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bstract

he well known metal-oxide varistors (MOVs) are polycrystalline electronic ceramic materials whose electrical behavior is dominated by their
rain boundaries. ZnO-based varistors are MOVs whose nonlinear properties are characterized by an electrical resistance that decreases as the
pplied voltage field increases. The objective of this work was to image the Schottky barriers in ZnO doped with 0.5 mol.% Cu and x wt.% G (G

◦
s a frit and x = 0, 1 and 5%). The frit is used to form a glassy insulating layer around grain boundaries. Samples were sintered at 850 C and the
icrostructures were analyzed by atomic force microscopy (Nanoscope IIIa, VEECO Instruments). Electric force microscopy (EFM) experiments
ere conducted to map the electric field distribution on the surface of CuO–ZnO-based varistors. The formation of Schottky barriers was observed

nd their width measured.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Ceramic materials with electrical and electronic prop-
rties have been investigated extensively in response to
he increasing demand for these materials by the elec-
ronic and microelectronic industries.1–4 The applications and
se of several technologically important ceramic materials,
uch as varistors,1–5 thermistors (PTCR),4,5 capacitors,4,5 gas
ensors4–6 and catalysts,7–9 are controlled by phenomena asso-
iated with grain boundaries. These materials are used in
emperature control, surge protection, humidity sensors, and gas
ensing devices.3,10

Varistors or surge suppressors are electrical devices that have
nonlinear current–voltage relation which is used to limit volt-
ge transients in line transmission and electronic circuits.4,7,11,12

hese devices, which have microstructures with n-type semi-
onductor grains and insulating grain boundaries, use materials
uch as ZnO,7,13 SrTiO3,14 TiO2,15 WO3

16 and SnO2.17 Varis-
or technology has improved considerably in the last three

ecades through advanced processing techniques and high qual-
ty materials.18
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Because they are polycrystalline materials, varistors have a
igh concentration of surface and structural electronic defects.
he type and amount of defects are related to the various
rocessing steps they undergo during the fabrication process.
hese systems have conductive grains connected by an insulat-

ng interface that controls their nonlinear behavior. The stability
f such devices derives from the stability of grain boundaries,
hich are affected by the selection and uniform distribution
f dopants along grain boundaries and by the chemistry of
he grain boundaries.19 The uniform distribution of dopants at
rain boundaries leads to a high number of active barriers and
nhanced properties.4,18,20,21

ZnO ceramic varistors have a complex microstructure, which
akes their processing and the control of their electrical charac-

eristics difficult, such as high nonlinear behavior, fast response
o voltage transients, protection level close to operating volt-
ges, high energy absorption, low loss currents and low residual
oltages, used in the protection of electrical circuits, electronic
quipment and high voltage systems.22,23 The characteristics
hat allow for their applications are the potential barriers that
orm at their grain boundaries, which result in the nonlinear
ehavior of current–voltage curves.
In this investigation, electrical force microscopy (EFM) was
mployed to analyze the potential barrier in local potential
easurements of varistors of ZnO–CuO–frit through surface

maging. The investigation and mapping of the distribution of

mailto:gheno@dema.ufscar.br
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progressive increase in the frit (ZnO–CuO–G5) concentration
modified the sample’s resistivity and the varistor effect.

Figs. 4–6 show the combined AFM and EFM results.
Figs. 4(a), 5(a), and 6(a) give topographic information, show-
50 S.M. Gheno et al. / Journal of the Eur

otential barriers across the ZnO–CuO–frit surface was carried
ut using atomic force microscopy (AFM)/EFM, varying the
pplied potential on the sample surface. Images of potential bar-
iers were obtained through changes in tip frequency associated
ith changes in grain boundary regions.

. Experimental

The powders of ZnO varistors and sintered samples were
repared by the lyophilization process, as described by Bellini
t al.24 Pellets were produced by pressing the powders at 75 MPa
n a uniaxial press without pressing additives and sintering in air
t 850 ◦C for 1 h. Pellet (a), with a 5 mm diameter and 3 mm
hickness, was used for AFM/EFM characterization, and pellet
b), with the same diameter but with a thickness of 1 mm, was
sed for the analysis of electrical properties.

For purposes of identification, the samples were given
he following specific names—ZnO–CuO: ZnO + 0.5 wt.%
u; ZnO–CuO–G1: ZnO + 0.5 wt.% Cu + 1 wt.% frit; and
nO–CuO–G5: ZnO + 0.5 wt.% Cu + 5 wt.% frit. The frit was
repared as follows: a batch of precursor oxides and isopropyl
lcohol was mixed in a ball mill mixer with zirconia mix-
ng media for 4 h. The oxide powders were batched in the
ollowing proportions: 26 wt.% SiO2 + 62 wt.% PbO + 7 wt.%
2O3 + 5 wt.% ZnO. The powder mixture was dried at 110 ◦C

or 24 h and disaggregated prior to melting at 900 ◦C in a con-
entional furnace and fritting in distilled water.

