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Abstract Electrically conductive adhesives are being used in electronic packaging for several
decades. A brief review of the dynamic development of conductive adhesives under the
influence of the miniaturization, the adaptation of environmental friendly manufactur
ing processes is presented.
With respect to the importance of isotropically conductive adhesives (ICA), a new con
tact model to analyze the principle influences of e.g., particle size, particle geome
try, and filler content on the percolation threshold is introduced. With this model the
arrangement of the particles within a contact is calculated by considering different
types of forces (elastic, friction, adhesion, and inertia). Taking into account the electri
cal properties of the filler particles, the electrical contact behavior including its changes
due to aging is investigated.
Finally, typical applications of isotropically conductive adhesives are presented. One
example shows how the thermal requirements for attaching a GaAs heterojunction
power transistor can be fulfilled using an adhesive with an extremely high filler content
(thermal conductivity: >60 W/mK). In another case it is demonstrated how extreme
thermomechanical requirements resulting from a thermal expansion mismatch of parts
of a sealed IR sensor housing can be corresponded using an adhesive with a compara
tively low glass transition temperature. A further example shows a packaging concept of
a miniaturized, biocompatible multichip module. For mounting both. narrowly spaced
SMDs and bare chips. an isotropically conductive adhesive has been applied.

21.1. INTRODUCTION AND HISTORICAL BACKGROUND

The industrial application of electrically conductive adhesives (ECA) for intercon
necting and mounting electronic components on circuit carriers is comparatively new. How
ever, a series of inventions related to various mixtures of conductive and non-conductive
substances were made already in the first half of the last century. An early patent of an elec
trically conductive adhesive describes electromechanical applications already in 1926 [1].
In 1933 Hans Schuhmann claims a conducting varnish (consisting of a mixture of about
50% oil varnish, about 40% lithopone, and 10% of soot) which can be applied for shielding
purposes in the radio industry [2]. Only two years later it turned out that conducting layers
consisting of a binding agent mixed with a finely divided conductor lose their conductivity
during operation or do not at all posses this conductivity even if applied in the form in
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which they are on the market [3]. In 1944 H.J. Loftis proposed a molded electrically con
ductive body consisting of Bakelite as the resin filled with graphite or metal powder and an
additive of an alkaline earth metal salt providing hygroscopic properties to preserve a lu
bricating effect for the use as commutator brush [4]. An early description of an electrically
conductive adhesive more similar to the modem ECA can be found in the patent of N.H.
Collings et £II. in 1948 on the base of a self-setting adhesive and, e.g., finely divided silver
powder [5].

The first use of ECAs in electronic technology is known only in 1956: in the U.S.
patent [6] an electrically conducting cement comprising a thermosetting binding medium
is desclibed for fixing a semi-conducting clystal (germanium) to a metal base or holder.
Thereafter, the number of publications reporting experimental and theoretical investi
gations of electrically conductive adhesives increased continuously. Twenty years later
C. Mitchel and H. Berg summmized the state-of-the-mt in 1976. They reported that con
ductive adhesives due to their increasing reliability become more and more acceptable for
many different applications. Also the most significant advantages compared to other inter
connection techniques, such as low processing temperature and the possibility to use a large
variety oflow-cost sUIface fillers are already mentioned [7]. Especially for mounting chips
with larger size on substrates with different coefficient of thermal expansion adhesives are
superior to eutectic solder alloys due to their significantly higher flexibility. Conductive
adhesive bonding started to become populm' with the fabrication of plastic-foil keyboards
and the use of flexible substrate materials [8].

More recently, in 2000, Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa
are awarded the Nobel Prize in Chemistry for their discovery of electrically-conducting
polymers whereby initial experiments with silvery shining films of polyacetylene lead back
to the beginning of the 1970s [9].

Along with the development of liquid crystal displays (LCDs) in the 80s and their
continuing miniaturization a special kind of ECA-the anisotropic conductive adhesive
(ACA) has been invented for components with high-lead count and fine pitch interconnec
tions [10,11]. ACAs allow to produce an excellent low-ohmic contact only perpendicular
to the mating metalization planes whereby one-particle contact bridges between these met
alizations are formed. However, due to their very low loading of conductive filler particles,
ACAs remain insulating in the lateral direction. As such, no high-precision printing process
is needed. In the meanwhile, ACAs are successfully applied especially for high-resolution
displays in portable devices such as notebooks and PDAs (Personal Digital Assistant). Al
though, the capability of ACAs for comparatively high current load with even up to several
Amperes per square millimeter were investigated [12], due to their low filler content their
main application fields will probably remain the interconnection of components with low
CUlTent consumption.

Whereas ACAs have a volume resistivity like an insulator, another type of ECA with
a significantly higher degree of conductive filler has a low volume resistivity, compara
ble with that of conductors (Figure 21.1). They are called isotropic conductive adhesives
(ICA, [13]). The goal of this chapter is to develop a deeper understanding of the contact for
mation process and the influence of application related parameters on the electrical contact
resistance of ICAs.

The ICA technology became more interesting in the last years due to several reasons.
One of the major driving forces is the increasing packaging density allowing to develop a
huge manifold of complex but nevertheless light portable electronic equipments like e.g.,
cell phones, digital cameras, and notebooks. This development was mainly based on three
key factors:
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FIGURE 21.1. SEM cross-sectional view of an ICA.
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an inconceivable fineness of structures in the semiconductor level coming close to
0.1 flm and allowing a high integration level,
a decrease of package size coming down from small outlined (SO) packages over
quad flat pack (QFPs), ball-grid alTays (BGAs), and chip-scale packages (CSPs) to
direct or bare chip attach techniques like flip-chips (FCs), and
new printed circuit board manufacturing (PCB) techniques like microvia multilayer
technology with plasma or laser structured vias with even less than 0.1 mm diameter
allowing to realize a three-dimensional wiring net with extremely high density.

Although, soldering technology has matured through many decades, with the men-
tioned advances in microelectronics technology a limitation of solder paste become more
and more evident in its use for fine pitch components [14]. With CUlTent solder paste tech
nology very fine pitch interconnection become hard to handle due to soldering defects such
as bridging and solder balling [15-17]. This means to connect the components on the circuit
boards under these boundary conditions improved or new interconnection technologies are
needed. One of these new techniques could be conductive adhesive bonding. Among these
technical demands new legislative reforms make an adaptation of the existing technologies
necessary. From the 1st July 2006 on member states of the European Union have to ensure
that new electrical and electronic equipment does not contain lead, mercury, cadmium and
other named materials. This is regulated in the directive 2002/95JEC of the European Par
liament and of the Council on the restriction of the use of certain hazardous substances in
electrical and electronic equipment [18]. Under these restriction the prohibition oflead is
most serious for the packaging technology because the widely applied solder technology
commonly uses solder pastes consisting of a tin lead alloy.

Due to their composition conductive adhesives are innately lead free. Additionally,
they allow to avoid flux residues without cleaning. They need a low processing temper
ature but allow operation at high temperatures. Adhesives are preferable whenever high
elasticity is needed to compensate for thermal expansion mismatch between substrate and
component body [19-22]. However, compared to soldering, electrically conductive adhe
sive technology is still in its infancy [23,24]. Two critical issues of conductive adhesives for
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surface mount applications are the contact resistance shift during lifetime and a low impact
performance [25]. As a long-term effect, the contact resistance of ECAs on ignoble metal
finishes can increase dramatically during exposure to elevated temperature and humidity.
The low impact performance is observed by separation of components from the board due
to impact of significant shock during manufacturing and lifetime of the product. The ability
of ECAs to withstand this stress can be determined with the standardized drop test [26].
Another drawback of one-component adhesives compared to soldering is also frequently
cited: a lower productivity due to the long curing times. Results obtained by applying a
new cming method which allows to reduce the duration of exposition to temperature to an
extent comparable to that of soldering processes are also presented.

21.2. CONTACT FORMATION

Let us consider an insulating polymer mixed with a specific amount of conductive
particles between a pair of parallel electrodes representing the mating pads of a contact to
be formed. It is obvious that these mixture keeps non conductive as long as the particle
content is small enough (below its percolation) and the particles are smaller than the gap
between the electrodes. If the amount of particles is increased clusters of particles being
in contact with each other are formed, whereby the mean size of these clusters increases
with the growing amount of particles. From the moment when the first cluster touches both
electrodes an electrical connection is formed. If the amount of filler is further increased
additional clusters merge successively to one big cluster which leads to an improvement of
the electric contact between the two mating pads (Figure 21.2).

