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Lead-free, low temperature materials for solar cell interconnection gain relevance in upcoming cell and module
concepts. Electrically Conductive Adhesives (ECAs) are such materials but typically come with a high silver
content. We herein give an overview on ECA requirements for shingled cell interconnection. Regular ECAs and
stabilized ECAs with varying filler content were characterized regarding their rheological, curing, electrical and
mechanical behaviour and their performance in modules. It was found that 20 vol% silver is necessary to meet
the electrical requirements with a regular epoxy-based ECA containing micron-sized silver flakes. Regarding
mechanical properties, as little filler as possible is favourable. To fulfil both the electrical and mechanical re-
quirements, application of the capillary suspension concept to ECAs was found to be suitable. Such an ECA with
only 5 vol% silver filler exhibits a volume and contact resistivity of (4.5 + 0.5) 1073 Q cm and (0.026 =+ 0.006)
mQ cm?, resp., and a high lap-shear strength of (17 + 4) MPa. Testing at both 140 °C and 200 °C curing tem-
peratures showed that modules with low-filled and highly-filled ECAs achieved comparable initial efficiencies.
After damp heat (DH500) testing, modules with capillary suspension ECA showed an efficiency loss of —0.8 % +
0.4 %, compared to —2.5 % + 1.1 % for highly-filled ECA. After thermal cycling (TC200), losses were —0.6 % =+
0.5 % versus —1.1 % =+ 0.5 %. Both ECA types maintained efficiency losses below 1 % in mechanical load tests.
These results demonstrate the potential for silver reduction in shingled solar cell modules through the capillary
suspension concept.

1. Introduction

First patented in 1956 as conductive cement by Wolfson and Elliott
[1] Electrically Conductive Adhesives (ECAs) are now established
bonding materials in flip chip, surface mount, advanced packaging and
printed circuit board applications [2,3]. In recent years, the solar in-
dustry has gained interest in ECAs as cell interconnection material as
well [4-7]. In certain applications, Electrically Conductive Adhesives
replace the traditional solder bond. Their main advantage is a lower
processing temperature of 110-150 °C compared to soldering, which
requires temperatures above 200 °C [7]. Additionally, the lead-free
adhesives meet the requirements of the RoHS DIR 2011/65/EU direc-
tive, which demands lead-free solder [8,9]. Drawbacks of ECAs
compared to solder are the need of silver, bleeding, longer processing

time and the need of storage at —20 to —40 °C [10]. Concerns regarding
lower electrical and thermal conductivity are currently under investi-
gation [11].

Around 95 % of the solar modules produced are connected by tab
interconnection [12]. Here, ribbons are used to interconnect the solar
cells. The solder bonds joining the ribbon to the cell can be replaced by
ECAs without alteration of the module concept [13]. Shingle intercon-
nection is an alternative method to the established tab interconnection
of solar cells. In shingle interconnections, solar cells are interconnected
by overlapping each other. This allows omitting the ribbons, leading to
less shading losses. The principle of shingling is visualised in Fig. 1. This
technique allows for particularly high shading resilience [14], reduced
ohmic losses [15], a high packing density within the module [16,17] and
the realization of visually appealing module designs [18].
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Fig. 1. Principle of shingling solar cells. The cells are overlapped and aligned at
their busbar metallization, with mechanical and electrical interconnection
achieved using an ECA [18].

Temperature cycles during module operation lead to thermo-
mechanical stresses within the solar module. In conventional tab inter-
connection, these stresses can be mitigated by the displacement of solar
cells within the intercell gaps. In shingle interconnection, thermo-
mechanical stresses can only be alleviated at the bonding joint. For this
purpose, the interconnection element must be elastically deformable.
Due to its higher flexibility, adhesive bonding using ECAs is significantly
better suited for shingle interconnection than solder connections [5,19,
20].

ECAs consist of a reactive polymer resin and conductive filler, typi-
cally silver. The increasing expansion of photovoltaic (PV)
manufacturing capacities results in a rising demand for silver [12].
Without optimizing the specific silver consumption, the existing silver
reserves could be largely depleted by 2050 [21]. For this reason, there
are ongoing efforts to reduce the silver demand in PV manufacturing. In
ECAs, decreasing the percolation threshold by conductivity enhance-
ment through surface treatment of the silver particles [22-24] or by
generation of silver nanoparticles [25] is most common to reduce silver
consumption.

The percolation threshold, i.e. the filler content at which a material
becomes conductive strongly depends on the shape [26] but even more
on the colloidal interactions among the particles. It has been shown, that
the capillary suspension phenomenon [27,28] is a powerful tool to
reduce the percolation threshold and hence enhance the thermal [29,30]
or electrical conductivity in composite materials comprising a polymer
matrix and dispersed conductive filler particles [31]. Capillary suspen-
sions (CapS) are ternary solid-liquid-liquid systems in which a second
immiscible liquid induces the self-assembly of particles into a perco-
lating network structure [27,28]. The particle network strength is
controlled by strong capillary forces acting among the particles due to
the added secondary liquid. Thus, the composite material typically ex-
hibits a high yield stress, pronounced shear thinning, and fast structural
recovery after strong shear [32]. This results in a high stability against
sedimentation and phase separation, but makes it also ideally suited for
screen printing or dispensing applications [33]. In this way, composite
materials with a high electrical conductivity can be generated at a
significantly reduced silver consumption.

