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bstract

semi-conducting ZnO-based multilayer varistor (MLV) is cofired with a passivation layer with Zn0.9Mg0.1TiO3 (ZMT) composition to prevent
nO-based MLV from over-nickel coating during nickel plating. The cofiring results show that no de-lamination between ZMT and ZnO can
e found, suggesting good co-firing compatibility between ZMT and ZnO though the anisotropic densification of ZMT is noted. However, the
icrostructure and electrical properties of ZnO based MLV is greatly influenced since ZMT is cofired with ZnO-based MLV. Reduction of grain

ize of ZnO-based MLV from 5.2 to 3.7 �m that is presumably attributed to constraining sintering of ZnO-based MLV by ZMT is observed after
ofring ZMT. Simultaneously, the reduction of grain size of ZMT covered ZnO-based MLV results in a decrease of capacitance and in an increase

f breakdown voltage. On the other hand, a decrease of non-linear coefficient and an increase of leakage current of ZMT covered ZnO-based MLV
re observed as well. The results are associated with the change of slope of I–V curve for ZMT covered ZnO-based MLV due to the formation of
semi-conducting Zn2TiO4 phase, which is resulted from the diffusion of titanium ion into the matrix of ZnO-based MLV during co-firing.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Surface mountable multilayer zinc oxide varistor1,2 have
ecome important protection components in modern electronics
or automotive, telecommunication, data processing, and con-
umer application because of its exceptional non-linear ohmic
haracteristic.

Trends in surface mount technology towards lower solder
emperature, shorter time of exposure to molten solder, use of

ilder solder flux, and geometry restrictions on land pads lead
o even small process window. As a result, there is an increasing
nquiry for “nickel barrier termination” for multilayer ceramic
omponents such as zinc oxide varistor, barium titanate capac-
tor. There is, however, a major hindrance for introduction of
ickel barrier termination system for ZnO-based varistors that is

semi-conducting ceramic resulted of a complete coating of the
ultilayer ZnO varistor, when plating termination is followed

arium titanate multilayer capacitor.3

∗ Corresponding author. Tel.: +886 6 2757575; fax: +886 6 2345482.
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To overcome above plating issue, the multilayer ZnO varis-
or covered with an insulting passivation layer is necessary. As
oth the ZnO-based MLV and the passivation layer of insulat-
ng ceramic undergo the same thermal treatment process, i.e.
intering, there are some aspects, which have to be considered.

. Matching of the shrinkage behavior between two different
ceramics during co-firing process.

. The passivation layer diffuses into the electrical active zone to
change ZnO-based MLV microstructure and electrical prop-
erties after co-firing.

. The passivation layer chemically reacts with ZnO-based
MLV resulting in the formation of new crystal phases.

In this study, ZnO-based MLV with B2O3 sintering aid addi-
ion is able be sintered from 950 ◦C for 1.5 h. To minimize the

ismatch of sintering temperature between two ceramic mate-

ials, the sintering temperature of passivation layer should be
lose to the sintering temperature of ZnO-based MLV as possi-
le. In addition, for avoidance of chemical reactions between
wo ceramic materials resulting in undesired crystal phases,
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he composition of passivation layer, besides it is an insulating
aterials sintered in air, the similarity of two ceramic materials

hould be as close as possible. Taking into account above two
riterions, zinc titanates ZnTiO3 was selected as a passivation
ayer in this investigation because zinc titanates (ZnTiO3) can be
intered at 1100 ◦C without sintering aids.7 When B2O3 as a sin-
ering aid was added, the sintering temperatures of zinc titanates
an be further down around 950 ◦C.4,5 However, zinc titanates
s a not stable phase above 820 ◦C, addition of Mg to stabilize
inc titanates phase formation above 820 ◦C is necessary accord-
ng previous studies.6 Therefore, Zn0.95Mg0.05TiO3 (ZMT) with

2O3 addition is main composition as a passivation layer in this
tudy. It is the purpose of the present study to understand what is
appened after cofring ZnO-based MLV with passivation ZMT.
iffusion and chemical reaction between ZnO-based MLV and
assivation ZMT would be main point we studied, as well the
nfluence of cofiring ZnO-based MLV with passivation ZMT on
he microstructure, electrical properties of ZnO-based MLV is
nother focus we interested in following text.

