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Microstructure and Nonlinear Properties of Microwave-Sintered
ZnO-V,0O; Varistors: |, Effect of V,0O5 Doping
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Taiwan 300, Republic of China

The modification of the densification behavior and the electrode with a melting point a61°C. It is expected that the
grain-growth characteristics of the microwave-sintered densification behavior can be further improved by using the
ZnO materials, caused by the incorporation of \,Og addi- microwave sintering technique, because it is generally accepted
tives, have been systematically studied. Generally, the ad- that this process can densify the ceramic materials at a very
dition of V,0O5 markedly enhances the densification rate, rapid rate and at a substantially lower temperattré?

such that a density as high as 97.9% of the theoretical In this paper, we have made an extensive examination on the
density and a grain size as large as 10 um can be attained effect of sintering temperature and soaking time on the densi-
for a sintering temperature as low as 800°C and a soaking fication behavior of ceramics based on the ZnQoysystem.
time as short as 10 min. Increasing the sintering tempera-  The correlation between the microstructural characteristics of
ture or soaking time does not significantly change the sin- the materials with their electric properties is discussed.

tered density of the ZnO-\,05 materials but it does mo-
notonously increase their grain size. Varying the

proportion of V ,Os in the range of 0.2-1.0 mol% does not Il. - Experimental Procedure

pronouncedly modify such behavior. The leakage current High-purity (>99.9%) ZnO varistor powder§D.8 [

: . : ; . 8 pum in
density (J,) of these high-density and uniform-granular- — gjze “were used in the preparations of the Zr@el%-V,Oq
structure samples is St'(ll large, which is amended by the  aterials x = 0-1.0). The mixtures with proper compositions
incorporation of 0.3 mol% of Mn ;0, in the ZnO materials, were ball-milled in a plastic jar for 8 h, using zirconia balls and

in addition to 0.5 mol% of the V,0s additives. Samples that  gejonized water. After the mixtures were filtered and dried,
are obtained using such a method possess good nonohmic  they were calcined at 700°C in air for 2 h, followed by pul-
characterlst|c36(a = 232.5) and a low leakage current density  ygrization in a ball mill fo 8 h to asize of (1.0 um and then
(Ju = 2.4 x10° Alem?). uniaxially pressed at 750 kgf/éninto a disk that was 8 mm in
diameter and 2 mm thick. The zirconia contamination was
I. Introduction determined, using an inductively coupled plasma (ICP) ana-
. ) . lyzer, to be <300 ppm. The green pellef£0% of the theo-
Z'NC OXIpe (ZnO) ceramics with several additives are used retical density (5.675 g/cf), were microwave-sintered at
as varistor materials, because of their highly nonohmic be- gop°-1200°C for 5-60 min in air, using a 2.45 GHz microwave
haViOI’ |n Current—VOHagel-(V) Chal'aCteI‘IStICS and exce”ent generated from a Commercial source (Mode| GL107 magne_

capability of withstanding surgés® Therefore, these ZnO-  {ron, Gerling Co., Modesto, CA). The samples were also sin-
based varistors are extensively used as transient surge sup-

pressers against dangerous abnormal high-voltage surges, to

protect electronic circuit%:® It is believed that the nonlinear

|-V characteristics of these materials resulted from the grain-

boundary layer, which is essentially formed by a segregation of samples
large ionic additives such as B, Pr;0;,, and BaO, at the

grain boundary—*3 These “varistor-forming” ingredients af-

fect the electrical properties and the densification behavior and

microstructure evolution of ZnO ceramics.