In this study, we apply the capillary suspension concept on ECAs and
compare them to regular ECAs at different silver filler fractions. For
evaluation, we give upper and/or lower limits for rheological, electrical
and mechanical parameters for uncured and cured ECA based on liter-
ature research and own experience. Finally, this work compares modules
build with a low-filled and a high-filled ECA regarding their long-term
stability against damp heat, thermal cycling and mechanical load.

2. Material and methods
2.1. Material

In this work, epoxy resin and silver flakes (s. Fig. 2, X503 app. 11 pm)
were used as polymer matrix and conductive filler, resp. The filler vol-
ume fraction was varied between 5 and 30 % (which accounts for 33 to
80 weight-%). For one series of experiments only epoxy and silver filler
were used, referred to as “regular”. A second series consists of epoxy and
silver and an additional secondary liquid, here referred to as “CapS”.
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Fig. 2. Scanning electron microscopy (SEM) image of silver flakes used in
this study.

2.2. Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was conducted using a DSC
Q200 (TA Instruments) to determine peak curing temperature and
curing energy of the samples. Samples where heated at a constant rate of
10 K/min from 40 to 210 °C. Curing energy was calculated in the in-
terval from 70 to 200 °C. Deviations of +1 K for peak curing temperature
and +3 % for curing energy were found for different measurements of
one sample.

2.3. Rheological characterization

A rotational rheometer (MARS, Haake) with plate-plate geometry
was used for yield stress determination. The shear stress was stepwise
increased from 0.1 to 1000 Pa in 81 logarithmic steps and deformation
was measured. The yield stress was determined from the intersect of the
tangents to the elastic and flow region in a double-logarithmic stress-
strain diagram [34]. Formulations were measured three times, each.
Average and standard deviation were calculated.

2.4. Electrical characterization

For determination of volume resistivity three ECA lines of 4 mm
width and 0.1 mm thickness were applied by a squeegee through a
stencil on a glass slide. They were cured for 2 min at 150 °C on a heat
plate. Three measurements per line were taken via four-point-
measurement with a 2450 SourceMeter (Keithley) at a current of 100
mA. Contact resistivity was measured similar to Ref. [35]. Ten silver
fingers on a circuit board were connected with an ECA line and cured for
2 min at 150 °C. The contact resistance pc was calculated from 28
measurements of joint resistance R, ECA bulk resistance Rp and finger
resistance Ry according to Eq. (1) with contact area A. Average and
standard deviation of volume and contact resistivity were calculated.

pCZ(RJ—RB—RF)/ZOA Eq.l

For volume resistivity measurements during curing the set-up from
contact resistivity measurement was taken. Four neighbouring silver
fingers were connected with the source meter. The circuit board was
placed on the heat plate and resistivity was measured over 15 min at
100, 120, 140, 150 and 200 °C, res. via 4-point-measurement.

Long-term storage tests at elevated temperature were conducted
with samples containing 10 vol% silver. One regular and one CapS
sample was kept for 36 days at 85 °C. Volume and contact resistivity
were measured initially and after 18 and 36 days, resp. As reference two
samples were stored at room temperature.
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2.5. Mechanical characterization

Lap-shear strength was determined with a TA.XT plus Texture Ana-
lyser (Stable Micro Systems) according to ASTM D1002-10 [36]. Two
carbon steel bands were bonded with a joint area of app. 15 mm?.
Samples were cured for 10 min at 150 °C in an oven. Tensile stress was
applied to the samples at a speed of 0.2 mm/s. Long-term shear tests
samples were prepared by bonding two glass slides with an ECA line of
15 mm length, 0.5 mm width and 0.09 mm thickness. Shear stress was
applied up to a deformation of 0.1 mm with a speed of 0.1 mm/s based
on [37] and released again. 3600 cycles were conducted. The minimum
shear stress amplitude during these cycles was taken for determination
of long-term reliability. Three samples per ECA were prepared and
measured.

2.6. Module building and testing

For module testing, Passivated Emitter and Rear Cell (PERC) host
cells in G1 format, produced through a mass production process, were
utilized. The shingle cells were separated using a laser scribe and me-
chanical cleaving (LSMC) process. Only the outer shingles in pseudo-
square (PSQ) format, with dimensions of 158.75 x 31.75 mmz, were
used. Test modules comprising six shingle cells were used for Thermal
Cycling (TC) and Damp Heat (DH) tests according to IEC 61215-2. TC
testing was conducted without current load. For Mechanical Load (ML)
tests, full sized modules were built with ten strings of 32 shingles each.
Test conditions followed IEC 61215-2: TC between —40 °C and +85 °C,
DH at 85 °C/85 % relative humidity, and ML with static loads of +5400
Pa and —3600 Pa.

To interconnect the cells, a commercially available capillary sus-
pension ECA with filler content between 5 vol% and 10 vol% and a
regular suspension ECA with 20 vol% filler particles and the same
polymer matrix were used as a reference. The filler content of the regular
suspension was adjusted to match the volume resistivity of the capillary
suspension ECA, which was measured at (2.9 + 0.3) 10730 cm, as
confirmed by four-point measurements. To investigate the influence of
perovskite-compatible low-temperature processes on long-term stabil-
ity, a variation of the curing temperature was conducted. A lower tem-
perature of 140 °C was chosen as it is compatible with perovskite
materials [38]. The upper temperature of 200 °C was chosen, as it is a
commonly used temperature for interconnecting PERC and hetero-
junction (HJT) solar cells. This was performed on the modules for TC
and DH tests. Full size modules for ML tests were cured at 140 °C.

