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Studies on semiconductive 
(Bao.sSro.2) (Tio.gZro.1)03 ceramics 
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Department of Electrical Engineering, National Cheng Kung University, Tainan, Taiwan 

In order to produce semiconductive (Bao.sSro.2) (Tio.9Zro. 1 )0  3 ceramics (BSZT), providing low 
resistivity for boundary-layer capacitor applications, a controlled valency method and a 
controlled-atmosphere method were applied and studied. In the controlled-valency method, 
trivalent ions (La 3+, Sb 3+) and pentavalent ions (Nb 5+, Sb ~+, Ta 5+) were doped into BSZT 
ceramics, while in the controlled-atmosphere method, samples were sintered in air and a 
reducing atmosphere. The doped BSZT ceramics sintered in the reducing atmosphere showed 
much lower resistivities and smaller temperature coefficient of resistivity (TCR) than those 
sintered in air, indicating that low partial pressure of oxygen will increase the solubility of the 
donor dopant and enhance the grain growth. In addition, a small negative TCR at low tem- 
perature, as well as a small positive TCR at higher temperature, are also observed for 
specimens fired in a reducing atmosphere. The former is attributed to the semiconductive grain 
and the latter to the small barrier layer formed at the grain boundary. 

1. Introduction 
It is well known that a grain-boundary barrier layer 
(GBBL) capacitor may be fabricated by diffusing 
painted oxide into the grain boundary of semiconduc- 
rive ceramics. The BaTiO3-based GBBL capacitor was 
designed by Glaister [1]. In order to lower the grain 
interior resistivity, which will shift the capacitance 
dispersion to higher frequency, and to promote the 
stability of bias dependence, SrTiO3 is widely used as 
the basic composition [2, 3]. However, the high sinter- 
ing temperature is still a disadvantage and the non- 
ferroelectric composition from the solid solution of 
(Ba, Sr)TiO3 [4] is thus adopted. To improve further 
the temperature and bias stability, ZrO2 was added to 
diffuse the phase transition [5] and the (BaxSr~_x) - 
(Ti.,Zrl ~.)O3 ceramics were thus fabricated [6]. In 
this study, a composition of (Ba0.8 Sr0.2) (Ti0.9 Zr0. ~ ) O3, 
which is near the morphotropic phase boundary 
(MPB) [7], is adopted as the basic composition to 
improve its electrical characteristics. 

Numerous studies on the effect of various rare-earth 
ions on the semiconducting barium titanate have been 
reported [8-10]. In order to account for the conductiv- 
ity of the donor-doped ceramics, two conduction 
models have been proposed: the hopping conduction 
and the band conduction [11]. However, when sinter- 
ing is conducted in a low partial pressure of oxygen 
atmosphere, the reduction behaviour results in an 
imbalance in the ideal cation-to-anion ratio and thus 
leads to nonstoichiometry, in which oxygen vacancies 
are found to dominate the semiconductive properties 
[12]. 

The purpose of this study was to determine the 
predominant factors and their effects in fabricating 
the semiconducting BSZT ceramics. Both the con- 
trolled valency method, by doping trivalent or penta- 

valent ions, and the controlled atmosphere method, 
by firing the samples in air or a reducing atmosphere, 
were undertaken in this study. 

2. Experimental procedure 
The raw materials - BaCO3, SrCO3, TiO2, and ZrO2 
(Reagent grade, Merck) - were weighed in appro- 
priate proportions to prepare BSZT ceramics. Into 
this basic composition, suitable amounts of trivalent 
dopants (La203 and Sb203) and pentavalent dopants 
(Sb205, Nb2Os, and Ta2Os) were blended as donor 
dopants. Small amounts of TiO2 and SiO2 were also 
added to promote sintering. 

After blending thoroughly in a ball mill with dis- 
tilled water for about 4 h, the mixture was dried and 
then calcined at 1100~ for 2h. Before grinding the 
calcined powder for pressing and then sintering, it was 
subjected to CuK~ X-ray diffraction (XRD) analysis to 
ensure the formation of perovskite structure. 

