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Microwave Sintering of Multilayer Integrated Passive Devices
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Microwave sintering of multilayer capacitor/varistor-based in-
tegrated passive devices (IPDs) has been investigated for the
first time. The sintered samples were characterized for density,
microstructure, composition, and electrical performance. It was
found that IPDs with varistor/capacitor formulations could be
microwave sintered to fully dense device components within 3 h
of total cycle time, which is <1/10th of the time required by
conventional methods. Microwave sintering resulted in products
with a finer grain structure and without delamination or signif-
icant interdiffusion between the ceramic/electrode and varistor/
capacitor interfaces. The microwave method also completely
eliminated the need for a separate binder burnt-out step. The
electrical properties of the microwave-sintered samples were
found to better or match those obtained by conventional, indus-
trial processing. In general, the simplicity, rapidity, and superior
product performance make the microwave technique an attrac-
tive sintering methodology for the processing of IPDs.

L

ODERN electronic circuits are much more vulnerable to

transient overstresses than earlier circuits, which used re-
lays and vacuum tubes', and hence progress in the development
of faster and denser integrated circuits (such as MOSFETs) has
been accompanied by an increase in system vulnerability. The
variety and severity of voltage transients have also increased
over the decades; therefore, the development of multilayer va-
ristor® (MLV) technology has evolved to provide adequate and
reliable transient protection.” The various kinds of transient
suppressors used in electronic devices include zener diode, spark
gap, SiC, and ZnO varistors. Among these, ZnO-based varistors
are the most preferred due to their versatility and superior prop-
erties; they are found to be very effective in suppressing high-
amplitude and low-frequency transients.> ® However, they are
less effective in suppressing high-amplitude, high-frequency
transients’ such as pulse interference generated by electric mo-
tors,® or malfunctions from electromagnetic interference (EMI)
in the peripheral 1/O ports of handheld wireless devices. To
guard against EMI and high-amplitude, high-frequency noise,
multilayer capacitors (MLCs) are typically used.! Owing to their
huge demand, passive components such as MLVs and MLCs
constitute a billion-dollar market.’
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Given the drive for component count reduction and minia-
turization in the electronic industry worldwide, the use of inte-
grated passive components is becoming a necessity. Integration
of multiple passive components into a single-integrated passive
device (IPD) offers significant benefits in terms of multifunc-
tionality, assembly cost, and space reduction. A combination of
a cofired MLV and MLC is one example of an IPD!, others
being capacitor/inductor, varistor/ferrite, and capacitor/resistor
combinations, and the cellular/mobile phone market is a key
target for these devices. However, the integration of passive
components has brought many material, electrical, mechanical,
and production challenges.”'® Cofiring of multiple ceramic
phases and with metal interlayers is fraught with difficulty in
that differentials in sinter shrinkages, shrinkage rates, and ther-
mal expansion coefficients must be minimized in order to reduce
the delamination between materials and cracking in one or more
layers. Possible phase changes, for example in BaTiO3z-based
capacitors, can also contribute to an inability to fabricate IPDs
with full integrity. The conventional cofiring procedures of these
multilayer devices involve separate multistep binder removal
stages and long sintering schedules, and hence are often of
lengthy duration.! The conventional processing of IPDs also
suffers from electrode delamination and unwanted inter diffu-
sion of the matrix components at the high processing tempera-
tures required, a key concern when dealing with electrical
properties.!! The high sintering temperatures and the associated
high energy consumption necessitate strategies based on alter-
native processing methodologies.

Because IPDs have a considerable commercial market, any
improvements made in their processing methodology could have
a significant economic impact. The present study aims to use a
microwave sintering technique for the efficient processing of
these devices. Although microwaves have been used for the pro-
cessing of a number of inorganic and organic materials, >~'8
they have not been investigated in detail previously for the sinte-
ring of IPDs to the knowledge of the authors.

11

An IPD formulation consisting of an MLC on one side and an
MLV on the other with no interlayer or barrier material at the
interface was provided by Littelfuse Ireland Limited (Dundalk,
Ireland). The average size of a typical IPD sample was 2.3
mm X 1.5 mm X 1.8 mm in length, breadth, and thickness, re-
spectively. The capacitor formulation was bismuth niobate
doped with magnesium oxide; this avoided the complications
arising from the volatile nature of PbO-based capacitor formu-
lations,”'° while the varistor formulation consisted of 98% zinc
oxide and 2% additions of a range of additives including bis-
muth oxide, antimony oxide, and cobalt oxide.

