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bstract

mpedance measurements using microelectrodes on adjacent grains of polycrystals are a valuable tool for a detailed analysis of grain boundary
roperties of ceramic materials. In order to support proper interpretation of such experiments two fundamental aspects are discussed in the theoretical
art of this paper: first, it is shown that “localized” experiments using contact pads are often not reasonable and can lead to severe misinterpretation.

econd, results from finite element calculations illustrate as to how far conclusions on the grain boundary resistivity distribution can be drawn from
measured grain boundary resistance statistics. In the experimental part, microelectrode impedance measurements and orientation imaging data
n undoped polycrystalline SrTiO3 are presented and interpreted in terms of the homogeneity of the space charge potentials at grain boundaries.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

In many electroceramic applications grain boundaries play
n important or even a functional role. Grain boundaries with
igh resistivity, for example, are the functional heart of varistors
nd positive temperature coefficient (PTC) resistors1 but disad-
antageous if good transport properties are required. Thus the
lectrical properties of grain boundaries in electroceramic mate-
ials have been in the focus of interest for many years. Impedance
pectroscopy is an important tool for investigating grain bound-
ries since it allows one, at least in idealized cases, to split the
verall dc resistance into contributions from the grain interior,
he grain boundaries and the electrodes. In real cases, however,

quantitative analysis of grain boundary impedances is often
ar from trivial2–4 and, for example, electrical properties vary-

ng from boundary to boundary can impede sensible conclusions
rom conventional impedance measurements.3 Information on
he distribution of individual grain boundary resistivities would
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hus help in consistently interpreting grain boundary impedance
ata.

Microcontacts can be employed in order to obtain spa-
ially resolved information on electrical properties and several
apers report on the dc current–voltage (I–V) characteristics
f single grain boundaries in semiconducting ceramics such
s ZnO-varistors.5–12 In materials with the grain boundary
esistance being of the same order of magnitude as the bulk
esistance impedance spectroscopy can again help identify dif-
erent contributions of the total resistance measured between
wo microelectrodes. Therefore, recent papers also dealt with
he impedance spectroscopic analysis of grain boundaries in
e-doped SrTiO3 or Mn–Zn-ferrites using microelectrodes.13,14

Finite element calculations on the impedance between
icroelectrodes can then help interpret local measurements.15

uch simulations quantitatively showed how far other grain
oundaries close to the investigated one also influence the mea-
urement results. The calculations also revealed, for example,
hat in polycrystals with a comparatively broad distribution of
rain boundary resistances usually only the weakly or moder-

tely blocking grain boundaries are “visible” in experiments.

In this contribution additional information is given on
he interpretation of “single” grain boundary measurements
y means of microelectrodes: in Section 2 we consider the

mailto:j.fleig@tuwien.ac.at
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Fig. 1. (a) Electrode configuration sometimes used to perform “microelectrode”
measurements. The end of a connection line is assumed to represent a micro-
electrode. (b) Sketch of a model sample with extended contact electrodes and
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roblem of using macroscopic contact pads for feeding the cur-
ent. Section 3 deals with finite element calculations on the
elation between the given grain boundary property distribution
nd the statistics of the measured grain boundary resistances.
n Section 4 several aspects are exemplified in a study on
he structure–property relationship of polycrystalline undoped
rTiO3 investigated by microelectrode impedance measure-
ents and orientation imaging microscopy.

