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Abstract

The chemical and morphological modification of zinc phosphates as a protection layer for ZnO-based varistor has been made through the addition
of Mg or Ca species to the conversion solution combined with the calcinations of zinc phosphates. The results showed that the aspect ratio of
as-coated zinc phosphates grains can be greatly reduced through the addition of Mg or Ca species. Moreover, the introduction of calcination to zinc
phosphate not only makes the coating layer more dense, smooth, and resistive, but also results in the increase in capacitance, non-linear coefficient
(). On the other hand, loss tangent and breakdown voltage are both slightly decreased with increasing calcination temperatures. The increase in
capacitance after calcinations may result from both the re-crystallization of Bi,O3-containing grain boundary phase and the reduction of oxygen

vacancies.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Doped-ZnO ceramic due to its nonlinear ohmic property
and excellent energy handling capability has become one of
the promising varistors.! The microstructure of ZnO consists
of highly conductive n-type ZnO grains, which are surrounded
by an electrically insulting grain boundary phases. Due to its
semi-conductive characteristic, an insulating layer needs to be
selectively deposited on the exposed surface of ZnO varistor
but not on the electrically conductive end terminations during
the manufacturing of multilayer varistor (MLV). Therefore, this
device can be plated by using a conventional plating process.
More importantly, the plating only takes place on the end ter-
minations. The insulating layers, such as phosphates, glass, and
polymer have been reported.”® The fabrication of phosphates
is chemically oriented while that of glass or polymer is more
physically oriented. Moreover, it is found that the phosphates
will be leached out during Ni or Sn electroplating. The leaching
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of this insulating layer will result in the change in morphology
of passivation layer, reduction of insulation resistance, increased
leakage current, increase in loss factor, and permeation of plating
solution into ceramics, leading to serious degradation of MLV
during operation.”

Therefore, the purpose of this work is to chemically mod-
ify zinc phosphate [Zn3(PO4)-4H;O] through the conversion
treatment and calcinations of the coating layer. The effect
of chemical additives on the composition and morphology of
Zn3(PO4)-4H,0 will be studied and reported. The relationship
between microstructure of zinc phosphates and electrical proper-
ties are investigated in dependence of the processing parameters.

2. Experimental procedure

The doped ZnO semiconductors were immersed and made
to react with a phosphoric acid solution to form an electrically
insulating phosphates coating layer. The passivation process was
performed at ambient temperature for a period of time. The pH
value of phosphoric acid solution is in the range of 1-5. The
as-coated zinc phosphates coating layers were then calcined
in the temperature range of 600-850° C under air conditions.
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The insulation resistance (IR) of the samples was measured
by using a high resistive meter (4339B, Hewlett-Packard Inc.,
USA) atan applied voltage of 1 V/s. The phase of zinc phosphate
was determined by using X-ray diffractometer (X pert, Philips
Instrument Inc., Netherlands). The microstructures of the speci-
mens were characterized by scanning electron microscope (Leo
1530, Philips Instrument Inc., Netherlands or JSM-5300, JEOL,
Japan) equipped with an energy-dispersive spectrometer (EDS,
EDAX Inc., USA).

3. Results and discussion

Fig. 1 shows the SEM micrograph of ZnO-based varistor.
The image shows that some Zn7Sb,012 (ZS) spinel particles
are incorporated into the ZnO grains while others are distributed
in the matrix. It is reported that Bi;O3 and Sb,O3 react with
7ZnO to form Bi3ZnSb30;4 (BZS), which transforms to ZS at
950-1050° C upon slow cooling.®* The pyrochlore phase is
undesirable because it shows no nonlinear ohmic behavior. It
is believed that the incorporation of smaller ZS particles to
the interior of ZnO grains may result from the faster migra-
tion of Bi; O3-containing grain boundary phase during co-firing.
Besides, the BioO3 segregates to Ag—Pd inner electrodes and
then reacts with Pd to give Bi—-Pd-O phases. The results are
consistent with literature.'”

