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Non-ohmic properties of doped zinc oxide are widely used in varistors applications. It is well established
that final properties of the component are strongly correlated with reactivity of the added phases during
sintering process and with final microstructure. In this paper, the specific effects of the hybrid single-mode
microwave sintering process on the microstructure and electrical properties of a ZnO-based composition
are investigated. Nano-sized ZnO-based powder with a proper amount of Bi, 03, Sb,03, CoO and MnO is
synthesized by a liquid route and is sintered within a short time (less than 10 min) in a conventional (CV)

Iz(lerjl':vg):fje or by an hybrid single-mode microwave (MW) furnaces. Distinct differences can be seen in the density,
Varistors reaction kinetics and dopant diffusivity: higher kinetics of MW leads to denser pellet, faster reaction
Microwaves among dopants and faster diffusion of cobalt and manganese into ZnO grains although grain sizes are

Electrical properties almost identical between CV and MW. These differences in terms of chemistry and microstructure lead

Nanoparticles
Microstructures

to sharp contrasts in electrical properties.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide is a well known functional material widely spread
in various application fields, like for instance in electronic, optic
and spintronic. Among them, the main application is ZnO-based
varistors which are used as surge protectors in electrical circuits in
either low or high voltage. ZnO is a direct band gap semiconductor
[1] which exhibits a non linear current-voltage response, depend-
ing on both the processing conditions and the added dopants [2].
This typical electrical response is known to be provided by the
addition of dopants like Bi, O3, Sb,03, CoO or MnO [3]. Some of
these dopants, like Bi, O3 and Sb, 03, react with each other result-
ing in inter-granular secondary phases whereas others, like Co
and Mn, coming from the added oxides, go into solution in ZnO
grains [4]. Consequently, a p-type semiconducting area is formed
in the vicinity of the grain boundaries while the core of the ZnO
grain is n-type. Thus a double Schottky barrier is formed between
two ZnO grains, which is responsible for the varistor non-ohmic
response [5-7].Itis well understood that microstructure, including
doping element distribution and grains size, has a strong influ-
ence on the ZnO electrical properties. After the finding of the
non-linear properties in this system by Matsuoka in 1969, many
investigations have been carried out to unveil the relationships
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among the starting composition and/or the processing conditions
and the electrical properties. One can mention the influence of
vibratory milling [8,9], sintering and annealing conditions [10,11].
Different synthesis methods have also been investigated such as
precipitation [12,13], solution-coating [14], sol-gel [15], combus-
tion [16] and self-propagating high-temperature [17] methods.
Contrariwise, only few works report the effect of a fast sintering
process, like microwave sintering, on the microstructure and prop-
erties of ZnO based varistors. Leach et al. have studied the local
microstructure and the functional property of ZnO sintered by a
microwave-assisted process [18], using a conventional heating fur-
nace combined with microwaves radiation. With similar heating
program, the microwave assisted heating process leads to similar
grain size but slightly higher density over conventional process.
Although electrical responses measured through the bulk are sim-
ilar, local electrical properties showed that spatial variations in
non-linear coefficient and leakage current density were signifi-
cantly reduced in the microwave assisted sintered samples. It is
thus suggested that microwaves promote diffusion leading to more
homogeneous Bi distribution than in conventionally sintered spec-
imens. Subasri et al. have also investigated the indirect microwave
sintering on suitably doped ZnO nano-powder [19] using mul-
timode microwave cavity equipped with SiC rods as susceptors.
In their study, they showed that microwave sintered samples
exhibit finer grain size and higher density than those obtained on
conventionally sintered samples, with similar temperature pro-
files. Another study [20] reported that microwave sintering in
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single-mode cavity enhances densification of ZnO based varistors
aswell as grain growth, leading to degraded properties for long time
sintered samples. The enhancement of densification is reported by
many works however some contradictory results on grain growth
are observed. In fact, the comparison of the results of the literature
leads to a misunderstanding due to the different microwave fur-
naces used (choice of susceptor and microwave mode). The goal of
this work is to clarify this issue: the effects of microwave irradi-
ation on the microstructure (grain growth), dopants diffusion and
resultant electrical properties of nano-sized based ZnO varistors. To
get a temperature distribution as homogenous as possible, hybrid
microwave sintering in single mode cavity was designed using a
rectangular 2.45GHz cavity and a cylindrical ZnO susceptor. As
comparison, the conventional sintering was also performed with
similar short sintering time (<10 min). A conventional sintering
experiment with usual temperature-time profiles was also car-
ried out as a reference. Macrostructure observations and chemical
analysis were performed and discussed according to the electrical
response and Shottky barriers properties in order to understand
the peculiar effects of microwave processing.

