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Technical note

Electrical characterization of ZnO multilayer varistors on the nanometre
scale with conductive atomic force microscopy

Martin Schloffer a,∗, Christian Teichert b, Peter Supancic a,c, Andrei Andreev b,
Yue Hou b, Zhonghua Wang a

a Institut für Struktur- und Funktionskeramik, University of Leoben, Franz-Josef-Str. 18, A-8700 Leoben, Austria
b Institut für Physik, University of Leoben, Franz-Josef-Str. 18, A-8700 Leoben, Austria

c Materials Center Leoben, Roseggerstrasse 12, A-8700 Leoben, Austria

Received 12 October 2009; received in revised form 1 December 2009; accepted 4 January 2010
Available online 27 January 2010

bstract

he conductivity of ZnO–varistor ceramics has been analyzed with conductive atomic force microscopy (C-AFM) under atmospheric conditions
y measuring the current at different voltages and positions in zinc oxide-based multilayer varistors (MLVs). It is possible to detect individual
nO grains on the polished sample surface in the AFM topography mode as well as in the two-dimensional current images. Additionally local

urrent–voltage (IV) curves revealed details of the electrical behaviour of the material. To correlate the laterally resolved current image with grain
rientations, electron backscattering diffraction (EBSD) has been performed. Beside the well-known varistor behaviour specific influence of the
ocal microstructure has been found.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Metal-oxide varistor ceramics based on ZnO with certain
dditives (e.g. bismuth and antimony oxide) exhibits excellent
on-linear current voltage characteristics. The grain boundaries
double Schottky barriers), acting with typical switching voltage
f 3–3.5 V,1 are responsible for that extraordinary macroscopic
aterials behaviour. These materials are widely used in commer-

ial components for overvoltage protection, where the switching
evel ranges from a few volts to MV. Especially in the low-
oltage range, the quality of individual grain boundaries is
rucial for the components’ behaviour, since most of the func-
ional barriers are connected in parallel. Therefore it is necessary
o understand the switching behaviour of single grain boundaries

nd the influence of the microstructure in detail.

Modern scanning probe microscopy based techniques (for
xample electrostatic or piezoresponse force microscopy) allow
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o study electric properties of ferroelectric and piezoelectric
aterials on the nanometre scale.2 With respect to local mea-

urements of conductive properties, points contacts3,4 as well as
canning surface potential microscopy5 have been applied.

Here, we use conductive atomic force microscopy (C-AFM)
perating in contact mode,6 to investigate the topography and
urrent response with respect to a given microstructure. In con-
rast to previous applications of the technique with emphasis
n grain boundaries,7 we focus on the local conductivity, which
esolves twin crystals also. The identical surface region has been
nspected subsequentially with electron backscattering diffrac-
ion (EBSD) to get information of individual crystal orientations.
his allows an interpretation of the obtained two-dimensional

2D) current images. Additionally local current–voltage (IV)
urves were recorded at points of special interest, like both parts
f twins.

. Experimental setup and samples
Commercial MLV-components (Bi2O3 doped ZnO with
g/Pd inner electrodes) were polished in a way to enable elec-

rical inspection close to an inner electrode layer (see Fig. 1).
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Fig. 2. Overview of a polished MLV-area of 50 �m × 12.5 �m. (a) Topographic
AFM image and (b) simultaneously recorded 2D current image at +10 V. The
SEM image of the etched surface (c) shows a slightly larger area to visualize the
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the well-known “ideal” varistor voltage of about 3.5 V. Such a
scatter of the IV characteristics of individual grain boundaries
has been reported in literature.11 Between the twin half’s Nr. 3
ig. 1. C-AFM setup for measurements of multilayer varistor samples; all inner
lectrodes were connected with the ground.

-AFM measurements were performed under ambient condi-
ions in contact mode with a Digital Instruments Nanoscope
IIa Multimode microscope using an AS-130(“J”) scanner with
25 �m × 125 �m maximum lateral scan size. The voltage
pplied to the samples was varied from 0 to +10 V. A home-made
mplifier8 allows measurements in the 200 pA range with a peak-
o-peak noise level of 30 fA.9 As probes, CDT-CONTR silicon
antilevers (NanosensorsTM) with p-doped diamond coating on
he tip were used. The typical macroscopic tip radius of curvature
s below 100 nm. However, the grains of the polycrystalline dia-

ond coating allow a resolution below 20 nm.10 The scan speed
or acceptable spatial resolution must stay below 15 �m/s for 512
ata points in one scan line. Electron backscattering diffraction
EBSD) and scanning electron microscopy (SEM) have been
erformed with a commercial unit (LEO 1525, ZEISS), the lat-
er after HF etching and sputtering the surface with gold on the
ame investigated areas.

