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Abstract

Anisotropic Conductive Adhesives (ACAs) have
been used in fine pitch electronics packaging for over
a decade and provide a high density and low tempera-
ture bonding method in a range of niche applications.
The principal objective of this paper is to provide sig-
nificant insights into the basic conductive character-
istics of ACAs based on a review of previously re-
ported scientific research, and to identify the current
challenges and future prospects for this technology.
In order to provide a concise, structured overview of
this topic, many detailed conductive models, mathe-
matical solutions and research methodologies are pre-
sented based on the reviewed literature. These models
can partially explain the conductive mechanisms of an
ACA particle, but make a number of important simpli-
fying assumptions. However, one model was developed
and can be used to explain the conductive mechanism
of an ACA particle more successfully. In conclusion,
existing computational models, mathematical models
and physical models have been used to estimate the
resistance of an ACA particle and the particle contact
area, and therefore constriction resistance, for a given

" degree of particle deformation, thereby almost achiev-
ing a model for the whole resistance of an ACA joint.
The paper will close by identifying other research chal-
lenges remaining for this important electronics inter-
connection technology.

1. Introduction

ACAs are conceptually a simple connection method
for high density electrodes. They offers certain advan-
tages in terms of low cure temperature, high intercon-
nect density, and reduced package size [1]. ACAs are
experiencing a significant growth in use, since they are
well suited to a number of niche applications, such as
in smart cards, in hybrid circuit and chip on board
die-attach, and in LCD display assembly.

Electrical conduction through an ACA is achieved
by the mechanical deformation of conductive particles
under pressure and heat. In order to understand the
electrical and mechanical behavior of ACA materials,
three key issues require to be considered. First, suffi-
cient conducting particles must be trapped during the
bonding process to guarantee electrical contact with
both conductor surfaces. Second, the degree of de-
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formation of the conducting particles during bonding
determines the contact area and therefore the electri-
cal characteristics of the interconnection. Third, the
residual stress state after assembly significantly influ-
ences the mechanical performance under testing con-
ditions and service [1].

Locking in the correct degree of deformation of the
conductive particles to produce low resistance contacts
is an essential factor in achieving good electrical con-
ductive characteristics in an ACA assembly. These
contacts are similar in nature to the stationary con-
tacts present in separable electrical connectors, but
in an ACA the normal force is maintained by the
cured adhesive resin rather than by external mechan-
ical means. While the complex effects of mechani-
cal contact on the electrical resistance of the station-
ary contacts between the pads and the particles have
been briefly addressed in a number of papers [2]-[5],
no systematic understanding of these effects has been
achieved. There are still significant gaps in the existing
understanding of other factors governing the achieve-
ment of stable low resistance interconnections in an

ACA. . '
2. ACA Types and Their Typical Composition

Anisotropic Conductive Adhesives are designed to
achieve fine pitch electronic assembly, providing elec-
trical paths as well as mechanical connections between
the conductive pads on electronic components and sub-
strates.

There are two forms of ACA, films (ACFs) and
pastes (ACAPs) as shown in figure 1. These two kinds
of ACAs typically have similar compositions, but are
delivered to the user in a different form. Figure 1
shows the main categories of ACA material. Paste ma-
terials are applied by either printing (screen, stencil or
dip techniques) or dispensed with a syringe. Film ma-
terials are supplied by the adhesive manufacturer in a
reel and the end-user must have dedicated equipment
to cut, align and tack the adhesive into position on the
substrate [6]. Two types of adhesive matrix are avail-
able: thermoplastic and thermosetting. Thermoplas-
tic adhesives are rigid materials at temperature below
the glass transition temperature (Tg) of the polymer,
but will begin to flow at temperatures above the Tg.
Thermosetting adhesives cure either through applica-

tion of heat or UV radiation and the curing process
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l Anisotropic Conductive Adhesives

Films I Pastes
Adhesives Particles
Thermosetting Rigid
.Thermoplastic Compliant

Solder

Fig. 1. ACA types and their typical compositions.

cannot be reversed. There are three types of particles

used in ACAs, rigid particles, compliant particles and -

solder particles [6]. ACA particles are generally dis-
persed randomly in the polymer at a low density, how-
ever, ACFs have been developed where the particles
are uniformly separated in the same non-conductive
plane [7]. These two types of material are referred to
as random ACAs, and ordered ACF's respectively.