2. Experimental procedure
2.1. Synthesis, powder characterization and shaping

The liquid route synthesis developed for the preparation of the varistors is
described by Fig. 1. Zinc acetate (Chempur, 99.5%) was first dissolved in absolute
ethanol and the dopants were added to the solution from metal oxides powders in
proportion of 98 mol% ZnO, 0.5 mol% Bi, 03, 0.5 mol% Sb, 05, 0.5 mol% Co0, 0.5 mol%
MnO. The resulting solution was stirred during 1h at 70°C to achieve a good dis-
solution of the precursors. An oxalic acid solution was then poured leading to the
precipitation of the zinc oxalate. The latter was dried under infrared lamps and
calcined in air at 400°C for 1h to get the zinc oxide based powder [21]. The crys-
talline phases were identified by X-Ray Diffraction (XRD) using Cu Ko radiation
(Philips X'Pert diffractometer). The electron diffraction and the Transmission Elec-
tron Microscopy (TEM) observations of the nanoparticles were performed at room
temperature on 200kV JEOL 2010 FEG electron microscopes (tilt £60° and +£42°).
This microscope is equipped with double tilt sample holders (tilt £25°). A few
droplets of suspension in absolute ethanol were deposited on nickel holey carbon
grid. The specific surface area was determined by the BET method based on nitrogen
adsorption. For the shaping, an organic binder (Rhodoviol 4%, Prolabo) was manu-
ally added to the powder and disks (6.4 mm in diameter, 1.3 mm in thickness) were
shaped using a 30.6 kN uniaxial load.

Starting solution
(CH.CO.).Zn in EtOH

Additives
Sb,0;, Bi,O; ColT, MnO

v
| Mixing 70°C 1h |

l

|Ultrasnnir. waves bath Room T. I
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| Precipitation |<— (COOHY), , 2H,0 in water

| Filtration and drying |

I
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:
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Fig. 1. Flowchart of the liquid route synthesis of ZnO based nano-powder.
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Fig. 2. (a) Picture of the ZnO based sample located in a crucible made from ZnO
and used as susceptor and (b) picture of the ZnO crucible susceptor heated in the
microwave cavity.

2.2. Microwave equipment

The microwave furnace consists of a microwave generator (2.45 GHz Sairem
GMP20KSM) delivering a variable power of up to 2000 W. The microwave radia-
tion passes through a rectangular waveguide (WR340) ended by a TE10p cavity. A
coupling iris and a short circuit piston allow to tune the cavity either in the TE102
mode or in the TE103 mode. The sample is positioned in the centre of the cavity in a
ZnO cylindrical crucible whose axis is perpendicular to the electric field (Fig. 2) [22].
The crucible was made from ZnO so as to avoid any contamination of the sample by
the crucible. Using this hybrid heating configuration, the sample is surrounded by a
warm environment in order to reduce the thermal radiation from the sample sur-
face and improve the homogeneity of the temperature distribution in the sample.
This configuration also allows to achieve good thermal conditions reproducibility.

2.3. Microwave and conventional sintering

Before microwave and fast conventional sintering, a first heating treatment was
carried out in a conventional furnace at 400 °C for 1 h to remove the organic binder.
The microwave sintering was performed in air at three dwell powers (500 W, 550 W,
600 W), with 5min dwell time. The incident power was increased by 100 W every
30s up to the dwell power for simulating a heating ramp (Fig. 3). During the dwell
step, the maximum and stable temperature was measured on the sample surface by
infrared thermometer (Modline 5 model). To analyse if whether or not microwaves
have a peculiar effect on the ZnO based varistors properties, conventional sintering
was also performed in the same temperature range than for MWs samples, and
with a similar dwell time (Table 1). The short conventional sintering being carried
out without any heating ramp (the sample is directly introduced into the furnace
previously programmed at dwell temperature), a slightly longer dwell time has been
applied (i.e., 9 min) compared to the MW cycle (i.e., 5 min) considering heating ramp
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Fig. 3. Incident power versus time used for the microwave sintering.
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Table 1
Sample references and their sintering conditions.

