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Abstract

Our previous work highlighted how microscopic structural effects influence the sheet
and contact resistance of electrically conductive adhesives (ECAs). Herein, we delve
further by investigating how the contact and bulk resistivity of several ECAs that are
based on the same formulation, but with different filler content, are correlated with
the filler content. Additionally, two different filler geometries — high and low surface
area (HSA and LSA) fillers — are combined in different ratios to maintain a similar vis-
cosity and therefore processability. Hence, contact and bulk resistivities are also cor-
related with the different geometry ratios of these two fillers. As expected, it was
found that the contact and bulk resistivities decreased when the filler content was
increased. However, the magnitude of the decrease was found to depend strongly on
the filler geometry ratio. At extreme filler geometry ratios, when the bulk is either
mostly loaded with HSA-fillers or mostly with LSA-fillers, the impact of changes in
the filler content on the bulk and contact resistivities is markedly different. The mea-
sured data is interpreted within the context of percolation theory and it is deter-
mined that the optimum ratio of the LSA and HSA Ag-fillers investigated in this study
is approximately 60:40 (for an epoxy-based adhesive). This work has important rami-
fications for the design of ECAs, where cost considerations and the need to reduce
silver resource usage demand the lowest (silver) filler content, but the demands of

product performance point to higher filler content.
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1 | INTRODUCTION

In one of our previous works, it was determined that even when macro-
scale inhomogeneities in electrically conductive adhesives (ECAs)
(e.g., variations in the thickness) are not present, microscopic structural
effects influence the sheet and contact resistance of the ECAs. In par-
ticular, variations in the distribution of fillers significantly alter the bulk
resistivity of the composites, and this variability is also clearly correlated
with differences in the geometry of the fillers.® Different models have
been developed to explain the conduction mechanisms of ECAs, which
are mainly based either on percolation theory? or effective media the-
ory.? These theories incorporate thermodynamic effects, geometrical
differences, and impact on filler orientation and also use statistical tools.
The gradual development of models over the years has aimed to con-
struct a single theory that accounts for all (or at least most) of the com-
ponents of ECAs that affect their electrical conductivity. However,
there are a large number of parameters such as filler distribution, shape,
size, aspect ratio, and conductivity, as well as the nature of the polymer
matrix, interactions between matrix and filler, wettability, viscosity, sur-
face energy, processing technique, etc. This list is by no means com-
plete and with ongoing research and development in conductive
adhesives, the list continues to grow. A one-size-fits-all theory has not
yet been developed, and it is uncertain whether that is possible at all.

However, it is still possible to further understand the conductive
mechanisms of ECAs using a particular theory or model that correctly
fits the circumstances of the experiment. In this study, the contact
and bulk resistivity of ECAs based on the same formulation, but with
different types of filler, is correlated with the amount of filler. By vary-
ing the ratio of two different filler geometries, the impact on viscosity
and therefore processability due to changing the amount of filler is
minimized. Contact and bulk resistivities are also correlated with the
different filler geometry ratios between both fillers. The difference
between fillers lies in their surface area but their sizes are relatively
similar. As will be shown below, percolation theory can be used to
estimate a correlation between all the important differences between
the conductive adhesives. There is plenty of literature describing con-
duction theories but these are mostly applied only to bulk resistivity,
with the only mention of contact resistance being associated with the
constriction resistance, which is the resistance at the contact between
two fillers. However, to the best of our knowledge, none of these the-
ories has been used to try to understand contact resistivity at an
application level. Furthermore, many of them deal with nanocompo-
sites because the filler geometry of nanotubes, nanowires, carbon
black, etc., tends to be extreme.

This work aims to expand on these unexplored areas by studying
the impact of the increase in filler content and changes in the filler
geometry ratio on the bulk resistivity of an epoxy-based conductive
adhesive as well as on the contact resistivity between the adhesive
and the metallization paste used on silicon solar cells. To conduct this
research, two different filler geometries are used to control the viscos-
ity of the adhesive formulation when the total filler content is varied.
These fillers are not extremely dissimilar nor do they possess extreme
geometries when compared to each other. The fillers are in the
micrometer range; they are not nanoparticles. Moreover, both fillers

are made of silver so the conductivity of the epoxy polymer is practi-
cally negligible in comparison. Considering these conditions and com-
paring the different theoretical models used to describe conduction in
bimodal composites, as given in the following section, it is possible to
determine an optimal filler geometry ratio using percolation theory.

More precisely, this study aims to answer the following questions:

a. how is the contact and bulk resistivity impacted when increasing
the total filler content?

b. what are the effects on the contact and bulk resistivity when the
ratio between two different fillers changes?

c. what is the optimal filler geometry ratio given these two different
filler geometries?

To answer these questions, several samples with different
amounts of filler content and different filler geometry ratios are man-
ufactured and their contact and bulk resistivities are measured.
Results are analyzed straightforwardly by direct comparison with filler
content and filler geometry ratio. Ultimately, the aim of this work is to
be able to produce ECAs with the lowest silver content while also

minimizing the bulk and contact resistivities.

2 | BIMODAL COMPOSITE
CONDUCTIVITY MODELS

Unfilled and uncured epoxy, acrylate, and silicone polymers have a
resistivity in the range of 10*2-10%° @ cm.®> To manufacture ECAs,
polymeric resins are filled with a critical volume fraction (percolation
threshold) of conductive fillers that, after curing, becomes conductive
(1073 - 10~* © cm).® At first, mixture rules and later effective media
theories (EMTs) were used to analyze the data from conductor-
insulator composites. However, since the 1970s, due to the realization
that the percolation threshold in such systems is a critical point of
transition, the main theoretical models have involved percolation the-
ory (PCT) and the concept of scaling. Scaling laws have the form
Qx|® - qbc\t, where Q is the physical property, such as electrical con-
ductivity, t the exponent, @ the volume fraction of the conductive
phase, and @, its critical volume fraction.* The most important distinc-
tion between percolation theory (and scaling laws) and effective
media theory resides in the conditions in which these theories can be
applied or used. PCT is mostly reliable when the ratio of the conduc-
tivities of the two phases is small, i.e., when their conductivities are
very dissimilar; whereas EMT is better applied to cases where phases
have comparable conductivities.* Additionally, EMT works best at
lower values of volume fraction, as one phase, modeled as a sphere or
ellipsoid, is surrounded by a mixture of the two phases that has the
mean or effective value of the medium.? In contrast, PCT, which is
limited in its applicability to the matrix sites occupied by spherical par-
ticles, predicts that the resistivity of the overall composite depends
only on the volumetric concentration of the phases. However, care
must be taken when using PTC, as research on nanocomposites has
already shown that microscopic effects play a major role in the phys-
ics behind the conductivity of bimodal composites.®~8
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According to a review of electrical conductivity models for con-
ductive polymer composites, due to the influence of different parame-
ters, as mentioned above, there are four main classes of conductivity
models: statistical, thermodynamic, geometric, and structure-oriented
models.®®? Different models found in the literature are classified into
these four main categories and shortly described in the list below.