3. Conduction Mechanisms in ACA Assemblies

Electrical conduction through ACAs is achieved by
tiny metal or metal coating particles contained within
the cured polymer. As described by Whalley et al (8],
these materials rely upon the trapping of the conduc-
tive particles between the conductive pads on the two
parts being connected, followed by the solidification
of the adhesive thereby locking in residual stresses to
ensure retention of sufficient contact force to create
stable and low resistance electrical connections.

Figure 2 shows an ACA material consisting mainly
of an adhesive layer containing a random dispersion
of fine conductive particles. In general, ACA materi-
als are prepared by dispersing electrically conductive
particles in an adhesive matrix at a concentration far
below the percolation threshold. The concentration
of particles is controlled such that enough particles
are present to provide conduction in the Z-direction
while too few particles are present to achieve perco-
lation conduction in the X-Y plane [6]. Therefore,
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Adhesive

Fig. 2. Schematic of an Anisotropic Conductive Adhesive.

the conductivity of these materials is restricted to the
Z-direction (perpendicular to the plane of the board)
with electrical isolation provided in the X-Y plane.
A single ACA connection includes three parts: the
component bump, ACA particles, and the substrate
pad, as schematically shown in figure 3. A cross-
section profile of an ACA joint including one particle is

“shown in figure 4, which shows the real scale of a typ-

ical particle in relation to its surrounding joint parts
in a typical flip-chip application.

Substrate

Chip

Fig. 4. A single current path in an ACA joint.

Dou et. al. treated DC current path through the
bump, the single particle, and the pad as being di-
vided into five parts, which can be represented as five
independent resistors as shown in figure 5 [9]. The

two ReontactS are the stationary contact registances
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between the particle and the pads. Stationary con-
tact resistance is a complex problem that is affected
by many factors.

Rbump RcontactRpu‘rticle Reontact Rpad

—y_ - - - + o0

Fig. 5. The five resistances in the DC current path [3].

4. Stationary Electric Contacts

The conduction mechanisms for ACA assemblies are
dependent on the pad materials and the type of parti-
cles that are trapped between the pads, which deter-
mine the interface properties of the electrical contact
and the extent of particle deformation.

A. Stationary Electric Contact Theory

The surface topography of a typical gold coating
chip bump is shown in figure 6. Even with excellent
polishing or plating, the micro-topography of such a
metal surface cannot be perfectly smooth. The contact

Topography,AU1 A HDF

Fig. 6. The surface topography of a gold coated chip bump.

area between two metal surfaces is therefore not as
large as it appears because of the asperity of the metal
surface.

Holm’s stationary electric contact theory [10] is
widely recognized as being applicable in this area. The
term electric contact means a releasable junction be-
tween two conductors, which is apt to carry electric
current and a stationary contact is where two metal
conductors are held in contact via an external load.
The load that presses the contact members together
is the mechanical load or simply the load, P, or nor-
mal force. If the contact members were infinitely hard,
the load could not bring them to touch each other in
more than three points. However since actual materi-
als are deformable, the contact points become enlarged
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a-~spots
containing insulating spots

INTERFACE

‘CURRENT FLOW
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b)

Fig. 7. Apparent contact surface Aq; load-bearing contact area
Ap, containing insulating spots (shaded) and conducting spots,
i.e., a-spots (dotted), after [10] and [16].

into small areas and simultaneously new contact points
may occur. As shown in figure 7, the sum of all these
areas and spots is the load bearing area, Ap. The whole
covered area is called the apparent contact area, A,,
upon which the pressure is finite. A, can be generated
merely by elastic deformation. But, because of the un-
evenness, the contact members, even though they may
be nominally flat, actually touch each other in areas
that are more or less plastically generated. They then
satisfy the following:

P=¢HA, ey

Where usually 0.2 < £ < 1 (£ is a factor affected by
the asperity of the metal surface.) and H is the contact
hardness (N/mm?2). Ap may be of much smaller order
of magnitude than the apparent contact area.