To interconnect the cells, an prototype shingle stringer from M10
Industries was employed [18]. The ECA was applied using a jet
dispensing process. The application of ECA was controlled by adjusting
the preheating temperature and the pressure of the dispenser setup. An
infrared lamp setup was utilized to cure the ECA. To set the process
temperature, the maximum curing temperature was monitored using
liquid crystal thermometers affixed to the non-IR-exposed side of the
shingle cells. The lamp power was adjusted accordingly.

The modules were laminated in a glass-backsheet configuration
using an industrial laminator from Biirkle, model Ypsator M-LAPV 1222-
HKV. The peak temperature of the lamination process was 155 °C. The
configuration for the produced full-size modules is illustrated in Fig. 3.
Mini modules were also produced using the same configuration; how-
ever, unlike the full-size modules, the mini modules were not framed.

After module production, the width of the ECA in the shingle joint
was measured using an 2D X-ray inspection system (Dage XD7600NT).

Ageing tests were conducted in accordance with IEC 61215-2 MQT
11 (thermal cycling) and MQT 13 (damp heat). One module with low-
filled capillary suspension ECA, cured at 140 °C, was set aside as a
reference and was not subjected to ageing tests. The reference module is
compared to the aged modules to provide an estimation of calendric
ageing and measurement uncertainty. To compare the interconnection
quality and resilience against ageing, illuminated IV curves were
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Fig. 3. 3D model, illustrating the module setup of the produced full-size
modules [39].

recorded to determine module efficiency. Dark IV curves were also
measured to assess the pseudo series resistance Rg+, which serves as a
representation of interconnection quality. This parameter is less affected
by current mismatch due to e.g. inconsistent overlap or different shingle
efficiencies than the fill factor FF [40]. The value of Rs+ was extracted
through linear interpolation of the dark IV curve within the current
range of (—=1.9 > 1> —2.1) A.

3. Theory
3.1. Capillary suspensions

Composite materials consisting of a polymer and a conductive filler
follow a typical behaviour. At a low filler content, the conductivity of the
composite is close to that of the polymer. If a certain filler content, the
so-called percolation threshold, is reached, small changes in volume
fraction of the filler cause an increase in conductivity over several de-
cades. At higher particle volume fractions, the conductivity approaches
that of the filler particles [41].

ECAs are mainly formulated as a mixture of a reactive resin and
conductive filler particles, but may also include organic solvents or other
additives to adjust processing and application properties. Filler particles
typically are coated with an appropriate compatibilizer. This promotes
deagglomeration of the particles during mixing into the matrix as well as
long-term stability against recurring thermo-mechanical stresses, but
counteracts the formation of conductive pathways. Therefore, state of
the art ECAs typically contain 20 vol% filler or more, way beyond the
percolation threshold [42,43].

In capillary suspensions [27,28] the conductive particle network is
induced by adding small amounts (typically <1 vol%) of a second liquid,
not miscible with the main liquid phase. Capillary suspensions exist
either in the pendular state, when the secondary liquid preferentially
wets the particles or in the so-called capillary state, when the main fluid
preferentially wets the particles. In the pendular state, the secondary
liquid forms capillary bridges between the particles. In the capillary
state, the particles cluster around secondary liquid droplets, shielding
the secondary liquid from the main phase [27,28]. In both cases, sample
spanning particle networks self-assemble and may reduce the percola-
tion threshold drastically [29,31]. In ECAs capillary suspensions in the
capillary state are favourable as the particles must be compatible with
the main phase. A typical characteristic of a capillary suspension is the
introduction or significant increase of an existing yield stress in the
paste. The particle network strength depends on the interfacial tension,
the three-phase contact angle and the coordination number, i.e. the
number of liquid bridges. Thus, the yield stress of these systems can be
controlled in a wide range by the amount and type of the secondary
liquid [27,28]. Due to the, compared to other attractive forces like Van
der Waals forces, high capillary forces, the particle network remains
stable during drying and curing processes [44,45]. The rupture of the
bridges under shear leads to a strong shear thinning behaviour and due
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to its relatively small volume fraction, the second liquid barely affects
the high shear viscosity. The high yield stress, shear thinning behaviour
and a fast structural recovery after cessation of flow are advantageous
for the intended screen printing or dispensing application [46,47]. In
addition, sedimentation and phase separation, which is a challenge in
conductive ECAs due to the high density difference between matrix and
filler particles, is prevented because the particles are trapped in the
strong network structure, which is beneficial for extended shelf life.
Beyond that, additives for particle surface treatment can be directly
added to the secondary liquid. These additives are then deposited with
the secondary fluid in the contact area between the particles. In ECAs,
this can be utilized to remove or replace the compatibilizer at the con-
tact points of the particles only. This results in high conductivity while
maintaining the good compatibility between particles and polymer
matrix.

