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SUMMARY

Polymer-matrix composite materials for microelectronics are reviewed in terms of the
science and applications. They include those with continuous and discontinuous fillers
in the form of particles and fibres, as designed for high thermal conductivity, low thermal
expansion, low dielectric constant, high/low electrical conductivity and electromagnetic
interference shielding. Applications include heat sinks, housings, printed wiring boards,
substrates, lids, die attach, encapsulation, interconnections and thermal interface

materials.

1. INTRODUCTION

Composite materials are traditionally designed for
use as structural materials. With the rapid growth of
the electronics industry, composite materials are
finding more and more electronic applications. The
design criteria for these two groups of composites are
different because of the vast difference in property
requirements between structural composites and
electronic composites. While structural composites
emphasize high strength and high modulus,
electronic composites emphasize high thermal
conductivity, low thermal expansion, low dielectric
constant, high/low electrical conductivity, and/or
electromagnetic interference (EMI) shielding
effectiveness, depending on the particularelectronic
application. Low density is desirable for both
aerospace structures and aerospace electronics.
Structural composites emphasize processability into
large parts, such as panels, whereas electronic
compositesemphasize processability intosmall parts,
such as stand-alone films and coatings. Due to the
small size of the parts, materials cost tends to be less

of aconcern for electronic composites than structural

composites. Forexample, electronic composites can
use expensive fillers, such as silver particles, which
serve to provide high electrical conductivity.

2. APPLICATIONS IN
MICROELECTRONICS

The applications of polymer-matrix composites in
microelectronics include interconnections, printed
circuit boards, substrates, encapsulations, interlayer
dielectrics, dieattach, electrical contacts, connectors,
thermal interface materials, heat sinks, lids and
housings. In general, the integrated circuit chips
(dies) are attached to a substrate or a printed circuit
board on which the interconnection lines have been
written (usually by screen printing) on each layer of
the multilayer substrate or board. In order to increase
the interconnection density, another multilayer
involving thinner layers of conductors and interlayer
dielectrics may be applied to the substrate before
attachment of the chip. By means of soldered joints,
wires connect between electrical contact pads on the
chip and electrical contact pads on the substrate or
board. The chip may be encapsulated withadielectric
for protection. It may also be covered by a thermally
conducting (metal) lid. The substrate (or board) is
attached to a heat sink. A thermal interface material
may be placed between the substrate (or board) and
the heat sink to enhance the quality of the thermal
contact. The whole assembly may be placed in a
thermally conducting housing.
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A printed circuit board is a sheet for the attachment
of chips, whethermounted on substrates, chip carriers,
orotherwise, and forthe drawing of interconnections.
It is a polymer-matrix composite that is electrically
insulating and has four conductor lines
(interconnections) on one or both sides. Multilayer
boards have lines on each inside layer so that
interconnections on differentlayers may be connected
by short conductor columns called electrical vias.
Printed circuit boards (or cards) for the mounting of
pin-inserting-type packages need to have lead
insertion holes punched through the circuit board.
Printed circuit boards for the mounting of surface-
mounting-type packages need no holes. Surface-
mounting-type packages, whether with leads, leaded
chip carriers, or without leads, leadless chip carriers
(LLCCs), can be mounted on both sides of a circuit
board (i.e. a card), whereas pin-inserting-type
packages can only be mounted on one side of a circuit

board. In surface mounting technology (SMT), the

surfaces of conductor patterns are connected together
electrically without employing holes. Solder is
typically used tomake electrical connectionsbetween
a surface-mounting-type package (whetherleaded or
leadless)and acircuitboard. A lead insertion hole for
pin-inserting-type packages is a plated-through hole,
a hole on whose wall a metal is deposited to form a
conducting penetrating connection. After pin
insertion, the space between the wall and the pin is
filled by solder to form a solder joint. Another type of
plated-through hole is a via hole, which serves to
connect different conductor layers together without
the insertion of a lead. :

