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Abstract

Impedance spectroscopy was used to evaluate the bulk and grain boundary resistances (Rg and Rgp) of undoped strontium titanate
ceramics in air and in N,. The high frequency contribution of the spectra does not depend significantly on the average grain size or grain
size distributions, and was thus ascribed to the bulk behaviour. The grain boundary results obtained for several samples vary with the
average grain size, and these effects nearly agree with predictions by a simple brick layer model. The deviations from this model may
increase with decreasing temperature, and are somewhat greater in N, than in air. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The barrier character of grain boundaries of strontium
titanate ceramics play an important role on low tempera-
ture applications such as multilayer capacitors.! This
interest thus prompted investigations to separate the bulk
and grain boundary contributions by comparing impe-
dance spectra obtained for single crystals, bicrystals, and
ceramic samples,>> this confirmed that the overall beha-
viour of ceramic samples may be affected by resistive
grain boundaries, and that the grain boundary resis-
tance may exceed the bulk resistance. However, the
activation energy of the bulk conductivity is usually
smaller than for the grain boundaries, and in this case
one may still ignore the grain boundary contribution at
sufficiently high temperatures. Therefore, high tempera-
ture conductivity measurements (typically above 800°C)
often ignore the grain boundary contribution.*°

The relaxation time of the grain boundary contribu-
tion is usually several orders of magnitude larger than
for the bulk contribution, and one may thus be able to
separate the bulk and grain boundary contributions.”
Denk and co-authors’ ascribed the bulk and grain
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boundary contributions by comparing the impedance
spectra obtained for single crystals and bicrystals. The
electrode contributions may be identified by super-
imposing a dc bias, and/or on comparing impedance
spectra obtained with different electrodes.

Investigations of the grain boundary and electrode
contributions of Zr;.,Y,O5.,, or Zr,.,Ca,0,., electro-
lytes.!®'7 may also contribute to improve our under-
standing of the grain boundary properties of titanates.
For example, the grain boundary resistance is expected
to increase with decreasing grain size'” but much greater
effects were ascribed to the segregation of impurities
(e.g. SiO, in ZrO,-based materials),!' or even formation
of a liquid phase.'>!% Cosegregation of impurities and
one of the main additive (Ca or Y) has also been
observed.!>:16

The grain boundary resistance R, is expected to
increase with increasing number of boundaries across
the sample, and on assuming a simple brick layer
model'” this becomes Ry = pgb8eb Neb/ A, OF

Rgpds A/L = pgbdgp (1)

where pg, is the grain boundary resistivity, dup, is the
grain boundary thickness, Ng, = L/d, is the number of
grain boundaries across the sample, L is the sample
thickness, A4 is the electrode area, and d, is the average
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grain size. One may assume similar values of grain
boundary thickness 8, for every sample, in which case
RgpdyA/L should be nearly independent of the grain size
of the samples. The applicability of the brick layer
model might thus be assessed by checking if data
obtained for different samples obey a common depen-
dence of In(RgypdyL/A) versus 1/T.

One may also predict a trend for the effects of grain
size on the grain boundary capacitance, on assuming
that the effective thickness is given by 84 Ngb, = 8gpL/dp.
In this case Cyp = g0&:Ad,y/ (8nL) , Where &, is the per-
mitivity of vacuum, and e, the dielectric constant. One
may thus account for the effects of grain size by plotting

CgbL/(Adg) = 808r/8gb (2

versus temperature. The values of e,6;/8,, should also
be nearly independent of the grain size.

Fleig and Maier!® predicted that some micro-
structural features might exert additional effects on the
impedance spectra, thus causing deviations from the
brick layer model. For example, such a deviation was
predicted for a bimodal distribution of small and large
grains because the current lines might make detours
across the largest grains to minimise the number of
boundaries effectively crossed. Such effects might also
be responsible for differences between the true activa-
tion energy of the grain boundary resistivity, and the
value extracted from the temperature dependence of the
grain boundary resistance (R,p) obtained by fitting the
impedance spectra.

The present work reports experimental results to
assess the validity of the brick layer model in SrTiO3
polycrystals with different microstructures. The micro-
structure of one of the samples shows a distribution of
large and small grain sizes, to assess if this yields impe-
dance spectra with unusual features.