Recently, it was reported that,@s is another varistor-
forming ingredient for ZnO ceramics;%use of this material
results in varistor properties that are similar to those of ZnO-
Bi,O; ceramics. The advantage of the ZnQ©¢ system is

AlLO; fiberboard

SiC rods

thermocouple

that the ceramics can be sintered at relatively low temperature \ |
(i.e., [P00°C) in a conventional electrical furnace. This prop- \
erty is important for applications of multilayer chip compo- \ /
nents, because the material can be cofired with a silver inner \' applicator /
/
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Fig. 2. Densification behavior of ZnO-)D5 materials ((a) micro-
wave-sintered at 800°-1200°C for 10 min (solid curves) or furnace-
sintered at 900°-1200°C for 60 min (dotted curve) and (b) microwave-

sintered at 900°C for 5-60 min).

tered at 900°-1200°C for 60 min in an electrical furnace to
facilitate the comparison. The heating and cooling rates each

were 5°C/min.

ment of a WR284 waveguide (Gerling), schematically shown
in Fig. 1, in which a crucible cut from AD, fiberboard is

inserted. The AlO; fiberboard was selected to reduce the mi-
crowave absorption. SiC rods were used as microwave absorp-
tion susceptors to preheat the sample§8860°C, because the
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Fig. 3.
In the microwave sintering process, the applicator is a seg- Microwave-sintered at 800°~1200°C for 10 min and (b) EDAX pat-
terns of the surface of ZnO-0.5-mol%;®; materials samples micro-
wave-sintered either at 900°C (pattern 1, grain interior; pattern 2, grain
boundaries) or at 1200°C (pattern 3, grain boundaries).
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(a) XRD patterns (Ckier) of ZNO-0.5-mol%-\,O; materials

were heat-treated in an electrical furnace. The temperature
ZnO pellets can only start to absorb microwave and self- measurement was determined to have an accuracy of £10°C in

generate the heat at that temperature. The temperature profilehe setup schematically shown in Fig. 1.

was measured using a Pt-13% Rh thermocouple that was The crystal structure and microstructure of the sintering
placed near the sample surface. The thermocouple, which issamples were examined using X-ray diffractometry (XRD)
shielded, should be oriented perpendicular to the electric field (Model XD-5, Shinadzu Co., Kyoto, Japan) and scanning elec-
in the waveguide, to minimize the disturbance on the micro- tron microscopy (SEM) (Model JSM-840A, JEOL, Tokyo, Ja-
wave and to avoid the arcing caused by the pickup of the pan), respectively. The density of the sintered specimens was
electric field. The heating rate was controlled at 60°C/min, and measured by using the Archimedes method. The average grain

the cooling rate was controlled at 145°C/min for sintering tem- size, G, was calculated as described by Mendefdanith a
peratures >500°C. The sintering temperature was controlled bymultiple factor of 1.56. Thd—V properties of these samples

adjusting the input microwave power level. The accuracy of the were measured by using an electrometer (Model 237 I-V,
temperature measurement was confirmed by running a test proKeithley Instruments, Cleveland, OH) in a dc source after the

cess, in which TiQ (anatase) samples were heated B®0°— indium—gallium (40:60) alloy was rubbed onto the sample sur-

910°C. The proportion of phase transformation from anatase toface to serve as electrodes. The onset electric fig}) was
the rutile structure was then compared to the materials thatdefined as th&-values at a current density of 1.0 mA/¢mand
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Fig. 4. SEM micrographs of (a and')athe pure ZnO materials densified via the conventional furnace sintering process at 1000° or 1200°C,
respectively, for 60 min; (b andJothe pure ZnO materials densified via the microwave sintering process at 1000° or 1200°C, respectively, for 10
min; (¢,—¢3) Zn0-0.2-Mol%-\,05, ZnO-0.5-mol%-\{Os, and ZnO-1.0-mol%-YO5 materials, respectively, densified via the microwave sintering
process at 900°C for 10 min; (d) ZnO-0.5-mol%Q4 material densified via the microwave sintering process at 900°C for 60 min; and (e)
Zn0-0.5-mol%-\V,O5 material densified via the microwave sintering process at 1000°C for 10 min.



