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Micron-sized polymer particles with nanoscale metal coatings are essential in conductive

adhesives for electronics assembly. The particles function in a compressed state in the

adhesives. The link between mechanical properties and electrical conductivity is thus of the

utmost importance in the formation of good electrical contact. A custom flat punch set-up based

on nanoindentation has been developed to simultaneously deform and electrically probe individ-

ual particles. The set-up has a sufficiently low internal resistance to allow the measurement

of sub-Ohm contact resistances. Additionally, the set-up can capture mechanical failure of

the particles. Combining this data yields a fundamental understanding of contact behavior. We

demonstrate that this method can clearly distinguish between particles of different sizes, with

different thicknesses of metal coating, and different metallization schemes. The technique pro-

vides good repeatability and physical insight into the behavior of these particles that can guide

adhesive design and the optimization of bonding processes. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4954218]

I. INTRODUCTION

In electronic assembly, conductive adhesives are used in

applications that require properties such as low assembly

temperature, minimal mechanical stress, and fine pitch.1

Conductive adhesives compete with lead-free solders as a

non-toxic alternative to traditional solder.2 Micron-sized

polymer spheres (MPS) with nanoscale metal coatings are

applied as the conductive component in conductive adhe-

sives due to their low cost and superior mechanical charac-

teristics.1 Conductive adhesives may be either anisotropic or

isotropic, and specific applications require different particle

sizes, concentrations, and metallization schemes.2

In an anisotropic conductive adhesive (ACA), an adhe-

sive film containing conductive particles is compressed

between two electrical components. The MPS are deformed

under compression, forming contact surfaces against the

electrical components. The size and nature of these contact

surfaces have a significant effect on the resulting contact re-

sistance. At higher compressive strains, the metal coating,

and eventually the particle core, will fracture. Fracture can

interrupt the contact and cause increased resistance and

decreased long-term performance.3 The conductive charac-

teristics of the adhesive are therefore strongly linked to the

mechanical behavior of MPS under compression, and it is of

great interest to find the optimal deformation range where

the electrical contact resistance reaches a minimum while

still being stable under fatigue.

As a spherical particle is compressed between two

rigid plates, the particle expands laterally and the contact

area between the particle and the plates increases nonli-

nearly. Both theoretical and experimental studies of the

mechanical properties of individual polymer particles and

MPS have been performed. Several models have been pro-

posed to explain the deformation and fracture of particles,

incorporating finite element analysis,4 molecular dynamics

simulation,5 and analytical modeling.6 Mechanical charac-

terization of individual polymer particles and MPS have

been performed by He et al. using a custom nanoindenta-

tion set-up with a flat punch.7 The influence of factors such

as particle size,8 polymer cross-linking density,9 loading

rate,10 and chemical composition on the mechanical behav-

ior has been quantified. Furthermore, the fracture behavior

of MPS has been studied.11 The present work therefore

emphasizes the correlation between mechanical behavior

and electrical resistance in MPS rather than a detailed anal-

ysis of mechanical characteristics.

We shall consider the electrical resistance of the MPS

under compression as being the sum of a shell resistance and

a contact resistance, as illustrated in Fig. 1. The contact

resistance is the resistance experienced by current passing

through the area of the particle that is in contact with the

object compressing the body. The shell resistance is the

resistance due to current passing through the unconstricted

areas of metal coating

The contact resistance may be seen as the sum of a con-

striction term and an interface resistance term. Constriction

resistance stems from the geometrical constriction of the cur-

rent at the interface, essentially a bottleneck of the current.