The amount of filler particles needed to get the particle-adhesive mixture electrically
conductive depends on microscopic geometrical parameters like shape, distribution, and
Olientation of the particles. The principle influences of these parameters can be analyzed
using the percolation theory.

21.2.1. Percolation and Critical Filler Content

The percolation theory is a branch of probability theory dealing with the properties
of randomly distributed media in general [27]. One main idea of the percolation theory
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FIGURE 21.2. Schematic cross section of an isotropically conductive joint.
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is to predict the macroscopic behavior of a randomly distributed composite material in
dependence on its microscopic properties which are expressed purely by statistical data. In
case of an isotropically conductive adhesive this composite material is the mixture of the
non-conductive polymer and the conductive filler particles. In the simplest case (infinite
conductivity of particles and infinite resistivity of the filler) the macroscopic behavior of
the joint is described by the probability for a connection path between the two mating
pads through the filler particles. Microscopic properties are amount, orientation, shape,
size or size distribution of the filler particles. The percolation theory shows that there exists
a distinct threshold particle content in excess to which the probability for the formation
an infinite cluster of particles and therewith for an electrical conductance is bigger than
zero and which rapidly increases with rising particle content. This threshold is called the
percolation threshold [28].

The percolation theory is valid for infinite systems which means that the particle
size is negligible with respect to the distance between the electrodes. Hence, this theory
is unable to consider the influence of the particle size on the relation between filler con
tent and percolation probability. However, how important the parameter "particle size" is
can be seen by considering an ACA forming a contact with a filler content much below
any percolation threshold. In many practical applications of ICAs the relation between the
path length (distance between the mating pads in perpendicular direction) and the particle
size is only one or two orders of magnitude which causes deviations between ideal (il~fi

nite) systems as considered by the percolation theory and real ones. For this reason it is
important to distinguish between infinite and finite systems. The percolation threshold in
an infinite system would con-espond to the so called critical filler content in a real joint. In
real (= finite) systems only clusters with a limited number of particles are necessary for an
electrical connection between the mating borders. The smaller a contract system with re
spect to the particle size the mellower is the transition between the non conductive and the
conductive state in the percolation curve or more precisely: in the conduction probability
versus-filler content function (a comparison with the ideal percolation curve can be seen
in Figure 21.5). Nevertheless, here the terminology percolation curve is used defining the
percolation threshold as the point on which the probability of an interconnection is 50%
for real systems. (For definitions, symbols and terminology used in this chapter refer to the
Section Notations and Definitions.)

21.2.2. 1CA Contact Model

Using the percolation theory, it is possible to show principle influences on the prop
erties of isotropically conductive adhesives depending on the geometric properties of the
particles. But in order to get a deeper understanding of the processes inside a conductive
adhesive joint additional factors have to be considered. Such factors are the volume electri
cal conductance of the filler particles, the contact resistance between the particles, and the
particles and the pads, the influence of smface films on the contact resistance, the mechan
ical force between the particles, and the effects of oxidation and galvanic con-osion on the
electric resistance of the joint [29].

For this purpose, a two-dimensional (2D) model of a complete joint including a nu
meric simulation was developed which is capable of calculating the particle alignment and
density distribution as well as the voltage and CUlTent distribution inside the model area. On
this base the total DC-resistance of the modeled joint was calculated. The model is based
on the following considerations and assumptions [30]:
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• the modeled system is two-dimensional,
• the considered area is rectangular,
• the pads are on the top and on the bottom borders of the model area,
• the conductivity of the polymer is neglected,
• the particles have elliptic shape with arbitrary aspect ratio (length ratio of major to

minor axes),
• the particles may initially have an arbitrary orientation and can overlap whereby

the condition for the final orientation and position of the particles is found by a
simulation of the particles' alignment as described below by the assumption that
the size of the overlapping area is directly related to a repulsion force between the
particles.

A 2D simulation of a percolation problem shows a systematic difference to the three
dimensional (3D) problem. In a 2D percolation the threshold is shifted to higher filler
contents. In the case of an ICA this can be observed by an increase of the contact resistance
when the thickness of an adhesive layer is reduced [31-33]. Despite of this fundamental
difference between the 2D and 3D model the percolation theory shows that the principle
behavior of a random particle network obeys the same rules [34]. This means the absolute
values derived from the 2D do not directly conespond to the 3D case but show the analog
dependencies on the particle parameters like shape, orientation or distribution. However,
the computational effort can be reduced drastically for a 2D numerical simulation and
the computing capacity saved in this way can be used to investigate a higher number of
different dependencies. For this reason, the presented simulation is restricted to the 2D
case and can consider the change of size of the contact areas at the mating surfaces of
the particles in dependence of the contact force. Moreover, the simulation considers the
dependency of the contact resistance on particle shape, particle orientation, etc.

21.2.2.1. Simulation of the Particles' Alignment The simulation is capable of establish
ing the geometrical alignment of the elliptical particles based on mechanical effects like
inertia, conservation of momentum, Hooke's law, and friction. This method is known as
discrete element modeling (DEM) which is an explicit numerical method where individ
ual separate elements (particles) react with their neighbors by their contact areas through
friction and adhesion (DEM was first applied by Peter Cundall in 1971 to geotechnical and
granular flow problems [35]).

For each time step an overlapping between the particles at their contact points is as
sumed in order to consider a pressure-dependent deformation of the particles. Figure 21.3
illustrates the forces of one particle in a non-equilibrium calculation step. The considered
particle is in contact with another one and the upper pad. Elastic forces Fe1 and Fe2 are
defined as functions of the size of the respective overlapping area whereby the direction
of these forces is perpendicular to the chord between the intersection points Sla, Sib,
S2a, S2b.

In order to define an electrical contact resistance between neighboring particles a
contact force between them has to be present. In an ICA these contact forces are assumed
to result from shrinking of the polymer during the curing process and have to be considered
in order to simulate the DC-resistance of an ICA joint [36,37]. For this reason, an attracting
force Fa between intersecting particles resulting from the compaction of the particle net
work during the curing of the polymer is introduced. The direction of this attracting force
is antiparallel to the respective elastic force. The norm is proportional to the length of the
chord between the intersecting points.
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FIGURE 21.3. Schematic illustration of the overlapping area between adjacent particles, and mechanical forces
leading to a rearrangement of the particles.

For each particle these attracting and repulsing elastic forces at different contact
points can be added-up to one resulting force FRes which causes a rearrangement. This
reanangement motion of the particles is controlled by inertia, a damping force and a fric
tion force. Similarly, the resulting torsional moments are calculated for each particle. The
distribution of the resulting reanangement forces and moments are successively optimized
in a looped calculation procedure leading to the final particle arrangement. Depending on
the relation between the attracting force and the elastic force a defined overlapping between
the particles remains at the equilibrium state.

21.2.2.2. Simulation of the Total Joint Resistance After the particle alignment is being
calculated the electric resistance of the joint is simulated. This is done in several steps.
The first step is to separate each single particle from the base model, whereby the voltage
distribution inside the respective particle is calculated using a finite difference method [38].
As boundary condition, the potentials of the contact areas to the neighboring particles are
defined. When the voltage distribution is calculated for n - 1 different sets of boundary
conditions it is possible to calculate an admittance matrix describing the particle as (n + 1)
pole, where n denotes the number of neighbored particles. (The (n +1) pole as an additional
pole located in the particle center is introduced for simplifying indexing and set-up of the
equation system.) This idea is depicted in Figures 21.4(a) and (b).

After an admittance matrix is being calculated for every particle, the resulting (n + 1)
poles are connected to one network which contains the information on the particle distri
bution of the entire joint including the pad alTangement. The effort for calculating the
contact resistance to the required extent is reduced by excluding particles which do not
contribute to the cunent transportation from the network. In order to model more realistic
contact properties a transition resistance between the particles is taken into account. For
this purpose, additional resistors (R pp and Rppad) between the respective connections of
the (n + I)-poles are introduced [Figure 21.4(c»). The value of each individual transition
resistance depends on the contact force which controls the size of the overlapping area.
As a measure for the size of the overlapping area and therewith for the contact resistance
between the two considered particles the length of the intersection line (e.g., W s = SlaSlb

in Figure 21.3) is used. The interface conductivity between two particles is then obtained as
product of a normalized specific conductivity App and the length of the intersection line W s
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FIGURE 21.4. Basic principle for calculating the electric resistance.

of the involved particles. In turn, the normalized intelface resistance R pp between two par
ticles or R p pad between a particle and a pad are calculated according to following relation,
respectively:

R pp =--
App . W s

1
or R p pad = ---

Appad· W s
(21.1)

As final step the equations of this network are solved. Thereafter, the potential at each
contact point is found and the total joint resistance is calculated.

