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bstract

mbedded capacitor technology is one of the most promising methods to achieve miniaturization, reduced costs and higher performance in rf
ireless communication products. Much R&D on embedded capacitors has been conducted using different circuit board technologies; however,
one of the circuit boards developed to date satisfy all of the requirements of embedded passive integration with high performance at low cost. Our
nique method of aerosol deposition (ASD) can provide passive ceramic elements embedded in the resin substrate because it can produce ceramic
ielectric film by accelerated ceramic nanoparticle aerosol bombardment at room temperature.

We present our novel ASD approach to embedded capacitors in FR-4 resin and discuss the correlation between the microstructure and dielectric
roperties of ASD dielectric films deposited under various conditions. We confirmed that dense BaTiO3 dielectric films with a dielectric constant
f 400, tan δ of less than 2%, and a higher breakdown voltage, exceeding 80 kV/mm, could be formed on the resin substrates. The embedded

apacitors on the FR-4 substrate, fabricated as a prototype using this ASD film, demonstrated a capacitance density of 300 nF/cm2. We also
larified that variations in ASD film dielectric properties after thermal cycle testing between −55 and 160 ◦C for 2000 cycles was within 10%
ompared with as-deposited film.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Network environments that combine wired cable and wireless
ommunications have been developed1 to improve ubiquitous
etwork systems that enable computer access to obtain needed
nformation whenever we want it and wherever we are. A great
eal of progress has recently been made in network systems.
or example, the services and content in these types of network
ystems have been increased and large amounts of information
nd data, such as high-resolution images have been transmitted
t high speeds. The key technologies involved in the evolution of
biquitous networks are considered to be microwave high-speed
ireless and multi-function electronic device miniaturization

echnologies. At present, compact, lightweight and low-cost cel-
ular phones, personal digital assistants (PDAs) and personal
omputers are in high demand.
Packaging and electric component technologies are strongly
elieved to be core technologies that can fulfill most electronic
evice requirements.2,3 The latest cellular phones are equipped

∗ Corresponding author. Tel.: +81 462 250 8260; fax: +81 46 248 6000.
E-mail address: imanaka@jp.fujitsu.com (Y. Imanaka).
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ith digital cameras, global positioning systems (GPSs) and
luetooth. These features require numerous circuit elements and
hese lead to high-density surface-mounted active and passive
omponents on the circuit boards. The number of passive com-
onents that are mounted in current circuit boards is about 20
imes greater than that for active components. Current statistics
eport that passive components account for 30% of the solder
oints, 40% of the board area and up to 90% of the assembly
ime.4 Thus, embedding and incorporating the various passive
omponents enables circuit boards to be miniaturized at reduced
ost. In particular, embedded capacitors that comprise more than
alf of all passive components are in high demand because of
heir microwave performance.

A decoupling capacitor is mounted adjacent to the active com-
onent and must supply charge bursts to stabilize the supply
oltage, as shown in Fig. 1. However, it is difficult to induce a
apid charge supply to the active components (Fig. 1(a)) in com-
onent mounting configurations because parasitic inductance
orms in the wiring between the active and passive compo-

ents and increases the already high impedance. It is extremely
ffective to embed the capacitor, which shortens the wiring
Fig. 1(b)), to decrease the effect of parasitic inductance. As pre-
iously mentioned, a great deal of R&D has been conducted on

mailto:imanaka@jp.fujitsu.com
dx.doi.org/10.1016/j.jeurceramsoc.2006.11.055
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ig. 1. Configuration for decoupling capacitor on circuit board: (a) discrete chip
apacitor and (b) embedded capacitor.

mbedded capacitors since they are considered to be an
mportant technology. The National Electronics Manufacturing
nitiative (NEMI) roadmap for Integrated Passive Technology
nd Economics requires a capacitance density of 300 nF/cm2

n resin substrates to achieve a wide market distribution for the
roduct by around 2007.

.1. Current circuit board technology

Table 1 lists the capabilities of an integrated rf module that
ses various current circuit board technologies.

