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Abstract

Doped nanocrystalline ZnO powders in the size range between 15 and 250 nm were synthesized by chemical combustion method. The powders
were characterized for their physical, structural and chemical properties by BET, X-ray diffraction, FESEM, TEM and XPS. These powders were
consolidated into dense varistors discs by compaction, sintering and evaluated for their /-V characteristics. Post-calcinations of these powders were
found to have great influence on the green density and sinterability. The formations of phases after sintering were confirmed by XRD analysis and
EDX. The varistor properties have been studied for different calcination temperatures and compositions. Breakdown voltage as high as 9.5kV/cm
and coefficient of nonlinearity 134 were obtained. Leakage current density was found to be ~1.29 pA/cm? for a specific composition and condition.
These studies demonstrate the feasibility of one step synthesis of doped ZnO nanopowder and their consolidation into ZnO fine grain varistor

exhibiting improved performance.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

ZnO varistors are polycrystalline electronic devices whose
primary function is to sense and limit transient voltage surges.
They have become technologically important devices because
of the high nonlinear electrical characteristics with large energy
handling capabilities.'> Although, other varistors based on
Sn0,.,* TiO,,> SrTi03° and W05 etc. are being explored to
replace ZnO based varistors, ZnO varistors are the most widely
used in several applications from small current electronic cir-
cuits to large current transmission lines because of their high
non-ohmic behavior in voltage—current characteristics.

The conventional method of making of ZnO varistors
involves mixing of ZnO powder with various additives like bis-
muth oxide, antimony oxide and several transition metal (Co,
Mn, Cr, Ni etc.) oxides into a homogeneous mass and press-
ing followed by liquid phase sintering at 1200-1300 °C. The
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average grain size of commercial ZnO varistors is in the range
of 10-25 wm. Breakdown voltage and coefficient of nonlinearity
of these varistors are 2-3 kV/cm and 30-50, respectively.' = It is
known that the performance of ZnO varistors can be improved
by reducing the grain size, which allows the increased grain
boundary per unit volume and improves the breakdown voltage.
Another important factor to achieve high performance varistor
is to have the dopants distribution homogeneously through-
out the grain boundary.® The only way to achieve these high
performance varistors is to start with fine powders such as
nanopowders as the starting materials so that fine grains and
homogeneous dopants distribution are retained even after sin-
tering. High energy milling, the technique previously used
for making fine ZnO and dopants powders is cost intensive.
Ever since nanotechnology has become popular, there have
been many techniques developed to make nanocrystalline ZnO
powders, which include sol-gel,'” co-precipitation,!! inten-
sive mechanical milling,lz*13 microemulsion,14 metallorganic
method,!> spray pyrolysis,'® solution coating!”"' and com-
bustion synthesis.?2! Among these, the combustion synthesis
appears to be the foremost choice when it comes to the large scale
economical production of nanopowders.?? Sousa et al.2? studied
the synthesis of pure and doped ZnO nanopowders by combus-
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Theoretical density (TD) of individual and mixture, and wt% of oxides starting raw materials consider for this study.

Materials and their T.D. ZnO (5.60) Bi; 03 (8.9) Sb,03 (5.58) Co304 (6.11) Cr,03 (5.21) MnO; (5.10) Density of the mixture
(g/cm3)

88 wt% ZnO 88 5 3.5 1.5 1 1 5.76

18 wt% ZnO 82 7.25 5.25 2.5 1.5 1.5 5.83

76 wt% ZnO 76 10 7 5.92

T.D.: Theoretical Density.

tion method using urea as a fuel and reported achievement of
good control over the compositions. However, they did not study
the electrical properties. Hwang et al.>! used the combustion
synthesis method to produce ZnO nanopowder using glycerin
as the fuel and studied their properties for varistor applications.
They have reported a breakdown voltage 2.05kV/cm, coeffi-
cient of nonlinearity of 42 and a leakage current of 1.15 pA.
Varistors made from the above mentioned ZnO nanopowders
have not exhibited significant superiority in breakdown volt-
age, coefficient of nonlinearity and leakage current compared to
commercial varistors. Therefore, it is essential and immediate
necessity to make superior varistors compared to conventional
varistors by using cost effective methods.