A substrate, also called a chip carrier, is a sheet on
which one or more chips are attached and
interconnections are drawn. In the case ofa multilayer
substrate, interconnections are also drawn on each
layer inside the substrate, such that interconnections
in different layers are connected, if desired, by
electrical vias. A substrate is usually an electrical
insulator. Substrate materials include ceramics (e.g.
aluminium oxide/Al,O3, aluminium nitride/AIN,
mullite, glass ceramics), polymers (e.g. polyimide),
semiconductors (e.g. silicon), and metals (e.g.
aluminium). The most common substrate material is
Al,03. Asthesintering of Al,O3requires temperatures
greater than 1000°C, the metal interconnections need
to be refractory, such as tungsten or molybdenum.
The disadvantage of tungsten or molybdenum lies in
the higher electrical resistivity compared to copper.
In order to make use of more conductive metals (e.g.
Cu, Au, Ag-Pd) asthe interconnections, ceramics that
sinter at temperatures below 1000°C (“low
temperature”) can be used in place of Al;03. The

competition between ceramics and polymers for
substrates is increasingly keen. Ceramics and
polymers are both electrically insulating; ceramics
are advantageous in that they tend to have a higher
thermal conductivity than polymers; polymers are
advantageous in that they tend to have a lower
dielectric constant than ceramics. A high thermal
conductivity is attractive for heat dissipation; a low
dielectricconstant s attractive forasmaller capacitive
effect, hence a smaller signal delay. Metals are
attractive for their very high thermal conductivity
compared to ceramics and polymers.

An interconnection is a conductor line for signal
transmission, power, or ground. It is usually in the
form of a thick film of thickness > 1 um. It can be on
a chip, a substrate or a printed circuit board. The
thick film is made by either screen printing or plating.
Thick film conductor pastes containingsilver particles
(conductor) and glass frit (binder which functions by
the viscous flow of glass upon heating) are widely
used to form thick film conductor lines
(interconnections) on substrates by screen printing
and subsequent firing. These films suffer from a
reduction in the electrical conductivity as a result of
the presence of the glass and the porosity in the film
after firing. The choice of a metal in a thick film paste
depends on the need to withstand air oxidation
during the heating encountered in subsequent
processing, which can be the firing of the green thick
film together with the green ceramic substrate (a
process known as cofiring). It is during cofiring that
bonding and sintering take place. Copper is an
excellent conductor, but it oxidizes readily when
heated in air. The choice of metal also depends on the
temperature encountered in subsequent processing.
Refractory metals, such astungsten and molybdenum,
are suitable for interconnections heated to high
temperatures (> 1000°C), for example during Al,0;
substrate processing.

A z-axis anisotropic electrical conductor film is a
film which is electrically conducting only in the
z-axis, i.e. in the direction perpendicular to the plane
of the film. As one z-axis film can replace a whole
array of solder joints, z-axis films are valuable for
solder replacement, processing cost reduction and
for improving repairability in surface mount
technology.

Aninterlayer dielectric is a dielectric film separating
the interconnection layers, such that the two kinds of
layers alternate and form a thin film multilayer. The
dielectric is a polymer, usually spun on or sprayed;
or a ceramic, usually applied by chemical vapour
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deposition (CVD). The most common multilayer
involves polyimide as the dielectric and copper
interconnections, plated, sputtered, or electron-beam
deposited.

A die attach is a material for joining a die (a chip) to
a substrate. It can be a metal alloy (a solder paste), a
polymeric adhesive (a thermoset or a thermoplastic),
or a glass. Die attach materials are usually applied by
screen printing. A solder is attractive in its high
thermal conductivity, which enhances heat
dissipation. However, its application requires the
use of heat and a flux. The flux subsequently needs to
be removed chemically. The defluxing process adds
costs and is undesirable to the environment (the
ozone layer) due to the chlorinated chemicals used.
A polymer or glass has poor thermal conductivity,
but this problem can be alleviated by the use of a
thermally conductive filler, such as silver particles.
Athermoplastic provides areworkablejoint, whereas
athermoset does not. Furthermore, athermoplasticis
more ductile than a thermoset. Moreover, a solder
suffers from its tendency to experience thermal fatigue
due to the thermal expansion mismatch between the
chip and the substrate, and the resulting work
hardening and cracking of the solder. In addition, the
footprint left by a solder tends to be larger than the
footprint left by a polymer, due to the ease with
which molten solder flows.