. Results and discussion

Fig. 2 shows a typical region of a varistor sample recorded
y C-AFM in topography mode (a), in current mode at constant
oltage (b), and the corresponding SEM image (c) after etching.

The height differences in the topographic image reflect the
ear resistance (abrasion) against the polishing aids, which is

ignificantly influenced by the hardness but also by the crystal
rientation of the different microstructural phases. Additional
nformation on grain structure can be obtained by the current
mage (Fig. 2b). Spinel and Bi–O phase show no detectable
urrents (bright, see e.g. position 1). The ZnO grains exhibit
ifferent, but homogeneous current levels, which allow to dis-
inguish individual grains. As in the topographic image even
arts of twins can be discriminated (e.g. positions 3 and 4).

Quantitative information on the electrical characteristics is
btained by local IV curves. Conventionally, such curves are
easured by sweeping through a given voltage range at the

esired position.8 Since such a measurement is strongly influ-
nced by the local surface conditions it is not representative
or the whole grain. Therefore, we apply here the following,
ather time consuming procedure: a series of current images is

ecorded at various voltages (i.e. 0 to +10 V in steps of 1 V)
nd the current values are averaged at certain positions on an
rea of 1 �m × 1 �m. Reassembling this data leads to a dis-
rete IV curve which is representative for a given domain. The

F
c

istance to the adjacent Ag/Pd inner electrode (the framed region corresponds
xactly to the scanned areas in (a) and (b)). The spots for acquiring IV curves
re marked by numbered squares.

esults of four characteristic positions (numbered 1–4) are pre-
ented in Fig. 3. IV curves are only presented for positive sample
ias, since for the opposite voltage, after a few seconds of scan-
ing time, a material modification occurs resulting in loosing
iscrimination of the individual ZnO grains.

For the spinel (Nr. 1), no current was detectable in the entire
oltage range. At position 2 in the large (mono-domain) ZnO
rain, a typical non-linear IV curve has been measured. Between
rain Nr. 2 and the adjacent electrode is only one grain boundary
see Fig. 2c), but the corresponding switching voltage is below
ig. 3. I–V characteristics at the spots 1–4 marked in Fig. 2. The error bars
orrespond to the standard deviation of measured currents at individual pixels.
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ig. 4. (a) SEM image of the twin crystal under 50◦ (twin detail from Fig. 2)
oth twin crystals visible, A and B exhibit the same orientation in their half’s.

nd 4 and the electrode, there are two grain boundaries visible
n the polished surface (see Fig. 2c) resulting in a switching
oltage in the range between 6 and 7 V. Actually, the IV curves
re slightly different in a certain voltage range12 (i.e. around
9 V) for positions 3 and 4.

In Fig. 4a, an SEM image of the heavily HF-etched surface
f the grain containing positions 3 and 4 and its neighbours is
hown. The twin boundaries of the grains marked with A and B
an be recognized by a surface step.13 The corresponding EBSD-
lot with information on the crystal orientations of the originally
netched sample (Fig. 4b) reveals for both grains a homogeneous
rientation on the whole section. This can be attributed to the
ell-known degeneracy for 180◦ antiparallel crystal domains,
hich are of the dominate type in ZnO varistor ceramics.12 The
BSD analysis reveals that the polar axis of the twinned crystal

s 45◦ tilted with respect to the section plane, while the crystal
t position 2 is perpendicular. This might explain the scatter of
witching voltages of individual grains, which should be also
nfluenced by the relative orientation of adjacent grains. The
mall difference of the IV curves between positions 3 and 4
ight be attributed to the different work functions of the polished

urface plane in contact to the tip.

. Summary and conclusion

By a combination of C-AFM- and SEM/EBSD-techniques
t is possible to correlate IV characteristics of individual grains
nd grain boundaries in ZnO varistors to their crystallographic
rientation and their position with respect to the metal electrode.
or a given polished area, 2D C-AFM images allows to distin-
uish all different phases in the varistor microstructure: Spinel,
i2O3 phases, and the ZnO matrix. The IV curves recorded by
special sampling technique could be attributed to one and two

ctive grain boundaries. The deviations of the switching voltages
rom the ideal value of 3.5 V confirms the significant influence of
icrostructural grain orientations. The same is valid for twinned

rystals. The combination of complementary nanometre char-
eavy etching. (b) Crystal orientations determined with EBSD (tilted by 70◦).
umbers denote the spots for recording IV curves of the twin.

cterization techniques operating on the same sample location,
s developed here, will enable detailed studies of the barrier
arameters (e.g. height, charge densities, etc.) of grain boundary-
ontrolled ceramics in the future. In a next step it is planned to
arry out detailed studies going beyond this technical note, e.g.
he demonstrated sensibility to twin grains will be of special
mportance to quantify the influence of orientation differences
f adjacent grains.
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