In the present investigation, a single step chemical com-
bustion synthesis process has been used to make doped
nanocrystalline ZnO nanopowder for varistor applications using
sucrose as a fuel. The process is simple, suitable for industrial
scale production and involves short processing time. The doped
nanocrystalline ZnO powders were compacted, sintered into
dense discs and evaluated for various electrical properties like
breakdown voltage, coefficient of nonlinearity and leakage cur-
rent density. Effect of calcination temperatures and composition
of the powders on electrical properties have been discussed.

2. Experimental

2.1. Doped nanocrystalline ZnO powder preparation and
fabrication of varistors

Zn(NOs3),-6H,0O (LR, Loba), Co(NO3),-6H,O(LR, Loba),
Cr(NO3)3-9H,O (LR, Loba) and Mn(NO3);-6H,O (LR,
Aldrich) were dissolved in D.M. water. The mixture of precursor

Temp in t

was heated to 50-80 °C to make a transparent solution (Solu-
tion 1). Other two solutions were made by dissolving SbyO3
(LR, Qualigens) in citric acid (LR, SD fine) (solution 2) and Bi
(NO3)3-5H;0 [Loba, LR] in diluted nitric acid [AR, Renkem]
(solution 3), respectively. These two solutions were mixed with
solution 1. Sucrose (AR, Renkem) was added as a fuel to the final
solution. The resulting final solution was heated to 150-250°C
and stirred till the solution dried up. Doped nanocrystalline ZnO
powders of different compositions (88, 82 and 76 wt% of ZnO)
were prepared. Table 1 shows the percentages of various phases
of the constituents’ present and their respective densities used
for this study. The chemical precursor to fuels ratio have been
calculated as reported elsewhere.?!

The as synthesized powders were calcined at 550 (550-1 h),
700 (700-1 h) and 750 °C (750-1 h) for 1 h and used for compar-
ative studies. Green compact discs were made after mixing the
powder with 1.5 wt% PVA by pot milling. The powders were
compacted into discs in a 20 mm diameter steel die at 160 MPa
pressure by 40 tons hydraulic press. The compacted discs were
sintered by a two step sintering method as shown in Fig. 1. Four
sintering cycles were used in 100 °C intervals, keeping the heat-
ing rate and cooling rates at 2 °C/min and constant holding time
to study the densification and grain growth of doped nanocrys-
talline ZnO powders. Silver paste was applied to both faces of
the sintered discs as contact and heat treated at 600 °C for 1 h.
The circumference of the sintered disc was covered by insulating
materials as reported elsewhere.?

2.2. Characterization

The formation of phases of the doped nanocrystalline ZnO
powders was characterized by XRD (Bruker D8 advance sys-

Time in min

Fig. 1. Schematic diagram of two step sintering cycles followed for the study.
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tem) using Cu K, radiation. The mean grain size (d) of doped
nanocrystalline ZnO powders was calculated by using Scherrer
formula

0.91
d= B cosf (1)

where A is X-ray wavelength, 0 is Bragg angle and B is line
broadening, respectively. The line broadening B was measured
for the peak (1 0 1) at full width at half maximum (FWHM). The
BET surface areas of the powders were measured using a surface
area and porosity analyzer (Micromeritics ASAP 2020). Particle
sizes were calculated by using formula d = 6/(s p), where d is the
particle diameter, ‘s’ is the surface area and ‘p’ is the theoreti-
cal density of the material, respectively. The mean particle size
and size distribution of the powders were measured from field
emission scanning electron microscopy (FESEM S-4300-SE/N,
Hitchi, Japan) and TEM (TECNAI-200 KV, FEI Netherlands)
micrographs. The surface characteristics of the doped nanocrys-
talline ZnO powders were investigated using XPS (Omicron
Nanotechnology, UK).

