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Abstract

(Sr;_;1.5xBix ) TiO3 ceramics show several polarisa-
tion and conduction mechanisms in different tem-
perature ranges. In the present paper, the
permittivity peaks that occurred in the temperature
range from 300 to 600 K are discussed for the sam-
ples both as-sintered and O, or N, annealed. The
activation energy for conduction in the temperature
range in which these permittivity peaks occurred is
around 0-59—0-78 eV. This suggests that the carriers
responsible for the conduction are coming from the
thermal excitation of electrons from the V,* state to
the conduction band. The activation energy for
dielectric relaxation is in the range of 0-64-0-86 eV .
The discussion on the correlation between dielectric
relaxation and conduction, led to suggest that the
permittivity peaks are related to a dipole-like dielec-
tric relaxation either for the as-sintered samples
aswell as for the ones annealed in Q,. However, for
the samples annealed in N,, the results indicate that
the polarisation mechanism is related to the trap-
controlled ac conduction. © 1998 Elsevier Science
Limited. All rights reserved

1 Introduction

Interesting properties of SrTiQ; based materials
have attracted much attention both from the theo-
retical as well as from the technical points of
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view.!* Especially, the dielectric and the electrical
properties of impurity doped SrTiO; have been
extensively studied>® because of their wide appli-
cations in electronic industry.’~!! By systematically
studying the dielectric properties of the (Sri_
1.5xBi,)TiO3 solid solution, in a wide temperature
range, the present authors have reported the exis-
tence of several sets of permittivity peaks with fre-
quency dispersion. For example, for x = 0-0267, at
1 KHz, besides the permittivity peaks around
100K reported by Skanavi et al.,'>!? there are a
second set of permittivity peaks around 210K,
which can be eliminated by annealing in oxygen,!*
a third set around 410K, and a fourth set around
620 K. In the previous papers, the first (lower than
200K) and the second peak (200-300K) and the
influence of the annealing atmosphere on the
dielectric relaxation of the (Sri_;.s,Bi,)TiO; solid
solutions containing lower Bi concentrations were
reported and discussed.!%13

The present paper is mainly concerned with the
dielectric properties of the third set of peaks, i.e.
the one in the temperature range 300-600 K, and
the influence of heat treatments on the dielectric
properties of the (Sri_;.5,Bi,)TiO3 ceramics.

2 Experimental Procedure

The ceramic samples of (Sr;_;.5.Bi)TiO3
(x =0-0267, 0-04, 0-0533, 0-08, 0-10, 0-133) were
prepared by solid state reaction as described in
Part I.

The temperature dependence of dielectric prop-
erties and resistance was measured from 300 to
600K in a frequency range from 1 Hz to 1 MHz.
The detailed procedure was also described in Parts
I and II.
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3 Results
3.1 Dielectric relaxation behaviour

3.1.1 Influence of Bi concentration on relaxation at
high temperatures

The temperature dependence of the permittivity (&)
and dissipation factor (tand) in the temperature
range 300-600 K, for the samples with x = 0-0267,
0-04, 0-0533, 0-08, 0-10 and 0-133 at 1kHz are
shown in Fig. 1. A set of permittivity and dissipa-
tion factor peaks can be seen. The temperature
range where the peaks occurred is shown in Table 1.
At temperature higher than 550K, the peaks are
covered by the fast increase of ¢ and tand with
temperature.

The dependence of the temperature of permittiv-
ity maximum (7,) is shown in Fig. 2. It shows that
with increase in Bi concentration, the T, slightly
increases.

The temperature dependence of permittivity and
dissipation factor at several frequencies for the
samples with x = 0-0267, 0-04, 0-0533 and 0-10 is
shown in Figs 3-6, respectively. It can be seen that
both permittivity and dissipation factor peaks are
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Fig. 1. Temperature dependence of (a) the permittivity and (b)

the dissipation factor for x = 0-0267, 0-04, 0-0533, 0-08, 0-10,

0-1330 at 1 kHz. (Note: the label in the bracket is the magnifi-
cation scale.)

frequency dependent. With the increase in
frequency, the permittivity maximum as well as the
maximum of the dissipation factor are shifted to
higher temperatures.

