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The microstructure and nonlinear current—voltage charac-
teristics of Mn;0,-doped ZnO-V,0O5 ceramics, microwave-
sintered at 800°-1200°C for 10 min, have been investigated.
A high density (96% of the theoretical density) has been
achieved. The incorporation of Mn,O, additives does not
significantly alter the densification behavior of the ZnO-
V,05 materials, but rather pronouncedly increases the non-
linear coefficient (e = 23.5) and markedly suppresses their
leakage current density 0, = 2.4 x 10° A/cm?). On the
other hand, the intrinsic properties of the materials, includ-
ing the Schottky barrier height (d®,) and the donor density
(Ng), are only moderately modified; that is, ®, = 1.16 eV
and Ny = 5.4 x 107/cm?3. X-ray diffractometry analyses and
energy-dispersive X-ray microanalyses (via scanning elec-
tron microscopy) indicate that the V,Og species facilitate
the densification and the development of microstructure via
the formation of a liquid phase (Zny(VO,),) along the grain
boundaries, whereas the MO, species markedly enhance
the nonohmic behavior of the ZnO-\,O5 materials by
forming the surface states along the grain boundaries.

I. Introduction
INC OXIDE (ZnO) materials are importamt-type semicon-

highly nonohmic behavior in current—voltage-Y) character-
istics with an excellent capability of withstanding surdges.

Taiwan 300, Republic of China

applications of multilayer chip components, because the mate-
rial can be cofired with a silver inner electrode, which has
melting point of(P61°C.

It is generally known that the microwave sintering process
can densify ceramic materials at a very rapid P&&¢ thus,
this process has been adopted in this work to prepare the ZnO—
V,0—Mn;0, ceramics. We have conducted an extensive ex-
amination on the effect of sintering temperature and soaking
time on the densification behavior of these materials. The cor-
relation between the microstructure characteristics of the
materials and theil-V and capacitance-voltag€<€V) be-
haviors is discussed, with an emphasis on the role of@jn
incorporation.

High-purity ZnO varistor powders (>99.9%) were prepared.
The mixtures were composed of ZnOxY, materials that con-
tained 0.5 mol% YOz andx mol% Mn,O, (wherex = 0-1.0).
The mixtures were ball-milled in a plastic jar, using zirconia
balls and deionized water, for 8 h. After the mixtures were
filtered and dried, they were calcined at 700°C in air for 2 h,
followed by pulverization in a ball mill fo8 h to asize of(11.0
wm; the mixtures were than uniaxially pressed at 750 kgt/cm

Experimental Procedures

ductors; they are used as varistor materiais, because of theirnto a disk 8 mm in diameter and 2 mm thick. The green pellets,

which were [60% of the theoretical density (TB= 5.675
g/cm?) were microwave-sintered at 800°—1200°C for 5-60 min

Therefore, ZnO-based varistors are extensively used as trandn an applicator that was made of a WR284 waveguide (Gerling
sient surge suppressors against dangerous abnormal high voltCo., Modesto, CA), using a 2.45 GHz microwave generated

age surges, to protect electronic circlit$! It is believed that
the nonlineal—V characteristics of these materials result from
the grain-boundary layer, which is essentially formed by a
segregation of large ionic additives, such ag®j Pr;O,,, and
BaO, at the grain boundafy: ¢ These “varistor-forming”
ingredients affect the electrical properties and the densification
behavior and microstructure evolution of ZnO ceramics. Fur-
thermore, MnQ additives are generally included to improve

the nonohmic properties of ceramics by increasing the surface-

state density’-18

Recently, it was reported that,@g is another varistor-
forming ingredient for ZnO ceramic$;its use results in varis-
tor properties that are similar to those of ZnOxBj ceramics.
The advantage of the ZnO4%®; system is that the materials
can be sintered at relatively low temperature (il®00°C) in
a conventional electrical furnace. This property is important for
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from a commercial source (Model GL107 magnetron, Gerling).
The temperature profile was measured by using a Pt—-13% Rh
thermocouple that was placed near the sample surface. The
heating rate was controlled at 60°C/min, and the cooling rate
was controlled at 145°C/min for sintering temperatures
>500°C. The details of the apparatus used for the microwave
sintering process are described elsewférgor comparison,

the samples were also prepared via a conventional sintering
process; that is, sintering at 900°-1200°C for 60 min in an
electrical furnace. The heating rate and the cooling rate for this
latter process each were 5°C/min.

