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ABSTRACT: In this article, embedded capacitor pastes
(ECPs) with various BaTiO; (BTO) powder contents were
formulated and screen-printed on PCBs to fabricate capaci-
tors. The material properties of the ECPs that included
their rheology, curing behavior, and dielectric constant
were investigated. Embedded capacitors were fabricated
for reliability tests related to the thermal cycling and high
temperature and humidity potential of optimized ECPs.
Additionally, changes in the dielectric properties were dis-
cussed. ECPs were formulated with various powder con-
tents from 0 to 70 vol %. ECP resin was cured at
temperatures ranging from 130 to 220°C. All ECPs had the
viscosities below 30 Pa - s at a shear rate of 100 s~ to be
easily screen-printable. The dielectric constant of the cured
ECPs increased to 60 at 70 vol %, and the dielectric loss
was approximately 0.023 for all ECPs regardless of BTO
volume content. For the reliability test, ECPs with 50, 60,

and 70 vol % BTO powder contents were selected and em-
bedded capacitors were fabricated. After a thermal cycling
test with a temperature range from —55 to 125°C for 1000
cycles, capacitance decreased by approximately 5 ~ 10%,
but the dielectric loss did not change. After a 85°C/
85RH% test for 1000 h, the capacitance and dielectric loss
increased by nearly 20%. Cyanoresin (CRS) was used to
form the high dielectric polymer/ceramic composite mate-
rial. The newly formulated resin system had a dielectric
constant that is double that of a conventional epoxy resin
system. Additionally, the dielectric constant of the poly-
mer/ceramic composite material increased 50% at 50 vol %.
© 2008 Wiley Periodicals, Inc. ] Appl Polym Sci 110: 798-807,
2008
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INTRODUCTION

Electronic systems are composed of active compo-
nents, such as ICs and passive components. Passive
components are attracting increasing levels of inter-
est, as the number of passive components is steadily
growing as the electronics industry progresses to-
ward higher functionality.! For example, the ratio of
the passive to active components in mobile cellular
phones is greater than 20.> Currently, most the pas-
sive components are surface-mounted and have dis-
crete forms. Therefore, they take up a large area of
the substrates and have lower electrical performance
because of their longer interconnection length. To
solve these problems, embedded passive technology,
which incorporates passive components into an
inner layer within multi-layer substrates, has been
actively investigated.

Among the passive components, capacitors have
been most widely studied, as they are used in vari-
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ous areas. Examples include decoupling, by-passing,
filtering, and timing capacitors. In particular, great
interest has been concentrated on replacing discrete
decoupling capacitors, which are used for simultane-
ous switching noise suppression, into a form of em-
bedded capacitor. Embedded decoupling capacitors
show better electrical performance because of the
reduced level of parasitic inductance.

Embedded capacitor materials require a high
dielectric constant, low capacitance tolerance, good
processability, and a low cost. Thus far, however, no
single material has met these requirements. For exam-
ple, thin film capacitor materials formed by vacuum
deposition have the advantage of comparatively high
capacitance, whereas they have drawbacks of a high
processing temperature and a high cost.

Polymer/ceramic composites, which are polymers
filled with ceramic powders, are among the most
promising materials for embedded capacitors.®>™
They have the high dielectric constant of ceramic
powders and the good processability of polymers,
resulting in a process with lower temperatures and a
lower cost. A spin-coating method has been exten-
sively used for the deposition of polymer/ceramic
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composites,”” as the spin-coating method has the
major advantage of thinner film fabrication, which
leads to higher capacitance. However, the spin-coat-
ing method has major technical difficulties which
must be addressed. The first issue is the associated
high level of material waste, and the second is the
nonuniform thickness control of the films, which
results in nonuniform electrical properties for capaci-
tors over a large area. Recently, a tape-casting
method was suggested to fabricate polymer/ceramic
composite films with a uniform thickness.® The two
aforementioned methods are limited in terms of
their inability to form a capacitor layer in a local
area. This is undesirable, as parasitic inductance
occurs if a dielectric layer is formed over the entire
area on printed circuit boards (PCBs). It was for this
reason that the screen-printable epoxy/BTO compos-
ite embedded capacitor pastes (ECPs) are designed
in this study. ECPs have an advantage that capaci-
tors can be formed locally for a desired part via a
mask pattern using a screen-printing method. How-
ever, ECPs also have the problem of a high toler-
ance, as the edge of a screen-printed layer is
generally thicker than its center because of the sur-
face tension of mask.