An encapsulation is an electrically insulating
conformal coating on a chip for protection against
moisture and mobile ions. An encapsulation can be
apolymer (e.g. epoxy, polyimide, polyimide siloxane,
siliconegel, Parylene, and benzocyclobutene), which
can be filled with SiO,, BN, AIN, or other electrically
insulating ceramic particles to decrease the thermal
expansion and increase the thermal conductivity1-3.
The decrease in the thermal expansion is needed
because a neat polymer typically has a much higher
coefficient ofthermal expansion than asemiconductor
chip. An encapsulation can also be a ceramic (e.g.
Si0,, Si3Niy, silicon oxynitride). In the process of
electronic packaging, encapsulation is a step
performed after both die bonding and wire bonding,
and before the packaging using a moulding material.
The moulding material is typically a polymer, such
as epoxy. However, it can also be a ceramic, such as
SizN,, cordierite (magnesium silicate), SiO,, and so
on. A ceramic is advantageous (compared to a
polymer) because of its low coefficient of thermal
expansion and higher thermal conductivity, but it is
much less convenient to apply than a polymer.

Alid is a cover for a chip for physical protection. The
chip is typically mounted in a well in a ceramic

substrate, and the lid coversthe well. Alid is preferably
a metal because of the need to dissipate heat. It is
typically joined to the ceramic substrate by soldering,
using a solder preform (e.g., Au-Sn) shaped like a
gasket. Dueto the low coefficient of thermal expansion
amaterial such as Kovar (54Fe-29Ni-17Co) is used for
the lid. For the same reason, Kovar is often used for
the can (housing or enclosure) in which a substrate is
mounted. Although Kovar has a low coefficient of
thermal expansion (5.3 x 108 °C1 at 20-200°C), it
suffers from a low thermal conductivity of
17 Wm-1KL

A heat sink is a thermal conductor that serves to
conduct (mainly) and to radiate heat away from the
circuitry. It is typically bonded to a printed circuit
board. The thermal resistance of the bond and that of
the heat sink itself govern the effectiveness of the heat
dissipation. A heat sink is chosen that matches the
coefficient of thermal expansion of the circuit board
for resistance to thermal cycling.

Insufficiently fast dissipation of heat is the most
critical problem that limits the reliability and
performance of microelectronics?. The problem
becomes more severe as electronics are miniaturized,
so the further miniaturization of electronics is
hindered by this problem. The problem also increases
as the power (voltage and current) increases, so the
power is restricted by the heat dissipation problem.
Excessive heating from insufficient heat dissipation
causes thermal stress in the electronic package. The
stress may cause warpage of the semiconductor chip
(die). The problem is compounded by thermal fatigue,
which results from cyclic heating and thermal
expansion mismatches. Since there are many solder
joints in an electronic package, solder joint failure is
a big reliability problem. For these various reasons,
thermal management has become a key issue within
the field of electronic packaging. Thermal
management refers to the use of materials (heat sinks,
thermal interface materials, etc.), devices (fans, heat
pipes, etc.) and packaging schemes to attain efficient
dissipation of heat. The use of materials is the part

that is addressed in this article.

The use of materials with high thermal conductivity
and low thermal expansion for heat sinks, lids,
housings, substrates and die attach is an important
avenue for alleviating the heat dissipation problem.
For this purpose, metal-matrix composites (such as
silicon carbide particle aluminium-matrix
composites) and polymer-matrix composites (such
as silver particle filled epoxy) have been developed.
However, another avenue, which has received much
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less attention, is the improvement of the thermal
contact between the various components in an
electronic package (e.g., between substrate and heat
sink). The higher thermal conductivity of the
individual components cannot effectively help heat
dissipation unless thermal contacts between the
componentsisgood. Withoutgood thermal contacts,
the use of expensive thermal conducting materials
for the components is a waste.