At 430K, the frequency dependence of permit-
tivity and dissipation factor for x = 0-0267 0-0533
and 0-010 is shown in Fig. 7. From 1 to 10°Hz, the
permittivity decreases with the increase in fre-
quency and the peak of the dissipation factor
occurred at 5x10°Hz and 1.5x10°Hz for
x = 0-0267 and 0-0533, respectively. The relaxation
time was estimated to be 2x10~%s for x = 0-0267,
and 7x1073s for x = 0-0533. A similar profile of
frequency dependence was found for all the sam-
ples. Moreover, the dissipation peak is shifted to
lower frequencies with the increase in the bismuth
content; this is in agreement with the increase of
the temperature of the maximum of tané with the
increase in Bi content.

3.1.2 Dielectric relaxation time and activation
energy

Figures 3—6 show that dielectric permittivity peaks
with obvious frequency dispersion occurred in the
temperature range 300-600K. The profile of the
dissipation loss peaks seems however to deviate
from the Debye model. As was done in Part II, a
modified Debye equation is adopted to evaluate
the relaxation.!®

6 = £ + (80— 0)/[1 + (2] (1)

Samples were fitted to the experimental data using
eqn (1) with the least square approach. Typical
results, for instance for x = 0-0533 annealed in O,
are shown in Fig. 8. The parameter B is in the
range 0-46-0-54.

As described in Part 11, the relaxation time can
also be calculated from the modified Debye equa-
tion at various temperatures. The relaxation time 7
as a function of the inverse of absolute temperature
(1/T) for various frequencies is shown in Fig. 9. It
is clear that a linear relation between logz and 1/T
is obtained in the temperature range 403 to 544 K.
The relaxation time also obeys the Ahrrenius law:

T=T7 exp(Erelax/an

A straight line fitting to Arrhenius law gave the
activation energy for relaxation Ep.x = 0-81 el
and 7o = 1 x 107 Bs.

The activation energies (Frax) of the dielectric
relaxation for other samples, x = 0-0267, 0.04,
0-0533 (as-sintered and annealed in N;) and 0-10
(as-sintered and annealed in N;) obtained by
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Table 1. Activation energy, temperature regime in which permittivity peak occurred (at 1kHz) of the samples as-sintered and
annealed in O, and N,

X 0-0267 0-04 0-0533 0-0533 0-0533 0-10 0-10
(annealed in O;) {annealed in N,) (as-sintered) (annealed in N,)
Erelax (€V) 0-74 0-77 0-82 0-76 0-64 0-86 0-64
Temperature 350460 360-470 350-510 350-500 350-600 350600 350-650
range (K)
Econg (€V) 0-59 0-68 0-76 — 0-63 0-78 0-66
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permittivity maximum 7T, at 1, 10 and 100 kHz.

similar fitting, are listed in Table 1. The activation
energies varied between 0-74-0-86¢V.

3.1.3 Dielectric properties of the annealed samples
As previously described in Part II, it was noted
that post sintering heat treatments carried out
under controlled atmosphere were also affecting
the high temperature dielectric properties here
described.

Figure 5(b) shows the effect of oxygen annealing
(800°C, 40h) on the dielectric properties of the
x = 0-0533 sample. It can be seen that, both the
permittivity and the dissipation factor decreased,
and that the resistivity increased while the colour
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Fig. 3. Temperature and frequency dependence of permittivity
and dissipation factor for the as-sintered sample with
x = 0-0267.

Fig. 4. Temperature and frequency dependence of permittivity
and dissipation factor for the as-sintered sample with
x = 0-04.

contrary, the permittivity is greatly enhanced and
the maxima of the dissipation factor peaks
increased as well when the same sample was
annealed in nitrogen atmosphere, as shown in
Fig. 5(c). Similar increase in permittivity and dis-
sipation factor for the nitrogen annealed sample
with x = 0-10 is shown in Fig. 6(b). These results
indicated that the dielectric properties are closely
related to an oxidation-reduction process, possibly
involving variations in the concentration of oxygen
vacancies in the samples.

The activation energy of the samples annealed in
O, and N,, were calculated in the same way as
described above (Figs 8 and 9); the values are listed
in Table 1.

3.2 Temperature dependence of conductivity

The plots of dc conductivity versus inverse abso-
lute temperature (1/7) of the as-sintered sample
with x = 0-0267, 0-04, 0-0533 and 0-10 are shown
in Fig. 10(a). The relation between logo versus 1/T
is linear in the relaxation temperature range. Using
the expression

o =0y exp(Econd/kBT) (2)

where oy is the pre-exponential term, E,ynq is the
conduction activation energy, kp is Boltzman
constant and 7T is the absolute temperature, the
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Fig. 5. Temperature and frequency dependence of permittivity
and dissipation factor for the sample with x = 0-0533: (a) as-
sintered; (b) annealed in oxygen; (c) annealed in nitrogen.

activation energy for conduction can be calculated.
The values obtained were 0-59, 0-68, (0-76 and
0-78¢eV, for x =0-0267, 0-04, 0-0533 and 0-10
respectively. The values obtained are also listed in
Table 1.

