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Highlights
¢ In conductive adhesives, compressed metal-coated polymer spheres form electrical
contact.

e The contact area in the sphere-plate problem is not well studied experimentally.
e Using nanoindentation in scanning electron microscope the contact area was

measured.
e The measured contact area was used to validate several analytical models.
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Abstract

The contact problem of a sphere under compression by a rigid plate is pertinent to
understanding electrical contact formation in anisotropic conductive adhesive (ACA) applications.
However, no work has experimentally verified existing contact models for the metal-coated sphere-
plate contact problem. Herein, compression tests on metal-coated polymer spheres were performed by
flat punch nanoindentation with in-situ scanning electron microscopy (SEM) monitoring, and the
resultant contact area was measured using SEM images. The obtained results were compared to Tatara
and Abbott-Firestone models, along with finite element analysis (FEA). The measured contact area
falls between Tatara and Abbott-Firestone models, indicating a mixture of elastic and plastic
deformation. The contact area as a function of force is dominated by the polymer core and
independent of the metal coating for the thin metal coatings tested. The work provides guidelines for

bonding parameters for ACA assembly.

1. Introduction

The classic mechanics problem of a sphere compressed between two plates has been studied
for over a century, and is still considered one of the grand challenges of particle technology [1,2].
Hard coatings are used in a variety of applications to protect softer substrates, and local asperities can
be modelled as spheres in order to understand deformation of microscopically rough surfaces under
pressure [3,4]. The sphere-plate contact problem is particularly relevant in analyzing anisotropic
conductive adhesives (ACA), which are applied in electronics packaging. In ACA, unidirectional
electrical contact is formed through conductive particles dispersed in adhesive [5]. The particles
conduct only when compressed between corresponding bumps. Understanding and thereby optimizing
the contact resistance through individual conductive particles will allow for joint resistance to be
minimized, enabling finer pitches and more reliable interconnect.

Metal-coated polymer particles (MPS) in the size range 3-10 um are often used as the

conductive component in ACA. MPS are microcomposites, combining the mechanical compliance of
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a polymer core with electrical conductance of a thin metal coating. Due to the small size of the
particles relative to the surfaces they connect, the electrical resistance through the contact area
between the particles and the bumps is significant in the overall joint resistance. To minimize the joint
resistance, the contact surface should be as large as possible at a given pressure. However,
overcompression will compromise the mechanical integrity and thus the reliability of the interconnect
[6-8]. MPS are subject to large deformations in excess 20% nominal strain in ACA applications,
whereas small strains are commonly considered in contact analysis literature [9].

The large deformation behavior of different types of polymer and MPS has been studied
extensively by He et al. [10-12]. Recently, a flat punch nanoindentation technique for simultaneously
measuring the electrical resistance and mechanical properties of MPS under compression has been
developed [13]. The electrical resistance measured using electromechanical nanoindentation can be
considered as the sum of contact resistance through the MPS interfaces, a shell resistance through the
metal coating, and resistance through the flat punch and nanoindentation substrate. In this work, we
consider the contact resistance, in particular the size of the contact area.

The contact area between bodies can be measured in several ways. Techniques are typically
divided into in-situ and ex-situ [14]. In-situ methods include optical, thermal, electrical and acoustic
methods. Optical, thermal and acoustic techniques may provide accurate results but are limited in
resolution by the wavelengths used to probe the samples [15]. The measurement of electrical contact
resistance is a non-destructive and potentially accurate method but requires detailed knowledge about
the electrical resistivity of the contacting bodies. As demonstrated in [16], the resistivity of the metal
coatings may deviate greatly from bulk properties, so contact resistance is not a valid method to
determine the contact area of the MPS.

Ex-situ methods consist of relocating the contact area and measuring with a microscope or
profilometer, sometimes employing a third body between the contacting bodies [17]. Due to the small
size and softness of the MPS, even a very thin third body would be expected to influence the contact
mechanics. In this work, an ex-situ method employing scanning electron microscope is introduced to
estimate the contact area between an MPS and a hard indenter tip.