The microwave sintering experiments were performed in a
multimode cavity, Fig. 1, operating at 2.45 GHz and capable of
providing an adjustable output power of up to 6 kW.'® The mi-
crowaves from the magnetron were transmitted through a wave-
guide system and launched into the cavity after reflecting onto a
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Fig.1. (a) The microwave cavity used and (b) schematic of the exper-
imental arrangement for the sintering of the integrated passive device
(IPD) samples. The inset shows the different parts of the IPD.

mode stirrer rotating at 70 rpm. The cavity was provided with a
water-cooled base plate to hold the samples and an outer cool-
ing jacket for safety. A reflected power monitoring unit and a
three-stub tuner helped to tune the microwave system with min-
imum reflected power. In conel sheathed, shielded K-type ther-
mocouples and an infrared pyrometer (LAND Instruments,
International Ltd., Dronfield, Derbyshire U.K.) were used for
temperature measurement.”>?! The thermocouple was placed
horizontally very close (< 1 mm) to the pile of IPD samples. The
samples were placed on a ceramic liner in the same arrangement
used commercially with conventional furnaces, as indicated in
Fig. 1(b). Temperature calibration was achieved using the boil-
ing point of water and the melting point of vanadium oxide
in the microwave cavity. The field of view of the pyrometer was
<2 mm in diameter, using a close-up lens.

Fiberfrax high-purity insulation was used as a casket for heat
containment with SiC rods bein§ used as secondary susceptors
to ensure thermal homogeneity.'®?* Around 300 IPD samples
were used for each microwave sintering trial, which were
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Fig.2. Comparison of microwave (current work) and conventional
(industrially used) time—temperature profiles for the processing of inte-
grated passive devices. The time-and energy-efficient nature of the mi-
crowave method is evident. The inset shows an expanded view of the
microwave heating profile.
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Table I. Densification of Integrated Passive Devices (IPDs) in
Conventional and Microwave Processing

Density (g/cm?)

Error+1%
Green IPD 3.71
Sintering conditions Conventional sintering
(Control) 1060°C/4 h 5.85
Microwave sintering
1025°C/20 min 5.54
1050°C/20 min 5.90
1100°C/20 min 5.95
1050°C/30 min 5.92
1050°C/45 min 5.95

performed at 950°, 1000°, 1025°, 1050°, and 1100°C with the
soaking time being varied between 20 and 60 min. Cooling was
achieved by switching off the microwaves and allowing the sys-
tem to cool naturally. Conventionally processed IPD samples
sintered at 1060°C for 4 h using an optimum industrial process-
ing schedule involving 30 h of total cycle time, Fig. 2, were used
as a control. For comparing the densification kinetics of the two
heating methods (microwave and conventional), further con-
ventional sintering experiments were also performed using 10°C/
min heating and cooling rates with a 3-h soaking time, involving
a total cycle time of nearly 480 min in an electric furnace.
Both geometrical and bulk density measurements were per-
formed on 15 representative sintered IPD samples for every set
of conditions; the bulk density measurements were obtained
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Fig.3. Densification of integrated passive devices in microwave (20-

min soaking at temperature) and conventional (3 h soaking) sintering
experiments.

Fig.4. (a) Optical micrograph of the (as-prepared—side view) micro-
wave-sintered integrated passive device sample—the varistor side, indi-
cating that the electrodes are intact without delamination and (b) the
inset shows a high-magnification image of the varistor indicating
rounded grains with good grain—grain boundary contrast.
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Fig.5. Scanning electron micrographs of the (as-prepared) microwave and conventionally sintered integrated passive devices, (a) varistor and (b)
capacitor regions. MW, microwave processing (1050°C/20 min); CON, conventional processing-control (1060°C/4 h).