The contact resistance due to this restricted con-
tact area is known as the constriction resistance, R¢,
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which is the consequence of the current flow being con-
stricted through the small conducting spots. The term
a-spot is usually used for the conducting contact areas,
referring to the radius a of a circuit contact area. In
addition to this constriction resistance, an alien film
between the particles and pads may give rise to an
additional film resistance, Ry. The surface Ap usu-
ally is partly covered by insulating tarnish films and
then only a fraction of A has metallic or quasimetal-
lic contact, producing a relatively small film resistance
because of the tunneling effect. Thus, the total contact
resistance, R, is the sum of the constriction resistance
R, resulted from the two contact members and the
film resistance Ry:

R=R.+ Rf (2)

The contacts in an ACA joint are a form of sta-
tionary electric contact, except that they are retained
by the cured or solidified polymer instead of external
mechanical means. Some authors have suggested that
the stationary electric contact resistance is the main
portion of the whole ACA joint [6][11]. Liu [6] as-
sumed that all particles touching both substrate and
component surfaces make electrical contact, then A,
is equivalent to the area of the electrically conducting
spot such that:

Ap = 7na® 3)

where a is equivalent to the area of the electrically con-
ducting spot (i.e., the radius of the spot formed at the
substrate/ particle interface) and n is the number of
spots. If the particle concentration is sufficiently low,
then each particle contributes to R, independently and
from Holm’s theory:

p
= 2(—
R =2(;% @
where p is the resistivity of the particles.
In reference [6], it is assumed ¢ = 1. By combining
Equation (1), (3) and (4), it is seen that:

R. = 0.0886p(H/nP)? (5)

From Equation 5, it can be seen that for a certain
particle, if £ = 1, the contact resistance is determined
by the normal force, P (per particle).

B. ACA Stationary Electric Contacts

As already noted ACA assembly creates a form of
stationary electric contact where a non-conductive ad-
hesive maintains the contact force. Kristiansen [12] re-
ported the characterization of such electrical contacts
using Holm’s contact theory. Several factors that may
affect the ACA electric contacts were explored in his
study.

The indentation in an isotropic semi-infinite body,
produced by a spherical indenter is schematically
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Fig. 8. The indentation in an isotropic semi-infinite body, pro-
duced by a spherical indenter, after [12].

shown in figure 8. The heavy line represents the inden-
tation before removal of the force on the indenter ball.
The dashed line represents the final remaining defor-
mation in the surface. The space between the two lines
represents the elastic (load bearing) deformation of the
indentation. The stress is most inhomogeneous at the
rim, and the plastic deformation starts in this area.
In this way, the “mouth” of the indentation remains
visible. The mouth area wa? is practically equivalent
to the load bearing area, which means Equation (1)
can be written as:

P = Hra? (6)

However, in a real contact not all the contact spots will
experience a stress above the yield stress of the mate-
rial. The total area of the contact spots during pres-
sure will therefore be somewhat larger than expected
from the contact force. Whereas the observable -area
of indentation after the load has been removed will be
smaller.

Kristiansen [12][13] explained the effect of contact
films present in the bearing area, Ap. In an ACA con-
nection, films of different composition may be present:

e Pre-tarnish film, which typically is a chemisorbed

‘monolayer of oxygen on the metal surface. This can

be present on any types of ACA particle.
o Tarnish, where one constituent of the film is the ma-
trix metal, as a metal oxide. This may be found on
Ni and Ag ACA particles.
o Alien films, comprised of “foreign” materials such
as water, hydrocarbons, etc. A thin layer of adhesive
may also be trapped in the ACA contact area.

The thickness of the tarnish film can be a monolayer,
a thin protective or passivating film, which stops grow-
ing at a certain thickness. Other films can grow contin-
uously, but diffusion processes will often inhibit their
growth rate. The film resistance can be controlled by
the tunneling resistance. In such cases, the current
will be able to penetrate the thin insulating layers by
tunneling due to the wave like properties of the elec-
tron, however, when the film in the contact area is
very thin then the constriction resistance, and not the
tunneling resistance, dominates the contact resistance
in the quasimetallic contact area.

The chemisorption of oxygen was discussed by Kris-
tiansen [12][13]. Chemisorption is a more complicated
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phenomenon, where oxygen is often involved. Ini-
tially the oxygen molecule may be physisorbe:d7 but
within a fraction of a second, the molecule is dissoci-
ated into atoms which become chemically bonded to
the dangling bonds on the metal surface. The oxide
layer will continue to grow when the bond energy be-
tween the oxygen and metal represents a larger energy
than the sum of the metal-metal bond and the oxygen-
oxygen bond in the oxygen molecule. This results in a
parabolic rate of oxidation [12].

During the curing/setting of the ACA assembly, tar-
nish films may be broken due to the asperity of the
contact surface. When one member of the contact is
deformed plastically, groups of atoms on the surface
will be moved relative to each other. The result is
that the tarnish layer is ruptured, creating spots of
bare metal surface [12]. Figure 9 shows a model of a

Oxide layer

Fig. 9. A schematic model of a possible deformation of the
oxide, after [12].

possible deformation of the oxide. The model shows
that it is the initial pointed spike that causes the most
significant thinning of the oxide, whereas a blunt el-
evation causes a much smaller reduction in the oxide
thickness.