FE modelling allows the implementation of elastic-plastic sphere-plate contact models [9].
Chang et al [18] and Kogut et al. [4] fit FE models to empirical equations which only require the
elastic constants and material yield strength. However, these models are discontinuous at the transition
between elastic and plastic deformation. Furthermore, in the case of an MPS it is not clear whether the
yielding of the polymer core or the metal coating will dominant the size of the contact area. The Etsion
group has analyzed coated sphere-plate contacts, which are more relevant for the MPS case since they
consist of spherical materials with two layers of different hardness [3,19,20]. Their results only apply
to small strains, and validity at higher strains is not considered. To understand the deformation of MPS
in ACA applications, understanding large strain characteristics is necessary. We therefore present a

complementary FEM analysis to interpret the experimentally determined contact area.
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2. Theory

Figure 1: An illustration of the sphere-plate contact problem for the current system and the variables involved. A
compressive force F is applied (e.g. with an indenter) to a sphere of undeformed radius r, and results in a deformation §.
The contact area between the sphere and the plate can be expressed in terms of a contact radius a.

The quasi-static sphere-plate contact problem is illustrated in Figure 1. The resultant stress
distribution is non-uniform, and as such analysis is not straightforward. For a polymer sphere, the
degree of plastic relative to elastic deformation will depend on material factors such as the cross-
linking density of the polymer [21]. We therefore consider the two extremes: pure plastic and pure
elastic deformation.

The first solution to the sphere-plate contact problem is the Hertz model, which applies in the
case of small elastic deformations up to approximately 1% strain [1]. The Tatara model, which
expands on the Hertz madel by using different boundary conditions, extends validity up to 20% strain
[22,23]. In our treatment, we assume that the contacts deform symmetrically, so that the deformation
is shared equally on either side of the sphere. The radius of the contact area between the sphere and

plate according to both the Hertz and Tatara model may be expressed as:

8

where r, is the undeformed particle radius and & the absolute deformation of the sphere as illustrated
in Figure 1. Note that the calculation of the contact radius does not require the input of material
parameters for this model. This elastic model applies to a homogenous sphere rather than sphere with
a stiffer shell and a softer core as we examine in this work. The Johnson elastic model considers
friction in the contact region, which adds shear stress and may reduce the contact area [24]. However,

this model requires more input parameters and is also only valid for small strains.
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The simplest model of a plastic plate-sphere contact is the Abbott-Firestone model, which
expresses the radius of the contact area between the sphere and the plate as the geometric overlap of
the two, given by [25]:

=13 @)

Once again, the contact model does not require the input of any material parameters. It should
be noted that this model assumes that the material volume is not conserved under compression.
Essentially, the top of the sphere is cut off to the appropriate deformation.

The polymer cores of the MPS in question are known to be viscoelastic [11, 21], although the
viscoelastic constants have not been determined. The Poisson’s ratio of viscoelastic 260 um uncoated
resorcionol-formaldehyde polymer particles has been studied, and the Tatara model has been found to
give the most reasonable prediction [26]. The plate-sphere problem for viscoelastic materials has been
studied analytically, however the classic works consider a rigid sphere against a viscoelastic half-space
[27-29], while our case is the inverse. Additionally, the analytical models consider small deformations
while large deformation analysis is required to interpret the current data. In this work, MPS are
evaluated at a constant displacement rate of 100 nm/s, so other viscoelastic effects may be present,
they are at least equivalent for all particles studied.

All real contact areas are rough, and contacts are often described in terms of a-spots, or
regions were asperities touch to form the current-carrying path in the contact surface [30]. We
distinguish between the real (current-carrying) contact area, and apparent contact area, which is the
entire region where two bodies ostensibly are in contact. Previous estimate puts the real contact area as
a small fraction of the apparent contact area [31]. In his seminal work on electrical contacts, Holm

found that the real contact area A, can be expressed as [32]:
P

o = ¢H 3
where P is the load (force) on the contact, H the material contact hardness and ¢ a value between 0 and
1, where values of 0.1 - 0.3 are common. This applies generally to two contacting bodies of arbitrary

shape.
3. Materials and Methods

3.1 Particles
Conpart AS (Skjetten, Norway) provided MPS for testing in this study. All the MPS consisted
of a 9.7 um' core made of styrene cross-linked with 20% DVB. The metal coatings were
manufactured using electroless plating. Since the cores were all from the same batch of polymer, the
MPS are referred to by their metallization and nominal coating thickness in nanometers, e.g. Au40

means an MPS with a 40nm gold coating. Contact area measurements were performed on the

! Coefficient of variance < 2%, as measured by Coulter counter
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following types of MPS: Au40, Ag60, Ni90 and Nil20. The metal coating thicknesses are typical
values manufactured by Conpart AS. The MPS were dispersed in ethanol and then dried onto a silicon

wafer substrate.