o Statistical percolation models: Most conductivity models found in
the literature are of the statistical percolation type. They typically
predict the conductivity assuming a volume fraction as a base and
then calculating the probability of particle coming into direct contact
within the composites.®® Computer simulations are normally used
to predict the points and bonds that are formed in a cluster and to
determine how many of those clusters percolate across the whole
adhesive bond width. Although these types of models are not
completely accurate due to the absence of microscopic effects, they
have become the basis for many later conductivity models.®® Partic-
ularly important is the general effective medium theory developed
by MclLachlan, which combines percolation and effective medium
theories to overcome several limitations of each theory.2%1!

e Thermodynamic models: These are considered to be thermody-
namic models because they consider factors such as filler and poly-
mer surface energies and polymer melt viscosity, among others. A

I*2 showed that percolation

model developed by Mamunya et a
behavior was dependent on the polymer filler interaction, in addition
to the size and amount of the filler material. Although this model
was found to be the one that better agreed with experimental data,
it was also found to be limited by the surface energy input values,
where high values cause a breakdown in the system equations.®

e Geometrical percolation models: These were initially intended to
predict the conductivity of sintered mixtures of conducting and
insulating powders. A well-known model proposed by Malliaris
and Turner®® uses the diameters of particles, the probability for the
occurrence of long bands of particles, and the arrangement of
the conductive particles on the surface of the insulating particles.
However, the model did not accurately predict percolating volume
fractions when compared to experimental data.®

e Structure-oriented percolation models: These are based on the
physical construction of the final composite, which depends on
filler morphology and adhesive processing techniques. The Nielsen
model related the conductivity of a composite to the aspect ratio
and the coordination of the filler, but Bigg found it to be ineffective
in predicting the electrical conductivity.>*!> Additionally, Weber

1*¢ proposed two models considering filler concentration,

and Kama
dimensions, aspect ratio, and orientation. However, even if some
of these models can accurately predict conductivity, they do not
account for surface energy interactions, which are shown to be

very important.®

The PCT vyields phenomenological equations that cannot be
derived by first principles. Although the theory was developed in the
context of regular lattices, it can also be used to explain continuum

systems, such as ECAs, i.e., systems with irregular particle

arrangements with an average size in the micrometer range. As shown
in Figure 1, PCT considers a lattice that is built up of empty sites
(white circles) that are filled (black circles) with a random probability
&, where bonds (lines) are formed between direct neighboring sites.
Finite isolated clusters start forming up to a critical volume fraction,
@, where a percolating cluster is able to conduct current between
two opposite electrodes. For @ < @, the composite acts as an insula-
tor, while at @ ~ @, there is an insulator-conductor transition and a
finite conduction is established. Above @, the effective conductivity
of the composite (g,,,) is found to increase as o,, = (® - @)}, where t,
called the universal exponent, is usually in the range of 1.65-2.0 for
three-dimensional systems.*!

Calculating the conductivity caused by continuous percolation
clusters above and around &, requires a knowledge of the internal
structure of large clusters. Non-percolating (or finite) clusters do not
contribute to the overall conduction while dangling bonds only con-
tribute to the percolation cluster density but not to its conductivity.
Hence, in reality, the conductivity is neither proportional to @ nor to
@.° When all dangling bonds are removed, only the backbone is left
for conduction. The removal of any single bond from the backbone
will break the interconnection path across the electrodes, while the
removal of one multi-bond will still allow the flow of the current
through another parallel path. In reality, the current flows through a
fraction of the sample which is significantly less than @.. In practice,
only volume fractions greater than 25-35% of Ag flakes are of real
interest in commercial epoxy-based ECAs.

The percolation equations for the conductivity of a bimodal com-
posite (i.e., with a highly conductive phase and a poorly conductive

phase) such as an ECA are given in three distinct regimes®*:

on(p—de)' whereg > ¢, Conductive regime
om=1 o(p—¢.)° wherep <, Insulating regime
1-u

of'op, where | ¢ — ¢, |=6 Critical region

where o,, is the conductivity of the composite, @ and o}, are the vol-

ume fraction and the conductivity of the highly conductive phase; g, is

..I @) e} @)
o) @@ €O— 11

o
o H

o e
o I_‘ o I
o o O

FIGURE 1 Example of clusters and types of interconnections for
PCT, where | denotes small (finite) clusters and Il denotes percolation
(infinite) clusters. Thick continuous lines represent “single-bonds”
while thick dashed lines are “multi-bonds”. Thin continuous lines
denote “dangling-bonds”.
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the conductivity of the poorly conductive phase; @, is the percolation
threshold; and u = t/(t + s), where s and t are exponents, which were
believed to depend on whether the system was two dimensional (such
as a film or an anisotropic adhesive) or three dimensional (such as the
bulk of an isotropic adhesive). The width of the critical region 6 in DC
(or very low frequency) is given by & = (o/0,)*® * 9. In the conductive
region, many conductive paths exist across the sample and if o, > > g,
then the insulating phase has no effect on first order. When a,,/0; is
not zero, it is necessary to consider this critical region, near @., where
the system moves from the insulating to the conductive regime as @
increases. However, the expression for o,, is constant in the critical
region, which is not the case in practice. According to measurements
of the percolation threshold, the data may be fitted with what is called

the normalized percolation equations®:
t
oh- <i) — ;/;C> where ¢ > ¢,
R
—s
o (¢C¢ ¢) where ¢ < ¢,

(4

m=

Until the 1990s it was believed that the exponents s and t only
depended on the dimension of the problem and the most widely
accepted universal values for three-dimensional problems were
s~ 0.76-0.89 and t~ 1.7-2.0>*"* However, since then, non-
universal exponents have been observed and predicted.>*1:20-23
Experimental data show that a proper model for the conductivity of
composites using conducting fillers that possess extreme geometries,
such as nanotubes, nanowires, and graphite, among others, can only
be achieved with non-universal exponents.*? It is hypothesized that
non-universal values are probably due to extensive quantum mechani-
cal tunneling and that the universal exponent indicates classical (non-
tunneling) systems that have fairly uniform structures.? Moreover,
PCT assumes only metallic conduction between particles in direct
contact and does not consider the finite resistance of tunneling con-
duction across the insulating gaps or constriction resistance caused by
the small contact area between the particles.” It is argued that tunnel-
ing must be accounted for in non-universal values of t and 5.242° As
filler geometry plays an important role in the conduction behavior of
ECAs, two fillers with different geometries are used to explore their

impact on bulk and contact resistivity.