21.2.3. Results

21.2.3.1. Percolation Behavior The established model allows us to analyze different fun
damental properties of conductive adhesive joints. In the first step, only the percolation
behavior is investigated. For this purpose, only the particle alignment is calculated and the
probability of an interconnection Pp from one pad to the other is determined as a function
of the filler content cP in % of area. For all simulations, a quadratic model area with a nor
malized edge length of 1 is chosen. Figure 21.5 shows the dependence of Pp for circular
particles with different diameters d. It can be seen that the slope of the curve decreases
for larger diameters in accordance with the theory. In the literature for the case of hard
core circles (neighbOling particles only touch at one point), a critical filler content cPc lies
between 0.45 and 0.55 [34].

In Figure 21.5 the results of the simulation with the percolation theory is compared.
At an interconnection probability of Pp = Pc == 0.5 (which is defined as the percolation
threshold for the finite system) the simulation provides filler content values of cPc between
0.55 and 0.57. For the smaller particles the higher values are valid. The smaller the par
ticles are, the more the infinite system is approached (which is described exactly by the
percolation probability).

A further fact in this model is the deformability of the particles which corresponds
to a combination of the hard-core and the soft-core model where the particles may touch
along a line (not just a point) due to arbitrary overlapping. In the literature one can find the
value cPc = 0.68 for the soft-core circles system [39].

In an leA joint the electrical conductance is provided by the conductive particles,
and the mechanical strength derives only from the polymer. This means: to preserve the
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FIGURE 21.6. Excluded area for ellipses with the same shape but different orientation.

mechanical stability of the joint the particle content has to be as small as possible. This can
be obtained with highly elongated particles like flakes, sticks, or tubes. However, for non
circular particles, a given filler content will lead to a different interconnection probability.
In order to understand the influence of the particle shape on the filler content area which is
necessary to obtain e.g., the 50% threshold to form an interconnection it is helpful to stmt
at the definition of the so called excluded volume which is reduced to the excluded area in
the two-dimensional case. The excluded area Aex of an object (particle) is defined as the
object area itself plus the m'ea around this object into which the center of another similar
object is not allowed to enter if overlapping of these two objects is to be avoided [34]. For
example, for circles with the radius I' the excluded area A ex is 41'2][ . For two ellipses of the
same shape but different (constant) orientation the excluded area is shown in Figure 21.6.
From a heuristic consideration it becomes obvious that the percolation threshold is lowered
if the excluded volume is increased.

The excluded area is increased when circular particles are stretched to ellipses. The
bigger the aspect ratio at a constant particle area the bigger is the excluded area. This
tendency is shown in Figure 21.7 where three cases of excluded areas are formed with
two ellipses of the same shape and size (relation between major and minor axis X = 16),
respectively, but different mutual orientation (0 = 00

, 0 = 45°, and 0 = 90°). One can see
that the excluded area increases significantly with rising angle o. The maximum possible
value of the excluded area also depends on the shape of the pmticles. Figure 21.8 depicts
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the normalized excluded area versus angle £5 between elliptic particles with various aspect
ratios (l :::: X :::: 16). It should be noted that the dependence of the excluded area on the
orientation of the particles with respect to each other becomes stronger the more oblong
the particles are.
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The influence of the excluded area on the percolation behavior can be recognized
in Figure 21.9 where the percolation probability Pp for elliptical particles with different
aspect ratio is depicted as function of the filler content cP. It can clearly be seen the decreas
ing critical filler content (the respective filler content at a probability level of 50%) with the
increasing aspect ratio of the particles. All particles in Figure 21.9 have the same area as a
circular particle with the diameter d = 0.04.

A further important parameter is the mean number B of neighboring particles. With
increasing filler content the number of particles being in contact with each other grows. On
reaching the percolation threshold the following relation is valid:

(A ex )B -A._
e -'I'e (A) , (21.2)

where Be is the critical mean number of neighboring particles, (A) is the mean particle
area, and (A ex ) is the mean excluded area. For circular particles Be varies in the range be
tween 1.8 and 2.2 [34]. One can expect that this range should also be valid for elliptically
shaped particles. However, the values of cPe obtained from the simulation described here are
consistently some percent bigger than those from the percolation theory. These differences
derive from two factors: One as already mentioned above is that the percolation threshold
derived from the percolation theory is defined differently as cPe. The relation between the
particles' size and the leA layer thickness is considered in the simulation more realisti
cally as a finite value which means that Pp is always higher than the theoretical percolation
probability. The second factor is that a contact force was introduced in this model which
equalizes the contraction forces (e.g., from the cured polymer binder) by a variable over
lapping area between the particles. This leads to an increased mean value of neighboring
particles Be and changes the system in direction to the soft core model. Moreover, Be also
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varies with the particle geometry as can be seen in Figure 21.10 depicting the percola
tion probability versus the number of neighbor particles for elliptical particles with various
aspect ratios (1 ::::: X ::::: 16). The diagram demonstrates that a higher number of neighbor
ing particles with circular than with oblong form is needed to obtain the same percolation
probability. For comparison, in Figure 21.10 the respective curve for soft circular particles
is also displayed. In this case Be = 4.43 which agrees with the respective value reported
from Balberg et al. [34]. This comparison allows to understand the fundamental difference
between hard-core and soft-core model.

Typical particle arrangements for illustration of the influence of the particle geometry
on the respective filler content necessary to obtain an electrical connection between the
pads are depicted in Figure 21.11. The particles have all the same area and in all cases the
percolation probability is 50% (¢ = ¢e). However, only arrangements are selected which
provide at least one electrical connection between the mating pads. Particles contributing
to an electrical path are displayed dark whereas the light particles are isolated or are linked
to clusters which have electrical contact at most with only one pad.

In all subpictures it is conspicuous that only a comparatively small percentage of
particles is involved in the current transportation. Frequently the current path is necked to
a single chain of particles. This fact is directly related to the condition of a percolation
probability far below 100%. The electrical consequences are discussed more thoroughly in
the next subsection. In particular a strong dependence of the critical filler content on the
particle geometry becomes obvious: ¢e varies from almost 55% for circular particles to
less than 21 % for elliptical particles with an aspect ratio of X = 16.

Until now we have considered the percolation probability under the condition that the
particles may have an arbitrary orientation, i.e., 8 was uniformly distributed in the interval
from -900 to +900

• However, oblong particles like silver flakes in an epoxy adhesive (in
order to consider an example of the system most important for practical applications) may
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FIGURE 21.I 1. Particle arrangements with various filler content and various aspect ratio characterized by a
percolation probability of 50%, respectively (all particles have the same area). (a) 445 particles, axis ratio I,
filler content 54.5%. (b) 380 particles, axis ratio 4, filler content 46.0%. (c) 255 particles, axis ratio 8, filler
content 30.5%. (d) 170 particles, axis ratio 16, filler content 20.8%.

underlay constraints e.g., in the vicinity of the plane contact pads which, to some extent,
force a parallel alignment of the particles as can be observed in microsections of leA
bonds. Therefore, a more realistic model should consider these constraints by limiting the
freedom of orientation. In Figure 21.12 the effect of different degrees of freedom on the
mean normalized excluded area (A ex ) is demonstrated. A restriction of the orientation to
e.g., -300

:::: 8 :::: +300 leads to a reduction of (Aex ) to about the half of the value for the
unlimited freedom of orientation (-900

:::: 8 :::: +900
). If all particles are parallel (8 ~ 0)

the minimum of (A ex ) = 4 is obtained. The practical meaning of this consideration is, that
a higher filler content is needed in cases of a limited freedom of particle orientation.