. Geometrical considerations

In several experimental studies on local grain boundary prop-
rties, large contact pads at the periphery of a sample have been
mployed to feed the current. As sketched in Fig. 1a, a connec-
ion line on the sample’s surface is then used to connect contact
ads and what is thought to be a microelectrode. However,
uch a set-up can be very problematic when investigating local
roperties since experimental results are, in many cases, deter-
ined by the current between the two large contact electrodes

ather than by the current between the microelectrodes. This
an be understood from the electrode configuration shown in
ig. 1b: extended electrodes on two sides of a square sample are
sed as current feed electrodes and very thin, highly conductive
etal lines connect these large contacts to the circular micro-

lectrodes on adjacent grains. In case of a single crystal (bulk
onductivity σbulk) the resistance between two circular micro-
lectrodes Rme of diameter dme is given13 by (σbulkdme)−1 while
he resistance Rc between the two contact electrodes simply
eads (σbulkh)−1 with h being the sample height. The resis-
ance between the microelectrodes therefore typically exceeds
he resistance between the current feed electrodes by one to three
rders of magnitude and most of the current flows between the
ontact electrodes. Spatially resolved bulk conductivities cannot
e deduced from such measurements.

For a polycrystalline sample with highly resistive, identi-
al grain boundaries of conductivity σgb, the situation is very
imilar. The grain boundary resistance between the two micro-
lectrodes on adjacent grains of grain size Lg is approximately
iven by Rgb,me ≈ 0.4wgb/(σgbL

2
g). (Symbol wgb denotes the

rain boundary thickness and the numerically determined factor
f approximately 0.4 reflects the fact that a fraction of the cur-
ent does not directly flow through the grain boundary between
he two relevant grains but via neighboring grain boundaries,
ee also Section 3.)15 The grain boundary resistance between
he two extended contact electrodes is Rgb,c ≈ wgb/(σgbLgh).
hus, a resistance ratio Rgb,me/Rgb,c ≈ 0.4h/Lg results, and the
easured grain boundary resistance is usually again dominated

y the grain boundary resistance between the two large contacts.
For the sake of clarity the grains in Fig. 1b are unrealistically
arge.) Consequently, measurements using electrode configu-
ations similar to that sketched in Fig. 1a and b are mostly
acroscopic measurement and result in resistance and capac-

tance values which are typical for conventional impedance

xperiments, while true microelectrode measurements yield
uch higher resistances and much lower capacitances.
Only for grain boundaries between the microelectrodes being

onsiderably less resistive than all others, meaningful data might

m
r

t

ery thin highly conductive connection lines to the circular “microelectrodes”.
c) Image of circular microelectrodes on a SrTiO3 polycrystal contacted under
he optical microscope by contact tips.

esult for electrode configurations similar to those in Fig. 1a and
. For example, this can be the case for voltages above the thresh-
ld voltage of a ZnO-varistor grain boundary. The resistance
f the grain boundary between the microelectrodes then breaks
own, while all other grain boundaries remain highly resistive
nd most of the current may indeed pass this single boundary.
ontact pads which are insulated from the sample prevent a dc
urrent between the pad electrodes and therefore facilitate rea-
onable dc microelectrode measurements. However, impedance

easurements can still be severely impeded by capacitive cur-

ents across the insulating layer.
Microelectrodes being directly contacted by contact tips are

herefore recommended for spatially resolved grain boundary
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Fig. 2. Histograms of calculated grain boundary resistances between two micro-
electrodes for two different grain boundary resistivity distributions (a) and
(b). Each histogram corresponds to hypothetical measurements on 40 differ-
ent microelectrode pairs. The resistivity distributions used in the simulations
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easurements. A possible arrangement is shown in Fig. 1c
10 �m microelectrode pattern on SrTiO3 contacted by mov-
ble contact tips). Nevertheless, one should keep in mind that
he stray capacitance between two metallic contact needles (of
he order of a few 10 fF) may still be larger than the bulk capaci-
ance between the microelectrodes and thus can still affect local
ermittivity measurements. Moreover, capacitive stray currents
o surrounding metallic parts (e.g. sample holder) may severely
nfluence microelectrode impedance measurements by “induc-
ive loops”.16,17