The crystal structure and microstructure of the sintered
samples were examined using X-ray diffractometry (XRD)
(Model XD-5, Shimadzu Co., Kyoto, Japan) and scanning elec-
tron microscopy (SEM) (Model JSM-840A, JEOL, Tokyo, Ja-
pan), respectively. The density of sintered specimens was mea-
sured by using the Archimedes method. The average grain size
(G) was calculated as described by MendelZowjth a mul-
tiple factor of 1.56. Thd—V properties of these samples were
recorded by using an electrometer (Model 237 1-V, Keithley
Instruments, Cleveland, OH) in dc source after the indium—
gallium (40:60) alloy was rubbed onto the sample surface to
serve as electrodes. The onset electric fiélg) (vas measured
at a current density of 1.0 mA/céinthe nonlinear coefficient
(o) was estimated for current-density ranges of 1.0-10 mA/
cn?, and the leakage current density Y was defined as the
current density at an applied field of 10 V/mm. T@eV mea-
surements were made at room temperature using a capacitance
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meter (Model HP4274A, Hewlett—Packard, Tokyo, Japan). The spectively. Moreover, the incorporation of M, only slightly
electrical characteristics, which include the Schottky barrier reduces the sintered density without significantly modifying
height®, and the donor density,, were determined from the  the temperature and time dependence of the sample density.

C-Vdata, using the model proposed by Muleteal 26 The grain-growth rate of the ZnO materials is also signifi-
cantly increased because of thgQ4 addition. SEM examina-

. Results tion shows that, when microwave-sintered at 900°C for 10 min,

the grains of pure ZnO materials hardly grow; however, the

(1) Sintering Behavior Zn0-0.5-mol%-\ O materials have already developed a large

grain size [118.8 um). The incorporation of an additional 0.3
mol% of Mn,O, does not significantly affect the grain-growth
rate of these materials. Figs. 2(a)—(d) reveal that a higher sin-
tering temperature monotonously increases the grain size of the
Zn0-V,0s—Mn;0, samples, and Figs. 2(a), (e), and (f) further
indicate that a longer soaking time also results in a larger grain
size for these samples. The effect of the microwave sintering
temperature and the soaking time on the grain-growth behavior
of these material is more clearly illustrated in Figs. 3(a) and (b),
respectively. The grain size increases markedly, from {818
to 30 wm, when the sintering temperature increases from
900°C to 1000°C or the soaking time extends from 10 min to
30 min (regime | in Fig. 3). The change in grain size is less
100 ] . . l . — : pronounced beyond this range (regime Il in Fig. 3). Their sig-
nificance on the electrical properties of the ZnO materials will
be discussed shortly.
On the other hand, the proportion of MD, additives that
are incorporated into the ZnO-0.5 mol%Q®; does not sig-
nificantly modify the densification and grain-growth behaviors
b = of these materials, as shown in Figs. 4(a) and (b), respectively.
I T o 1 The density of the ZnO-Y0-—Mn;0, materials varies in the
' range of 92.5%-94.5% of TD, whereas their grain size varies in
the range of 15.5-2um for the samples that contairl.0
; mol% Mn;O, and have been microwave-sintered (ms) at
; {7~ PureznO . 900°C for 10 min. For comparison, the characteristics of the
Zn0-V,0s—Mn;0, materials densified via the conventional
—E— 0.5mol% VL0, 4 furnace sintering (fs) process are also shown in Figs. 4(a) and
(b); this comparison indicates that a pronouncedly longer sin-
; — < - 0.5mol% V,05+ 0.3mol% Mn,O, | tering time (i.e., 60 min at 900°C) is required for the fs samples
i to achieve the same density as the ms samples, at 900°C for 10
84 . \ . \ . . . \ min. Moreover, the resultant grain size of the fs samples (3-5
800 900 1000 1100 1200 pm) is markedly smaller than that of the ms samples, which
implies that grain-boundary mobility is low in the fs process
but is markedly enhanced in the ms process.
(@) The fact that the YO, additives can enhance the densifica-
tion and grain-growth behaviors of the ZnOX3, materials
has been considered by the formation of a Zn@aycom-
100 . 1 , l . , pound, i.e., Zg(VO,),, which acts as a liquid-phase sintering
aid at high temperaturf®:*®Such a phenomenon also has been
(Ts = 900°C) E)glg)\éneq in anof\zOE,—rI]\/I(bO4 m_lz_;ltel_rialls \r/]ia the XRD and f
0 } o microanalytic techniques. Typical phase constituents o
- Zn0-0.5 mol% V;0rx mol% Mn these materials are represented by the XRD patterns of the

