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Preface 
This publication-based dissertation consists of three peer-reviewed scientific journal articles. 
They include the main results of my experimental work at Karlsruhe Institute of Technology (KIT), 
Institute of Mechanical Process Engineering and Mechanics (MVM) in the group of Applied 
Mechanics (AME) during February 2023 until March 2026. 

This thesis comprises a short introduction on the topic, a more detailed background on 
electrically conductive adhesives and their utilization in the shingled PV module design, followed 
by the motivation behind this work’s aim. The main part of this dissertation consists of the 
following publications: 

• Less is more: Enabling low-filled electrically conductive adhesives for shingled solar cell 
interconnection using the capillary suspension concept 

• Polyethylene glycol-assisted stabilization of low-silver electrically conductive adhesives 
for solar cell interconnection 

• Low-filled electrically conductive adhesives based on silver-coated glass and copper 
particles 

The dissertation closes with an overall conclusion and outlook as well as a bibliography. The 
bibliography includes all references of the publications. Hereby, the publications are slightly 
changed. Some diagrams and images are modified in size and color, taking into account the 
format of this dissertation and the spelling was adjusted to ensure consistency with American 
English conventions.
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Abstract 
The 2030 Agenda for Sustainable Development established by the United Nations defines 17 
Sustainable Development Goals aimed at ensuring peace and prosperity for both the planet and 
its people. One of these goals is taking action against climate change (Goal 13) which implies Goal 
7: affordable and clean energy. A transition of the energy production to renewable solutions is 
therefore of utmost importance. Photovoltaics (PV), which converts solar radiation into electrical 
energy, is one of the cornerstones of a renewable energy supply system. 
Building-integrated PV where visual appearance and limited installation space play an important 
role gain increasing relevance in decentralized energy supply. The shingled PV module design with 
a gapless interconnection of solar cells provides both visual uniformity and efficient area 
utilization. In the shingling approach, overlapping solar cells are interconnected using electrically 
conductive adhesives (ECAs). ECAs consist of a polymer matrix filled with a conductive filler, 
usually silver at high volume fractions. In this context, Goal 12: responsible consumption and 
production becomes particularly relevant as silver is costly and may face supply shortages in the 
near future. Consequently, the PV industry aims to significantly reduce its silver consumption in 
order to remain competitive to other energy production technologies and to be consistent with 
the UN Sustainable Development Goals. 

The aim of this thesis was the formulation of low-filled, low-silver ECAs based on commercially 
available materials for application in shingled PV. A reduced filler content improves the 
mechanical properties of the ECA by providing lower shear and elastic moduli and high shear 
strength, which is required for the shingled cell interconnection. However, a simple reduction in 
filler content deteriorates paste stability and electrical conductivity. Therefore, suitable 
stabilization concepts must be applied to ensure both processability of the ECA by screen printing 
or dispensing and electrical properties which do not compromise module performance. 
In this thesis, the capillary suspension concept was explored for utilization with ECAs. In capillary 
suspensions, the addition of a small volume fraction of an immiscible secondary liquid induces a 
strong particle network which stabilizes the suspension against sedimentation and also provides 
rheological properties required for screen printing and dispensing. In case conductive particles 
are used, as in ECAs, this percolating network can also provide electrical conductivity as 
demanded for solar cell interconnection. The starting point of this work was a so-called snap-
cure epoxy resin, which is well established in die-attach applications and meets the curing 
kinetics requirements of the PV industry, in combination with a specific grade of silver flakes that 
has also been proven in commercial applications. A suitable secondary liquid was identified 
which reduced the required silver flake volume fraction for the formation of a yield stress from 15 
to 5 vol%. In both cases, application by screen printing required slightly higher yield stresses and 
therefore slightly higher filler contents. The secondary liquid was chosen not to alter the curing 
kinetics of the ECA, thereby preserving the advantage of rapid curing within seconds at low 
temperatures (120-200°C) of the chosen epoxy system. Furthermore, the percolation threshold 
for electrical conductivity decreased from 15 vol% to below 5 vol% silver flakes when the capillary 
suspension concept was applied. Due to silver alignment on the contacts, the contact resistivity 
remained generally low and was unaffected by either filler content or formulation concept. As 
expected, a lower filler content improved mechanical properties, as demonstrated by a linear 
increase in lap-shear strength with decreasing filler volume fraction. For all investigated ECAs, 
long-term stability under heat exposure and cyclic shear loading was demonstrated. At module 
level, a low-filled ECA containing between 5 and 10 vol% silver exhibited performance 
comparable to that of a highly-filled (20 vol% silver) reference ECA. Overall, the feasibility of the 
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capillary suspension concept for significant reduction of silver consumption in ECAs was 
successfully demonstrated. 

However, the maximum volume resistivity of 1 x10-2 Ω cm, required for solar cell shingling, could 
be achieved even below 5 vol% provided that appropriate particle stabilization was employed to 
increase the yield stress. Polyethylene glycol (PEG) was found to improve both yield stress and 
lap-shear strength in the investigated particle-polymer system without compromising the 
electrical properties. This effect was attributed to altered interfacial properties, as PEG dissolved 
into both the polymer matrix and the polar secondary liquid present in the system. As a result, the 
three-phase contact angle of a secondary phase droplet on the silver flakes in the presence of the 
main fluid decreased, which enabled the formation of a “capillary” state capillary suspension. 
This led to the transformation of the well-dispersed particle system into a micro-phase separated 
particle network. However, further increasing PEG content led to a decrease in yield stress and 
lap-shear strength due to reduced interfacial tension between the main and secondary phases 
and increasing replacement of polymer matrix by PEG. Nevertheless, an ECA containing only 4 
vol% (28 wt%) silver was successfully formulated that fulfilled all requirements for the shingled 
cell interconnection. 

Further reduction in silver content was pursued by replacing the silver flakes with silver-coated 
glass particles and silver-coated copper particles. Even though the silver-reduced particles were 
selected to exhibit size distribution and surface chemistry similar to those of the silver flakes, a 
direct one-by-one replacement was not feasible. 
Using silver-coated glass particles, partial substitution of silver particles was possible and a 
halogen-based additive was additionally introduced. However, the glass particles could be used 
to adjust the yield stress without altering the superior lap-shear strength and volume resistivity, 
provided that the silver content remained at 3.5 vol% and the total filler content between 5 and 8 
vol%. A similar halogen-stabilized formulation was developed using silver-coated copper 
particles. In this case, 10 vol% of total filler, corresponding to 1.3 vol% silver or 7 wt% silver, was 
necessary to meet the requirements for solar cell shingling. However, the presence of copper 
appeared to affect the curing kinetics of the polymer matrix used here, resulting in a drastically 
reduced Young’s Modulus of (34 ± 13) MPa instead of approximately 1000 MPa. This reduction in 
stiffness is believed to have caused failure during the accelerated thermal cycling test at module 
level, as the resulting higher strains might have disrupted the conductive pathways. Nevertheless, 
stability against oxidation was demonstrated in damp heat tests, and the ECA containing silver-
coated glass particles achieved overall promising results at module level. 

In summary, this thesis demonstrates the formulation of ECAs containing only 1.7-4 vol% silver 
(7-28 wt%), which is significantly lower than in conventional ECAs which typically contain 20-30 
vol% silver (70-80 wt%), while still meeting the requirements for the shingled solar cell 
interconnection. This enables more sustainable material usage in photovoltaic module 
manufacturing, and thereby contributes to more sustainable energy production in line with the 
Sustainable Development Goals defined by the United Nations.
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Zusammenfassung 
Die von den Vereinten Nationen verabschiedete Agenda 2030 für nachhaltige Entwicklung 
definiert 17 Ziele, die Frieden und Wohlstand für Mensch und Umwelt sichern sollen. Zu diesen 
zählt insbesondere der Klimaschutz (Ziel 13), der eng mit dem Ziel einer bezahlbaren und 
sauberen Energieversorgung (Ziel 7) verknüpft ist. Eine Umstellung der Energieerzeugung auf 
erneuerbare Quellen ist daher von zentraler Bedeutung. Die Photovoltaik (PV), die 
Sonnenstrahlung direkt in elektrische Energie umwandelt, stellt einen wesentlichen Baustein 
eines nachhaltigen Energiesystems dar. 
Gebäudeintegrierte Photovoltaiksysteme gewinnen zunehmend an Bedeutung für die dezentrale 
Energieversorgung, dabei spielen insbesondere ästhetische Anforderungen und begrenzte 
Installationsflächen eine Rolle. Das sogenannte geschindelte Moduldesign mit lückenloser 
Verschaltung der Solarzellen ermöglicht sowohl ein einheitliches Erscheinungsbild als auch eine 
effiziente Flächennutzung. Bei diesem Konzept werden überlappende Solarzellen mithilfe 
elektrisch leitfähiger Klebstoffe (engl. electrically conductive adhesives, ECAs) kontaktiert. Diese 
bestehen aus einer Polymermatrix mit einem leitfähigen Füllstoff, in der Regel Silber in hohen 
Volumenanteilen. Vor diesem Hintergrund gewinnt Ziel 12 (nachhaltige/r Konsum- und 
Produktion) besondere Relevanz, da Silber teuer ist und künftig Versorgungsengpässe nicht 
ausgeschlossen werden können. Die Photovoltaikindustrie ist daher bestrebt, den 
Silberverbrauch deutlich zu reduzieren, um wettbewerbsfähig zu bleiben und den 
Nachhaltigkeitszielen gerecht zu werden. 

