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An evaluation has been made of the energy storage capabilities of ceramic dielectrics that 
were considered likely to provide high energy/volume efficiency on the basis of their 
expected permittivity-field characteristics. Data for fields up to 400 kV/cm are presented for 
a strontium titanate, and for a barium titanate ceramic. The materials were in thick-film 
form and bonded with a small amount of glass. At the maximum fields, energy storage in 
the barium titanate ceramic was close to that reported earlier for glass-bonded lead 
zirconate (approx. 2.0 J/cm3), but was about 30 ~ lower in the strontium titanate material. 

1. Introduction 
The energy stored per unit volume of a dielectric, 
J, is given by 

~ Dmax  
J = E d D  (1) 

J 0  

where E is the electric field and /)max is the 
electric displacement (D) at the highest field 
applied (Emax). Also, since the permittivity (e) is 
defined as dD/dE,  

Emax 
J = �9 E dE (2) 

J 0  

Thus, the highest attainable stored energy per 
unit volume of a given dielectric can be obtained 
from equation 2 by substituting the breakdown 
field for Emnx and the permittivity as a function 
of field for �9 Fig. 1 shows schematically the 
form of the dependence of D on E for the usual 
types of dielectric and also the corresponding 
dependence of permittivity on field. For dielec- 
trics of high relative permittivity (i.e. e/e 0 >> 1), 
D can be replaced by the polarisation. As pointed 
out by Jaffe [1 ], the shaded areas represent the 
available energy per unit volume of dielectric on 
discharge. 

Although the dielectric characteristics that are 
suitable for high energy storage are quite well 
recognised [1, 2], quantitative information on 
the energy storage capabilities of ceramics is 
sparse and in the past has generally been limited 
to fields less than 150 kV/cm. This is because of 
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Figure I Typical dependence of electric displacement and 
of permittivity on field for (a) linear, (b) ferroelectric, and 
(c) antiferroelectric ceramics. 

the relatively low dielectric strength of ceramics 
when in the form of sintered pressed disks 
[2, 3, 4]. In an earlier paper [5], however, 
energy storage measurements on lead zirconate, 
an antiferroelectric, were reported for fields up 
to 400 kV/cm; thick-film techniques were 
employed and the ceramic was bonded with a 
small amount of low-softening-point glass. This 
approach was also used in the present work in 
which energy storage measurements at high fields 
were made on ceramic materials with dielectric 
properties representative of types (a) and (b) in 
fig. 1. These were (i) strontium titanate, a material 
generally regarded as linear (at least for the 
fields commonly encountered in practice), and 
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(/i) a barium titanate ceramic with a broad Curie 
peak and thin hysteresis loop. 

2. Experimental 
2.1. Materials 
The strontium titanate was Ticon S*, a 
commercial electronic ceramic. It was found to 
contain 0.7 Ba, 0.3 Ca and 0.2 to 0.3 wt 
Si as major impurities. The barium titanate 
ceramic was a capacitor dielectric composi- 
tion containing approximately 95700 BaTiOa 
with additives to minimise the dependence 
of the permittivity on temperature. Without 
a glass binder this material has a relative 
permittivity of 2000 • 200 over the range - 55 
to 125~ 

To each ceramic was added approximately 
10~ glass powder by (true) volume as a binder. 
The binder for the barium titanate ceramic was a 
borosilicate composition, containing Bi~Oz and 
PbO similar to that used in the work on lead 
zirconate [5, 6]. A glass of composition 
4 BaO.Al203.2 B2Oz [7] was used for the stron- 
tium titanate, since glasses containing lead or 
bismuth were unsuitable as they tended to lower 
the resistivity of the material. 

Thick-film capacitors were prepared by a 
screen-printing technique as described earlier 
[5]. Units containing the SrTiOa were fired at 
1250~ for 1/2 h and those containing the 
BaTiO3 ceramic at 1120~ for 1 h. 