. Experimental procedures

.1. Preparation of multilayered varistor (MLV) covered
ith ZMT passivation

ZnO-based multilayered varistors (MLV) were fabricated by
conventional multi-layer ceramic capacitor (MLCC) technol-
gy. Zn0.9Mg0.1TiO3 (ZMT) was used as the cover layer. ZnO
ZnO, Mitsui Inc., Japan) and dopants including Al(OH)3, MnO,
oO, Sb2O3 and Bi2O3 were weighed, mixed, dispersed, and
illed in deionized water with 2 mm yttria-tetragonal zirconia

olycrystal (Y-TZP) beads for 6 h. The mean particle size (D50)
f milled slurry was about 0.35 �m. The pre-milling slurry were
ixed with binder, and plasticizer. The resulting slip was cast

nto a green sheet with a 30 �m in thickness using the doctor-
lade method. The Ag/Pd inner pastes were printed onto the
nO green sheet then these printed and unprinted sheets were
lternately stacked, laminated and cut into chips. Besides, ZMT

reen sheets were also placed on top and bottom of the ZnO
LV to study the co-firing behavior. The green chips were de-

inded at 320 ◦C and then sintered between 930 and 1000 ◦C for
.5 and 2 h.
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Z

Fig. 1. TMA results of ZnO based MLV, ZM
eramic Society 26 (2006) 3753–3759

.2. Measurements

The microstructures of the specimens were characterized by
canning electron microscope (Leo 1530, Philips Instrument
nc., Netherlands or JSM-5300, JEOL, Japan) equipped with
n energy-dispersive spectrometer (EDS, EDAX Inc., USA).
he thermal etching was performed at 850 ◦C for 20 min to

eveal the grain boundary. The grain size was measured by using
he linear intercept method. The co-firing of the specimen was
nvestigated by thermo-mechanical analyzer (TMA). The spec-
mens were heated up to 950 ◦C at a heating rate was 5 ◦C/min.
he capacitance and dissipation factor (tan δ) were measured
t 1 MHz by using a precision LCR network analyzer (4278A,
ewlett-Packard Inc., USA). The nonlinearity (α) was calcu-

ated from two pairs of voltage and current values and defined
s α = (log I2 − log I1)/(log V2 − log V1). The voltage values
ere recorded at an applied current of 1 and 10 mA, respectively.
ll of the testing parameters were followed according to IEC
0060 and IEC61000-4-2.

. Results and discussion

.1. Shrinkage rate of sintering behavior

To understand the co-firing behavior between ZnO-based
LV and passivation ZMT materials, thermal mechanical anal-

sis (TMA) was conduced to measure their shrinkage rate with
intering temperature. Fig. 1 demonstrates the TMA results
f individual ZnO-based MLV, ZMT passivation materials and
MT-covered ZnO-based MLV composite. The result indicates

he isotropic shrinkage (curves 1 and 2) of ZnO-based MLV.
he onset temperature of ZnO-based MLV is about 780 ◦C.
he shrinkage of 32.5% either along the X- or Z-direction is
bserved. However, the anisotropic sintering of ZMT is noted
n the X- and Z-direction (curves 5 and 6), which has an onset
emperature of 830 ◦C. The shrinkage of 25 and 35% along the
- and Z-direction is measured, respectively. This differential
ensification may result in the poor dispersion of ZMT slurry

nd contributed to in-homogeneity of tape quality. Moreover,
he shrinkage behavior of ZMT-covered ZnO MLV is illus-
rated in curves 3 and 4. The onset temperature of ZMT-covered
nO-based MLV composite is 776 ◦C that is close to the onset

T and ZMT covered ZnO based MLV.
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Table 1
TMA shrinkage behavior in X- and Z-axial for ZnO-based MLV, ZMT and ZMT covered ZnO-based MLV

X-axial Z-axial

Onset temperature (◦C) Shrinkage rate (%) Onset temperature (◦C) Shrinkage rate (%)