microwave-sintered ZnO-)0g (0.5 mol%)-Mn0O, (0.3
mol%) materials in Fig. 5(a); these XRD patterns reveal the
96 |- presence of a Zf{VO,), secondary phase, in addition to the

hexagonal ZnO. No secondary phase related to,®4nis
detected.
The EDAX microanalyses shown in Fig. 5(b) for 900°C (for
] 30 min) microwave-sintered ZnO-0.5-mol%®5—0.3-mol%-
A Mn;O, samples indicate that, in addition to the zinc species, the
—5— x=0% vanadium and manganese species both can be observed at the
2+ —S— x=015% grain-boundary regions (pattern “1” in Fig. 5(b)), whereas
@ x=030% only the manganese species are detectable, in addition to the
’ main constituents (the zinc species), in the grain interior (pat-
. . ) | ) ) tern “2” in Fig. 5(b)). A similar phenomenon has been ob-
0 20 40 60 served for the samples microwave-sintered at 1200°C (for 10
min), as shown in the EDAX microanalyses in Fig. 5(c), which
reveals, again, that the vanadium and manganese species both
(b) are detected at the junction of the grains (pattern “1” in Fig.
5(c)) and only the manganese species coexist with the zinc
Fig. 1. Variation of the density of ZnO-¥0;—Mn,O, materials with species in the grain interior (pattern “2" in Fig. 5(c)). There is
(a) the microwave sintering temperature (with a soaking time of 10 a clear implication that the Y05 additives only reside at the
min) and (b) the soaking time (microwave-sintered at 900°C). grain-boundary region and will eutectically react with the ZnO

As reported previously, the incorporation of®; additives
markedly enhances the densification rate of the ZnO materials.
Figure 1(a) shows that only 800°C (for 10 min) is required in
the microwave sintering process for these materials to attain a
density as high as 96.1% of the theoretical density (TD) for
Zn0-0.5-mol%-\Os materials, whereas at least 900°C (for 10
min) is required to attain high density for pure ZnO materials.
Increasing the sintering temperature, from 800°C to 1200°C
(for 10 min), and the soaking time, from 5 min to 60 min (at
900°C), only moderately alters the densification behavior of
the ZnO-\,O5 materials, as shown in Figs. 1(a) and (b), re-
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Fig. 2. SEM micrographs of the ZnO-0.5-mol%;¥—0.3-mol%-Mn0O, materials microwave-sintered at (a) 900°, (b) 1000°, (c) 1100°, and (d)
1200°C for 10 min, showing the effect of sintering temperature; Figs. 2(e) and (f) are SEM micrographs of /eMW,0, materials
microwave-sintered at 900°C for 30 and 60 min, respectively, showing the effect of soaking time.

materials in this region. This phenomenon is in agreement with sintered at 900°C for 10 min, the,@g additives markedly
the proposed model: that is, the®; additives have enhanced suppress the leakage current density) (©Of the pure ZnO ma-
the densification and grain-growth processes via the formation terials (cf. solid and open circles in Fig. 6(a)). The incorpora-
of a liquid phase at the sintering temperature. The significance tion of the Mn,O, species further reduces the valueJpfby

of the phenomenon that the manganese species reside both ahore than 3 orders of magnitude, which results in prominent
the grain boundaries and in the grain interior will be discussed nonohmic characteristics. For comparison, the effect of these

shortly. additives on the electrical behavior of the conventionally sin-
) ) tered ZnO-\JOs—Mn;O, materials (900°C for 60 min) is
(2) Electrical Properties shown in Fig. 6(b). Generally, the furnace-sintered samples