Multi-layer structures in printed-wiring-board technology are
onstructed by laminating epoxy-resin films on FR-4 substrates.
opper wiring is formed by plating, and the via holes between

he epoxy layers are formed by laser radiation.5 The minimum
ine width is 50 �m with this method. When embedding and
ncorporating a capacitor, we apply an epoxy/ceramic composite
n which small ceramic particles with a high dielectric constant
re dispersed. Since the dielectric constant of the composite is
imited, it is difficult to obtain a high dielectric constant. Typical
apacitance density ranges from 10 to 100 pF/cm2. The mate-
ial and process costs are thus relatively inexpensive, and a

ow-cost substrate can be obtained. Epoxy resins made of the
ielectric materials used in this technology have high dielectric
oss. This technology is therefore not suitable for high-frequency
pplications.

(

(
(

able 1
omparison of various current circuit-board technologies for integrated rf modules

Demand

Miniaturization [fine pattern] Integration (capability for
embedding passive eleme

aFinest wiring width (�m) aCapacitance density (nF/

WB 50 0.01–0.1
CM (Silicon Tech) 5 100–1000

TCC 50 10–100

a Properties.
eramic Society 27 (2007) 2789–2795

A multi-layer thin film on a silicon wafer6,7 is constructed
sing the MCM-D process originally used in silicon technology.
puttering is usually used in this process to form the con-
ucting pattern, and polyimide resin is used for the interlayer
ielectrics. Wiring of less than 10 �m width can be formed.

BaSrTiO3 dielectric film with a dielectric constant of about
00 and a thickness of about 300 nm is applied using sol–gel or
puttering as a capacitor material. However, because annealing
n an oxygen atmosphere is required to increase the dielectric
onstant, it is difficult to apply this dielectric film to copper
iring systems. A thin film can be formed and a capacitance
ensity of about 500 nF/cm2 can be achieved if this problem
s overcome; however, the cost is higher than that of other
echnologies because the photolithography is usually carried
ut in a vacuum system located in a clean room. The polyimide
esin has a relatively lower dielectric loss compared to other
esins. These properties should be improved, however, because
hey are lower than those of ceramics.

Low temperature co-fired ceramics (LTCC) are obtained by
rinting a thick film wiring pattern onto a green-sheet with screen
rinting, laminating the sheets and then printing and co-firing
hem at around 1000 ◦C. The minimum line width is around
0 �m, because screen-printing is used.8 We applied a compos-
te that consisted of ceramics with a high dielectric constant
nd glass for the incorporated capacitor materials. This material
s cast in a sheet configuration and constructed using a multi-
ayer structure so that it achieves a capacitance of approximately
0 nF/cm2. Because this technology includes a high-temperature
ring process, cost reduction is limited, yet the manufacturing
osts are lower than those for modules manufactured with silicon
echnology. Ceramics are suitable for microwave applications
ecause their high-frequency characteristics are superior to those
f resins.

As can be seen from Table 1, of all the materials available,
TCC is the most promising for rf modules. It does not sat-
sfy all the requirements for rf modules, even though all the
equirements must be met in the future. To meet these require-
ents, the following four material and processing factors must

imultaneously be satisfied:
1) Adapting the photolithography process with a view to minia-
turization and the creation of finer patterns.

2) Using low-cost resin-based FR-4 as a substrate.
3) Adapting a low-cost plating method for pattern wiring.

nts)
Cost Microwave

performance
Manufacturing process

cm2) aTan δ

Low High Plating laminating
High Medium Sputtering photolithography
Medium Low Screen printing high temperature firing
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Fig. 2. Schematic of future rf module.

4) Introducing ceramics with superior dielectric characteristics
at high frequencies.

Fig. 2 depicts an rf module that incorporates these four
equirements. The process of forming the multi-layer structure
nd the Cu plating process are the same as those for the cur-
ent build-up substrate processes using epoxy-resins on FR-4
ubstrates.

Therefore, the key to achieving rf modules is to develop
eramic deposition technology on resin substrates, such as FR-4.
he following three factors are required for ceramic deposition:

1) It must be deposited at a temperature lower than the
endurance temperature of the resin (about 250 ◦C for
epoxy).

2) It must have superior dielectric properties (a higher dielec-
tric constant and low dielectric loss) similar to those of bulk
materials.

3) It must deposit a thick film that can adapt to the surface
roughness of the build-up substrate.