Conventional sintering - reference

Sintering parameters 1100°C1h
Sample reference cv

Microwave sintering
Sintering parameters 500 W 5 min 550 W 5 min 600 W 5 min
Surface temperature 1145°C 1175°C 1200°C
Sample reference MW1 MW2 MW3

Fast Conventional sintering
Sintering parameters 1100°C 9 min 1200°C 9 min 1250°C 9 min
Sample reference CVF1 CVEF2 CVF3

during MW process. It is thus reasonable to claim that in both processes, samples
are subjected at dwell temperatures for similar periods. To set up a reference, one
sample has been sintered in conventional conditions using usual time-temperature
profile: heating and cooling ramps 150°C/h and dwell time of 1 h (Table 1).

2.4. Sintered samples characterization

The microstructures of the sintered samples were observed by SEM (SEM Supra
55 from Zeiss). The samples for TEM observations were prepared by crushing bulk
sintered pellets in absolute ethanol. The local chemical composition (in the grains
cores and grain boundaries) was investigated using Energy Dispersive Spectroscopy
(EDS) analysers coupled with TEM. The JEOL 2010 FEG electron microscope is
equipped with the system EDAX Genesis.

Electric field-current density (E-J) characteristic of the varistors was measured
atroom temperature using a Keithley 237 unit. Both faces of the samples were coated
with silver paste and ohmic contacts were formed by a heat treatment at 900 °C. The
breakdown electric field (E;,) was then determined for a current density of 1 mA/cm?
and the leakage current density (J.) was defined as the current density at 0.8 Ey,. The
nonlinear coefficient was calculated from: « = (log J, —log J1)/ (log E> — log E1)
with J, =10mA/cm? and J; =1 mA/cm?.

The capacitance-voltage (C-V) characteristic of the samples was measured at
1kHz using a RLC meter (Fluke PM6306) and a DC bias voltage source (Metrix
AX 322). The donor concentration (Ng) was determined by the slope of the graph:
(1/Gp —1/Cro)? = 2(d + Vg )[qe0erNg [23] where Vg, is the applied voltage per grain
boundary, ¢ is the barrier height, C, is the capacitance per unit area of a grain
boundary, Gy is the value of G;, when Vg, =0, g the electronic charge, &g the vacuum
permittivity, &, the ZnO relative permittivity (&, =8.5). From the SEM micrographs,
the grains average size was determined by the Mendelson’s method [24] consider-
ing the average grain size G as: G=1.56 x L with L the average length between grains.
The density of interface states (N;) at the grain boundary was then calculated by the
equation: Ny =(2eNgdb/q)'?[23].

3. Results and discussion
3.1. Zinc oxide powder synthesis

Zinc oxide based powder was successfully synthesized as shown
by the XRD pattern (Fig. 4). It is also shown that the Bi, 03 phase
is detected, but among all the added phases (Bi, O3, Sb,03, CoO,
MnO), it is the only one that can be identified. Using TEM (Fig. 5a),
the ZnO particles appear to be nano-crystalline with a nearly spher-
ical shape and a very narrow particle size distribution. The BET
specific surface area of the powder is 53 m2/g. An estimated value
of the grain diameter (d) of 19 nm is deduced using the equation
d=6000/pS, assuming spherical and mono-dispersed powder, in
which p is the theoretical density (5.66 g/cm?3), and S, the specific
surface area. This calculated diameter, at the nano-metric scale, is
consistent with both the broad width of the XRD peaks and the
TEM observation. Moreover, on the High-Resolution TEM image
(HRTEM), the characteristic contrasts of a well crystallized phase
were also evident (Fig. 5b). From the diffraction pattern (Fig. 6), the
unit cell parameters are a=b=3.242A, c=5.176A, y=120° (space
group P63mc, n°186) which are in good agreement with the value
reported for ZnO [25]. A simulated XRD pattern is also superposed
in this figure showing a good agreement between the experimental
and the theoretical patterns.
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Fig.4. XRD pattern of the zinc oxide based nano-powder synthesized by the oxalate
liquid route.

a

Fig.5. (a) TEM and (b) HRTEM images of the nano-powder synthesized by the liquid
route.

