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Abstract

It is widely recognised that the electrical behaviour of
acceptor-doped strontium titanate ceramics is often
controlled by resistive grain boundaries. This work
shows that the electrical behaviour of Sr0�97Ti1-x-
FexO3ÿd materials may also be a�ected by other fac-
tors such as the humidity in the atmosphere, especially
for materials with open porosity. For example, the
impedance of dense samples with large grain size
may exceed the impedance of samples with residual
porosity. The bulk and grain boundary resistivities
both increase with the humidity in the atmosphere.
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1 Introduction

Waser and co-authors proposed a defect chemistry
model for the resistive grain boundaries of accep-
tor doped strontium titanate.1±3 The transient
behaviour is suitable to distinguish the con-
ductivity of grain boundaries from the true bulk
transport because the corresponding relaxation
times usually di�er by about three orders of mag-
nitude. Impedance spectroscopy in a typical fre-
quency range 1Hz to 10MHz is thus also suitable
to investigate the bulk and grain boundary trans-
port properties, and the e�ects of interfacial pro-
cesses, as reported for other materials.4±7 This
technique may also be used to investigate the
e�ects of working conditions (e.g. temperature and
composition of the atmosphere).
Work performed with single crystals showed that

the bulk conductivity tends to become mainly ionic
in air (or moderately oxidising conditions), at least
for temperatures lower than about 500�C.8,9 The
grain boundary conductivity may be mainly p-type

in identical conditions, and the model behaviour
proposed by Waser and co-authors1 predicted a V-
type grain boundary conductivity pro®le at su�-
ciently low temperatures. This model assumes that
segregation of donor states is responsible for
depleting the concentration of positively charged
carriers (h. and Vo

..). Those authors also proposed a
W-type pro®le (due to p! n inversion) at su�-
ciently high temperatures, with an activation energy
E�gb �Wg=2 � 1�6eV, whereWg is the band gap.

2 Experimental Procedure

Powders of Sr0�97Ti0�97Fe.0.03O3ÿd were prepared
by solid state reactions from strontium carbonate,
and titanium and iron oxides, by calcination at
1100�C, for 12 h. These powders were then milled
to destroy agglomerates, and to obtain uniaxially
pressed disks, which were sintered at 1500�C for
20 h (sample A), or at 1450�C for 4 h (sample B).
The Archimedes method was used to evaluate the
density. Sample A was about 94% dense (probably
without open porosity), and sample B was about
92% dense. These samples were monophasic,
within the detection limits of X-Ray di�raction.
The HP Impedance Analyzer (HP1492A) with a

frequency range 10Hz±10MHz was used to obtain
impedance spectra in air. A suitable paste was used
to paint Pt electrodes, and these were ®red at
900�C. Alternative Au electrodes were sputtered on
sample B. The complex impedance spectra of these
materials usually comprise two or three well
de®ned arcs (as illustrated in Fig. 1). Impedance
spectra were also obtained in air with adjusted
humidity using a Solartron 1260 impedance bridge.
The humidity was measured by a commercial sen-
sor (Testoterm 6010).

3 Bulk and Grain Boundary Conductivities in Air

Figure 1 shows typical impedance spectra for sam-
ple A, with Pt electrodes, and sample B with either
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Pt or Au electrodes, at 400�C. These measurements
were performed in air, and without control of the
atmospheric humidity. Spectra obtained at other
temperatures also show a small (but clearly
de®ned) arc at high frequencies, a large arc in the
intermediate frequency range, and sometimes a
third component at still lower frequencies, espe-
cially for sample B with Pt electrodes. An attemp-
ted ®tting for the di�erent contributions of this
spectrum is thus shown dashed in Fig. 1. Peak fre-
quencies of the high and intermediate frequency
arcs are shown in Fig. 2. At relatively low tem-
peratures (T<300�C) the intermediate and low
frequency arcs cannot be evaluated with the actual
ftequency range (10Hz±10MHz).
At 400�C the intermediate and high peak fre-

quencies are about 102Hz and 105Hz, respectively.
These frequencies are within the ranges of the grain
boundary and bulk contributions reported for

acceptor doped strontium titanate.1,2 The corre-
sponding resistivity values �hf � RhfA=L, (where A
is the electrode area, and L the thickness of the
sample), should thus correspond to the bulk resis-
tivity and are shown in Fig. 3. The intermediate
frequency component �if � RifA=L is probably at
least one order of magnitude lower than the true
grain boundary resistivity because the grain
boundaries across the sample represent a small
fraction of the sample thickness.
The activation energy of the high frequency

resistivity of sample A (&0.98eV) is relatively close
to a typical value reported for acceptor doped
strontium titanate, and the activation energy for
the intermediate frequency term (&1.34eV) is
intermediate between the values for the V-type
(&1eV) and W-type (&1.6eV) pro®les proposed by
Waser and coauthors.2 In addition, the log(�hf)
versus 1/T plot obtained for sample A suggests an
increase in activation energy with increasing tem-
perature. The increase in activation energy may
indicate a change from the V-type to the W-type
pro®le, as proposed by Waser and co-authors.2

On using Pt electrodes one obtains similar values
of high frequency resistivities for samples A and B
(Fig. 3). However, the di�erences in the inter-
mediate frequency term (presumably due to resis-
tive grain boundaries) are somewhat surprising
because the average grain size of sample A is larger
than for sample B. Sample B thus contains a greater
number of grain boundaries per unit thickness, and
the values of �if should be higher for sample B than
for sample A. The peak relaxation frequencies are
displaced to slightly higher values (Fig. 2).