The densities of the green compacts were measured from
weight and dimensions method. Densities of sintered discs
were measured by Archimedes (Mettler balance & attachment,
AG245, Mettler Toledo, Switzerland) method. Polished and ther-
mally etched (900 °C for 15 min) microstructures of the sintered
discs were analyzed by FESEM. Compositional elemental anal-
ysis of constituent phases present in the microstructure (fracture
surface) of sintered discs were carried out by EDS attached to
FESEM (EDAX, USA). The average grain size of the ZnO was
quantified using image analyzer (Image proplus) by intercept
method.

The electrical (I-V) properties of the varistors were measured
by DC high voltage tester (Rectifier Electronics, Delhi, India).
The coefficient of nonlinearity («) was defined as follows

_ log Jo —logJ @)

o =

log E; — log E4
E>>FE;, where E; is the voltage at current density Ji
0.1 mA/cmz) and E» is voltage at current density J> (1 mA/cmz),
respectively. Breakdown voltage (Ep) was calculated at a current
density of 1 mA/cm?. Leakage current density was calculated at
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Fig.2. XRD patterns of doped nanocrystalline ZnO powders of samples 550-1 h,
7001 h and 750-1 h.

75% of the breakdown voltage. The average breakdown voltage
per barrier (V,) is calculated by using the relation V, = Ep/d,
where E}, is breakdown voltage and d is average grain size of
ZnO.

3. Results and discussion
3.1. Doped nanocrystalline ZnO powders

As synthesized ZnO powders were brownish in color. Calci-
nation changed the color of the powders to greenish. Fig. 2 shows
the multi-plot XRD patterns of samples 550-1 h, 700-1 h and
750-1 h, respectively. In case of the sample 550-1 h, only pure
zincite phase was observed, probably dopants are in amorphous
phase and less in amount to detect the X-Ray. However, in case
of samples 700-1 h and 750-1 h, extra peaks corresponding to
the bismuth oxide and BipSb3Zn;014 (pyrochlore) phases were
also observed in addition to zincite phase. However, ZnO-Bi; O3
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Fig. 3. (a) FESEM image of doped nanocrystalline ZnO powders of sample 550-1 h and (b) their particles size distribution.
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Fig. 4. FESEM image of doped nanocrystalline ZnO powders and dopants
precipitates of sample 750-1 h.

forms eutectic at 735 °C and though, ZnO-Sb,O3 eutectic tem-
perature is not known, SboO melts at 655 °C.3 We observed
pyrochlore phase formation at 700 °C, generally pyrochlore
phase formation is expected at above 700 °C. Eutectic tempera-
ture dipping may be due to finer particle size of ZnO and dopants.
We observed same kind of phase formation below eutectic tem-
perature in our previous work on doped nanocrystalline ZnO
powder synthesis by spray pyrolysis method.!? Fig. 3a and b
shows the FESEM image of sample 550-1 h and corresponding
particle size distribution, respectively. The mean particle size
was 26 nm and the size distribution was found to be uniform.
BET surface area of 46 m?/g (particle size 22nm) and a crys-
tallite size of 18 nm (measured by XRD) were obtained. Fig. 4
shows the FESEM image of sample 750-1 h. In this case, sub-
stantial amount of sintering and growth of doped ZnO particles
were observed. The average particle size was 250 nm (FESEM)
and the BET surface area was 10 m?/g. Fig. Sa—c exhibits the
bright filed TEM micrographs of doped ZnO nanopowder of
samples 550-1 h, 700-1 h and 750-1 h, respectively. From bright
field TEM images, we can see clearly that, in case samples
550-1h (25nm) and 700-1 h (60nm) for the doped nanocrys-
talline ZnO powders, there were no secondary phases presents
at all. However, in case of sample 750-1 h the doped ZnO were
observed which were made from clusters of several smaller ZnO
grains sintered together. In addition, fine dopants precipitates of
less than 5-10 nm were present throughout the surface of the
doped nanocrystalline ZnO powder. It is interesting to note that
in case of sample 700-1 h on the doped nanocrystalline ZnO
powder second phases precipitates were not observed in TEM
micrograph. However, XRD pattern of same sample 700-1 h
shows the bismuth and pyrochlore phases. Probably monolay-
ers of secondary phases and dopants are present on the surface
of doped nanocrystalline ZnO powders but could not be seen
in TEM. This lead us to study the surface chemistry of doped
nanocrystalline ZnO powder calcined at different temperatures
by using XPS.