3.2. Conventional and microwave sintering

The nomenclature of sintered samples is given in Table 1.
The geometrical densities obtained after the sintering cycles are
shown in Table 2. It can be noticed that the relative density of the
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Fig. 6. Selected area electron diffraction patterns of aZnO nanoparticle agglomerate
with typical rings of diffraction spots. They well agree with calculated ED patterns
(upper half).

Table 2
Density and average grain size of the ZnO based ceramics.

Sample reference  CV MW1 MW2 MW3 CVF1 CVF2 CVF3

(%) 949 92.8 97.1 98.6 83.8 844 83.1
d(um)+1pm 15 4 7 10 4.5 7 10.5

sample sintered in a conventional furnace (CV sample) during one
hour is 94.9%, which is very close to the values of the samples sin-
tered by microwaves. However, conventionally sintered samples
with a short processing time (CV F samples) exhibit significantly
lowered relative density, i.e. roughly 84%. It is noticeable that the
temperature range used for microwave sintering [1145-1200°C
measured by calibrated IR Pyrometer, see Table 1] is comprised
in the temperature range chosen for short conventional sintering
[1100-1250°C measured by thermocouple]. It is thus reasonable
to think that the sample temperature during microwave heating
cannot exceed the maximum temperature used for CV F3 sample
(1250°C). In the same manner, the minimum sintering temper-
ature for MW heating is reasonably higher than the minimum
temperature set for CV F1, i.e. 1100°C. Although there is a cer-
tain uncertainty of temperature measurement in microwaves, the
hybrid set up used in the present study must likely lower it. In spite
of the small difference in firing temperature, microwave heating
enhances densification as clearly evidenced by the final densities
as shown in Table 2. This phenomenon can be explained by the dif-
ference in penetration depth between infra-red and microwaves.
Because of the rather shallow penetration depth of infra-red, the
surface temperature tends to be higher, leading to retardation of
shrinkage caused by the inhomogeneous heating. At the contrary,
microwaves penetrate through the sample, resulting in uniform
temperature distribution and higher density. In addition, our hybrid
heating setup promotes the uniform temperature distribution, in
which infra-red heating (from susceptor) and microwaves heating
of the sample, simultaneously take place.

Fig. 7 provides typical microstructures of sintered samples. First
of all, it is obvious that, at a given holding time, the sintering
temperature governs the grain size (Table 2). Since there is no
noticeable grain size difference between MW and CV F samples,

Fig. 7. SEM micrographs of the ZnO based ceramics.
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Fig. 8. XRD pattern of the varistor CV.

it is reasonable to assume that the grain growth is mostly gov-
erned by the amount of energy rather than by the way the energy
is transferred.

Fig. 8 shows a typical powder XRD pattern (recorded on CV
sample). ZnO (PDF#01-089-0511, main phase), Bi,O3 (PDF#00-
002-0988), Bi-rich phase derived from Bi, O3 (see the main peak
at 20=27.5°) and the spinel type phase Zn;Sb,01, were detected.
For all the sintering methods, no other crystallized phase has been
identified. However, difference in the phase content was found
depending on the process. An important difference can be noticed
concerning the reactivity of the Bi; O3 precursor phase. Itis reported
that the Bi; O3 phase reacts with ZnO and Sb,03 phases to form
the pyrochlore phase Bi3Zn;Sb3014 (at 600-700°C) [26]. Further,
the Bi3Zn,Sb3014 pyrochlore phase decomposes into Zn;Sb,0;
spinel type phase (main peak at 26 = 29.5°) and Bi-rich phase (main
peak at 260=27.5°) at higher temperatures. Those phases were
clearly observed in all samples. Fig. 9 represents the magnified XRD
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Fig. 9. XRD patterns scaling from 20=45° to 26=51° of the sintered samples: (a)
CV F2 and (b) MWS3. In inclusion, peaks intensity ratio between ZnO and Bi;03
(Izno /Isiy0, ) are also shown.