Ziel der vorliegenden Arbeit war die Entwicklung niedrig gefüllter, silberreduzierter ECAs auf Basis 
kommerziell etablierter Materialien für den Einsatz in geschindelten PV-Modulen. Ein reduzierter 
Füllstoffgehalt führt zu verbesserten mechanischen Eigenschaften, insbesondere zu geringeren 
Schub- und Elastizitätsmoduli bei gleichzeitig hoher Scherfestigkeit, die für die Zellverschaltung 
erforderlich sind. Eine bloße Reduktion des Füllstoffanteils verschlechtert jedoch die 
Pastenstabilität und elektrische Leitfähigkeit. Daher ist die Anwendung geeigneter 
Stabilisierungskonzepte erforderlich, um sowohl eine gute Verarbeitbarkeit (z. B. im Siebdruck 
oder durch Dispensieren) als auch ausreichende elektrische Eigenschaften sicherzustellen. 
Im Rahmen dieser Arbeit wurde das Konzept der Kapillarsuspensionen auf ECAs angewandt. 
Dabei führt die Zugabe geringer Mengen einer nicht mischbaren Zweitflüssigkeit zur Ausbildung 
eines ausgeprägten Partikelnetzwerks, das die Suspension stabilisiert und geeignete 
rheologische Eigenschaften für den Verarbeitungsprozess bereitstellt. Im Fall leitfähiger Partikel 
kann dieses Netzwerk zugleich elektrische Ladung transportieren. Als Ausgangssystem diente ein 
schnellaushärtendes Epoxidharz, welches in der Elektronikindustrie etabliert ist und die 
Anforderungen an die Aushärtekinetik erfüllt, kombiniert mit kommerziell bewährten 
Silberpartikeln. Durch die Auswahl einer geeigneten Zweitflüssigkeit konnte der erforderliche 
Silberanteil zur Ausbildung einer Fließgrenze von 15 auf 5 Vol.-% reduziert werden. Für die 
Anwendung im Siebdruck waren jeweils geringfügig höhere Silberanteile erforderlich. Die 
gewählte Zweitflüssigkeit beeinflusste die Aushärtungskinetik nicht, sodass die schnelle 
Aushärtung bei vergleichsweise niedrigen Temperaturen (120–200 °C) erhalten blieb. Gleichzeitig 
verringerte sich die Perkolationsschwelle für die elektrische Leitfähigkeit von 15 Vol.-% auf unter 
5 Vol.-% Silber. Der Kontaktwiderstand blieb dabei niedrig und unabhängig von Füllstoffgehalt und 
Formulierung. Wie erwartet, führte der reduzierte Füllstoffgehalt zu verbesserten mechanischen 
Eigenschaften, was sich in einer steigenden Scherfestigkeit zeigte. Für alle untersuchten Systeme 
konnte zudem eine gute Langzeitstabilität nachgewiesen werden. Auf Modulebene wies ein 
niedrig gefüllter ECA mit 5–10 Vol.-% Silber eine vergleichbare Leistung wie ein Referenzsystem 
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mit 20 Vol.-% Silber auf. Insgesamt konnte somit die Eignung des Kapillarsuspensionskonzepts 
zur deutlichen Reduktion des Silberverbrauchs nachgewiesen werden. 

Der für die Zellverschaltung maximal zulässige Volumenwiderstand von 1 x 10⁻² Ω cm konnte 
bereits bei Silbergehalten unterhalb von 5 Vol.-% erreicht werden, sofern eine geeignete 
Partikelstabilisierung vorlag. Dabei erwies sich Polyethylenglykol (PEG) als vorteilhaft, da es 
sowohl die Fließgrenze als auch die Scherfestigkeit erhöhte, ohne die elektrischen Eigenschaften 
zu beeinträchtigen. Dies wird auf veränderte Grenzflächeneigenschaften zurückgeführt, da PEG 
sowohl in der Polymermatrix als auch in der polaren Zweitflüssigkeit löslich ist. Infolgedessen 
verringerte sich der Dreiphasenkontaktwinkel, wodurch die Ausbildung einer Kapillarsuspension 
begünstigt wurde und ein mikrophasensepariertes Partikelnetzwerk entstand. Eine weitere 
Erhöhung des PEG-Gehalts führte jedoch aufgrund verringerter Grenzflächenspannung zwischen 
den flüssigen Phasen und Verdrängung des Polymers zu einer Abnahme von Fließgrenze und 
Scherfestigkeit. Dennoch konnte ein ECA mit lediglich 4 Vol.-% Silber erfolgreich formuliert 
werden, der alle Anforderungen für die Zellverschaltung erfüllt. 

Zur weiteren Reduktion des Silberanteils wurden Silberpartikel durch versilberte Glas- bzw. 
Kupferpartikel ersetzt. Diese Partikel wurden so gewählt, dass sie den Silberpartikeln in 
Größenordnung und Oberflächeneigenschaften ähnelten. Dennoch war ein eins-zu-eins-
Austausch der Partikel nicht möglich. Mit versilberten Glaspartikeln konnte eine partielle 
Substitution unter Einsatz eines halogenhaltigen Additivs erreicht werden. Dabei konnte der 
Glasgehalt zur Einstellung der Fließgrenze genutzt werden ohne die elektrischen Eigenschaften 
zu beeinflussen, solange der Silbergehalt bei 3,5 Vol.-% und der Gesamtpartikelanteil zwischen 5 
und 8 Vol.-% lag. Eine vergleichbare halogenbasierte Formulierung mit versilberten 
Kupferpartikeln erforderte höhere Füllstoffgehalte von 10 Vol.-%. Dies entspricht einem 
Silberanteil von 1,3 Vol.% bzw. 7 Gew.-%. Allerdings beeinflusste das Kupfer offenbar die 
Aushärtung der Polymermatrix, was zu einem deutlich reduzierten Elastizitätsmodul von nur (34 
± 13) MPa anstelle von ca. 1000 MPa führte. Diese reduzierte Steifigkeit führte vermutlich zu den 
Ausfällen in den thermischen Belastungstests auf Modulebene, da die höhere Dehnung zu einer 
Unterbrechung der leitfähigen Pfade geführt haben könnte. Dennoch wiesen die ECAs eine gute 
Oxidationsbeständigkeit auf. Insbesondere die Systeme mit Glaspartikeln lieferten 
vielversprechende Ergebnisse auf Modulebene. 

Zusammenfassend beweist die vorliegende Arbeit, dass ECAs mit einem Silbergehalt von 
lediglich 1,7–4 Vol.-% (7–28 Gew.-%) formuliert werden können. Dies ist deutlich weniger als bei 
konventionellen Systemen mit typischerweise 20–30 Vol.-%. Trotz dieser erheblichen Reduktion 
erfüllen die entwickelten ECAs die Anforderungen der geschindelten Zellverschaltung. Damit 
leisten sie einen Beitrag zu einem nachhaltigeren Materialeinsatz in der Photovoltaik und 
unterstützen eine ressourcenschonende Energieerzeugung im Sinne der Ziele der Vereinten 
Nationen. 
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Notations 
Latin symbols 

A area [cm²] 

aT temperature dependent shift factors [-] 

d diameter [mm] 

F force [N] 

G’ storage modulus [MPa] 

G’’ loss modulus [MPa] 

g gravitational constant [m/s²] 

h distance [µm] 

I current [A] 

i counting number [-] 

l length [cm] 

N number of bridges [-] 

n number [-] 

P power [W] 

p percentage [-] 

R resistance [Ω] 

r radius [mm] 

T temperature [°C] 

t thickness [cm] 

V voltage [V] 

V volume [µm³] 

v velocity [m/s] 

w width [cm] 

x value  

𝑥̅  mean value  

x50,3 mass-weighted median equivalent particle diameter [µm] 

y gap height [mm] 

Greek symbols 

Γ interfacial tension [mN/m] 

γ deformation [-] 

𝛾̇  shear rate [1/s] 

η viscosity [Pa s] 

θ three-phase contact angle [°] 

ρ density [g/ml] 

ρc contact resistivity [Ω cm²] 

ρv volume resistivity [Ω cm] 
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Σ standard deviation  

σy yield stress [Pa] 

Τ shear stress [Pa] 

Φ volume fraction [-] 

Indices 

b, B bulk  

C contact  

Cap capillary  

F finger  

G glass transition  

J joint  

Max maximum  

Oc open-circuit  

P particle  

S series  

Sc short-circuit  

Sec secondary  

Sed sedimentation  

Abbreviations 

ACA Anisotropically Conductive Adhesives 

Ag Silver 

AgI Silver Iodide 

Al Aluminum 

aTC Accelerated Thermal Cycling 

BMWE German Federal Ministry of Economic Affairs and Energy 

BMWK German Federal Ministry of Economics and Climate Action 

CapS Capillary Suspension 

CIGS Copper Indium Gallium Selenide 

CTE Coefficient of Thermal Expansion 

Cu Copper 

DH Damp Heat 

DMA Dynamical Mechanical Analysis 

DSC Differential Scanning Calorimetry 

ECA Electrically Conductive Adhesive 

EL Electroluminescence 

FF Fill Factor 

h Halogen 

HF Humidity Freeze 

HJT Heterojunction Technology 
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I Iodine 