Whereas in an infinite system the influence of the contact pads on the orientation of
the particle does not exist, in the considered limited system this influence plays an impor-
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FIGURE 21.13. Percolation probability as function of the filler content for two cases of limited freedom of
particle orientation (y = 0° and y = 90°) and three different ranges of freedom (y within ±22.5° to the horizontal
axis, ±22.5° to the vertical axis, and no restriction: -90° ::'0 y ::'090°).

tant role. From a heuristic consideration one may expect a lower required filler content if
the particles are oriented perpendicular to the pad surfaces. In order to analyze the influ
ence of the particle orientation with respect to the contact pads the angle y between the
long particle axis and the pad plane (horizontal in this case) is introduced. The highest
filler content is needed if all particles are aligned parallel to the pad plane (y = 0°). On a
first glance one could expect the lowest critical filler degree ¢c in the case when all parti
cles are oriented perpendicular (y =90°). However, this is not the case. An analysis of the



ELECTRICALLY CONDUCTIVE ADHESIVES

(a)

(c)

585

(b)

(d)

FIGURE 21.14. Accidental particle arrangements for different conditions (a) y = 90°, (b) Y = 0°, (c) y within
±22.5° to the vertical axis, and (d) ±22.5° to the horizontal axis. All particles have the same area (0.022 . rr),
the same aspect ratio X = 16, the percolation probability is 50%. Particles contribution to the interconnection
between the pads are displayed in dark color. (a) 365 particles, y = 90°, filler content 41.6%. (b) 609 parti
cles, y = 0°, filler content 66.1%. (c) 199 particles, 67.5°::: y::: 112.5°, filler content 24.2%. (d) 279 particles,
-22.5° ::: y ::: +22.5°, filler content 33.3%.

percolation probability as function of the filler content clearly shows a lower critical filler
content in cases when the particle orientation may vary to some extent (y within ±22.5°
to the horizontal axis, ±22.5° to the vertical axis, and no restriction: -90° :s y :s +90°)
compared to cases without any freedom (y = 0° and y = 90°, Figure 21.13). The lowest
possible critical filler content ¢c is again reached with an unlimited fan out of the particle
orientation.

The role of the particle orientation for the percolation probability is visualized in Fig
ure 21.14 along with four accidental particle arrangements as calculated by this simulation
for the different conditions (a) y = 90°, (b) y = 0°, (c) y within ±22,SO to the vertical
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axis, and (d) within ±22.5° to the horizontal axis. These simulations were carried out un
der following assumptions: All particles have the same area, the same aspect ratio, and the
filler content is chosen such that the percolation probability is 50% (A = 0.022 . 11: , X = 16,
Pp = Pc)' Again, only those arrangements are depicted where an interconnection between
the pads is achieved.

From a comparison of Figure 21.9 and Figure 21.13 one can see that for the same
cases of particles with elliptic shape X = 16 and no restrictions for the orientation the
percolation threshold cPc in one case is almost 18%, in the second case only 14.8%. The re
spective curves are shown in Figure 21.15. The difference of 3.2% results from the fact that
the simulation of the particle arrangement has been carried out in different ways: In the first
case the simulation started with the placement of particles with randomly and uniformly
distributed orientation and only translational movements were allowed for the rearrange
ment of the particles. In this way the equidistribution of the orientation was constrained. By
contrast, in case of the left curve of Figure 21.15 after placement of the particles besides
the translational also a rotational rearrangement was permitted. These rotations allow the
particles to increase the extent of parallel orientation of neighbored particles. This effect
can counteract against the equidistribution of the orientation and in turn lead to an increase
of the percolation threshold. The more the filler content is increased the more significant
becomes this effect of paralleling of particles. This effect is clearly visible in Figure 21.16
showing a model with 400 particles being allowed to rotate after their placement. Due to
the comparatively high filling degree of cP =45% a high degree of parallel clustering can
be observed. Another aspect can also be recognized from this figure: not only the total
number but also the percentage of electrically active particles (dark colored) is increased
significantly when the percolation probability exceeds the threshold value. The number of
parallel current paths per unit of contact area is of great practical importance for joints with
high current loads. It must be noted that in any case the current is necked to the microscopic
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FIGURE 21.16. Model of arrangement with 400 particles. A filler content significantly above the percolation
threshold (t/J =45%) leads to paralleling of particles (A =0.022 . 7r, X = 16).

interfaces between the particles where an extremely high current density can be reached. In
order to increase the number of interparticle contacts the filler content must be far enough
beyond the percolation threshold.

In Figure 21.17 a rnicrosection of a real ICA joint is shown. Some regimes with a
distinct uniformity of orientation becomes visible. It can be assumed that the final particle
arrangement in a real joint does not only depend on production process parameters but also
varies e.g., during the printing process and during placing the components due to plastic
deformation. As can be recognized in this figure the rnicrohomogeneity is not ensured. The
distribution of the particle orientation may vary significantly in a volume with an elongation
of several ten to hundred particles. Although the properties of an ICA cannot be quantified
accurately with this two-dimensional model, it just provides a deeper understanding of
some phenomena and can be used to predict tendencies. The next section deals with the
investigation of electric joint properties on the base of simulated particle arrangements.

21.2.3.2. Joint Resistance For a reliable isotropically conductive adhesive joint the per
colation probability has to be 100%. In the simulation this means in the case of elliptical
particles with an axis ratio of X = 4 a filler content of >60% is needed. In order to establish
the percolation probability p p and the average value of the total joint resistance as func
tions of the filler content ¢, 600 simulations with accidental starting condition and identical
parameters (but different particle arrangements) were performed for every ¢ value. Results
are shown in Figure 21.18. In order to get the resistance curve also for filler contents be
low a percolation probability of 100% it was necessary to exclude particle arrangements
without electrical connection between the contact pads from this consideration, since they
would have led to an infinite resistance. However, the lowered number of evaluable sim
ulation results is related to an increase of uncertainty in the resistance calculation which
causes widening of the average deviation of the resistance curve.

For simplicity, in a first approximation the contact resistance between the particles
is assumed to be zero (ideal contact) and the bulk conductivity eJpad of the two pads is
assumed to be 1000 times that of the particles' one (eJpad = 1000 . eJ) so that the potential
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FIGURE 21.17. Microsection of an ICA joint demonstrating small areas with a distinct uniformity of orientation
(along red lines). An orientation structure becomes visible.
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FIGURE 21.18. Probability of interconnection and the average joint resistance versus the filler content (elliptic
particles with an axis ratio of X = 4).

in the pads can be considered as constant and the total joint resistance depends only on
the particle resistance. In order to receive results which are independent from the system
size a specific conductivity of the particles of (J = I is introduced. For the calculation
of the joint resistance this means: If the quadratic model area would be completely filled
with particle material (¢ = 100%) the joint resistance would be 1. At a more realistic filler
content of 77% the joint resistance reaches a value of 2.6. In the simulation the first contact
occurred at ¢ = 38% leading to a considerably higher joint resistance of 67. In between
these two points, at ¢ = 60%, the interconnection probability just reaches the 100% value.
At this level the normalized total joint resistance amounts 9.4. This shows that the major
change of the contact resistance occurs in a range where the percolation probability is
below 100%. By increasing the filler content above this point a strongly decreasing width
of the average deviation of the joint resistance R can be observed indicating a regime of
reliable interconnection.
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FIGURE 21.19. Change of the joint resistance during curing process.

Although, the filler content as a volume ratio is difficult to compare with that of a
two-dimensional model, from a microsectional view of a real ICA joint one would obtain
a value ¢ far beyond 60% which means definitely an interconnection probability of 100%.
Nevertheless, an ICA just after being dispensed or printed on a substrate behaves like an
insulator. The low joint resistance corresponding to an interconnection probability of 100%
arises only successively during the curing process. In Figure 21.19 such a break-down of
the joint resistance at the beginning of the curing process is depicted. This phenomenon
is based on a strongly changing contact resistance R pp between the particles which are
brought into an intimate contact during the development of the contraction forces of the
polymer binder as described in Section 21.2.2. It can be considered in this model e.g., by
introducing a time and temperature dependent function describing the effect of the curing
process. Such a simulation shows that the interface resistance between the particles and
certainly also between particles and pads are the most significant parameters for modeling
an ICA joint. In order to take into account different interface effects like corrosion at the
pad-particle interfaces or oxidation between particles, both effects known as aging phe
nomena, the specific interface conductivity App between two particles and Appad between
particle and pad are introduced.

By contrast to Figure 21.18 where all transition resistances at interfaces where ne
glected let us assume the more realistic case of a finite conductivity at the interfaces. Taking
the same particle arrangement but values of A pp and Appad between 1 and 0.001 one can
observe that in a logarithmic scale the total joint resistance as functions of the filler content
have the same shape but are shifted to higher (R) values. This means that the effect of a
change of transition conductivity is almost the same at any degree of filler. How strong this
effect is, depends on the relation between the conductivity of the particles and their inter
faces. The lesser the interface conductivity is, the more it controls the total joint resistance.

By keeping the interface conductivity between the particles constant at App = 1 and
varying the one between particles and pad dependencies of the total joint resistance on ¢
are obtained (Figure 21.21). This corresponds to the practical case of a joint degradation
e.g., due to galvanic corrosion at the interface between metalization and ICA.