2. Experimental procedure

Powders of undoped SrTiO; were prepared by pow-
der reactions of SrCO; (BDH30275) and TiO,
(Merck808). These reactants were mixed for 2 h in a
nylon container, with zirconia balls and ethanol, then
dried and calcined at 1100°C for 15 h. The calcined
product was then milled again to enhance the homo-
geneity, and to destroy the agglomerates, and the
resulting powders were used to obtain pellets for the
electrical measurements. These pellets were uniaxially
pressed and fired in different conditions to obtain dif-
ferences in average grain size and/or in grain size dis-
tributions (Table 1).

Every sintered sample was polished and thermally
etched for 30 min at a temperature which was 10%
below the corresponding sintering temperature (°C).

Table 1
Firing temperature (7), and time (¢), and the corresponding average
grain size (d,) of the samples

Sample T(°0) t (h) dy (nm)
ST1600 1600 20 31
ST1480 1480 20 11
ST1400 1400 4 3

The density was measured by immersion in Hg, and the
lattice parameter was used to evaluate the theoretical
density (5.14 g/cm?). X-ray diffraction was used to con-
firm that every sample was single phase, and to calculate
the lattice parameter.

Fig. 1 shows typical scanning electron micrographs
obtained with the firing schedules presented in Table 1.
These microstructures were image analysed to evaluate
the grain size distributions (Fig. 2), and the corre-
sponding average grain size (also shown in Table 1).

The HP4284A Precision LCR Meter was used to
obtain impedance spectra in the temperature range 300
to 1000°C, with Pt electrodes. These measurements were
performed both in air and N,. A potentiometric oxygen
sensor was used to evaluate the oxygen partial pressure
in the N, atmosphere.

3. Results and discussion

The impedance spectra of samples ST1400, ST1480,
and ST1600 in air are shown in Figs. 3—-5. These spectra
are nearly described by a series association of RC ele-
ments. The largest component of the spectra is usually a
depressed arc, in which case the capacitance must be
replaced by a constant phase element (CPE), as shown
in Fig. 6. A code developed by Boukamp!® was used to
extract the relevant fitting parameters.

The resistance of the high frequency contribution is
nearly independent of the average grain size, and was
thus ascribed to the bulk (or grain interiors). The values
of bulk resistance Rg were used to obtain the bulk con-
ductivity og = L/(RgA) shown in Fig. 7. The tempera-
ture dependence of the bulk conductivity in air yields an
activation energy of 0.99 eV, which is close to the values
reported for the p-type behaviour of undoped and stoi-
chiometric strontium titanate,> and acceptor-doped
strontium titanate.®

The values of bulk capacitance, and the correspond-
ing permitivity (Fig. 8) are nearly independent of the
average grain size, and are also nearly independent of
temperature, as expected for strontium titanate materi-
als.® The order of magnitude of our values also agrees
with those reported by Vollmann and Waser.®

The bulk resistance was used to adjust the scales in the
impedance spectra (Figs. 3-5), and to reveal the differ-
ences between the bulk and the remaining contributions.
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Fig. 1. Scanning electron microstructures of samples ST1400, ST1480,
and ST1600 sintered in conditions shown in Table 1.
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Fig. 2. Grain size distributions of samples ST1400 ([J), ST1480 (x),
and ST1600 (A).
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Fig. 3. Normalized impedance spectra of sample ST1400 in air, at 400,
600, and 700°C, with the corresponding values of RpS/L=44.4,0.665,
and 0.318 kQ m.

The largest arc of most Nyquist plots depends on the
actual grain size and was thus ascribed to the grain
boundaries. The effects on the grain boundary resis-
tance (Fig. 9) are consistent with the trend predicted
for the brick layer model [Eq. (1)], and the corre-
sponding activation energy (~1.47 eV in air) is close to
typical values reported for the grain boundary con-
ductivity of acceptor-doped materials.” The value
reported for Ni-doped samples®? in the high tempera-
ture range is close to W,y/2~1.6 eV, where W, denotes
the bandgap.

