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Impedance analyses of cooling-rate effects 
on the depletion layer of PTCR materials 
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Cooling-rate effects on the depletion layer of BaTiOa positive temperature coefficient of 
resistance (PTCR) were analysed using d.c. resistivity and a.c. complex impedance 
spectroscopy. As the cooling rates decreased, the d.c. resistivity of the sample increased. A.c. 
complex impedance spectra showed that the observed d.c. resistivity increase was mainly due 
to the grain-boundary resistivity increase. The grain resistivity also exhibited relatively weak 
PTCR behaviour. The built-in potential and the depletion-layer width were analysed using the 
a.c. complex impedance data. Slow cooling rate produced higher built-in potential and large 
depletion-layer width. The relationship between the built-in potential and the depletion-layer 
width at different temperatures was analysed and used to explain the observed grain-boundary 
resistivity change. The resistivity decrease in the low-temperature region was due to the 
depletion-layer width decrease. The resistivity jump over the temperature was due to both the 
built-in potential and the depletion-layer width changes. 

1. I n t r o d u c t i o n  
Positive temperature coefficient of resistance (PTCR) 
materials were originally developed in early 1950s. 
The PTCR effect in doped barium titanate ceramics is 
characterized by a large and rapid non-linear increase 
in electrical resistance as the temperature increased 
over the ferroelectric transition temperature [1]. 

Various attempts have been made to explain the 
PTCR effect [2-4], and it is usually assumed that the 
grain boundaries are responsible [5-9], because single 
crystals do not show the effect [10]. From those 
studies, Heywang's model was proposed to explain the 
electronic structure of the grain boundary [2]. This 
model treats the grain boundary as a n-type Schottky 
barrier or a depletion layer, which eliminates conduc- 
tion electrons from the boundary [3, 5, 11]. This 
barrier produces a high resistivity state above the 
ferroelectric transition temperature. Below the trans- 
ition temperature, the potential barrier is diminished 
because the surface states are wholly or partly com- 
pensated by a high dielectric constant and spontan- 
eous polarization. From the investigation of Daniels 
and Wernicke [12], the cooling rate affects the deple- 
tion-layer width at the grain boundary: the slower the 
cooling rate, the wider this layer becomes. Therefore, 
the resistivity of the sample becomes higher at the 
transition temperature. 

According to the depletion-layer model, the resis- 
tivity of the grain-boundary layer of unit area can be 
defined as 

p = poexp(eVbi /kT  ) (1) 

where Po is a constant, e is the electron charge, Vbi is 
the built-in potential barrier height at the grain 
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boundary, k is the Boltzmann constant and T is the 
absolute temperature. 

From the Schottky barrier model [13], the deple- 
tion layer width, W, and the capacitance, C, per 
depletion layer per unit area are defined as 

W = [ 2 C ( V b i -  kT/e)/eND] 1/2 (2) 

and 

C = [eeoerND/2(Vbl--  kT/e)] 1/2 (3) 

where N D is the donor impurity density, and e o and er 
are the vacuum permittivity and the relative dielectric 
constant, respectively, of the depletion layer. Because 
Vbi is inversely proportional to the dielectric constant, 
e~, which is varied sharply near the transition temper- 
ature, Vbi is also a function of temperature, and so we 
may not direct the value of Vbi at different temper- 
atures from Equation 1. The combination of Equa- 
tions 1 and 3 gives the values of Vbi at different 
temperatures [14]. A donor impurity density, ND, can 
be calculated from the doping concentration, and is a 
constant at different temperatures. The depletion- 
layer width, W, may be calculated using Equation 2. 

A.c. impedance spectroscopy has been widely used 
to distinguish between the grain resistance and grain- 
boundary resistance [15-17]. The plot of the real part 
of the total impedance versus the imaginary part as a 
parametric function of frequency shows a distinctive 
feature characterizing a specific combination of the 
circuit elements. 

In this paper, a.c. impedance spectroscopy was used 
to separate the grain-boundary resistivity and the 
grain-boundary capacitance from the bulk compon- 
ents. In this way, the relationships between the cooling 
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rate and the grain resistivity, the barrier height and the 
depletion-layer width, and between the depletion- 
layer width and the barrier height at different temper- 
atures, were shown. 