Group Filler geometry ratio Filler content (wt%)
GOO/Ref Very high SA 60
GO1 High SA 60
G02 65
G03 70
G04 Medium SA 70
GO05 74
G06 78
G07 Low SA 78
G08 81
GO09 84

It is important to consider that constriction and tunneling resis-
tances depend on microscopic effects and that depending on the filler
geometries, one or the other resistance can dominate the conductive
behavior of the paste. Microscopic effects include filler size, distribu-
tion and orientation; and even pressure between fillers; decomposi-
tion of organic insulating coating at high temperatures; broken
contacts; changes in the interconnection due to coefficient of thermal
expansion (CTE) mismatch during temperature changes, etc.>” The
contacting spot area between flakes is affected by the presence of
insulating coatings on the flakes, thus, only a fraction of the contact-
ing spot acts as a metallic contact while another fraction acts as a
quasi-metallic contact.® Such insulating coatings prompting tunneling
effects can be composed of residual organic and tarnish films, or thin
epoxy layers.” Quasi-metallic contacts are only penetrable by elec-
trons by means of tunneling, for which the potential barrier is propor-
tional to the work function of the conductive filler and of the thin
film, where the film can be the insulating material or coating or any
residual film). Pressure applied during curing of the adhesive or
generated in later thermal cycles enlarges the metallic contact area by
elastic and plastic deformation producing fresh metallic contacts and
thus decreasing the resistivity of the adhesive.” Moreover, percolation
clusters already exist in the matrix before the cure process takes place
and the sudden conduction development is mainly caused by the
residual stress and epoxy cure shrinkage contributing to one or more
linkages in the percolating backbone paths.® This theory has been
found to work when composites are made with phases of dissimilar

conductivities using fillers without extreme geometries.

3 | EXPERIMENTAL DESIGN

3.1 | Conductive adhesives under investigation

Ten different conductive adhesives were prepared with the same
chemical composition using an epoxy polymer filled with silver parti-
cles. The filler content was increased in each subsequent group from
60 wt% up to 84 wt% (see Table 1). However, the enlarged number of

fillers within the adhesive inherently increases the viscosity of the

paste, which eventually reaches a threshold value at which it cannot

TABLE 1 ECA filler content in wt%
and calculated in vol% for the 10 groups
studied. The groups are distributed in
13.5 four different ratios of high and low
161 surface area particles.

Filler content (vol%)

135

19.6
19.6
229
27.0
27.0
30.8
354
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be processed in the application. To maintain processability, the thixot-
ropy was controlled using two different filler geometries combined in
varying ratios. One filler has a high surface area (HSA) to volume ratio,
with an average particle size of 5 um and average thickness of
0.5 um; the other filler has a low surface area (LSA) to volume ratio,
with an average particle size of 6 um and average thickness of 2 um
(see Figure 2). This means that in a unit of volume packed with HSA-
fillers, there is a higher total amount of surface-to-polymer interaction
when compared with the same unit of volume packed with LSA-fillers.
Hence, low (high) surface area (to volume ratio) filler promotes lower
(higher) viscosities.

As shown in Table 1, four different filler geometry ratios were
used in this experiment. These ratios are specified in Table 2. The
group GOO uses a very high SA ratio that contains 100% of the HSA-
filler and is considered to be the reference group. Groups GO1 - GO3
use a conductive adhesive with high SA ratio (35:65), groups G04 -
GO06 with medium SA ratio (69:31), and groups GO7 - GO9 with low SA
ratio (94:6). Hence, the total filler content is gradually increased while
the filler geometry ratio is maintained constant. Once a threshold in
the viscosity is reached, the bulk of the adhesive is disrupted by
increasing the percentage of LSA-fillers and reducing the percentage
of HSA-fillers in the mixture. Once again, the total filler content is fur-
ther increased at a constant filler geometry ratio up to a second
threshold and then more LSA-fillers are added while HSA-fillers are
reduced. Groups G00/G01, GO3/G04, and G06/GO7 act as further

Fh-CSP 3.0kV 9.9mm x5.00k SE(M)

FIGURE 2 Geometry comparison between HSA-filler (orange)
and LSA-filler (blue).

TABLE 2
Filler geometry ratio HSA content (%)
Very high SA 100
High SA 65
Medium SA 31
Low SA 6

controls to investigate the effect of the change of the filler geometry
ratio at a constant filler content.

Very high SA, high SA, medium SA, and low SA are qualitative filler
geometry ratios that indicate a range from high to low amounts of
HSA-fillers within the different adhesives under study. These qualita-
tive ratios help the reader to easily follow the author's thinking process
to understand the results and discussions presented in this work. How-
ever, a quantitative representation of these ratios is necessary for plot-
ting important relationships among the bulk and contact resistivity and
amount of filler content. Hence, the same ratios are represented by
r quantitatively, where r is defined as the percentage of LSA-fillers over
the percentage of HSA-fillers. Therefore, the lowest value of r is O in
the absence of LSA-fillers (very high SA) and its highest value is 15.67

when the percentage LSA-fillers is maximized (low SA).

3.2 | Test structures and sample characterization
3.2.1 | Viscosity and thixotropy of conductive
adhesive

During dispensing, adhesives require low-viscosity behavior in order
to flow and create the desired dispensing pattern onto a particular
surface. Hence, directly after dispensing, adhesives must retain such a
pattern. For that, the paste must display or go back to a high-viscosity
behavior so slumping is avoided. By using rheology modifiers and in
the absence of shear forces, ECAs form a 3D network structure, due
to strong interparticle attractive forces. This network causes a large
increase in the viscosity at rest. When applying shear forces,
i.e., when the adhesive is dispensed, this network is broken down
resulting in dispersed aggregates. As the network breaks down, the
viscosity decreases dramatically in what is termed shear thinning. Once
the shear forces are removed, i.e., when the pattern is placed over a
surface, at rest, aggregates can re-form the 3D network.

Although shear thinning is a very important part of the dispensing
performance for ECAs, most (if not all) technical data sheet for ECAs
indicates what is known as the thixotropic index or thixotropy. This
index is defined as the viscosity at a certain shear rate over the viscos-
ity at a shear rate that is 10 times larger. This means that the thixot-
ropy is measured over a relatively limited shear rate range. As this
range is so limited, this index cannot really measure thixotropy. The
thixotropic index is really a measure of the shear thinning index since
the former relates to how fast the viscosity is changing in the

Percentage (") of HSA and LSA filler for the four filler geometry ratios used in this study.

LSA content (%) r

0 0
35 0.54
69 2.23
94 15.67

As both types of filler are made of silver, they have the same density. Therefore, the content of LSA-fillers and HSA-fillers can be determined in either
wt% or vol%. No matter which one is used (wt% or vol%) the percentage and the ratio will remain the same.
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dispensing region. If the adhesive were Newtonian, its thixotropic
index would be near 1 and the dispensed adhesive could be easily
pulled by capillary forces and surface tension. However, if the dis-
pensed adhesive had a yield point greater than the capillary forces, its
thixotropic index would be greater than 1 and it may not flow over the
surface. For many commercially available ECAs, the thixotropic index
ranges from 3 to 6, which allows the adhesive to not slump or sag
after dispensing.

Joshi et al rheological behavior during a transient of a wide range
of materials presented an assessment of various criteria proposed in
the literature for commonly known non-thixotropic viscoelastic mate-
rials -polymeric liquids.?® They indicated that the proposed criteria in
the literature do not successfully distinguish thixotropic behavior and
intrinsic viscoelastic behavior (including non-linear viscoelasticity such
as shear thinning). Hence, up to this day, there is no universal agree-
ment on a clear demarcation between both behaviors. Therefore, this
work uses the thixotropic index because it is used by manufacturers
of ECAs in their data sheets. However, this index is indeed referring
to shear thinning behavior and must not be confused with the thixo-
tropic behavior investigated in rheological tests such as the
hysteresis-loop test and/or steady shear rate test and similar tests
applied to understand rheological changes of ECAs, such as the results
presented by Durairaj, Ekere, and Salam in Ref.?’