C. Stationary FElectric Contact Model

Yim et al. [14] derived an analytical model based
on Holm’s theory and Hertz’s classic elastic theory,
which describes the interconnection resistance of an
ACF in terms of sample geometry, particle size and
applied pressure. In the model, the constriction resis-
tance R¢og has been shown to be:

+
P 2d02 (7)

where p1, py are the intrinsic resistivity of the metal
conductive particles and substrate respectively, and d
is the diameter of the contact spot area [10]. The mag-
nitude of the deformation for a given pressure is de-
termined by the number, the contact hardness and the
diameter of the conductive particles. In considering
these factors, the radius of the contact area between
“conductive particles, with number of n, and a flat sub-
strate under an applied force F, can be obtained using
. elasticity theory [15]:

Rcr =

FD)l/3

=1 3(
a 6 o

®)
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Substituting Equation (8) into Equation (7), we get
the constriction resistance:

nE* 1/3
Rcr(elastic) = 0.347(p1 + p2) (—) 9)
FD

The behavior of the contacts in an ACA assembly
was studied in a similar way by Chiang et al. [16].
Figure 7-b shows the surface contact mechanical and
electrical behavior of a metal to metal stationary con-
tact. The A-spots instead of the entire nominal con-
tact surface constrict the electrical current between
these two objects. Since the conductive particles in an
ACA/ACF are very small (diameter of around 5 um),
one approach that has been used is to assume that
each of the conductive metal particles can be treated
as an A-spot. Therefore, after considering classic elas-
tic theory, the constriction resistance is the same as
in Equation 9, which indicates that the electrical re-
sistance can be estimated if the material properties of
the two contact bodies, the contact pressure and the
radius of the deformed surface are known.

Two kinds of ACA contact conduction, single-
particle conduction and multiple-particle conduction,
were studied by Shi et al. for solid particles [17].

« Single-particle conduction

If a single particle is placed between two conductors
as shown in figure 3, the total resistance of the system
can be written as (see figure 5):

R= Rbump + Rcontact + Rparticle + Rcontact + Rpad (10)
Shi et. al. extended this to:
R= Rpu + (Rcu + Rtu) + Rblk + (Rtb + Rcb) + pr (11)

where Ry, and Ry are the two constriction resistances
of the plates, R, and R, are the constriction resis-
tances between the plates and the particle, R;, and
Ry, are the tunneling resistances, and Ry is the bulk
resistance of the particle.

Both the upper and lower conductors can be consid-
ered to be circular, with finite diameters of b,, and by,
respectively. The equipotential surfaces around each
plate then are hemispherical, with the center being the
center of the plate. The current flows radially, normal
to the equipotential surfaces as schematically shown
in figure 10. The constriction resistance of R, is then
readily given by:

o0
pd€ p
= — = 12
Ry u /bu 2w€2  2mwhy, (12)
and similarly:
p
= 13
b 27hy (13)
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Conducting materajal * Equiptential lines

Aperture plate

Fig. 10. Schematic for the calculation of the constriction resis-
tance of a conducting plate of finite size [17].

In a similar way, the constriction resistance of the
contact is given by:

R —/b“ﬂdi_p(l 1)

cu r 2mE2 2w \71y by
where 7, is the radius of the contact between the par-
ticle and the upper plate. Similarly, the constriction

resistance of the contact between the particle and the
lower plate is:

(14)

Ry = ﬁ(l _ i)

1
2 \ry, by ( 5)

where 7, is the contact radius.
Using figure 11 as a reference, one can obtain the
bulk resistance of the particle Ry:

Ao /-ﬂ/rz—r?, pdzx _ PK (1, 1y, 7s) (16)
ok o w(r2 — z2) 27r

where:

/72— 2 I —

K(r,ru,rb) —1n [ 1"+ . 7'2) r+ Tb)] (17)
(= VA=) =)

By substituting Equations (12)-(17) into Equation

(11), the total resistance of a single-particle system
can be written as:

P P
R_-27rru+2 Ty

pK(T) Tu, Tb)
2nr .