ICA Isotropically Conductive Adhesives 

IL Ionic Liquid 

ITRPV International Roadmap of Photovoltaics 

IV Current-Voltage (Curve) 

LSMC Laser Scribe and Mechanical Cleaving 

ML Mechanical Load 

MPP Maximum Power Point 

Ni Nickel 

PEG Polyethylene Glycol 

PERC Passivated Emitter and Rear Cell 

POE Polyolefin Elastomer 

PSQ Pseudo-Square 

PV Photovoltaic 

RoHS Restriction of Hazardous Substances 

SEM Scanning Electron Microscopy 

SHJ Silicon Heterojunction 

TC Thermal Cycling 

TGA Thermogravimetric Analysis 

TLM Transfer Length Method 

TOPCon Tunnel Oxide Passivated Contact 

TPO Thermoplastic Polyolefins 

TPTA Terephthalaldehyde 

TPU Thermoplastic Polyurethane 

TTSP Time-Temperature Superposition Principle 

vol Volume 

wt Weight 

xBC Back Contact Cell Concepts 
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1 General Introduction 
Considering the major challenges of the 21st century, climate change is frequently named in first 
position. Driven by the extensive emission of CO2 since the beginning of industrialization and its 
accumulation in atmosphere, the global average temperature has increased by 1 °C over the last 
30 years. This rise in temperature leads to an increased frequency of extreme weather events and 
reduced ice coverage, thereby affecting ecosystems, wildlife and human society alike [1]. In 
response to these developments, the European Commission introduced the “European Green 
Deal” in 2019 which aims to achieve a net carbon neutral European Union by 2050 [2]. A central 
component of this strategy is the transition of energy production towards renewable energy 
sources. Among these, photovoltaic (PV) is projected to experience the most significant growth 
by 2050 [3]. The International Roadmap for Photovoltaic [4] forecasts an increase in cumulative 
PV installations to app. 8.9 TWp in Europe and 63.4 TWp globally, compared to app. 3.6 TWp 
globally in 2025. Such an expansion in PV capacity will inevitably lead to a substantial increase in 
material demand. 
At the solar cell level, crystalline silicon is the dominant material. Efforts to reduce silicon 
consumption per cell is primarily achieved by decreasing the thickness of the silicon wafer. 
Additionally, alternative photovoltaic technologies are explored. However, established thin film 
technologies, such as cadmium telluride or copper indium gallium selenide (CIGS) solar cells, 
have a decreasing market share accounting for 2-3% in 2024 [5]. Emerging cell concepts are so 
far only relevant for space application (III/V-semiconductors) [6] or on lab-scale (perovskites) [7]. 
In cell interconnection, lead-based solder is dominant [4]. However, the use of lead is regulated 
under the Restriction of Hazardous Substances (RoHS) directive [8] and is generally prohibited. 
The photovoltaic industry currently benefits from a temporary exemption, which requires regular 
extension. The use of lead can be avoided by employing lead-free solder. However, lead-free 
solder typically requires higher processing temperatures. Such temperatures are often 
incompatible with thin wafers or some of the emerging photovoltaic materials. Therefore, 
electrically conductive adhesives (ECA) have been introduced as an alternative interconnection 
material in PV interconnection. 
Work on ECAs, which are composite materials consisting of non-conductive polymer matrices 
and conductive fillers, dates back to the early 20th century [9]. The U.S. patent by Wolfson and 
Elliot [10], filed in 1956 on electrically conductive cements, is widely regarded as the first 
documented application of ECAs in electronic technology. Over the years, ECAs have developed 
into established interconnection materials in the electronics industry, particular for flip-chip and 
die-attach applications [11]. Their widespread use can be attributed not only to their role as lead-
free, low-temperature alternatives to solder, but also because of their lower mechanical stiffness 
compared to solder materials. These properties make ECAs particularly attractive for PV 
applications, where they enable innovative module concepts such as shingled solar modules 
[12]. 
In comparison to conventional PV modules, where metallic ribbons are bonded onto the cell 
surface to establish electrical interconnection between adjacent cells, in the shingling approach 
cells are directly interconnected overlapping like roof-tiles. This design increases area utilization, 
as gaps between the cells are omitted. However, the overlapping structure requires that thermo-
mechanical stresses must be accommodated within the adhesive bond [13]. Consequently, the 
requirements for interconnection materials remain an active topic of research. These 
requirements include rheological properties in the uncured state, processability during 
application and electrical and mechanical performance after curing. The work presented in this 
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thesis aims to define material specifications for ECAs used in shingled solar cell interconnection 
and to investigate how these properties can be tailored through optimized ECA formulations. 
Despite their technological advantages, ECAs face material-related challenges as well. Especially 
their typically high silver content makes them economically less competitive compared to solder-
based interconnection technologies. Silver is a relatively expensive material and may face supply 
shortage in the future, which further increases cost pressure. Consequently, reducing the silver 
consumption has become a key objective for ECA manufacturers, especially in the rapidly growing 
PV sector [4]. 
In the present work, this challenge is addressed through two complimentary approaches. First, 
the capillary suspension concept is introduced to stabilize low-filled ECAs, enabling reliable 
formulations with significantly reduced silver content. Second, the pure silver filler is replaced by 
silver-reduced fillers, namely silver-coated glass particles and silver-coated copper particles, in 
order to further decrease the overall silver usage in ECA formulations.
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2 Theoretical background and State of the Art 
The following section gives an overview on electrically conductive adhesives and their use in solar 
cell interconnection. Special attention is paid to stabilization mechanisms as well as material 
specifications for the shingled interconnection approach.  

2.1 Electrically Conductive Adhesives 
Electrically conductive adhesives (ECAs) are composite materials consisting of a conductive filler 
dispersed in a polymer matrix [9]. They serve the dual function of mechanically and electrically 
interconnecting two substrates. While the electrical conductivity is primarily governed by the 
type, volume fraction, and spatial distribution of conductive filler, the mechanical properties are 
determined by both the polymer matrix and the filler. In general, increasing the filler volume 
fraction improves electrical conductivity but deteriorates adhesion and shear strength [14–16]. 
This section provides an overview of ECA composition, conduction mechanism and rheological 
properties, as well as strategies to tune and improve these characteristics. 

2.1.1 Components and fields of application 
The polymer matrix provides the mechanical interconnection by forming covalent and secondary 
bonds with the substrate [17]. It therefore primarily determines the mechanical properties like 
adhesion, mechanical strength and impact resistance of the composite material [16]. The 
electrical resistivity of common polymers typically ranges between 1012 and 1015 Ω cm [18]. 
Thermosetting polymers are most commonly used in ECAs, typically as solvent-free one-
component systems, such as epoxy resins, cyanate esters, silicones or polyurethanes [9,11,19]. 
Thermosets are preferred because of their higher crosslink density [20] and their ability to form 
strong covalent bonds with the substrate increasing adhesion strength [17]. Among these, epoxies 
are the most widely used. Epoxy adhesive systems generally consist of a resin and a hardener. In 
some cases accelerators are added to control the curing reaction [14]. Epoxy resins cure through 
an exothermic crosslinking reaction. The curing kinetics as well as resulting crosslink density 
depends on curing time, curing temperature, hardener type (e.g. catalysts (Lewis acids and 
bases), amines, anhydrides [14] or imidazoles), reactivity and number of functional groups as well 
as filler loading, as fillers can act as catalysts [9]. Epoxy systems offer several advantages, 
including high chemical and thermal resistance, good adhesion and compatibility to various 
substrates as well as high mechanical strength and toughness [9,21]. 
Alternatively, thermoplastic polymers may be used as the polymer matrix. These materials offer 
advantages such as repairability and recyclability but often exhibit lower adhesive strength 
particularly at elevated temperatures [9]. Common thermoplastic adhesives include polyvinyl 
acetate, chlorate or ether as well as polyimides and polyacrylates [9,11,19,22]. 

