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Preparation and characterization of layered low-voltage ZnO varistors∗
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Abstract: Double-layered, low-voltage ZnO varistors have been fabricated by feeding two kinds of ZnO powders
into a die using dry extrusion molding. Compared with ZnO varistors fabricated by the conventional route, the
layered ZnO varistors have larger non-linear coefficients, lower breakdown electric fields, and lower leakage current
densities. The improvement in electrical performance of the layered low-voltage ZnO varistors is attributed to the
asymmetric band structure at grain boundary between the two layers.
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1. Introduction

Zinc oxide (ZnO) varistors with non-linear current–
voltage (I−V) characteristics and energy-handling ability have
been widely used for protecting electronic devices against
voltage surges. With the development of microelectronics and
large-scale integrated circuits, low-voltage ZnO varistors are
now being used for surge protection in integrated circuits and
in automobiles. These varistors have thus become an important
topic in academic and industrial research[1−6].

The electrical characteristics of low-voltage ZnO varis-
tors are closely related to their composition and microstruc-
ture, specifically the ZnO grain size and the structure at the
grain boundaries[2, 5]. Optimizing the process, the composition
and thickness of conventional varistors were used as principal
approaches for making low-voltage ZnO varistors[7−9]. How-
ever, the strength and energy absorption capability of the ZnO
varistor decreases when its thickness is decreased[3]. There-
fore, it is necessary to find a new method to fabricate high
performance varistors without markedly reducing their thick-
ness.

In this publication a novel structure for a double-layered,
low-voltage ZnO varistor with improved electrical properties
is described and a theory based on the potential barrier at the
grain boundary between the layers is developed to explain the
experimental results. These layered, low-voltage ZnO varis-
tors were synthesized using two types of ZnO powders. One
type of ZnO powder contained metal oxides additives, while
the other type contained no dopants.

2. Experimental details

The compositions of two different types of ZnO mixed
powders, A and B, are listed in Table 1. The structure of a

double-layered, low-voltage ZnO varistor is shown in Fig. 1.
Layers A and B are synthesized using compositions A and
B, respectively. Composition A was prepared by ball milling
a mixture of oxides with ZnO powder according to the mix-
ing ratios given in Table 1. After being ball milled for 4 h by
the conventional oxide mixing route, composition A was fed
into a die together with composition B as shown in Fig. 1 and
molded once. The powder was first heated in air from room
temperature to 400 ◦C at a heating rate of 1 ◦C/min and kept
at this temperature for 1 h to remove organic contaminants.
Afterwards it was sintered at 1250 ◦C for 2.5 h in air, respec-
tively. Finally, the prepared samples were slowly cooled down
to room temperature.

The distribution of the elements in the samples were
analysed by electron probe microanalysis (EPMA). The mi-
crostructure of the sintered samples was examined by scan-
ning electron microscopy (SEM). The elements in the vari-
ous phases were identified by energy dispersive X-ray spec-
troscopy (EDS).

The I–V characteristics of the samples were measured
using a DC power supply, a micro amperometer and a volt-
meter. The varistor voltages corresponding to 1 mA and 0.1
mA were measured to determining the threshold voltages. The
leakage current IL was determined at 0.75 V1mA. In addition,
the non-linearity coefficient α was determined by

Fig. 1. Structure of a double-layered low-voltage ZnO varistor.
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Table 1. Composition of layers A and B.

Layer
Composition (mol%)

ZnO n-ZnO TiO2 La2O3 Cr2O3 Co2O3 MnO2 SiO2

A 82.5 15 0.5 0.5 0.5 0.5 0.25 0.25

B 100 – – – – – – –

Fig. 2. SEM micrographs of (a) layer A, (b) the interface between layers A and B, and (c) layer B. All images were taken on a ZnO varistor
sintered at 1250 ◦C.

Fig. 3. EDS spectra for positions 1, 2 and 3 in Fig. 2.

α =
lg I2 − lg I1

lg V2 − lg V1
,

where I2 = 1.0 mA, I1 = 0.1 mA, and V2 and V1 are the voltages
corresponding to I2 and I1, respectively.

3. Results and discussion

3.1. SEM and EPMA

The SEM images in Fig. 2 reveal the typical microstruc-
ture of the cross sections of the layered ZnO varistors sintered
at 1250 ◦C. Displayed are the microstructures of layers A and
B and their interface. From the SEM micrographs, it can be
seen that the ZnO grain size in layer A is larger than that in
layer B, which contains no additives. Similarly, at the inter-
face the grain size in layer A is larger than in layer B.

The results of an EDS spot analysis at the locations indi-
cated in Fig. 2 are presented in Fig. 3. From the EDS spectra
and SEM pictures it can be concluded that a second phases
containing increased amounts of La, Cr, Mn, and Co exists at
the ZnO grain boundaries. In addition, the data indicates that
Mn and Cr have diffused into the ZnO grains. In contrast, no
intergranular phase was found in layer B.