In this work, screen-printable ECPs with various
BTO powder contents were fabricated, and the mate-
rial properties of the ECPs of the curing behavior,
viscosity, and dielectric constant were investigated.
Embedded capacitors were fabricated for thermal cy-
cling and high temperature/humidity reliability
tests. The changes in the dielectric constant during
the reliability tests were discussed. In addition, a
novel high dielectric constant-resin system contain-
ing cyanoresin was formulated.

EXPERIMENTAL

Materials
ECP resin system

ECP essentially consists of a liquid Bisphenol-A type
epoxy, a thermoplastic polymer (T/P), solvents, BTO
powder, and a curing agent. Bisphenol-A type epoxy
is utilized for high temperature stability after curing.
Vinyl-type thermoplastic polymer with a high mo-
lecular weight (~ 170,000) was used for screen-print-
ability and resistance to moisture absorption. The
solvent was used to dissolve T/P resin and reduce
the viscosity of the ECPs. As a curing agent, dicyan-
diamide (DICY: NH,NHCNHCN) was used. DICY
is a latent curing agent used for high temperature
curing; curing reaction does not proceed with this
agent at room temperature.” This enables easier han-
dling, as the viscosity of the ECPs does not change
during the fabrication process and screen printing
process. In addition, the screen-printed thick film

Figure 1 SEM image of the BTO powder.

layer can be kept at the B-stage after the drying
process.

BTO powder

BTO is widely known to be a high dielectric constant
material. The dielectric constant of bulk BTO is
affected by its grain size at room temperature. Its
dielectric constant increases to the maximum with a
decrease in the grain size to approximately 0.9 pm,
whereas it decreases further when its grain size is
below 0.9 pm. The dielectric constant of bulk BTO
strongly depends on the crystal structure of BTO.
BTO powder has similar characteristics to the dielec-
tric constant of bulk BTO. At room temperature, tet-
ragonality decreases as the particle size decreases
slowly to 0.3 um. The tetragonality of BTO powder
with a particle size less than 0.3 pum rapidly
decreases, eventually disappearing when reaching
approximately 0.1 pm. This implies that structural
changes to the cubic or pseudocubic structure.'®'!
Therefore, it can be expected that BTO powder will
have the maximum dielectric constant at approxi-
mately 0.9 um, and this has been verified.® There-
fore, BTO powder with average size of 0.9 um was
chosen for the purposes of this study. BTO powder
was purchased from SAKAI Chemical Industry Co.,
(Osaka, Japan). The BTO powder was hydrother-
mally produced and its purity was above 99.9%. The
specific surface area was 2.7 + 0.3 m*/g. Figure 1
shows a SEM image of the BTO powder used in this
study.

Fabrication process

Formation of ECPs
The fabrication processes for the ECPs can be
described as follows: (1) Liquid epoxy resin, thermo-

plastic resin, a dispersant, and a coupling agent
were mixed in a rotational mixer for 3 min. (2) BTO
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powder was added to the mixture and mixed in a
rotational mixer for 5 min. (3) To break agglomerates
of the BTO powder, the resin system underwent a
three-roll mill mixing process three times. (4) After
adding the curing agent, the resin system underwent
the three-roll mill mixing process an additional time.

ECPs should be kept in a freezer to prevent cur-
ing. Whenever ECPs are used for experiments here,
they were remixed in the rotational mixer for 60 to
90 s after melting.

Curing and rheological characterization

The curing property of the ECP resin was investi-
gated using DSC (Differential Scanning Calorimetry).
In a dynamic scan mode, the ECP resin was heated
from 50 to 300°C at a heating rate of 10°C/min in a
nitrogen atmosphere. To measure the cure times of
the ECP resin, an isothermal scan was performed at
various temperatures.

The rheological properties of the ECPs were inves-
tigated using a plate-and-plate rotational rheometer.
ECPs with various powder contents were sheared
between a cone and the plate for 2 min as the shear
rate increased from 0 s~ to 100 s~ . After the shear
rate reached its maximum value, it was decreased
again from 100 s~ to 0 s~ for 2 min.