+ Ry + Ry + (18)
o Multiple-particle conduction

When multiple particles are placed between the con-
ducting plates, as schematically illustrated in figure
12, the total resistance for all the particles placed
between the plates Rz can be obtained by using the
fact that the particles are arranged in parallel. Hence
1/R; = 5" 1/R;; where R; is a sum of the constriction
resistance and the tunneling resistance of an isolated
particle. On the other hand, the resistance of the en-
tire system, R, is given by R = Ry + Ry, + Ry, since
the particles and the plates are arranged in series.
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Ru

”

[a 12 ] dx

[a? -n? ]"2

Rb

Fig. 11. Schematic for the calculation of the bulk resistance of
a particle [17].

Serial network Parallel network

Tui 2h

Fig. 12. Schematic of electrical conduction when multiple par-
ticles are placed between the plates and the associated contacts
between the particles and the plates [17].

In a similar way to that for single particle conduc-
tion, Shi et al. [17] calculated the total resistance of
the entire system. It can be expressed as:

N
by, e e
E= [; Rl,i] + 27rbu + 27Tbb (19)

To sum up, the electric contact models reviewed here
are proposed to explain the resistance of the stationary
contacts in ACA joints, and they are all based on the
assumption that the a — spot is equal to the whole ap-
parent contact area, which is different Holm’s theory,
where the total a — spot area is much smaller than the
apparent contact area. Such discussion can be found in
reference [18]. There is insufficient experimental data
in the literature to conclusively demonstrate whether
this approach is adequate, but there is some evidence
to suggest that in practice the resistances are higher
[11][18).
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5. Conductive Mechanism of ACA Partiéles
A. ACA Particle Deformation Analysis

Two kinds of ACA particle system, rigid particle
systems and deformable (compliant) particle systems,
were studied by Liu [6]. The schematics of contact
mechanisms of a single particle system are shown
in figure 13(a) (rigid particle) and figure 13(b) (de-
formable particle). :

| I Un-deformed particle

2r-Ai-As

()

Deformed particle

wh-b&

I |
]

Oy

Fig. 13. (a) Schematics of a rigid particle system; (b) Schemat-
ics of a deformable particle system, after [6].

In figure 13(a), it is assumed that the particle inden-
tation does not change the resistance of the pad met-
allization. Given the indentation depths of A; and A,
in the upper and lower metal pads, respectively, the
resistance of the interconnect with the particle radius

T is:

=8 gl p 2 2
r= [ sa=am(C-)(E -] e
where p is the particle resistivity, 1 = A;/r and

€9 = Ag/r. &1 and €2 measure the magnitude of par-
ticle deformation, and can be interpreted as an overall
particle strain. For small strains, where 3 < 1 and
€9 K 1, we have:

R= ﬁln(i)

21
nr €1€2 ( )

For the case where lower and upper pads have the same
amount of deformation (symmetrical about horizontal
plane), €1 = 2 = £, and therefore:

R=Luw(2-1)

T € (22)

And, for the symmetrical and small deformation case:

R= l’-m(g)

T € (23)

In the case of deformable particles figure 13(b),
Equations (20) to (23) will still be valid if A; and A,
now represent the particle deformation in the lower
and upper interfaces, respectively. It should be noted
that the cross-sectional area of the particles is en-
larged due to the Poisson’s ratio effect in the com-
pressed conducting particles. The extent of this area
enlargement depends on the cross-sectional location
(or z-coordinate). For the purpose of bulk resistance
calculations, it is assumed that area enlargement fol-
lows an average Poisson’s law. The deformed area at
the location = becomes:

(24)

A=m(r? —1?) [1 g et 62)] g

2
where v is the Poisson’s ratio of the particle. Accord-

ingly, Equation (20) is modified to account for the ef-
fect of Poisson’s ratio on the resistance, giving:

G- @

For the symmetrical case, where lower and upper par-
ticles are compressed by the same amount:

p 2

—wr(l+ ve)? ln(s 1) (26)

Equations (20) and (25) depict the closed-form
resistance-deformation relationships for the rigid and
the deformable particle systems. Under a deformation-
controlled scheme, these equations can be used to es-
timate how much deformation is required to attain a
desirable level of contact resistance.

B. Conduction Models of Metal Coating Polymer Par-
ticles

Maiittanen [19] calculated the particle resistance as
a function of particle deformation degree using a con-
duction model.

Starting from Ohm’s law, the resistance of a con-
ductor, Rp, is given by:

l
P
where, p is the resistivity of the metal coating, [ is the
length of the conductor and A is the cross sectional
area of the conductor.

The degree of deformation, Deformpercent, is de-
scribed by the formula:

Rp = (27)

Deform per cent = 100 [1 - (i)]

o (28)
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where h is the distance between the contact surfaces
and 7 is the undeformed radius of the metal coating
polymer particle.