The improvement of a thermal contact involves the
use of a thermal interface material, such as a thermal
fluid, a thermal grease (paste) or a resilient thermal
conductor. A thermal fluid or grease is spread on the
mating surfaces. A resilient thermal conductor is
sandwiched by the mating surfaces and held in place
by pressure. Thermal fluids are most commonly
mineral oil. Thermal greases (pastes) are most
commonly conducting particle (usually metal or
metal oxide) filled silicone. Resilient thermal
conductors are most commonly conducting particle
filled elastomers. Out of these three types of thermal
interface materials, thermal greases (based on
polymers, particularly silicone) are by far the most
commonly used. Resilient thermal conductors are
not as well developed as thermal fluids or greases.

As the materials to be interfaced are good thermal
conductors (such as copper), the effectiveness of a
thermal interface material isenhanced by high thermal
conductivity and low thickness of the interface
material and low thermal contact resistance between
theinterface material and each mating surface. As the
mating surfaces are not perfectly smooth, the interface
material must be able to flow or deform, so as to
conform to the topology of the mating surfaces. If the
interface material is a fluid, grease or paste, it should
have a high fluidity (workability) so as to conform
and to have a small thickness after mating. On the
other hand, the thermal conductivity of the grease or
pasteincreases with increasing filler content and this
is accompanied by a decrease in the workability.
Without a filler, as in the case of an oil, the thermal
conductivity is poor. A thermal interface material in
the form of a resilient thermal conductor sheet (e.g. a
collection of conducting fibres clinging together
without a binder, and a resilient polymer-matrix
composite containing a thermally conducting filler)
usually cannot be as thin or conformable as one in the
form of a fluid, grease or paste, so its effectiveness
requires a very high thermal conductivity.

3. POLYMER-MATRIX COMPOSITES

Polymer-matrix composites with continuous or
discontinuous fillers are used for electronic packaging

and thermal management. Composites with
continuous fillers (fibres, whether woven or not-
woven) are used as substrates, heat sinks and
enclosures. Composites with discontinuous fillers
(particle or fibres) are used for die attach, electrically/
thermally conducting adhesives, encapsulations,
thermal interface materials and electrical
interconnections (thick film conductors and z-axis
conductors). Composites with discontinuous fillers
canbein a paste form during processing, thusallowing
application by printing (screen printingorjet printing)
and injection moulding. Composites with continuous
fillers cannot undergo paste processing, but the
continuous fillers provide lower thermal expansion
and higher conductivity than discontinuous fillers.

Composites can have thermoplastic or thermosetting
matrices. Thermoplastic matrices have the advantage
that a connection can be reworked by heating for the
purpose of repair, whereas thermosetting matrices
donotallowreworking. Ontheotherhand, controlled-
order thermosets are attractive for their thermal
stability and dielectric properties5. Polymers
exhibiting low dielectric constant, low dissipation
factor, low coefficient of thermal expansion, and
compliance are preferred®.

Composites can be electrically conducting or
electrically insulating; the electrical conductivity is
provided by a conductive filler. The composites can
be both electrically and thermally conducting, as
attained by the use of metal or graphite fillers; they
can be electrically insulating but thermally
conducting, as attained by the use of diamond,
aluminium nitride, boron nitride oralumina fillers”-8.
An electrically conducting composite can be
isotropically conducting®10 or anisotropically
conducting!l. A z-axis conductorisanexampleofan
anisotropic conductor.