Capacitor fabrication and measurement

Using the ECPs, metal-insulator-metal structures
were fabricated. First, ECPs were printed on PCBs
using a screen printer. Conditions for the screen
printing are as follows: (1) squeegee hardness: 90
durometer, (2) squeegee angle: 45°, (3) printing mask
mesh: 250 mesh, (4) mask emulsion thickness:
10 pm, (5) snap-off distance: 1 mm, and (6) printing
speed: 30 mm/s. Second, the ECPs screen-printed on
PCBs were dried on a hot-plate at 80°C for 30 min
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Figure 2 Photographic image of a fabricated capacitor
sample. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 3 Schematic diagram of the circuit designed for
embedded capacitor. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

to remove the solvent. After the drying process, the
ECPs were cured in a laminator at a pressure of 50
psi. The temperature profile for the curing was
80°C/30 min and 180°C/60 min. ECPs were kept at
80°C for 30 min to give ECPs fluidity at the B-stage.
After the curing process, metal (Cu) top electrodes
were deposited by a sputtering method using a
shadow mask. The area of the top electrode was 3.14
mm?. Figure 2 shows a photographic image of a fab-
ricated capacitor sample.

The thickness of ECPs was measured using sur-
face profiler (a-step 500), and their capacitance and
dielectric loss were measured at 100 kHz using a HP
4284A LCR meter. The dielectric constant was calcu-
lated from the measured thickness and the
capacitance.

Embedded capacitor and reliability test

To characterize material reliability of the ECPs, em-
bedded capacitors were fabricated. Figure 3 shows a
schematic diagram of the circuit designed for the
embedded capacitors, and Figure 4 illustrates the
fabrication process of the embedded capacitors. First,
ECPs were screen-printed on patterned bottom elec-
trodes. The area of the screen-printed ECP was
larger than that of the bottom electrode to use a rela-
tively flat part of the screen-printed layer as an effec-
tive capacitor area. This was done because the edge
of a screen-printed layer is generally thicker than its
center due to the surface tension of the mask. Sec-
ond, silver paste was screen-printed onto a cured
ECP layer. As shown in Figure 3, the silver paste
was connected to the other electrode to measure the
capacitance. The capacitance can be measured at the
pads on the backside of the sample. Final, capacitors
were embedded using a prepreg bonding process.
For the reliability tests, three types of ECPs con-
taining 50, 60, and 70 vol % powder were selected
as the capacitor materials. A thermal cycling test
(—55°C/15 min ~ 125°C/15 min) and a high temper-
ature/high humidity test (85°C/85RH%) were per-
formed for 1000 cycles and 1000 h, respectively.



SCREEN PRINTABLE EPOXY/BaTiO; EMBEDDED CAPACITOR 801

Cu-clad FR-4 | SSSSSS—

Patterning

v e e
(etching & pad)

| Via hole | —— e R fe—

ECP screen

P o —r ﬂ —
printing (curing)

Ag-paste screen
printing (curing)

e
Prepreg bonding | I

Figure 4 Fabrication process for the demonstration of em-
bedded capacitor. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 5 Heat flow changes of the ECP resin (a) before the
drying process and (b) after the drying process as a function
of temperature. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 6 Degree of cure of the ECP resin as a function of
temperature. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

RESULTS AND DISCUSSION
Curing property

Figure 5 shows the heat flow changes of the ECP
resin with no powder in dynamic scan modes. Fig-
ure 5(a) shows the heat flow changes of the ECP
resin before the drying process, and Figure 5(b)
shows the heat flow changes of ECP resin after a
drying process of 80°C for 20 min. Comparing the
two figures, Figure 5(a) shows the solvent vaporiza-
tion peak at approximately 220°C. However, Figure
5(b) shows no solvent vaporization peak. From this
result, the drying condition was determined to be
80°C for 30 min to guarantee a sufficient drying time.
Figure 6 shows the degree of cure calculated from
the resin in Figure 5(b) as a function of temperature.
It was found that the curing of the ECP resin begins
at 130°C and ends at 220°C. The endothermic peak at
about 230°C is a solvent-vaporization peak. Figure 7
shows the heat flow changes of the ECP resin at vari-
ous temperatures. As shown in Figure 7, an exother-
mic reaction took place as the scanning time
increased, and the heat flow decreased again after
curing. This was most likely because of a mass reduc-
tion via solvent vaporization. The end-point of curing
is the maximum point of the heat flow. The X marks
in Figure 7 indicate the maximum points of the heat
flow curves. Cure times at various temperatures are
summarized in Table I. From the above results, the
drying condition and curing condition were set to
100°C for 30 min and 180°C for 60 min, respectively.

