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A~~stract-Experimental and theoretical studies are reported on the 
capacitance-temperature (CT) characteristics of an undoped BaTiO, 
high voltage (lo00 V) nonlinear ceramic disc capacitor with 3.6:l capaci- 
tance ratio over the dc bias voltage range, for application to power 
electronic snubbers. CT responses for both the zero bias and 1o00-V 
bias conditions are modeled, in terms of the polarization of permanent 
dipole moments. High field modeling employed a modified Langevin 
function, incorporating an empirical domain sensitivity parameter, to- 
gether with a smeared Curie temperature. 

I. INTRODUCTION 

HIS PAPER is concerned with a study of the capaci- T tance-temperature (CT) characteristics of high voltage 
nonlinear barium titanate (BaTiO,) ceramic disc capacitors, 
under high field dc bias conditions. Such nonlinear capacitors 
have previously been investigated for their use in dissipative 
resistance-capacitance diode (RCD) snubber circuits [ 11 for 
power electronics circuits employing bipolar junction transis- 
tors (BJT’s) or gate turn-off thyristors (GTO’s) as the switch- 
ing elements. RCD snubbers act to dampen the switching 
transient, to limit the excessive power dissipation peaks that 
can otherwise occur in these switch elements during the 
turn-off period [ 11. Because a large snubber capacitance C is 
required for good snubbing, the use of dissipative snubbers 
with linear capacitors becomes impractical at high voltage 
levels and high repetition frequencies, due to the large aver- 
age power loss P, in the snubber resistor. This leads to the 
use of so-called regenerative snubbers to recover the capaci- 
tively stored energy, resulting in complicated and expensive 
circuit schemes [l]. Since the problem of dissipating or 
storing energy in the switching process is directly related to 
the amount of stored energy in the capacitor, an expensive 
alternative technique is to use a nonlinear capacitor in the 
snubber circuit [2] - [4]. In this application the nonlinear 
ceramic capacitor should satisfy the following criteria: i) a 
capacitance ratio of 3:l or larger, in terms of initial-to-final 
dc bias voltage, ii) breakdown voltage in excess of 1000 V, 
iii) voltage excursions from 0 up to 500 V at repetition rates 
up to ultrasonic frequencies, iv) high current carrying capac- 
ity, v) acceptable power losses at these voltages, currents, 
and repetition rates, vi) long lifetime, with good reliability 
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Fig. 1 .  Outline of an R C D  turn-off snubber circuit, with stray inductance 
L included. 

and very slow degradation, and vii) good CT stability-espe- 
cially in the high biased state up to about 100°C. This last 
aspect is the focus of this paper. 

A brief review is first given of RCD snubber essentials, 
with the rationale for using nonlinear snubber capacitors. 
This is followed by details of the fabrication of the undoped 
BaTiO, ceramic disc capacitors employed, together with CT 
measurements of device performance under zero bias and 
1OOO-V bias. Modeling of these responses is then carried out, 
assuming the capacitance variation as a function of tempera- 
ture is principally due to polarization of the ferroelectric 
permanent dipole moments. For the high bias field character- 
istics the modeling incorporates an empirical domain sensitiv- 
ity parameter in the describing Langevin function, as well as 
a smearing of Curie temperatures for the individual microre- 
gions. 

11. RCD SNUBBER HIGHLIGHTS 

Fig. 1 outlines the general form of an RCD snubber, 
where the ideal aim of capacitor C is to provide zero voltage 
across the transitor when the current turns off. Energy stored 
in C during the turn-off period by current flow through diode 
0, is subsequently dissipated in R, during the turn-on pe- 
riod. In the absence of stray inductance L ,  freewheeling 
diode Of will clamp the charged capacitor voltage V, to 
source voltage V,  at the end of turn-off. Stray inductance L 
will, however, cause V, to rise above V,. Assuming that 
none of the stored energy W, is lost in the switch during the 
subsequent turn-on process interval, the energy loss W, in 
the resistor R, equals the stored energy W, in the capacitor: 

1 
(1) w = w = - c  c lin K O  2 

where V,, = final capacitor voltage. Parasitic inductance L 
in the circuit of Fig. 1 can considerably affect the switching 
transient during turn-off, giving rise to voltage overshoot 
(and additional energy storage) during this interval, which 
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can be detrimental to circuit rating and switch performance. 
Since a large snubber capacitance C is required for good 
snubbing, the use of dissipative snubbers with linear capaci- 
tors Clin becomes impractical at high voltage levels and high 
repetition frequencies fs, due to the large average power loss 
Pr in the snubber resistor, 

fs . 

A regenerative snubber, which recovers some of the stored 
energy, can be used as an alternative to the above mentioned 
dissipative linear snubber [5], [6], but this can be a complex 
and costly method. 