November 1998

50 T T T T T
——— pureZnO (ms) --<>-- pure ZnO (fs)
—l— 0.2 mol% (ms)
a0r —@— 0.5mol% (ms)
. —4—  1.0mol% (ms)
£
2 30r (ts=10 min)
(0]
N
o
£
©
(O]
0 7 L I 1
800 900 1000 1100 1200
Sintering temperature (°C)
(a)
: T T T T
30 —{>~— pure ZnO (ms) (Ts =900°C)
—@— 0.5 mol% V,O, (ms)
.
I
@
N
w
o
©
10}
e
0 @"// | 1
0 20 40 60

Sintering time (min)

(b)

Fig. 5. Variation of the grain size of the ZnO-,®@; materials with
(a) sintering temperature (microwave-sintered (“ms”) for 10 min or
furnace-sintered (“fs”) for 60 min) and (b) soaking period (micro-

wave-sintered at 900°C).

the leakage current density, | was defined as thé-values at
E—Jcurves of 10 V/mm. The capacitance-volta@e-Y) mea-

Microstructure and Nonlinear Properties of Microwave-Sintered Zn@:\Waristor: | 2945

crease in density with increasing sintering temperatlige—
occurs forT, = 1000°C (marked by arrows). Similar
phenomena are observed for ZnO materials that contain either
0.5 mol% or 1.0 mol% YOg (shown as solid circles and solid
diamonds, respectively, in Fig. 2(a)). The sintered density of
ZnO materials is slightly lower for the samples that contain a
larger proportion of VOs. The temperature of density rever-
sion occurs at 900°C for ZnO-0.5-mol%;®; materials and
800°C for ZnO-1.0-mol%-YO5; materials (marked by arrows

in Fig. 2(a)). For comparison, the densification behavior of
pure ZnO materials sintered via the conventional furnace heat-
ing process is shown as a dotted line in Fig. 2(a), to indicate
that this material requires a higher sintering temperature (i.e.,
>1000°C) and longer soaking time (i.e., 60 min) to attain a
density as high as 94.5% of TD. The advantage of the micro-
wave sintering process over the conventional furnace heating
process is clearly demonstrated.

The fact that the YOg addition can enhance the sintering
behavior of the ZnO materials is further demonstrated by the
evolution of the density of the samples with the soaking time.
As shown in Fig. 2(b), the density of the pure ZnO materials
increases monotonously as the soaking period increases, attain-
ing a density of 97.1% of TD when it is microwave-sintered at
900°C for 60 min. However, the ZnO-®; materials already
attain a high density (97.4% of TD) when they are microwave-
sintered at 900°C for 10 min, and the density of the samples
decreases slightly as the soaking time increases thereafter. In
other words, the inclusion of ¥Dg into ZnO materials mark-
edly enhances the densification rate of these materials; how-
ever, the density of the samples decreases when the micro-
wave-sintering temperature is too high or soak time is too long.

To understand how the )05 modifies the densification of
ZnO materials, the phase constituents of the microwave-
sintered ZnO-YOg materials have been examined. The XRD
patterns in Fig. 3(a) show that the microwave-sintered materi-
als consist of a Zf(VO,), secondary phase, in addition to the
hexagonal ZnO phase, whereas the energy-dispersive X-ray
analyses (EDAX) via SEM on the as-sintered sample surface
(patterns 1 and 2 in Fig. 3(b)) show that the vanadium species
are mainly located at grain-boundary regions. These results
infer that the \\O5 enhances the densification of the ZnO ma-
terials via the mechanism of a liquid-phase sintering process.
The liquid phase is, presumably, the eutectic phase between
ZnO and Zr(VO,),. Moreover, EDAX analyses on the 1200°C
microwave-sintered ZnO materials show that no vanadium spe-
cies are observable in the grain-boundary regions (pattern 3 in
Fig. 3(b)), which clearly indicates the loss of the vanadium
species when the sintering temperature is too high. Therefore,
the density reversion observed in Figs. 2(a) and (b) can be
ascribed to the loss of the volatile vanadium species. This

surements were made at room temperature using a capacitancebservation agrees with the phenomenon that the density re-
meter (Model HP4274A, Hewlett—Packard, Tokyo, Japan). The version of the high-YOs-containing materials (i.e., ZnO-1.0

electrical characteristics, including barrier heigii,Y and the
donor density Nl), were determined fronr®—V data, using the

model proposed by Mukaet al??

