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bstract

n this study, the effects of microwave sintering on the sintering behaviour, microstructure and silver diffusion of (Zn,Mg)TiO3-based multilayer
eramic capacitors (ZMT MLCCs) with pure silver electrodes were investigated. The energy dispersive spectroscopy results showed that the
ilver ions diffused into the dielectric layer significantly when the ZMT MLCC was sintered with conventional processing at 900 ◦C. However,
intering of ZMT MLCC at 900 ◦C using microwave processing was found to effectively suppress silver ion diffusion into the dielectric layer. The

oncentration of silver ions was identified by wavelength dispersive spectroscopy, which showed that the Ag ion concentrations for conventional
nd microwave sintering are approximately 1.0 at.% and below 0.4 at.%, respectively. The observed difference may be due to different kinetics
etween conventional and microwave sintering.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Miniaturisation, performance, and cost savings are the major
rivers in the manufacture of multilayer ceramic capacitors
MLCCs), although many manufacturers have switched over
rom Ag–Pd electrodes to base metal electrode systems.1,2 Pure
ilver inner electrodes have a cost advantage when compared to
ase metal systems, and silver is also the most conductive ele-
ent, facilitating lower ESR (equivalent series resistance) and

igher frequency requirements. However, multilayer ceramic
apacitors are one of the most widely used discrete electronic
omponents, playing a critical role in the electronics industry.
he use of silver rather than pure palladium as the conduc-

or for MLCCs is one way to reduce costs.3–5 Therefore, due
o the development of many low-sintering ceramic formula-
ions, Ag pastes have been widely used as internal electrodes
n the metal–ceramic cofiring step during the fabrication of

6
hese multilayer ceramic devices. However, during the cofiring
f the ceramic layers and silver inner electrodes, the poten-
ial for chemical reactions and inter-diffusion at the interfaces

∗ Corresponding author. Tel.: +886 8 7703202, fax: +886 8 7740552.
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ust be considered along with their influence on the cofir-
ng behaviour of MLCCs. The interaction and inter-diffusion

ay change the sintering behaviour and final properties of the
LCCs.7,8It is well known that zinc titanates (ZnTiO3) can be

intered at 1100 ◦C without the use of sintering aids.9,10 When
 sintering aid is added, it can be sintered at temperatures below
00 ◦C.9–11 ZnTiO3 has a perovskite-type oxide structure and
hould be useful as a microwave resonator material.10) ZnTiO3
aterial has a permittivity (εr) of 19, a Q  value of 3000 at

0 GHz, and a temperature coefficient of resonant frequency
τf) of −55 ppm/◦C.11,12

Microwave sintering is a method of internal self-heating by
bsorption of microwave power. Therefore, comparing the inter-
al microwave sintering is possible with external sintering by
hermal conduction or radiation. When this method is utilised in
he processing of ceramics, the material is expected to display
ne grain, uniformity and high densification. Additionally, the
lectrical and mechanical properties can be improved.13

It is well known that silver migration into ceram-
cs in the cofiring process of low sintering temperature

LCCs significantly influences the reliability and dielectric

haracteristics.14–18 In a previous study,19 the effect of heat-
ng rates and two-step sintering on the diffusion of Ag into the
MT dielectric were investigated. It was found that two-step

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.12.025
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each sintering process as a function of the sintering temperature.
The density of ZMT ceramics sintered at different temperatures
depends on the heating mode. For the ZMT ceramics sintered by
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intering can effectively prevent the Ag ions from diffusing into
he dielectric layer. However, the influence of microwave sin-
ering on the Ag diffusion of MLCCs was not investigated. In
his paper, the effects of microwave sintering on the sintering
ehaviour, microstructure and silver diffusion of ZMT MLCCs
ith pure silver electrodes were investigated.

. Experimental

.1.  Preparation  of  the  ZMT  powders

ZMT powders were synthesised by conventional solid-
tate methods from individual high-purity oxide powders: ZnO
99.8% Umicore Zinc Chemicals, France), TiO2 (99.9% Showa
enko Inc., Japan) and MgO (99% Pharmacie Central Inc.,
rance). They were mixed and ground in deionised water with

 mm zirconia beads for 24 h; the mean particle size (D50) of the
illed powder was approximately 0.35 �m. The powders were

alcined in air at 900 ◦C for 5 h after ball milling. 3ZnO–B2O3
ZnBO) glass with 1 �m particle size was chosen as a sintering
id and added to constitute 1.0 wt% of the powder. The calcined
owders were then milled again for 6 h. The mean particle size
as measured to be approximately 0.5 �m.