Interface resistance comes from higher resistivity layers that

form barriers at the interface, such as oxides.12 As a rule,

contact resistance decreases with increasing contact area.
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At the early stages of particle compression, the contact

area between the particle and the compressive body is very

small, which causes constriction resistance.13 Furthermore,

the true contact area is made up of spots where nanoscale

asperities in the contacting bodies meet. Since the true con-

tact is formed in these asperities, the constriction resistance

is always larger than the apparent contact area suggests. The

shape and distribution of asperities on the surface of the

metal coating are unknown, as is their mechanical behavior

during the compression of the particle. Additionally,

although constriction resistance at semi-infinite (i.e., bulk)

metal interfaces has been described analytically,14 thin metal

films will deviate considerably from this theory.15

The shell resistance of a single particle depends on the

coating thickness t and resistivity q, as well as the nominal

strain e ¼ d
D, where d is the deformation and D is the unde-

formed particle diameter. M€a€attanen developed an expres-

sion for the shell resistance by integrating over the metallic

cross-section area of the deformed sphere.16 The principle

assumptions made in this model are that t� D, where the

metal coating is uniform and homogeneous, and the area of

the metal coating is constant, i.e., the coating does not crack

during compression. It is nonetheless a good first approxima-

tion of the shell resistance. Using this model, the expression

for the shell resistance is as follows:

Rshell ¼
q
pt

ln tan
p
4

2� eð Þ: (1)

Although the current-carrying length through the metal coat-

ing increases with particle size, so does the cross-sectional

area of the coating. For a given thickness, the increase in

resistive length and cross-sectional area cancel each other

out and the shell resistance is found to be independent of

particle size.

Other attempts to calculate the shell resistance take into

account more complex deformation mechanisms, often using

a finite element approach.1 However, none of the previous

work has compared the results with the measurements on

individual particles, and all predict much lower resistance

values than those measured in bulk conductive adhesives.17

Analyzing the resistance of individual MPS under compres-

sion can yield a fundamental understanding that will facili-

tate the tailoring of particles and the bonding process for

electronics assembly.

The body of literature on anisotropic conductive adhe-

sives (ACA) pertaining to electrical resistance focuses on the

resistance of bonded ACA joints. This implies many par-

ticles in parallel, as in Refs. 17–21. Few attempts have been

made to measure the deformation resistance characteristics

of single particles. Both Dou et al.22 and Shih et al.23 have

reported electromechanical measurements on the ACA par-

ticles, but the magnitude of the resistance measurements is

such that we may infer a large parasitic resistance skewing

the results. Additionally, large particle-to-particle variations

lead us to question the accuracy and repeatability of the mea-

surement procedure. In this work, the electromechanical

behavior of several MPS is explored by a custom flat punch

nanoindentation technique.

II. EXPERIMENTAL

Ten and thirty micron SphericaTM MPS with silver coat-

ings in a variety of thicknesses as well as a gold/nickel bilayer

coating were provided by Conpart AS (Skjetten, Norway). The

polymer cores are fabricated using the Ugelstad method,24 and

coated using electroless plating. The 10 lm cores (CV¼ 1.1%,

where CV is the coefficient of variation) are made of styrene

with a moderate cross-linking density of 20%, and exhibit

viscoelastic behavior.9 The 30 lm cores (CV< 5%) are made

of PMMA, with a low cross-linking density of 1%, giving

them an elastic-plastic mechanical behavior. Each type of par-

ticle will be referred to as follows: 10–100Ag, where the first

number is the polymer core diameter in micrometers, the sec-

ond the coating thickness in nanometers, and the final letters

indicate the metallization of the coating. Table I summarizes

the particles examined in this work.

During sample preparation, dry particles were sus-

pended in micro-filtered ethanol and dispersed using an

ultrasonic bath. Samples consisting of several hundred indi-

vidual particles of a given type were created by placing a

drop of the ethanol-particle solution onto substrates consist-

ing of a silicon wafer sputter-coated with 1 lm of gold and

cut into 1.5� 1.5 cm squares. Two copper wires were glued

to the opposing sides of the gold-coated silicon square using

isotropic conductive adhesive (ICA). Short-circuit resistance

FIG. 1. The resistance of an MPS is the sum of the shell resistance and the

contact resistances at either interface.

TABLE I. The different particle types measured in this work.