Ill.  Results and Discussion

(1) Sintering Behavior

The beneficial effect of YOg on the sintering of the ZnO
ceramics is shown in Fig. 2. The open circles in this figure
show that, without the YOy additives, the ZnO materials can

mol% V,0s) occurs at a lower temperature than that for the
Zn0-0.5-mol%-\,0O5 or Zn0O-0.2-mol%-\¥Og materials.

The microwave sintering process increases the densification
behavior of ZnO materials and enhances the grain-growth rate
of the materials. Figures 4(a) and)and Figs. 4(b) and (b
show materials that were formed via conventional furnace sin-
tering (fs) and microwave sintering (ms) processes, respec-
tively; these grains of pure ZnO materials have grown monoto-
nously as the sintering temperature increases. The grain-growth
rate of the ms samples is markedly larger than that of the fs
samples, shown as open circles and open diamonds, respec-

attain sufficient density (i.e., 94.8% of the theoretical density tively, in Fig. 5(a). The average grain size of the ms samples
(TD)) only when they are microwave-sintered at a temperature sintered at 1200°C (10 min), which €12 pwm, is markedly

of >900°C for 10 min. The addition of only 0.2 mol% of,Uy

larger than that of the fs samples sintered at 1200°C (60 min),

markedly enhances the densification rate, such that the samplesvhich is only (4 pum.

attain a density as high as 97.9% of TD when microwave-

The addition of the YO5 species enhances grain growth

sintered at 800°C for 10 min (shown as solid squares in Fig. even more markedly; however, the proportion g species
2(a)). The samples are hardly densified for sintering tempera- added in ZnO materials does not significantly modify the grain-
tures <800°C. A density reversion phenomenon—i.e., the de- growth behavior of the samples. Figures J€c;) show that
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Fig. 6. Electric-field—current-densitye-J) characteristics of the (a) ZnO-0.2-mol%®%;, (b) ZnO-0.5-mol%-VO;, and (c) ZnO-1.0-mol%-
V,05 materials microwave-sintered at 800°-1200°C for 10 min; Fig. 6(d) show&tdeharacteristics of the ZnO-0.5-mol%;0 materials
furnace-sintered at 900°-1200°C for 60 min.

grains of the ZnO-YO5 materials already grow to a large size are ascribed to the insufficient densification of these samples
(15-18p.m) when the material is microwave-sintered at 900°C (cf. Fig. 2(a)). Such behavior can be ascribed to the fact that the
(20 min), whereas the grains of the pure ZnO materials sinteredgrain-boundary phase, which is presumably the ZngV

via the same conditions hardly grow. Moreover, the grain sizes compound (i.e., ZgVO,),), reacts with the matrix very well,

of the samples increase monotonously as the sintering temperawhich results in an insufficient amount of surface statdg (
ture and soaking time increase (Figs. 5(a) and (b), respec-and a small Schottky barrier heigld, along the grain-
tively). However, the SEM micrographs shown in Figs. 4(d) boundary regions.

and (e) indicate that the material still requires a sufficient soak-  To facilitate the comparison, the onset electric fiélg is

ing period (i.e., 60 min at 900°C) or an adequate sintering defined as the electric field that corresponds to a current den-
temperature (i.e., 1000°C for 10 min) to develop a uniformly sity of 1 mA/cn? in the E-J curves and the leakage current
large-grained microstructure for ZnOxW5; materials. Trapped  densityJ, is defined as the current density that passes through
pores are observed in these samples, which implies that thethe samples under an applied field of 10 V/mm. Figures 6(a)—
grain-boundary mobility of the samples has surpassed the drag<c) show that, although the proportion of,®; additives in-

ging force of the pores under these sintering conditions. cluded in the ZnO materials does not result in significantly
) ) different densification and grain-growth behavior of these ma-
(2) Electrical Properties terials (cf. Figs. 2(a) and 5(a)), it does markedly affectfhd

The electrical properties of ZnO-®; materials are char-  characteristics of the samples. The sintering temperature de-
acterized by theiE—Jbehavior. Figures 6(a)—(c) show that the pendence of, andJ, is shown in Figs. 7(a) and (b), respec-
E-Jproperties are very sensitive to the processing parameterstively, which indicates that only the ZnO-0.5-mol%Q®; ma-