It can be recognized that now the effect of Ap pad on the total joint resistance is much
weaker than in the case when App = Appad (Figure 21.20). A change of interface conductiv
ity Ap pad does not appear any more as resistance multiplier but rather acts as a supplement
to the resistance of the ICA fill. This becomes clearer by considering the pad surfaces as
equipontential planes and by defining a total transition resistance (RII·) consisting of inter-
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face resistances of only those n particles touching the pad which are also involved in the
cun'ent path according to the following relation:

1 1 I
(Rt/.) = "II = -- . "II '

L....i A.ppad . Ws,i A.ppad L....i ws,i
(21.3)

where ws,i is the length of the intersection line of the ith particle. The sum

II

*"Ws = L..J WS,i (21.4)

of all these lengths can be understood as effective contact length to which the cunent is
necked at the respective pad interface. The total pad interface resistance is the sum of both
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interface effects (which are equal for both pads in this case but one could consider different
interfaces as well):

2
(RII·) = .

Appad' wi
(21.5)

This resistance can again be calculated as function from the filler content. A com
parison with the results depicted in Figure 21.20 shows that it corresponds very well to
the difference of the total joint resistance functions of the two cases App = Appad = I and
App = Appad = 0.001. This is illustrated by Figure 21.22. This diagram also shows that the
average effective contact width normalized to the total width WIOI of the modeled space
demonstrates a linear increase with the filler content in a wide regime above the 100%
percolation threshold. In Figure 21.23 the particle arrangement of a model with 70% filler
content is depicted where the effective contact length amounts around 25% of the total
model width.

For practical applications it is important to note that there is a distinct decrease of
the interfacial resistance with increasing filler content. One could expect an improvement
of quality of an leA joint with rising filler content. However, in this case the bonding
forces resulting from the adhesion of the polymer to the pad surface are reduced to the
complement part of the effective contact area. This consideration allows to understand that
a compromise between high mechanical strength and low total joint resistance has to be
found which depends on the respective application field.

A further parameter influencing the joint resistance is the pmticle shape, since this
is a controlling parameter of the percolation behavior as discussed before. For this pur
pose the joint resistance for various aspect ratios of elliptic particles is investigated. Fig
ure 21.24 shows the results for the cases X = 8, X = 4, and circulm' particles, when
A pp = Appad = 1. The results clearly show qualitatively similar dependencies versus the
filler content whereby the critical filler content is shifted in almost equal steps from 30%
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normalized effective contact width w*jwlot ~25%

normalized effective contact width w*jwtot ~25%

FIGURE 21.23. Particle arrangement of a model with 70% filler content providing a relation of around 25%
effective contact width to total model width.
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FIGURE 21.24. Total joint resistance and percolation probability versus filler content for particles with various
aspect ratios.

for the oblong particles to around 60% for the circular ones. This comes out clearer by
introducing the deviation !:l¢ of the filler factor ¢ from critical value ¢c as

(21.6)

This transformation shifts the results of Figure 21.24 such that the point of perco
lation remains the same for all three cases and shows that also the minimum additional
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FIGURE 21.25. Results from Figure 21.24 but scaled as functions of the deviation f:!,.¢ of the filler content from
the critical one for various cases of interfacial conductivity.

amount of filler content t:..¢min which is needed in excess to ¢c to allow to form a reliably
operating joint is the same in all three cases (t:..¢min ~ 10%, Figure 21.25).

The practical meaning of this fact is that if the critical filler content of a system with
a certain particle shape is known the necessary filler content of a system with a new particle
shape can be found by increasing the filler content at least by the same percentage t:..¢min
as in the known system.

Having in mind the afore mentioned relation between the filler content and the me
chanical qualities one would undoubtedly prefer adhesives with long particles, since the
lower the filler content is the bigger are the expectable bonding forces. However, it turns
out that the joint resistance at the same t:..¢ is also shifted to higher values in case of the
longer particles: In the case of X = 8 the joint resistance is between two and three times as
high as in case of X = 1. Since the electrical parameters of all simulations (X = 1, X = 4,
and X = 8) remained unchanged the shift of joint resistance can only be explained by geo
metrical effects such as the size of overlapping areas characterizing the intensity of the
contacts, the number B of neighboring particles which is responsible for the density of the
resistance network, and the geometry of the particles themselves. However, it can be shown
that B doesn't change significantly in all discussed cases. Thus, B is not responsible for the
big resistance changes. If it is further determined that the size of the overlapping contact
areas and therewith the respective widths Ws.i of the particles are only slightly depending
on the filler content one can realize that the main part of the joint resistance change has to
be assigned directly to the particle shape.

Besides the results of the case A pp = Appad = 1 the joint resistance functions of the
cases A pp = Appad = 0.01 and App = Appad = 0.001 are also demonstrated in Figure 21.25.
A constant vertical shift of corresponding curves indicates that in all cases an increase of
the axis relation X causes an increment of (R) of almost the same amount. This applies
also for the dependence of the joint resistance functions on the interparticle conductivity.

For practical applications it can be concluded from this model that the particle shape
(in the model represented by the aspect ratio for elliptical particles) has a certain influence
on the joint resistance. However, the influence of the same relative change of filler content
is much stronger. Moreover it can be observed that the joint resistance has a weaker depen-



594 JOHANN NICOLICS AND MARTIN MUNDLEIN

00

8010 20 30 40 50 60 70
fraction of failed particle contacts in %

(R) (¢ 70%) E1
\

<l \ ./
/ \. ....!~ ~V- ......-0

Q y- \/ . \ /'J"'.... 7-1Pp(¢ 60%) 1/\. /\ J\ I (R) (¢ 80%)

/---
~ 1\ /'11' )( / '\

5
~

, ,
A.I L \

d ./ (

pp(¢ 80%)1...... .n \
..tV" ({/ \

~ /" \
I Pp (¢ 70%) 2

~ -< q \,

~
va-

(R) (¢ = 60%) "1. " ~~ 0

10'

FIGURE 21.26. Joint resistance and percolation probability versus percentage Ko of failed interparticle contacts
for three values of filler content (particle parameters: X = 4, A = 0.022 . 1f).

dency on the interparticle conductivity at high values of A pp and Appad (a change of two
orders of magnitude causes a resistance increase of only one order of magnitude). However,
the more the interparticle conductivity decreases the more the joint resistance approaches
to the inversely propOltional dependence on the interparticle conductivity. Such a change
could take effect if the molecular bonding forces of the polymer are weakened and oxides
are formed at the particles interfaces.

As known from numerous investigations of the aging behavior under real operation
conditions as well as under accelerated aging conditions the joint resistance can increase
significantly [40-43]. By anticipating that changes do not occur in the volume of the con
ducting particles the resistance increase has to be assigned to degradation of the interfaces
between particles and pad. The following part of the discussion is devoted to changes of
the joint behavior due to aging.

In Figure 21.25 the shift of joint resistance with falling interparticle conductivity can
be observed in cases when all interparticle contacts become homogeneously deteriorated to
the same extent in the whole contact. However, this will remain the exception, since with
growing thickness the contribution of tunneling becomes the dominant effect for the con
ductivity through the interface barriers. The initial specific tunneling conductivity e.g., on
a noble metal surface is in the order of 10 12 S/m2 and with continuous growth of an oxide
layer the conductivity decreases rapidly [44]. With respect to microscopic inhomogeneities
in the ICA in a more realistic consideration, therefore, it should be assumed that due to e.g.,
oxidation more and more transitions between particles fail rather than that the interparticle
conductivity decreases continuously and equally distributed. The results of simulations of
such an aging behavior for joints with three different values of filler content (¢ = 60%,
¢ = 70%, and ¢ = 80%) are demonstrated in Figure 21.26. For this purpose, the interparti
cle conductivity of a certain percentage of particle transitions are changed from A= 0.001
to A = 0 which means a total drop-out of the respective transitions. This percentage can be
interpreted as the probability K o for such a drop-out. Thus, an increase of Ko corresponds
to an aging process in the ICA interconnection. At the beginning of the increase of K o only
the joint resistance increases whereas the percolation probability remains constant at 100%.
Only with continuing aging also the percolation probability starts to fall, indicating failing
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of the joint to the respective percentage. It is obvious, that joints with a higher filler con
tent have a lower joint resistance and will withstand a longer aging process without failing
which could be interpreted some how as a better long-term reliability. However, it is re
markable that the joint resistance in the moment when the percolation probability starts
falling below 100% is almost independent from the filler content.

The change of contact resistance for various types of ICAs, different curing
processes, and aging conditions were also experimentally investigated [45] and are sum
marized in the following section.