Rheology

Figure 8 shows the viscosity curves of the ECPs as a
function of shear rate. The viscosities of the ECPs
gradually decreased as the powder contents

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Heat flow changes of the ECP resin at various
temperatures in isothermal modes. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

increased over the entire shear rate. It is commonly
known that the viscosity curves of ECPs with a
higher vol % are more irregular compared to those
with a lower vol %. This implies that the amount of
BTO powder aggregates increased as the BTO pow-
der contents increased. ECPs had high viscosity at a
static state (~ 0 s™') and low viscosity at a high
shear rate. All ECPs had a low viscosity rate of
nearly 10 Pa - s at a shear rate of 100 s~ . The viscos-
ity of the ECP decreased as the shear rate increased,
and the viscosity curve increased again along the
lower curve as the shear rate increased again. The
hysteresis area of the viscosity curve indicating the
relative thixotropy increased as the powder content
increased. The increase in the thixotropy with the
powder content is because of the van der Waals
force among the particles. The particles form a net-
work structure in a stand-by state and the network
results in an increase in the viscosity. If shear force
was applied to the pastes, the shear force would
break down the network structure.'?

Dielectric constant

Figure 9 shows the thickness of the cured layers as a
function of the powder contents. The thickness of an
ECP layer increased as the powder contents
increased. Although all ECPs were screen printed in
identical conditions, the thicknesses of the ECPs dif-
fered. This difference in thickness is simply due to
the relative amount of the solvent. ECPs with low-

TABLE I
Cure Times of the ECP Resin at Various Temperatures
Temp. (°C) 180 200 220 240 260
Cure time (min) 41 32 22 5 3
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Figure 8 Viscosity curves of various ECPs as a function
of shear rate. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

BTO powder content have a high volume portion of
solvent. Therefore, ECPs with lower powder con-
tents were thinner than ECPs with higher powder
contents after curing.

Figure 10 shows the specific capacitance of fabri-
cated capacitors as a function of the powder content.
The specific capacitance of the ECP layers increased
as the amount of powder increased. However, it
reaches a maximum value at 60 vol %, and then
decreases with a further powder addition. This
decrease in the specific capacitance is due to the
voids or pores in the ECP layers that accommodate
excess powder over the theoretical maximum pack-
ing density."

Based on the above results, the dielectric constants
of the ECPs with powder contents were calculated.
Figure 11 shows the dielectric constants of the ECPs

Dielectric layer thickness (um)

BaTiO, powder contents (vol%)

Figure 9 Thickness of the cured ECP layer as a function of
BTO powder content. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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as a function of BTO powder content. The dielectric
constant of the ECPs increased up to nearly 60 as
the BTO powder content increased. As previously
mentioned, the slow-down in the dielectric constant
increment above 60 vol % occurred because the
powder packing density could not reach the theoret-
ical maximum packing density. Considering the
solid content ratio, the theoretical maximum packing
density is 72 vol %. However, it is exceedingly diffi-
cult to disperse powder uniformly with high-volume
powder content due to the powder agglomerates
and the irregular powder shape in an actual condi-
tion. As shown in Figure 12, numerous pores were
observed inside the layer of 70 vol %. Therefore, it
can be assumed that the actual maximum packing
density is in the range of 60 to 70 vol % with single-
particle packing.

The dielectric constant of BTO powder was calcu-
lated using Lichtenecker’s equation. Lichtenecker’s
equation for polymer/ceramic composite materials is
as follows:

loge. =V, loge, + Vy,loge,.

Here, €. denotes the dielectric constant of compos-
ite material, ¢, is the dielectric constant of matrix
(polymer), g, is the dielectric constant of powder (ce-
ramic), V,, is the volume fraction of matrix (poly-
mer), and V, is the volume fraction of powder
(ceramic).

Figure 13 shows the converted dielectric constant
and fitted curve. The graph was fitted going through
€. = 4 at 0 BTO vol % to calculate the dielectric con-
stant of the BTO powder. The calculated dielectric
constant of the BTO powder was 424. The dielectric
constant of ceramic powder varies with the particle
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Figure 10 Specific capacitance of the fabricated capacitors
as a function of BTO powder content. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

&0 |- T

50 - = -

Dielectric Constant

L L 1 1 1 | L 1.
v} 10 20 20 40 50 60 70

BaTiO, powder contents (vol%)

Figure 11 Dielectric constant of the ECPs as a function of
BTO powder content. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

size, and it is not easy to measure the dielectric con-
stants of ceramic powders directly. Therefore, the
dielectric constants of the ceramic powders here are
obtained using an indirect method, as shown earlier.