. Finite element calculations

In Ref. 15 it has already been discussed in detail that for two
icroelectrodes on adjacent grains a significant fraction of the

ntire current may flow on alternative pathways through neigh-
oring grain boundaries. In case of cubic grains of identical
ize and identical grain boundary properties, only ≈40% of the
otal current passes the grain boundary in between the microelec-
rodes and thus a correction factor of approximately 2.5 has to be
sed when calculating a specific grain boundary resistivity from
he measured grain boundary resistance. For spatially varying
roperties, current paths become non-symmetric and a simple
ne-to-one relation between measured grain boundary resistance
nd local grain boundary property is mostly not possible. In order
o further quantify this aspect of “single grain boundary mea-
urements”, we employed the finite element method (Fluxexpert,
imulog, France) to calculate the grain boundary resistance
tatistics for given grain boundary resistivity distributions.

Two different distributions have been analyzed: (i) four grain
oundary resistivities of four different orders of magnitude with
probability of 25% each; the largest and the smallest resistiv-

ty thus differ by a factor of 1000 (see Fig. 2a). (ii) Two grain
oundary resistivities differing by a factor of 100 and occurring
ith a probability of 50% each (see Fig. 2b). In both cases, the
rain boundary thickness is assumed to be constant throughout
he sample. In order to simulate the expected grain boundary
esistance distribution in local impedance measurements, the
roperties of the 20 grain boundaries in the model sample are
andomly assigned to the given resistivity distribution. The dc
esistance between the microelectrodes was determined from
n integration of the calculated current density (see e.g. Ref.
5). The bulk resistance between the two microelectrodes was
btained from a calculation without grain boundaries (“single
rystal”) and subtracting this bulk resistance from the dc resis-
ances leads to the grain boundary resistances.15

The grain boundary resistance distribution resulting from the
-fold repetition of the random assignment of grain boundary
roperties corresponds to the distribution to be expected when
easuring n different microelectrode pairs on a sample with the

iven grain boundary property distribution. In Fig. 2 two cal-
ulated statistics are shown each for 40 random distributions
f properties corresponding to 40 different microelectrode pairs

n a hypothetical experiment. (The bars GB1–GB4 and GB1
nd GB2 reflect the resistances resulting in the case of identical
rain boundary resistivities in the entire sample.) In the case of
our grain boundary resistivities it can be seen that not a single

a
i
(
t

re indicated by solid lines (GB1–GB4 and GB1 and GB2) at the resistances
alculated for model samples with identical resistivity for all grain boundaries.

esistance corresponds to the smallest possible grain boundary
esistance. This is hardly surprising since the current not only
robes the grain boundary between the two microelectrodes but
lso sees neighboring grain boundaries as well as next near
eighbors thus never being solely determined by the low resis-
ive grain boundaries. A considerable fraction of calculated grain
oundary resistances is found between the resistances of GB1
nd GB2 and between GB2 and GB3. Only very few resistors

ndicate the existence of the highly resistive grain boundaries
GB3 and GB4). In particular not a single calculation reveals
hat very high resistances (GB4) are present.
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Fig. 3. (a) Polycrystalline SrTiO3 with microelectrodes on the top in the optical
microscope. The dark region in the center helped us to find the same region
also in the OIM image. (b) OIM map of the examined area. The colors in the
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boundaries between the microelectrodes and thus the geometri-
cal factor varies within these 23 measurements, the distribution
of grain boundary resistances is narrow compared, for example,
ap indicate—via a stereographic triangle (inset)—the orientations of the grains
ith respect to the normal direction [0 0 1] of the sample. The letters a, b, and c

n the images indicate identical grains.