21.3. AGING BEHAVIOR AND QUALITY ASSESSMENT

21.3.1. Introduction

Besides the benefits mentioned in the introduction, ICAs provide an environmentally
friendly alternative to solders for interconnections in electronic applications with the ad
vantage of a superior fine pitch capability. However, unstable electrical conductivity under
elevated temperature and humidity conditions and a low impact resistance of the intercon
nections were major obstacles preventing ICAs from becoming a general replacement for
solders in SMT until now.

It is a well accepted opinion that corrosion is involved in the shift of contact re
sistance [20,24,46,47]. It is reported that galvanic corrosion rather than simple oxidation
is the dominant interfacial degradation mechanism. However, galvanic corrosion doesn't
only need an electrochemical potential difference but would also require a ions-containing
aqueous phase which would have to be formed at e.g., 85% r.h.-that means at a humidity
level where wet surfaces usually dry-up. On the other hand, galvanic con-osion would be
an explanation why a much faster increase in resistance is attained under elevated humidity
than under dry conditions at the same elevated temperature [25].

Recently developed ICAs promise an improved electrical and mechanical reliability
on non noble metalizations as conventionally used in SMT and can be completely cured in
the same short duration as known from a typical reftow soldering cycle. In order to inves
tigate connections between processing parameters and the aging behavior eight different
ICAs for solder replacement from four mayor manufactures were evaluated with respect to
the behavior of the contact resistance and the shear force during a forced aging process. For
this purpose test assemblies with ICA sample contacts were fabricated using PCBs with the
four most common surface finishes. The test assemblies were then exposed to an elevated
temperature and humidity environment (85°C/85% r.h.) for 1000 h, whereby the changes
of the electrical contact resistance and the shear force were monitored.

The test assemblies consisted of SMD-chip components (1206 and 0805) which were
mounted on FR4-printed circuit boards with the sample contacts between different surface
finishes and the respective component metalization. Two different curing methods were
investigated: curing in a conventional convection oven and curing in a vapor phase device.

The goal of this study was to experience advantages and drawbacks of ICAs presently
available on the market and to present some recent progresses in ICA technology develop
ment.

21.3.2. Material Selection and Experimental Parameters

All selected adhesives are one component, epoxy based, thermosetting, silver filled
and isotropically conductive. All are especially designed to replace solder pastes in SMT.
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According to the manufactures data sheets, some of them promise a stable contact re
sistance even when applied on tin, tin/lead and aSP-coated copper. Table 21.1 gives an
overview about the selected products and curing conditions as recommended by their man
ufacturers.

The test boards were pluggable and allowed to combine monitoring of contact resis
tance shift with the four-point probe method of 40 contacts simultaneously during forced
aging (Figure 21.27), and after that mechanical quality testing.

In this way the voltage drop of the series connection of two joint resistances and the
resistance of the component itself is measured. In order to keep uncertainties during eval
uation of the joint resistance as small as possible chip resistors (1206 and 0805 package)
with a low value and a small tolerance (51 mQ ±5%) were used provided with lead free
galvanic tin coated contacts. The joint resistance is defined as the resistance between con
tact pad and metalization of the component. The voltage drop within the copper pads and
the metalization of the component can be neglected in this arrangement.

TABLE 21.1.
Chosen ICAs with the curing conditions as recommended by the

manufactures.

Manufacturer

A

B

C

D

Adhesive

2

2

2

I
2

Recommended curing
conditions

120 min @ l20°C
30 min @ 140°C

S min @ 12SoC-Reflow
3 min @ ISO°C-Reflow
8 min @ 12SoC-Convection
S min @ ISOoC-Convection

30 min @ 125°C
IS min @ 150°C

120 min @ 125°C
60 min @ 150°C

10 min @ 125°C
6min @ 150°C
3 min @ 175°C
6 min @ l30°C
3 min @ 150°C

30 min @ 140°C
N.A.

FIGURE 21.27. Conductor structure of one component.
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With respect to the most commonly used surface finishes of PCBs test boards with
the following types of surface treatments were manufactured:

organic surface protection (OSP): ENTEK Plus Cu-106A
electroless Ag-coating
electroless NilAu-coating
electroless Sn-coating.

The curing cycles were optimized by monitoring the electrical conductivity of the
bondings during the curing process. This method is explained in the following subsection.

21.3.3. Curing Parameters and Defmition of Curing Time

The results of quality testing of ICA joints depend strongly on how the adhesive
has been cured. A comparison of quality, therefore, needs a thorough definition of curing
conditions. Two different curing methods were applied in comparison. The first one as
reference was curing in a conventional convection oven at a preselected temperature (two
values were considered: ISO°C or 200°C). The second method was curing in a saturated
vapor phase of perfluorinated fluids with boiling points of ISSoC and 200°C. The idea of
using vapor phase condensation is to take advantage of the much higher heat transfer rates
compared to gas convection allowing to shorten down the relatively long curing time of
most ICAs to the length of a typical reflow soldering cycle by reducing the heating-up
time.

In general ICAs have a high electrical resistance before curing. The conductivity de
velops during the curing process [48]. It is assumed that shrinkage of the resin matlix during
curing causes the silver flakes to contact more intimately which leads to the dramatic con
tact resistance decreases [49]. If the relation between conductivity and curing degree of the
adhesive is known for the respective combination of adhesive and curing method it can be
used to determine the needed curing time. Figure 21.28 shows how the conductivity devel
ops during the curing process. For this purpose, calibration measurements were performed
with samples where the adhesive was printed over a spacing between two contact pads
forming a quadratic resistor (length and width: I mm, thickness: 100 ~m). The resistance
between these contact pads was observed during the cUling process. Reliable representa-

1058558308
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FIGURE 21.28. Change of contact resistance during curing process (adhesive type AI).
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TABLE 21.2.
Applied curing times in minutes required to achieve 120% of the

minimum possible resistivity.

Adhesive Convection Vapor phase

150°C 200°C 155°C 200°C

Al 8 3 2 2
A2 8 4 5 3
81 20 4 15 3
82 40 20 30 to
CI 8 2 3 2
C2 8 2 3 2
DI 8 5 6 3
D2 8 5 6 3

tive calibration curves were obtained by averaging results from six measurements at each
combination. This kind of contact resistance measurement is an easy and reliable method
of online monitoring of the cUling progress allowing to closed-loop control the curing time
and to optimize the curing condition for PCBs with different thermal properties.

Figme 21.28 shows the result of these measurements for curing the AI-type adhesive
at 150°C and 200°C in the convection oven and for curing at 200°C in the vapor phase
device. Curing at 200°C in the convection oven causes a faster decrease of the resistance as
at 150°C due to the faster polymerization process. However, the resistance drop at cUling
the adhesive with 200°C in the vapor phase device is still much earlier and faster due to the
significantly reduced heating-up time of the sample. As an indicator for the completion of
the curing process the moment is used when the average resistance reaches the 120% mark
of its final value (which was obtained from reference samples after a cming time of 1 hour).
The time span until this moment multiplied by a safety factor was rounded up to at least
2 min. This time was defined as curing time for each evaluated adhesive/cUling method
combination and used for the further sample preparation. Table 21.2 gives a summary of
the curing times determined in this way. In general the curing time as defined above is
shorter than the one recommended in Table 21.1.

21.3.4. Testing Conditions, Typical Results, and Conclusions

For each particular combination of material and cming method the testing results
from 80 adhesive joints were established. To evaluate the reliability of the contacts these
samples were exposed to an elevated temperatme and humidity (85°C/85% r.h.) environ
ment for 1000 hours. During this forced aging process the electrical contact resistance was
measured every 100 hours at room temperature and the results were averaged. The shear
force was measmed in the initial state, after 400, and after 1000 hours. At every measure
ment 6 to 7 components were sheared off. If either the contact resistance was higher than
5 Q or the component dropped off from the test board the contact was counted as "failed"
and not considered in further evaluations.

21.3.4.1. Influence of PCB finish Oil aging behavior The Al type is a commercially ap
plied ICA but not especially designed for the use on less noble metal surfaces. Therefore, it
is not surprising that joints fablicated with this adhesive show a drastic increase of contact
resistance during the testing period on PCB finishes like tin or copper [50,51]. Since the
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FIGURE 21.29. Adhesive Alan Ag-coated PCB during forced aging test (85°C/85% r.h.); curing at 150°C in
the convection oven. (a) Change of joint resistance (initial value: 10 mQ). (b) Change of shear force.
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FIGURE 21.30. Adhesive Alan Sn-coated PCB during forced aging test (85°C/85% r.h.); curing at 150°C in
the convection oven. (a) Change of joint resistance (initial value: 37 mQ). (b) Change of shear force.

increase of contact resistance is observable on each of the tested PCB-finishes it is assumed
that the interface between the ignoble tin surface of the component and the adhesive is re
sponsible for this effect. Despite of the high shift of contact resistance the shear strength
did not decrease. Figure 21.29 shows the results measured at the Ag-coated PCB cured in
the convection oven at lSO°C.