Fig. 4 shows schematically the two formulation types investigated in
this study. The regular ECA consist of a polymer matrix (green) and
silver flakes (grey). The flakes are coated with fatty acids (blue) as
compatibilizers, which leads to homogenous distribution of the particles
in the polymer matrix. By adding a secondary liquid (orange) a capillary
suspension is formed. The secondary liquid is chosen to exhibit a three-
phase contact angle beyond 90°, meaning the polymer preferentially
wets the particles. This leads to an inhomogeneous particle distribution
in form of a (three-dimensional) particle network in the capillary state.
The formulation is stabilized and exhibits continuous conductive path-
ways at low filler content.

3.2. Requirements for ECAs in shingled solar cell interconnections

ECAs were initially developed for the electronics industry where they
replace the traditional solder bond [1]. Therefore, ECAs are mainly
compared with solder and its properties where they often lag behind in
conductivity and mechanical reliability [48]. For the application in solar
cell interconnection especially in the shingling concept ECAs are valued
for their elastic properties [5,35]. Requirements regarding the applica-
tion process, electrical resistivity or shear strength are still under
research [11,20,37]. Thus, solder is often taken as the benchmark. We
herein give an overview from own experiments and literature review on
requirements regarding the properties of electrically conductive adhe-
sives for application in solar cell shingling.

High-filled ECAs exhibit a stable paste like texture. At low filler
content suspensions are prone to sedimentation. For the ECA system
given in this paper the introduction of a yield stress greater than 1 Pa
was sufficient to prevent sedimentation. According to the well-known
Stokes-equation increasing the bulk viscosity would be another means
to decrease sedimentation speed, but this would simultaneously affect
the application behaviour. Depending on the application process, typi-
cally dispensing or screen printing [3], rheological properties must be
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further adjusted. Whereas dispensing requires primarily a homoge-
neous, air-free and stable paste, screen printing has more specific re-
quirements regarding shear thinning behaviour, thixotropy or yield
stress [46]. In both cases a controlled flow must be guaranteed. In own
experiments, it was found that a yield stress between 10 and 100 Pa
yields good results for ECAs.

Lower processing temperatures are one of the main advantages of
ECAs. Soldering is typically performed above 200 °C. ECAs can already
cure below 140 °C, which is required for temperature sensitive solar
cells such as perovskite and tandem cells [49,50]. But the low curing
temperature comes often with long curing times. To be competitive to
the through-put of soldered module production lines a curing time of
maximum 30 s is recommended [51]. Therefore, snap-curing resins are
of high interest for ECAs. Post-curing during lamination is also an option
to reduce initial curing time [52]. ECAs would need to exhibit sufficient
mechanical strength for handling and transportation after the first
curing step and could be fully cured during lamination. But as electrical
conductivity develops during curing [53] electrical performance tests on
string level might not be possible.

The volume resistivity of eutectic solder is app. 2 x 107> Q@ cm [3].
Geipel et al. [11] showed that for ribbon-based interconnections an ECA
with a volume resistivity of 1 x 10~ Q cm did not change the fill factor
compared to an ECA with 1 x 107 Q cm. Fig. 5 shows the absolute
efficiency loss of a full-format shingled module with continuous ECA
lines depending on the contact and volume resistivity calculated ac-
cording to Ref. [17]. The power output of the module is 310 W. In the
given range of volume resistivity of 10~ to 1072 Q cm the contact

abs. efficiency loss / -

1E+0 0.250%
E 0.225%
- 0.200%
C} . 0
g 0.175%
=
> 0.150%
-% 1E-1 0.125%
n 0,
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(]
® 0.050%
c
) 0.025%
1E-2 0.000%

1E-4 1E-3

volume resistivity / Q cm

1E-2

Fig. 5. Efficiency loss calculated based on [17] of a full format shingled module
bonded with continuous ECA lines of 50 pm thickness and 47.3 mm? area in
dependence of volume and contact resistivity, module power is 310 W, current
is 8.76 A.

~—

v,

Capillary Suspension

Fig. 4. Schematic drawing of the regular and capillary suspension type ECA investigated in this study.
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resistivity dominates the efficiency loss. It was found that the influence
on the efficiency was negligible when contact resistivity is below 1 x
107! mQ cem? [54]. Thus, a volume resistivity up to 1 x 102 Q cmis
sufficient with minor impact on module efficiency. An ECA with volume
resistivity of 1 x 1072 Q cm and contact resistivity of 1 x 10™1 mQ cm?
accounts for an absolute efficiency loss of 0.028 % in the considered
module.

In shingled modules thermomechanical stress must be compensated
within the bond. Beaucarne [20] calculated that the ratio between shear
modulus and shear strength should be as low as possible to withstand
thermally induced stresses. Therefore, a low shear modulus (<500 MPa)
and high shear strength (>10 MPa) is recommended. Additionally, ex-
periments have already shown that mechanical properties play a minor
role in module performance as long as the bond does not fail [37,55].

In addition to thermomechanical stresses, shingle solar joints are
subjected to various loads during operation, including static loads (e.g.,
snow, hail) and penetrating moisture. IEC 61215-2 outlines methods for
assessing the long-term durability of solar modules. Thermal cycling
tests (MQT 11), damp heat tests (MQT 13), and static mechanical load
tests (MQT 16) are particularly relevant for shingle interconnections. A
test is considered failed if the performance loss of the tested solar
module is at least 5 %.