If it is assumed that the area of the metal coating
remains constant during the deformation, the follow-
ing results can be derived. from the geometry (figure
14). The area of the spherical cap forms the metallic

Fig. 14. Deformation model of the particle [19)].

contact area of the particle and, therefore, the metallic
contact area, A, is given by:

h
_ 2(1 _ 1
A=2rR (1 QT) (29)
And the length of the conductor, I, is given by:
wh
l= - (30)

The average cross sectional area of the current is
the average area of the thin metal “rings” around the
polymer particle (figure 14). Because the resistance
is inversely proportional to the cross sectional area of
the conductor, the average area can be calculated as
follows:

7 I ds
( % ) _h fo%é_?;;osa

2 bis h
where R = r cos(a) (figure 14), S = ra, dS = rda and
t is the thickness of the metal layer on the particle.

Since there is spherical symmetry an approximation
can be made and the problem is solved using Ohm'’s
law and the formula for the resistance of the deformed
particle, Ry, is written as follows:

wh il g h
An important observation that can be made from this
is that the resistance is independent of the particle
size, but depends on the resistivity of the particle (p),
the thickness of metal layer (t) and the degree of de-
formation (h/2r).

For the solid metal particle the following é,pproxi-
mate formula can be used [20]:
h
p 2 p 1+ 2=
=P m(f-1)=ELn(—2 33
Rp wr n(e > Tr n(l-%) (33)

where ¢ is the average degree of deformation.

It can be seen from Equation (33) that for a solid
particle the resistance increases when the particle size
becomes smaller. The pressure does not affect the
degree of deformation of hard particles, for example
nickel, as much as for softer particles like gold or silver.
In figure 15 the main results obtained from formulas
(32) and (33) are presented, where the particle size is
10pm. Figure 15 shows the large difference in parti-

1,000
900 4~ 0,05 UM bl
800 4 == 0,30 um /f
700 4| ~ilpme 0,20 um /
g 800 /ir
5 500 — Py
B 40 o
00 —
oo -
100
o T :
80 60 40 20
Deform%
(a)
25
e N

20 H e A »
e~ Ag /

15 /

10

mohm

80 60 40 20

Fig. 15. Predicted particle resistance for different degree of de-
formation (a) for Au/Ni-polymer with various metal thicknesses,
(b) for solid metal particles [19].

cle resistance between the solid metal and the Au/Ni
coating particle. In conclusion, the thickness of the
metal coating has a direct influence on the resistance.
This means that there is a large difference, depending
on particle type, in the number of particles estimated
to be needed for a good contact. Solid gold and silver
particles give a much smaller resistance compared to
the nickel coating polymer particle.

Another model for the electrical conduction charac-
teristics of metal coating ACA particles, was derived
by Dou et al. [9]. According to the numerical solu-
tions, the greater the level of particle transformation,
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the thicker the metal coating layer and the greater the
resin diameter, the lower the particle resistance is. It
was shown that the ACA particle resistance is!deter-
mined by the particle transformation and the particle
geometries, however it is more sensitive to the trans-
formation and the nickel layer thickness than the resin
diameter and the gold layer thickness.

Here the deformation degree of an ACA particle,
K, is defined differently to Equation (28), as shown in

figure 13:-

AD

k=5~ x 100% (34)

An ACA particle, consisting of a nickel layer, a gold
layer and a resin core, is shown schematically in'figure
16. The particle resistance can be considered as being

Fig. 16. An ACA particle and its connection [9].

the resistance of the Ni layer in parallel with the Au
layer:

1 1 1
= + 35
Rnickel Rgold ( )

Rparticle

The resistance of a single ACA particle is a multi-
parameter function, i.e. it is a function of resin sphere
diameter d, transformation k, nickel layer thickness t;
and gold layer thickness 5. During the transformation
process, the particle volume is not changed, hence the
original resin sphere volume Vppere is equal to the
deformed resin solid volume Vyeformed:

Vde_fo’r'med = ‘/sphe're = %W(g)s (36)
Figure 17-a shows a deformed resin ball, whose cross-
sectional profile in the yz-plane is illustrated in figure
17-5. As the illustration shows, the cross-sectional a
profile consists of a rectangular area and two half circle
areas. The length of the arc enclosing the right half
circle area is given by:
w-EP+2= [0 w2E) (37
where R is the radius R(k,d) function of the top cir-
cle area, and h is the height function h(k,d) of the
deformed resin as dimensioned in figure 17-b. k is de-
fined as

h(k,d) = (1 — k)d (38)
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MK.a)

b)

Fig. 17. Deformed resin of an ACA particle [9].