.2. Ceramic film deposition technology

Table 2 lists the characteristics of various ceramic film
epositions corresponding to the three requirements previously

escribed. It is difficult to deposit ceramic film by sputtering
n a resin substrate because post-annealing at a minimum of
00 ◦C is required; however, a dielectric constant of around
00 can be achieved after post-annealing at about 600 ◦C. Nev-

i
t
c
f

able 2
omparison of characteristics for various ceramic-film depositions

Demand

Low process temperature (∼200 ◦C)

puttering � (∼300 ◦C)
ol–gel method � (∼300 ◦C)
hick-film method ×
eramic/polymer composite film ©
erosol deposition ©
: Possible; �: possible with restrictions; ×: not possible.
eramic Society 27 (2007) 2789–2795 2791

rtheless, obtaining micron-level thicknesses by sputtering is
ifficult.9

Post-annealing above 300 ◦C is also required with the sol–gel
ethod and hence it is difficult to achieve deposition on a resin

ubstrate. The dielectric constant obtained is lower than that with
puttering and the maximum value attained is approximately
00. A thickness of about 5 �m can be obtained using the multi-
oat process.10

A ceramic film can be produced with screen-printing using
he thick film method by firing thick film at around 1000 ◦C.
lthough a film with dielectric properties close to those of bulk

eramics can be obtained, it cannot be applied to resin substrates
ecause of the higher processing temperatures.

A ceramic/polymer composite film can be obtained by cur-
ng the film, which consists of ceramic particles that have a high
ielectric constant, such as BaTiO3, and epoxy polymer coatings
n the substrate, at around 200 ◦C. We can satisfy the process-
emperature and film-thickness requirements with this process,
ut we cannot attain a high dielectric constant. The research
roup at the Georgia Institute of Technology optimized the
urface treatment of ceramic particles, the particle size of ceram-
cs and the composition of suspended resin. As a result, they
eported that they could obtain a dielectric constant of about 150
y introducing a mixed powder of Pb(Mg1/3Nb2/3)O3–PbTiO3
dielectric constant of about 15,000) and BaTiO3 (dielectric con-
tant of about 3000) by a volume of 85% in the epoxy-resin
dielectric constant of 3.2) matrix.11 The maximum dielectric
onstant is considered to be about 150 in this composite film
oating process.

In contrast, the aerosol deposition method satisfies the three
isted requirements.

.3. Aerosol deposition (ASD)

The ASD is a groundbreaking deposition technology devel-
ped by Dr. J. Akedo at the National Institute of Advanced
ndustrial Science and Technology (AIST), one of the authors
f this paper. Dense ceramic films can be deposited at room
emperature (RT)12,13 using this method.

Fig. 3 outlines the equipment required for the ASD. First, the
lm is formed by bombarding the aerosol ceramics generated
n the vibration unit. The aerosol is then transferred through a
ube and ejected from a nozzle located in a vacuum-pressurized
hamber. The ceramic particles, with a powder diameter ranging
rom 0.05 to 2 �m, are accelerated to a speed of 100–1000 m/s,

High dielectric constant (∼1000) Thick film (1–10 �m)

� (about 500) ×
× � (∼5 �m)
© � (∼5 �m)
× � (∼5 �m)
© ©
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Fig. 3. ASD equipment.

nd the ceramic film is deposited on the substrate at RT. The
eposition rate ranges from 10 to 30 �m/min.

Because the temperature does not rise, even in the area neigh-
oring the deposition location on the substrate, it is possible to
eposit the ceramic particles on the surface of the resin material.
he raw ceramic powder is not decomposed on the molecular

evel during the deposition process. A change in composition
oes not therefore occur, even in a complex compound. Since
aw ceramic powder is used as a starting material, it controls
omplicated compositions and electrical properties so that they
emain similar to those of bulk ceramics. To date, only the
eposition of PZT piezoelectric and alumina films has been
eported.

The potential of the ASD depends on the composition of
he ceramics and the characteristics of the raw powder in par-
icular. At present, we do not understand enough about the
eposition mechanism. Some ceramics cannot be deposited, and
ot all ceramics, even those with the same composition, can be
eposited with the ASD.

.4. Research objectives
As discussed in the above, we can obtain our final target cir-
uit board with several embedded passive functions by making
se of ASD, Cu plating and photolithography, as shown in Fig. 2.

t
i
s
c

eramic Society 27 (2007) 2789–2795

o achieve this, the following technologies must be developed:

Superior technology to deposit ceramic film with dielectric
properties using ASD at RT.
Cu wiring plating with photolithography technology.
Multi-layer and integration technology.