4. Results and discussion

Regular ECAs based on epoxy resin and silver flakes were prepared
with different filler content to determine the percolation threshold for
paste stability and electrical conductivity. A capillary suspension based
ECAs is shown to decrease both thresholds. The influence of the particle
volume fraction as well as the secondary liquid contained in the capil-
lary suspension based ECA on the ECA’s properties in the uncured and
cured state as well as during curing were investigated. A highly-filled
regular ECA is compared to a low-filled capillary suspension based
ECA as interconnection material in solar modules.

4.1. Uncured ECA

The yield stress was determined as an indicator of the paste’s sta-
bility against sedimentation and phase separation. Low-filled ECAs
formulated as a regular suspension do not exhibit a yield stress. As
shown in Fig. 6, only pastes with a filler volume fraction of 15 vol% and
above possess a yield stress. The sample with 15 vol% silver flakes has a
yield stress of (3 + 1) Pa. The yield stress increases exponentially with

1E+3— T T T T T T
m  regular
® CapS
©
&1E+2——————————————-——————!——
2 o ° o
2 ¥
(2]
oD TR i i e o i e - R ——
= )i 1
! !
1E+0 L L L L L L L
0% 5% 10% 15% 20% 25% 30%

particle volume fraction / -

Fig. 6. Yield stress of uncured ECAs with 5-30 vol% Ag for regular ECAs (black
squares) and 5 to 20 vol% Ag for capillary suspension concept ECAs (red cir-
cles), regular ECAs with 5 and 10 vol% do not exhibit a yield stress, the dotted
lines indicate limits of recommended yield stress. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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increasing filler amount to (136 + 27) Pa at 30 vol% filler content. In the
given regular ECA, at least 15 vol% silver flakes are necessary to fulfil
requirements regarding application by dispensing. To reduce silver
content a stabilization mechanism is necessary. The ECA based on the
capillary suspension concept possesses a yield stress even at a low filler
volume fraction of 5 % with (5 £ 3) Pa. This is due to strong attractive
interactions induced by the secondary liquid. At higher volume fractions
of 10-20 %, the yield stress increases to (63 + 3) Pa, essentially inde-
pendent of filler content. For the ECA investigated here, a silver content
as low as 5 vol% is sufficient to provide sedimentation stability and
suitability for dispensing when the capillary suspension concept is
applied. Visual inspection did not reveal indications of phase separation
even after twelve days of storage at 22 and 8 °C, resp. For screen
printing, a yield stress above 10 Pa is required and therefore, higher
particle volume fractions are mandatory. A particle volume fraction
between 5 and 10 vol% in capillary suspension based ECAs is necessary
compared to standard ECAs where at least 20 vol% silver is required to
guarantee screen printability.

4.2. Curing

DSC measurements were carried out to determine whether the sec-
ondary liquid in the capillary suspension-based ECA affected the curing
reaction. Fig. 7a shows the heat flow of ECA samples with 10 vol% silver
without and with secondary phase as a function of temperature. Tem-
perature was increased by 10 K per minute. Results are shown for
50-205 °C. For a regular ECA, curing initiates at 84 °C and heat flow
reaches a peak at 101.7 °C with 2.1 W/g, then up to 108 °C the heat flow
decreases symmetrically. At higher temperatures, the decrease in heat
flow is lower. Curing occurs up to 200 °C with steadily decreasing heat
flow. For the ECA with the secondary liquid phase, the curing reaction
starts at 97 °C which is 15 K higher than for the regular ECA. The in-
crease of the heat flow, however, is steeper and reaches a maximum at
108.8 °C and 3.2 W/g, it then deceases symmetrically up to 118 °C
where the curve falls onto the curve of the regular ECA. As expected, the
total curing energy was the same for both ECAs with 273.1 and 273.7 J/
g, resp. The utilized secondary liquid retards the initiation of curing but
was selected not to be part of the curing reaction.

Fig. 7b shows the peak curing temperature and curing energy per
weight of regular ECAs in dependence of the filler volume fraction
determined by DSC. The peak curing temperature increases slightly from
94 °C for the pure resin to 111 °C for an ECA filled with 30 vol% par-
ticles. This is presumably due to the higher thermal conductivity of the
particles compared to the resin. The thermal energy input will prefer-
ably lead to a temperature increase of the particles and then to curing of
the resin. The peak curing temperature of ECAs containing a secondary
phase is generally 7-9 K higher than the corresponding ECA without
secondary phase. All tested ECAs cure at a temperature below 140 °C
which is often required for low temperature applications. The curing
energy per weight decreases from 535.2 J/g of the pure epoxy by 31, 49,
61, 68, 75 and 79 %, resp. with increasing particle volume fraction to
110.8 J/g at 30 vol% Ag. This corresponds well with the weight fraction
of particles which account for 33, 51, 62, 70, 76 and 80 wt%, resp. This
indicates that the particles have only minor influence on the curing re-
action. The difference might be due to the compatibilizers on the particle
surface or the value for the pure epoxy was underestimated.