To achieve electrical conductivity, conductive particles are dispersed within the polymer matrix. 
In terms of mechanical properties, these particles act as defects within the polymer network, 
deteriorating the strength of the composite [14]. Consequently, the filler volume fraction must be 
balanced to ensure sufficient electrical conductivity while maintaining adequate mechanical 
properties. 
Conductive fillers are available from various materials, including metals such as silver, gold, 
nickel, aluminum or copper, as well as carbon-based fillers and metal-coated fillers. In the latter 
case, the conductive shell may surround either a conductive metal core, e.g. silver-coated copper 
particles, or a non-conductive core, such as glass, ceramics, or polymers. The geometry of the 
filler particles ranges from fibers and needles over spheres to flakes and platelets. Filler 
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dimensions vary widely from nanometer-scale fillers such as carbon nanotubes or fibers to 
micrometer-scale particles up to app. 20 µm, as in the case of flakes [9,11,14,17,22,23]. 
Among the conductive fillers, silver is the most widely used owing to its high electrical and thermal 
conductivity, chemical stability and ease of processing [21,24]. Importantly, even silver oxides 
retain relatively high electrical conductivity [17]. Silver particles are commercially available in 
various sizes and shapes, with silver flakes being the most commonly used form in ECAs [9]. Silver 
flakes are fabricated by ball-milling silver powders. During this processing step, lubricants are 
added to prevent cold-welding and agglomeration of the particles. These lubricants are usually 
fatty acids, which remain on the flake surface as chemically bound silver salts and free fatty acids. 
This organic surface layer improves the dispersibility of the particles in the polymer matrix but it 
is generally electrically insulating and therefore impedes electron transport. The organic surface 
can be thermally decomposed within a temperature range of app. 150 and 250 °C [25–27]. One of 
the major drawbacks of silver as filler material is its high and fluctuating cost. Therefore, recent 
research efforts have focused on the (partial) substitution of silver with copper. Copper is 
significantly less expensive and exhibits high electrical conductivity. However, copper is prone to 
oxidation, which results in the formation of non-conductive copper oxides. Hence, copper is often 
used in the form of silver-coated copper particles, aiming to combine the cost advantage of 
copper with the chemical stability of silver [11]. 
Another approach to achieving electrical conductivity involves doping the non-conductive 
polymer matrix with inherently conductive polymers. These materials offer good processability 
and mechanical flexibility, comparable to the polymer matrix. However, their electrical 
conductivity is generally at least eight orders of magnitude lower than that achieved using 
conventional metallic fillers. Examples of inherently conductive polymers are polypyrrole, 
polyaniline, polythiophene, polyacetylene and Poly(3,4-ethylenedioxy thiophene):Poly(styrene 
sulfonate) [9,28]. 

ECAs provide not only electrical and mechanical interconnection but also contribute to thermal 
management within electronic assemblies [24]. Therefore, they are widely applied as 
replacement for solder [29]. ECAs offer low processing temperatures below 200 °C, are 
environmentally friendly due to the absence of lead, offer higher flexibility than solder and can 
bond non-solderable materials as well [9,24]. Hence, ECAs are applied in electronic packaging, 
die attachment, surface mount technology, flip-chip assembly, liquid-crystal displays and 
conductive coatings, etc. [22,30]. Recently, the photovoltaic industry has gained interest in ECAs 
as an alternative interconnection material [31]. Still, challenges remain in the application of ECAs. 
These include their lower conductivity compared to solder, moisture uptake and associated 
corrosion, limited reworkability as well as unstable contacts against non-noble materials and 
relatively high material costs [14,30,32]. 

2.1.2 Percolation in ECAs 
ECAs can be classified into anisotropically conductive adhesives (ACA) and isotropically 
conductive adhesives (ICA). ACAs are typically low-filled systems in which electrical 
interconnection between the substrates is established by individual conductive particles, as 
illustrated in Figure 1a. As a result, electrical conduction occurs only along the z-axis but not in 
the x-y-plane. To ensure reliable electrical contact, pressure must be applied during curing to 
bring particles and substrates into contact. In contrast, ICAs rely on the formation of a continuous 
conductive particle network with redundant electrical pathways providing conductivity in all 
spatial directions, see Figure 1b. Consequently, ICAs are highly filled and do not require external 
pressure during curing [33]. Therefore, ICAs are more widely used than ACAs in practical 
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application [17]. Hence, the following considerations on electrical conductivity as well as paste 
stability focus primarily on ICAs. 

 

Figure 1. a) anisotropically conductive adhesive, b) isotropically conductive adhesives 

Electrical Conduction Mechanism in ECAs 
Electrical conduction in ECAs requires close proximity between the particles as well as between 
particles and the bonding surface. The overall resistance of an ECA bonded joint consists of the 
contact resistance between the ECA and the substrate and the intrinsic resistance of the ECA 
itself. The latter can be further divided into the intrinsic resistance of the filler particles and the 
contact resistance between neighboring filler particles. When conductive particles approach 
each other within a gap distance smaller than approximately 10 nm, electrons may overcome the 
potential barrier between particles, which is referred to as electron tunnelling. This mechanism is 
highly sensitive to the gap width as well as applied voltage and temperature. When particles come 
in direct physical contact, a conductive network forms in which electron transport occurs via 
band conduction. In ECAs, electron tunnelling is believed to dominate over band conduction due 
to the presence of the organic surface layer on the particles and residual polymer separating 
neighboring particles. Nevertheless, it is likely that both mechanisms, direct particle contact and 
electron tunnelling, coexist within the conductive network. Therefore, the contact resistance 
between particles consists of two contributions: constriction resistance, arising from the limited 
contact area through which electrons pass, and tunnelling resistance associated with the 
nanoscale separation between particles [9,14,16,23]. 
In the uncured state, most ICAs are electrical insulating. It is widely assumed that polymer 
shrinkage during curing reduces the distance between neighboring particles, enabling the 
formation of continuous conductive pathways [18,34]. Other studies suggest that the fillers 
rearrange into a conductive network during the initial viscosity decrease upon heating the 
adhesives for curing [21,35]. Additionally, evaporation of the organic surface layer during curing 
may further enhance electrical conductivity of the ECAs [29]. 

Percolation theory 
At low filler volume fractions, particles are well dispersed within the polymer matrix and remain 
isolated from each other. In this regime, the electrical resistivity of the composite is dominated by 
that of the polymer. With increasing filler content, particles begin to form clusters which 
eventually connect to a sample-spanning conductive network. The critical volume fraction at 
which this transition occurs is referred to as the percolation threshold. At the percolation 
threshold, the composite undergoes a transition from an electrical insulator to a conductor and 
resistivity decreases by several orders of magnitude. Further increases in filler content primarily 
result in the formation of additional network branches and redundant conductive pathways, 
which reduce the resistivity only gradually [9,14,18,22]. The critical volume fraction can be 
described by percolation theory, which is derived from graph theory. Graph theory considers a 
lattice structure, in which the knots are randomly occupied by particles. Neighboring occupied 
sites form a bond. The percolation threshold is defined as the particle volume fraction at which a 
continuous chain of such bonds extends from one side of the lattice to the other [14,18]. However, 
in truly random distributions the assumption of a lattice fails. Furthermore, thermodynamic 
effects such as surface energies of polymer and particles and polymer melt viscosity, the 
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preparation technique as well as geometrical parameters including particle size, shape, 
orientation or size distribution cannot be accounted for in this basic model [14,18,23]. To account 
for conduction mechanisms that do not rely on direct particle–particle contact, Zhang et al. [22] 
recommend incorporating tunnelling effect theory and field emission theory into the theoretical 
description. 
Assuming spherical metallic particles, the percolation threshold for ECAs has been theoretically 
predicted to lie between 15 and 20 vol%. However, in practice, filler volume fractions of 30-35 
vol% are typically required to achieve sufficient electrical conductivity and stability [14,18,21]. 
Generally, the percolation threshold decreases with increasing particle aspect ratio [23] and when  
mixtures of fillers with different shapes and sizes are used [15]. In practice, flake-shaped particles 
are most widely employed as they provide more contact points than spheres and are 
commercially available from a broad spectrum of materials [17]. The percolation threshold is well 
suited for experimentally comparing different ECA material systems as well as describing the 
conductivity on a macroscopic scale. However, for its theoretical prediction other theories have 
to be included into the model [36]. 

Volume and contact resistivity and their measurement 
To compare and quantify the electrical properties of ECAs, the volume resistivity is commonly 
determined. This parameter is typically measured using a four-point probe method, in which four 
electrodes are arranged linearly on the ECA sample. As illustrated in Figure 2a, a current I is 
applied between the two outer electrodes and the drop in voltage V is measured between the two 
inner electrodes. In this setup, the bulk resistance Rb as the ratio of V/I is a measure of the sample 
only [37]. The volume resistivity ρv is then calculated from the resistance and the sample geometry 
according to [38]: 

𝜌𝑣 = 𝑅𝑏 ∙
𝑤𝑡

𝑙
  (1) 

with width w, thickness t of the ECA and distance between the inner electrodes l. The measured 
resistance R depends not only on the material properties but also on sample geometry and 
electrode position. To obtain Rb, correction factors have to be applied for samples with finite 
thickness and lateral dimension as well as when electrodes are positioned close to the sample 
edge. In case of thickness, this correction factor is 1, when the ratio of thickness to electrode 
spacing is below 0.2. To ensure reliable comparisons, it is essential to use similar sample 
geometries and measurement configurations. Additionally, the four-point method is applicable 
only to isotropic materials [37]. 
In a bonded joint, the total electrical resistance consists of the bulk resistance of the ECA as well 
as the contact resistance at the interface between adhesive and substrate. The contact 
resistance Rc refers to the total resistance at the interface and depends on the contact geometry. 
In contrast, contact resistivity ρc represents an intrinsic property of the interface that is 
independent of the contact geometry. For ideal, homogeneous contacts with uniform current 
density, contact resistivity is calculated according to [39]: 

𝜌𝑐 = 𝑅𝑐 ∙ 𝐴  (2) 

with contact area A. In practice, however, most contacts are non-ideal due to current crowding 
effects or defects [39]. To account for these effects, the transfer length method (TLM) is commonly 
employed to determine a parameter known as the current transfer length. In this approach, the 
contact resistance is assumed to be equivalent to the resistance that would occur if the current 
travelled an additional distance, referred to as the transfer length, within the host layer before 
transferring abruptly into the contacting material [40]. Devoto et al. [36,41–43] performed 
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extensive research on measurement set-ups to gain reliable and comparable results for contact 
resistivity measurements of ECAs. They proposed a measurement configuration consisting of 
metallic fingers which are interconnected by the ECA sample, see Figure 2b. Two electrodes for 
current application and two for voltage measurement are placed on the fingers. When the current 
electrodes are placed on finger i and i+1 and the voltage electrodes on fingers i+1 and i+2, , the 
end-contact resistance can be measurement directly [43]. To obtain a joint resistance, current 
and voltage electrodes are placed on the same fingers, e.g. i and i+1 [42]. This joint resistance 
consists of the finger resistance, the bulk resistance of the ECA and the contact resistance. By 
subtracting bulk and finger resistance from the joint resistance, the contact resistance is 
obtained. However, contact resistance is typically very small and may be obscured when bulk or 
finger resistance are relatively high [43]. Furthermore, contact resistivity is only defined for ohmic 
contacts. Achieving ohmic behavior requires a sufficiently large contact area, which reduces the 
influence of local inhomogeneities. In general, larger contact areas are recommended for ECAs 
containing small particles or low filler content [36]. Finally, to obtain meaningful results, the test 
configuration should suitably resemble the actual contact geometry in the intended application. 