using the Archimedes method and deionized water as the im-
mersion medium; the mass was measured using a Sartorius bal-
ance (Sartorius, Goettingen, Germany) having an accuracy of
10~* g. Because the samples were a combination of two different
components plus the metallic interlayers, the exact theoretical
density of the IPD was not available. The samples were also
investigated using optical microscopy (Olympus Microscopes,
Tokyo, Japan) for electrode delamination and interface cracking
after being mounted and finely polished using diamond polish-
ing (DAP-2, Struers Ltd., Rotherham, U.K.). Scanning electron
microscopy (SEM) was performed (using Leica Cambridge Ste-
reoscan S360, Cambridge, U.K.) for the analysis of the micro-
structure. The composition of the device components and the
extent of diffusion of niobium and bismuth at the interface were
studied using energy-dispersive X-ray analysis (EDX). High-res-
olution field-emission gun SEM (FEG-SEM; Leo 1530VP,
Cambridge, U.K.) was also used for a more detailed micro-
structural analysis of some IPD samples.

The varistor-type electrical properties of the sintered IPD
samples were measured at Littelfuse Ireland Ltd. (Dundalk,
Republic of Ireland). -V characteristics from 0.1 to 0.01 A was
measured using a Keithley instrument (Model 2410, Cleveland,
OH) and from 0.1 A to 100 A using a Keytek (Model 711,
Lowell, MA) surge generator. Around 100 representative sam-
ples for each experimental condition were examined for electri-
cal performance. The electrical results were used as a pointer for
optimizing the experimental parameters of the subsequent mi-
crowave sintering trials.

III. Results and Discussion

From the initial microwave sintering experiments, it was ob-
served that a maximum of 1.5 kW of microwave power was

found sufficient to fully sinter the IPD samples at the optimum
temperature, 1050°C. A typical time-temperature profile for mi-
crowave sintering is shown in Fig. 2 (inset). The entire cycle took
only 110 min, <1/10th of that required for the processing of
IPDs by the current industrial practice. The microwave proce-
dure did not require a separate binder burn-out stage, which was
a great advantage (probably due to the inside-out heating ability
of the microwave method) because this saved both time and
energy.'*?!

Table I provides the green and sintered densities of the IPD
samples processed using both conventional and microwave
methodologies. The microwave-sintered IPDs achieved the re-
quired level of densification after 20 min of soaking at 1050°C,
although increasing the time at temperature resulted in further
slight increase in densification. At temperatures > 1050°C, the
capacitor region sintered more than the varistor part, leading to
nonuniform shrinkage and delamination.

Figure 3 compares the densification of the IPDs over a range
of temperatures using both conventional and microwave sinte-
ring. Note that the microwave sintering involved just 20 min at
the sintering temperature while the conventional densification
was performed using a 3-h soaking time. It is clear that at any
given temperature the microwave process provides a much
higher densification than conventional sintering, a result
that has been observed before in many other systems.'*?>>*
Although the exact mechanism for the enhanced densification is
not yet clearly understood, the electric field component of the
EM radiation could be playing a crucial role in enhancing the
densification kinetics during the microwave sintering of electro-
ceramics.?"">

Optical microscopy of the samples microwave sintered at
1050°C for 20 min revealed that the metal electrodes (average
electrode spacing =69 pum) in these devices were fully intact,
Fig. 4, without delamination and no electrode “‘buckling” was
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Fig.6. Comparison of the interfaces in the microwave (1050°C/20 min) and conventionally (1060°C/4 h) sintered integrated passive device samples at
(a) low and (b) high magnification. The interface is well defined in the microwave-sintered sample.

Fig.7. Field-emission gun scanning electron microscopic images of the interface of integrated passive device (IPD) samples: (a) Microwave-sintered and
(b) conventionally sintered IPD samples; left-capacitor and right-varistor. The finer grain structure of the microwave-processed sample in both regions is

evident.