Reliability test result

Figure 14 shows photographic images of a fabricated
embedded capacitor (a) before prepreg bonding and
(b) after prepreg bonding. The ECP layers and metal
pads are shown through the semitransparent FR-4
layer after prepreg bonding in Figure 14(b). Figure
15 shows the thermal cycling test result of the em-
bedded capacitors. The capacitance of 50 vol % ECP
was lower than that of 60 and 70 vol % ECP. On the
other hand, the capacitances of the 60 and 70 vol %
ECPs were nearly identical. This is similar to the
results of the specific capacitance tests. As previ-
ously mentioned, the decrease in the capacitance is
because of voids or pores in the ECP layers that
accommodate excess powders over the theoretical
maximum packing density.

During the thermal cycling test, dielectric losses
were stable in whole cycles but the relative capaci-
tance rapidly decreased during the initial stage. The
relative capacitance stabilized around 0.9 after
approximately 100 cycles due to the relaxation of the
residual stress. It is widely known that the residual
stress of the polymer matrix generated during the
curing process can be relaxed by exposure to high
temperatures above the glass transition tempera-
ture.!* When residual stress relaxes, free volume of
the polymer resin expands. Polymer chains can
freely move above glass transition temperature, and
the total volume appears to expand macroscopically.
The increase in the free volume implies a decrease

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 12
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pores

Cross-sectional SEM images of (a) 0 vol %, (b) 30 vol%, (c) 60 vol %, and (d) 70 vol % ECP layers. [Color fig-

ure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

in the dielectric constant, as the dielectric constant of
the free volume is 1. Therefore, the overall dielectric
constant of ECPs becomes lower."”” This phenom-
enon is also induced by changes in the ceramic pow-
der crystallographic structure. Capacitors made with

L I Il 1 Il L 1
0.0 01 0.2 0.3 04 0.5 0.8

BaTiOa valume fraction

Figure 13 Logarithm of ¢, and fitted line versus the BTO
volume fraction. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app

ferroelectric formulations can display a decrease in
the capacitance depending on the time, number of
cycles, and temperature. This phenomenon, known
as “dielectric fatigue” or “aging,” occurs due to crys-
tallographic changes related to the relaxation of the
lattice strain energy; it does not occur with amor-
phous paraelectric materials.'® One more noticeable
thing in Figure 15 is that the increment of dielectric
constant and decrement of dielectric loss of 70 vol %
ECP was larger than those of other ECPs. It can be
understood as follows. As previously mentioned,
polymer resin undergoes relaxation phenomenon
and decrease its dielectric constant in thermal cycles.
ECP having higher volume powder contains lower
volume of polymer resin. Therefore, the amount of
changes in dielectric constant and dielectric loss was
the smallest in 70 vol % ECP which contains the
lowest volume of polymer resin among the three
ECPs.

Figure 16 shows the relative capacitance and
dielectric loss changes during the 85°C/85RH% test
and the 100°C aging test. For the 85°C/85RH% test,
both the dielectric loss and relative capacitance
steadily increased. Furthermore, the increasing rates
of two parameters slowed as the test time
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Figure 14 Photographic images of a fabricated embedded capacitor (a) before prepreg bonding and (b) after prepreg
bonding. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

progressed. It has been reported that the slow down
in this rate is presumably due to the saturation of
the moisture absorption level.”'®

As shown in Figure 16, the increment of 60 vol %
ECP was larger than that of 50 vol % ECP as the
polymer/ceramic interface is one of the main sites of
moisture absorption. However, the increment of 70
vol % ECP was smaller than that of the 60 vol %
ECP. This result can be supported as follows. An
increase in loss factor and dielectric constant under
the moisture uptake is a general trend in polymer
materials.'”?° It can be understood that the absorbed
moisture changes the molecular dipoles. The polar
group of water increases the polarity of the ECPs,
resulting in an increase in the capacitance and the
dielectric loss.’** Experiments showed that with
around 1 wt % water gain in the pure epoxy, the
loss factor could increase by more than 20% whereas
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Figure 15 Relative capacitance and dielectric loss changes

during the thermal cycling test. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