The calcined powder was then pressed into disc- 
shaped samples under a pressure of 250 kg cm -2. The 
sintering process was conducted at 1380~ for 4h. 
Samples containing different dopants (La203, Sb203, 
Nb2Os, Sb205, Ta2Os) and with different amounts of 
dopant were sintered either in air or in a reducing 
atmosphere (98% N 2 ~- 2% He) to examine the effect 
of sintering atmospheres. 

The resistivities of the sintered samples were 
measured with a digital multimeter. Both the relation- 
ships between the resistivity and ambient temperature, 
and its relationships with doping amounts and sin- 
tering atmospheres were examined. A temperature- 
programmable testing apparatus (KATO SE43CRA) 
was used to control the testing temperature. In order 
to examine the microstructures, which are known to 
affect the electrical properties obtained, scanning 
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Figure 1 X-ray diffraction pattern of BSZT (a) calcined at 1100~ for 2 h, (b) lanthanum-doped sintered at 1380~ C for 4 h in 98% N 2 -F 2% 
H 2. (O) Perovskite, (e) BaZrO 3, + BaTi307, (n) Ba6Til7040. 

electron microscopic (SEM) observations were also 
made. 

3. R e s u l t s  a n d  d i s c u s s i o n  
In the (Ba08Sr0.2) (Ti0.9Zr01) ceramic, reactants of 
BaCO3, SrCO3, TiO2, and ZrO2 are included. Many 
reactions may occur between carbonates and oxides. 
The most possible reaction is the formation of BaTiO3 
structure, which can be obtained at 1000~ [13]. The 
temperature required for the formation of SrTiO 3, 
BaZrO3 and SrZrO3 is higher than that of barium 
titanate [14]. 

The XRD pattern of the powder calcined at 1100 ~ C 
for 2 h is depicted in Fig. l a, which confirms the for- 
mation of perovskite structure. Nevertheless, second 
phases, including BaZrO3, BaTi307 and Ba6TilvO40, 
are formed. Fig. 1 b illustrates the perovskite structure 
pattern of specimens which were sintered in a reducing 

atmosphere at 1380~ for 4h  with 0.2mol % La203 
dopant. From Fig. lb, it can be seen that the dif- 
fraction peaks of  the second phases have all disap- 
peared, showing a complete reaction. For  specimens 
with the same dopants but sintered in air at 1380 ~ C, 
no difference was found in the XRD patterns, com- 
pared to those shown in Fig. 1 b. Thus complete solid 
solutions were formed under both conditions, i.e. 
sintering in a reducing atmosphere and in air, at 
1380 ~ C, respectively. 

The relationships between the logarithmic values of  
resistivities and the amounts of dopants are shown in 
Fig. 2a, where the samples are sintered in air at 

1380~ for 4h. Fig. 2a shows a minimum value of 
resistivity for each kind of dopant at the concentration 
of about 0.2tool %. The niobium- and lanthanum- 
doped samples show the lowest resistivity of the five 
dopants at 0 .2mo1% dopant concentration. The 
minimum resistivity obtained at 0.2 to 0.3mo1% 
dopant is thought to be due to the solubility limit, 
similar to that found in BaTiO3 by other authors 
[15-17], which shows an increasing resistivity when 
the controlled valency substitution mechanism is 
saturated. Because the enthalpy required for sub- 
stitution depends on the vicinity of the ionic radii and 
the valencies of  the dopant and the substituted atom 
[18], Nb 5+ and La 3+ are thus expected to achieve the 
most effective substitution, and show the lowest resist- 
ivity among the pentavalent and trivalent dopants, 
respectively. In addition, because the donor levels of 
La[, and Nb~ in BaTiO3, which are 0.1 and 0.12eV, 
respectively, calculated by Seuter [19], the lower resist- 
ivity of the lanthanum-doped sample compared to 
that of the niobium-doped sample as found in Fig. 2a, 
is expected. 