The more recently developed product A2 is designed for solder replacement and
suitable also for mounting components with tin surfaces. On all samples the average contact
resistance after the forced aging test was even lower than the initial value. For the samples
cured in the convection oven at lSO°C only a slight increase of contact resistance in the
first quarter of the testing time and a subsequent decrease of the resistance were observed.
Figure 21.30 shows the results obtained from Sn-coated PCBs cured in the convection oven
at lSO°C. Also the shear force shows stable values over the entire testing period. Only at
the NiAu coated PCB a decrease of the shear force was noticeable.

Another example is a product C2 offered as a comparatively quickly curing adhe
sive (3 minutes at 200°C) showing a strong increase of resistance only on the Sn-coated
PCB. Rather high initial values decreased significantly after about 300 hours of aging (Fig
ure 21.31). The used curing time of only 2 minutes was certainly insufficient.
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FIGURE 21.31. Change of contact resistance; adhesive C2 on aSP-coated PCB during forced aging test
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FIGURE 21.32. Area of fracture after shear test after 1000 hours forced aging (adhesive D2, curing condition:
vapor phase Issac, PCB aSP-coated).

Figure 21.32 depicts an area of fracture after a shear test of a sample joint man
ufactured with adhesive D2 after 1000 hours of aging. The fracture OCCUlTed at the
PCB/adhesive-interface. A discoloration of the pad sUlface is visible resulting from a
strong degradation of this interface. It should be noted that a low shear force can appear
independent from a good conductivity.

By contrast, Figure 21.33 shows the area of fracture of a contact formed with adhesive
Dl using the same parameters as in Figure 21.32. In this case the fracture occuned mainly
at the component/adhesive interface. At the PCB pad where the fracture occuned a blank,
shiny copper sUlface appeared indicating a low degradation. It is not surprising that this
sample showed good mechanical and electrical properties.

21.3.4.2. Summary Eight different ICAs from four mayor manufactures were evaluated
with respect to there suitability to serve as replacement of solder pastes. As a general result
it should be noted that significantly different behavior of the tested adhesives could be
observed in spite of consisting of quite similar compositions: silver-filled one-component
epoxy resin.
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FIGURE 21.33. Area of fracture after shear testing a sample with a type 01 adhesive after 1000 hours forced
aging (curing condition: in vapor phase at 155°C, PCB: aSP-coated).

Adhesives of the AI-type and D I-type are not recommended for oxygen rich systems
or oxidizing surfaces from their manufacturers. Although, initial values of joint resistivity
and shear strength were acceptable, the results during and after a forced aging process
exhibit large shifts and an unstable values.

Using the vapor phase device generally the curing time of the adhesives can be de
creased drastically due to the high heat transfer rate obtained by condensation. Although,
with some adhesives perfect results were obtained with others the shear strength showed
significantly lower values compared to equal samples cured in the convection oven. Fur
ther investigations would be required to fully understand the reasons for these different
behaviors.

Using the NiAu-finished PCBs an increased failure rate was observable for the most
adhesives. At the first glance this might be surprising since due to the low inclination to
oxidation of noble metal smfaces one could expect a rather moderate tendency to changes
of the contact resistance. However, the increase of resistance during aging might to a certain
extent be assigned to the weaker adhesion between gold and the epoxy resin. The latter
argument is in good agreement with the results of the shear tests frequently showing the
area of fracture coinciding with the gold-adhesive interface.

The newer ICA types didn't show a significant increase of contact resistance during
a forced aging under elevated temperature and humidity even on ignoble metal surfaces as
well as on the asp coated copper pads. Although, the protective layer could be assumed
to impede an intimate contact between the filler particles and the metalization, rather the
opposite turns out from the investigations as described afore. No retardation of the onset of
contact formation during curing can be observed and a stable joint resistance dming aging
can be understood as an indicator for a reliable long-term behavior.

As a summarizing result of this investigation it can be concluded that the progress
of the adhesive technology has reached a stage were a replacement of solder by an
isotropic conductive adhesive can be performed in many cases without changing the in
volved surfaces treatments whereby a reliability level can be achieved comparable to solder
joints.
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21.4. ABOUT TYPICAL APPLICATIONS
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Due to the large variety of filler content and chemical composition of the polymer the
industrial use of ICAs is not restricted to the attachment of SMDs. The following examples
demonstrate the numerous application fields.

21.4.1. leA for Attachment ofPower Devices

For optimizing device performance and reliability of power devices an accurate ther
mal design is a critical issue. The basic need is to remove the power loss produced in the
device Uunction) under operation condition at the lowest possible temperature drop with
respect to the ambient. This quality is expressed as the junction-to-ambient thermal resis
tance Rlh,j -a. It consists of the sum of the junction-to-case thermal resistance Rlh,j -c and
the thermal resistance Rlh,c-a from the case to the ambient. Whereas Rlh,j-c is provided
in the datasheet from the component's manufacturer Rlh,c-a highly depends on the mount
ing technique and can vary orders of magnitude, In power assemblies the device case is
attached to a heat sink using a thermal grease, by adhesive bonding, or by soldering. Nor
mally, heat dissipation from the case by radiation and convection can be neglected, Rlh,c-a

is mainly controlled by the heat flow through the bond line between the device case and the
heat sink. Therefore, Rlh,j-a can be expressed as

RIIl,j-a = RIIl.j-c + RIIl,c-a = RIIl,j-c + RIIl,bolld + R lh,Ilealsillk. (21.7)

where R IIl,Ilealsillk is defined as the thermal resistance between the mounting surface of
the heat sink and the ambient. The bond line thermal resistance RIIl,bolld can in principle
be calculated by dividing the expected or measured bond line thickness by the adhesive's
intrinsic thennal conductivity Abolld measured on a free-standing cured sample. However, at
a typical bond line thickness of 15-75 llm, the interface thermal resistance RIIl.!f between
the adhesive and its adherents can be significant compared to the intrinsic thermal resistance
of the adhesive and thus the bond line thermal resistance itself must be considered as a sum
of the two components [52]

R tbolld R
Ih,bolld = A 1 + Ih4,

. J\.bolld
(21.8)

where A and tbolld are the bond line area and thickness. The practical importance can be
seen on the example of a TO-247 package which is attached to a heat sink with a copper
heat spreader as mounting smface (Figure 21.34). Two types of ICAs are compared: a
conventional one with a low thermal conductivity and an ICA (type Diemat DM6030Hk)
with a silver particle content of more than 95 weight percent.

For mounting the device on a heat sink, the ICA must flow as freely as grease to
eliminate air voids and reduce the thermal resistance of the inteIface. However, a complete
avoidance of pores and gas enclosures in the bond line is not always possible. In order
to consider the thermal meaning of enclosures in the bond line Equation (21.8) has to be
modified such that the thermally conducting cross section of the ICA is reduced by the area
percentage p of the voids:

1 tbolld
Rlh,bolld = A . () + RIIl,;f'

Ab I' 1 - ~ + A ..~ .
Oll{ 100 arr 100

(21.9)
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FIGURE 21.34. Power device assembly with TO-247 package (dimensions in millimeter).

TABLE 21.3.

Geometry and thermal data used for evaluation as demonstrated in

Figure 21.35.

Bond line thickness
Bonding area
Thermal conductivity of voids (air)
Thermal conductivity of conventional ICA
Thermal conductivity of DIEMAT ICA
Thermal conductivity of Sn96Ag3.5Cu
RIII.if at bonding area of 2.31 cm2

in ~m
. 1
In cm-
in W/(m°C)
in W/(m°C)

in W/(m°C)
in W/(mOC)

in °CIW

50
2.31
0,03
2

60
57
8.7 x 10-2

[53]
[53]
[54]
[52]
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FIGURE 21.35. Bond line thermal resistance RIII,bolld versus percentage of gas enclosures; (a) at acceptable
quantities of enclosure, (bl in an unacceptable range,

Using the values as listed in Table 21.3 Equation (21.9) is evaluated for different ICA

types.