The objective of this paper was to clarify the relationship
etween the deposition conditions, microstructures, and dielec-
ric properties required to obtain a ceramic film with a high
ielectric constant and low dielectric loss at RT. We also devel-
ped a multi-layer capacitor prototype using ASD on an FR-4
ubstrate in an rf module feasibility study.

. Experimental procedures

The raw powder used in this study was commercial as-
eceived BaTiO3 (average particle size of 0.5 �m). The ASD
as carried out for 10 min, using the equipment in Fig. 3. The
as pressure was 2 kg/cm2 and the gas flow was 4 l/min. The
n-chamber base pressure was under 10 Pa. The carrier gas used
n this study was O2. The deposition rate was almost 1 �m/min.

After depositing the ASD film, a transmission electron micro-
cope (TEM) was used to observe the microstructure of the
lm.

The dielectric constant and dielectric losses ranging from
to 300 MHz were measured by using the capacitance-bridge
ethod with an E4991A rf impedance/material analyzer (Agi-

ent Technologies, Santa Rosa, CA), and the leakage current was
easured at an applied voltage ranging from −50 to 50 V with

n HP 4339B high-resistance meter (Hewlett Packard, U.S.A.).

. Results and discussion

.1. Characteristics of ASD film

Although the ASD mechanism is not yet well understood,
ts deposition behavior is known.14,15 During deposition, it
s thought that the ceramic particles, which were originally
pherical, are slightly flattened and adhere to the substrate. A
ompression stress of a few GPa is applied from the particle to
he substrate. It seems that a lamellar structure is formed by the
lastic deformation of the collapsed particles that are piled and
tacked.

Figs. 4 and 5 show TEM images of the raw BaTiO3 powder
sed in this study and the microstructure of BaTiO3 ASD film.
n similar results as a previous study, dense BaTiO3 ASD films
ith homogeneous lamellar structures deposited in an O2 envi-

onment were comprised of small and slightly flattened particles
ess than 200 nm in diameter.

Fig. 6 plots the dielectric constant and dielectric loss of
aTiO3 ASD film as a function of frequency. Both properties
re almost flat to all the measured frequencies. Over 100 MHz,

he properties are slightly changed. This seems to be due to the
naccuracy of measurement, since the frequency limit for mea-
urement is close to the 100 MHz range. The measured dielectric
onstant of BaTiO3 ASD film is 120, which is more than 10 times
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Fig. 4. TEM images of raw BaTiO3 powder in this study.
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measured with the capacitance bridge method. In contrast, when
Fig. 5. Microstructure of BaTiO3 film ASD at RT.

ower than that for bulk BaTiO3ceramics (ε of 3000). This may
e because no grain growth occurs, since the ASD film is not
eat-treated at high temperatures, unlike bulk ceramics. Resid-
al stress is introduced into the grain and grain-boundary of the

lm.

Fig. 7 plots the current density of BaTiO3 ASD films, whose
hickness is 1 �m, at various voltages. This film satisfies the gen-
ral criteria regarding ceramic capacitor leakage characteristics,

ig. 6. Dielectric properties of BaTiO3 ASD film ranging from 1 to 100 MHz.

w
t
w

F
t

ig. 7. Leakage current of BaTiO3 ASD film under various applied voltages.

.e., below 10−7 A/cm2 at 10 V. The breakdown voltage in the
SD film is 80 V (dielectric strength of 80 kV/mm).
The changes in the dielectric constant and tan δ under a

hermal cycle test (−55 ◦C ⇔ 160 ◦C) were within ± 10%, as
lotted in Fig. 8, indicating the ASD film was reliable. We also
hecked that no dielectric properties of the BaTiO3 ASD film
ere changed after five solder reflow treatments at 250 ◦C and
pressure cooker test (85 ◦C, 85% RH and 200 h).

We know that the crystal structure of BaTiO3, with a particle
ize of less than 100 nm at RT, is cubic,16,17 although the struc-
ure is usually tetragonal when the Curie temperature is below
30 ◦C. Also, according to the hydrostatic pressure data pub-
ished by Samara, a pressure of 2 GPa is required for BaTiO3
o lower the Curie temperature to RT.18 From the results of his
esearch, our BaTiO3 ASD film seemed to have a cubic structure,
hich indicates that it has para-electric properties. The crystal

tructure of the raw powder is believed to affect the dielectric
roperties of ASD film. In deposition using as-received BaTiO3,
he dielectric constant of the film was about 120 at 100 MHz,
e used powder calcined at 900 ◦C for 1 h to transform its crys-
alline structure, the dielectric constant increased to 400, which
as the highest dielectric constant of all the dielectric films

ig. 8. Changes in dielectric constant and tan δ of BaTiO3 ASD film under
hermal cycle test.
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tors to be incorporated on FR-4. Therefore, integrating various
passive functions, such as capacitors, filters and antennas into
PWBs will be feasible in the future by developing various
ceramic ASD films.
ig. 9. Manufacturing process for prototype of multi-layer capacitor on FR-4.