Fig. 2 shows the XRD spectra of the as-coated zinc phos-
phates. The result shows that the crystalline phase of zinc phos-
phate is similar when reacting at 35 and 70° C, respectively.
Note that the powders are dried at 150° C/2h for the ease of
powder handling. Therefore, partially dehydration of zinc phos-
phate takes place and the phases are indexed as Zn3(PO4)-2H,O.
However, different crystalline phases, as shown in Fig. 3, are
obtained after calcining at 785° C/10 min. The zinc phosphate,
reacted at 35° C is hopeite phase while that reacted at 70° C is
phosphophyllite phase. The occurrence of different zinc phos-
phates is reported in literature.!!

Fig. 4 shows the SEM micrographs of the as-coated zinc phos-
phate, made to react at 35 and 70° C, respectively. Though the
crystalline phase of calcined zinc phosphate is different (Fig. 3),
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Fig. 1. SEM microstructure of doped-ZnO varistor.
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Fig. 2. XRD spectra of as-coated zinc phosphates, which are reacted at (a) 35
and (b) 70 °C for 4 h, respectively.

the SEM morphologies of the as-coated zinc phosphates are
quite similar. Platy grains are formed and the aspect ratio is
>10. Fig. 5 shows the SEM micrographs of the as-calcined zinc
phosphates, which are reacted at 35 and 70° C, respectively. As
can be seen in Fig. 4, the coverage of zinc phosphate on the sur-
face of ZnO is not complete. After calcining at 785° C/10 min,
a smooth, dense, and strong adhesion protection layer with high
resistivity can be obtained. The platy grains disappear, partially
melt, and flow into the interstices of uncovered regions during
calcination. The calcination of zinc phosphate not only results
in the morphology change from platy grains to spherical grains
but also leads to the improved physical and electrical properties.
It is believed that the densification of zinc phosphate may take
place through the viscous flow mechanism.

Fig. 6 shows a series of SEM micrographs of zinc phosphates,
which are calcined in the temperature range of 650-800° C for
10 min. The images show that the morphologies of platy grains
start to change when calcining at 650° C. The significant changes
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Fig. 3. XRD spectra of zinc phosphates, which are reacted at (a) 35 and (b)

70 °C, respectively. After conversion treatment, the zinc phosphates are calcined
at 785 °C/10 min.
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Fig. 4. SEM micrographs of the as-coated zinc phosphates reacted at (a) 35 °C and (b) 70 °C for 4 h, respectively.

in the morphologies of grains can be observed after calcining at
700° C. Most of the platy grains disappear and exhibit spherical
grains with some flow pattern of grains, as shown in Fig. 6(b).
The residual flow patterns can still be observed at the calcination
temperature of 750° C. The dense, smooth, and highly resistive
protection layer, consisting of zinc phosphates, can be obtained
when calcining in the temperature range of 750-800° C.

Itis reported that Mg- or Ca-doping can modify the morphol-
ogy of zinc phosphates and may improve the leaching resistance
of zinc phosphates during electroplating.'?!3 The as-coated and
as-calcined microstructures of Mg-doped zinc phosphates are
shown in Fig. 7, respectively. The aspect ratio of as-coated
grains decreases dramatically with the addition of Mg species.
The aspect ratio of Mg-doped zinc phosphates is estimated to
be <5.0. More uniform microstructures can be obtained as the
addition of Mg increases upto 0.3 wt%, based on the base con-
version solution. The similar microstructures can be found in
the case of Ca-doped zinc phosphates, as shown in Fig. 8.

The combination of Mg- and Ca-codoped zinc phosphates is
also investigated. Fig. 9 shows the SEM micrographs of Mg- and
Ca-codoped zinc phosphates, illustrating the formation of platy

grains. The aspect ratio of grains can be significantly reduced
when added Mg or Ca individually. However, it seems like
the occurrence of platy grains takes place when codoped with
Mg and Ca species in the conversion bath. Moreover, Fig. 10
demonstrates the comparison of SEM microstructures between
undoped and doped zinc phosphates after Sn electroplating. The
images show that the leaching resistance of zinc phosphates
against the plating solution can be improved through the addition
of Mg and Ca species.