 

Figure 2. measurement set-up for a) volume resistivity and b) contact resistivity based on [43] 

Strategies for electrical improvement 
Although silver exhibits the lowest intrinsic volume resistivity of 1.6 x 10-6 Ω cm, ECAs typically 
achieve a resistivity only in the order of 10-3 – 10-4 Ω cm which is high compared to solder with 
2 x 10-5 Ω cm [44]. Therefore, much effort has been devoted to improve the volume resistivity of 
ECAs. Two main strategies have been pursued: replacement or removal of the organic surface 
layer on silver particles and low-temperature sintering of silver nanoparticles. 
The silver salt layer on the particles improves dispersibility and influences rheological properties 
such as viscosity of the ECA [25,27]. Li et al. [45] observed a decrease in volume resistivity 
accompanied by an increase in viscosity, when malonic or adipic acid was added to their ECA. 
However, several studies have reported significant reductions in volume resistivity ranging from 
30 to 75% for highly-filled ECAs containing more than 67 wt% silver without substantially affecting 
viscosity. Such improvements were achieved using additives such as salicylaldehyde and trans-
cinnamaldehyde [46], palmitic acid [47], acetic or adipic acid [48], DGBE or polyethylene glycol 
(PEG) [25] or diluted sulfuric acid and coupling agents [49,50]. Furthermore, Li et al. [51] proposed 
that the organic surface layer as well as silver oxides could be reduced by thermal pre-treatment 
of the particles at 700 °C, thereby improving electrical conductivity. 
Another strategy for improving electrical conductivity involves the introduction of silver 
nanoparticles into the adhesive formulation. The addition of nanoparticles significantly increases 
the number of potential contact points within the conductive network and therefore, increases 
volume resistivity. Thus, sintering of the nanoparticles is required to obtain material bridges 
instead of particle-particle contacts. Thereby, the melting point depression effect of 
nanoparticles is exploited, allowing sintering to occur below or at the curing temperature of the 
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ECA [16,44,52]. Nanoparticles were mostly generated in-situ in the ECA. Gao et al. [53] employed 
a silver-imidazole complex as precursor, while Cheng et al. [54] generated nanoparticles during 
photo-polymerization from Ag-2-ethylhexanoate. Most commonly, silver nitrate has been used as 
precursor and reduced to silver nanoparticles through thermal treatment while curing [55], in 
presence of non-ionic Triton X-100 or PEG 600 [56], redox reaction with N,N-dimethyl-4-
aminobenzaldehyde [57] or in different reducing agents such as polyethylene glycol [58,59] or 
triethanolamine [60]. In systems containing 70–80 wt% silver filler, decreases in resistivity 
between 30 and 75% have been reported. Chee and Lee [61] anchored nanoparticles onto the Ag 
flakes before ECA preparation by mixing AgNO3, Ethanol and bimodal flakes. The nanoparticles 
mainly attached on the edges of the flakes. This method improved resistivity just below the 
percolation threshold with a small number of nanoparticles. Namely they achieved app. 1 Ω cm 
by utilization of 1 wt% Ag NP in a 12 vol% filled ECA. Another approach is to exclusively use 
nanoparticles. Tee et al. [62] decreased the volume resistivity of a system filled with 5 wt% silver 
nanoparticles from 4 x 102 Ω cm to 0.25 Ω cm through the addition of the silane-based coupling 
agent 3APTES. Yang et al. [63] sintered nanorods and nanoparticles at 160 °C for 20 min and 
achieved a resistivity of (3-4) x 10-5 Ω cm at a filler weight fraction of app. 50%. Chen et al. [64] 
further demonstrated that the combination of nanowires and nanoparticles yields superior 
conductivity compared to systems containing nanoparticles only. In their work, silver 
nanoparticles were synthesized from AgNO3 using ethylene glycol, silver chloride and 
polyvinylpyrrolidone. By addition of NaCl, the particle morphology could be adjusted from 
spherical particles to nanowires, thereby improving network formation. 
In general, it is advisable to use particles with high aspect-ratio or a mixture of particles of different 
size [15] but smaller than 20 µm [65]. For thermosets, polymer shrinkage during curing 
contributes to the formation of conductive pathways. Therefore, systems with higher curing 
shrinkage tend to exhibit improved conductivity [34]. To ensure long-term stability, the 
incorporation of corrosion inhibitors, reducing agents, oxygen scavengers or sacrificial metals has 
been recommended [16,44,52]. So far, research focused mainly on improving volume resistivity. 
In contrast, contact resistivity has received comparatively less attention, partly because it is more 
difficult to measure accurately. Devoto et al. [36] demonstrated recently that particle shape and 
orientation at the interface can significantly influence contact resistivity. 

Rheology and Rheometry 
Many studies have focused on the conductivity improvement of highly-filled ECAs in order to 
approach the electrical performance of solder. Applications with lower conductivity requirements 
offer the possibility to reduce the filler content as especially relevant for silver [66]. However, 
reducing the filler content often leads to stability issues in the adhesive paste, such as 
sedimentation of the particles, or to processing deficits, particularly in screen printing or 
dispensing. This can be overcome by a high low-shear viscosity and/or introduction of a yield 
stress into the system. 
Viscosity is the resistance of a fluid against flow. The simplest representation of fluid deformation 
under shear stress is given by the parallel-plate model, as depicted in Figure 3. In this model, a 
fluid is confined between two plates, one stationary and the other subjected to a shear stress τ. 
As a result, a linear velocity profile is established within the fluid, with a velocity v = 0 m/s at the 
stationary plate and vmax at the moving plate. For a gap height y, the shear rate 𝛾̇ is defined 
according to [67]: 

𝛾̇ =
𝑑𝑣

𝑑𝑦
  (3) 

Viscosity η is then the proportionality constant between shear rate and shear stress: 
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𝜏 = 𝜂 ∙ 𝛾̇  (4) 

 

Figure 3. parallel-plate model with a liquid under shear between one stationary and one moving plate 

For Newtonian fluids, the viscosity is a constant, which depends only on temperature and 
pressure. In non-Newtonian fluids, viscosity is a function of shear rate, shear time and electrical 
or magnetic field (if present). ECAs exhibit typically shear-thinning behavior, meaning their 
viscosity decreases with increasing shear rate. Additionally, many ECAs show thixotropic 
behavior, where the flow curve depends on the shear history. For example, particle alignment 
under increasing shear may lead to hysteresis in the flow curve when the shear rate is 
subsequently decreased. The viscosity of ECAs is therefore also time dependent. 
To prevent sedimentation of filler particles, a high low-shear viscosity is required. For spherical 
particles in Newtonian fluids under laminar flow conditions, Stokes’ law describes the 
sedimentation velocity vsed, which is inversely proportional to viscosity: 

𝑣𝑠𝑒𝑑 =
𝑑²∙Δ𝜌∙𝑔

18∙𝜂
  (5) 

with particle diameter d, density difference Δρ between particle and fluid and gravitational 
constant g. Alternatively, a yield stress can be introduced into the system. The yield stress 
represents the minimum applied stress required to initiate flow. Below the yield stress, the 
material behaves like an elastic solid. 
Generally, rotational rheometers are used  to determine viscosity and yield stress of suspensions 
[67]. For yield stress determination, usually a shear stress ramp is applied and the resulting 
deformation γ of the sample is recorded. For materials with a yield stress, two distinct regions are 
observed, when data are plotted in a double-logarithmic deformation vs. shear stress diagram: 
one regime with a slope of one, corresponding to the elastic behavior of the sample and a 
subsequent region with a much steeper slope, corresponding to flow regime. According to the 
tangent-intersect method, the intersect of these two lines is taken as the yield stress. Often, a 
vane geometry is employed to determine the yield stress in order to avoid slip phenomena at the 
sample/fixture interface prior to the breakup of the sample structure. Compared to plate-plate 
geometries, the vane rotor has the additional advantage of minimizing disturbance of the sample 
structure during insertion [67]. Various other methods, such as shear stress amplitude sweeps in 
oscillatory shear or fitting e.g. a Herschel-Bulkley model to stress vs. shear rate data can be 
employed to determine the yield stress [67,68]. However, absolute values should only be 
compared when the same measurement protocol is applied [68]. 
For suspensions with a yield stress, viscosity determination is preferentially done in controlled 
stress mode and stresses beyond the yield stress are applied. The shear stress is increased in 
logarithmic steps over the relevant range, while the resulting shear rate is recorded. The 
measurement requires laminar, uniform steady state flow in the gap as well as the absence of 
wall-slip, sample spillage, shear banding or elastic instabilities [67]. These aspects have to be 
addressed in preliminary experiments in order to define an appropriate experimental protocol and 
to select an appropriate fixture (e.g. sufficient roughness to avoid slip, appropriate dimensions to 
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meet the rotational speed specification range of the rheometer). Typically plate-plate or 
concentric cylinder geometries with gap width at least 10 times larger than the particle size are 
used. Detailed measurement protocols for viscosity and yield stress determination of silver 
pastes for solar cell metallization have been reported by Yüce and Willenbacher in [69]. 