3.2. Compression testing

Compression tests were performed using a Picolndenter 85L (Hysitron, Minneapolis, USA)
mounted in a Hitachi SU8230 (Tokyo, Japan) SEM. A custom diamond flat punch, 20 um in diameter,
was fabricated from a conical indenter using a focused ion beam. Each compressed MPS was
identified on a coordinate system that was used to relocate the same particles in a Hitachi S 5500 SEM
for imaging of the contact area from above. SEM imaging was performed in secondary electron (SE)
mode to maximize topographic contrast.

The flat punch was manually stepped towards the surface of the MPS until the force gauge on
the Picolndenter unit indicated that the tip had touched the MPS. The punch was then retracted, and
the compression test was started 100-500 nm above the point of first contact. The measurements were
performed in displacement control, so each particle was deformied at 200 nm/s constant rate up to a set
maximum displacement. Loading rates from 10 to 1000 nm/s were tested but statistically significant
variations in the measured contact area were not identified. The maximum displacement of the punch
was varied systematically from 1000 to 5000 nm for different particles to obtain force/deformation-
contact area characteristics. Since the measurement started slightly above the surface of the particle,
the maximum recorded deformation of the particles was always slightly less than the specified
absolute displacement (e.g. a maximum absolute punch displacement of 5000 nm might give a
maximum particle deformation of 4500 - 4900 nm). The force was measured continuously during
compression.

3.3. Contact area measurement

A shaded area was visible in the micrographs of the MPS that had been compressed. Since
there was no such region on untouched MPS, the shading must be due to the contact between the
indenter tip and MPS. We infer that the shaded area is the region of metal flattened by the indenter,
and thus representative of the maximum extent of plastic deformation in the contact region.

The size of this area was determined using ImagelJ, as illustrated in Figure 2. First the scale
was set based on the scale bar from the SEM. The shaded area was then selected using the ellipsoid
drawing tool. The area was calculated, and the contact radius by calculating the radius of an equivalent
perfect circle with that area. In addition to the error source from the Hitachi S 5500 SEM calibration
for size measurement, the method of drawing a circle by hand introduced uncertainties. By drawing
the circle three times per contact area measurement and observing the variation of the measured area,
we estimated this uncertainty to be +1 pm?® Further uncertainties stem from surface roughness and

topographical gradient, which make it difficult to determine exactly where the contact area ends.
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Figure 2: Micrographs of (a) an untouched Ni90 and (b) a compressed Ni90 particie with the contact area encircled.

3.4. Finite element model

To validate the experimental results, a FE model was created using COMSOL Multiphysics®,
as shown in Figure 3. The purpose of the model was to investigate the influence of the thin metal
coatings at the large strain studied experimentally.

An axisymmetric quarter-sphere was used to model the spherical geometry of the MPS. The
MPS were modelled using a PMMA core in diameter of 10 um and metal coating with a thickness
corresponding to the particles measured, i.e. 40 — 120 nm. The coating is assumed to be homogenous,
although it is in reality nanoscopically rough. The quarter-sphere was placed under a silicon plate, and
the plate was incrementally stepped towards each other to simulate compression. This was to mimic
the experimental set-up which was run in displacement control mode. Steps of 1 nm were performed
up to 10 nm deformation, steps of 10 nm up to 100 nm deformation, steps of 100 nm up to 1000 nm
deformation and 1000 nm up to 5000 nm deformation. We assume frictionless contact between the
MPS and silicon plates; both literature and FE analyses have indicated that the coefficient of friction
plays a negligible role in the resulting contact area [19,22].

The intrinsic material properties used are summarized in Table 1 below. To facilitate the
simulation of large strains, a neo-Hookean hyperelastic model was applied to the polymer core while
the metal coating was treated as an elastic-perfectly plastic material with linear isotropic hardening to
improve convergence. The tangent modulus was set to be 0.02% of the initial Young’s modulus. It
should be noted that in both the elastic and elastic-plastic contact conditions, the contact area
(Equations (1-3)) is independent of the elastic properties of the materials used. Details of the finite
element analyses can be referred to our previous work [22]. Triangular elements were used, while the
number of elements depended on the coating thickness since the meshing was finest in this area. A

coarser mesh was used in the bulk of the polymer core. To verify the model, it was run as a linear
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elastic only with the same material properties in the core and the coating. This yielded Hertzian
contact behavior [1], as expected.