The leakage of the current density is so pronounced in all the terials exhibit more-consistei, and J, parameters than the
Zn0O-V,05 materials that there seems to be no nonlinear char- others; these parameters dg = 3.5-7.6 V/mm and), =
acteristics that are observable for all the samples. Figure 6(d)1.6 x 10°-3.8 x 10° A/cm?.

shows that the furnace-sintered samples also possess djlarge  The fact that the ZnO-0.5-mol%>®; materials possess
value, except for the 900°C (60 min) sintered samples, which much more consistent electric properties is further shown as the
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Fig. 7. Variation of the (a) onset electric fielde§), (b) leakage current density,(), (c) barrier height ¢,), and (d) donor densityN,) of
Zn0O-V,0g materials with the sintering temperature.

increases the value & . These results again reveal that the
defect structure along the grain boundaries is another important
characteristic that needs to be carefully controlled, in addition
to the high sintered density and uniform microstructure, for the
purpose of optimizing the electrical behavior of ZnQ©¢

sintering-temperature dependence of the barrier hebghand

the donor densitig, in the ranges of 0.20-0.81 eV and 3.61 x

10'8-6.60 x 10%cm?, respectively (Figs. 7(c) and (d), respec-

tively). Figures 8(a)—(c) indicate again that, for ZnO-0.5-

mol%-V,0g5 materials, the sintering time period (at a sintering S

temperature of 900°C) does not significantly alterBxel char- materials.

acteristics and the related electrical parameters BgJ, , ®,, As described previously, although the,(3 addition has

and Ng), although it moderately changes the sintered density markedly improved the densification and the grain-growth be-

and the average grain size of the materials (cf. Figs. 2(b) andhavior of the ZnO materials, a substantial leakage current den-

5(b)). sity remained, because of a lack of surface states along the
The variation of the electrical properties of ZnO,98% ma- grain boundaries for inducing Schottky barriers in these re-

terials with the \4O5 content can be correlated very well with ~ gions. To amend such a discrepancy, 0.3 mol% ot@jwas

the corresponding granular structure. For the materials with a included into the ZnO materials, in addition to the 0.5 mol% of

small V,Oy content (i.e., ZnO-0.2 mol% )D.), the granular V05, because the manganese species are expected to reside at

structure was fully developed only when they were sintered at the grain-boundary regions and act as electron traps to induce

sufficiently high temperature. The low-temperature-sintered large potential barriers. The bold, solid curve in Fig. 8(a) shows

materials still contain fine grains that are distributed among the the enormous improvement of tfe-J behavior of ZnO mate-

large grains; this distribution results in lar§g values, which rials due to MRO, doping. The leakage current density is

are accompanied by low apparéptvalues. On the other hand, ~markedly suppressed fh = 2.4 x 10° A/cm?, and the onset

for the materials with a large )05 content (i.e., ZnO-1.0 field is pronouncedly increased K = 97 V/mm, such that a

mol% V,0O), high sintering temperatures induced pronounced nonlinear property with a high nonlinear coefficient £ 23.5)

V,0;5 loss (cf. Fig. 3(b)), which reduces the value Ef and is achieved. However, the details regarding how the;®n
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of the Zn0O-0.5-mol%-YOg5 (Z-0.5V-OM) materials microwave-
sintered at 900°C (the bold curve in Fig. 8(a) shows the modification
on theE-J curve due to the MyO, addition, Z-0.5V-0.3M).
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additives modify the characteristics of ZnO,%, materials
require additional study.

IV. Conclusions

The incorporation of YO5 additives into ZnO materials pro-
nouncedly enhances their densification and grain-growth rates.
Densities as high as 97.9% of the theoretical density and grain
sizes as large as 10m can be obtained via microwave sin-
tering at temperatures as low as 800°C for 10 min. The
sintering temperature and soaking time do not significantly
affect the densification rate and the grain-growth behavior;
however, they do markedly modify the electrical properties of
these materials. The possible interaction between them has
been discussed.
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