Fig. 6a shows XPS comparative spectra of doped nanocrys-
talline ZnO powders of samples 550-1 hand 750-1 h. The surface
chemistry of the powder sample revealed the presence of ZnO,
Biy 03, Sby03 and Cr,O3. However, no traces of Mn and Co
oxide or metal ions were observed. The Zn?* ions may have

20nm

)

Fig. 5. Bright field TEM images of doped nanocrystalline ZnO powders of
samples 550-1 h, 700-1 h and 750-1 h (precipitates on the ZnO grains).



K. Hembram et al. / Journal of the European Ceramic Society 31 (2011) 1905-1913

1909

a

01812

In2rP§2

In2P12

750°C celcined powder

Cr2P

550°C calcined powder a
1 1 1 1 1
0 200 400 600 800 1000 1200
Binding energy, ev
b 210° . C
% 2
0 JN'\* A
I 3
N
7 Ay 24 ‘x
15 "l W [
AN F
¥y |
: {\ [
10 4 i
/ \ 1 18] ; 'I\
16 { Y
s "I{ I \ J] L%
,l" iy 14 j‘ \ “q;c
b33z ) \ \ ™ X\
v / 12 B Qe \
LN S\ L Son, S S
ol AP B _‘T,»,;- e, 104 R S Hln,._/ par Ayl
si6 sm | sw s sm s w4 sk s sE sk 524 L A e A A S N P
Binding Energy (V) Binding Energy (eV)

Fig. 6. (a) XPS spectra comparison of doped nanocrystalline ZnO powder of samples 550-1 h and 750-1 h, (b) and (c) close view of antimony oxide.

been replaced by Mn?* and Co?" ions in the lattice of ZnO
grain. In case of sample 750-1 h, the spectra of oxides of Zn, Bi
and Sb shifted towards the higher binding energy compared to
those of the sample 550-1 h. Fig. 6b and ¢ shows the XPS spec-
tra of samples 550-1 h and 750-1 h, respectively. A shift in the
binding energy to a higher value may be due to more oxidation
on the powder surface and pyrochlore phase formation can be
clearly seen. However, no change was observed in Cr,O3 XPS
spectra of doped nanocrystalline ZnO powders of both samples
550-1 h and 750-1 h. It may be due to fact that Cr,O3 is com-
pletely oxidized even at lower temperature and also directly not
taking part in pyrochlore phase formation during the process.

3.2. Compaction and Sintering

The doped nanocrystalline ZnO powders of samples 550-1 h
and 750-1 h were compacted by uni-axial compaction, result-
ing in 35-45% and 60-65% of theoretical density, respectively.
Most of the green discs made from sample 550-1 h were lami-
nated during ejection, however, these problems were completely
absent in the sample 750-1 h. Lamination in the green discs
in case of the sample 550-1 h resulted in poor green strength
and density. Since the size of the doped nanocrystalline ZnO
powder was very small (26 nm) with a very high surface area
(46 m?/g), the friction between nanoparticles is expected to be
very high. Additionally, other forces due to electrostatic, van
der Walls interaction and surface absorption also become much

more significant as particle size decrease to nanolevel.>* During
compaction, these forces significantly influence the densifica-
tion particularly at lower pressure. In case of the sample 750-1 h
the particle size increased and the surface area decreased sig-
nificantly resulting in better compactability. It is well known
that ~60% of green density of the theoretical value is desirable
to obtain the best sintered density. During ZnO-Bi;O3 liquid
phase sintering rapid elimination of the porosity is achieved and
number of contact points of the ZnO grains increased.”