Particle

diameter (lm)

Core

chemistry

Coating thickness(es)

(nm)

Coating

metallization

10 Styrene, cross-linking

density 20%

35, 50, 70,

100, 140, 200

Ag

10 Styrene, cross-linking

density 20%

120 Niþ 30 Au Ni/Au

30 PMMA, cross-linking

density 1%

60, 100, 150, 270 Ag
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measurements between the copper wires confirmed good

contact between the gold film and ICA.

The Hysitron Triboindenter 950 (Minneapolis, USA) is a

commercially available nanoindentation system that operates in

load-controlled mode with a force resolution <2 nN. The nano-

scale electrical contact resistance tool, abbreviated nanoECR, is

an additional module that allows precise, correlated electrical

and mechanical indentation measurements. Current or voltage

can be sourced and measured across a conductive nanoindenta-

tion tip, sample, and conductive stage during selected segments

of the indentation cycle. The nanoECR module has been previ-

ously used in a high-resolution application to investigate an

electrical current spike associated with nanoscale plasticity in

gallium arsenide.25

The commercial nanoECR set-up was designed to mea-

sure relatively high resistances in semiconductor samples,

and has been modified to facilitate the measurement of sub-

Ohm resistances occurring in individual MPS. The afore-

mentioned custom conductive substrates were connected

directly to the current and voltage leads in the Triboindenter,

bypassing the nanoECR stage. Fig. 2 shows a schematic of

the electromechanical measurements performed.

In the work of He et al.,6–10 a diamond flat punch was

used to indent single particles. In this work, the indenter was

required to be highly conductive in addition to hard, and thus

a tungsten carbide flat punch with a diameter of 50 lm fabri-

cated by Synton-MDP (Nidau, Switzerland) was employed.

The tip was dry etched in argon plasma and subsequently

sputter-coated with 150 nm of gold in order to maintain a

highly conductive surface. Before performing measurements,

tip planarity was verified by indenting on a planar indium

sample, and low resistance confirmed by performing test

indents directly on the gold-coated silicon substrate.

Isolated single particles, at least 50 lm from any neigh-

boring particles, were identified using the optical microscope

in the Triboindenter. To remove the influence of the lead

resistance, measurements were conducted in 4-wire mode,

with the wires connected as shown in Fig. 2. Resistance was

obtained by dividing the measured voltage by the sourced

current value. To test for Ohmic behavior, measurements

including current sweeps were performed on several occa-

sions. These measurements confirmed the linearity of the

resistance characteristics within the relevant, albeit small,

voltage range.

Due to the placement of the current and voltage wires

on the substrate as shown in Fig. 2, the measurement encom-

passed the indentation tip, the MPS, and part of the substrate.

The measured resistance was thus comprised of a series of

resistances,

Rmeasured ¼ Rtip þ Rcontact tip�MPS þ Rshell

þ Rcontact MPS�substrate þ Rsubstrate: (2)

The true resistance of the MPS, or the shell and contact resis-

tances, will be always smaller than the measured resistance,

although the highly conductive probe and substrate reduce

parasitic resistances. The resistance contributions from the

probe Rtip and substrate Rsubstrate have been considered to be

independent of particle deformation, although in reality there

is a contact resistance at their interfaces for which this is not

entirely the case.

All electrical measurements were conducted with a

sourced current of 1 mA, selected because it was large

enough to give a good signal but small enough to avoid suffi-

cient heating to alter the mechanical behavior of the par-

ticles. The current was switched on 0.2 s after the initial

contact was achieved, as shown in Fig. 3, in order to ensure

sufficient thermal contact before the electrical measurement

was initiated. The mechanical indentation data of several

types of particles with and without applied current were

compared, and it was confirmed that any Joule heating did

not visibly alter the mechanical results.

In all measurements, force was applied at a constant rate

of 2 mN/s, up to a maximum of 12 mN, as shown in Fig. 3.