Table 3
Breakdown electric field (E, ), leakage current density (J.) and non-linear coefficient
() of the varistors.

Sample reference E, (V/mm)+2V/mm Ji (mA/cm?)+0.005mA/cm? a=+0.2

cv 132 0.090 10.6
MW1 396 0.080 14.2
MW2 335 0.085 14.0
MW3 315 0.095 12.2
CVF1 575 0.345 8.3
CVF2 548 0.201 13.7
CVEF3 284 0.418 5.9

patterns (from 26 =45° to 260=51°) in which the main peak of the
unreacted Bi,O3 phase is observed at about 26 =49.5°. The rela-
tive intensities between the Bi; 03 peak (260=47.5°) and the ZnO
peak allow us to follow up the progress of the pyrochlore for-
mation. The CV F and MW samples show evident trace of Bi,O3
phase because of their short holding time, and the relative inten-
sity ratio is weaker for the MW despite identical holding time
(the ratio Igj,0,/Izno is 0.13 for CV F2 sample and 0.08 for MW3
sample), suggesting enhanced kinetics of the pyrochlore forma-
tion via microwaves. Local EDS analyses, from TEM investigations,
have been performed on samples sintered by both methods. The Co
and Mn atoms are clearly evidenced as traces in ZnO grain for CV
reference and MW series as demonstrated in the typical EDS spec-
tra (Fig. 10). Within the detection limit of EDS analysis, we could
not find any trace of Co and Mn in ZnO grain for CV F samples.
These results suggest that MW process enhances dopant diffu-
sion. Possibly, additional external field, i.e. electromagnetic fields,
promotes solid state diffusion. Phenomenon such as electromigra-
tion or field induced pressure [27] could be assumed. Moreover,
Bi; 03 well-known absorber of microwave radiations [28], hence
possibly subjected to higher temperatures than the whole sam-
ple, is likely to contribute to the rapid synthesis and diffusion for
MW samples. Similar trend is observed for donor concentrations as
discussed later.

3.3. Electrical properties

Fig. 11a shows the simplified equivalent electrical circuit of a
varistor type component. Rgg is the resistance of the intergranu-
lar layer and Cp corresponds to the equivalent capacitance of the
intergranular layers (depletion layers). Ry, is the equivalent bulk
resistance of the ZnO grains. When the applied voltage is low, the
resistivity of the intergranular layer is quite high and the current
passing through the ceramics is low. Hence Rgg parameter gov-
erns the E(J) response at low field. With an increasing voltage, the
resistance Rgg decreases, and above a certain voltage, Rgg becomes
lower than Ry, and the E(J) characteristic tends to become ohmic. In
the high voltage region, the bulk resistance of the ZnO grain mainly
affects the electrical response. Fig. 11b shows the E(J) characteris-
tics of all the samples. It can be seen that the CV reference and MW
samples have similar E(J) curves with a sharp transition from the
low current zone to the non-linear region. All MW samples exhibit
nonlinear coefficient values higher than 12 (i.e., slightly higher val-
ues than CV reference), showing that all these samples exhibit a
varistor type behavior (Table 3). On the contrary, the CV F samples
present low « values (less than 10 for CV F1 and CV F3). Unsatis-
factory varistor type J(E) characteristic of CV F can be understood
by (i) a low Rgp resistance causing high leakage current and (ii) a
high R, value as indicated in steep E(J) slope curve at high current
density. The point (i) is consistent with microstructural analysis
indicating that the short sintering time is not enough to synthesize
resistive Bi-rich intergranular phases. The point (ii) can be related
to the dopants migration, especially Co and Mn, into the ZnO grains
with a short processing time, which will be discussed later. On
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Fig. 10. Partial EDS spectra recorded on the ZnO grains’ core between 5 and 13 eV of CV(in black line) and MW(in red line) samples. Note that Ni K characteristic peaks
originate from the nickel grid supporting the samples. The two spectra are strictly identical. In inset, the Mn K and Co K lines, characteristic of the presence of few Mn and
Co atoms (less than 1%), are slight but clearly evidenced.