Fig. 7 shows the XRD spectra of 82 wt% ZnO sintered sample
(sintering by cycle 2). The 3-Bi; O3, Bi» Sb3Zn> 014 (Pyrochlore)
and 3-Zn;Sby017 (spinel) phases were observed. Pyrochlore
formation takes place by decomposition of ZnO, Sb,O3; and
Bi, O3 at temperatures in the range of 700-900 °C, while, Spinel
and bismuth oxide formation take place by decomposition of
zinc oxide and pyrochlore at temperatures in the range of
900-1050 °C by reactions>®

—>

3 3 3
27Zn0 + =Sbr03 + =Biy03 + =0»
2 2 700—900°

ZnBizSb30
> Am2b13503014

(©))

27ZnyBi3Sb3014 + 17Zn0  —  3Zn7SbrO12 + 3Bir 03
900—1050°C
(€]



1910
© Zn0_(Zincite, syn) [
= xp E{'ZTE;': 2 712 (Bismite, syn)
= Ys BiZO
3 > BiZsB,zn, 0,
2
a
t=4
2
=

10 20 30 40 S50 60 70 80 90 100

Fig. 7. XRD pattern of 82 wt% ZnO varistor sintered by sintering cycle 2.

Bi»03 helps in densification and for wetting of ZnO grains.
Bi,Sb3Zny014 (Pyrochlore) and B-Zn7SbyO17 (spinel) phases
are useful for restricting the ZnO grain to grow. Generally,
Zn7Sby01; are present in triple junction as well as inside the
ZnO grains in the form of inverse grain boundary.?’ As the
number of grains increases per unit thickness, the varistor break-
down voltage increases. However, direct relationship with other
electrical properties has not been well understood so far.

Fig. 8 shows the fracture surface FESEM image and EDX
spectra of (a) bismuth rich phase (brighter area), (b) triple junc-
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tion (small precipitates) and (c) ZnO grain of 82wt% ZnO
varistor pellet, respectively. At the brighter area the EDX spectra
intensity of the Bi was almost equal to the Zn which is the matrix.
Other dopants like Sb, Mn, Co and Cr were also observed. There-
fore, from the above observation it can be concluded that brighter
area of the microstructure might be bismuth oxide rich phase.
In the triple junction (small precipitates), the EDX spectra show
the presence of Zn, Sb and Bi. It suggested that, the small pre-
cipitates are only spinel and pyrochlore phases. In big grains, the
EDX spectra have shown the presence of Zn and O indicating
that the big grains are composed of ZnO alone.

Fig. 9 shows the FESEM images of polished and thermally
etched sintered varistors discs (sample 750-1 h) of different com-
positions with (a) 88, (b) 82 and (c) 76 wt% of ZnO, respectively.
The microstructures basically contained homogenous mixture of
ZnO and second phases. Table 3 shows the ZnO average grain
size in the varistor discs of different dopant concentrations. For
the sample with less dopant (Bi»O3) concentrations, ZnO grain
size is smaller than that of higher dopant concentrations. This is
because, Bi»O3 forms liquid phase during sintering and hence
encourages ZnO grains to grow.>

The densification and grain growth were studied for the
82 wt% ZnO (sample 750-1h) by sintering in different ther-
mal cycles as shown in Fig. 1. The density of sintered discs
was increased with increase in sintering temperature to 1025 °C;
beyond that decreased due to material loss of Bi;O3 by evapora-
tion. It was observed that the grain growth has linear relationship
with sintering temperatures. The density of the sintered discs of

(a)

0.4 4

0.0 = T T T T T
2,00 4.00 6.00 8.00 1000 12,00 1400 1600 18.00 20
Energy - keV

N (c)

5.5 -

4.2 -

KCnt|

28 -

In

14
o
b l In
I i

0.0 T T % T T T T T T 1
2.00 4.00 6.00 8.00 1000 1200 1400 1600  18.00 20
Energy - keV

Fig. 8. FESEM image and EDX spectra of 82 wt% ZnO varistor discs conforming (a) bismuth rich phase, (b) pyrochlore and spinel phases and (c) ZnO matrix phase.
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Table 2

Doped ZnO nanopowders and varistor discs characteristics of samples 550-1 h and 750-1 h (88 wt% ZnO) sintered by cycle 2.