2. E x p e r i m e n t a l  p r o c e d u r e  
A common powder-mixing technique was used for 
preparing n-type doped BaTiO 3 specimens. The dop- 
ing concentration of Sb203 was 0.1 mo1%. 0.2 mol % 
excess TiO 2 and 0.4 tool % SiO 2 were added for con- 
trol of stoichiometry and decreasing sintering temper- 
ature, respectively. BaTiO3, SbzO3, TiO2, and SiO 2 
powders were mixed with an organic binder in a 
polyethylene jar using distilled water and ZrO2 balls 
for 24 h. The powder mixture was then dried. Pellets 
approximately 2 m m  thick were pressed from the 
dried powder mixture in a 15 mm diameter steel 
mould at 570 kgcm -2 presstire. The pellets were then 
sintered at 1330 ~ for 1 h. The samples were heated at 
150~ - t  to 600~ the temperature was held at 
600 ~ for 2 h in order to burn out the organic binder, 
and the temperature was increased at 300 ~ h-Z to 
1330~ After soaking for 1 h, the samples were 
cooled at different rates: 6, 12, 25, 50, and 100 ~ h-~, 
down to 1000 ~ in order to provide different grain- 
boundary electronic structures. Below 1000~ the 
samples were cooled at furnace rate to room 
temperature. 

Both flat surfaces of the specimens were rubbed 
with indium-gallium alloy as electrode. The d.c. 
resistances and the a.c. complex impedance of the 
specimens were measured during heat-up in a com- 
puter-controlled measuring system consisting of Fluke 
8502A digital multimeter, HP4192A impedance ana- 
lyser, and a furnace designed specially for minimizing 
the possible stray capacitance and inductance effects 
between the lead wires and the heating elements. The 
grain-boundary resistances, the grain-boundary capa- 
citances, and the bulk resistances of the specimens at 
each temperature were calculated using the a.c. com- 
plex impedance data and a circuit model. The a.c. 
frequency range used in this study was from 5 Hz to 
13 MHz. The grain sizes of the specimens were meas- 
ured using an optical microscope. The polished sur- 
faces of the specimens were etched using an etching 
solution: several drops of 48% HF  in 100 m15% 
HC1 [183. 

3. Resul ts  and discussion 
Fig. 1 shows the resistivity versus temperature charac- 
teristics of samples having the same composition and 
soaking time but different cooling rates. All the sam- 
ples show the PTCR behaviour above near 120~ 
The samples prepared at slow cooling rates showed 
relatively high resistivity. The slope of the PTCR 
curve (dp/dT) above the transition temperature and 
the resistivity jump (Pmax- P m i n )  increased as the 
cooling rates decreased. This type of the cooling-rate 
effect on the resistivity versus temperature character- 
istics of the samples in this study corresponds to the 
observations made in the other published studies [193. 

108 

107 

10 6 

E 
105 

> .  

> 
'~m 104 

n" 

103 

102 

} 

1 0 1  = I i I = I ~ I 

0 60 120 180 240 300 
Temperature (~ 

Figure ] Resistivity versus temperature characteristics of n-type 
semiconducting BaTiO 3 samples having the same composition and 
soaking time but different cooling rates: ([]) 6~ 1, (ZX) 
12 ~ h- ~, (~) 25 ~ h- t, ( I )  50 ~ h- 1, (�9 100 ~ h- 1. 
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Figure 2 (a) Complex impedance spectra of a sample at different 
temperatures: ([]) 140 ~ (~) 160 ~ (I)  180 ~ (~) 200 ~ The 
sample was fabricated with 100 ~ h- 1 cooling rate. (b) The spectra 
in the high-frequency region and an equivalent circuit representing 
the spectra. 