The PV industry requires an ECA with low curing temperature and
fast curing to guarantee high throughput. Low-temperature curing was
confirmed by DSC. The required curing time mainly depends on the
evolution of conductivity during curing. A capillary suspension concept
based ECA with 10 vol% silver was cured at 100, 110, 120, 140, 150 and
200 °C, respectively. The volume resistivity was monitored over 15 min.
Fig. 8 shows the resistivity curves for this ECA over curing time. With the
first touch on the heat plate, the volume resistivity decreases to 2 x 102
Q cm regardless of the temperature. Within 50 s the volume resistivity
decreases by at least one order of magnitude irrespective of the curing
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Fig. 8. Development of volume resistivity over curing time of a capillary sus-
pension based ECA with 10 vol% Ag filler at curing temperatures of 100, 110,
120, 140, 150 and 200 °C, resp. over 15 min, Inset: over the first 30 s.

temperature. The sample cured at 100 °C reaches a volume resistivity of
9.3 x 10~* Q cm after 400 s which only decreases slightly to 8.9 x 10~
Q cm after 15 min curing time. A curing temperature of 110 °C leads to
an approximately constant resistivity value of 7.8 x 10~% Q cm after 160
s. With both curing temperatures, 100 and 110 °C, the minimum volume
resistivity of 6.4 x 10~ Q cm measured at higher curing temperatures
cannot be reached within 15 min. This indicates an incomplete curing of
the sample and is in line with DSC measurements. At curing tempera-
tures of 120, 140, 150 and 200 °C, res. the samples exhibit the minimum
value of 6.4 x 10~% Q cm after 140, 30, 26 and 16 s, respectively (Fig. 8
inset). We assign the irregular trend between 5 and 10 s to the heat
transfer through the circuit board. Therefore, a curing temperature of at
least 140 °C is required for the investigated materials to be competitive
to soldering when it comes to manufacturing speed. When curing time
does not matter a curing temperature of 120 °C is sufficient for full
curing. Curing speed will differ on different substrates and with different
heat sources.

The results indicate as well that samples should not be kept too long
at elevated temperatures above 150 °C. After app. 110 s at 150 °C and
30 s at 200 °C an “over-curing” effect occurs where the volume re-
sistivity increases again. The effect is more pronounced at the higher
curing temperature of 200 °C and leads to an increase in resistivity to
10.0 x 10~* Q cm after 15 min curing. As cell strings are exposed to
elevated temperature during the lamination step an experiment was
conducted where an ECA with 10 vol% silver and secondary phase was

cured at 150 °C with different curing times. Afterwards, samples were
left to cool down to room temperature and then kept on a heat plate for
another 10 min at 150 °C. The results of volume resistivity measure-
ments are shown in Table 1. As expected, the volume resistivity is lower
after short curing times with approximately 7.0 x 107 Q cm after
60-90 s of curing and increases for increasing curing times. When
samples are exposed for another 10 min to 150 °C the volume resistivity
only alters within the experimental uncertainty. Therefore, the over-
curing effect does not occur once the samples have cooled down.

4.3. Cured ECA

Once cured, ECAs guarantee the electrical and mechanical inter-
connection in shingled solar modules. Both properties highly depend on
the filler volume fraction. Whereas low resistivity is favoured at higher
filler content, good mechanical properties require low fill grades. We
show that ECAs based on the capillary suspension concept combine low
resistivity and low filler content. Furthermore, the long-term stability is
investigated.

4.3.1. Electrical properties

For determination of the volume and contact resistivity samples were
cured for 2 min at 150 °C. Fig. 9a shows the results of the volume re-
sistivity in dependence of the particle volume fraction of ECAs with and
without secondary liquid phase. Regular ECAs with 5 and 10 vol%,
respectively, exhibit high volume resistivities of 59 and 18 Q cm. The
standard deviation is high as the ECAs exhibit insulating and conductive
areas at this low degree of filling. When the silver fraction is increased to
15 vol%, the percolation threshold for electrical conductivity is passed
and the volume resistivity drops to (11.6 4 3.1) 10~ Q cm. With further
increase of particle volume fraction the volume resistivity further de-
creases to (1.1 + 0.1) 10> Q cm at 30 vol%. The capillary suspension
concept reduces the percolation threshold for electrical conductivity

Table 1

Volume resistivity of a capillary suspension based ECA with 10 vol% Ag filler
before and after post-curing at 150 °C for 10 min in dependence of initial curing
time at 150 °C.

Curing time (150 °C) Before post-curing After post-curing (150 °C, 10 min)

1074 Q cm 107*Q cem
30s (6.3 +0.2) (6.1 +£0.3)
60 s (7.0 £ 0.6) (6.8 +0.4)
90 s (6.9 +0.3) (6.8 +£0.3)
120 s (7.9 +£0.9) (7.7 £1.1)
5 min (8.2+0.2) (8.4+0.3)
10 min (9.1 +0.7) (8.6 +£0.3)
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below 5 vol%. The secondary liquid distributes between the particles
and induces a network structure, wherein the particles come in contact
and form conductive pathways. An ECA with secondary liquid phase
exhibits a volume resistivity of (4.5 £+ 0.5) 1072 Q c¢m at 5 vol% silver
already, which is lower than that of a regular ECA with three times
higher filler content. Above the percolation threshold, the capillary
suspension based ECAs investigated here have a one order of magnitude
lower resistivity compared to the regular ECAs. The resistivity decreases
with increasing particle volume fraction to (0.14 + 0.01) 1073 Q cm at
20 vol% silver. Solar cell interconnection by shingling requires a volume
resistivity below 1 x 1072 Q cm (when low contact resistivity is given).
Whereas in regular ECAs more than 15 vol% are necessary to fulfil this
requirement, the silver amount can be significantly reduced to 5 vol%
silver by addition of a secondary liquid phase.