Sample ID Surface area Average particle size G* S* Average grain size Ey I Vg‘*' V) o
(m%/g) (nm) (gem®)  (gem®)  (um) (kV/em)  (nAfem?)

550°C-1h 46 26 241 5.49 2.5 9.40 4.98 2.35 134

750°C-1h 10 250 3.63 5.61 2.8 8.87 1.67 2.48 112

G*: green density, $**: sintered density, I7** : leakage current density, VgJr : voltage per barrier, Ep,: breakdown voltage, and a: coefficient of nonlinearity.

the sample 550-1 h was lesser than that of the sample 750-1 h.
This was expected since the green density of discs of the sample
550-1 h was significantly lower. However, no significant differ-
ence was observed in the average grain size of ZnO for both
the samples sintered under ideal conditions. This may be due to
the fact that the grain growth kinetics of smaller grain is faster
compared to that of the larger grain and finally ending up with
almost the same grain size. It is interesting to note that the sin-

Fig. 9. FESEM images of polished and thermally etched (a) 88 wt% ZnO, (b)
82 wt% ZnO and (c) 76 wt% ZnO varistor discs sintered by cycle 2.

tered density of the varistor discs increased with increase in the
dopants content in spite of the green density follow opposite
trend.

3.3. I-V characteristics of varistors discs

Fig. 10 shows the comparison of /-V characteristics of varis-
tors made from doped nanocrystalline ZnO of samples 550-1 h
and 750-1 h (88 wt% ZnQ) and Table 2 summarizes the com-
parative electrical properties of the varistors discs. Breakdown
voltages of 9.4 and 8.87 kV/cm and barrier voltage of 2.35 and
2.48 V per grain for varistors made from the samples 550-1 h
and 750-1 h, respectively, were obtained. This enhancement of
breakdown is due to smaller ZnO grain size (~2.5 pm) in our
case compares to commercial 10-25 pum. Coefficient of non-
linearity values were 134 and 112 for the varistors made from
the samples 550-1 h and 750-1 h, respectively. The coefficient
of nonlinearity value obtained in the present work is 2—3 higher
than that for earlier reported varistors made from the other com-
bustion synthesis methods.?%! This enhancement in coefficient
of nonlinearity may be due to better densification of the present
samples, which results in better ZnO matrix grain to grain con-
tact, better homogeneous distribution of dopants and lower grain
boundary thickness. XPS results indicate that the Co?* and Mn>*
have been doped in ZnO grains, which enhance the conductivity
of the varistor after breakdown. It is also known that transition
metal oxide such as Co and Mn generally improve the coeffi-
cient of nonlinearity at lower current density region because of
increase in barrier height by trapping of electrons.?®

12
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Fig. 10. I-V characterization comparison of varistors made (88 wt% ZnO) sam-
ples 550-1 h and 750-1 h sintered by cycle 2.
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Table 3

Varistor discs characteristics of different compositions 88, 82 and 76 wt% ZnO (750-1 h) sintered by cycle 2.

