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bstract

trontium titanate is an interesting model electroceramics with grain boundary controlled properties. However, the relative role of grain boundaries
ay be significantly different in bulk ceramics and in films. Under oxidising conditions, impedance response of bulk ceramics can be described

y series association of bulk and grain boundary contributions, which are distinguished based on major differences in relaxation frequencies.
his allows de-convolution over relatively wide temperature ranges with standard impedance meters. In this case, one finds reasonably good
orrelations between microstructural effects and grain boundary behaviour. However, one finds major differences between those spectra and

orresponding impedance spectra obtained for in-plane measurements of films. This may be partially accounted for by major increase in the
quivalent thickness/area ratio as well as microstructural changes. In addition, the substrate may affect the results by significant leakage, and by
tray capacitance effects exerted by a combination of substrate and experimental equipment.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

The applicability of strontium titanate materials as electrical
r electrochemical devices has been demonstrated [1–4], based
n detailed studies of their transport properties [5–8], including
escriptions of microstructural effects based on de-convolution
f bulk and grain boundary behaviour [9,10]. Most of these
pplications are indeed processed as films obtained by physical
eposition [11] or more conventional screen printing [12], and
re the basis for multilayered devices or systems. Processed films
lso allow one to study unique features such as two dimensional
onfigurations, texturing, nanostructuring, interface design, etc.,
hich cannot be obtained by bulk ceramic processing. Yet, many

xperimental studies often rely on the electrical characterization
f ceramics pellets. Thus, one should be careful about misinter-
retations of differences between the electrical response of films

nd bulk ceramics.

The most obvious difference between bulk ceramics and films
s the geometric factor, i.e., the area:thickness ratio. For ceramic
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amples with typical thickness in the order of 1–2 mm, and diam-
ter 5–20 mm, one predicts values of geometric factor in the
ange 10–300 mm. The corresponding geometric factor for films
ay be orders of magnitude higher for measurements across

he film, or orders of magnitude lower for in-plane electrode
onfigurations. For example, on assuming film thickness in the
rder of 1–10 �m, with in plane 10 mm wide electrodes, and for
mm inter-electrode distance, one expects values of geometric

actor in the range 5–50 �m, i.e., at least 3 orders of magni-
ude smaller than for bulk samples. This implies much higher
mpedance and much lower capacitance values for in-plane mea-
ured films. The corresponding geometric factor for relatively
hick substrates with in-plane electrode configuration should
e intermediate between the geometric factors for pellets with
arallel electrodes and films with in-plane configuration. Con-
erns about in-plane measurements must, indeed, be taken into
ccount. This is important to avoid misinterpretations of the elec-
rical behaviour of titanate films and a variety of electroceramic
lms deposited on different substrates (e.g. [13]), and to monitor

he behaviour of multilayered devices, or electrochemical cells

y electrical or electrochemical measurements.

The purpose of this work was to study correlations between
he impedance response of bulk ceramics and films, including
ffects exerted by the substrate, even for cases when the

mailto:jabrantes@estg.ipvc.pt
dx.doi.org/10.1016/j.jeurceramsoc.2009.06.017
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esistivity of the substrate is orders of magnitude higher than
or the film, and for large differences between the permittivity
f the film and substrate materials. Additional limitations might
e imposed by the internal characteristics of the impedance
eter, including its stray capacitance [14]. SrTiO3 was selected

s a model material to correlate electrical measurements for
ulk ceramics and films with in-plane configuration.

. Experimental

Powders of SrTiO3 were prepared by solid state reaction
sing high purity precursors SrCO3 (BDH-30275) and TiO2
Merck-1.00808), after mixing in nylon container with YSZ
pheres, for 2 h, calcining at 1100 ◦C for 15 h, and then milling
gain to destroy agglomerates and to minimize heterogeneities.
hese powders were used to prepare ceramic samples, to deposit

hin layers on dense alumina substrates, by screen printing,
nd to prepare SrTiO3 ceramic samples. Ceramic samples were
btained by uniaxially pressing at about 108 Pa, and sintering at
200–1400 ◦C to obtain porous samples, or higher temperatures
o obtain nearly fully dense samples. Films were deposited on
lumina disks, by screen printing. The serigraphic screen has
ord diameter of 123 �m, mesh aperture of 290 �m, depth of

20 �m and open surface of about 49%. The solid to liquid ratio
n the suspension was 1.5 g/cm3, and commercial serigraphic
il was used as suspension agent. The screen printed films were
red at temperatures in the range 1300–1500 ◦C, and for times

L
i
i
c

Fig. 1. SEM microstructures of screen printed film
n Ceramic Society 30 (2010) 221–225

anging from 10 min to 10 h. Scanning electron microscopy and
icroprobe analysis were used for microstructural character-

zation of bulk ceramics and films, including assessment of
heir thickness (Fig. 1), and to monitor degradation of films
y chemical reactions and/or interdiffusion at excessively high
ring temperatures. A commercial Pt paste was used to paint
lectrodes on sintered pellets and on films with in-plane config-
ration. The electrical characterization was performed with the
mpedance meter Hewlett-Packard 4824A in the range of 20 to
MHz at temperatures 200–1000 ◦C, in different atmospheres

i.e., air, N2, and 5%H2 + 95%N2). Electrical measurements
ere also performed as a function of oxygen partial pressure,
sing a potentiometric YSZ sensor to monitor the oxygen partial
ressures.