the dielectric constant could increase about 10%.
Same trends were also observed for epoxy/ceramic
composites.23 However, changes in the dielectric
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Figure 16 (a) Relative capacitance changes and (b) dielec-
tric loss changes during 85°C/85RH% test. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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properties were more severe, which is usually
explained by the interfacial polarization mechanism.
Some authors proposed that the interphase region
between the filler and epoxy matrix played an im-
portant role in determining the dielectric properties
of composite materials.*** One of the weakest sites
against moisture in ECPs is presumably the interface
between BTO powder and the resin. That is, the
moisture adsorbed at the interfaces greatly affect the
dielectric properties of ECPs. As previously men-
tioned, ECP with higher volume of BTO powder
contains lower volume of epoxy resin. Also, It has
larger interface area between BTO powder and the
resin. However, 70 vol % ECP had many pores
inside the layer. That is, it is possible that the inter-
face area between BTO powder and the resin of 70
vol % ECP can be smaller than that of 60 vol % ECP.
Therefore, the amount of moisture adsorbed at the
interfaces in 70 vol % ECP can be smaller than that
in 60 vol % ECP. Consequently, the result can be
understood in a viewpoint of interface area between
BTO powder and the resin.

High dielectric constant polymer

The dielectric constant of a polymer/ceramic com-
posite material can be increased by a high dielectric
constant polymer. To increase the dielectric constant
of the polymer/ceramic composite materials, the
thermoplastic polymer in the conventional resin sys-
tem was replaced by cyanoresin (CRS). Figure 17
shows the molecular structure of cyanoresin. The
dielectric constant of cyanoresin is 18 and dielectric
loss is 0.027 at 10 kHz. Capacitors were formed by
the same screen-printing method used in the previ-
ously mentioned processes. Figure 18 shows the
dielectric constant and dielectric loss of the newly
formulated ECP resin, which contains 50 vol % BTO
powder. Both the dielectric constant and the dielec-
tric loss of the ECP were increased by 50%. The
dielectric constant of the polymer resin calculated by
Lichtenecker’s equation was 8.62. This value was
more than twice that of the dielectric constant of the
conventional polymer resin system, 4.01. The dielec-
tric constant of an ECP can be theoretically increased

Journal of Applied Polymer Science DOI 10.1002/app

JANG AND PAIK

to 130 by Lichtenecker’s rule when the ECP contains
a maximum powder volume of 70 vol % using the
newly formulated resin system.

CONCLUSIONS

Novel screen-printable epoxy/BTO embedded ca-
pacitor pastes with high dielectric constants and
good thermal stability were formulated. In terms of
the material formulation, the ECPs are composed of
BTO powder with a high dielectric constant, a spe-
cially formulated epoxy resin, and a latent curing
agent. In terms of the fabrication process, the screen-
printing method was used to fabricate a dielectric
layer selectively in desired areas. The optimum cur-
ing condition of the ECP resin was determined by
the curing behavior results.

For ECPs containing 70 vol % BTO powder, the
dielectric constant increased to nearly 60. The theo-
retical maximum packing density is 72 vol %, but
60 ~ 70 vol % was desirable as the actual packing
density for processability. Essentially, the increment
in the dielectric constant slowed down above 60 vol
% due to because the voids or pores that became
entrapped in the ECPs. For the material reliability
tests, the embedded capacitor structure was demon-
strated. Three ECPs containing 50, 60, and 70 vol %
powder were selected for the tests. In the thermal
cycling test, the dielectric loss was stable whereas
the relative capacitance rapidly decreased at the ini-
tial stage and then stabilized at 0.9 after approxi-
mately 100 cycles. It is understood that the residual
stress of a polymer matrix generated during a curing
process can be relaxed by exposure to high tempera-
tures above glass transition temperature. This phe-
nomenon is also because of changes in the ceramic
powder crystallographic structure. In the 85°C/
85RH% test, both the dielectric loss and relative ca-
pacitance steadily increased. It is understood that
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Figure 18 Dielectric constant and dielectric loss of the
newly formulated ECP compared with conventional ECPs.
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the absorbed moisture affects the molecular dipole
change.

The dielectric constant of the newly formulated ECP
containing cyanoresin increased up to 60 with 50 pow-
der vol %. This value was 50% higher than that using
a conventional ECP. The dielectric constant of the
polymer resin calculated using Lichtenecker’s equation
was 8.62. The dielectric constant of an ECP can be the-
oretically increased to 130 by Lichtenecker’s rule when
the ECP contains a maximum powder volume of
70 vol % using the newly formulated resin system.
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