However, when the samples are sintered in a reduc- 
ing atmosphere, as shown in Fig. 2b, a much lower 
resistivity value is found even with a dopant level of 
only 0.1tool %, and a nearly stable resistivity is 
observed for doping levels of 0.2 tool % or higher. 
This shows that the formation of oxygen vacancies 
predominates the electrical properties when compared 
to the substitution mechanism. The solubility limit of  
the dopant is believed to be broadened when the 
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Figure 2 Resistivity of semiconductive BSZT with various additional oxides as a function of doping level after (a) sintering at 1380~ for 
4h in air, (b) sintering at 1380~ for 4h in 98% N 2 + 2% H 2. (D) La, (o) Nb, (+) Sb [3], (e) Ta, (a) Sb [5]. 
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Figure 3 Resistivity of  semiconductive lanthanum-doped BSZT as a function of doping level: (a) sintered at 1380 ~ C for 4 h in air; (b) sintered 
at 1380~ for 4h  in 98% N 2 + 2% H 2. 

partial pressure of oxygen is lowered. At low partial 
pressure of oxygen, grain growth and donor incor- 
poration are not hindered in BaTiO 3 [20, 21], thus, 
similarly, in this case it is expected that a higher 
amount of dopant can be incorporated. The substi- 
tutional reaction during grain growth can be expressed 
a s  

1/2 L a 2 0 3  4- (AO)l~u -+ (LaO)ia t t  4- AO 

+ 1/4 02 + e' (1) 

1 / 2  N b 2 0 5  "-}- ( B O 2 ) l a t t  --+ ( N b O 2 ) ; t  t 4 -  B O  2 

+ 1/4 02 + e' (2) 

where A and B represent the metallic atom at the A 
site (barium or strontium) and the B site (titanium or 
zircon) in the perovskite structure, respectively. When 
sintering in a reducing atmosphere, the Equations 1 
and 2 will tend towards the right due to the low partial 
pressure of oxygen. This leads to an increasing incor- 
poration of dopant and faster grain growth. 

The relationship of resistivity to donor dopant is 
shown in Figs 3 and 4 for the La203 - and Nb205- 
doped BSZT ceramics, respectively. Both show a 
much lower resistivity for samples sintered in a reduc- 
ing atmosphere. While the microstructures of the 0.1 
and 0.3mo1% lanthanum-doped samples shown in 
Fig. 5 reveal enhanced grain growth in a reducing 
atmosphere compared with those sintered in air. 
The broadened solubility limit of the dopant and 
the increased concentration of electrons are thus 
confirmed. 

Although tl~e Solubility limit is raised by sintering in 
a low partial pressure of oxygen atmosphere, the grain 
growth of the donor-doped BSZT ceramics depends 
on the amount of dopant even in a reducing atmos- 
phere. It seems that the role of grain-growth inhibitor 
of donor-dopant in BaTiO3 [22] is still effective in the 
BSZT ceramics, for both sintering in air and in a 
reducing atmosphere. As seen in Fig. 5, the grain size 
of the 0.3mo1% La203-doped BSZT ceramics is 
smaller than in the 0.1 tool % La203-doped one, either 
sintered in air (Fig. 5a, b) or in a reducing atmos- 
phere (Figs 5c, 5d). It is thought that the excess dopant 
will segregate at the grain boundary, which inhibit the 
grain growth due to the decrease in boundary mobility 
during sintering [23, 24]. 

In order to ascertain the effect of sintering atmos- 
phere on resistivity of BSZT ceramics, and to under- 
stand its temperature stability, the resistivity values of 
lanthanum- and niobium-doped BSZT ceramics, sin- 
tered either in air or in a reducing atmosphere, were 
examined by measuring the resistivities in the tem- 
perature range - 2 0  to + 100 ~ Fig. 6 shows the 
results of the lanthanum-doped BSZT, with doping 
levels of 0.2 and 0.3 tool %, fired in air and in a reduc- 
ing atmosphere, respectively. Figs 7a and b show the 
temperature dependence of resistivities for lanthanum- 
and niobium-doped BSZT ceramics sintered in a 
reducing atmosphere. 