ZnO-based MLV 780 −32.5 780 −32.5
Z 25
Z 28
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MT 830 −
MT covered ZnO-based MLV 776 −

emperature of ZnO-based MLV, indicating the densification of
MT-covered ZnO MLV is mainly dominated by ZnO-based
LV. The shrinkage of 28 and 34% along the X- and Z-direction

s observed. Sintering behavior measured by TMA for three
aterials is summarized in Table 1. In comparison of ZMT,

he differential densification of ZMT-covered ZnO based MLV
omposite can slightly decrease from 10 down to 6% due to the
resence of isotropic of ZnO-based MLV.

.2. Microstructure analysis

Fig. 2 shows the cross-sectional SEM micrograph of ZMT-
overed ZnO MLV, co-fired at 950 ◦C/1.5 h and then thermally
tched at 850 ◦C/20 min. The protection layer of ZMT in the
ange of 12 �m has an excellent bonding with ZnO matrix. No
e-lamination between ZMT and ZnO can be found after the co-
ring. The interfacial reaction between ZMT and ZnO is quite
ignificant. In the inter-diffusion zone, a dual-phase microstruc-
ure is formed as shown in Fig. 3. The white phase, consisting
f ZMT phases diffuses from the ZMT into ZnO and forms a
ontinuous phase in the matrix.

To identify what new phase is formed, the element map-
ing for the before and after cofiring specimens were examined

y SEM and XRD. ZMT consists of Mg, Zn and Ti compo-
ents, the concentration difference of ZnO-based MLV before
nd after cofiring with ZMT are compared as shown in Fig. 3a–f.
vidently, according to mapping results, the mainly obvious dif-
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Fig. 2. (a and b) SEM micrographs of co-fired ZMT-ZnO-based MLV at 950
830 −35
776 −34

erence of concentration of element is titanium after co-firing.
t hints that the diffusion of Ti4+ into ZnO based MLV from
MT was happened during co-firing. When X-ray diffraction
eter was conducted to examine the after co-firing specimen
ith ZMT and ZnO-based MLV, there are two new phases for-
ation of Zn2TiO4 and TiO2 as shown in Fig. 4. According to

he phase transformation reaction as below:7

ZnO + 2TiO2
700 ◦C−→ 2ZnTiO3

950 ◦C−→ Zn2TiO4 + TiO2

For the cover layer with (Zn, Mg)TiO3 formulation, due to
he presence of magnesium that is well known to suppress above
ecomposition reaction at 950 ◦C, thus, even if the specimen had
een fired above 950 ◦C, above phase transformation reaction at
50 ◦C was not able to be occurred. The main phase of the cover
ayer is still kept (Zn, Mg)TiO3. However, on the contrary, when
o-firing between (Zn, Mg)TiO3 with ZnO based MLV, only
itanium ion from ZMT was diffused into ZnO based MLV, in
ther words, no diffusion of Mg2+ into ZnO-based MLV was
bserved. It hints that the decomposition reaction of 2ZnTiO3
nto Zn2TiO4 + TiO2 two phases would be occurred due to the
ack of suppressor such as magnesium.8

A typical grain size distribution of the specimens of ZnO-

ased MLV, sintered at 950 ◦C/1.5 h is shown in Fig. 5a and b.
he average grain of the specimen is about 5.2 �m. However, the
istribution of grain size is quite large, probably due to the liquid
hase sintering in the presence of Bi2O3. The grain size can be as

◦C for 1.5 h. The specimen was thermally etched at 850 ◦C for 20 min.



3756 W.S. Lee et al. / Journal of the European Ceramic Society 26 (2006) 3753–3759

F and
a

s
g
m

Z
M
r
l

s
t

i
t
o
p
M
a
h

ig. 3. (a–c) Micrographs of Zn, Mg, Ti mapping before co-firing between ZMT
fter co-firing between ZMT and ZnO-based MLV at 950 ◦C for 1.5 h.

mall as 2.0 �m and as big as 12.0 �m. An improvement in the
rain size distribution will be needed to obtain a more uniform
icrostructure.
Fig. 6a and b show the SEM micrograph of ZMT-covered

nO-based MLV, which was thermally de-binded at 350 ◦C.
ore importantly, the grain size of ZnO-based matrix is greatly

educed to 3.7 �m while ZnO based MLV co-firing with cover-

ayer of ZMT.