Contact resistivity against silver was determined for the same ECAs.
Results are shown in Fig. 9b. When the volume resistivity is higher than
1 x 1072 Q em contact resistivity cannot be calculated as the deviation
in volume resistivity becomes the same order of magnitude as the con-
tact resistivity. Therefore, only results for regular ECAs filled with 20 vol
% silver and above are shown. The contact resistivity varies in a narrow
range between 0.02 and 0.03 mQ cm? for all formulations, regardless of
the presence of a secondary liquid phase and volume fraction. This is
counter intuitive as one might expect decreasing contact resistivity with
increasing filler content. We believe that the silver flakes align parallel
to the contact area due to the application using a squeegee. Therefore,
very good contact between particles and metallization fingers is always
given irrespective of filler volume fraction and contact resistivity is
comparably low. The results confirm contact resistivity values below
0.1 mQ cm?, which is sufficient for shingling interconnection.

a 1E-1
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e I day 0
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The long-term stability of the electrical properties was monitored for
36 days to determine any effects of the uncured secondary liquid. A
sample without and one with secondary liquid phase, resp. and 10 vol%
silver fraction were kept at 85 °C. Reference samples were stored at
room temperature. Measurements were taken on the initial day, day 18
and day 36. Fig. 10a shows the volume resistivity of these samples. The
initial volume resistivities were (18 £ 3) 103 Q cm and 22+2) 1073
Q cm for the samples without secondary liquid phase and (0.71 + 0.04)
1073 Q em and (0.63 + 0.04) 10~ Q cm for capillary suspension based
samples. In regular ECAs post-curing occurs which is more pronounced
at elevated temperature. It leads to a resistivity drop to (5.5 + 0.5) 10>
Q cm at 85 °C and (14 + 1) 10~ Q c¢m at room temperature after 18
days. The volume resistivity of ECAs with secondary phase remains
constant both at 85 °C and room temperature over 36 days. The same
accounts for the contact resistivity (Fig. 10b), which also does not
change over storage time and exhibits a value of (0.034 £+ 0.003) mQ
cm? for the capillary suspension based ECA. The secondary liquid does
not deteriorate the long-term stability of the ECA. Contact resistivity for
the regular ECA could only be determined for the post-cured samples at
85 °C with similar results to the Capillary Suspension based ECA. These
results are promising for a module life-time of more than 30 years
regarding the electrical performance.

4.3.2. Mechanical properties

Shingled modules consist of overlapping solar cells which are bonded
by an ECA. Therefore, the lap-shear test was performed to characterize
the adhesive or cohesive strength of the ECAs. Fig. 11a shows the lap-
shear strength of ECAs including between 5 and 30 vol% silver with
and without secondary liquid. The lap-shear strength decreases

(o
-
m
I
-

contact resistivity / mQ cm?
m
N

no measurement possible

N
m
I
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regular
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Fig. 10. a) Volume resistivity and b) Contact resistivity of regular and capillary suspension based ECAs with 10 vol% particles on day 0, 18 and 36 after storage at

85 °C and room temperature as reference.
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approximately linearly with increasing filler volume fraction from (15
4+ 2) MPa at 5 vol% to (5 £+ 1) MPa at 30 vol%. At 5 vol% filler fraction
adhesive and cohesive failure occurs, whereas at higher filler content
only cohesive failure is present. As expected, every additional particle
weakens the polymer matrix which is responsible for the mechanical
strength. A particle network induced by capillary forces does not
strengthen the ECA in the cured state. The lap-shear strength of ECAs
with secondary liquid phase does not differ from the ones without. The
lap-shear strength is independent of the particle distribution and the
addition of small amounts of non-curing secondary liquid. For shingling
a lap-shear strength of at least 10 MPa is required, and for the polymer
matrix given here the filler content should not exceed 15 vol%.

To determine long-term stability under cyclic load two glass slides
were bonded with ECA and exposed to 3600 cycles of periodically
varying shear with a maximum amplitude of 0.1 mm. Fig. 11b shows the
lowest stress amplitude of the sample during 3600 cycles normalized
with the initial stress amplitude. All samples retain more than 95 % of
the initial strength during 3600 cycles irrespective of filler volume
fraction or presence of secondary liquid phase, except for one outlier
(out of three samples) at a filler content of 25 vol%. These results
indicate a high probability, that modules built with the given ECA can
operate 30 years or more without mechanical failure.

4.4. Module performance

So far, we have shown that regular ECAs with 20 vol% silver exhibit
rheological and electrical properties that have been found suitable for
shingling applications. On the other hand, for the epoxy/silver system
investigated here less than 15 vol% filler is necessary to get an ECA with
acceptable bonding strength. The capillary suspension concept enabled
a reduction of silver content to 5 vol%, while maintaining electrical and
mechanical properties comparable to highly-filled regular suspension
ECAs, though showing different rheological behaviour. For the module
tests, a capillary suspension based ECA with filler content between 5 and
10 vol% was selected, referred to as low-filled ECA. The filler content
was chosen to match the volume resistivity of a highly-filled (20 vol
%/70 wt% silver) regular ECA based on the same raw materials.