This result suggests that a simple reconstruction of the true
rain boundary resistivity distribution from the statistics of local
rain boundary measurements (or calculations) is hardly possi-
le and that in particular highly resistive grain boundaries can
asily be overlooked or at least underestimated in their impor-
ance. On the other hand, the statistics gives an idea on the width
f the distribution of medium and low resistive grain boundaries.
oreover, the existence of grain boundaries of very low resistiv-

ty is easily visible and from the measured/calculated resistance
istribution their fraction may even be overestimated (though
he corresponding resistances are somewhat too high due to the
nfluence of neighboring grain boundaries). These conclusions
re also in accordance with the calculations for the bimodal grain
oundary resistivity distribution in Fig. 2b: the fraction of highly
esistive grain boundaries is strongly underestimated while the
xistence of low resistive grain boundaries is easily visible in
icroelectrode experiments. The true resistance of GB1, how-

ver, is below the maximum of the corresponding resistance
istribution.

. Microelectrode measurements on undoped SrTiO3

In order to estimate the width of the grain boundary resistivity
istribution of undoped SrTiO3 and to test the presence of low
esistive grain boundaries, an array of YBa2Cu3O6+x microelec-
rodes (8 �m in diameter) was deposited on a SrTiO3 polycrystal

Fig. 3a). Details on the microelectrode preparation can be found
n Ref. 13. Polycrystalline SrTiO3 was prepared from SrCO3
99.999%, Aldrich) and TiO2 (99.99%, Aldrich) powders by the
ixed oxide route. The mixed powder was calcined at 1375 ◦C

F
n
c
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nder air for 1 h and isostatically pressed into a pellet under
80 MPa. The pellet was sintered under oxygen atmosphere at
480 ◦C for 8 h and achieved a density of 97% of its theoretical
alue. Before performing impedance measurements the sample
as annealed for 24 h at 600 ◦C in air.
At a temperature of about 320 ◦C 23 different microelec-

rode pairs on adjacent grains were then contacted by tungsten
ips under the optical microscope and the impedance was mea-
ured in the frequency range 0.1 Hz–1 MHz using a Solartron
260 frequency response analyzer with a home-made impedance
onverter for high impedances. A typical impedance spectrum
s shown in Fig. 4 and reveals a high frequency bulk arc and
low frequency grain boundary arc in the complex impedance
lane. In order to determine the resistive and capacitive ele-
ents, a fit using two serial RQ elements was performed with

ne RQ-element reflecting the grain boundary (gb) and the other
ne representing the bulk response. Symbol Q denotes a con-
tant phase element with an impedance of ZQ = Q−1(iω)−n. The
quivalent circuit and the corresponding fit (solid line) are also
hown in Fig. 4. In an attempt to find structure–property relations
f the grain boundaries, the misorientation of neighboring grains
as determined from electron back-scattered diffraction patterns

EBSD) (software program TexSEM Lab., LEO 438VP SEM).
he resulting orientation imaging microscopy (OIM) map plots

he different orientations of the grains (see Fig. 3b).
Fig. 5a shows the distribution of all measured grain bound-

ry resistances in dependence of the misorientation between the
wo relevant grains. The following conclusions can be drawn
rom these measurements: (i) for none of the investigated mis-
rientations the grain boundary resistance was particularly low;
ence all grain boundaries exhibit a pronounced space charge
epletion layer. (Grain boundary resistances in acceptor-doped
nd in nominally undoped SrTiO3 are known to be caused
y space charge depletion layers at grain boundaries exhibit-
ng low hole and oxygen vacancy concentrations and thus high
esistivity.13,18,19) This is also true for �3 and �7 boundaries
ound in our sample. (ii) There is no clearly visible trend in
he distribution, i.e. there does not seem to be a simple rela-
ion between the grain boundary misorientation angle and the
rain boundary resistance. (iii) Even though the area of the grain
ig. 4. (a) Impedance spectrum measured between two microelectrodes on
eighboring SrTiO3 grains at 320 ◦C including fit (solid line) to the equivalent
ircuit shown above.
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Fig. 5. (a) Distribution of the grain boundary resistances plotted versus the mis-
orientation angle of the corresponding/neighboring grains. (b) Distribution of
the grain boundary relaxation time (calculated from Rgb and Cgb, see text) plot-
ted versus the corresponding misorientation angle. (c) Space charge potentials
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hardly possible. However, some information on the width of the
etermined from the relaxation times of grain boundary and bulk according to
q. (1).