In this work, the viscosity of each conductive adhesive was mea-
sured using a Brookfield DVNext rheometer at 0.5 rpm (1.9 s~%) and
5.0 rpm (19 s %). The test was performed at a temperature of 25°C
using a cone plate gap of 5-10™*in. (12.7 um). The thixotropy was cal-

culated as the viscosity at 0.5 rpm over the viscosity at 5.0 rpm.

3.2.2 | Microstructure of conductive adhesive
The determination of the ECA microstructure is required to reveal the
existing ECA composition (volume and interface) and exclude poten-

tial impacts of interface delamination, cavities, or filler segregation. A

flat interface between ECA and silicon was realized on flat samples
designated for the microstructure analysis. On polished 12.4 cm float-
zone (Fz) silicon wafers, continuous ECA lines were jet-dispensed and
afterward covered with a thin microscope cover glass. The curing of
the adhesive was performed in a membrane-type industrial photovol-
taic module laminator at 180°C over 10 min while applying a mem-
brane pressure of 1.0 bar with the module chamber at O bar, relative
to the atmosphere. Afterward, the samples were left to cool to room
temperature.

From each test sample, a cm-long segment from the ECA line cen-
ter was gently separated after laser cutting to avoid preparation arti-
facts at the silicon-ECA interface. Afterward, each segment was fixed
by embedding in a resin. Mechanical grinding and polishing were used
to expose the cross-section. The cross-section was centered and
aligned parallel along the ECA line. To avoid the charging of insulating
materials in scanning electron microscopy (SEM), the samples were
coated with conductive carbon. SEM was performed on an FE-SEM
HITACHI SU-70 at 3 keV acceleration voltage and different magnifica-
tions. On each cross-section, two areas separated by a distance of
8 mm were investigated (see Figure 3). The positions represent equiv-
alents to the distance between most inner contacts in the contact

resistivity test structure (see section 3.2.4).

3.2.3 | Volume resistivity of conductive adhesive

Dedicated test structures (see Figure 4) were manufactured to deter-
mine the volume resistivity of the bulk for each adhesive. Each adhe-
sive composition was dispensed on a glass slide filling a rectangular
cavity with a nominal width and length of 0.25 in. (W = 0.64 cm) and
3 in. (L =7.62 cm), respectively. The cavity was filled with enough
adhesive and the residual material was scraped off. Afterward, three
samples per group were cured at 150°C over 1 h on a forced hot air
oven and were left to cool to room temperature. Several 4-point mea-

surements were performed on top of the sample at a distance of 2 in.

|:| FZ. silicon (physical support)
|:| Dispensed ECA

E’ Glass substrate (support)

FIGURE 3 Schematic of the flat cross-section
sample design for ECA microstructure analysis
that represents two contact positions of the
contact resistivity test structure. Not to scale.

Contacting probes [or
resislance measurements

| WI ec 1 30

| D Glass substrate (support)

D Dispensed ECA

FIGURE 4 Dedicated test structure to
determine the bulk resistivity of a conductive
adhesive. Four-point measurement scheme is
shown by the four yellow probes.
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(I=5.08 cm) using a Keithley 2,750 digital multimeter (see yellow
probes in Figure 4). The height of the adhesive was calculated as the
average height measured by a drop gauge, where the resistance read-
ings were made including an extra measurement at the middle of the
device. The actual width of the adhesive was measured using a caliper
at the same positions that the height was measured and an average
was determined. The bulk resistivity, p, was subsequently determined
using Equation (1):

1 S RWit;
Pzgz—’ (1)

where the index i corresponds to the i sample; R (in Q) is the total
measured resistance for an adhesive bulk with a length of I (in cm);
and W and t (in cm) are the average width and the height/thickness of
the adhesive. According to measurements, the average height of the

adhesive (in Figure 4) for all samples is 30 um.

324 |
interface

Contact resistivity of metallization-adhesive

As determined in previous work,2® the test structure used to deter-
mine the contact resistivity of ECA-based bonds is shown in Figure 5.
Crystalline Czochralski (Cz) n-type wafers were etched around 5 um
per side with NaOH to remove the saw damage and afterwards
cleaned (HCI/HF) using a wet-bench. A SiN, layer was deposited using
a PECVD furnace. The metallization was done via screen printing
using a non-fire-through paste. The paste was dried in a belt furnace
and sintered in a fast-firing belt furnace at around 800°C. As the paste
is non-fire-through and the passivation layer is not opened, the silicon
bulk is not in direct contact with the metallization (fingers). Therefore,
the wafer (including all layers) is only meant for physical support for
the metallization. The nominal finger width, L, is 150 um and corre-
sponds to the screen opening for the fingers. The distance between
consecutive fingers (center to center), A, is fixed and equal to 6, 8,
and 10 mm from left to right and W is the width of the ECA line.

The adhesive was automatically jet-dispensed by a robot, where
dispensing parameters (e.g., temperature, speed, pressure, and open-

ing/closing times of the tappet, etc.) were experimentally determined

FIGURE 5 Schematic of the test structure

[ ]

EVSSSERRINE 1.

for each adhesive. After dispensing the adhesive, a thin microscope
cover glass (0.15-0.16 mm) was placed on top of the whole ECA line
without applying any pressure. The curing of the adhesive was per-
formed in a membrane-type industrial photovoltaic module laminator
at 180°C over 10 min applying a membrane pressure of 1.0 bar with
the module chamber at O bar relative to atmosphere. Afterward, the
samples were left to cool to room temperature.

As samples are manufactured by dispensing a line perpendicular
to the metal fingers (see Figure 5) and the filler content within the
adhesive of different groups is increased, samples from different
groups are comparable only if they possess the same volume of
adhesive. Hence, samples from group GOO are manufactured first by
tunning the speed, pressure, temperature, and opening and closing
valve times during dispensing to achieve a homogeneous straight line.
Afterwards, the amount of ECA to be dispensed on samples from
groups GO1 - GO9 is determined according to the density of each
paste. As shown in Table 3, the density of the reference adhesive is
2.37 g cc L, thus, a 48 mm dispensed line with an average weight of
243 mg means a targeted volume per millimeter of adhesive
of 2.14-107° cc mm™? for GO1 - GO09. As all samples are manufac-
tured with a 48 mm ECA line, the targeted weight for each group is
determined as:

maxx = V600 - Poxx 2)

where mgxy is the targeted weight of ECA for samples of group GXX,
Poxx is the density of the ECA for samples of group GXX and Voo is
the average volume of the whole ECA line for samples of group GOO.
Pcxx is calculated using the reported density values of each raw mate-
rial. The third column in Table 3 shows the targeted weight of ECA
(in mg) for each group while the last column shows the actual average
weight (in mg) measured after dispensing the adhesive during the
manufacture of the samples.