.2. Fabrication  of  multilayered  ZMT  capacitors

In this experiment, the MLCCs consisted of ten active layers
ith an overall size of 2.0 mm ×  1.25 mm ×  0.85 mm, with a
istance of 17 �m between the internal electrodes. The ZMT
owders were mixed with resin (polyvinyl butyral), plasticiser
butyl benzyl phthalate) and solvent (toluene and ethanol). The
esultant slurry was tape-casted to a green sheet with 30 �m
hickness using the doctor-blade method.

A silver paste composed of silver particles, binder and sol-
ent was prepared for screen printing. A silver powder (Ag
200ED, Ferro Co., USA) with average particle size of 1.1 �m
as used. The powder/organic vehicle ratio was 90/10 by weight.
he pastes were prepared and homogenised on a standard three-

oller mill. The paste consisted of 60% solid material and had a
iscosity of 25 Pa s by 10 rpm.

Ag paste was printed as an inner electrode onto the green
heet. These printed sheets were stacked, pressed at 60 ◦C
nder a pressure of 5.2 × 107 Pa and cut into chips. The lam-
nated green chip was sintered in a microwave oven after
inder burn-out (320 ◦C). The samples were sintered in air by
icrowave processing, ramping at 15 ◦C/min. The tempera-

ure of the sample was monitored with a type-R thermocouple
hielded with platinum foil and grounded to the inner metallic
all of the microwave furnace. The samples were sintered at
arious temperatures from 800 ◦C to 900 ◦C, held for 60 min
t the peak temperature. Comparative conventional sintering
as carried out in a regular resistance furnace at the same

eating rate and holding time. Samples were microwave sin-
ered using a single-mode microwave furnace with a cavity
f 37 cm ×  34.5 cm × 33.5 cm. The microwave sintering experi-
ents were conducted in a 2.4 kW, 2.45 GHz. The samples were

F
a
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ncased in a microwave susceptor (SiC) located in a thermal
nsulation package in the microwave chamber.

.3. Measurements

The sintering shrinkage of the ZMT dielectrics and silver
owders was measured at a heating rate of 5 ◦C/min in air
y a thermo-mechanical analyser (TMA, Netzsch DIL 402C,
ermany). Both ZMT dielectrics and silver powders were
ressed to form a disc with 10 mm diameter and 1 mm thick-
ess. The capacitance and dissipation factor were measured at

 MHz and 23 ◦C by an impedance analyser (HP 4278A, Palo
lto, CA). Microstructural observation of the sintered MLCC
as performed with a scanning electron microscopy (SEM, Jeol,

XA-8900R Japan) equipped with wavelength-dispersive spec-
rometer (WDS). In each test, five samples were analysed, and

 points were analysed on each sample for a total of 30 points to
nsure WDS reliability and reduce errors. The insulation resis-
ance was measured with a high resistance meter (HP 4140A,
alo Alto, CA) at a dc voltage of 50 V for 1 min. Sintering

emperature is measured using an optical pyrometer (President
onor industries Co., Ltd., Taiwan) focused directly onto the

amples. The model of optical pyrometer is SH60 which can
e applied at 600–1200 ◦C. The pyrometer is directly connected
o the controller and does not influence or interfere with the
icrowave field distribution within the cavity. However, the tra-

itional metal thermocouples can interfere with the microwave
eld within the cavity preventing accurate measurements from
eing made. The optical pyrometer was calibrated at several
emperature points using a type B PtRh thermocouple placed in
ontact with the samples.