The values of pseudocapacitance obtained on assum-
ing a constant phase element for depressed grain
boundary arcs may differ significantly from the true
capacitance. The values of grain boundary capacitance
were thus obtained on combining the grain boundary
resistance and the peak frequency as follows:



1606 J.C.C. Abrantes et al. | Journal of the European Ceramic Society 20 (2000) 16031609

A
A
.
8 -
A
.
| )
o 400°C .
g S
N a ¢
4 A L
A o* 350°C
;0
A A
,mﬂ’& o
o 1 1 1 L J
0 4 8
20 A oA,
A A 0 A
I A 400°C
& .
o 10 - Aje®®Ce,
N .Q)OC
o L 1 1 1 1 1 1 ]
0 10 20 30 40
Z’IRg

Fig. 4. Normalized impedance spectra of sample ST1480 in air, at 350,
400, and 500°C, with the corresponding values of RpS/L=289, 23.7,
and 2.48 kQ m.
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Fig. 5. Normalized impedance spectra of sample ST1600 in air, at 400,
500, and 600°C, with the corresponding values of RgS/L=28.5, 2.47,
and 0.542 kQ m.

Cop = (2fan Rep) - 3)

These values increase with the average grain size, with
typical values of Cy,L/A4 in the order of 1.5 pF/m for
sample ST1600, 0.5 uF/m for sample ST1480, and 0.15
pF/m for sample ST1400. These differences are nearly

(A)
CB Cint
—
(B)

Fig. 6. Equivalent circuit proposed for strontium titanate samples (A),
and an alternative circuit for sample ST1480 in air.
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Fig. 7. Bulk conductivity of samples ST1400 ([1), ST1480 (x), and
ST1600 (A), in air (upper values), and in N, (lower values).

accounted for by the differences in average grain size of
the samples (Table 1), as predicted by Eq. (2) One
should thus expect a common trend for samples with
different grain sizes on resorting to the representation
shown in Fig. 10. The remaining differences between the
samples are close to the order of magnitude of experi-
mental errors. Note that estimates of capacitance
(extracted by fitting impedance spectra) sometimes
involve errors of up to 50%.

The impedance spectra obtained for sample ST1480
(Fig. 4) show an unexpected additional shoulder on the
left of the grain boundary arc, especially at tempera-
tures below about 400°C. This shoulder may be
accounted for by assuming an additional R;,;C;,; term
with a typical relaxation frequency in the intermediate
range, and the equivalent circuit shown in Fig. 6B. The
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Fig. 8. Values of bulk dielectric constant eg = CgL/Aée, of samples
ST1400 (1), ST1480 (x), and ST1600 (A), in air (lower values), and
in N, (upper values).
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Fig. 9. Temperature dependence of the grain boundary resistance of
samples ST1400 ([7J), ST1480 (x), and ST1600 (A), in air, with cor-
rections for differences in area to thickness ratio (4:L), and differences
in average grain size d,.

relevant fitting parameters are shown in Table 2, for
selected temperatures.

Fleig and Maier!® also predicted a similar shoulder on
the left side of the grain boundary arc for samples with
unusual microstructures. However those features are
quite different from the nearly bimodal size distribution
of our sample ST1480. In a separate article,?’ Fleig and
Maier showed that current detours in microstructures
with bimodal size distributions are likely to lower the grain
boundary resistance (relative to the brick layer model).
These simulated cases did not show asymmetric grain
boundary arcs, except possibly for cases with two types of
grain boundaries with significantly different properties.
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Fig. 10. Grain boundary capacitance of samples ST1400 ([]), ST1480
(x), and ST1600 (A), in air, with corrections for differences in thick-
ness to area ratio (L:4), and differences in average grain size d,.

Table 2
Fitting parameters obtained from spectra of sample ST1480 with the
equivalent circuit shown in Fig. 6B

T=400°C T=450°C T=500°C

Rp (k) 23.7 6.6 2.48

Rine (k) 26.1 5.8 1.74

Ry (k) 1130 225 57

Cy (pF) 22.1 2.2 24.8

Cine (nF) 0.69 0.70 0.80

Cyp (nF) 11.1 115 133

n 0.843 0.862 0.860

The spectra obtained for sample ST1480 in N, (Fig.
11) do not show the additional shoulder, thus raising
additional doubts about its interpretation. In order to
clarify these differences one also obtained a complete set
of impedance spectra both in air and in N, to assess if this
may be due to significant changes in the relative role of the
bulk and grain boundary contributions (e.g. differences
between the values of o/ogp, in N, and in air, changes in
bulk and/or grain boundary capacitances, etc.).