While calcination process is conducted to improve the quality
of zinc phosphates, the electrical properties, such as capaci-
tance, loss tangent, non-linear coefficient, and breakdown for
the ZnO-based MLV with covered zinc phosphates are affected
as well and shown in Table 1. Evidently, with increasing calci-
nations temperature, capacitance and non-linear coefficient are
both slightly increased, contrary, loss tangent and breakdown
voltage are both significantly decreased. Without the calcina-
tion process, the loss tangent of ZnO-based MLV is 3.81%,
with increasing calcinations temperature from 650 to 800 °C,
the loss tangent of ZnO-based MLV is decreased from 3.67
to 3.2%. Assuming that the hopping of the trapped electrons

Fig. 5. SEM micrographs of zinc phosphates, calcined at 785 °C/10 min. The conversion treatment was performed at (a) 35 °C and (b) 70 °C, respectively.
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Fig. 6. SEM microstructures of zinc phosphate, calcined in the temperature range of (a) 650, (b) 700, (c) 750, and (d) 800 °C for 10 min.

from the occupied to the unoccupied state that happened dur-
ing calcinations process is response for the change of loss
tangent.'4

As the calcination temperature increases, non-linear coef-
ficient is slightly increased from 18.7 without calcinations to
23.4 with calcinations at 800 °C for 30 min. It has been men-
tioned to change the shape of E-J curves by a post-sintering
heat treatment.!> According to a previous discussion, the ther-
mal behavior should change if a modification of the width of
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transition range occurs. The heat treatment broadened the transi-
tion region with a respective change of the temperature behavior.
The flattening and decrease of E-J curves of samples with cal-
cinations could be explained through the theory of Gupta.'®
According to this theory, migrating interstitial zinc recombines
with oxygen atoms, thereby forming thermally stable ZnO at
the grain boundary. This reaction should be accompanied by a
decrease of grain boundary states and leads to an increase of
non-linear coefficient.

Fig. 7. SEM micrographs of (a) as-coated and (b) as-calcined Mg-doped zinc phosphates.
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Fig. 8. SEM micrographs of (a) as-coated and (b) as-calcined Ca-doped zinc phosphates.

#"-

Fig. 9. SEM micrographs of (a) as-coated and (b) as-calcined Mg and Ca codop zinc phosphates.

The reduction of the breakdown voltage with increasing calci-
nations temperature is associated with the change of microstruc-
ture. The high nonlinear voltage-dependent behavior of a ZnO-
based MLV is a grain boundary phenomenon. A ZnO-varistor

consists of highly conductive (n-doped with Al) ZnO grains,
which are separated by a few atom layers of Bi and oxygen. At
these interfaces, acceptor states are formed which lead to the for-
mation of a double-Schottky barrier towards the adjacent ZnO

Fig. 10. SEM micrographs of (a) undoped, and (b) Mg and Ca codop zinc phosphates after Sn electroplating.
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Table 1
Calcination effect on the electrical properties of ZnO-based MLV covered with
zinc phosphate passivation layer

Calcination Capacitance (pF) Tan Vs (V) o

Without 90 3.81% 8.75 18.7
650 °C/30 min 100 3.67% 8.12 21.7
700 °C/30 min 107 3.49% 8 21.6
750 °C/30 min 120 3.32% 7.8 21.8
800 °C/30 min 118 3.20% 7.85 234

grains.!” Consequently, each grain acts as a potential barrier
with a breakdown voltage of about 3 V. The individual break-
down voltages of all grain boundaries, which form the current
path between the external electrodes, add up to the total break-
down voltage of the varistor.

