequency, dynamic polarization will gain an advantage

over the static polarization because of the effect of applied field, the spontaneous polarization can thus be
neglected due to its small value compared to the large
one of dynamic polarization. Meanwhile semiconducting behavior is increased accordingly. As a result, the
resistance is highly decreased, and the effective charge
density of electrons and conductivity are promoted with
the elevating frequency. Therefore the resistances tend
to become more stable at high frequency.
In addition, the holes and oxygen vacancies derived
from the substitution of Mn2+ in A-site might also make
some contributions to these behaviors, causing a significant decrease in the resistance of (Ca, Mn)-codoped
BST, which is similar to the conclusion reported by
some researchers [17-19].
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IV. CONCLUSION

(Ca, Mn)-codoped Ba1−x Srx TiO3 (BST) solid solution, i.e. Ba0.4 Sr0.5 Ca0.08 Mn0.02 TiO3 , was successfully prepared via sol-gel reaction. The XRD patterns
demonstrated that (Ca, Mn)-codoped BST was unable
to change the structure of BST. TEM photographs revealed that particle aggregates were reduced and the
crystalline particles became larger with an increase of
the annealing temperature, suggesting the effect of curing temperature on the morphologies of the (Ca, Mn)codoped BST. The relationships between the resistance
and the curing temperature showed the effect of annealing temperature on the properties of the prepared (Ca,
Mn)-codoped BST. At 1, 10 and 66.66 kHz, the (Ca,
Mn)-codoped BST samples exhibited the PTC effect;
but at other frequencies, they might display the NTC
effect. The dependence of resistance on the applied voltage revealed that at low frequency, this codoped BST
exhibited the properties of resistance, but at high frequency, they might display the properties of capacitive
reactance. These findings clearly demonstrated that
codoping was capable of altering the performances of
BST materials. These phenomena can be explained by
grain boundary resistance effect, Heywang model and
ion polarization theory.
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