Table II. Composition Analysis of Microwave and Conven-
tionally Sintered Integrated Passive Devices (IPD) Samples

Microwave-sintered
IPD (at.%)

Conventionally sintered
IPD (at.%)

Elements Varistor Capacitor Varistor Capacitor
Zn 98.8 0.6 99.2 9.8
Bi 1.2 59.6 0.4 49.6
Nb 0.0 31.6 0.3 314
Mg 0.0 8.1 0.0 9.1

noticed. The latter is a common problem observed in multilayer
ceramic devices due to nonuniform sintering. The inset provides
the high-magnification image of the varistor material and ex-
hibits clear grain—grain boundary contrast. Figure 5 shows SEM
micrographs of the as-prepared, microwave-sintered (1050°C/20
min), and control IPD sample (industrially sintered) surfaces for
comparison. The average grain size, estimated using the linear
intercept method, was found to be 4.0 pm on the varistor side
and 7.4 um on the capacitor side for the microwave-processed
IPDs with no residual porosity observed in either region. In
contrast, the microstructure of the conventionally processed
IPD sample was not well defined and a clear resolution between
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Fig.8. Compositional line analysis of Bi (top) and Nb (bottom) on an
IPD sample microwave sintered at 1050°C for 45 min.

the grains and grain boundaries could not be achieved even after
extensive polishing. Because of the presence of internal elec-
trodes, the fractured surfaces were not looked at. The clearer
structure observed in the microwave-sintered samples might be
due to the rapid heating and cooling cycles associated with this
approach, which can lead to a situation somewhat similar to
“thermal etching.”’ This is further evidenced by the fact that
the rounded grain boundary edges of the microwave-processed
samples are clearly visible even in the optical micrographs at
high magnification, Fig. 4 inset.

A comparison of the interfaces in the as-prepared microwave
(1050°C/20 min) and conventionally sintered (1060°C/4 h) IPDs
is illustrated in Fig. 6, at low and high magnifications. It is ev-
ident that the varistor/capacitor interface is very well defined
in the microwave-processed sample while it is more difficult to
detect in the conventionally processed sample, suggesting
greater interdiffusion. In order to determine the grain sizes of
the capacitor and varistor regions of the conventionally sintered
sample (which was difficult to elucidate in the as-prepared de-
vices), the polished surfaces of the sintered IPDs were chemically
etched using 0.5% hydrogen fluride solution for 10 s. The re-
sultant microstructures examined using a high-resolution FEG-
SEM are shown in Figs. 7(a) and (b). The average grain sizes of
the varistor and capacitor regions for the conventionally sin-
tered samples were estimated as 7.4 and 10.5 pm, respectively.
The finer grain structure in both regions of the microwave-sin-
tered product is evident.

As IPDs are combination devices, one of the most important
concerns is the undesirable interdiffusion of the matrix compo-
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Fig.9. Density distribution of the microwave-processed integrated pas-
sive device samples (1050°C/30 min) as a function of position inside the
cavity, when using better casket design+airflow (see text).

nents at the interface during high-temperature, long-duration
conventional processing procedures.!! The average elemental
compositions of the different regions of the sintered IPD sam-
ples is provided in Table II. It can be observed that no detectable
diffusion of Nb into the varistor region was observed in the mi-
crowave-processed samples while the level of diffusion of Zn
into the capacitor region was significantly reduced. One of the
important constituents of both the varistor and capacitor ce-
ramics used was Bi,O3, which is very volatile at high tempera-
tures. It may be observed that the rapidity of the microwave
process also enabled more of the Bi-based phases to be retained
in both regions of the device compared with conventional
processing.”® Similar results have been reported during the
microwave processing of volatile PbO- and phosphate-based
compositions.'®* It is interesting to observe that when the mi-
crowave sintering was extended to 30 and 45 min, no significant
increase in Nb interdiffusion was observed. Figure 8 shows the
results for Bi and Nb compositional line analysis, respectively
performed on IPDs microwave sintered at 1050°C for 45 min.
The interface between the varistor and capacitor regions is very
clearly defined, as are the location of the electrodes. Note that
the Nb energy lines overlap with that of the electrode material,
and hence sharp peaks are seen at the electrode positions, con-
firming the well-preserved nature of the electrodes. In contrast,
it has been observed that in the case of conventionally cofired
composite multilayer ceramic capacitors (MLCCs), there was an
appreciable amount of electrode material migration into the ce-
ramic layers.”!>?>3 In this context, microwave sintering ap-

Table III. Electrical Characteristics of Microwave-Sintered Integrated Passive Devices (IPDs)

Sintering conditions

Average Vyom (V)

Clamp ratio Leakage current (LA) Variance (V)

1050°C/20 min

1050°C/30 min

1050°C/45 min

1050°C/30 min with better insulation and air flow (see text)
Values required for current commercial product