With a nonlinear capacitor in the snubber circuit, its 
capacitance is initially relatively large at the start of the 
turn-off period, so that good snubbing is obtained. As the 
transistor switches off, however, the rising switch voltage V, 
causes C to decrease as 

C (  v,) = C, + ci exp - - [ (3) 

where C, = final saturated capacitance, C, = initial capaci- 
tance of the exponential term, y = a curve factor, and V,  = 
specified voltage of capacitor [3]. With such a nonlinear 
capacitor it has been shown that the same degree of snubbing 
at turn-off can result, although the stored energy is now 
reduced by about the ratio of initial-to-final capacitance [2]. 
When parasitic inductance is present in RCD snubber cir- 
cuitry, it is important that the minimum capacitance of the 
biased nonlinear capacitor voltage be relatively insensitive to 
temperature variations, as this could lead to an undesirable 
increase in voltage overshoot across the transistor switch with 
rising temperature. 

111. EXPERIMENTAL 

A .  Fabrication 
BaTiO, ceramic disc capacitors were fabricated from un- 

doped BaTiO, powder with about 1-pm grain size, as pre- 
pared by a wet oxalate process at 900°C [7]. Undoped 
powder was used so that normal operation would be well 
below the Curie-Weiss temperature [ = 128"CI. It was cold- 
pressed, without any binding flux, at a force of 50 kN in an 
Instron Type 1195 mechanical press. Typically, 1.5-g pow- 
der was employed in a die of 30-mm diameter, to yield after 
sintering thicknesses of about 1 111111. With the discs placed on 
an alumina surface [8], sintering was carried out in air for 20 
h at 1 100"C, with the furnace temperature raised by 200"C/h 
to the sintering temperature. Following natural cooling fo 24 
h after furnace shut-down, thin-film aluminum electrodes (of 
20-mm diameter, to minimize fringing flux inhomogeneities) 
were evaporated on both sides, to prevent migration of the 
subsequently applied silver contact paste applied [8]. 

B. Measurements 
Capacitance-voltage-temperature (CVT) measurements 

were carried out at 1 IrHz, with an ac bridge operating under 
small signal ( ~ 0 . 5  V) conditions. The bridge itself was 

Fig. 2. Measured 
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1ooO-V bias, from 20 to 200°C. (b) Corresponding tan 6 responses. 
Fig. 3. (a) Measured CT responses for capacitor under zero bias and 

coupled to the test capacitor through two 2.2-pF series-con- 
nected high voltage linear capacitors, to isolate the dc supply 
source. DC bias up to lo00 V was applied to the test 
capacitor through two 2.2-M Q protective series resistors. 

C. Results 
Fig. 2 shows the measured room temperature (24°C) 

capacitance of a sample BaTiO, disc capacitor, as a function 
of dc bias up to lo00 V. The capacitance decreased from 
8300 to 2300 pF under this bias, for a capacitance ratio of 
3.6:l. The effective dielectric constant K = 2800 at maxi- 
mum capacitance at room temperature. Also, the dissipation 
factor tan 6 decreased from 1 to 0.2% over this bias range. 
Fig. 3(a) shows the measured CT response of this specimen 
at test temperatures from 20 to 200"C, for bias voltage 
extremes of 0 and lo00 V. As shown, the minimum capaci- 
tance remained essentially, and desirably, constant up to 
about 100°C. Fig. 3(b) shows the corresponding dissipation 
factor, tan 6, for these two bias voltage values. A discussion 
of these responses, with a view to modeling the CT charac- 
teristics, is given in the following. 
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IV. ANALYSIS AND MODELING 

A. Overall Characteristics 
The overall capacitance of these BaTiO, ceramic disc 

capacitors may be attributed to a combination of space charge 
capacitance across grain boundaries [9] - [ 121, together with 
ferroelectric capacitance contributions from the ceramic 
grains themselves. The donor states at grain boundary inter- 
faces should, however, be fairly completely excited at room 
temperature. Thus while the C-V response will be due to a 
combination of a) space charge polarization at grain bound- 
aries and b) grain ferroelectricity, the CT responses of Fig. 
3(a) and Fig. 3(b) may be attributed principally to ferroelec- 
tric effects in the ceramic grains, with an initially pseudoran- 
dom distribution of domains under zero bias. We thus postu- 
late that these CT responses are principally due to the polar- 
ization of permanent dipole moments. 

In Fig. 3(a) the fact that the peak of the dielectric constant 
is not coincident with the peak of the dielectric loss is 
consistent with the presence of a diffuse phase transition in 
the Curie range, associated with structural disorder and com- 
positional fluctuations. This result is generally encountered in 
ceramics and materials with mixed phases [ 121. Moreover, 
the temperature difference between the peak dielectric con- 
stant and the peak dielectric loss is an outcome of the 
Kramers -Kronig relations where there is a temperature de- 
pendent relaxation at temperatures close to the Curie temper- 
ature of the individual microregions in the polycrystalline 
ceramic [8], [12]. As well, since the Curie temperature of a 
mixed system is sensitive to compositional changes and stress, 
the shift of the peak dielectric constant to higher temperatures 
under a dc bias, as shown in Fig. 3(a), is not unexpected. 
This field dependent phenomenon is also encountered in 
conventional Devonshire ferroelectrics with first-order phase 
transitions at the Curie temperature 1121. In the analysis of 
the zero field and high field capacitance characteristics given 
in the following, we assume that a) the grain boundary 
capacitance is large compared with the grain capacitance, and 
b) the ferroelectric gain capacitance variations are primarily 
due to the polarization of permanent dipoles in the pseudo- 
randomly oriented grain and domain structure in the poly- 
crystalline material. 