Fig. 2a shows the complex impedance spectra of the 
sample (prepared at a cooling rate of 100 ~ -1) at 
different test temperatures. The impedance spectra of 
the sample at temperatures lower than 120 ~ are not 
included in the figure, because the values are relatiwely 
small compared to the axis range used in the figure. 
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Within the frequency range of the instrumentation 
available for this study, a single arc was observed at 
each test temperature. The size of the arc increased as 
the test temperature increased, indicating that the 
temperature increased a particular impedance source 
in the material responsible for this arc. Fig. 2b shows 
the spectra in the high-frequency region. The left-hand 
intersection of the arc did not occur at zero resistance, 
indicating that the particular impedance source is a 
serial combination of the grain resistance and the 
grain-boundary resistance and capacitance as depic- 
ted in the figure. Using the equivalent circuit model 
and fd)RgbCg b : l ,  where co is the angular frequency at 
which the arc representing grain boundary shows 
minimum reactance, grain resistance can be estimated 
from the real-axis value at the left-hand intersection of 
the arc. The grain-boundary resistance and capaci- 
tance can be estimated from the real axis value at the 
right-hand intersection of the arc and the above equa- 
tion. The grain resistivity and the grain-boundary 
resistivity data were normalized by NL and NL/2, 
respectively, where N L is the number of the grain- 
boundary intercepts per unit length of the micrograph. 
The factor 2 was included because each grain bound- 
ary is composed of two depletion layers. 

Fig. 3 shows the grain resistivity versus temperature 
curve for the samples fabricated with different cooling 
rates. The grain resistivity decreased as the temper- 
ature increased up to a certain temperature at which 
the resistivity increased with the temperature. This 
observation corresponds to the observation made in 
another study [20] and indicates that the doped 
BaTiO 3 grain also exhibited relatively weak PTCR 
behaviour. Heywang [2] claimed that the electrons 
inside the grain move to the grain-boundary region as 
the depletion layers were built up near the grain 

boundary. It may be speculated that the electron 
concentration across the grain is not uniform but low 
in the outside region and high in the central region, 
and, consequently, the grain consists of an electron- 
depletion region which may cause the weak PTCR 
behaviour of the grain observed in this study. 

Fig. 4 shows the grain-boundary resistivity versus 
temperature curves for the samples fabricated with 
different cooling rates. The grain-boundary resistivity 
decreased as the temperature increased up to a critical 
temperature at which the resistivity jumps to several 
orders of magnitude. The grain-boundary resistivity 
jumps are relatively high compared to the change 
observed in the grain resistivity versus temperature 
curves (Fig. 3). Therefore, the observed PTCR behavi- 
our in Fig. 2 is mainly due to the depletion layers 
formed near the grain boundaries of the donor-doped 
n-type semiconducting BaTiO 3 grains. 

Table I shows the room-temperature grain resistiv- 
ity, the grain-boundary resistivity, the grain-boundary 
capacitance and the average grain size of the samples 
fabricated using different cooling rates. The capaci- 
tance data in the table were also normalized by NL/2. 
Both the grain resistivity and the grain-boundary 
resistivity decreased as the cooling rate increased. The 
observation made for the cooling-rate effect on the 
grain-boundary resistivity may be explained using the 
barium vacancy compensation model in which the 
slow cooling provided the vacancy with time to diffuse 
inside the grain, established a relatively high and wide 
depletion layer and, consequently, caused the sample 
to have high grain-boundary resistance. According to 
Heywang's speculation, electrons from the neigh- 
bouring grain move to the grain-boundary region as 
the depletion layers build up near the grain boundary. 
Therefore, as the depletion layer height and width 
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Figure 3 Grain resistivity versus temperature curves for the samples 
fabricated with different cooling rates: ([~) 6 ~ h -  1, (A) 12 ~ h71, 
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Figure 4 Grain-boundary resistivity versus temperature curves for 
the samples fabricated with different cooling rates: ([])  6~ h -a, 
(~ )  12~ h -a, (�9 25~ h -a, (11) 50~ h -a, (�9 IO0~ h -~. 
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T A B L E I Room-temperature complex impedance data of the samples prepared with different cooling rates 

Cooling rate Normalized grain Normalized grain-boundary Normalized grain-boundary Grain size 0tm) 
(~ -1 ) resistivity (10-2 f~cm 2) resistivity (f~cm 2) capacitance (IxF cm -2) 

6 8.24 2.0616 1.17 22.08 
12 2.33 0.1803 3.15 21.99 
25 1.31 0.0790 4.03 21.20 
50 1.20 0.0556 3.97 19.98 

100 0.753 0.0304 5.56 18.95 

increase, due to the slow cooling rate, the electron 
concentration decreases, and the grain resistivity 
increases. 