At low percentages of enclosures an almost linear increase of RIII,bond can be ob

served in bond lines with conventional ICAs. No measurable thermal effect of enclosures

exists in case of a high intlinsic thermal conductivity (DIEMAT or lead-free solder). In or

der to recognize the meaning of the interface thermal resistance for both ICA types RIII,bond
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is also calculated as a reference with RIIl,if set to zero (dashed curves), respectively. In both
cases the interface thermal resistance clearly predominates the thermal resistance increase
due to enclosures [Figure 21.35(a)]. It is surprising that only if voids are unacceptably large
from mechanical point of view they become thermally important [Figure 21.35(b)].

For RIIl.j-c of silicon devices in TO-247 packages frequently values below IOCfW
are provided from manufacturers. It should be noted that in cases of GaAs power devices
due to the lower thermal conductivity of the substrate compared to Si the discussed phe
nomena are particularly important [53].

21.4.2. ICAfor Interconnecting Parts with Dissimilar Thermal Expansion Coefficient

For many types of radiation sensors sealed housings are needed consisting of a metal
cap and a base plate which carries the sensor substrate. The base plate including the bond
ing process for mounting the sensor substrate is dispensable if all functions of the base
plate can be fulfilled by the sensor substrate itself. The cap can either be soldered to the
substrate using a high-temperature solder in order to allow a second soldering process (e.g.,
for its attachment to a PCB) or an adhesive can be applied. The latter is favored whenever
a low processing temperature is essential or when thennomechanical requirements cannot
be fulfilled with a soldered joint. In the following example an alumina substrate with a
wiring structure produced by thick film technology was required to be bonded to a cap of
aluminum whereby soft soldering had to be excluded from the possible joining techniques,
since due to very dissimilar coefficients of thermal expansion of base plate and cap ther
mal cycling caused microcracks in the solder layer. The basic structure of the sensor is
schematically illustrated in Figure 21.36.

Adhesives with a high glass transition temperature Tg are reported as to be generally
more susceptible to the formation of cracks than those with a low Tg which is understood
as a different ability to stress relaxation [55]. However, due to the thermoelastic behavior
of adhesives there are e.g., the possibility of directly attaching of 15 mm x 15 mm large
silicon chips on FR-4 PCB without damage dming temperature cycling as demonstrated in
the DACTEL project [56].

A further essential parameter besides the thermoelastic behavior is the thickness of
the ICA layer between the mating surfaces. The thicker the layer is, at a given thermal
expansion mismatch, the lower is the shear plane angle and the inclination to formation of
cracks. This is well known from reliability investigations of solder joints e.g., between chip
components and PCBs where it was found that the number of thermal cycles until failure
increases significantly with rising stand-off height [57].

Besides aspects of long-term reliability the housing of the sensor has to fulfill thermal
requirements. An accurate calibration of the sensor frequently needs a constant temperature
distribution in the housing. Therefore, the heat loss has to be dissipated from the substrate
through a clamping part at the front face of the cap at the lowest possible temperature drop.
From this consideration a thin bonding layer is needed which is in contradiction with the
mechanical requirements. An optimum can be found by selecting an adhesive with a high
thermal conductivity. Figure 21.37 depicts the result of a comparison of two axial tempera
ture profiles in the cap obtained by thermal simulation. This study shows that the tempera
ture drop perpendicular to an ICA layer can be reduced significantly by increasing the filler
content. Whereas the thermal conductivity of adhesives for conventional smface mounting
applications even if offered as thermally conductive adhesives is rather low (ranging in the
order of some W/mK, [58], represented by type 1 ICA in Figure 21.37) there are some
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FIGURE 21.36. Schematic structure of the sensor housing.
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FIGURE 21.37. Influence of the thermal conductivity of the ICA layer on the temperature profile in axial direction
(type 1 ICA: 3 W/mK, type 2 ICA: 30 W/mK).

types of ICA on the market with an extremely high silver content with a thermal conduc
tivity of more than 50 W/mK (type 2 ICA, filler content: 93 weight % silver, 60 W/mK),
allowing to achieve a negligible temperature drop across the ICA layer.

Due to the excellent thermoelastic behavior of the adhesive a lateral displacement of
up to 20 J..l.m due to different thermal expansions of substrate and cap could be handled with
an adhesive layer thickness of only about 30 J..l.m [59].
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TABLE 21.4.
Compalison of number of process steps for SMD assembling either using soldering (left column) or

adhesive bonding (right column).

Printing the solder (stencil) for SMDs and the transistor chip
Placing SMDs and transistor
Reflow soldering
Cleaning (flux removing)
Dispensing the adhesive for the remaining chips
Placing the chips
Curing
Wire bonding
Applying glob top

Printing the adhesive (stencil) for all components
Placing all components
Curing the adhesive

Wire bonding
Applying glob top

chips

coin battery adapter pads for
programming

FIGURE 21.38. Schematic illustration of the temperature logger module.

21.4.3. [CAfor Cost-Effective Assembling ofMultichip Modules

Frequently multichip modules are the solution when a high degree of miniaturization
is needed in an electronic assembly with complex functions. The application desclibed here
is a temperature logger system smaller than a one-Euro cent coin in diameter embedded in
a removable brace to observe the wealing habits of the patient [60]. For this purpose the
temperature is measured with a pn junction and recorded using a microcontroller which
acts as a temperature logger and is capable of storing the thermal history from several
months. This device is hermetically sealed using polymeric encapsulants. A wireless data
exchange is performed using a radio frequency identification device (RFID). The electronic
assembly contains a printed circuit board which is populated with SMDs in 0201 package
(0.6 mm x 0.3 mm) and bare microprocessor and RFID chips (Figure 21.38).

The SMDs can be assembled by soldering or ICA bonding. The die components were
not available for solder attachment as is frequently the case for small-batch production.
Thus, wire bonding was necessary in the vicinity of the SMDs. In order to prevent the
wire bonding pads from flux residues, the attachment of the SMDs by soldeling would be
related to additional process steps for protection and for cleaning of the bonding pads. The
production process with the lowest possible number of process steps was found using ICA
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for the attachment of chips and SMDs [59]. The manufacturing processes are compared in
Table 21.4.

21.5. SUMMARY

As a historical background the development of ICA technology is briefly discussed.
Already decades ago some principle advantages were recognized such as the low process
ing temperature and the possibility to use non-wettable and base metal smfaces for inter
connections. For this reason, the attachment of semiconductors was the first application of
ICAs in electronic packaging. In the meanwhile, much progress has been achieved in the
quality and stability of ICA materials. Nevertheless, the ICA technology is not widely seen
as an equivalent replacement of soldering, although it is a lead-free and a flux-free technol
ogy and both of these facts are important environmental aspects. One reason might be the
experience with the former ICA technology concerning a moderate long-term reliability
due to the inclination of oxide formation and galvanic corrosion in humid environment at
elevated temperature. One goal of this contribution is to provide a deeper understanding
of silver filled epoxy-based adhesives. For this purpose a model of an ICA joint which
considers the particle alignment and distribution as well as the voltage and current disni
bution within the adhesive is discussed. Using this model the influence of parameters like
filler content, particle arrangement, and particle size on the joint resistance is estimated
and tendencies of changes during aging are clarified. The behavior of real ICA joints under
accelerated aging condition and the results of quality assessment is also discussed. Finally,
some practical examples demonstrate advantages and drawbacks in manifold fields of ap
plications.

NOTATIONS AND DEFINITIONS

A
Aex

(A ex )

Aex/A
B

Be
8
¢
¢c
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y
Ko
A pp

Appad

Pc
Pp
R
(R)
R pp

particle area
excluded area
mean value of excluded area
normalized excluded area
mean number of neighbored particles
mean critical number of neighbored particles
angle between major axes of two particles
portion of area filled with particles (filler content in area %)
critical portion of area filled with particles (critical area filling factor)
deviation of area filling factor ¢ from critical value ¢c
angle between major axes of a particles and the (hOlizontal) pad plane
probability for a nonconductive (failing) interconnection between two particles
specific interface conductivity between two particles, see Equation (21.1).
specific interface conductivity between particle and pads
percolation probability of 50%
percolation probability
normalized total resistance of interconnection Uoint resistance)
mean value of the normalized total interconnection resistance
transition resistance between two particles
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transition resistance between a particle and a pad
total transition resistance at both pad-particle interfaces, average value
specific conductivity of particle
specific conductivity of pad
total width of the modeled space (= length of the contact pad)
contact width at the ith particle (length of intersection line between two
considered particles or between particle and the pad as e.g., shown in
Figure 21.3)
total effective width of contact pad (= active width of pad involved in
current flow), n is the number of particles in direct contact with the
respective pad and contributing to current flow
percentage of total effective contact width with respect to the pad length,
average value
length relation between major and minor axis of elliptical particles (axis
relation)
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