There are two possible causes to explain for why the grain
ize of ZnO based MLV is greatly decreased while co-firing with
he cover layer of ZMT. One is the most possible speculation

t
Z
Z
b

Fig. 4. XRD pattern for ZMT, ZnO based MLV
ZnO-based MLV at 950 ◦C for 1.5 h. (d–f) Micrographs of Zn, Mg, Ti mapping

s that the grain growth of ZnO-based MLV is constrained by
he cover-layer of ZMT during co-firing due to the mismatch of
nset sintering temperature between them.9 As mentioned in the
revious section, the onset sintering temperature for ZnO-based
LV is lower than that of ZMT. When co-firing temperature

pproaches 780 ◦C, the ZnO based MLV will start to shrink,
owever, the cover-layer of ZMT is still kept non-shrinkage due

o its high onset sintering temperature. Thus, the shrinkage of
nO-based MLV would be constrained by the cover-layer of
MT in the direction of x and y directions, resulting in the inhi-
ition of grain growth for ZnO based MLV.10 Another possible

and ZnO based MLV cofired with ZMT.
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Fig. 5. (a and b) SEM micrograph and grain size distribution of ZnO-based MLV sintered at 950 ◦C for 1.5 h.
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Fig. 6. (a and b) SEM micrograph and grain size distributio

eason is suspected when Ti4+ was diffused from the cover-layer
f ZMT into ZnO based MLV and two new phases (Zn2TiO4,
iO2) were formed that hamper the grain growth of ZnO-based
LV. Though previous investigations had demonstrated that

i4+ addition into ZnO plays a accelerator of grain growth of
nO matrix,11 however, in our study, Fig. 3f shows large amount
f Ti4+ was diffused into ZnO-based MLV matrix resulting a few
f the second phases were formed and widely distributed in ZnO-
ased MLV matrix. The role of the second phase in inhibition
f grain growth of ZnO-based MLV is taken into account.
.3. Electrical properties analysis

Table 2 summarizes the electrical properties of ZnO
ased MLV and ZMT-covered ZnO based MLV, co-fired at

able 2
lectrical properties of ZnO based MLV and ZMT covered ZnO-based MLV,
intered at 950 ◦C for 1.5 h

Capacitance
(pF)

VB (V) α-value Leakage
current (A)

nO-based MLV 90 8.8 18.8 0.04
MT covered
nO-based MLV

35 13.8 12.5 0.2
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MT covered ZnO-based MLV sintered at 950 ◦C for 1.5 h.

50 ◦C/1.5 h. The results show that the application of ZMT on
op and bottom as a cover layer leads to a decrease in capacitance
nd an increase in breakdown voltage. Capacitance is strongly
ecreased from 90nF to 35pF, on the other hand, the breakdown
oltage is enhanced from 8.8 to 13.8 V. Both of effects are pre-
umably attributed to the reduction of grain size.

It is well known that the ZnO-based varistor possesses the
haracteristic of grain boundary capacitors. The effective dielec-
ric constant can be expressed as12:

eff = εi
dg

di
(1)

here εi, dg, di represent dielectric constant of insulating layer at
rain boundary, grain size of matrix and thickness of insulating
hase at grain boundary, respectively. The effective dielectric
onstant of ZnO-based MLV is directly proportional to the
ielectric constant of insulting phase (εi), and grain size of the
atrix (dg) but reversely proportional to the thickness of insult-

ng phase (di). As εi is almost a constant and di is quite small,
g may play an important role in determining the capacitance of
MT-covered ZnO MLV.
Usually, a small grain size will lead to a big breakdown VB
f ZnO based MLV.13 The individual breakdown voltages of
ll grain boundaries, which form the current path between the
xternal electrodes, add up to the total breakdown voltage of the
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ig. 7. I–V curve for ZMT, ZnO based MLV and ZMT covered ZnO based MLV.

nO-based multilayer varistor following the formula (2).