The ZnO, ZnO + 0.5 mol.% Cu powders and the crystalline
hases of sintered samples of ZnO + 0.5 mol.% Cu + x mol%

(x = 0, 1, and 5) samples were analyzed by X-ray diffrac-
ion (XRD) using a Siemens diffractometer (D 5005) with Cu-�
adiation, 50 kV voltage, and 100 mA current.

The durability of varistors is related directly to the ion polar-
zation state at the grain boundaries, creating the potential
arrier. This polarization state is related to ion diffusion. The
otential barrier was analyzed using an atomic force microscope
Nanoscope IIIA, Digital Instruments) operating in the electric
orce microscopy (EFM) mode and equipped with an electronic
xtender module (Veeco Instruments, Santa Barbara, CA). Topo-
raphical measurements and electrical data were obtained by
he two-pass technique (Lift Mode). In this configuration, dur-
ng the first pass, the probe operates in Tapping Mode to scan
topographical line. In the second scan, the cantilever is lifted

o a predefined distance (75 nm) in order to minimize the effect
f the van der Waals forces, during which it detects the varia-
ions in the electrical force gradient over the same line and the
nfluence of surface topography is ruled out.25–28 An NSC15
ip (MikroMasch) was used in all the experiments. Electrostatic
orce gradient images were obtained by monitoring the shifts in
hase and frequency. The images of surface potential and barrier
ayer were obtained by applying 4 and 8 V in situ to the sample.
maging was carried out at room temperature.
. Results and discussion

Fig. 1 shows the powder XRD spectra of crushed pellets
btained from samples of ZnO (Fig. 1(a)) and ZnO + 0.5 mol.%

F
Z

ig. 1. Powder XRD obtained from samples of ZnO (a) and ZnO + 0.5 mol.%
u (b).

u (Fig. 1(b)) sintered in air at 850 ◦C for 1 h. Fig. 2 depicts
he XRD spectra of ZnO–CuO (a), ZnO–CuO–G1 (b), and
nO–CuO–G5 (c) pellets sintered in air at 850 ◦C for 1 h. A
omparison with the powder diffraction files (PDF) of the Joint
ommittee on Powder Diffraction Standards (JCPDS) revealed
nly the ZnO phase. No Cu peak is visible in either Fig. 1 or
ig. 2 due to the low Cu content. The XRD peaks (2θ = 26.7◦ and
4◦) showed a new phase, Zn2SiO4, resulting from the reaction
f the vitreous phase at high temperature with the zinc grains in
oth ZnO–CuO–G1 and ZnO–CuO–G5. However, the amount
f Zn2SiO4 phase did not suffice to modify the properties of the
nO–CuO–Gx varistor system. The decrease in peak intensity
ith increasing frit content shown in Fig. 2 was attributed to the

diluting effect’ of the amorphous phase that was introduced.
Fig. 3 J–E presents the curves of ZnO–CuO, ZnO–CuO–G1,

nd ZnO–CuO–G5 samples sintered in air at 850 ◦C for 1 h. The
ig. 2. XRD obtained from samples: ZnO–CuO (a), ZnO–CuO–G1 (b), and
nO–CuO–G5 (c).
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Fig. 4. Analysis of ZnO–CuO sample. Topography (7.5 �m ×
ig. 3. The current density versus electric field (J–E) curves of samples:
nO–CuO (a), ZnO–CuO–G1 (b), and ZnO–CuO–G5 (c).

ng pores (black regions). It was also observed that the grain
eometry and diameter differ considerably (1–3 �m). The grain
ize can be controlled by sintering temperature and time and
lso by different additives, as reported by Bellini et al.24,29–31

hese images indicate that densification was not complete due
o the presence of pores (Fig. 4a). Moreover, it was found that
here was a reduction in grain size only after the addition of
he frit, but the increase in frit content did not change the grain
ize. The porosity and nonuniformity of grain size distribution
an increase the leakage current, favoring electrical degrada-
ion. In varistors, the leakage current decreases as the grain size
ecreases, although doped ZnO varistors of small size have a
arge leakage current.24,29–31

The EFM images of the ZnO–CuO, ZnO–CuO–G1, and ZnO–
uO–G5 varistors depicted in Figs. 4(b, c), 5(b, c), and 6(b, c),

espectively, were obtained with a dc bias voltage ranging from
and 8 V. These images indicate that increasing the bias tip

oltage causes the concentration of negative charges stored in
he grain boundary region to increase. The charge accumulation
bserved in the grain boundary region indicates the presence of
ctive potential barriers. The grain boundary is visible at 4 V, as
ndicated by the topographic image. The dark regions, which
ere attributed to semiconducting material, indicate that the
rains are conductive. The bright regions, especially at the grain
oundaries, were ascribed to the electrostatic charge produced
y the potential barrier.