To determine the contact resistivity for each single sample, a vali-
dated method based on the end-contact TLM model was used, where
TLM stands for transmission line method (or transfer length
method).?8 Figure 6 shows a general equivalent electrical circuit of
the test structure shown in Figure 5, which considers three arbitrary
contacts (i, j, and k). R\, and R',, (Q) refers to part of the total resis-
tance of the finger; R¢ (Q) is the front-contact resistance; R, (Q) is the

|:| Microscope cover glass
Wafcr (physical support)

|:| Metal fingers

- Jet-dispensed ECA

|
L

used to determine contact resistivity.
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Group Density (g cc %) Targeted ECA weight (mg)
GO0 (Ref) 2.37 -
Go1 2.37 2.43
G02 2.61 2.68
GO03 2.93 3.01
G04 2.93 3.01
GO05 3.24 3.33
GO06 3.63 3.73
GO7 3.63 3.73
GO08 3.99 4.10
GO09 442 4.55

@

end-contact resistance; d (mm) is the distance from edge to edge
between fingers; R, (2 mm™?) is the sheet resistance of the ECA per
unit width; I" and I” (mm) are lengths of fingers and W (mm) is the
width of the ECA line. The yellow circles represent the pins of
the measuring equipment. The distance between the pins contacting
the same finger is 5 mm.

To determine the contact resistivity of a sample, p. (Q m?), the
contact resistivity of the two inner contacts, p;, is first determined.
The average between both of them corresponds to the contact resis-
tivity at the sample level. p; is calculated using the end-contact TLM
model. The set of equations required to determine all necessary
parameters are presented by Equation (3)-(10)%2:

Rei = Rsi 'Lt; ~sinh (l%) (3)
j
pq::R$~VW-L§ (4)
1 N-1
Pe :mzjzz Pq 5)

where L; and W; are determined as:

Measured ECA weight (mg)

243
2.53
2.63
2.96
298
342
3.68
3.73
4.00
5.05

TABLE 3 Calculated density for each
ECA group and their respective targeted
and measured weight of ECA for a

48 mm adhesive line.

Contacting probes for
resistance measurements

. Wafer (physical support)

D Metal fingers
. Jet-dispensed ECA

FIGURE 6 General equivalent circuit of the
test structure used to determine the contact
resistivity of ECA-based bonds.

Li+L+L,

=g (6)
W+ W,

W= UTW (7)

while R.j and R are determined as:

Re =2 —r;-I! (9)

where m; is the slope of the fitting for the resistance-distance curve
using contacts i, j, and k and r; is the line resistance for the jth finger

determined as:

p Vi _Rn
T

(10)

For more details on how to use Equation (3)-(10) and the mea-

surements involved in the procedure, please refer to Ref.?®
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Electrical measurements were executed in a single contacting
event using three rows of four (12 in total) flat-headed pins with a
contacting diameter of 1.5 mm. During any measurement, a DC cur-
rent (I) was injected while a DC voltage (V) was measured using a
Keithley 2602A source meter. A multiplexer with 72 channels was
used to control the function of each probe, i.e., high source, high
sense, low source, and low sense, in a 4-point measurement. To prove
that the measurement was done in an ohmic operating range, a cur-
rent sweep was performed (0.01-0.05 A) and the linearity of the
current-voltage characteristic was checked via the Pearson coefficient.
To increase accuracy, the current was first injected in one direction
followed by a second measurement in which the current flowed in the
opposite direction. The average between both measurements was
used for further calculations.

Optical measurements were taken with a Micro-Vu light micro-
scope so as to accurately determine the physical contact area, which
is defined by the effective area of metallic surface wetted by ECA.
More precisely, the width of the finger (contact length) and the width
of the ECA dispensed over the finger (contact width).

4 | EFFECTS OF INCREASING FILLER
LOADING/CONTENT

4.1 | Viscosity and thixotropy of ECAs

Figure 7 shows the measured viscosity at 0.5 rpm (o) and 5.0 rpm (+)
and includes the results of the calculated thixotropy (@) for all groups,
where each color represents a different filler gecometry ratio according
to Table 2. The reference group has a viscosity of 48,050 mPas at
0.5 rpm and of 9,610 mPa s at 5.0 rpm, leading to a thixotropy of
5.00. When the total filler content is increased, the thixotropy tends

to slowly increase and then rapidly decrease. To avoid further

6.0- = Very high SA
== High SA
2 1w Medium SA
g 5.5-| wmm Low SA
o O at0.5rpm
= + at5.0 rpm
&= 5.0+
4.5
@ 8ot
<
=9
E e+
2 o
Z de+d
2 !
= e “FW:’____’/;
Oe+0 T Y T T v T ‘ T
15% 20% 25% 30% 35%

Silver filler content (vol%)

FIGURE 7 Measured viscosity (in mPa s) at 0.5 rpm and at
5.0 rpm and calculated thixotropy for increasing total silver filler
content (in vol%).

decrease of the index, the filler geometry ratio changes to medium SA
and the thixotropy increases again. The same happens when changing
to a low SA filler geometry ratio, however, the thixotropy decreases
even faster for formulations with a higher content of LSA-fillers. Nev-
ertheless, the thixotropy slightly varied from the targeted value of
5.00, displaying a minimum value of 4.56 up to a maximum value of
5.86 with an average of 5.11. This allowed the manufacture of sam-
ples from all groups without having any processing issues and the tar-
geted amount of paste for each group was easily achieved (see
Table 3).

It is interesting to highlight that changing the filler geometry ratio
at a constant filler content has an important impact in the perfor-
mance of the adhesive. Figure 7 shows that at a constant filler content
(i.e., at 19 vol% and 27 vol%) the viscosity always decreases when the
bulk of the adhesive is disrupted with more LSA-fillers (blue to red
and red to green transitions). At the same time, the thixotropy always
increases with more LSA-fillers, because the decrease in viscosity is
more severe at higher speeds (5.0 rpm). As it will be shown in the next
sections of this study, the effects of different filler geometry ratios
not only impact the physical parameters of the adhesives but also

their electrical performance.

4.2 | Volume resistivity of ECAs

Figure 8 shows the bulk resistivity when the filler content is increased,
where the lines are only meant as a guide for the eyes and do not
have any physical meaning nor represent any fit. According to the
log-plot, the bulk resistivity decreases with the increase in the filler
content, as expected. Depending on the filler geometry ratio, the
impact on the reduction of the bulk resistivity is different (see fourth
column in Table 4). When the bulk contains a larger amount of HSA-
fillers (blue line), the initial increase in filler content (5.0 wt%, approx.

3 vol%) reduces the volume resistivity by 70% relative to its initial

1.0e-3 :
8.0e-4- == Very high SA
gg;_j === High SA
5.00-4 === Medium SA
4.0¢-4- mem Low SA

3.0c-4

2.0c-4-

Bulk resistivity (Q cm)
=
e
A

T T T ¥ T ¥ T
15% 20% 25% 30% 35%
Silver filler content (vol%)

FIGURE 8 Measured volume (or bulk) resistivity (in Q cm) for
increasing total silver filler content (in vol%).
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Group Filler geometry ratio Bulk resistivity (Q cm) |A% el TABLE 4_ . Relatlve |nc.rease/d.ecrease
. of bulk resistivity depending on filler

GO0 Very high SA 1.92:10 - Initial value content (column 4) and on filler geometry

GO01 High SA 5.14.10~* Initial value 167 ratio (column 5).