Table 1: The material properties used in the FE model to obtain the contact area.

Material Young’s Modulus [GPa] Poisson Ratio Yield strength [MPa]
PMMA 3 0.30 N/A

Ni 219 0.31 480

Au 70 0.44 170

Ag 83 0.37 66

The yield strength of nanoscale coatings may be different from the bulk values [33]. However,
only bulk values of yield strength are readily available. A parametric analysis of the yield strength of
gold was performed. The yield strength was systematically varied from 170 to 220 MPa. The average
deviation of the contact radius — deformation curves from each other was < 0.3%. The absolute value

of yield strength selected is therefore not found to be critical, and parameter corresponding to the bulk
materials were selected.
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Figure 3: (a) Schematics of the meshed quarter-sphere model, and (b) the resultant stress in the FEM used to validate the
experimental results.

4. Results and discussion

4.1. Force-deformation measurements

The nominal stress o and nominal strain & for an MPS are given by:

F

o= n'rpz (4)
)
&= E (5)

where F is the applied force. Figure 4 shows representative stress-strain curves for each of the types of
MPS examined, including both loading and unloading of the MPS. The Ni-coated MPS exhibit stress-
drops during loading, which have been linked to brittle fracture events, while the Au and Ag MPS

have monotonic loading curves. The loop around the stress drops indicates cracking, but the



Journal Pre-proof

magnitude of the stress drop is an artefact of the transducer attempting to maintain constant
deformation rate with force actuation and not the result of material properties [34]. A thicker metal
layer is generally expected to result in stiffer stress-strain response; we see in this case the opposite is
true and the Ni90 is apparently stiffer than Ni120. This is not a systematic result, rather the particle-to-
particle variation of the stiffness was observed to be large. The variations within one type of MPS are

thus greater than any systematic effect of the metal thickness.

300 | —— Au40 ]
— | Ag60 ~;
@

% 250 __ Nio90
200 Nil20
[7p]
D
o
®» 150 Loading
E
é 100
o /./'\./
z 50 7
/ /
0 w L

0.1 0.2 0.3 04 0.5
Nominal strain

Figure 4: A comparison of representative stress-strain characteristics of each type of MPS.

The maximum strain was dictated by the maximum specified displacement, which was 5 um
for all the measurements in Figure 4. The maximum strain was always slightly below 0.5, since the
measurement starts just above the particle. The unloading phase was similar for all particles. They
recovered from nearly 0.5 strain to above 0.35 strain due to elastic recovery of the core. Since the

cores are made of viscoelastic polymer, the cores are expected to recover further over time.

4.2. Contact area measurements

As the MPS are compressed, the contact area increases in a roughly circular manner from the
first point of contact. Figure 5 shows representative SEM images of each MPS type, ordered by
increasing maximum strain. The yield strength of metals is relatively low, so as the coating deforms
plastically a fingerprint of the deformation is left behind. Although the polymer core recovers
elastically (see Figure 4), we assume that recovery in the polymer core does not significantly influence
the mark left from the indenter in the metal coating. The fingerprint is interpreted as a mark of the
maximum achieved contact area. However, since some of the contact area will deform plastically, the

contact area measured with this method is likely smaller than the true maximum contact area.
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The contact area measurements were performed from images of the type shown in Fig. 5,
based on the clear fingerprints left by the flat punch. A major trend is that Ni MPS (Figure 5 b & d)
fracture in a brittle manner, with pronounced global delamination, while the Ag and Au MPS (Figure
5 a & c) deform in a ductile manner. This has been discussed in detail [34]. Previous simulation work
has predicted that the fracture of the metal coating in MPS will initiate at the equator of the particle
and propagate towards the contact area [36]. We were unable to confirm this directly since initiation
and propagation progressed more quickly than the frame rate of imaging in the experiment. However,
by comparing Figure 5 b & d, we can see that cracks stemming from higher strain extend further into
the contact area, indicating that they are propagating towards and into, and not away from, the contact
area. The open cracking regions in the Ni MPS do not decrease the available cross-section for

electrical current conduction in application.