Composition G* (g/cm3) Nl (g/cm3) Average grain size (um) Ep (kV/cm) I (wA/cm?) V;’ V) o
88 wt% ZnO 3.63 5.61 2.8 8.87 1.67 2.48 112
82 wt% ZnO 35 5.66 3.01 7.50 1.29 2.25 56
76 Wt% ZnO 2.6 5.71 3.29 6.51 9.68 2.14 27

In the present samples, the possible conduction mechanism
of varistor action corresponding to the highly non-linearity
above break down voltage may be the combination of space-
charge-limited-current and tunneling. The tunneling mechanism
is usually less possible in conventional commercial samples
(grain size 20 pm) due to its thick grain boundary layer of
more than 500 A, as the tunneling requires a segregation layer
with a thickness less than 100 A.12°30 Assuming the a varis-
tor disc size with diameter of 2 cm and thickness of 1 cm, the
total volume of the disc is estimated to be 3.141 cm?. Consider-
ing the grains to be in cubic shape, the volume of 2.5 pm (our
sample in the present work) and 20 pm (conventional commer-
cial sample) ZnO grains are estimated to be 15.63 x 10~1% cm?
and 80.63 x 10712 cm?, respectively. Accordingly, the number
of grains present per unit volume our sample and commercial
sample is 20 x 100 and 39 x 107, respectively with correspond-
ing surface areas 37.5 x 1078 cm? and 2400 x 1078 cm?. This
corresponds to total grain boundary area of 75,000cm” and
9360 cm? for our sample and commercial sample, respectively,
indicating that the total surface areas of our sample is 8 times
higher than that of commercial one. Therefore, considering the
dopants used for the commercial and in this study are same,
the segregation layer thickness of our sample is expected to
be lowered by 8 times corresponding to ~62.5 A. From above
assumption and calculation, we can say that the tunneling mech-
anism of conduction is very much possible in our varistor
samples which is significantly contributing in addition to space
charge limited current flow. A detailed study based on controlled
grain boundary layer thickness to support the above conclusion
is in progress.

Fig. 11 shows the comparative I-V characteristics of varis-
tors discs of 88, 82 and 76 wt% ZnO (sample 750-1 h) and
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Fig. 11. I-V characterization comparison of varistors 88 wt% ZnO, 82 wt% ZnO
and 76 wt% ZnO sintered by sintering cycle 2.

Table 3 summarizes value of various properties. It can be clearly
observed that the breakdown voltage is coming down with
respect to the increase in amount of dopants, while the coef-
ficient of nonlinearity is decreasing. FESEM image shows that
more secondary phase is present in case of 76 wt% ZnO varistor
and also, sitting on the ZnO grain compared to 88 and 82 wt%
7ZnO varistors. Deterioration of electrical properties might be
due to the amount of secondary phases present around the
grain boundary which are more, hence the electron movement
decreases.?? It is know that, a few nanometer thick Bi, O3 amor-
phous phase is responsible for schottky barriers and other phases
like pyrochlore and spinel are useful to restrict the ZnO grain to
grow. Also, it may be due to the fact that the amount of additives
required to cover each grain boundary and partial substitution
of Zn*? lattice by Co*? and Mn*? ions in 88 and 82 wt% ZnO
varistors were sufficient to obtain better combination of elec-
trical properties. The leakage current density in case of lower
dopants (88 and 82 wt% ZnO) varistors was comparable. How-
ever, as the dopants concentration increased (76 wt% ZnQ), the
leakage current density was found to increase abnormally. We
did not see any enhancement in the electrical properties due to
extra addition of dopants as reported earlier by Zhang et al.3!

4. Conclusions

Doped nanocrystalline (15-250 nm) ZnO powders were syn-
thesized by chemical combustion method. The pre-calcination
temperature of powders was found to have great influence on the
green density and sinterability of the varistor discs. A breakdown
voltage as high as 9.4 kV/cm and a coefficient of nonlinearity as
high as 134 were obtained from the varistor made at certain con-
ditions (powder calcined at 550 °C—1 h of composition 88 wt%
Zn0). We demonstrate the highest coefficient of nonlinearity
value (134) for the varistor made from doped nanocrystalline
ZnO by combustion method. Whereas, the leakage current den-
sity as low as ~1.29 wA/cm? was obtained for the varistors made
from powder calcined at 750 °C—1h for composition 82 wt%
ZnO. As the dopants concentrations were increased, the elec-
trical properties including breakdown voltage and coefficient of
nonlinearity slowly deteriorated.
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