Table 4

Donor concentration (Ng) and interface state density (N;) of the varistors.

Sample reference

Ng (10" cm?)

N (10" cm?)

cv 86.5 + 4.0 296+ 1.5
MW1 10.6 + 0.6 48 +0.3
MWwW2 17.1 £ 04 9.1+0.5
MW3 83 +£09 6.1 +£04
CVF1 24+02 3.0+03
CVF2 52+03 9.6 £ 0.7
CVF3 4.1 +0.1 8.0+ 0.2

the contrary, in spite of short processing time, MW leads to usual
varistor type E(J) responses, i.e. a leakage current density around
80 wA/cm?2, a o value around 14 and a breakdown field ranging
from 315 to 400 V/mm.

Focusing on the breakdown voltage, the samples sintered for a
short time (MW and CV F samples) exhibit higher E};, values than
CV sample (Table 3). The highest E,, is obtained for CV F1, for which
Ep, =575V/mm, which is more than four times the value of E, for
CV (E, ~130V/mm). This is obviously explained by the difference
in grain size. That is small grain leads to a decrease in electric field
at the grain boundary simply due to an increasing number of grain
boundaries. However, despite a similar grain size between CV F and
MW, CV F samples have higher E;, than MW samples because of a
higher Ry,.

From the C(V) measurement, donor state concentration Nyg and
interface state density N; have been calculated (Table 4). The high-
est Ny and N; were observed for CV sample. These values are
consistent with the fact that dopants have, in a large extent, reacted
with the ZnO matrix. For MW and CV F sintered samples, both Ny
and N; values tend to be lower compared with CV, which may be
caused by the short processing time. However, differences in Ny
between CV Fand MW samples are noticeable. In fact, the donor (Co
and Mn) concentration is at least twice higher for MW samples. Fur-
thermore, it is well established that such dopants are located at the
grain boundary in the early stage of sintering before diffusing into
the grains. So it can be suggested that the higher dopant concentra-
tion is due to enhanced dopant diffusion by MW irradiation. Thus it
could be interesting in further studies to perform annealing of the
MW sintered samples to increase the N4 and N; values. The purpose
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Fig. 11. (a) Simplified equivalent electrical circuit of a varistor type component and
(b) E-J characteristics of the varistors.

of this annealing at low temperature (around 600 °C for instance)
would be to favor dopants reaction with ZnO matrix while keeping
fine grains. Specific characteristics of MW irradiated samples are
illustrated in Fig. 12. Enhanced densification, better “interaction”
matrix/dopants and higher dopant concentration are related to the
unique features of MW processing: penetration depth, local heating
and additional driving force for diffusion caused by electromagnetic
fields.
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Fig. 12. Schematic depicting the reaction of the different phases and the temper-
ature distribution through the samples sintered for a short time of heating in a
conventional furnace and in a microwave furnace.

4. Conclusion

Starting from nano-sized ZnO powders, doped with usual addi-
tives for varistors, hybrid microwave sintering was performed and
compared with fast conventional sintering. Sintered samples were
thoroughly characterized in terms of structure, at different scales,
and electrical properties, including the barrier characterization.
Owing to a volumic heating process, it was clearly shown that
microwave heating enhances the overall density. The grain growth
follows the same trend with conventional way. On the contrary,
the reaction kinetics between the different phases is enhanced
by microwaves, which was confirmed by detailed analysis of the
evolution of secondary phases and of electrical properties. Further-
more, faster dopant diffusion in microwaves is suggested from Ny
measurements.

These ‘microwave effects’ may increase in the migration of
atoms via peculiar phenomena such as electro migration or
field induced pressure. A preferential microwave heating of the
Bi» 03 phase could also be a likely explanation for microwaves
enhanced reactivity phenomenon. From a practical point of view,
the enhanced reactivity by microwaves opens new ways for pro-
ducing faster and cheaper high performance functional ceramics.
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