Figure 5: SEM images of MPS deformed to varying degrees: (a) Ag60 after deformation to 0.13 strain; (b) Ni90 to 0.27
strain; (c) Au40 after deformation to 0.38 strain; (d) Ni120 to 0.48 strain.

10
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4.3. Comparison to contact area models

In Figure 6, the measured contact radius is plotted as a function of the Tatara radius (Eq. 1) for
each type of MPS. The used of the Tatara radius in effect normalizes the deformation relative to the
undeformed particle radius. The Tatara (elastic) and Abbott-Firestone (plastic) models as well as the
FE results have been included for comparison. The radius of the polymer core, 4.85 um, has been used

as input for all models.
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Figure 6: The measured contact radius as a function of the Tatara contact radius.

Although the measured contact radii for all particles follow a similar trend, the Ni MPS tend
to have higher contact radius for a given Tatara radius. Both the FE results and the Tatara and Abbott-
Firestone modeis predict a contact radius that is independent of material properties, so these models do
not account for the observed discrepancy. As demonstrated in Figure 5, the Ni-coated MPS exhibit
brittle fracture, a phenomenon not accounted for in the FE model. During brittle fracture, the
indentation transducer is unable to maintain constant deformation rate, resulting in the loops visible in
Figure 4. The abrupt increase in deformation causes a corresponding increase in contact area, which
could explain the larger contact area in Ni system in Figure 6.

As can be seen in Figure 6, experimental data falls between the elastic and plastic models.
Since the measured contact area is residual, it must be the result of some degree of plastic deformation.
However, the polymer core has a high cross-linking density and will thus tend of deform elastically
[21]. Since both types of deformation occur, it is logical that the contact area falls somewhere between

the elastic and plastic estimates.

11
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The contact area predicted by the FE model does not vary significantly with the coating
thickness or mechanical properties of the metal within the range tested in this study, although it is in
good agreement with the experimental data. This is likely because the range of thicknesses examined
is relatively small. The FE model tends to underestimate the contact area, so plastic deformation of the
core could be implemented to obtain a more accurate contact area predicted, as will be the topic of a
future study.

With the current experimental setup, we were unable to observe the contact area on MPS
deformed to less than 500 nm. This indicates a threshold below which no plastic deformation of the
metal occurs, and it is possible that the contact area during compression was slightly larger than the
measured contact area if there is a region of elastic deformation around the perimeter. Previous work
found mostly elastic deformation up to the point the coating fracture point of Ni/Au MPS [35].

We further consider the force-contact area relationship. According to Eq. 3, the applied force
should be directly proportional to the real contact area and the slope should represent £H, where H is
the contact hardness. Although we have measured the apparent rather than real contact area, it is
interesting to see if a linear relation exists. The measured contact area versus applied force is plotted in
Figure 7. The data is not linear throughout the measurement range. The relation between the real and
apparent contact area must thus be non-linear if Holm’s theory is to hold for the real contact area. We
postulate that the apparent contact area is dictated by the polymer core, while the real contact area is
dictated by the (local) hardness of the metal coating.
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Figure 7: The maximum applied force as a function of the measured contact area.

12



Journal Pre-proof

The main result is that the apparent, measured contact area principally depends on the absolute
deformation for the relatively thin metal systems studied in the work, and that the Tatara theory is a
good indicator of the expected contact area in MPS. In terms of ACA applications, a large contact area
is generally advantageous in terms of minimizing contact resistance. ACA bonding applications
function in terms of applied force, and as we can see in Figure 7 the data does not show a significant
difference in the contact area as a function of force for the different metal systems. However, the real
(current carrying) contact area may be significantly different from the apparent contact area, and

cannot be estimated by the techniques used in this work.

5. Conclusion

The force, deformation and resultant contact area of 10 um Ni, Au and Ag coated polymer
particles were measured using a flat punch nanoindentation technique with in-situ SEM observation.
The goal was to understand the evolution of the contact area at large deformations, which is relevant
for anisotropic conductive adhesive (ACA) applications and otherwise undocumented in the literature.
We find that the metal coating metallization and thickness do not significantly influence the
development of the contact area, although all the studied coatings are relatively thin. The contact area
evolution only depends on the absolute deformation and particle size, and is independent of material
properties. The contact area falls between elastic and plastic models, indicating that both types of
deformation occur. Although the contact area evolution is similar in all the systems studied, we note
that this is the apparent contact area and may not reflect the true, current carrying area that determines

the contact resistance.
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