39.6 1.39 0.923 8.26
45.2 1.29 0.927 6.60
38.5 1.34 0.925 6.93
43.7 1.35 0.930 3.93
>22 <1.5 >0.8 ~3.5
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pears to be very attractive because it not only minimizes the in-
terdiffusion of ceramic comyonents but also can be used to re-
duce electrode migration.'®*

The finer grain structure and more defined interfaces ob-
tained in the microwave-sintered products were expected to be
advantageous for the electrical performance. The dielectric
constant (¢, = 182) and the dielectric loss (tan & = 0.0005) of
the capacitor region of the microwave-sintered (at 1050°C/30
min) IPDs were found to be matching well with that of the
conventionally sintered MgO-doped bismuth-niobate-based
capacitors.! Table III shows the average varistor-related elec-
trical characteristics of representative IPD samples microwave
sintered under various experimental conditions. The important
varistor-based electrical parameters viz., average values of
Vioms clamp ratio (C,), insulation resistance (leakage), and
variance are tabulated” based on the performance of 100 sam-
ples for each set of conditions. As can be seen, with the excep-
tion of Variance, high V., (almost double) and acceptable
values of C,, leakage current, were obtained for the micro-
wave-sintered IPDs due to the finer grain size and high densi-
ties achieved. This correlates well with the literature reports
where almost twice the breakdown voltage was also measured
for microwave-processed single-component and multilayer va-
ristors compared with conventionally processed samples.?!?*>
Extending the soaking time at temperature gradually improved
the variance due to the slightly higher densities achieved; how-
ever, at longer durations the V., slightly dropped owing to
larger grain sizes in the resulted device components. Neverthe-
less, the variance still remained high. This value, which is the
standard deviation of the nominal voltage, is affected by pa-
rameters such as the temperature distribution within and
across the samples and the thermal stresses stored inside the
sample, which in turn affect the density distribution when a
large number of samples are considered. Taking into account
the very small size of the individual IPDs, the uniformity (or
the lack of it) of the temperature over the whole liner was
considered to be an important contributor to the large variance
values. Hence, a higher quality and thicker insulation (casket)
arrangement were developed and a gentle flow of air was
blown across the samples intermittently to ensure thermal ho-
mogenization. Use of secondary susceptors would also have
been beneficial in this respect. As a result, the density distri-
bution of the microwave-sintered IPDs as a function of
their position inside the cavity, Fig. 9, was found to be re-
markably uniform and the electrical properties showed a clear
improvement in their variance values, bringing it closer to
what was considered to be acceptable, Table III. Additional
work based on the use of a genuine hybrid microwave/con-
ventional sintering cavity'#?>> has improved the variance
during the processing of multilayer electroceramic devices
further (this method also eliminated the need for “‘casketing”)
and showed that there is a clear potential for scaling up the
process.

IV. Conclusions

Microwave sintering of multiplayer IPDs has been performed. It
was found that the IPDs could be sintered to the required the-
oretical density within just 3 h of total cycle time. This is <1/
10th of that required by existing conventional approaches. The
microwave technique also completely eliminates the need for a
separate binder burnt-out stage. Microstructural investigations
revealed that microwave sintering resulted in a finer grain struc-
ture, preservation of electrodes, minimization of component

“Nominal voltage (Vpom): This is the voltage measured corresponding to 1 mA current
(V) ma) through the varistor.
Clamp ratio (C,): This parameter gives the clamping ability of the varistor and is expressed
by C; = V¢/V| ma where V. is the voltage measured for a given peak current /.
Leakage: It is the maximum voltage (or corresponding current) at which the varistor can be
ogerated without getting significantly heated. Beyond this limiting current the joule heating
(I°R) of the ceramic becomes dominant and leads to degradation.
Variance: It is the square root of the standard deviation of the V,,,,, values.
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interdiffusion and a reduction in the loss of volatile Bi-based
phases. With the initial exception of variance, the electrical
properties of the microwave-sintered samples were found to be
better than the conventionally sintered commercial parts; a
modification to the experimental system allowed the variance
to become almost acceptable. In general, the simplicity, rapidity,
and better product performance associated with the microwave
technique make it an attractive alternative sintering methodol-
ogy for IPDs.
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