.  Results  and  discussion

.1.  Effect  of  microwave  sintering  on  the  density  and
icrostructure of  ZMT  dielectric

Fig. 1 shows the bulk density of the ZMT ceramic pellets from
Temperature (ºC)

ig. 1. The bulk density of ZMT ceramics produced by both sintering methods
s a function of the sintering temperature.
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significantly more Ag ions diffused into the dielectric layer.
This result is the same as that of our previous study.19 Accord-
s a function of the temperature.

he conventional process, the density is much lower than those
intered by microwave processing at temperatures <880 ◦C. The
heoretical density of the ZMT ceramic is ∼4.95 g/cm3.14 The
MT ceramics produced by microwave processing can reach
ver 95% of the theoretical density (4.75 g/cm3) at 840 ◦C.
or conventional processing, the material must be sintered at
00 ◦C to obtain a 95% theoretical density. In other words, the
icrowave sintering can achieve a high-density ZMT ceramic at

 lower heating temperature (840 ◦C), while in the conventional
intering, there was no significant densification below 880 ◦C.
he microwave sintering temperature was 60 ◦C lower than the
onventional sintering. The maximum densities achieved for
icrowave and conventional sintering were 4.92 g/cm3 at 900 ◦C

nd 4.90 g/cm3 at 920 ◦C, respectively. This clearly indicates
hat microwave sintering substantially enhanced the densifica-
ion of ZMT ceramics. The densification effect was evaluated
y linear shrinkage (�L/L0) of the samples as shown in Fig. 2.
he results show that microwave sintering enhanced the sinter-

ng of the samples. It was found that the microwave densification
nhancement of ZMT ceramics was temperature-dependent. The
icrowave heating at 840 ◦C produced the same densification

s conventional heating at 900 ◦C (60 ◦C lower). No signifi-
ant microwave densification enhancement was observed below

00 ◦C, which indicates significantly accelerated sintering kinet-
cs by microwave processing.

i
d

Fig. 3. SEM microstructures for ZMT dielectric sintered at 800 ◦
eramic Society 32 (2012) 1725–1732 1727

The effect of different sintering modes on the microstruc-
ure of ZMT ceramics was observed. SEM micrographs of the
racture surface of the specimens sintered at 800 ◦C are shown
n Fig. 3. In Fig. 3(a), it can be seen that the ZMT ceram-
cs produced by conventional processing are rather porous;
herefore, the densification of the ceramic is insufficient. For
icrowave processing, the densification in the sintered specimen

s enhanced considerably, as shown in Fig. 3(b). The effect of
he microwave processing temperature on the microstructure of
MT dielectrics was observed. Fig. 4 shows the microstructures
f ZMT dielectrics processed for 1 h under different sinter-
ng temperatures: (a) 870 ◦C, (b) 900 ◦C, and (c) 920 ◦C. The
esults indicate that the ZMT dielectric is completely densi-
ed at 870 ◦C, as shown in Fig. 4(a). Comparing Fig. 4(a) and
b), the grains of the ZMT ceramics become more obvious at
00 ◦C sintering. It has been reported that ZnTiO3 decomposes
nto Zn2TiO4 and rutile at approximately 945 ◦C11,14 and that
he ZMT ceramic sintered at 900 ◦C contains two well charac-
erised phases, namely, TiO2 and ZnTiO3. It was also reported
hat the host grains (grey) are of the ZnTiO3 phases, and the
ark grains are of the rutile phase (TiO2).20 The microstructure
f the sintered ceramics shows a significant change: the amount
f the rutile phase is increased for the samples sintered at 900
nd 920 ◦C, as shown in Fig. 4(b) and (c), respectively.

.2. Effect  of  microwave  sintering  on  the  Ag  diffusion  and
ielectric  properties  of  ZMT  MLCCs

It has been reported that Ag diffusion from the inner elec-
rode occurs during high-temperature cofiring between the
MT dielectric and the Ag/Pd inner electrode in ZnTiO3-based
LCCs.21 To understand the diffusion of Ag after cofiring
ith microwave sintering, an analysis of the Ag element from

he central region between the electrodes was carried out. Six
ositions on the central part were analysed on each sample to
nsure WDS reproducibility and reliability. Fig. 5 shows the

DS analysis for Ag diffusion in ZMT MLCCs after differ-
nt heating processes. When conventional heating is applied,
ng to the WDS analysis, the concentration of Ag in the ZMT
ielectrics resulting from microwave sintering is below 0.4 at.%,

C (a) conventional sintering and (b) microwave sintering.
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ig. 4. SEM microstructures for ZMT dielectric with microwave sintering at (a)
70 ◦C, (b) 900 ◦C and (c) 920 ◦C.