This maximum force value was limited by the Triboindenter

equipment. The maximum force was then held for 2 s before

being released at the same rate. The resulting mechanical

deformation of the particles was monitored continuously

throughout the loading cycle.

III. RESULTS AND DISCUSSION

A. Representative electromechanical behavior

Fig. 4 shows the result of a typical electromechanical

measurement for a 10–100Ag particle. The measured
FIG. 2. A schematic showing the principle of the electromechanical meas-

urements conducted in this study.
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resistance depends strongly on the applied force, indicating

that the resistance of the MPS is significant in the measure-

ment. Excluding Fig. 4, all the results presented in this work

reflect statistical averages of 8–10 particles where the error

bars represent the standard deviation. This contributes to ver-

ifying the uniformity and repeatability of the results.

In Fig. 4, the measured resistance can be seen to

decrease rapidly during the initial stages of loading, and

level off for large applied forces. As the particle is com-

pressed, the contact area at the particle interfaces increases

while the current-carrying length through the coating

decreases. The decrease in resistance can be attributed to a

combination of these changes.

At the rate the particle is unloaded, the core does not

have sufficient time for viscoelastic recovery, so the mea-

surement ends at a high strain of 40%. However, the meas-

ured resistance increases gradually during unloading. This

indicates an elastic rebound, causing the tip to remain in con-

tact during unloading, rather than an abrupt loss of contact as

would be expected if the particle were permanently

deformed.

B. Effect of particle size

Fig. 5 shows a comparison of the resistance-strain

behavior of 30–100Ag and 10–100Ag. The MPS differ both

in size and core material, but the coatings are the same thick-

ness and material. The measurements for 30–100Ag stop at a

much lower strain than 10–100Ag because the same force

produces a lower strain in the larger particles, and the largest

available force is only enough to produce around 5% strain.

The M€a€attanen model for the shell resistance as

described by Eq. (1) predicts that the resistance of metal

coating is independent of the particle size, depending only

on the strain, coating thickness, and resistivity. We therefore

consider the Rshell contribution in Eq. (2) to be equal for

30–100Ag and 10–100Ag at a given strain. The discrepan-

cies between the two curves can therefore be attributed to

the contact resistance contributions in Eq. (2), Rcontact tip�MPS

and Rcontact MPS�substrate both of which depend on the contact

area. Since the contact area increases radially and thus scales

with the square of the particle size, it increases more rapidly

in 30–100Ag, yielding the lower resistances observed at

small strains.

The standard deviation of the resistance at a given strain

is indicated by the error bars in Fig. 4, and represents the

particle-to-particle variability of the measurement. Uniform

resistance characteristics in MPS are desirable because they

FIG. 3. The representative load and current function for the electromechani-

cal measurements performed on MPS.

FIG. 4. Representative electromechanical results for particle type 10-100Ag

(a), where the deformation and resistance have been monitored as a function

of the applied force. Arrows denote the direction of the measurement in

time. Micrographs showing a particle before (b) and after (c) compression.
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give an adhesive with predictable behavior. The low particle-

to-particle variability at high strain confirms the stability and

repeatability of the measurements. At 40% strain, the parti-

cle-to-particle variability of 10–100Ag is 6%. By compari-

son, particle-to-particle variability measured by Dou et al.
was 35% at 40% strain.22

As indicated by the error bars in Fig. 5, the particle-to-par-

ticle variability in the resistance is largest during the initial

stages of deformation. This can be attributed to the nanoscopic

asperities in the coating, the distribution of which varies from

particle to particle. At higher strains, the behavior becomes

more uniform. At this point, the contact area has grown large

enough for the contact resistance to have a negligible contribu-

tion to the measured resistance. The measured resistance is

then governed by coating resistivity and thickness, which are

relatively uniform for particles from the same batch.