2.2. Electrical Measurements 
Since the energy storage per unit volume of 
dielectric is given byequation 2, the energy can be 
predicted if the variation of the permittivity with 
field can be measured. If, at a given field, the 
displacement for increasing and decreasing fields 
is the same, or not very different, i.e. if there is 
little or no hysteresis, then the dependence of the 
permittivity on field can be determined by 
measuring the capacitance with a small AC signal 
superimposed on a DC bias which is gradually 
changed. Capacitance measurements were made 
using a 1 V, 1 kHz signal. Bias was applied with a 
2.5 kV-2 mA DC power supply with the bridge 
protected by a I0 MD resistor and a 1 FF block- 
ing capacitor. To convert capacitance readings to 
permittivity values a geometry factor for each 
type of capacitor was determined by preparing 
polished sections of several units and making 
measurements of electrode area and dielectric 
thickness. 
*Product of TAM Division, National Lead Company, New 

For materials that exhibit hysteresis, the 
dependence of the permittivity on field is not 
easily obtained since a small signal measurement 
can be appreciably lower than the true differential 
value ( d D / d E )  [8]. For the barium titanate 
ceramic, therefore, direct measurements of 
energy storage were made by a pulse discharge 
technique [5] as a check. 

3. Results and Discussion 
3.1, Strontium Titanate 
Measurements of permittivity versus DC bias for 
strontium titanate bonded with barium alumino- 
borate glass are shown in fig. 2a. Some decrease 
in permittivity at high fields is to be expected and 
the departure from linearity can be expressed by 
extra terms in a power series relating D and E, 
viz 

E =  a D  + I~D 3 + y D  5 + . . .  (3) 

with a = l /q ,  where q is the permittivity at very 
small fields (i.e. zero bias). Such an equation is 
applicable to isotropic dielectrics, including 
ferroelectric materials at temperatures above the 
Curie point [9, 10], with strontium titanate 
possibly an extreme example since it behaves like 
a ferroelectric with a Curie point near 0~ [8]. 

If the fifth power and higher terms in equation 
3 can be neglected, then, as shown by Roberts 
[91, 

) E oc - 1 + 2 (4) 
E 

It can be seen from fig. 2b that the data are in 
good agreement with equation 4. Although a 
simple relationship for the permittivity in terms 
of the field cannot be obtained by rearranging 
equation 4 without some approximation, the 
following relationship was found to fit quite 
closely: 

E1 
- -  + 1 = 2 (aE  ~ + 1) :/a (5) 
E 

with 
a = 4.1 x 10 -6 (kV/cm) -~ 

Various other equations of this type have been 
proposed for ferroelectric materials in the para- 
electric state [11, 12]. 

Since the energy storage per unit volume is 
given by equation 1, substitution of E = aD + 
flD 3 followed by integration gives 

J = f(e) E ~ 
Y o r k .  
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Figure 2 Influence of DC bias on the permittivity of the 
strontium titanate ceramic (~ is the permittivitywith zero 
bias). 

where 

Thus values of the stored energy could be 
obtained for a given field by obtaining the 
appropriate value of q/e either from fig. 2a or 
from equation 5. At 400 kV/cm, which was 
about the maximum breakdown strength of the 
capacitors, the calculated energy storage was 
1.3 J/cm ~. 

Although the material discussed here closely 
resembled ceramic strontium titanate in its 
properties, it is possible that a small amount of 
doping of the SrTiO3 with barium from the 
glass might have taken place during firing, which 
together with the barium known to be present as 
impurity, might have resulted in a slight increase 
in permittivity and in non-linearity. However, no 
crystalline phase other than SrTiO3 could be 

detected in the fired material by X-ray diffraction, 
and there was no evidence of a Curie point at 
temperatures down to - 200 ~ C. 

Because the relative permittivity of the 
strontium titanate ceramic had decreased only to 
165 at 400 kV/cm (fig. 2a) it is unlikely that higher 
energy storage would be obtained by using a 
more linear material, for example calcium 
titanate (E~/e0 -~ 150 to 175), or TiO~ (E~/E0~--90), 
unless appreciably higher fields were practical. 
Pennebaker [13] has reported breakdown 
strengths around 1500 kV/cm in strontium 
titanate films prepared by rf sputtering. At these 
fields the relative permittivity had decreased to 
approximately 90. Thus, even at 1500 kV/cm, 
energy storage in strontium titanate would 
probably be higher than in TiO2. 