Iodide-induced percolation in ECAs 
Diluted suspensions of sterically or electrostatically stabilized particles not trapped in a 
percolating network controlled by dominating attractive colloidal forces usually do not exhibit a 
yield stress and when the viscosity of the continuous liquid is low, particle sedimentation occurs 
rapidly. In 2010, Yang et al. [70] demonstrated that iodide ions can improve the electrical 
conductivity and decrease the percolation threshold of silver flake-epoxy ECAs. More recently, 
Marten et al. [71] demonstrated that a similar treatment also induces a yield stress in silver-filled 
thermoplastic polyurethane (TPU) adhesives. 
Yang et al. [70] reported that silver oxide on the particle surface is converted to silver iodide upon 
addition of iodide. This resulted in the formation of Ag/AgI nano-islands on the surface of the flake-
shaped silver particles. The silver iodide successfully prevents re-oxidation of the particles during 
curing. Additionally, the observed decrease in percolation threshold indicated increased 
agglomeration of the particles. These findings were later confirmed by Wu et al. [72] in a study 
aimed at improving the thermal conductivity of silver-filled epoxy systems and Li et al. [73], who 
additionally stated that iodide may reduce the organic surface layer on the silver particles. In a 
subsequent study, Li et al. [74] demonstrated that exposure to sunlight reduces the silver iodide 
to iodine and silver nanoparticles, which remain attached to the silver flake surface. 
Consequently, the silver nanoparticles sinter during curing, thereby decreasing the volume 
resistivity of the composites by two orders of magnitude compared to untreated ECAs. Zheng et 
al. [75] demonstrated the same mechanism for silver-filled composites based on silicone. 
Sun et al. [76–78] observed a transition from a well-dispersed particle distribution to a sample-
spanning particle network upon addition of a ionic liquid (IL) containing iodide as the counter ion 
(1-Butyl-3methylimidazolium iodide). Because the IL was immiscible with their polymer matrix, 
the authors proposed the formation of a capillary suspension (see next section). However, the 
adhesive paste changed color from silver to brownish upon addition of the IL [77], indicating a 
chemical reaction of the silver particles presumably with iodide. Furthermore, the iodide 
distribution observed by energy-dispersive X-ray imaging [76] matches well with the nano-island 
structure reported by Yang and others, suggesting a similar mechanism. In 2025, Marten et al. [71] 
observed a similar change in spatial particle distribution in a silver-filled TPU system as previously 
reported by Sun et al. [76–78]. However, in their case the IL was miscible with the polymer 
rendering the proposed explanation based on the formation of a capillary suspension unlikely. 
Moreover, Marten et al. [71]  obtained similar results using simple iodide salts, namely potassium 
iodide and natrium iodide. They proposed that the replacement of the long-chain fatty acids on 
the particle surface by the much smaller iodide decreases steric repulsion between the particles. 
This allows for closer particle spacing, which enhances electron tunnelling, thereby increasing 
electrical conductivity, and simultaneously promotes van-der-Waals attraction between 
particles. As a result, the particles aggregate to form a sample-spanning network, which prevents 
sedimentation and induces a yield stress. However, further addition of iodide caused the 
formation of more compact aggregates separated from each other, thus leading to increased 
resistivity in the dried films [71,79]. 

The capillary suspension phenomenon 
Capillary suspensions were first described by Koos and Willenbacher in 2011 [80]. Capillary 
suspensions are ternary solid-liquid-liquid systems in which a small amount of a secondary 
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liquid, immiscible with the bulk liquid, is added to a binary suspension. Two states of capillary 
suspensions can be distinguished, named in analogy to granular wet matter. In the “pendular” 
state, the secondary liquid preferentially wets the particles, forming pendular bridges of 
secondary liquid between the particles. In the “capillary” state, the bulk fluid preferentially wets 
the particles and particle clusters form around secondary liquid droplets shielding them from the 
surrounding bulk liquid, thus reducing the free energy of the system [81]. In both states, the 
secondary liquid droplets are typically smaller than the particles and interfacial forces are 
responsible for the formation of a particle network. Additionally, the volume fraction and number 
of secondary liquid droplets strongly influence structure and strength of a capillary suspension 
[82]. The formation of a sample-spanning network transforms the system from a liquid to a gel-
like state, thereby inducing or reinforcing a yield stress. Thus, even low-filled capillary 
suspensions are stable against particle sedimentation [83]. 
Most scientific publications deal with the “pendular” state, as the theory of capillary bridges is 
well understood. It is generally accepted that the capillary force dominates the network formation 
exceeding other interactions like gravitational or van-der-Waals forces by orders of magnitude 
[80,84]. The capillary force Fcap between two equally sized spheres connected by a liquid bridge 
is:  

𝐹𝑐𝑎𝑝 = 𝑓(𝑉, ℎ) ∙ 2𝜋 𝑟 Γ cos 𝜃  (6) 

where 𝑓(𝑉, ℎ) is a function of droplet volume V and particle surface separation h, r is the particle 
radius, Γ the interfacial tension between bulk and secondary fluid and θ the three-phase contact 
angle. As the force in a single bridge should correlate to the macroscopic mechanical strength of 
the suspension represented by the rheological properties of the composite [85], the yield stress 
σy of a capillary suspension is commonly approximated by [86]: 

𝜎𝑦 = 𝑓(𝜙𝑃 , 𝑁) ∙
𝐹𝑐𝑎𝑝

𝑟2 = 𝑓(𝜙𝑃 , 𝑁) 𝑔(𝑉) ∙
𝐹𝑐𝑎𝑝

𝑟
  (7) 

where 𝑓(𝜙𝑃 , 𝑁) is a function of particle volume fraction φP and number N of capillary bridges per 
unit volume and 𝑔(𝑉) a function of the droplet volume V. For dilute suspension (φP <<1), 𝑓(𝜙𝑃) is 
estimated to be φP² [87]. When a small amount of secondary liquid is added, the yield stress 
initially increases sharply, which is attributed to the formation of a particle network in which single 
particles are connected to each other by capillary bridges. Once all particles contribute to the 
network, the yield stress reaches a maximum. Further addition of secondary liquid increases the 
bridge volume, causing neighboring bridges to merge without significantly affecting the yield 
stress. The configuration, where three particles are connected by a liquid droplet is often referred 
to as the “funicular” state. With further increasing secondary liquid volume, more particles and 
bridges join into so called spherical agglomerates which disrupt the network structure and cause 
the yield stress to decrease again, eventually approaching the value of the original binary 
suspension. [82,88,89] The different structural states are illustrated schematically in Figure 4a. 
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Figure 4. a) transition from a binary suspension to a pendular network in a “pendular” state capillary 
suspension into spherical agglomerates with increasing secondary liquid volume fraction, based on [88]; 
b) cluster formation in “capillary” state capillary suspensions and resulting yield stress in a model system 
with water as secondary phase, reproduced with permission from [81] 

The secondary liquid volume fraction at which the maximum yield stress occurs increases with 
increasing particle volume fraction. However, when the secondary liquid fraction is normalized by 
the particle volume fraction, the resulting curves collapse onto a master curve [90]. A broad 
distribution of particle and bridge size shifts the maximum to lower secondary volume fractions 
[87]. Koos et al. [91] experimentally confirmed the dependence of yield stress on inverse particle 
radius (r-1) and Jarray et al. [92] among others, confirmed an increase in gel strength when 
interfacial tension increased and three-phase contact angle decreased. 