Fig. 1. Impedance spectra obtained for sample A with Pt
electrodes (closed circles), and for sample B with Pt electrodes

losangles), or Au electrodes (triangles), at 400�C.

Fig. 2. Peak relaxation frequencies for sample A with Pt elec-
trodes (triangles), sample B with Au electrodes (circles), and
sample B with Pt electrodes (+). The closed symbols denote
the high frequency terms, and the open symbols and (+)

represent the intermediate frequency terms.

Fig. 3. Equivalent resistivities obtained for sample A with Pt
electrodes (triangles), sample B with Au electrodes (circles),
and sample B with Pt electrodes (+). The closed symbols
denote the high frequency terms (�hf � RhfA=L). The open
symbols and (+) represent the intermediate frequency terms

(�if � RifA=L).
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The activation energies are also somewhat lower
for sample B than for sample A. The activation
energy of �if is 1.32 eV for sample A with Pt elec-
trodes, 1.24 eV for sample B with Pt electrodes, and
1.09 eV for sample B with Au electrodes. The acti-
vation energies of �hf are 0.93 eV for sample A with
Pt electrodes, and 0.77 eV for sample B with Au
electrodes.
In order to be able to interpret the di�erences

between samples A and B one may consider the
di�erences in ®ring temperature and time. In fact,
the concentrations of ionic defects (e.g. [Vsr

00
],

[Vo
..], [FeTi

0
]) may decrease on cooling,10,11 and

this is expected to a�ect the transport properties.
For example, a lower concentration of Fe0Ti may
prevent the trapping e�ect exerted on electron
holes.11

The greatest di�erences between results shown in
Figs 2 and 3 were obtained on changing from Pt to
Au electrodes; this includes di�erences in peak fre-
quencies, and activation energies. These observa-
tions raise doubts about the true nature of the
intermediate frequency arc because the grain
boundary conductivity should be independent of
the electrodes. One should thus consider unex-
pected di�erences in working conditions. For
example, additional results (in Section 4) demon-
strate that humidity may play a very signi®cant
role. Unfortunately the experiments reported in
Figs 1±3 were performed without control of the
atmospheric humidity.

4 E�ects of Atmospheric Humidity

Figure 4 shows that resistivity measurements
increase with the atmospheric humidity. These
e�ects are exerted in two di�erent frequency ran-
ges, which can be related to the peak frequency
ranges shown in Fig. 2. One may thus conclude
that the atmospheric humidity a�ects both the
high and intermediate frequency processes.
Results obtained at signi®cantly lower tempera-
tures (200�C) and in the frequency range 1Hz to
1MHz only show the high frequency contribution
(Fig. 5). In addition, the relative e�ects of humid-
ity tend to decrease with decreasing temperature,
within the range of actual working conditions (200
to 400�C).
Comparison of results for 200�C and 400�C

shows that the relative e�ects of humidity on the
high frequency process tend to increase with tem-
perature. The temperature dependence of the high
frequency resistivity measurements (�hf) is thus
probably stronger in dry conditions than in wet
atmospheres. This is more likely to occur for sample
B (with residual porosity) than for dense sample A,

because the absence of open porosity may prevent
the e�ects of humidity on dense samples; this may
explain the di�erences in activation energy for
samples A and B. A similar e�ect may explain the
di�erences in activation energy for the intermediate
frequency component.
The intermediate peak frequency corresponds to

the in¯ection point shown by the log(�) versus
log(f) plots. Figure 4 thus shows that the inter-
mediate peak frequency varies with the humidity.
This may also explain di�erences between the peak
frequencies obtained for sample B (clearly a�ected
by humidity), and the corresponding results for
sample A (presumably much less dependent on the
humidity).

Fig. 4. Resistivity of sample B with Au electrodes as a func-
tion of humidity, at 400�C. The values of relative humidity are

also shown.

Fig. 5. Resistivity of sample B with Au electrodes as a func-
tion of humidity, at 200�C. The results obtained for 20% (o),

60% (x) and 95% humidity (+) are similar.
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5 Conclusions

This work shows that one should be cautious
about the electrical characterisation of bulk and
grain boundary conductivities of this type of
strontium titanate based materials because humid-
ity may play a very signi®cant role. For example, a
change from 5% to 95% humidity may cause
increase in resistivity by about one order of mag-
nitude at 400�C. These changes occur in two sepa-
rate frequency ranges which correspond to the
expected ranges for the bulk and grain boundary
processes.
The type of results reported in this work may be

used to select suitable frequency ranges for poten-
tial sensor applications. However, further work is
needed to assess the selectivity and other features
of these potential devices. A suitable design of
porosity and other microstructural features might
also be needed to enhance the sensitivity, minimise
the response time, and/or the long term drift, etc.
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