Table 2

Rheological, electrical and mechanical properties of the low-filled ECA.
Property Value
Yield Stress (26 + 2) Pa

(29+0.3)103Q cm
(0.033 + 0.003) mQ cm?
(14.2 + 1.7) MPa

Volume Resistivity (150 °C)
Contact Resistivity (150 °C)
Lap-Shear Strength (150 °C)

Properties of the low-filled ECA are listed in Table 2.

To assess the impact of curing temperatures at the higher range
(200 °C) and a more moderate level (140 °C), which is particularly
suitable for temperature-sensitive perovskite solar cells, modules were
produced under both conditions. The distinct rheological properties of
the two evaluated materials affected the volume of dispensed ECA,
leading to differences in the applied material quantity. The width of the
ECA in the shingle joint was determined using X-ray microscopy. The
width of the jet dispensed ECA lines in modules with highly-filled ECA
measured (445 + 80) pm, while the ECA width in modules with low-
filled ECA measured (316 £ 74) pm.

The initial module efficiencies calculated based on aperture area are
illustrated in Fig. 12a (represented by fully filled boxes). On average,
modules interconnected with the highly-filled ECA exhibited slightly
higher efficiencies. However, the differences between the groups were
within the range of the standard deviation and, therefore, not statisti-
cally significant. The groups with low-filled ECA demonstrate lower
standard deviations.

The pseudo series resistances are also shown in Fig. 12a (hatched
boxes). Similar to the module efficiency, only minor differences are
observed between the groups, indicating that the interconnection
quality remains comparable for both ECAs and curing temperatures
[40].

The results of the aging tests are presented in Fig. 12b. Notably, the
efficiency losses across all groups remain well below the critical
threshold of 5 % relative loss, indicating that both tests were successfully
passed and suggesting good durability of the materials under the tested
conditions. However, after DH testing, the group utilizing highly-filled
ECA, cured at 140 °C, exhibits significantly higher efficiency losses
compared to the other groups. Given the thermal conductivity of the
filler particles, enabling efficient heat distribution during curing, it is
unlikely that these losses stem from insufficient curing (see Chapter 4.2).
In both TC and DH testing, modules interconnected with low-filled ECA
exhibit, within the range of the standard deviation, lower efficiency
losses. This effect is attributed to the lower filler fraction, which reduces
the shear modulus and line width, thereby leading to a lower elastic
section modulus.

To evaluate the mechanical load tests, IV characteristics were
recorded, and the relative losses of short circuit current I, open circuit
voltage Uy, fill factor FF, and efficiency # were determined. The cor-
responding results are presented in Fig. 13.

Efficiency losses were primarily attributed to a decreased fill factor
and a reduction in short-circuit current. The module manufactured using
the regular suspension ECA exhibited a higher efficiency loss, mainly
driven by a more pronounced decline in the fill factor. In both modules,
the efficiency losses were below 1 %. In a statistical investigation of ML
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tests with a maximum load of 5400 Pa from the years 2008-2019, 16.98
% of all modules did not pass the test with a performance loss exceeding
5 %. The average performance loss of all modules in this study was 1.76
% [56]. Compared to these historical data, the shingle modules pro-
duced in this study demonstrate an above-average resilience to me-
chanical loads.

5. Conclusion

This work shows the silver saving potential in Electrically Conduc-
tive Adhesives and presents a formulation concept for its implementa-
tion. The chosen epoxy resin cures fast (<30 s) and at low temperature
(<140 °Q). The required yield stress between 10 and 100 Pa as well as a
volume resistivity below 1072 Q cm and contact resistivity below 0.1
mQ cm?, once cured, can be achieved by adding 20 vol% of silver flake
filler. For a lap-shear strength beyond 10 MPa the filler fraction must be
kept below 15 vol% filler. By adding a small amount (<1 vol%) of a
secondary immiscible liquid a sample-spanning particle network can be
induced even at 5 vol% silver filler. This capillary suspension type
formulation is stable and exhibits sufficient volume and contact re-
sistivity of (4.5 £+ 0.5) 102 Q cm and (0.026 + 0.006) mQ cmz, resp., as
well as superior mechanical strength (lap-shear strength of (17 + 4)
MPa) in the cured state. The secondary liquid does not influence the very
good long-term stability of the ECA. By applying the capillary

suspension concept a low-filled ECA with good electrical and mechani-
cal properties can be formulated.

The transfer of these material science findings to module level
showed promising results: The capillary suspension ECA with a silver
content between 5 and 10 vol% achieved the same initial module effi-
ciency and pseudo series resistance as conventional ECAs with 20 vol%
filler. Both ECA formulations passed TC200 and DH500 testing in six-
shingle mini modules, with the low-filled version cured at 200 °C
showing the lowest efficiency losses. In mechanical load tests, efficiency
losses remained below 1 %, with the capillary suspension ECA per-
forming comparably well due to its enhanced flexibility resulting from
the lower filler content.

In summary, formulating Electrically Conductive Adhesives as
capillary suspensions present significant silver saving potential for the
photovoltaic industry. Compared to state-of-the-art silver filled ECAs
more than 50 % silver can be saved without losses in electrical con-
ductivity or module performance but with gain in mechanical strength.
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