G02 1.54.10* 70 --

GO03 1.01-107% 34 Initial value

G04 Medium SA 5.20-10~% Initial value 44

G05 1.65-10°* 68 --

G06 5.93.107° 64 Initial value

GO7 Low SA 1.17-10~% Initial value 97

G08 7.68107> 34 --

G09 286107 63 --

value (5.14-10~* Q cm). A further increment of 5.0 wt% in filler con-
tent has less effect, reducing the bulk resistivity by only 34%,.. The
opposite occurs when the bulk is mostly filled with LSA-fillers (green
line). In this case, the initial increment in filler content (3.0 wt%) has a
lower impact with a reduction of 34% relative to its initial value
(1.17-10~% Q cm). A further increment of 3.0 wt% reduces the volume
resistivity in 63%,¢. Following the same logical reasoning, a bulk that
contains a similar amount of HSA and LSA fillers (red line) displays a
balanced behavior when the filler content is increased - when the
filler content is increased twice (4.0 wt% each time), the reduction in
the bulk resistivity is 68% and 64% relative to its previous value.

The increase of LSA-fillers while reducing HSA-fillers at constant
filler content has an opposite effect on the bulk resistivity. Each time
that the filler geometry ratio is reduced (i.e., the relative proportion of
LSA-filler is increased) while the total filler content is maintained, the
bulk resistivity increases. Thus, the conductive LSA-fillers interrupt
the better organized conductive matrix that the HSA-fillers can
achieve by itself. For this situation it is rather difficult to isolate the
source of a larger/smaller impact, as the first change in filler geometry
ratio (very high SA — high SA) is done at 60 wt% while the second
change (high SA — medium SA) is done at 70 wt%. Thus, there is a
contribution due to the filler content at which the change in the filler
geometry ratio was done. For example, the bulk resistivity decreases
167% when changing from group GOO to group GO1, relative to group
GOO0. In this case, the HSA-filler decreases 35% (100% — 65%), simi-
larly, the HSA-filler decreases 34% (65% — 31%) when changing from
group GO3 to group GO4. However, although this change is very simi-
lar (just 1% difference), the relative increase in the bulk resistivity is
very different. In the second case the increase is 44%,.; which may be
different due to (a) the different total filler content at the point at
which the filler geometry ratio is changed; (b) the initial value of the
filler geometry ratio before it was reduced; (c) a synergy between both
(a) and (b).

According to the percolation theory, the bulk resistivity (c~2) and
the total filler content, ¢, within the adhesive are related through the
so-called percolation threshold, @, with a power exponent known as
the universal exponent, t. The normalized power exponent relationship

is shown in Equation (11), where 0 vol% and 100 vol% are O and 1.?

t
c=o0pg- <(f:7zc> (11)
C

The value of t was believed to be universal and ranged between
1.6 and 2.0 for three-dimensional systems such as isotropic conduc-
tive adhesives.! Although this value is indeed mostly found in the
universal range, it is sometimes found to be somewhat below or
above this range when filler particles have extreme geometries. For
instance, Carmona et al.?’ have obtained a value of t of 1.95 for car-
bon particles and a value as high as 3.1 for graphite particles in poly-
mers. Deprez and McLachlan®® obtained values of t in the range of
1.5-2.8 for a series of graphite (flaky) particles undergoing compac-
tion. The percolation threshold is also known to be dependent on par-
ticle shape, the ratio of the filler and the matrix particle sizes, and
interactions between the particles and the curing conditions for the
adhesive.!? Therefore, to a good approximation it is possible to corre-
late the resistivity of the adhesive and the silver content for each filler

geometry ratio as:

wherey = o»(oAg)*1 = pAg-(p)*1 and x = .
It is important to acknowledge that it is possible to use the perco-

lation theory due to the following main reasons:

e The two fillers used for the different adhesive compositions are
not extremely dissimilar nor possess extreme geometries when
compared to each other.

e Both fillers are in the micrometer range; they are not
nanoparticles.

e As both fillers are made of silver, the conductivity of the epoxy
polymer is practically negligible in comparison.

e The total filler content range (60-84 wt%) that is investigated in
this work is always above the percolation threshold. Therefore, the
most suitable percolation theory equation is the one using the

t exponent.
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By fixing the exponent t to a particular value, @, can be deter-
mined by replacing the measured bulk resistivity shown in Table 4
with the respective filler content shown in Table 1 (column using vol
%). The bulk resistivity of the silver particles, pag, was assumed to be
equal to 1.55-107° (Q cm).* The percolation threshold for each filler
geometry ratio was determined as the average of the three results
obtained using Equation (12) while maintaining the filler geometry
ratio constant.

The graph shown in Figure 9 displays the average percolation
threshold obtained for each filler geometry ratio when assuming dif-
ferent values of the exponent t plotted over the inverse of the filler
geometry ratio (r~1). As it can be seen, a second-grade polynomial fit
better represents the data points than a linear fit. However, three
points for a polynomial fit are too few to extrapolate this relationship
to other filler geometry ratios. Therefore, the following analysis is only
valid for the present dataset. As shown by the plot, the percolation
threshold decreases with the inverse of the filler geometry ratio up to
a certain point and then starts increasing. Hence, it is possible to find
an optimum value of r that minimizes the percolation threshold.
Assuming a polynomial fit f(x) = ax? + bx + ¢ and forcing its derivative
to be zero (0 = df(x)/dx = 2ax” + b), the optimum value of r’ (1/x*)
and its corresponding percolation threshold ¢, (f(1/x*) are deter-
mined and plotted in orange. The exact values are shown in Table 5.

The optimum percolation threshold tends to decrease (1/r
increases) for increasing values of the exponent t while simultaneously
the adhesive requires more LSA-fillers to achieve this lower threshold.
According to the data, the optimum percentage between HSA-fillers
and LSA-fillers ranges between 38.66%-39.89% (HSA) and 60.11%-
61.34%. By minimizing the percolation threshold, manufacturers are
able to attain a certain electrical performance for an adhesive by using
the minimum number of fillers required to achieve such capabilities.
Thus, reducing the overall cost of manufacture without compromising

performance.

43 |
interface

Contact resistivity of metallization-adhesive

It must be considered that for each composition at least 25 samples
per group were manufactured to measure the contact resistivity.
However, only the ones displaying a thin, straight, and homogeneous
line were selected for electrical measurements. The number of sam-
ples per group varies from 8 up to 24, where the groups using an
adhesive that is most viscous (higher filler content) tend to have a
greater number of samples. The reason is simple: adhesives that are
more viscous tend to spread less when external pressure is applied.
Thus, the dispensed ECA line tends to be more consistent and homo-
geneous throughout its whole length.

As shown in Figure 10, the behavior of the contact resistance
when increasing the total filler content and changing the filler geome-

try ratio is very similar to that of the bulk resistivity (compared with

*Volume resistivity of 100% pure silver according to MatWeb Material Property Data.