The relevant parameters extracted from the impe-
dance spectra (Figs. 12 and 13) indicate that the relative
differences between the bulk and grain boundary relaxa-
tion frequencies are greater in air than in N,. For exam-
ple, the values of the frequency ratio fg/fs, extracted
from the spectra in air, (about 10* at 400°C, and 9x 103 at
450°C), are higher than the values extracted from impe-
dance spectra in Ny (fp/fap=5x10% at 450°C, 3x 10 at
500°C, and 1.4x103 at 550°C). In this type of condition
the spectra obtained in air should show slightly better
separation of the bulk and grain boundary contribu-
tions, enhancing the possibility of detecting an addi-
tional contribution with an intermediate frequency fi,
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in the range fp <finc</p. The shoulder shown in Fig.
4A is thus likely to correspond to a genuine relaxation
process rather than an artifact typical of irregular
microstructures. For example, a slight deviation from
the stoichiometric composition might promote liquid
phase formation above the eutectic temperature in the
system SrTiO;-TiO,, as suggested by Cho and John-
son.?! Note also that liquid phase formation might be
responsible for the onset of grain growth shown by the
microstructure of sample ST1480 (Fig. 1).

Computer simulations'® also showed that the devia-
tions from the brick layer model should be minimised
on lowering the bulk to grain boundary conductivity
ratio op/oy,, thus contributing to attain a better
separation of the bulk and grain boundary elements.
For example, current detours across large grains may
effect the total grain boundary resistance of materials

Z'IRg

Fig. 11. Normalized impedance spectra of sample ST1480 in N,, at
400, 500, 600, and 700°C, with the corresponding values of RgS/
L=091, 104, and 2.43 kQ m.
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Fig. 12. Temperature dependence of the grain boundary resistance of
samples ST1400 (1), ST1480 (x), and ST1600 (A), in Ny, with cor-
rections for differences in area to thickness ratio (4:L), and differences
in average grain size d,p,. The dashed line represents the overall trend
for the results in air (shown in Fig. 9).

with a bimodal size distribution, especially for cases
when the bulk conductivity is much higher than the
conductivity of grain boundaries. The actual results
suggest that the conductivity ratio op/oyy, is lower in air
than in N», and the deviations from the brick layer model
should also be lower in air. In fact, the changes in con-
ductivity ratio can be evaluated from the resistance ratio

Rgy/Rp = (‘Sgb/dg) (GB/ng) or
dg(Rgb/RB) = (Sgb(o'B/O'gb)

The results in Fig. 14 thus show that the values of
og/ogy are lower in air than in N», and the deviations
from the brick layer model should also be lower in air.

0.10
N
S o
w x o o
Xx DDEI

-5 L X
3 0.05 X oo,
g a xxXxxxXDDD
--:ln AA A o
] A
(@) i “AA“A‘A

0.00 L 1 1 L i

400 600 800

T (°C)

Fig. 13. Grain boundary capacity of samples ST1400 (1), ST1480
(x), and ST1600 (A), in N», with corrections for differences in thick-
ness to area ratio (L:4), and differences in average grain size d,.
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Fig. 14. Changes in grain boundary to bulk resistance ratio of samples
ST1400 (squares), ST1480 (circles), and ST1600 (triangles), in air
(solid lines), and in N, (dashed lines).
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The conductivity ratio op/oy,, increases with decreas-
ing temperature, due to the difference between the acti-
vation energies of the bulk and grain boundary
conductivities; this also explains the increasing devia-
tions from the brick layer model with decreasing tem-
perature (Figs. 9, 12, 13), especially in N,. Note that the
representation of Rgpdy,A/L should yield nearly identical
results for every sample. A comparison between the
data shown in Figs. 9 and 12 thus suggests that the
results in air are closer to the brick layer model, and it
might thus be easier to observe the onset of an addi-
tional intermediate term with a relaxation frequency in

the range fyp <fint <[5

4. Conclusions

The effects of grain size on the values of grain
boundary resistance and capacity extracted from impe-
dance spectra nearly agree with typical trends predicted
on assuming a brick layer model. However, the devia-
tions from this brick layer model tend to increase with
decreasing temperature, possibly because the bulk to
grain boundary conductivity ratio og/o,, increases on
cooling. Slight differences between air and moderately
reducing conditions (N,) might also be related to dif-
ferences in og/og. The impedance spectra obtained for
a sample with a nearly bimodal size distribution show
an additional intermediate contribution in air but one
could not find a clear relation between this and the
relevant microstructural features. The corresponding
spectra in moderately reducing conditions (N,) did not
show the intermediate term.
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