As figure 17-a and b show, the whole deformed resin
volume can be expressed with an integral equation

+3

Vdeformed = / |4

+%
=7'(/ |: (%)2_(2*)2+R

Applying Equation (39) and (38), an equation for
R(k,d) is obtained:

2
dz (39)

_ =3n(1 —k)?

Rk d) = —3t0=%)

VBT = k222 — 48(1 - k)[2(1 — k)°cZ — 2d7]
+ 24(1—k) (40)

For the particle, resin coated with nickel layer and
gold layer, the nickel layer is schematically shown in
figure 18. In the z direction, the increment in electrical
resistance dR* over a distance dz is given by:

dz
* = 41
dR -5 (41)
where
o nickel conductivity, (mf)~%;

S*  ringlike region area or circle area, um?;
dz  the height of the integral unit, um.

For —(% +t) <z < +(% +11), the resistance of the
Nt layer is:

2 2 [*%
Rnickzel(k, d, tl) = R}uﬁckel + Rnickel =
om Jo
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dz ,

avor—red] - [JEr ]

9 [H(+t) dz

o [Varor 2]

2

7 (42)

o +_g_

Similarly, the Au layer resistance can be obtained:

g [HE+e)
Rgold(kadi t17t2) = - /
o 0

dz

[\/(§+t1 +t2)2_(z)2+R]2— [m+R}2

g [H(Ettitta)
+—
T I+ (g+e)

dz
2
[\/(g +11 +t2)? — 22 +R]

Substituting Equation (42) and Equation (43) into
Equation (35), we obtain the total particle resistance:

(43)

Rparticle(k, d,ty, tz) =
1
[Rpicker(k,d, t1)]7* + [Rgoa(k, d, t1,t2)] 1

where

(44)

k transformation factor;
d resin diameter, um;

nickel layer thickness, um;
gold layer thickness, um.

131
t2

Fig. 18. Deformed nickel layer of an ACA particle [9].

o Application of the electrical resistance function.
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For a type of commercial ACA, where equation (44)
is a function Rpgrticte(k,3.5,0.15,0.05) with one pa-
rameter, k, which has been calculated as shown in fig-
ure 19 for k between 0.1 and 0.9. In this case, as the
function curve illustrates in the figure, the particle re-
sistance decreases as the transformation k increases.
For typical commercial ACA particles, the metal lay-
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Fig. 19. A commercial particle resistance function of k {9].

ers form two parallel resistors in the circuit as shown
in Equation (35). However, their contributions to the
particle resistance are substantially different as shown
in figure 20. It can be seen from the figure that, for the

_gold & R_particle (m ohm)
2
=3

0.8
800
800 S -
« 9
@ 4004| — Nickel layer resistance | 1s -
s ~-=Gold layer resistance “
o' 2004| = = - Whole particie resistance >
———— ‘.
) —— | i ~
i
—— ——ie
00 01 02 03 04 05.08 07 08 08 10

Fig. 20. Different layer resistance functions of the particle [9].

same ACA particle, the gold layer resistance is much
higher than the nickel layer resistance for the same
transformation degree. However, the whole particle
resistance, represented by the dash curve is lower than
each metal layer resistance because they are parallel
resistors in the circuit. Moreover, the whole particle
resistance is very close to the nickel layer resistance as
shown in the figure. The gold layer therefore has little
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affect on whole particle resistance. e Effect of Nickel Layer Thickness on General ACA

o Effect of Particle Size on General ACA Particle Elec- Particle Electrical Resistances
trical resistances The nickel layer is the main conductive function

layer of an ACA particle. So, its thickness is an im-
portant factor to the particle resistance. If the resin
diameter is 3.5 pum and the gold layer thickness is 0.05
pm, from Equation (44) we obtain particle resistance
function Rpgreicie(k,3.5,%1,0.05) shown as figure 22.
From figure 22-b, we can see when t; is more than

For different particles, the resin diameter represents
the particle size if the metal layer thicknesses are con-
stant. Figures 21-a and b show results from numerical
solution of Equation (44) when d is between 2 ym and
10 pm and k is between 0.1 and 0.9. Figure 21-a is a