3.2. Bar ium T i tana te  Ceramic  

Small-signal permittivity measurements for the 
glass-bonded barium titanate ceramic are shown 
in fig. 3a. For fields below 200 kV/cm non- 
reversibility was evident and the measurements 
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Figure 3 Influence of DC bias on the (small-signal) 
permittivity of the barium titanate ceramic, 
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Figure 4 Energy storage in the barium titanate ceramic. 

changed with time while the bias was being held 
constant. These effects are generally a conse- 
quence of domain reorientation in the material. 
Bearing in mind that the measured permittivity 
(e') was probably slightly lower than the true 
differential value (e) for fields less than 200 kV/ 
cm, an estimate of the energy storage capability 
of the material at high fields was obtained by 
plotting e'E against E (fig. 3b) and obtaining the 
integral in equation 2 graphically, using the data 
for decreasing fields. The shaded area in fig. 3b 
represents to some extent the energy absorbed by 
domain switching that is not recoverable on 
discharge. 

Measurements made by the discharge method 
were found to agree quite closely with the predic- 
ted energy (fig. 4). The degree of departure from 
the ideal behaviour (constant capacitance) is also 
shown in fig. 4. 

It is possible, of course, that higher energies 
might be obtained with other ceramic materials 
based on barium titanate [2], or on other ferro- 
electrics. Although high initial (zero bias) 
permittivity can be obtained by selecting a 
material with a Curie peak near room tempera- 
ture, non-linearity is usually exaggerated in such 
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cases as the Curie peak is generally shifted to 
higher temperatures by the application of the 
bias [10, 14]. Thus with a material of this type, 
the permittivity at high fields could be less than 
that of amaterial with lower zero-bias permittivity 
[14], and there might also be appreciable 
hysteresis losses [15]. However, as an alternative 
to the type of dielectric studied in the present 
work which has a combination of Curie peaks, 
a material such as a barium-strontium titanate 
[3] could be suitable if the Curie temperature 
were such that the permittivity maximum were 
shifted to the region of room temperature at high 
fields. 

In fig. 5 energy storage in the barium titanate 
ceramic is compared with that in the strontium 
titanate ceramic, and with discharge data for 
glass-bonded lead zirconate [5]. In lead zirconate 
however, increased energy storage at lower 
fields can be obtained by using compositional 
additives that lower the threshold field needed to 
induce the ferroelectric phase. For example, for 
ceramics in the Pb (Zr, Ti, Sn) Oz system [1,4], a 
peak polarisation of 25 ffC/cm 2 was reported to 
be typical at fields in the region of 40 to 50 
kV/cm. Energy storage in this case was probably 
approaching 1 J/cm ~, and thus considerably 
higher than is likely to be obtained with other 
ceramic materials at these fields (fig. 5). With the 
glass-bonded lead zirconate, the benefit obtained 
by inducing the ferroeleetric transition at high 
fields (cf fig. lc) was offset to a large extent by the 
relatively low peak polarisation (approx. 9 
~C/cm ~ [51). 

4. Conclusions 
For fields up to 400 kV/cm the stored energy 
obtainable with ferroelectric or antiferroelectrie 
ceramics is higher than for linear ceramics. 
Although the highest energy (2.1 :k 0.25 J/cm 3) 
was obtained with the antiferroelectric material 
this is likely to be the case only when the anti- 
ferroelectric-ferroelectric transition is induced at 
fields just below that chosen for the comparison. 
Ferroelectric ceramics with mixed Curie points 
and low remanence give high energy over a wide 
range of field strengths in spite of a large 
decrease in permittivity with increasing field. 

In practice, the maximum energy density 
obtainable for a particular ceramic will generally 
decrease with increasing dielectric volume 
because breakdown strength will be reduced 
unless special efforts are made both to eliminate 
flaws in the dielectric (pores, microcracks, etc.) 
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Figure 5 Comparison of the energy storage capabilities of 
the materials, 

[2, 3, 4], a n d  to  a v o i d  field c o n c e n t r a t i o n s  a t  
e l ec t rode  edges  [3, 16]. 
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