. Results and discussion

SEM microstructures (Fig. 1) show that the relative density of
creen printed films increases with firing temperature. The most
bvious indication of this is the difference between thickness
or films deposited from the same suspension and with identical
esh. Indeed, this affects the differences between electrical mea-

urements (Fig. 2). Measurements on films were obtained with
n-plane configuration, and their conductivity was estimated as

/(ARip) = L/(wΔRip), where L is the inter-electrode distance, w

s electrode width and Δ is the film thickness. The conductiv-
ty results for alumina substrates and dense strontium titanate
eramics were obtained with pellets.

s fired at 1300 ◦C (left) and 1400 ◦C (right).
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Fig. 2. Electrical characterization performed at 1000 ◦C for screen printed films
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red at 1300 ◦C (triangles), 1350 ◦C (diamonds), and 1400 ◦C (squares). The
orresponding conductivity measurements obtained for one dense ceramic stron-
ium titanate sample, and for one alumina pellet are shown as +.

The in-plane measurements of films shown in Fig. 2 sug-
est the expected transition from n-type to p-type behaviour, as
ound for the bulk strontium titanate sample. The differences
etween dense bulk samples and porous films can, indeed, be
scribed to the high porosity of those films. The effects of fir-
ng temperature on the densification of films are confirmed by
ignificant differences in resistance, without major changes in
-p transition. Fig. 2 also shows that the conductivity of alumina
s orders of magnitude lower than the conductivity of strontium
itanate, especially for measurements under reducing conditions,
ue to the increase in n-type conductivity of strontium titanate.
owever, the alumina substrate may affect in-plane measure-
ents, as shown in Fig. 3. Note that the differences in resistance
btained for the film and for the substrate are relatively small for
easurements in air and in nitrogen. The actual behaviour thus

onverges to a parallel association of the resistances of film and
ubstrate. The contribution of the alumina substrate increases

ig. 3. Temperature dependence of in-plane resistance of screen printed film
n air (diamonds), N2 (squares), and 5%H2 + 95%N2 (triangles). The left scale
hows the temperature dependence of n-type conductivity after compensating
or changes in oxygen partial pressure σn,1 = σn(pO2)1/6 = (L/A)eff(pO2)1/6/R.
he corresponding results for alumina substrate are shown as (+), (*) and (x)

or measurements in air, N2, and 5%H2 + 95%N2.
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ig. 4. Impedance spectra of one screen printed film at 750 ◦C, one dense pellet
t 400 and 450 ◦C, and one porous pellet at 300 ◦C.

ith temperature due to its higher activation energy. Indeed,
he interference of the alumina substrate is less critical under
educing conditions due to the increase in n-type conductivity
f strontium titanate.

Impedance spectra show further evidence that in-plane mea-
urements of films differ significantly from that of bulk samples
Fig. 4). Though the electrical behaviour of bulk ceramic
amples tends to be controlled by resistive grain boundaries,
mpedance spectra still show clear de-convolution of bulk and
rain contributions, mainly for dense samples. On the contrary,
he impedance spectra obtained for screen printed films suggest

single microstructural contribution. Though porous ceramic
amples still show evidence of the bulk contribution, this reduces
o the high frequency shoulder observed in Fig. 4. These effects
re consistent with the literature showing that porosity [15]
ffects the correct de-convolution of impedance contributions
f bulk and grain boundaries. The bulk contribution is shown
learer by modulus representations, as demonstrated in Fig. 5.
ote that the peak of bulk contributions is displaced to higher

requencies with increasing temperatures and cannot be seen at
emperatures above about 450 ◦C.

Though porosity depresses the bulk peak in modulus repre-

entations (Fig. 5), this peak is still obvious for conditions when
sual representations of Z′′ vs Z′ become unclear. Thus, one
ttempted to detect the bulk contributions for films by the rep-
esentations of modulus, as shown in Fig. 6. These results show

ig. 5. Modulus vs frequency for porous (open symbols) and dense ceramics
closed symbols) at 400 ◦C (squares) and 500 ◦C (triangles).
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Fig. 7. Capacitance (C = Q1/nR1−n/n) values obtained by fitting impedances
s
a
e

a
a
s
p
e
5
t
f
t
r
p
a
R
d
to demonstrate that the bulk shoulder is progressively lowered
as the stray capacitance is increased; this resembles differences
between modulus representations of porous ceramics (Fig. 5)
and films (Fig. 6).