WILEY-

Y (1.6) = 0.2541 - 0.1926*X + 0.06388*X?
Y (1.7) = 0.2421 - 0.1855%*X + 0.06085*X?
Y (1.8) =0.2296 - 0.1785*X + 0.05788*X>
Y (1.9) = 0.2166 - 0.1718*X + 0.05500*X?
Y (2.0)=0.2031 - 0.1651*X + 0.05209*X?
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FIGURE 9 Second-grade polynomial fit between average
percolation threshold, ¢, and the inverse of filler geometry ratio for
different values of t. The minimum value of each fit, (pc‘, is shown in
orange with an arrow pointing to its trend.

TABLE 5 Optimum filler geometry ratio r that minimizes the
percolation threshold, ¢, for different values of t.

t r o Optimum HSA (%)  Optimum LSA (%)
1.60 0.6636 0.1090 39.89 60.11
170 0.6566 0.1008 39.64 60.36
180 0.6484 0.0919 39.33 60.67
190 0.6395 0.0823 39.01 60.99
200 0.6303 00722 38.66 61.34
1.6 L Very high SA

W High SA
B Medium SA
1 Low SA

Contact resistivity (m€2 cm?)

T T i T T T
15% 20% 25% 30% 35%
Silver filler content (vol%)

FIGURE 10 Measured contact resistivity (in mQ cm?) for
increasing total silver filler content.

Figure 8). However, the scale of the impact of the changes is not the
same. As discussed in Section 4.2, the changes done to the adhesive

induced up to an order of magnitude change in the bulk resistivity. In

85U0|7 SUOWIWOD 8A8.D 8|eoldde ay) Aq peusenob afe ssjole YO 8sn JO Se|nJ 104 A%iqi8UlUQ AB|IAA UO (SUORIPUOD-PUR-SWRILI0D A8 |IM Ak euluo//Sdny) SUORIPUOD pue swe 1 8yl 88s *[202/90/52] uo Ariqiauliuo A8|im ‘28.€ d1d/Z00T 0T/I0p/W00" 8| 1M Afelq Ul UO//SANY WOy papeo|umod ‘0 ‘X6STE60T


https://matweb.com/search/DataSheet.aspx?MatGUID=63cbd043a31f4f739ddb7632c1443d33

PROGRESS IN

DEVOTO ACEVEDO ET AL.

2 lwiLey-B

contrast, the contact resistivity stays in the same order of magnitude

no matter the changes. Table 6 shows the statistical metrics that are
graphically displayed in Figure 10 and the calculated relative increase/
decrease (in %) in the contact resistivity depending on what was chan-
ged (see columns 7 and 8 in Table 6).

According to Table 6 and Figure 10, the contact resistivity
decreases with the increase in the filler content as expected. Depend-
ing on the filler geometry ratio, the impact in the reduction is different
(see column 7). When the bulk contains a small amount of LSA-fillers
(blue line) the initial increase in filler content (5.0 wt%, approx. 3 vol%)
reduces the contact resistivity by 32% relative to its initial value
(0.8642 mQ cm?). A further increment of 5.0 wt% has a smaller effect
reducing the contact resistivity by only 28%,.. The opposite occurs
when the bulk is mostly filled with LSA-fillers (green line). In this case,
the initial increment in filler content (3.0 wt%) has a lower impact with
a reduction of 14% relative to its initial value (0.7653 mQ cm?),
whereas a further increment of 3.0 wt% reduces the contact resistiv-
ity by 49%,e. Similar to the previous case, for the medium surface
area ratio (red line) an initial filler content increase of 4.0 wt% reduces
the contact resistivity slightly less (32%,)) than the second increment
of 4.0 wt% (34%e)).

According to Figure 10, there is a clear indication that for a cer-
tain filler content, there is a filler geometry ratio that minimizes the
contact resistivity. More precisely, for a filler content of 19.6 vol%, a
high SA filler geometry ratio is more beneficial (lower resistivity) than
the medium SA, while for 27 vol%, a medium SA filler geometry ratio is
more beneficial than the low SA. At 19.6 vol% the contact resistivity
is 2.24 times larger at medium SA than at high SA filler geometry ratio.
At 27 vol% the contact resistivity is 1.79 times larger for a low SA filler
geometry ratio than at medium SA. Hence, the impact of the reduction
of the contact resistivity when changing the filler geometry ratio is
larger when the paste contains more HSA-fillers.

Table 6 shows that ogop and Zggo are the highest. Additionally,
the box and whisker plot in Figure 10 indicates a slight skewness to
lower values. Due to this reason, it may be possible that the most
accurate value of p. goo is indeed smaller than p. go1. Nevertheless, the

values should not be that different. This means that the impact on
the contact resistivity when changing the filler geometry ratio from
very high SA to high SA is very small (2.7%,¢). Similar to the volume
resistivity, the highest impact in the contact resistivity is due to a
change from high SA to medium SA (125%,.)). This may be due to an
inflection point, where the adhesive changes from having more HSA-
fillers (65%) than LSA-fillers (35%) to having more LSA-fillers (69%)
than HSA-fillers (31%). After that, any increment of LSA-fillers seems
to have a lower effect with a contact resistivity increment of 79%,¢

when changing from medium SA to low SA.

44 | Relationship between bulk and contact
resistivity

Although bulk and contact resistivity behave similarly when the filler
content is increased and the filler geometry ratio changes, the degree
of impact is considerably different. Figure 11 shows the relation

® Very high SA
09- e HighSA

@ Medium SA .- % (13.5vol%) .~
08 ® Low SA ~
G 7
S
< e 40\016\
= S
£ °‘°
7]
7]
&
3]
S
=
3]
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‘ . T T T T v T
le-4 2e-4 3e-4 de-4 Se-4

Bulk resistivity (Q cm)

FIGURE 11 Contact vs. bulk resistivity for all filler geometry
ratios under study.

TABLE 6 Statistical metrics for the contact resistivity for groups GOO - G0O9, where p. is the median, g, and X are the absolute and relative
deviation of the median and n is the number of samples. The table includes the relative increase/decrease of contact resistivity depending on filler

content (column 7) and on filler geometry ratio (column 8).