3.1 Polymer-matrix composites with
continuous fillers

Epoxy-matrix composites with continuousglass fibres

-.and made by lamination are most commonly used for

printed wiringboards, duetotheelectrically insulating

property of glass fibres and the good adhesive

behaviour and established industrial usage of epoxy.
Aramid (Kevlar) fibres can be used instead of glass
fibres to providelower dielectric constant!2. Alumina
(Al,03) fibres can be used for increasing the thermal
conductivity13, By selecting the fibre orientation and
loading in the composite, the dielectric constant can
be decreased and the thermal conductivity can be
increased14. By impregnating the yarns or fabrics
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with a silica-based sol and subsequent firing, the
thermal expansion can be reduced?5. Matrices other
than epoxy can be used. Examples are polyimide and
cyanate ester6,

For heat sinks and enclosures, conducting fibres are
used, since the conducting fibres enhance the thermal
conductivity and theability to shield electromagnetic
interference (EMI). EMI shielding is particularly
important for enclosures'?. Carbon fibres are most
commonly used for these applications, due to their
conductivity, low thermal expansion, and wide
availability as a structural reinforcement. For high
thermal conductivity, carbon fibres made from
mesophase pitch18-24 or copper plated carbon fibres
are preferred?5-27, For EMI shielding, both uncoated
carbon fibres?8:29 and metal (e.g. nickel, copper)
coated carbon fibres3?:31 have been used.

For avionic electronic enclosures, low density
(lightweight) is essential for saving aircraft fuel.
Aluminium is the traditional material for this
application. Carbon fibre reinforced epoxy has been
judged by consideration of mechanical, electrical,
environmental, manufacturing/producibility, and
design-to-cost criteria to be more attractive than
aluminium, glass fibre reinforced epoxy, glass fibre
reinforced epoxy with aluminium interlayer,
beryllium, aluminium-beryllium and SiC particle
reinforced aluminium32. A related application is the
thermal management of satellites, for which the
thermal management materials need to be integrated
from the satellite structure down to the electronic
device packaging33. Continuous carbon fibres are
suitable for this application due to their high thermal
conductivity, low density, high strength and high
modulus.

3.2 Polymer-matrix composites with
discontinuous fillers

Polymer-matrix composites with discontinuous fillers
(particles or short fibres) are widely used in
electronics34, in spite of their poor mechanical
properties compared to composites with continuous
fibres. This is because materials in electronics do not
need to be mechanically strong and discontinuous
fillers enable processing through the paste form,
which is particularly suitable for making films,
whether standalone films or films on a substrate.

Screen printing is a common method for patterning
a film on a substrate. In the case of an electrically
conducting paste, the pattern is commonly an array

of electrical interconnections and electrical contact
pads on the substrate. As screen printing involves the
paste going through a screen, screen printable pastes
usually contain particles and no fibre and the particles
must be sufficiently small, typically less than 10 um
in size. The larger the particles, the poorer is the
patternability, i.e. the edge of a printed line is not
sufficiently well-defined. Inapplications notrequiring
patternability, such as thermal interface materials,
short fibres are advantageous in that the connectivity
of the short fibres are superior to that of particles at
thesame volume fraction. Foraconducting composite,
better connectivity of the filler units means higher
conductivity for the composite. Instead of using short

- fibres, one may use elongated particles or flakes for

the sake of the connectivity. In general, the higher the
aspectratio, thebetteris the connectivity for the same
volume fraction. The use of elongated particles or
flakes can provide an aspect ratio larger than 1, while
retaining patternability. Thus, it is an attractive
compromise.

In the case of a conducting composite, the greater the
volume fraction of the conducting filler, the higher is
the conductivity of the composite, since the polymer
matrix is usually insulating. However, the greater the
filler volume fraction, the higher is the viscosity of
the paste and the poorer is the processability of the
paste. To attain a high filler volume fraction while
maintaining processability, a polymer oflow viscosity
is preferred and good wettability of the filler by the
matrix, as provided by filler surface treatments and/
or the use of surfactants, is desirable.

The matrix used in making a polymer-matrix
composite can be in the form of a liquid (e.g. a
thermosetting resin) or a solid (e.g. a thermoplastic
powder) during the mixing of the matrix and the
filler. In the case of a matrix in the form of a powder,
the distribution of the filler units in the resulting
composite depends on the size of the matrix powder
particles, as the filler units line the interface between
adjacentmatrix particles, and thefillervolumefraction
needed for percolation (i.e. the filler units touching
one another to form a continuous path)35 decreases
with increasing matrix particle size. The reaching of
the percolation threshold is accompanied by a large
increase in the conductivity. However, a large matrix
particle size is detrimental to the processability.
Therefore, a compromise is needed.