◦

ig. 6. Modulus vs frequency for screen printed film in air (closed symbols) and
nder reducing atmosphere 5%H2–95%N2.

ne single main peak, with the additional high frequency shoul-
er seen at the lowest temperatures, which can still be ascribed
o the bulk intragranular behaviour. Indeed, this contribution is
ery depressed due to the high porosity of the films. The main
eak observed by representations of modulus can be ascribed to
nternal interfaces.

In spite of the differences in amplitude of the main peak
f modulus representations in Fig. 5, its location in the fre-
uency range indicates similar temperature dependence for the
elaxation frequency. This is consistent with the expected oppo-
ite effects of geometric factor (A:L)eff on bulk capacitance
B ≈ (A/L)effεoεr and resistance RB ≈ ρ/(A/L)eff, yielding the

elaxation frequency fB = (2�RBCB)−1 ≈ (2�εoεrρB)−1, which
hould be nearly independent of geometry. Thus, the bulk relax-
tion frequency at 400 ◦C is slightly above 105 Hz for both dense
nd porous ceramics, and is displaced to values well above
06 Hz at 500 ◦C. Fig. 6 suggests significantly lower relaxation
requency values for films, indicating that the corresponding
apacitance values are higher than expected by consideration of
hanges in geometric factor (A/L)eff. These somewhat surpris-
ng differences can be ascribed to stray capacitances imposed by
he alumina substrate and/or by the equipment, as shown below.
ote that the equipment may impose stray capacitance values
ell above 10 pF [14].
Though the grain boundary relaxation frequencies might also

e somewhat lower for films than for dense ceramics, as found
n comparing Figs. 5 and 6, these differences are much smaller
han for the bulk relaxation frequency, probably because the
ctual grain boundary capacitance values are close to the upper
imit imposed by the combined stray capacitances of the alumina
ubstrate and measuring equipment, as shown in Fig. 7.

The combined effects of stray capacitances of alumina sub-
trate and equipment can also explain the differences between
mpedance spectra obtained for porous samples and films,

ncluding the representations of modulus (Figs. 5 and 6). A
easonable demonstration is shown in Fig. 8, which compares
he impedance data for the porous ceramic sample at 450 ◦C,
ith the behaviour predicted for porous films on assuming par-

F
t
t
s
(

pectra of screen printed films (closed symbols) in air (diamonds), N2 (squares)
nd 5%H2 + 95%N2 (triangles). Results for the alumina substrate with in-plane
lectrodes are also shown (open symbols).

llel stray capacitance values Cstray = 1, 10 and 102 pF. It is
ssumed that the microstructural characteristics (average grain
ize, porosity, etc.) of the film resemble those of the porous sam-
le. One assumed typical ranges for film thickness (Δ = 20 �m),
lectrode width w = 10 mm, and interelectrode distance L =
mm, yielding a geometric A:L = w�/L of about 40 �m for

he film, which is much smaller than the corresponding values
or a measured porous sample (A:L = 13 mm). On considering
hese geometric factors one thus estimated the true impedance
esponse of the film and then simulated the in-plane response for
arallel association with the alumina substrate, by taking into
ccount its resistance also measured with in-plane electrodes,
al = 0.033 exp(1.89 × 104/T) �. Fig. 8 shows simulations for
ifferent values of stray capacitance Cstray = 1, 10 and 102 pF,
ig. 8. Modulus representation of porous ceramic sample at 450 C (+) and
he corresponding predictions for a screen printed film 10 mm wide and 20 �m
hick film, with 5 mm inter-electrode distance, for identical porosity and grain
ize, in parallel with one stray parallel capacitance Cstray = 1 pF (triangles), 10 pF
circles) and 100 pF (squares).
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. Conclusions

In spite of major differences in resistivity (by orders of mag-
itude), the in-plane measurements of strontium titanate films
re still affected by alumina substrates, even for relatively thick
lms. In addition, the dielectric response is very different from

he corresponding behaviour of strontium titanate ceramics,
ncluding porous samples.

Modulus representations obtained for films usually show a
ingle contribution which should be ascribed to internal inter-
aces. The bulk behaviour is only revealed by a shoulder in the
igh frequency range, at the lowest measuring temperatures.

Differences between ceramic samples and films are ascribed
o the interference of parallel stray capacitances imposed by the
lumina substrate and/or measuring equipment, thus distorting
he expected behaviour for microstructural contributions with
apacitance values in the order of 10 pF or lower.

The actual electrical response obtained for films with in-plane
easurements is reasonably similar to simulated predictions

or parallel association of films with one additional data stray
apacitance.
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