N
R0

s 8

3

IS

o

nce
8

Particte resista

Particle reisistance {m ohm)
3

m-ohm

mohm

Transform factor k

Transform factor k

5 11 7

N . 5
Resin radius  (x10°m) 03 04 05 o8 or o8 'Y

. Nickel layer thickness  (x10°m)
b ) ¥t ( )

b)

Fig. 21. Particle resistance function of k and d [9) :

Fig. 22. Particle resistance function of k and ¢; [9]
3D gray scale map surface of the function, where the
higher the surface is, the larger the particle resistance
is. Figure 21-b is a contour map of figure 21-a, where
there are large particle resistances in the light gray
areas and low resistances in the dark gray areas. It
can be seen from the figures that the larger the resin
particle and the deeper the transformation are, the
lower the particle resistance is. However the lower re-
sistances in the dark gray areas are not suitable to be
used because they need large transformation or large
resin diameter. Too large a degree of transformation
will cause the particles to be crushed and too large a
resin diameter will reduce the number of the trapped

particles per pad, cause yield and reliability problems.

In the light gray areas, the particle resistances are too

large to be used. For details, see reference [9].

about 0.15 pm, the resistance areas will locate in the
good areas, gray areas. However it is difficulty to coat
thicker layer on the resin ball and the thicker layer
is not economic. The thicknesses of the nickel layers
of ACA particles are usually between about 0.15 um
and 0.4 pym. The particle resistance is sensitive to the
thickness of the nickel layer as shown in figure 22-g,
where the resistance decreases rapidly as the nickel
layer thickness increases. The thicknesses of the nickel
layer are normally not uniform in one particle and also
in different particles, therefore the particles resistances
are not the same because of the sensitive characteris-
tics of the nickel layer resistance and the uneven metal
coating layers. Moreover, the nickel layer thickness of
an ACA particle is the main geometry that affects the
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particle resistance.
o Effect of Gold Layer Thickness on General ACA Par-
ticle Electrical Resistances

If the resin diameter is 3.5 pum and the nickel layer
thickness is 0.15 wm, from Equation (44) we obtain
particle resistance function Rperticie(k,3.5,0.15,¢2) as
shown in figure 23-a and b. From figure 23 and figure

ohm)
g B

3 8

g
8
€
b
-2
|3

)
3
T

&
o

Transform factor k

004 008 012 016 020 024 028 032

Gold layer thickness  (x10* m)

b)

Fig. 23. Particle resistance function of k and t2 [9]

19, it can be seen that the gold layer coating of ACA
the particle is not designed to improve the particle
resistance, but is designed to provide good oxidation
resistance, which prevents the contact area and the
nickel layer from oxidizing during service helping to
maintain a low contact resistance. Another advantage
of the gold layer is that it is soft, which helps to in-
crease the a— spot area during the deformation process
and consequently reduce the contact resistance.

6. Discussion

The ACA contact models discussed in this paper are
theoretically similar, since they are all based on Holm’s
contact theory and use the same assumption that the
a — spot is the whole contact area. However, the a —
spot should be smaller than the apparent contact area,
therefore, the actual contact resistance should have

275

been much higher than the resistance calculated from
the models.

From the metal coated particle models, the parti-
cle resistance for different degrees of deformation can
predict a reasonable result assuming that any cracks in
the particle are vertical i.e. perpendicular to the adhe-
sive plane, as has been observed in some experiments
[9][19]. The models presented can forecast how the
particle geometries, metal layers and resin ball size,
affect the particle resistance for different degrees of
deformation and can help to establish the optimum
material properties for ACA manufacturing.

7. Current Challenges and Future Prospects

Many supporting experiments have been performed
in order to measure the resistances of ACA joints, but
these experiments are generally not able to measure
individual particle resistances to support the models
reviewed in this paper. The measurement of the resis-
tance of a single ACA particle for different degrees has
been proposed by the author of this paper, but under-
taking such an experiment for individual particles is an
important challenge. Furthermore, accurate measure-
ment of the resistance during the particle deformation
process is hard to realize.

The co-planarity effects on an ACA assembly due to
the component planarity and packaging accuracy are
another important issue that requires further study.
This challenge was introduced by Liu [21].

As far as electrical conduction is concerned, the
complex behavior of stationary electric contacts is very
different to metallurgical bonds, such as solder joints,
especially at such small scales, and is one of the main
drawbacks to the use of ACA bonding. Therefore, the
examination of the stationary electric contacts present
in ACA joints is important for the conductive charac-
teristic investigation. In other word, the conduction
mechanisms for the stationary contacts of an ACA
joint still need more thorough exploration.
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