When the three-phase contact angle exceeds 90°, the bridge geometry would be convex, resulting 
in repulsive forces between particles [82]. Therefore, in the “capillary” state, particles rather form 
clusters around single secondary liquid droplets shielding them from the bulk fluid. These 
clusters reduce the energy state of the system, thereby generating an effective attractive 
interaction. While the dependence of interfacial tension and reciprocal radius remains valid on 
the macroscopic scale, 𝜎𝑦 ∼ cos 𝜃 must be replaced by a still unknown term [91]. The “capillary” 
state was first theoretically described by Koos and Willenbacher in 2012 [81] and demonstrated 
experimentally by Bossler and Koos in 2016 [82]. 
Upon addition of secondary fluid, initially isolated tetrahedral clusters form. When these basic 
building blocks connect to form a sample-spanning network, the yield stress increases, see Figure 
4b. The geometry and energetical state of these basic building blocks depend on three-phase 
contact angle and droplet volume. An increasing fraction of secondary liquid leads to the 
formation of clusters of higher order. Structures formed from larger secondary liquid droplets are 
more stable as they use a greater number of particles and consequently, yield stress increases 
further. However, not all cluster configurations are equally probable due to entropic restrictions 
[93]. Particularly, a maximum three-phase contact angle exists beyond which cluster formation 
becomes energetically unfavorable. For spherical particles, maximum contact angles of 151° for 
tetrahedral and 165° for octahedral clusters were calculated [81,82]. The network structure 
represents only a local energy minimum and is therefore highly dependent on mixing conditions 
during preparation. According to Hauf and Koos [94], droplets must be completely surrounded by 
particles to allow clusters to relax into the lowest energetically favored state. Under low shear 
conditions, the network structure may also rearrange [81]. Additionally, as a capillary suspension 
requires droplets smaller or equal in size to the particles, droplet breakup during mixing is 
important. The formation of a Pickering emulsion in which particles accumulate on the liquid 
phase interface of larger droplets, competes with the formation of a “capillary” state network. 
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However, Pickering emulsions are typically formed at higher fractions of secondary liquid to 
particle volume. The presence of other attractive interactions between particles may favor the 
formation of a capillary suspension [95]. 

The solid like behavior of capillary suspensions not only shows up in the occurrence of a yield 
stress, but is also reflected in small amplitude oscillatory measurements. Capillary suspensions 
exhibit typical gel-like behavior, i.e. the storage modulus G’ exceeds the loss modulus G’’ and 
remains nearly frequency-independent over a broad frequency range. Besides introducing or 
reinforcing a yield stress, capillary suspensions exhibit shear-thinning behavior. Their low-shear 
viscosity is higher than that of the corresponding binary suspension, but with increasing shear 
rate the viscosity decreases as the particle network progressively breaks down. This decrease is 
dependent on particle size. At sufficiently high shear rates, the viscosity approaches that of the 
binary suspension [91,96].  
Over the years, numerous factors have been reported that influence both the state and strength 
of a capillary suspension. Among these, mixing history seems most important, since droplet 
breakup determines the number of bridges and thus the strength of the network. Important 
parameters include mixing time, mixing speed and viscosity ratio of bulk and secondary liquid 
[86,95,96]. Diffusive processes are also important in generating very small droplets that may not 
be accessible through droplet breakup by mechanical energy input. This is also evident from the 
observation that capillary suspensions can form spontaneously when particles are uniformly 
covered by a thin layer of secondary fluid, e.g. through water uptake from humidity, prior to 
dispersion [97,98]. Additionally, mixing order can influence particle wettability, depending on 
which phase the particles were initially dispersed in [99]. In practice, it is likely that a contact angle 
distribution occurs in the capillary suspension due to contact angle hysteresis, wetting and de-
wetting during mixing [85], particle surface roughness [100], chemical surface inhomogeneities 
or particle porosity [82]. Polymer layers absorbed on the particle surface may introduce steric 
hindrance, preventing the formation of a capillary suspension [83]. If the secondary liquid 
displaces these polymers, a capillary suspension can still form. Alternatively, surfactants, other 
polymers or salts may be added to modify the particle surface properties and promote network 
formation [91,101,102]. The theoretical considerations described above are based primarily on 
spherical particles. In practice, however, particles with various shapes and aspect ratios are 
commonly used. Plate-shaped particles favor the pendular state due to the plane interfaces with 
large area which allow the formation of large liquid bridges [103]. Cube-shaped particles further 
increase the possible number for bridge attachment sites [104]. In contrast, needle-shaped 
particles tend to form spherical agglomerates without surpassing the “pendular” state [84]. Due 
to the afore mentioned factors, each material combination tends to have a state which is easier 
to prepare than the other [85]. 
A key advantage of the capillary suspension phenomenon is its broad applicability across 
different material systems, provided that the necessary wetting and interfacial conditions are 
fulfilled. Therefore, the capillary suspension phenomenon is applied in the formulation of food 
products [97], slurries for battery electrodes [105,106], structured ceramic materials [107,108], 
glass filters [109,110] or materials for bone tissue engineering [111] among others. Recently, 
capillary suspensions were formulated with conductive particles improving electrical and 
thermal conductivity as well as printability of thermal interface materials [77], conductive 
elastomers [78] or pastes for printed electronics [112], as well as 3D- and 4D-printing [113]. One 
of the most recent application areas is metallization of solar cells, where pastes formulated as 
capillary suspensions can reduce or even eliminate the need for polymeric additives. Thereby, the 
residual carbon in the sintered metallization is reduced and accordingly the conductivity 
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increases. This allows for the reduction of silver consumption in this important technology field 
[114,115]. 

2.2 PV interconnection 
Photovoltaics (PV) refers to the direct conversion of sunlight into electrical energy. This process is 
enabled by semiconductor materials such as silicon or germanium. A schematic illustration of 
the working principle of a solar cell is shown in Figure 5a. Conventional PV cells consist of a p-n 
junction comprising two differently doped semiconductor layers. The n-type layer, typically 
phosphorus-doped silicon, contains an excess of free electrons, while the p-type layer, usually 
boron-doped silicon, provides electron vacancies referred to as “holes”. Once both layers are 
combined, an internal electric field arises at the p-n junction. When a photon is absorbed by the 
material, electron-hole pairs are generated. In case the electric filed is weak, the electron-hole 
pair immediately recombines. Once the photon energy exceeds the bandgap energy of the 
material, the electron moves through the n-type layer and the holes through the p-type layer. 
When an external circuit is connected to the cell, the electron exits the cell through the front-side 
electrode, passes through the external circuit and recombines with a hole at the back-side 
electrode in the p-type layer [116–118]. To reduce recombination, optical and resistive losses, 
state-of-the-art solar cells contain additional layers. For some time, the Passivated Emitter and 
Rear Cell (PERC) Technology has dominated the solar cell market [119]. PERC comprises 
additional oxide layers between silicon wafer and electrodes to passivate the surface of the cells 
and reduce recombination losses [116]. Nowadays, Tunnel Oxide Passivated Contact (TOPCon) 
cells are the market leader, which are expected to force PERC out of the market by 2029 [4]. 
TOPCon cells are an evolution of PERC comprising a thin tunnel oxide layer at the semiconductor-
electrode interface which allows only electrons to pass but not holes. Thereby, recombination 
losses are further reduced [120]. Another emerging cell technology is the Heterojunction 
Technology (HJT), which comprises different semiconductor materials. Namely, the crystalline 
silicon wafer is surrounded by thin layers of amorphous silicon, which provides an excellent 
surface passivation [116]. Finally, in back contacted solar cells (xBC), both positive and negative 
electrodes are placed on the rear-side of the cell to eliminate shading of the front-side. This 
technology is compatible with a broad range of solar cell types, including TOPCon and HJT [4]. 
Next to crystalline silicon solar cells, several new cell concepts have emerged over the last years, 
including thin-film or amorphous cells, organic PV cells and perovskite solar cells, e.g. [117]. 
To increase the voltage output to a usable level, individual solar cells are electrically connected 
in series. This is usually achieved by soldering metallic ribbons to the cells, thereby connecting 
the front-side of one cell to the rear-side of the next cell, see Figure 5b. The resulting cell strings 
are subsequently placed between a front glass and a polymeric backsheet with encapsulant 
material between all layers. The encapsulant material is then cured in a vacuum laminator, thus 
forming a tightly bonded laminate, which protects the solar cells from environmental influences. 
Finally, electrical connectors are attached and the module is framed [117,118]. 
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Figure 5. a) schematic of a standard silicon solar cell; b) traditional ribbon interconnection of solar cells, 
reproduced with permission from [121] 

Electrically conductive adhesives were first introduced into PV technology in 2001. Their low 
curing temperature and therefore reduced thermomechanical stresses compared to solder, make 
them particular attractive for interconnecting very thin cells as well as temperature-sensitive cell 
concepts [12]. Additionally, ECAs enable new interconnection concepts such as interconnection 
by conductive backsheets or the shingling approach [122]. This section provides an overview on 
solar cell interconnection through the shingling approach and highlights material specifications 
for ECAs used as interconnection material. 