In the case of a matrix in the form of a thermoplastic
powder, the percolation attained after mixing the
matrix powder and the filler may be degraded or
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destroyed after subsequent composite fabrication
involving flow of the thermoplastic under heat and
pressure. Hence, in this case, a thermoplastic that
flows less is preferred for attaining high conductivity
in the resulting composite36,

A less common way to attain percolation in a given
direction is to apply an electric or magnetic field so
as to align the filler units along the direction. For this
technique to be possible, the filler units (whether in
the bulk or on the surface) must be polarizable
electrically ormagnetically. Such alignment is one of
the techniques used to produce z-axis conductors.

In percolation, the filler units touch one another to
form continuous paths, but there is considerable
contact resistance at the interface between the
touching filler units. To decrease this contact
resistance, thereby increasing the conductivity of the
composite, one can increase the size of the filler
units, so that theamount of interface area is decreased,
provided that percolation is maintained. A less
common but even more effective way is to bond the
filler units together at their junction by using a solid
(like solder) that melts and wets the surface of the
filler during the composite fabrication. The low
melting point solid can be in the form of particles
added to the composite mix, or in the form of a
coating on the filler units. In this way, a three-
dimensionally interconnected conducting network
is formed after composite fabrication3’.

An intimate interface between the filler and the
matrixis important tothe conductivity ofacomposite,
even though the filler is conducting and the matrix
may be perfectly insulating. This is because
conduction may involve a path from a filler unittoan
adjacent one through a thin film of the matrix by
means of tunnelling. In the case of the matrix being
slightly conducting (but not as conducting as the
filler), the conduction path involves both the filler
and the matrix and the filler-matrix interface is even
more important. This interface may be improved by
filler surface treatments (by the use of chemicals,

heat, plasma, etc.) prior to incorporating the fillerin -

the composite, or by the use of a surfactant38.

The difference in thermal expansion coefficient
between filler and matrix and the fact that composite
fabrication occurs at an elevated temperature cause
thermal stress during cooling of the fabricated
composite. The thermal expansion coefficient of a
polymer is usually relatively high, so the filler units
are usually under compression after cooling. The
compression helps to tighten the filler-matrix

interface, though the compressive stress in the filler
and the tensile stress in the matrix may degrade the
performance and durability of the composite.

In case of the matrix being conducting, but not as
conducting as the filler, as for conducting polymer
matrices3940, percolation is not essential for the
composite to be conducting, though percolation
would greatly enhance the conductivity. Below the
percolation threshold (i.e. the filler volume fraction
above which percolation occurs), the conductivity of
the composite is enhanced by a uniform distribution
of the filler units, since the chance of having a
conduction path that involves more filler and less
matrix increases as the filler distribution becomes
more uniform. Uniformity is never perfect; it is
described by the degree of dispersion of the filler. The
degree of dispersion can be enhanced by rigorous
agitation during mixing of the filler and matrix orby
the use of a dispersant (commonly a surfactant). In
the case of a matrix in the form of particles that are
coarser than the filler units, the addition of fine
particles to the mix also helps the dispersion of the
filler41.

Because the thermal expansion coefficient of a
polymer is relatively high, the polymer matrix
expands more than the filler during the heating of a
polymer-matrix composite. This results in the
proximity between adjacent filler units changing
with temperature, thus decreasing the conductivity
of the composite42. This is detrimental to the thermal
stability of the composites.