V = NgB x Vg = BVGB ey
dg

With the number of grain boundaries being Ngg, the breakdown
voltage per grain boundary Vgp, the electrode distance D, and
the diameter of average grain size dy. As a consequence, the
breakdown voltage for a multilayer varistor can be controlled
by changing the grain size or the electrode distance. In the study
on the calcination effect, electrode distance is kept same, grain
size would be a main factor to influence on the breakdown volt-
age of ZnO-based MLV with covered zinc phosphates. High
calcination temperature is the result of the grain growth of ZnO-
based MLV. As we know, the average grain size of a varistor is
inversely proportional to the breakdown field. Usually, a small
grain size will lead to a big Vp

An interesting phenomenon is observed after calcining the
zinc phosphate at 785 °C/30 min. It is found that the calci-
nations profile affects the capacitance of ZnO varistor. The
variation of capacitance of varistor as a function of calcina-
tions profile is shown in Fig. 10. A slow cooling rate (CPO1)
is used while a quenching rate (CP02) is adopted. The capaci-
tance increases with the calcination temperatures up to 800 °C.
Also, a slow cooling rate seems to have a higher increase in
capacitance.

The AC impedance of ZnO-based varistor is measured and
plotted in Fig. 11. The result shows that different grain boundary
behaviors are seen in the Cole—Cole plot. It is well known that
the grain boundary phenomenon of ZnO varistor, resulting from
the formation of a potential barrier in the presence of dopants
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Fig. 11. Capacitance as a function of calcination temperature.
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Fig. 12. Cole—Cole plot of varistor, illustrating the differences in grain boundary
conductivity after different treatments.

dominates the electrical properties of doped ZnO varistor.'81°

The calcination of zinc phosphates not only results in the densifi-
cation of zinc phosphates but also changes the microstructures of
ZnO varistor. Fig. 12 shows the SEM image of ZnO-based varis-
tor, illustrating the segregation and re-crystallization of BiyO3-
containing grain boundary phases. The calcination makes the
Bi>O3-rich grain boundary phases more crystalline, which may
lead to a higher electrical resistivity of the grain boundary phase.
As can be seen in Fig. 11, only one semicircle can be observed,
demonstrating that the electrical properties of ZnO are only con-
trolled by Bi;O3-containing grain boundary phase. Therefore,
we propose that the segregation and re-crystallization of Bi;O3-
rich grain boundary phase may contribute to the enhancement
in the increase in capacitance (Fig. 13).

Moreover, the cooling rate seems to play arole in the increase
of capacitance of ZnO varistor, as shown in Fig. 10. A slower
cooling rate may allow the removal of oxygen vacancy, leading
to the reduction of oxygen vacancy when compared to a faster
cooling rate. In complex-impedance plane, it is reported that
the relaxation may be associated with the singly ionized oxy-
gen vacancy (V(’)).ZO'21 The reduction of oxygen vacancy will
reduce the concentration of the charge carriers, resulting in the
increase in electrical resistivity, as can be observed in Fig. 11.
The enhancement of capacitance may be due to the reduction of
oxygen vacancy.

ams %

Fig. 13. SEM micrograph of varistor, showing the segregation of glassy phase
to the grain boundary.
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4. Conclusions
The conclusion of this work is as follows.

1. The microstructure of doped ZnO varistor has been character-
ized. The formation of ZS either in the intra- or intergranular
particles are observed. The segregation of Bi,O3 to Ag—Pd
inner electrode and reaction of BiO3 with Pd are noted.

2. The passivation layer, consisting of zinc phosphate on the
surface of ZnO-based varistor is successfully made. No sig-
nificant crystalline phases can be found, reacted at either 35
or 70 °C. However, different crystalline phases are obtained
after calcinations. Moreover, the chemical and morphologi-
cal modification of zinc phosphates through the addition of
Mg or Ca species to the conversion solution is done. Shorter
aspect ratio of grains can be obtained in Mg- or Ca-doped
zinc phosphates. Moreover, the leaching resistance of the
protection layer against plating solution can be significantly
enhanced.

3. The introduction of calcinations to zinc phosphates not only
results in a dense, smooth, and high resistive protection layer,
but also results in the increase in capacitance, non-linear
coefficient (). On the other hand, loss tangent and break-
down voltage are both slightly decreased with increasing
calcinations temperature. The enhancement of capacitance
after calcinations may result from both the re-crystallization
of Bi»O3-containing grain boundary phase and the reduction
of oxygen vacancies.
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