The dc conductivity of samples with x = 0-0533
and 0-10 annealed in N, is shown in Fig. 10(b). It
can be seen that the conductivity of the samples
annealed in nitrogen is much higher than those of
the as-sintered samples. The activation energy for

conduction E,,q was calculated to be 0-64 and
0-66eV, respectively. Comparing the activation
energy for conduction before and after annealing,
it can be found that the activation energy for con-
duction decreased by 0-08eV after annealing in
nitrogen for both samples.

4 Discussion

The study of the dielectric properties of the (Sr;_
1.5xB1,)TiO; solid solutions above room tempera-
ture (300-600K) reveals that, in this temperature
range, a set of permittivity peaks, with obvious
frequency dispersion, is present.

For the Bi concentrations studied, x = 0-0267,
0-04, 0-0533 and 0-10, the activation energies
determined for the dielectric relaxation lic in the
range Erax = 0-74 — 0-86 eV, while the activation
energies for conduction lie in the range
Econa =0-59 —0-78 eV. For each composition
the activation energy for conduction is always
smaller than the dielectric relaxation activation
energy.
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Fig. 6. Temperature and frequency dependence of permittivity
and dissipation factor of the sample with x = 0-10: (a) as-sin-
tered; (b) annealed in nitrogen.
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Fig. 8. ColeCole plot for the sample with x = 0-0533
annealed in O,.

4.1 As-sintered samples (x =0-0267-0-0533)

As described in Part IT of the study of the dielectric
properties of the (Sri_;.5,Bi,)TiO; system in the
low Bi concentration range, x < 0-08, the effect of
the oxygen vacancies is important due to the loss of
oxygen during the sintering process.?

The existence of oxygen vacancies will create
weakly-bonded electrons that can be ionised,
according to

Vo — Vo' +¢ (3)

Vo© = Vo' + ¢ 4)

Long and Blumenthal reported that, the first-ioni-
sation energy of the oxygen vacancy is 0-1eV,
while the second-ionisation energy is around
E; = 1-4¢eV.!'7 Reaction (3) may, therefore, occur
at room temperature or even lower temperatures.
Since the energy gap of SrTiO; is E; = 3-2 €V, the
energy level E; of V? is located near the middle of
the band gap and at temperatures around or lower
than room temperature, the second ionisation can
be neglected. However, at the temperature of the
present work (350-600 K), if the electrical conduc-
tion is governed by the thermal excitation of car-
riers from the V7§ state to the conduction band, 1.e.

as described by eqn (4), one could obtain an acti-
vation energy around 0-7¢V (E;/2). The values
here obtained, around 0-59-0-76eV, are not far
from the values derived for pure SrTiO; and their
increase may be due to distortion of the SrTiO;
lattice by the increase in the concentration of the
dopant.

The large values obtained for the relaxation
activation energy, Ei.1.x, larger than those obtained
for the conduction activation energy, Econd, suggest
that the polarisation is of the dipole type since, if
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Fig. 9. Relaxation time 7 versus 1/7T curve for the as-sintered
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x = 0-0533 and x = 0-10 annealed in N,.
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the relaxation mechanism was governed by the trap
controlled ac conduction, the values of E;ax Were
expected to be close to or less than those of Econg.
The dielectric relaxation can therefore be attrib-
uted to change in the dipole orientation under the
influence of the external field.

In Bi doped SrTiO,, several kinds of defects can
be envisaged, such as Big,*, Tiy/ (or Ti*"), Vo©,
Vo**, and Vg,”. Because of the Coulomb forces, the
defects with positive charge can combine with
defects with negative charge, forming associations
of defects like (Tity—Vo®), (Vs/—2Vo®), (Tit-
Big;*), (Vs,"-2Big;*), (Vs/"~Vo**) or 2Tit~Vo**).
In the temperature range of the third set of dielec-
tric peaks dealt with in the present work, Vo** is
probably the main defect as mentioned above.
Considering therefore that this set of peaks is rela-
ted to oxygen vacancies, the most probable asso-
ciations would be (Vg,"-Vo**) and 2Ti3*-V*).