The effect of LOg and MnyO, addition on the electrical  possess inferior values, in comparison to the microwave-
properties of the ZnO materials has been characterized. Assintered materials, although they have smaljevalues. These
shown in Fig. 6(a), for the materials that have been microwave- behaviors are closely related to the smaller grain size of the
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Fig. 3. Variation of the grain size of the ZnO-®@—Mn;0, mate-
rials with (a) the sintering temperature (for a soaking time of 10 min)
and (b) the soaking time (sintered at 900°C).

furnace-sintered samples (cf. Fig. 4); one can infer from this

sintering for 60 min.

only moderately with the proportion of M®, additives (i.e.,
J. = 0.34 x 10%-2.0 x 10° A/cm?); however,a shows a
maximum value for the samples that are doped with 0.3 mol%
of Mn;O, (i.e.,a = 17.8). By contrast, Fig. 7(b) shows thh{
and Ny both possess a minimum value for the 0.3-mol%-
Mn;O,-doped composition: that ish, = 0.93 eV and\,
0.8 x 108 cm’s,

The effect of the sintering temperature and the soaking time

comparison that the donor additives can be fully incorporated on the electrical properties of the ZnO—-0.5-mol%04-0.3-

into the grain interior of the samples only when pronounced

mol%-Mn;O, materials has been examined further. The result-

grain-boundary migration has occurred. The advantage of theantE—Jbehaviors are shown in Figs. 8(a) and (b), respectively;

microwave sintering process over the conventional furnace sin-

tering process in the preparation of ZnO varistor materials is,

these figures indicate that most of the samples possess good
nonohmic properties, except for those where the microwave

again, ascribed to the implied enhancement of the sintering sintering temperature is too high (i.e., 1200°C for 10 min; see

process. Figure 6(b) reveals that the incorporation of®jn
additives also significantly reduces tlg values of the fur-
nace-sintered samples.

To examine the effect of My©, doping on the electrical
properties of the ZnO-Y0O5; materials more clearly, the values
of a andJ, for the samples are derived from the-J curves
that are shown in Fig. 6(a), whereas the value®pandN, for
the samples are derived from their capacitance—volt&gé—(
V) characteristics (not shown). Figure 7(a) shows &hataries

Fig. 8(a)) or the soaking time is too long (i.e., 60 min at 900°C;
see Fig. 8(b)). The important electronic parameters of these
materials are derived from the-Jcurves and the correspond-
ing C-V curves (not shown). The results are plotted in Figs. 9
and 10; these figures indicate that theand J,_ values are
optimized for the samples sintered at 1100°C (10 min) and
900°C (30 min) (closed circles in Figs. 9 and 10). These values
are as follows:a = 22-23.5,J, = 1.4 x 10%-2.4 x 10°
Alcm?; &, = 0.93-1.21 eV, antlly = 0.31 x 10%-0.54 x 168
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Fig. 5. (a) XRD patterns (Cka) of ZnO-0.5-mol%-\05-0.3-

mol%-Mn;O, materials microwave-sintered at 800°~1200°C (for 10
min) or 900°C (for 60 min); Figs. 5(b) and (c) are EDAX (in SEM)
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Fig. 6. Effect of Mn;O, additives on the electric-field—current-
density E-J characteristics of the ZnO-0.5-mol%,¥; materials
obtained via (a) microwave sintering at 900°C for 10 min and (b)
conventional furnace sintering at 900°C for 60 min.

cm 3. The nonohmic properties of the insufficiently sintered or
overfired samples (open circles in Figs. 9 and 10) are inferior
to those of the properly sintered samples. In other words, the
processing parameters significantly affect the nonohmic prop-
erties of the ZnO-YO—~Mn;O, materials. Because all the
samples are of high density, the modification on the nonohmic
behavior of the materials is, most likely, a result of the change
in the defect chemistry along their grain boundaries, which will
be discussed shortly.