B. Zero Bias Response 
The decrease of the zero bias capacitance in Fig. 3(a) over 

the temperature range from 20 to 70°C is indicative of a 
temperature dependent relaxation process. For a pure com- 
pound with permanent electric dipoles under low-field excita- 
tion, the_Debye equations yield the complex molar polariz- 
ability [PI in the form 1131, [141 

(4) 

where Nu = Avogadro’s number, p = permanent dipole 
moment, 7* = intrinsic relaxation time, eo = permittivity of 
free space, w = angular frequency, T = temperature, and 
k = Boltzmann constant. In applying (4) to the polycrys- 
talline ceramic, we assume that p = pd, for a pseudorandom 
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Fig. 4. CT modeling of the experimental responses of Fig. 3(a). 

ordering of individual domains of equal total moment pd. 
From (4) we see that effective permittivity K should decrease 
linearly with T ;  in agreement with the initial slope of the 
zero bias curve in Fig. 3(a) up to about 70°C-before being 
masked by the phase transition permittivity change, with 
Curie temperature T, = 128°C. Here, the permittivity change 
for the phase transition around the Curie temperature is 
approximated as proportional to G/(  A + 1 T - T, I), where 
A and G are constants, so that the average permittivity R, 
and capacitance C, under zero dc bias is appoximately 
proportional to 

where B = constant. This response is modeled in Fig. 4,  
with constants A = 22 and B = 22, and G chosen to scale 
the upper curve in Fig. 3(a). 

C. High Field Response 
In characterizing the CT response under high dc bias field 

excitation we employ a modified Langevin function L(a)  for 
permanent dipole polarization: 

1 

a 
L ( a )  = coth ( a )  - - (6) 

where the normal Langevin parameter a = p E / k T  is 
replaced here by a = ad p . E /  k . T,*, to include a do- 
main sensitivity factor ad catering for the increased sensitiv- 
ity of the Curie range to external influences such as electric 
fields-as well as a smeared Curie temperature T,* for 
individual microregions [ 121. Thus the polarization well be- 
low the Curie range is 

(7) 
where Nd = domain density. When the permittivity change 
over the Curie range is included in (7), we obtain an expres- 
sion for the high field CVT dependence as 

FCLl c( V ,  T )  = 
D +  I T -  T,*I 

[ 1 - coth (g) + ““1 (8) 
adPE 

where F and D are constants and CO is the zero-bias 
capacitance at room temperature. In relating (8) to the experi- 



CAMPBELL et al . :  CAPACITANCE-TEMPERATURE BEHAVIOR OF BaTiO, CERAMIC CAPACITORS 1127 

mental high field CT response in Fig. 3(a) we employ an 
empirical domain sensitivity parameter ad in the form 

T 
H +  I T -  T,*I a d  = (9) 

where H = a constant. It may be considered as reflecting the 
sensitivity of the phase transition to parameters such as 
electric field. Its inclusion was empirically necessary here, in 
order to approximate the relatively constant experimental CT 
response in Fig. 3(a), up to about 100°C. The lower curve in 
Fig. 4 shows a plot of (8) thus obtained with D = 75, 
F = 60, H = 10, and T,* = T, f 10” with T, = 128”. 
Scaling factor F is included here, to cater for both the 
grain-boundary capacitance and grain ferroelectricity contri- 
butions to the C- V response at constant temperature. Note 
that the temperature shift of the capacitance peak, relative to 
that for the zero-bias condition, is in reasonable agreement 
with the experimental result in Fig. 3(a). 

V. DISCUSSION 

Experimental and theoretical studies have been conducted 
on undoped high voltage BaTiO, ceramic disc capacitors 
with nonlinear C- V characteristics, for possible application 
of these devices to RCD snubbers in power electronic 
switches. In this application it is desirable that the minimum 
capacitance under high field bias remain relatively constant 
over a wide temperature range, as is indeed observed here. In 
an analysis of these experimental responses a Langevin func- 
tion modeling approach was used in the determination of the 
polarization of the ferroelectric grains, to which these CT 
characteristics were principally attributed. This function was 
originally derived to treat the ordering of noninteracting 
dipoles in an ordering electric field. In applying this method- 
ology here, it was tacitly assumed that while the ferroelectric 
domains within the individual grains have strong interaction 
and coupling, the collective system of grains in the ceramic 
allowed for an electric field alignment of initially pseudoran- 
domly oriented domains, with weak coupling between those 
in adjacent grains. Moreover, the high field model incorpo- 
rated an empirical domain sensitivity parameter, as well as a 
smeared Curie temperature, that yielded good agreement 
with experiment. 

It has been pointed out that since these ceramics were 
sintered on alumina substrates, the introduction of alumina 

impurities cannot be excluded: even at the relatively low 
sintering temperature employed here. Such impurities, segre- 
grating at grain boundaries, could influence the polarization 
mechanisms significantly. To this end, the alternative use of 
zirconia substrates is under examination. 
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