Corrosion and surface oxidation of the filler are the
most common causes of degradation which decreases
the conductivity of the composite. Thus, oxidation
resistant fillers are essential. Silver and gold are
oxidation resistant, but copper is not. Due to the high
cost of silver and gold, the coating of copper, nickel
or other lower cost metal fillers by gold or silver is
common for improving the oxidation resistance. By
far, the most common filler is silver particles?3:44,

A z-axis anisotropic electrical conductor film is a
film which is electrically conducting in the direction
perpendicular to the film, butis insulating in all other
directions. This film is technologically valuable for
use as an interconnection material in electronic
packaging (chip-to-package, package-to-board and
board-to-board), as it electrically connects the
electrical contact pads touching one side of the film
with the corresponding contact pads touching the
directly opposite side of the film. Even though the
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film is in one piece, it contains numerous z-axis
conducting paths (not necessarily in a regular array,
they can be randomly distributed), so that it can
provide numerous interconnections. If each contact
pad is large enough to span a few z-axis conducting
paths, no alignment is needed between the contact

- pad array and the z-axis film, whether the conducting
paths are ordered or random in their
distribution?5-5%. Under this situation, in order to
attain a high density of interconnections, the cross
section of each z-axis conducting path must be small.
However, if each contact pad is only large enough to
spanonez-axis conducting path, alignmentis needed
between the contact pad array and the z-axis film,
and this means that the conducting paths in the z-axis
film must be ordered in the same way as the contact
pad array®0. An example of an application of a z-axis
conductor film is in the interconnections between
the leads from (or contact pads on) a surface mount
electronic device and the contact pads on thesubstrate
beneath the device. In this application, one piece of
z-axis film can replace a whole array of solder joints,
so processing costs can be much reduced.
Furthermore, the problem of thermal fatigue of the
solder joints can be avoided by this replacement.
Another example is in the vertical interconnections
in three-dimensional electronic packaging.

A z-axis filmisa polymer-matrix composite containing
conducting units which form the z-axis conducting
paths. The conducting units are usually particles,
such as metal particles and metal coated polymer
particles. The particles can be clustered so that each
cluster corresponds to one conducting path#5-47.51,
Metal columns52, metal particle columns (e.g. gold
plated nickel)5%5! and individual metal coated
polymer particles?? have been used to provide z-axis
conducting paths. Particle columns were formed by
magnetic alignment of the particles. Using particle
columns, Fulton et al.46 attained a conducting path
width of 400 um and a pitch (centre-to-centre distance
between adjacent conducting paths) of 260 um. Also
using particle columns, Robinson®® and Rosen®!
attained a conducting path width of ~10 pm and a
pitch of ~100 pm. In general, a large conducting path
width is desirable for decreasing the resistance per
path, while a small pitch is desirable for high density
interconnection. In contrast to the use of metal wires,
metal columns or metal particle columns, Xu®? used
one metal particle per conducting path (i.e. per
connection). The concept of one particle per path had
been demonstrated by Li%® by using metal coated
polymer particles. However, duetothe highresistivity
of the metal coating compared to the bulk metal, the
z-axis resistivity of the film was high (0.5 Q.cm fora

conducting path). By using metal particles in place of
metal coated polymer particles, Xub! decreased the
z-axis resistivity of a conducting path to 10® Q.cm.
Furthermore, Xu did not rely on a polymer (whether
the matrix or the particles) for providing resilience,
as the resilience is provided by the metal particles,
which protrude from both sides of the standalone
film. As a result, the problem of stress relaxation of
the polymeris eliminated. Inaddition, the protrusion
of the metal particles eliminates the problem of open
circuiting the connection upon heating caused by the
higher thermal expansion of the polymer compared
to the conductor8,

Most work on z-axis adhesive films56-57 used an
adhesive with randomly dispersed conductive
particles (8-12 um diameter) suspended in it. The
particles were phenolic spheres that had been coated
with nickel. After bonding under heat (180-190°C)
and pressure (1.9 MPa), a particle became oval in
shape (4 pm thick). There was one particle per
conducting path. The main drawback of this
technology is the requirement of heat and pressure
for curing the adhesive. Heat and pressure are not
desirable in practical use of the z-axis adhesive. Xu®1
removed the need for heat and pressure through
appropriate choice of polymer.