eposited at RT. When heat-treated at high temperatures, the
urface energy of the powder decreased and the tetragonality of
he crystal increased, thus promoting the ferroelectric properties
f the powder. Particles with a tetragonal structure in ASD film
re thought to have increased dielectric constant.

.2. Feasibility study for rf module

Theoretically, the target rf module in Fig. 2 can be developed,
ecause the ceramic film is deposited at RT using ASD. To ver-
fy this concept experimentally, we manufactured a prototype for
he target rf module. The prototype was a three-layer ceramic
apacitor formed on an FR-4 substrate using ASD, photolithog-
aphy and Cu plating. Fig. 9 outlines the simple manufacturing
rocess for this prototype of a multi-layer capacitor on an FR-4
ubstrate.

A single-sided copper-clad FR-4 laminate was first prepared,
nd a photo-resist was coated on the substrate. After the resist
as exposed and developed, the Cu was etched and a Cu ground
attern was formed. The ASD film was deposited next. The ASD
lm was etched after the resist coated on the ASD film had been
xposed and developed. After this, a blanket Cr/Cu sputtered
lm was deposited, and a Cu plate was formed. The photo-resist
as coated on the Cr/Cu/Cu layer, exposed and developed, and
nnecessary parts were etched off. This process was repeated
hree times. Finally, the prototype was completed after the solder
esist had been coated, exposed and developed.

Fig. 10 shows a cross-sectional view and Fig. 11 is a pho-
ograph of the prototype multi-layer capacitor manufactured by

SD. Dense three-layered ASD film on FR-4 substrates can be

een in Fig. 9. Measurements of capacitance indicated a capac-
tor density of 300 nF/cm2. Higher capacitance densities can
asily be attained by improving the process technology, since

F
f

ig. 10. Cross-sectional view of multi-layer capacitor produced by ASD.

his prototype was fabricated solely to verify the manufacturing
rocess.

This trial fabrication of this prototype established that ASD
nd the Cu plating process enabled multi-layer ceramic capaci-
ig. 11. Photograph of part of multi-layer capacitor on FR-4 substrate manu-
actured as prototype.
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. Conclusions

We investigated current technologies for wiring board man-
facturing and ceramic deposition to obtain a low-cost circuit
oard with embedded passive functions for the next ubiquitous
eneration. We proposed a resin build-up circuit board that has
mbedded ceramic film with passive functions. Furthermore, we
valuated the possibility of using the unique ASD we developed
o produce an experimental target, which is a circuit board with
mbedded capacitors. Our conclusions are as follows:

1) The ASD is a promising key technology for future low-cost
circuit boards that have embedded passive functions, since
dense ceramic films can be formed at RT on FR-4 substrates.

2) It can produce superior dielectric properties (i.e., a high
dielectric constant and low dielectric loss of tan δ) on
resin substrates in comparison with other methods, such
as sputtering, and the use of sol–gel and ceramic/polymer
composites.

3) The ceramic particles are slightly flattened and adhere to the
substrate during deposition using ASD. The surface activity
and plastic deformation of the flattened particles seem to be
the key factors in the deposition of ceramic ASD films on
resin substrates.

4) The dielectric properties of the ASD film are affected by
crystallinity, the crystal structure of the ceramic powder,
and other factors.

5) A multi-layer ceramic capacitor with high capacitance den-
sity on FR-4 substrates can be obtained by applying ASD
and the Cu plating process.

6) The dielectric constant and the dielectric loss of ceramic
films produced with ASD can be further improved by opti-
mizing the raw materials and deposition conditions. By
using a larger variety of ceramic materials, various rf inte-
gration modules with multiple passive functions can be
produced.

At this stage of our research, we can only verify that multi-
ayer ceramic capacitor structures can be obtained on FR-4
ubstrates by using ASD. More R&D should be done to produce
ractical electronic devices.
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