The dielectric relaxation can then be related to
the movement of the dipoles (Vs,"—Vo**) and/or
(2Ti**-Vo**) under the external field, i.e. small
displacements of Ti**, and/or Vo, and/or Vg, lead
to dielectric relaxation under ac fields.!8

Obviously, annealing in O, will decrease the con-
centration of oxygen vacancies favouring the
decrease in the concentration of defect pairs and the
concomitant decrease in the peak intensities. On the
contrary, the N, annealing will favour the increase
in the concentration of oxygen vacancies and the
variation in peak intensity in the opposite direction.

There is however experimental evidence that points
to more complicated mechanisms for the dielectric
behaviour of the (Sr;_;.5,Bi,)TiO3 solid solutions:
namely, first the values of the activation energies
E.x and Enq obtained for the samples annealed
in oxygen and nitrogen atmospheres and second
the existence of the third set of permittivity peaks
in the sample with x > 0-10 from where the second
set was absent as discussed in Part II of this study.!*

4.2 As-sintered samples (x =0-1, 0-133) and the
sample (x =0-0533) annealed in O,

For the as-sintered samples (x = 0-1, 0-133) and
the sample (x = 0-0533) annealed in O,, the com-
mon features are the absence of the second set of
peaks (see Part II),'> and the existence of the third
permittivity peaks. As discussed before, in these
compositions, the concentration of oxygen vacan-
cies is low, the main defects being strontium
vacancies and Big,® ions.

Accepting that the main defects present in these
samples are strontium vacancies and Big,® ions, it is
reasonable to postulate that the dipole responsible
for the third permittivity peaks, detected in the
temperature range 300-600K is probably
correlated with Vg,”, perhaps the (Vs,—2Bis.*)

association referred in Section 4.1. The dielectric
relaxation can then be attributed to the small
adjustment of the position of the (Vs,—2Bis,*)
under the external field, i.e. small displacement of
Bis,*, and/or Vg,”, from its positions will lead to
dielectric relaxation.!®

However an alternative explanation can be
thought involving oxygen vacancies. Although, as
indicated by the absence of the second set of peaks
in the temperature range 200-300K, the con-
centration of oxygen vacancies is very low, they
could still contribute, at a higher temperature
(300-600K), to the third permittivity peaks. The
detailed picture would then be similar to that
described in Section 4.1.

A third possibility for the appearance of the
peaks in the temperature range 300-600K could
come from the well recognised easy oxidation of
grain boundaries of donor doped titanates as
opposed to the oxidation of the interiors of the
grains. Although, as described in Part II, the inter-
facial polarisation (Maxwell-Wagner type polar-
isation) was thought not to be contributing in a
significant way to the polarisation phenomena
described in this set of peaks. It could be that a
more detailed work proves otherwise.

4.3 Samples (x =0-0533 and 0-1) annealed in N,
For the samples annealed in N,, the concentration
of oxygen vacancies can be increased, originating
the second permittivity peak, similar to that
described in Part I1,'* and an additional contribu-
tion for the third permittivity peak, most probably
correlated with defect pairs including the oxygen
vacancy. The values determined for the activation
energies of dielectric relaxation and dc conduction
after annealing the samples in N,, all in good
agreement (~0-63-0-66¢V), suggest the same phy-
sical nature for both conduction and dielectric
relaxation. The dielectric relaxation seems there-
fore in this case to be related to the trap-controlled
ac conduction.

5 Conclusion

A third group of relaxation peaks was observed in
the (Sry_;.5,Bi,)TiO3 ceramics for x=0-0267-0-133.

Taking into consideration the values determined
for the activation energies for dielectric relaxation
and for electrical conduction, obtained for samples
with different annealing treatments, it is suggested
that more than one polarisation mechanisms can
be responsible for the changes obtained in the
dielectric permittivity peaks. It is proposed that the
permittivity peaks are related to a dipole like
dielectric relaxation which seems to be due to
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associations of defects involving oxygen vacancies
for as sintered samples with x in the range 0-0267-
0-0533. For the samples annealed in O,, or with
high Bi content (x = 0-10 and 0-133), the permit-
tivity peak seems to be related to associations of
defects involving strontium vacancies. However,
when the samples are annealed in nitrogen the
dielectric relaxation behaviour seems to be gov-
erned by the trap-controlled ac conduction due to
the second ionisation of the oxygen vacancies cre-
ated by reducing atmosphere.
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