= NGB × VGB =
(

L

dg

)
× VGB (2)

here NGB is the number of grain boundaries NGB, VGB is
he breakdown voltage per grain boundary, L is the thickness
etween two electrodes, and dg is the diameter of average grain
ize. Obviously, the breakdown voltage of ZnO-based MLV can
e well controlled by either changing the grain size or changing
he thickness between two electrodes.14 For ZnO based MLV
pecimen, the breakdown voltage (V) is 8.8 V, the thickness of
wo electrodes (L) is 20 �m and the average grain size(dg) is
.8 �m. As a result, calculation of the breakdown voltage per
rain (VGB) is 2.55 V. On the other hand, for ZMT covered ZnO-
ased MLV specimen, the breakdown voltage (V) is 13.8 V, the
hickness of two electrodes (L) is 20 um and the average grains
ize (dg) is 3.7 um, based on these parameters, calculation of the
reakdown voltage per grain (VGB) is 2.55 V, too. It is interested
o note that the breakdown voltage per gain is the same for ZnO
ased MLV and ZMT covered ZnO based MLV.

While ZMT was co-fired with ZnO based MLV, an increase
n leakage current from 0.04 to 0.2 �A and a decrease in non-
inear coefficient from 18.8 to 12.5 are both observed. This result
s associated with the formation of a semi-conducing Zn2TiO4
esulting in changing I–V curve behavior for ZMT covered
nO-based MLV. Fig. 7 shows the current-voltage curve for
nO-based MLV and ZMT covered ZnO based MLV. A signif-

cant difference of I–V curves between them is observed maybe
ue to the present of semi-conducting phase of Zn2TiO4. In
eneral, there are three regions in I–V curve of varistors. The
eakage current of ZnO-based MLV is mainly determined by the
lope of I–V curve slope in the leakage current region of ZnO-
ased MLV. Evidently, the slope of ZMT covered ZnO-based
LV is smaller than that of ZnO-based MLV. It indicates that

eakage current is increased when the semi-conducting phase
f Zn2TiO4 is existed. On the other hand, the non-linear coef-
cient of ZnO-based MLV is determined by the slope of I–V

n the normal operating region. It is obvious to see the slope
f ZMT covered ZnO-based MLV is bigger than that of ZnO-

ased MLV, corresponding to the non-linear coefficient of ZMT
overed ZnO-based MLV is smaller than of that of ZnO-based
LV. This result is still associated with the presence of semi-

onducting phase of Zn2TiO4 leading to a change of the slope
f I–V curve.15

1

1

eramic Society 26 (2006) 3753–3759

. Conclusion

The anisotropic densification of ZMT is noted while the
sotropic shrinkage of ZnO is observed. The differential densifi-
ation of ZMT-covered ZnO MLV leads to no de-lamination of
MT from ZnO matrix. The application of Zn0.9Mg0.1TiO3ZMT
s a cover passivation layer on top and bottom of ZnO MLV is
uccessfully co-fired with ZnO-based MLV for improvement on
esistance to acidic plating.

In comparison with ZnO-based MLV, the average and dis-
ribution of grain size for ZnO-based MLV coifirng with
n0.9Mg0.1TiO3 are both reduced, indicating the homogene-

ty of microstructure is greatly improved. The grain growth of
nO-based MLV are probably constrained by the presence of
n0.9Mg0.1TiO3 cover layer or probably inhibited by the forma-

ion of Zn2TiO4 phase distributed in ZnO-based MLV matrix
ue to the diffusion of titanium during cofiring.

ZnO based MLV as cofired with Zn0.9Mg0.1TiO3 cover layer
esults in a decrease in capacitance and an increase in breakdown
oltage mainly due to the reduction of grain size. On the other
and, a decrease in non-linear coefficient and an increase in
eakage current is associated with the change of slope of I–V
urve for ZMT covered ZnO-based MLV due to the formation
f semi-conducting Zn2TiO4 phase.
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