hereas that resulting from the diffusion of Ag ions during
onventional sintering is approximately 1.0 at.%. This experi-
ental result proves that microwave sintering can effectively
revent the diffusion of Ag ions into the dielectric layer. The
eduction of Ag ionic diffusion into the dielectric layer dur-
ng microwave sintering can be explained by the densification

t
A
i

ig. 5. Average Ag concentration in the dielectric layer of ZMT MLCC with
ifferent sintering temperature and method.

f ZMT dielectrics. The microwave sintering process leads to
ncreased densification of the ZMT dielectric during heating
Fig. 1), reducing the porosity of the ZMT dielectric and making
t more difficult for Ag to diffuse into the dielectric layer. The

icrowave electromagnetic energy falls within the frequency
ange of 300 MHz to 300 GHz. Microwave heating is a process
n which the materials couple with the microwaves, absorb the
lectromagnetic energy volumetrically, and transform into heat.
t is different from the conventional process in which heat is
ransferred between objects by the mechanisms of conduction,
adiation and convection.22,23 When MLCCs are sintered by
onventional processing, the ZMT dielectric surface is heated
rst, and the heat then moves inward. This inward movement
eans that there is a temperature gradient from the surface to the

nside of the dielectric. However, microwave heating generates
eat within the material first and then heats the entire volume.24

his heating mechanism is advantageous for the suppression of
g diffusion into the ZMT dielectric. The heating mechanism
f MLCCs during microwave processing is shown in Fig. 6. For
icrowave sintering, the microwaves can be absorbed by dielec-

ric materials depending on the value of the dielectric loss factor,
ut they are reflected by conductors (Ag electrodes). Based on
his interaction, the ZMT dielectrics can be expected to be sin-
ered first by microwaves, after which the Ag electrodes will
e heated by conduction from the ZMT dielectrics. Therefore,
he ZMT dielectrics will be sintered earlier than Ag electrodes.
s a result, Ag diffusion into the ZMT dielectric layer becomes
ore difficult due to high densification of the ZMT dielectric

ayer. This outcome can be confirmed by examination of a cross-
ection of the ZMT MLCC. Fig. 7 shows the microstructure of a
MT MLCC sintered at 900 ◦C for 1 h under both sintering pro-
esses. It can be seen that the Ag electrodes remain completely
ontinuous for microwave sintering as shown in Fig. 7(a). How-
ver, Fig. 7(b) shows the microstructure of the ZMT MLCC that
nderwent conventional sintering, in which it can be seen that

he Ag electrodes are discontinuous. The discontinuity of the
g electrodes may be caused by the diffusion of some Ag ions

nto the dielectric layer, which agrees with the results in Fig. 5.
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ig. 6. Mechanism of microwave sintering for multilayer ceramic capacitors: (
ielectric layer.

his result indicates that microwave sintering can effectively
revent the Ag ions from diffusing from the inner electrodes
nto the dielectric layer. To verify this assertion and understand
he prohibition of Ag ion diffusion into the dielectric layer via
icrowave sintering, the specimen was further analysed using
EM.

TEM analysis was used to investigate the effect of microwave
intering on the Ag ion diffusion. Fig. 8 shows the TEM
icrostructure and EDX analysis, illustrating the ZMT MLCC

intered at 900 ◦C via microwave sintering. Fig. 8(a) shows a
EM micrograph of the interface between the electrode and
ielectric layer of the ZMT MLCC. The interface between the

g and the ZMT phases is clear, implying that no interaction
ccurred at the interface. To understand the extent to which Ag
ons diffused into the dielectric ceramics at the grain boundary,

m
s
o

Fig. 7. SEM microstructures illustrating that ZMT MLCC sinter
crowave reaction for MLCC and (b) heat conducts to Ag electrode from ZMT

he compositions of the Ag particle and matrix phases are con-
rmed using EDX analysis as shown in Fig. 8(b) and (c).
he EDX analysis for the grain boundary “A” of the ZMT
ielectric shows that no Ag ions diffuse into the dielectric
ayer at the grain boundary as shown in Fig. 8(b). This result
ndicates that microwave sintering can effectively prevent the
iffusion of Ag ions from the inner electrodes into the dielectric
ayer.