Using the grain-boundary resistivity and the grain- 
boundary capacitance data in Table I, a straight line 
was produced in an lnp versus C -2 plot at room 
temperature. The value P�9 was estimated from the 
straight-line interception at the vertical axis of the plot 
as follows 

P�9 = 1.9526 X 1 0 - 2 ~ c m  2 (4) 

The proportionality constant, P0, is not a strong 
function of temperature. Therefore, one can calculate 
the values of Vbl at othe r temperatures by substituting 
Equation 4 into Equation 1 and using the grain- 
boundary resistivity value at a particular temperature. 
Fig. 5 shows the calculated built-in potential versus 
temperature curves for the samples fabricated at dif- 
ferent cooling rates. The curves show a shape similar 
to the resistivity versus temperature curves of the 
samples (Fig. 1) except that the built-in potential does 
not decrease at the temperature ranges below the 
PTCR transition temperature or above the temper- 
ature at which maximum resistivity occurred. Slow 
cooling produced a higher built-in potential. 

A donor impurity density, ND,  of the samples used 
in this study was calculated by 1/40 of the actual 
Sh203 doping concentration [21, 22]. Using Equation 
3, the width of the depletion layer, W, at each temper- 
ature can be estimated. Fig. 6 shows the depletion- 
layer width versus temperature curves for the samples 
fabricated with different cooling rates. The depletion- 
layer width decreased as temperature increased from 
room temperature to about 80 ~ and then showed a 
rapid increase from above 80 ~ the temperature at 
which the capacitance rapidly increases in the capaci- 
tance versus temperature characteristics of BuTt�9 a 
ferroelectric ceramics. The depletion-layer width did 
not change after the rapid increase. The sample fabri- 
cated at stow cooling rate showed a relatively large 
depletion-layer width. Because the barium vacancies 
penetrate deeply inside the grain at slow cooling rates, 
the depletion-layer width increased as the cooling rate 
decreased. Because the grain-boundary resistivity of 
the sample depends on both the built-in potential and 
the depletion-layer width, it is worthwhile to relate the 
built-in potential to the depletion-layer width at differ- 
ent temperature. Fig. 7 shows a depletion-layer width 
versus built-in potential curve for different temper- 
atures of the sample prepared with cooling rate of 
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Figure 6 Depletion-layer width versus temperature curves of the 
samples fabricated with different cooling rates: ([])  6~ h -1, (A) 
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Figure 7 A built-in potential versus depletion-layer width curve at 
different temperatures for the sample fabricated with 25 ~ h -1  
cooling rate. 

25 ~ h-  1. Each point represents the test temperature. 
The built-in potential did not change, but the deple- 
tion-layer width decreased as the temperature in- 
creased up to 80 ~ The grain-boundary resistivity of 
the sample decreased as the temperature increased in 
this temperature range, as shown in Fig. 4. Therefore, 
the observed resistivity decreases in the temperature 
range is mainly due to the depletion-layer width de- 
crease. After the decrease, both the built-in potential 
and the depletion-layer width increased as the temper- 
ature increased in the temperature range in which the 
grain-boundary resistivity rapidly increased with tem- 
perature, as shown in Fig. 4. As the temperature 
increased over the range in which both the built-in 
potential and the depletion-layer width increased, the 
depletion-layer width did not change but the built-in 
potential increased. In this temperature range, the 
grain-boundary resistivity increase rate declined as the 
temperature increased, as shown in Fig. 4. 

4. Conclusions 
N-type doped semiconducting BaTiO3 was fabricated 
at different cooling rates. The cooling-rate effect on 
the depletion layer of N-type doped BaTiO 3 was 
analysed using d.c. resistivity and a.c. complex impe- 
dance spectroscopy. As the cooling rate decreased, the 
sample resistivity, the slope of the PTCR curve and the 
resistivity jump increased. These increases were main- 
ly due to the grain-boundary resistivity increase. The 

grain resistivity also showed relatively weak PTCR 
behaviour. Slow cooling rates also produced a higher 
built-in potential and larger depletion-layer width. 
The grain-resistivity decrease below 80 ~ was mainly 
due to a depletion-layer width decrease. Both the 
built-in potential and the depletion-layer width 
showed an increase above 80 ~ which indicates that 
the observed PTCR behaviour of BaTiO3 was due to 
the built-in potential and the depletion layer formed 
near the grain boundary. The rate of increase of the 
grain-boundary resistance declined as the temperature 
increased over the transition region. 
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