C. Effect of coating thickness

The effect of coating thickness on the resistance charac-

teristics has been analyzed for the 10-XXAg and 30-XXAg

series by comparing the particles at the highest available

applied strain, in order to minimize the contribution of con-

tact resistance, which is largest at low strains. Ten micron

particles with different coating thicknesses have been com-

pared at 40% strain and 30 lm particles at 5% strain, again

limited by the maximum available force.

As shown in Eq. (1), the coating thickness is expected to

be inversely proportional to the shell resistance. To evaluate

the effect of the coating thickness, Rtip; Rcontact tip�MPS ;
Rcontact MPS�substrate , and Rsubstrate are all assumed to be inde-

pendent of thickness and constant for a given strain. These

contributions are lumped into a constant resistance Rcst:
According to Eq. (2), the remaining resistance contribution

is the shell resistance. The measured resistance may be

expressed by the following equation:

R ¼ c

t
þ Rcst; (3)

where t is the coating thickness and c is the fitting constant.

Fig. 6 shows 10-AgXX and 30-AgXX fit to Eq. (3).

In order to equate the fit parameter to a meaningful

value, we will assume that the shell resistance follows

Eq. (1). The strain e is well-known due to the high resolution

of the nanoindenter system. The conductivity q, however,

may deviate from the bulk value qAg ¼ 1:59� 10�8 X m26

and the coating thickness t is a nominal, not measured, value.

We thus multiply Eq. (1) with an ideality factor m which

describes how the ratio between q and t deviates from the

ideal case. By equating Eq. (1) to the thickness-dependent

term in Eq. (3) and rearranging, we find an expression for the

ideality factor

m ¼ c p

qAgln tan
p
4

2� eð Þ
: (4)

Table II summarizes the fitting parameters and calculates the

ideality factors for each case.

The ideality factor m is larger than unity for both sets of

particles. This could indicate either that the coatings are thin-

ner than their nominal value or that the resistivity is higher

than that of bulk silver. The resistivity of thin metal films

is known to deviate from the bulk resistivity values.27 This

effect is significant when the film thickness or grain size

approaches the electron mean free path (EMFP), which is

52 nm for bulk silver.26 However, surface and grain bound-

ary scattering limited resistivity can only account for a

FIG. 5. The resistance-strain characteristics of 30-100Ag and 10-100Ag.

The inset is a close-up of the 30-100 Ag curve.
FIG. 6. The average resistance at 10 mN applied force for 10 and 30 lm par-

ticles with different coating thicknesses. The resistances are taken at 40%

and 5% strain, respectively. The curves have been fit to Eq. (3).

TABLE II. The fitting parameters used to fit Eq. (3) to the curves in Fig. 6,

and the ideality factor m as expressed by Eq. (4).

Particle group Rcst (X) c (X nm) m

10-XXAg 0.44 43.0 7:6

30-XXAg 0.45 49.6 3:0

245102-5 Bazilchuk et al. J. Appl. Phys. 119, 245102 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  129.241.220.49 On: Thu, 07 Jul 2016

11:39:02



twofold increase of the resistivity at room temperature.26

Therefore, other non-idealities must also be considered.

Larger than ideal resistivity could also stem from impur-

ities in the coating due to chemicals used in the coating pro-

cess or coating roughness which would cause “bottlenecks”

in the current flow. It is likely that the non-ideal behavior of

the coatings is due to a combination of impurities in the coat-

ing, unevenness and surface and grain boundary scattering

limited resistivity. The decoupling of these contributions

requires further investigation.

Figs. 7(a) and 7(b) show the effect of the coating thick-

ness on the particle-to-particle variability of the resistance

characteristics, which can be observed to decrease with

increasing coating thickness. The thinner the coating, the

more impact uneven areas in the coating will have on the

shell resistance, through the creation of bottlenecks in thin

areas of the coating. The most uniform behavior is consis-

tently observed in the thickest metal coatings. The variability

is largest during the early stages of the deformation (most

clearly illustrated by 10–35Ag in Fig. 7), as has previously

been discussed for Fig. 4.