The element distribution at the interface between lay-
ers A and B as observed using secondary electron imaging
(EPMA-SEI) is shown in Fig. 4. The EPMA analysis revealed
that the composition of layer A includes La, Mn, Cr, Ti, Si, and
Co elements. No additives from layer A were found in layer B.

Fig. 4. EPMA-SEI images of layered low-voltage ZnO varistors sin-
tered at 1250 ◦C showing the distribution of different dopend cations.

3.2. I–V characteristics

We used the optimized compositions for layer A, in
which La is used as the key additive to obtain the non-linear
I–V characteristic and the other elements are used to improve
these non-linear characteristics[7]. Nano-ZnO plays a domi-
nant role in accelerating ZnO grain growth during sintering
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Table 2. Electrical properties of ZnO varistors.

Sample Threshold voltage (V/mm) Leakage current (µA) Nonlinear coefficient

A 14.5 13 21

B 0.002 30 –

Layered structure 10 9 23

Fig. 5. Band diagram at the interface grain boundary: (a) Before contact; (b) In equilibrium after contact.

and enhances the mass transformation of the liquid phase as
compared to the conventional route[10]. Furthermore, n-ZnO
improves the macroelectrical property owing to its surface
activity[10].

Table 2 compares the electrical properties of double-
layered ZnO varistors with the respective properties of varis-
tors based only on composition A or B. The samples based on
either composition A or B were prepared by the conventional
route. Double-layered samples were fabricated using compo-
sitions A and B according to the structure in Fig. 1. All the
ZnO samples were sintered at 1250 ◦C.

According to Table 2, the behavior of sample B obeys
Ohm’s Law. No non-linearity was observed. Sample B ex-
hibits the largest leakage current among the three sets of sam-
ples. Compared to sample B, sample A shows nonlinearity and
has a lower voltage. The double-layered varistors has the high-
est non-linearity coefficient, while the leakage current and the
voltage are lower as compared to sample A. Out of the ana-
lyzed set, the double-layered structure has the most advanta-
geous electrical properties for a varistors.

3.3. Schottky barrier for the grain boundary between lay-
ers A and B

Double Schottky barriers are generated when major-
ity carriers are trapped at interface states formed at grain
boundaries[2]. When the concentration of additives in layer A
is not equal to that in layer B, the difference in the Fermi lev-
els gives rise to an electrical potential barrier across the ZnO
grain boundaries at zero bias[11].

The position of the Fermi energy level within the
bandgap can be determined by the thermal equilibrium elec-
tron and hole concentrations[11].

Ec − EF = kT ln
Nc

Nd
,

where Ec is the energy at the conduction band edge, EF is the
Fermi energy, T is the absolute temperature, k is the Boltz-
mann constant, Nc is the effective density of states function of
the conduction band, and Nd is the donor concentration.

In layer B, being the layer without dopants, the electrical
properties of ZnO at room temperature is controlled by the in-
trinsic defects generated at high temperature[14]. The I–V char-
acteristics across the grain boundary shows Ohmic behavior
and no Schottky barriers are formed in ZnO bicrystals. Un-
doped ZnO exhibits n-type conductivity due to the lower for-
mation energy of zinc interstitials and oxygen vacancies[12−14].
In contrast, in layer A the donor concentration of ZnO is even
higher due to the doping by the additives. So, at the interface
between layer A and layer B, the donor concentration changes.
The value of the donor concentration is higher in layer A than
in layer B, resulting in a larger Fermi energy in layer A. The
difference in the Fermi levels gives rise to a variation of the
electrical potential barrier height across the grain boundary.
The band diagram of the grain boundary before contact is
shown in Fig. 5(a) where EFG and EFB are the EF − EV in the
grain and grain boundary, respectively. After contact, as shown
in Fig. 5(b), the potential barrier in equilibrium is higher on the
left (in layer A) than on the right side (in layer B). Since the
donor concentration in layer B is lower than in layer A, the de-
pletion region is broader on the right side. The current density
JS, which is related to the voltage barrier and to temperature,
follows the equation[15, 16]:

Js = A∗T 2 exp[(βE1/2 − ϕB)/kT ],

where A* is the Richardson constant, ϕB is the interface po-
tential barrier height, E is the electric field and β is a constant
related to the potential barrier width by the relation:

β ∝ 1/(r∗ω)
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where r* is the number of grains per unit length and ω is the
voltage barrier width.

Thus, if the temperature is constant, the current density
was decreased with the increase in voltage barrier and the de-
pletion width while the leakage current was generally shifted
to lower values.

4. Conclusion

In the present study, the microstructure and the I–V char-
acteristic of double-layered, low-voltage ZnO varistors were
investigated. This work has shown that the layered ZnO varis-
tor provides lower breakdown fields, lower leakage currents
and higher non-linearity coefficients compared to varistors
prepared by the conventional route. The improved current-
voltage properties are attributed to a difference in the Fermi
levels in the two layers which causes a variation in the elec-
trical potential barrier height across the interface. This result
suggests that the double-layered, low-voltage ZnO varistors
can improve the macro-electrical properties while maintaining
lower cost and a simple route.
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