IV. Discussion

Itis generally believed that, in the ZnO materials, the donors
are the zinc species that occupy the interstitial sites of the
lattice (i.e., Zr). The proportion of these species can be altered
most easily via outward diffusion of these species via the post-

patterns of the same materials microwave-sintered at 900°C for 30 min @nnealing process. Moreover, the effective donor denbigy (

and 1200°C for 10 min, respectively.

can also be reduced, because of the presence of the electron
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((@) ©) the nonlinear coefficienta) and (J) the leakage current ( )

density @, ); (b) (O) the potential barrier heightd(,) and (J) the

donor density ). Fig. 8. Effect of (a) the microwave sintering temperature (800°—
1200°C for 10 min) and (b) the soaking time (10—60 min at 900°C) on
the electrical-field—current-densitE{J) characteristics of ZnO-0.5-
mol%-V,05—0.3-mol%-Mn0, materials (the dashed curve in Fig.

. . 8(b) represents thE—J characteristics of ZnO—-0.5-mol%,®5 mate-
traps, which are, most probably, manganese ions that haveyjgs).

partially dissolved into the matrix. By contrast, the manganese

species have a tendency to remain at the grain boundaries

(i.e., Mnyy), which forms the surface states. Therefore, a re-

duction in surface-state densitid) can occur, because of the

partial dissolution of the manganese ions into the grains or the Such a phenomenon leads to a significant reduction in the value
loss of the Mg, species that accompanies the volatile vana- of N, for samples sintered at 1200°C (for 10 min) and explains

dium species. the significant degradation of the nonlinear properties of these

Because the proportion of donor (¥rand acceptor (Mn) materials very well.
species that are incorporated in these samples is the same, the The above-mentioned discussions clearly indicate that the
only possible reaction that can occur during sintering is a re- processing parameters that have been used to sinter the ZnO-
distribution of these species. Pronounced grain growth that V,0s—Mn;O, materials markedly modify the defect chemistry
occurs during sintering (cf. Table 1) will induce rapid grain- along grain boundaries, which significantly alters the
boundary migration. Thus, a significant proportion of manga- nonohmic properties of the materials. This phenomenon occurs
nese ions that had originally resided at the grain boundaries ismainly via redistribution of the additives.
left behind and dissolved into the grains, which results in a
decrease in the value o,

Moreover, a loss of the manganese species through vapor-
ization will occur, in addition to an inward diffusion of the The effect of \LO; and MnyO, additives on the densification
manganese species into the grains, for the samples that havéehavior and the grain-growth characteristics of the ZnO ma-
been sintered at high temperature (or for long soaking times). terials, and their associated nonohmic properties, were system-

V. Conclusion
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Table I.  Variation of Donor and Surface-State Density N4 and N, Respectively) with Sintering Conditions
Grain Ny N

Sintering conditions size (wm) (x 10 cm3) (x 10 cm™?) a d, (eV) Remark
900°C, 10 min 17.9 0.80 2.64 17.8 0.93

1000°C, 10 min 30.7 0.46 2.29 18.4 1.21 Regime | in Fig'3
1100°C, 10 min 36.1 0.31 181 22.0 1.12

1200°C, 10 min 44.6 0.16 1.60 12.4 0.68 Regime Il in Fig.®3
900°C, 10 min 17.9 0.80 2.64 17.8 0.93

900°C, 30 min 29.7 0.54 2.42 235 1.16 Regime | in Fig'3
900°C, 60 min 32.8 0.40 1.99 16.2 1.06 Regime Il in Fig.®

"Marked reduction ifNg due to grain growth*Marked reduction if\g due to manganese loss.

atically examined. The addition of @5 markedly reduced the

microwave sintering temperature and soaking time necessary tostry of the samples.
densify the ZnO materials and induce grain growth. The incor-
poration of the MgO, species did not significantly modify

their sintering properties but did markedly alter their nonohmic References
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