o the variation of Rgb in Fig. 2a. Thus we conclude that grain
oundary resistivities in this sample are pretty constant even
hough a certain fraction of very resistive grain boundaries can-
ot be excluded. A possible reason for the similarity of the grain
oundary properties is the fact that the composition of the sam-

le determined by induction-coupled plasma analysis as well as
ith X-ray energy-dispersive spectroscopy was Sr1Ti1.05O3; the

xcess of Ti could lead to the formation of a Ti-rich amorphous

g
e
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econdary phase at the grain boundaries. It is also important to
ention that the crystallography of a grain boundary is only par-

ially specified by the misorientation of the neighboring grains.
he orientation of the grain boundary plane (grain boundary

nclination), which is not available from standard EBSD, is also
crucial parameter.

The grain boundary relaxation time can be calculated2

rom the fit data according to τgb = Rgb · Cgb with Cgb =
R1−n

gb Qgb)
1/n

. Fig. 5b displays the resulting narrow distribution
f the grain boundary relaxation times. The ratio of grain bound-
ry and bulk (τbulk) relaxation time is then used to determine
pace charge potentials �ϕ with respect to the bulk potential
ia2

τgb

τbulk
= exp (e�ϕ/kT )

2(e�ϕ/kT )
. (1)

Symbols e, k and T denote the elementary charge, Boltz-
ann constant and temperature, respectively. (Please note that

n Eq. (14) of Ref. 2 the ratio of relaxation frequencies should
e replaced by its inverse value.) The measured “bulk” con-
tant phase element Qbulk includes contributions from the stray
apacitance between the contact tips and the capacitive coupling
o surrounding conducting parts of the set-up.16 In order to get

proper bulk relaxation time the theoretical bulk capacitance
etween two microelectrodes Cbulk = ε0εrdme instead of Qbulk
as thus used with εr being approximately 23013 and ε0 denot-

ng the vacuum permittivity, respectively. It should also be noted
hat owing to unknown reasons the bulk resistances exhibit a sig-
ificant scatter in these local impedance measurements (standard
eviation of 0.44 on a logarithmic scale).

The resulting space charge potentials are shown in Fig. 5c and
gain support the conclusion that the electrical properties of the
rain boundaries in the undoped SrTiO3 ceramics are very simi-
ar; they exhibit a space charge potential of the order of 590 mV.
his value is within the range of space charge potentials obtained

rom measurements on Fe-doped SrTiO3 polycrystals and sev-
ral bicrystals13,22,20 (doping levels of the order of 1019 l/cm3).
n bicrystal experiments on some low angle grain boundaries
nd �3 boundaries of Fe-doped SrTiO3 very low and angle sen-
itive grain boundary resistances were obtained21,22 but those
eem to play no role in our polycrystalline material.

. Conclusions

Localized “single-grain boundary” impedance measurements
sing microelectrodes are a valuable but non-trivial tool for
aining additional information on electrical properties of poly-
rystalline ceramics. From an experimental point of view it
s important to contact microelectrodes by tips rather than by
arge contact pads on the surface. Finite element calculations
howed that a reconstruction of the true grain boundary resistiv-
ty distribution from the measured grain boundary resistances is
rain boundary resistivity distribution can be obtained from such
xperiments even though one should keep in mind that in case
f broad distributions the fraction of low resistive grain bound-
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ries is overestimated and highly resistive grain boundaries can
asily be overlooked. From experiments on nominally undoped
rTiO3 polycrystals a rather narrow grain boundary resistivity
istribution can be concluded with space charge potentials of
pproximately 590 mV compared to the bulk potential. Com-
arison with measurements of the misorientation angle between
rains does not reveal any simple structure–property relation in
his material.
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