The results presented in the EFM images show that increas-
ng the applied voltage increases the concentration of negative
oads at the grain boundary, indicating the presence of effec-
ive (or attractive) potential barriers. The EFM images record
he potential barriers found at the grain boundaries. The elec-
rical current in varistors follows the path of least resistance, or
he routes with fewer borders (or larger grains) and those with
maller grain boundary barriers. Uniform grain sizes allow more

lectric current to pass through many parallel paths. The effects
f porosity and nonuniform grain distribution should therefore
e avoided.

7.5 �m × 0.45 �m) (a); profiles EFM with application of external voltage
(7.5 �m × 7.5 �m): 4 V (b), 8 V (c).
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Fig. 5. Analysis of ZnO–CuO–G1 sample. Topography (7.5 �m
× 7.5 �m × 0.45 �m) (a); profiles EFM with application of external
voltage (7.5 �m × 7.5 �m): 4 V (b), 8 V (c).

Fig. 6. Analysis of ZnO–CuO–G5 sample. Topography (7.5 �m
× 7.5 �m × 0.45 �m) (a); profiles EFM with application of external
voltage (7.5 �m × 7.5 �m): 4 V (b), 8 V (c).
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ig. 7. Dimension of potential barrier of ZnO–CuO–G1 (a), and ZnO–CuO–G5

b): 4 V (�) and 8 V (©).

The surface potential clearly identifies a grain boundary, as
hown in Fig. 7. Potential profiles were extracted from various
ositions along the grain boundaries in all the samples. Based
n these profiles, the dimensions of the potential barriers at the
rain boundaries were determined at 120 nm for ZnO–CuO–G1
Fig. 7(a)) and at 140 nm for ZnO–CuO–G5 (Fig. 7(b)). These
esults indicate that increasing the frit content to 5% caused
he width of the potential barrier to increase. The width of the
esistive layer, which is a function of the material’s chemistry
nd processing, is not expected to be very sensitive to the applied
oltage, as indicated in Fig. 7(a and b). One possible explanation
or this behavior is that the contribution of the applied voltage to
he conductivity of the glassy phase increases as the amount of
his voltage increases. The potential barrier increases in width for
he same reason, while the conductivity at the breakdown voltage
ecreases due to the substantial contribution of the glassy phase
o the material’s conductivity.

Grain boundaries have been found to give rise to nonlinear
urrent/voltage characteristics by forming barriers against elec-
rical conduction. In polycrystalline materials in general, most

rain boundaries grow randomly and are low-symmetry, high-
ngle grain boundaries. The basic concept underlying varistor
ction is that the current/voltage characteristics are controlled by
he existence of electrostatic barriers at the interfaces between
Ceramic Society 30 (2010) 549–554 553

rains. The origin of these barriers is an interface charge stem-
ing from lattice mismatch, defects and dopants at the grain

oundary. The interface charge changes the Fermi level in the
icinity of the grain boundary, resulting in band bending. The
lectronic charges stored at an interface represent a repulsive
otential for the majority of carriers – the electrons in the case
f an n-doped semiconductor – across the interface.

Potential barrier height and width are both associated with
n increase in the number of electrons and holes in the grain
nd grain boundary regions. The amount of trapped electrons
n the grain boundary regions, resulting from the segregation
f dopants next to the grain boundaries, as well as the creation
f positive defects in the depletion layer (VO••) and negative
efects at the interfaces (metallic vacancies), are also related to
he potential barrier characteristics. Thus, increases in potential
arrier can be associated with increased effective grain boundary
tates.

. Conclusions

The use of atomic force microscopy operating in the elec-
ric force microscopy mode is a powerful tool for analyzing
henomena associated with grain boundary regions in varistors.
he potential barriers formed at grain boundaries due to the seg-

egation of dopants in these regions, as reported in the literature,
ere successfully imaged in situ. The potential profiles indicated

hat the increase of frit content to 5% was responsible for the
ncrease in the potential barrier width from 120 nm to 140 nm.
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