A positive temperature coefficient of resistivity is 
observed for samples sintered in air. In general, a 
negative TCR is first found and then a positive TCR 
is observed, for samples sintered in a reducing 
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Figure 4 Resistivity of  semiconductive niobium-doped BSZT as a function of doping level: (a) sintered at 1380~ C for 4 h in air; (b) sintered 

at 1380~ for 4h  in 98% N 2 + 2% H 2. 
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Figure 5 Scanning electron micrographs of the surface of semiconductive lanthanum-doped BSZT sintered at 1380~ for 4h  with (a) 
0.1 mol % La203, in air, (b) 0.3 mol % La203, in air (c) 0.1 mol % La203 in 98% N 2 + 2% H2, (d) 0.3 mol % La203, in 98% N 2 + 2% H~. 

atmosphere, when the temperature is raised from - 20 
to 100 ~ C. It is well known that a naturally occurring 
semiconductor has a negative temperature coefficient 
of resistivity [25]. Thus the positive TCR effect can 
only be realized and attributed to the boundary effect. 
A potential barrier, which is similar to that observed 
in PTC barium titanate [26], is believed to be the 
reason, except that the slope is not as steep because the 
phase transition of the BSZT ceramics is diffused. 
However, for the specimens sintered in a reducing 
atmosphere, the barrier effect is diminished, which is 
only effective at elevated temperature and is negligible 
at low temperature. Thus, a negative TCR is observed 
at low temperature owing to its inherent semiconduct- 
ing property. As the temperature rises, the barrier 
effect gradually becomes apparent due to the dis- 
appearanc e of spontaneous polarization as phase 
transition occurs. Such a superposition of small 
PTCR and NTCR effect produces a good temperature 
stability in BSZT ceramics sintered in a reducing 
atmosphere, which together with the low electrical 
resistivity, makes it a good candidate for a semi- 
conductive substrate in boundary-layer capacitor 
application. 

4. Conclusions 
From the experimental results discussed above, con- 
clusions are deduced for the BSZT ceramics as 
follows: 

1. To produce semiconductive BSZT ceramics, 
controlled valency and controlled atmosphere methods 
can be used. Both methods may be used to lower its 
resistivity further. 

2. With the controlled valency method, La B+ is the 
most effective dopant for the BSZT ceramics, while 
Nb 5+ is next to it. In general, 0.2tool % is adequate 
for this method. 

3. With the controlled atmosphere method, a low 
partial pressure of oxygen will increase the solubility 
of the donor dopant and enhance the grain growth 
during sintering. 

4. The grain growth will be inhibited by excess 
donor dopant, either sintered in air or in a reducing 
atmosphere. The grain size, with the same amount of 
dopant, is larger for sintering in a reducing atmos- 
phere than that in air. 

5. The released oxygen might contribute to the 
trapping states at grain boundaries and form a small 
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Figure 6 Temperature dependence of resistivity of lanthanum- 
doped BSZT sintered at 1380~ for 4h  in air or in 98% N z 4- 2% 
H2. fin) 0.2 mol % in air, ( + ) 0.3 mol % in air, (o) 0.2 tool % in 98 % 
N2 + 2% H2, (e) 0.3mo1% in 98% N2 + 2% H 2. 
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Figure 7 Temperature dependence of resistivity of  donor-doped BSZT sintered at 1380~ for 4 h in 98% N 2 4- 2% I-I 2 for (a) lanthanum, 
(b) niobium dopant. (El) 0. I mol %, ( + )  0.2 tool %, (O) 0.3 mol %, (O) 0.4 tool %. 

barrier layer in the Heywang model, which results in 
a small positive TCR effect. 

6. Owing to the diffused-phase transition, the 
reduced BSZT ceramics shows a good temperature 
stability of resistivity. However, small NTCR and 
PTCR effects are both observed in a different tem- 
perature range. The former is attributed to the semi- 
conductive grains and the latter to the small barrier at 
the grain boundaries. 
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