A different kind of z-axis adhesive film60 used
screening or stencilling to obtain a regular two-
dimensional array of silver filled epoxy conductive
dots, but this technology suffers from the large pitch
(1500 um) of the dots and the consequent need for
alignment between the z-axis film and contact pad
array. In Xu's work, the pitch of the conducting paths
in the z-axis adhesive film was as low as 64 pum.

Capacitors require materials with a high dielectric
constant. Such materials in the form of thick films
allow capacitors to be integrated with the electronic
packaging, thereby allowing further miniaturization,
in addition to performance and reliability
improvements®2. These thick film pastes involve
ceramic particles with a high dielectric constant,
such as barium titanate (BaTiOj3), and a polymer (e.g.
epoxy)83.64,

Inductors are needed for transformers, DC/DC
converters and other power supply applications.
They require magnetic materials. Such materials in
the form of thick films allow inductors and
transformers to be integrated with the electronic
packaging, thereby allowing further miniaturization.
These thick film pastes involve magnetic particles
(e.g. ferrite) and a polymer65.66,
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The need for electromagnetic interference (EMI)
shielding is increasingly rapidly due to the
interference of radio frequency radiation (such as
that from a cellular phone) with digital electronics,
and the increasing dependence of society on digital
electronics. The associated electronic pollution is an
interference problem.

EMI shielding is achieved by using electrical
conductors, such as metals and conductive filled
polymers®7-75, EMI shielding gaskets”6-87 are resilient
conductors. They are needed to electromagnetically
seal an enclosure. The resilient conductors are most
commonly elastomers (e.g. rubber) that are filled
with a conductive filler38, or elastomers that are
coated withametallized layer. Metallized elastomers
suffer from poor durability due to the tendency of the
metal layer to debond from the elastomer. Conductive
filled elastomers do not have this problem, but they
require the use of a highly conductive filler, such as
silver particles, in order to attain a high shielding
effectiveness while maintainingresilience. Thehighly
conductive filler tends to be expensive, making the
composite expensive. The use of a less conducting
filler results in the need for a large volume fraction of
the filler in order to attain a high shielding
effectiveness; the consequence is diminished
resilience or even loss of resilience. Moreover, these
composites suffer from degradation of the shielding
effectiveness in the presence of moisture or solvents.
In addition, the polymer matrix in the composites
limits the temperature resistance, and the thermal
expansion mismatch between filler and matrix limits
the thermal cycling resistance.

Due to the skin effect (i.e. electromagnetic radiation
at a high frequency interacting with only the near
surface region of an electrical conductor), a filler for
a polymer-matrix composite for EMI shielding needs
to be not only electrically conducting, but also small
in unit size. Although connectivity between the filler
unitsis notrequired for shielding, ithelps. Therefore,
a filler in the form of a metal fibre of very small
diameter is desirable. For this purpose, nickel
filaments of diameter 0.4 um and length >100 pm,
with a carbon core of diameter 0.1 pum, were
developed8. Their exceptionally small diameter
compared to those of existing metal fibres made them
outstanding for use as a filler in a polymer for EMI
shielding. A shieldingeffectivenessof 87 dB at 1 GHz
was attained in a polyethersulphone-matrix
composite with only 7 vol.% nickel filaments89-91,
The low volume fraction allows resilience in a
silicone-matrix composite for EMI gaskets®2.

4. CONCLUSIONS

Polymer-matrix composite materials for
microelectronics are typically designed for high
thermal conductivity, low CTE, low dielectric
constant, either high or low electrical conductivity,
and processability (e.g. printability). Applications
include heat sinks, housings, printed wiring boards,
substrates, lids, die attach, encapsulation,
interconnections, thermal interface materials and
EMI shielding. Combinations of properties are usually
required. For example, for heat sinks and substrates,
the combination of high thermal conductivity and
low CTEisrequired for the purpose ofheat dissipation
and thermal stress reduction. In the case of aerospace
electronics, low density is also desired. Polymer-
matrix composites formicroelectronicsinclude those
with continuous and discontinuous fillers. They can
be in the form of an adhesive film, a standalone film
orabulk material. They canbe isotropic oranisotropic
electrically.
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