Group Filler geometry ratio pe (MQ cm?) o (mQ cm?) > (%) n |A% el

GO0 Very high SA 0.8415 0.2774 32.96 12 -~ Initial value
GO01 High SA 0.8642 0.1199 13.87 8 Initial value 2.7

G02 0.5858 0.0706 12.06 12 32 -

GO03 0.4221 0.0709 16.79 17 28 Initial value
G04 Medium SA 0.9494 0.2631 27.72 9 Initial value 125

GO05 0.6482 0.1393 21.48 16 32 -

G06 0.4270 0.0919 21.51 24 34 Initial value
GO07 Low SA 0.7653 0.0933 12.20 12 Initial value 79

GO08 0.6610 0.0567 8.57 21 14 --

GO09 0.3404 0.0400 11.76 20 49 -
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between contact (y-axis) and bulk (x-axis) resistivities for all the differ-
ent filler geometry ratios under study. The dashed lines indicate
changes in filler geometry ratio for a fixed filler content. At 60 wt%
when the filler geometry ratio changes from very high SA to high SA,
the bulk resistivity is nearly doubled while the contact resistivity is
practically constant or increases negligibly in comparison. In contrast,
the opposite happens when the adhesive is filled with 78 wt% and the
ratio changes from medium SA to low SA. In this second case, the bulk
resistivity changes negligibly when compared to the contact resistivity,
which is nearly doubled. Importantly, Figure 11 shows that the filler
content can be reduced from 84 wt% to 70 wt% with only minimal
increases in bulk and contact resistivities (shaded region, bottom left).
The main advantage of an HSA-filler is to reduce bulk resistivity
by (1) diminishing the constriction resistance between the fillers that
are directly in contact and (2) by allowing electrons to travel greater
distances through the bulk of a filler instead of the insulating matrix; it
is believed that by increasing the percentage of the LSA-fillers, perco-
lation paths are disrupted by the new filler geometry. The probable
reason is that the substitution of a thin extended HSA-filler by the
same volume fraction of a compact LSA-filler results in an accumula-
tion of conductive metal. At the percolation threshold, it is reasonable

that accumulation reduces the formation of percolation clusters (see

(A)

FIGURE 12

_-

Fh-CSP 3.0kV 9.9mm x5.00k SE(M)

(A)

FIGURE 13

Figure 1). This impact may be larger in the bulk than at the contacting
interface between ECA and metallization due to two main factors.
Two formulations containing the lowest filler content (60 wt%) show
a large impact on bulk resistivity by substitution of HSA-fillers. At the
percolation threshold HSA-fillers may result in a higher probability of
in-bulk contact between extended filler particles due to higher spatial
distribution than agglomerated compact LSA-filler particles (see the
difference between fillers in Figure 2). Figure 12 shows a cross-
section at two different positions of the adhesive from group GOO
(very high SA) while Figure 13 shows the same information but of the
adhesive from group GO1 (high SA). Both ECAs show at the cross-
section a comparable Ag-filler fraction of around 36 vol%. It seems
likely that the space between the fillers is increased when the LSA-
fillers are introduced (Figure 12 — Figure 13).

In contrast, the green line in Figure 11 shows that the effects at
higher total Ag-filler content are inverted. At a filler content of 78 wt
% there are a larger number of particles within the bulk. Hence, even
if the percentage of LSA-filler is greatly increased, the packing density
and redundancy (by multi-bonds) in the direct contact of fillers is so
high that the LSA-filler shape cannot disrupt single- and multi-bonds
to such a large degree as it does it at 60 wt%. Figure 14 shows a SEM
cross-section of the bulk of the ECA from group G06 (medium SA)

Silicon

GO0/Ref

B)

GO1

o
10.0um

B)

SEM cross-section at two different positions 8 mm apart within the same sample using ECA GO1.
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while Figure 15 shows that from group GO7 (low SA). Both ECAs show
at the cross-section a comparable Ag-filler fraction of around 46 vol%.
As shown in these two SEM images, GO7 with a dominant low SA filler
fraction does not exhibit extended fillers compared to GO6. LSA parti-
cles are clearly bulkier in group GO7 but did not affect the bulk resis-
tivity as explained before.

The true impact of the filler shape on the contact resistance is
more complicated and cannot be concluded by the performed mea-
surements. Nevertheless, a hypothesis could be as follows. In contrast
to within the bulk, at the interface, one half-space of the contact con-
sists of a conductive material (the metallization paste). In the other
half-space (the ECA), every Ag-filler at the interface would establish
contact with the conductive material. SEM images shown in Figure 12
also reveal that HSA-fillers tend to lay within the ECA bulk parallel to
the wafer surface. This is believed to be influenced by the preparation
of the adhesive and the mechanical pressure that is applied during the

curing process. This means that at a medium SA filler geometry ratio, up

Silicon

. - ,.\\',_'Q‘&;‘ 1 1 | 1 1
Fh-CSP 3.0kV 9.7mm x5.00k SE(M) 10.0um

FIGURE 14 SEM cross-section of the bulk using ECA from group
GO06 (medium SA).

Fh-CSP 3.0kV 9.9mm x5.00k SE(M)

FIGURE 15
GO7 (low SA).

SEM cross-section of the bulk using ECA from group

to 30% of the contacting interface could be formed by HSA-fillers lay-
ing parallel to the metallization paste. Due to the high surface area, it
could be that large area contact formation is enhanced for the HSA-
fillers. If so, reducing the percentage of HSA-fillers to 6% would replace
large contacting areas between the HSA-fillers and the metallization
paste with several smaller contacting points. Since the packing density
is higher, such a reduction would have a greater impact on the contact
resistivity. Nevertheless, the given hypothesis cannot be conclusively
deduced from the SEM measurements and further proof would be

needed to validate this hypothesis versus alternative explanations.

5 | CONCLUSIONS

This work shows the impact of the increase in filler content on the bulk
resistivity of an epoxy-based conductive adhesive and the contact
resistivity between the adhesive and a metallization paste used on
solar cells. Both adhesive and metallization pastes use silver particles.
To control the viscosity and processability of the conductive adhesive
when the total filler content is increased, two different fillers were
used consisting of high or low surface area (HSA and LSA) particle
geometry. Thus, the impact of changing the ratio of filler geometries
(i.e., filler geometry ratio LSA/HSA) was also analyzed. As expected, it
was found that the contact and bulk resistivities decreased when the
filler content was increased. However, the magnitude of the decrease
was found to depend strongly on the filler geometry ratio.

At extreme filler geometry ratios, when the bulk is either mostly
loaded with HSA-fillers or mostly with LSA-fillers, the impact of
changes in the filler content on the bulk and contact resistivities is
markedly different. Particularly, at a low filler content (60 wt%), chang-
ing the filler geometry ratio can lead to a doubling of the bulk resistiv-
ity while the contact resistivity is relatively unaffected. In contrast, at a
high filler content (78 wt%), changing the filler geometry ratio can lead
to a doubling of the contact resistivity while the bulk resistivity is rela-
tively unchanged. The measured data was interpreted within the con-
text of percolation theory and it was determined that the optimum
ratio of the LSA and HSA fillers investigated in this study is approxi-
mately 60:40. Hence, the contact formation (bulk and interface) near
the percolation threshold can be tuned by careful design of filler geom-
etry properties and compositions. Nevertheless, further microstructure
analysis is needed to reveal evidence of the percolation structure tun-
ing by filler geometry for filler contents near this threshold, where sin-
gle bonds between percolation clusters become dominant.

This work has important ramifications for the design of ECAs,
where cost considerations and the need to reduce silver resource
usage demand the lowest (silver) filler content, but the demands of
product performance point to higher filler content. In particular, this
work clearly shows that by optimizing mixtures of different particle
geometries, it is possible to significantly reduce the silver content of
ECAs with only minimal increase in bulk and contact resistivity. The
use of different particles and mixtures of particle geometries can thus
be expected to allow even further decreases in filler content without

significant loss of ECA performance.
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