D. Effect of metallization

The effect of the metallization scheme was compared

using 10–140Ag and 10–120Ni/30Au, which have the same

polymer core and comparable metal coating thicknesses.

Figure 8 shows the mechanical behavior, while Fig. 9 com-

pares the resistance-strain characteristics. The nominal stress

is given by r ¼ F
pð0:5�DÞ2, where F is the applied force, while

the nominal strain, as previously mentioned, is found by

e ¼ d
D.

Mechanically, the nickel-gold system is more brittle

than the silver system. In Fig. 8, we can clearly see that

10–120Ni/30Au is stiffer than 10–140Ag initially, due to the

mechanical stiffness of nickel. At a strain of approximately

0.2, a pop-in or displacement burst occurs. Since the mea-

surement is load controlled, a sudden movement of the sam-

ple causes a displacement burst and an apparent gap in the

data. Pop-ins have previously been demonstrated to be indic-

ative of brittle fracture of the metal coating.10 The particle-

to-particle variability is largest in the pop-in region, due to

variations in exactly when the pop-in occurs. After the pop-

in, the stiffness of the system is decreased, since the coating

has been significantly weakened by cracking. In contrast,

10–140Ag exhibits a continuous stress-strain behavior with

no pop-ins. The silver coating is ductile, and fractures gradu-

ally rather than abruptly. Although the coating is a relatively

small part of the particle, it clearly contributes significantly

to the mechanical strength of the particles.

Fig. 9 shows the effect of the metallization on the electro-

mechanical behavior. Initially, the high particle-to-particle

variability renders the particles virtually indistinguishable. At

high strains, the resistance of 10–140Ag converges to a signif-

icantly lower value than 10–120Ni/30Au. This follows the

expectation based on bulk silver, where the resistivity is lower

FIG. 7. A comparison of the average resistance-strain characteristics of (a)

10-35Ag and 10-200Ag; and (b) 30-60Ag and 30-270Ag, where the error

bars represent the particle to particle variability.

FIG. 8. A comparison of the stress-strain characteristics of 10-140Ag and

10-120Ni/30Au.
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than that of both bulk nickel and gold. These measurements

demonstrate that the set-up is sensitive enough to distinguish

between coatings of different materials but similar

thicknesses.

Again, a pop-in can be observed in the 10–120Ni/30Au

curve, indicating brittle fracture of the metal coating. The

gradient of the resistance-strain curve is not visibly affected

by the pop-in, suggesting that cracking occurs parallel to the

direction of applied force rather than circumferentially.

Longitudinal fracture has previously been observed in the

Ni/Au system,11 and a similar fracture pattern is confirmed

by SEM images of the Ag system after compression, as

shown in Fig. 4(c).

IV. CONCLUSION

Our flat-punch electromechanical nanoindentation tech-

nique has been used to measure individual MPS. The meas-

urements are repeatable and precise, and can be used to

clearly distinguish different MPS. By studying resistance as

a function of strain, we can easily locate the range where the

contact resistance has converged to a semi-constant, negligi-

ble value, which is useful in the context of the conductive ad-

hesive application. For 10 lm particles, it is observed that

the gains in resistance are minimal once the strain passes

15%. Thirty micron particles achieve low resistance values

at an earlier stage of deformation.

The measured resistance displays an inverse propor-

tional relationship to the particle coating thickness as

expected. The decrease in resistance is therefore most signifi-

cant when increasing thicknesses up to 100 nm, after which

the gains are much smaller. The effect of the metallization

scheme on the resistance follows the trends in bulk resistivity

of the metallization scheme. However, the mechanical

behavior is affected significantly by the metallization of the

coating. Both the mechanical behavior and the particle

resistance can thus be tuned by changing the metallization

and coating thickness.

The measured resistance is a sum of several contribu-

tions which cannot be decoupled using this method alone;

however, it gives good indications of the relative conductiv-

ity of different MPS, and an upper limit of the resistance of

single MPS, which has not previously been measured at this

level of detail.
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