To prove that Ag ion diffusion into the dielectric layer results
n the degradation of the insulation resistance (IR) of ZMT

LCCs, they are placed in a constant temperature and humidity
nvironment (85 ◦C and R.H. 95%) for a long-term IR measure-

ent as shown in Fig. 9. The result indicates that microwave

intering produces a higher IR value. According to a previ-
us study,19 high Ag ion concentration in the dielectric layer

ed at 900 ◦C (a) microwave and (b) conventional sintering.
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ig. 8. TEM microstructure of the ZMT MLCC with microwave sintering at 90
or grain boundary “A” and (c) EDX composition for grain boundary “B”.

s a known result of conventional sintering. The Ag ions in the
ielectric layer of the MLCC can reduce the IR, especially under
igh temperature and high humidity conditions, which acceler-
te the decrease of the IR. Therefore, the IR of ZMT MLCCs
ith microwave sintering is higher than that of ZMT MLCC
ith conventional sintering. This outcome could be explained
y the diffusion of Ag ions into the dielectric layer during cofir-
ng because Ag migration leads to the local intensification of an
pplied field, which lowers the insulation resistance.25
Table 1 shows the electrical properties of ZMT MLCCs with
ifferent sintering modes. The microwave sintering tempera-
ures seem to have an effect on the dielectric properties of ZMT

H
t
b

able 1
he electrical properties of ZMT MLCC sintered under different conditions.

icrowave-sintering temperature (◦C) Permittivity Dielectric loss (×1

70 27.1 3.6 

00 29.9 2.1 

20 36.0 6.6 

onventional 29.0 2.2 
 where (a) morphology at ZMT dielectric and electrode, (b) EDX composition

LCCs because the permittivity (εr) increases with increasing
inter temperature. In particular, the εr value of ZMT MLCCs
intered at 920 ◦C is higher than the value for those samples
intered at 900 ◦C. This result is attributed to the increase in the
mount of the rutile phase,11 as observed in the SEM analysis
Fig. 4). As is well known,10 the existence of a small amount
f the rutile phase can increase the dielectric constant of the
eramic because the dielectric constant of rutile, εr = 105, is
uch higher than that of the hexagonal ZnTiO3 phase, εr = 19.

owever, some high dielectric loss is observed for MLCCs sin-

ered at 920 ◦C compared to samples sintered at 900 ◦C. The
reakdown voltage of the ZMT MLCCs is highest for microwave

0−4) Insulation resistance (MOhm) Breakdown voltage (V/�m)

45,000 45.7
250,000 49.3
380,000 47.1
150,000 39.7
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tive humidity of 95% when ZMT MLCC undergoes different sintering method
nd storage times.

intering at 900 ◦C. In addition, the lowest breakdown voltage
39.7 V/�m) is obtained for conventional sintering. This can be
xplained by Ag diffusion into the dielectric layer during cofir-
ng because Ag migration leads to a local intensification of an
pplied field, lowering the breakdown strength. This result can
lso be confirmed by WDS analysis as shown in Fig. 5 because
he concentration of Ag ions for conventional sintering of the
MT dielectric is higher than that for microwave sintering. In
ddition, the microwave sintering has been shown to typically
nhance the kinetics of densification and grain growth (in some
ases).26 This change in kinetics often leads to differences in
icrostructure.

. Conclusion

ZMT MLCCs prepared by different sintering methods were
nvestigated. The results are summarised below.

. Microwave sintering can achieve a high-density ZMT
ceramic at lower heating temperature (840 ◦C), while in the
conventional sintering, there was no significant densifica-
tion below 880 ◦C. The microwave sintering temperature was
60 ◦C lower than the conventional sintering.

. The effect of microwave sintering on Ag diffusion into the
ZMT dielectric was investigated. According to the WDS
analysis, the concentration of Ag in the ZMT dielectrics using
microwave sintering is below 0.4 at.%, whereas the use of
conventional sintering results in an Ag ion concentration of
approximately 1.0 at.%. This result indicates that microwave
sintering can effectively prevent the Ag ions from the silver
electrode from diffusing into the dielectric layer.

. The ZMT MLCCs with microwave sintering showed
increased insulation resistance, which was compared to

the results of conventional sintering in a measurement at
85 ◦C and R.H. 95%. We believe the difference in results
is attributable to silver ion diffusion, which may be an

2

eramic Society 32 (2012) 1725–1732 1731

important cause of the degradation of dielectric properties
and reliability of MLCCs.
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