2.2.1 Solar Cell Shingling and resulting requirements for ECAs 
Even though the first patent on solar cell shingling was filed in 1956 [123] and shingled modules 
have been popular in vehicle-integrated PV since the 1990s especially for solar powered racing 
cars, setting several module efficiency records [124], the concept only reached commercial 
availability in the early 2000er. Shingling can therefore be regarded as a relatively new module 
concept with ongoing scientific interest. In the work of Tonini et al. [125] and Rößler et al. [13] the 
process of solar cell shingling has been well described. 
In the first step, host wafers are separated into three to six rectangular stripes, the so-called 
shingles. These shingles retain the width of the initial cell and have a reduced length of a few 
centimeters. In principle, any cell concept can be used for shingling. The separation is typically 
performed by laser processing, which induces defects at the cell edges. Edge passivation can be 
applied to reduce efficiency losses. The front-side cell metallization usually consists of a larger 
number of shorter fingers compared to half or full cells and a busbar located along one long edge, 
onto which ECA is applied in a second step. On the rear-side of the cell, an additional busbar is 
required on the opposite edge. In the third step, the shingles are placed adjacent to each other 
with a small overlap, in a way that the front-side busbar of one shingle aligns with the rear-side 
busbar of the next shingle, analogous to roof-tiles, see Figure 7. This is referred to as linear 
shingling. Alternatively, every second row of shingles can be shifted by one half-cut shingle (half 
in width) in a way that every shingle is connected to four cells instead of two. This results in the 
so-called “shingle matrix” layout [126]. The ECA is then cured to form a series-interconnected 
solar cell string. The strings are subsequently connected in series and partially in parallel to match 
the power output of standard modules. After positioning the strings onto the glass/encapsulant 
stack and attaching terminal connectors, the solar module is laminated. A 3D-model of a module 
is shown in Figure 9. The completed module is then subjected to extensive reliability testing or 
field operation [13,125]. 
The main advantage of the shingling approach is the improved area utilization as gaps between 
the cells are omitted. The busbars are overlapped by active cell area and ribbons and wires are no 
longer required, thereby reducing shading losses. Furthermore, the smaller cell size reduces 
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ohmic losses, resulting in lower operating temperatures. However, the shingled module design is 
not yet standardized and requires adjustment to the existing stringing equipment. 
Each processing step comes with specific requirements on the interconnection material. These 
requirements are described step by step in the following sections: 

ECA preparation/formulation 
One-component ECAs are usually delivered and stored frozen to ensure a shelf-life beyond six 
month, inhibiting premature curing or phase separation [127,128]. Prior to application, the 
adhesives are thawed and should exhibit an open time (pot-life) beyond eight hours, while 
maintaining stable properties throughout the application process. 
One of the major advantages of ECAs compared to solder is the absence of lead or other materials 
restricted by the RoHS directive [8]. However, the typical high silver content in ECAs raises 
economical and supply concerns. In 2024, the PV industry accounted for 17% of the global silver 
demand [129]. Cattaneo et al. [130] projected that this demand could exceed 40% of the global 
silver supply by 2030 in case of fast increasing expansion of PV. Due to the impending shortage of 
silver in addition with its high and volatile price, the PV industry aims to reduce its silver 
consumption significantly [4]. Therefore, ECAs should ideally contain as little silver as possible 
while maintaining performance. 

ECA application 
In PV manufacturing, dispensing and screen printing are the most common ECA application 
methods [42]. In other application fields, doctor-blade coating/stencil printing and flexographic 
or lithographic methods are reported [131,132]. During application, parameters such as accuracy, 
precision as well as laydown must be carefully controlled [125]. Printing parameters, including 
temperature, printing speed, applied pressure and snap-off in the case of screen printing or valve 
opening and closing during dispensing, must be determined specifically for the ECA formulation 
used, particularly with respect to its rheological behavior [12,36]. For ECAs with low viscosity, 
undesired bleeding or spreading may occur after deposition [32]. Commonly, ECAs are shear-
thinning and exhibit a viscosity that is three to six times larger at a given shear rate compared to 
the viscosity at a shear rate which is ten times higher to avoid slumping or sagging [18]. However, 
the dispensing speed can influence spreading behavior as well [133]. Viscosity and degree of 
shear-thinning can be adjusted through the amount and type of filler. Additionally, a yield stress 
between 10 and 100 Pa is beneficial to avoid flow through the screen or particle sedimentation in 
the syringe. The choice of application technique depends on the available equipment but 
primarily on the achievable throughput. For dispensing, maximum application speeds have been 
reported where ECA could still be applied in a homogeneous line [122,134]. Screen printing has 
the advantage of printing several lines simultaneously [135]. Regardless of the method used, it is 
essential that no ECA is smudged around the shingle edge, as this may lead to shunting of the 
shingle [136]. 
The thickness of ECAs in shingled interconnection is approximately 50 μm [137]. ECA is typically 
deposited as a continuous line on the front-side busbar. To reduce silver consumption, alternative 
approaches involving discrete adhesive pads with spacing between them have been proposed 
[135,138]. This results in an ECA consumption of only a few milligrams (1-5 mg) per shingle 
[13,139,140] compared to app. 10 mg in continuous lines [122], which adds up to a few grams of 
ECA per module [141]. To further reduce silver consumption, the busbars on the cells might even 
be omitted [121]. As ECAs often contain flake-shaped particles with high anisotropy, particle 
alignment in the direction of shear flow or in parallel to the wafer surface should be considered 
when designing the deposition process [18,142]. 
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String assembly (Shingling) 
In the next step, the shingles are positioned with a controlled overlap, such that the front-side 
busbar aligns with the back-side busbar of the adjacent cell. Depending on the busbar width and 
its distance from the shingle edges, overlap lengths of 1.2 mm or less are realized. A wider overlap 
would improve mechanical stability, but increases shaded area. Too narrow gaps increase the risk 
of ECA smearing around the shingle edge, which may cause electrical short circuits [13,125]. A 
high accuracy in shingle-to-shingle alignment as well as in total string length is required to achieve 
optimal module output and performance as different shading results in current mismatch 
between shingles [136,143], but also for aesthetic reasons. During assembly, the ECA should 
provide sufficient tack in the uncured state to hold the shingles in place until curing. Additionally, 
air entrapment within the ECA during shingle placement must be avoided [144]. 

Curing of ECA 
Subsequently, the assembled shingle string is submitted to curing, where the electrical and 
mechanical bonds are established. Curing can be done in a furnace, with a hot bar bonder, on a 
heat plate [145] or with infrared lamp heaters [128]. Alternatively, the ECA can be cured during 
lamination after assembly of front glass, encapsulant and backsheet. However, curing during 
lamination increases the risk of air bubble entrapment in the adhesive layer  [131,144]. Usually, 
strings are cured without mechanical fixation but holding down the shingles can improve module 
performance [13]. To compete with conventional soldering processes, high production 
throughput is required, which is realized by a short curing time, ideally below 30 s [146–148]. So-
called snap-curable ECAs cure within a few seconds at curing temperatures between 110 and 200 
°C [13]. Such curing temperatures are particularly advantageous for temperature-sensitive cell 
technologies, such as perovskite solar cells, which typically should not be exposed to 
temperature exceeding 150 °C during processing [146]. The required curing time and temperature 
depends on the polymer system, curing method as well as the substrate [142,149]. Especially, 
heat-up and cool-down periods of the equipment have to be taken into account [145]. Generally, 
to achieve similar ECA properties, a lower curing temperature requires longer curing time and vice 
versa [150]. Curing kinetics can be assessed by differential scanning calorimetry (DSC). DSC 
measurements provide information about curing energy in dependence of time or temperature. 
From the results, the minimum required curing temperature as well as the degree of curing at 
given process conditions can be calculated [145]. 
The ECA joint introduces an additional electrical resistance into the solar cell string. A basic 
equation to estimate the resistance RJoint is given by: 

𝑅𝐽𝑜𝑖𝑛𝑡 =
𝜌𝑣∙𝑡𝐸𝐶𝐴

𝐴
+ 2 ∙

𝜌𝑐

𝐴
  (8) 

where ρv and ρc are the volume and contact resistivity of the ECA, tECA is the thickness of the ECA 
and A the contact area. However, all of the parameters are difficult to determine experimentally. 
The equation is valid only for shingles with two rectangular busbars connected by a continuous 
ECA line [151] and especially, the actual contact resistivity ρc within the joint is reported to differ 
significantly from values obtained using simplified test structures [152]. According to equation 
(8), the electrical losses caused by the ECA joint are relatively small, affecting module output only 
above a threshold value [32]. These thresholds have been estimated to be app. 10−3 Ω cm for 
volume resistivity [136] and 10-2 Ω cm² for contact resistivity [126], assuming a large, i.e. 
continuous ECA line. It should be taken into account, that resistivity may change during life-time. 
Especially, contacts against non-noble metals like copper, tin or aluminum are reported to 
degrade due to electrochemical corrosion under high temperature or moisture ingress. The 
addition of corrosion inhibitors may prevent contact degradation [136,153]. 
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During curing, the ECA not only develops electrical conductivity but also mechanical strength. 
The ECA transits from a viscous liquid to an elastic gel, and finally arrests in a glass state 
(vitrification) before being fully cured [21]. As the crosslink density increases with increasing 
curing time, the glass transition temperature Tg of the polymer network increases, which can be 
used as an indicator for the degree of curing [154]. 

Transport and module assembly 
After curing, the shingle strings may be transported for string characterization or assembly of front 
glass, encapsulant, interconnectors and backsheet prior to lamination. After lamination, the 
module is typically mounted in a frame. During all processing steps, the shingles must remain 
securely fixed by the ECA joints. Especially after cooling down from lamination, stresses arise in 
the joints due to the mismatches in the coefficients of thermal expansion (CTE) of the different 
materials involved. 
Differences in CTE cause relative movement between materials, which results in shear stresses 
within the interconnection joints [155]. As silicon is rather brittle, solar cells tend to break under 
mechanical stress [156]. Therefore, these stresses must be mitigated by the interconnection 
material. ECAs are regarded for their higher flexibility, especially compared to solder [137]. Tune 
et al. [12] reported maximum shear strains of app. 6.5% and shear stresses of app. 25 MPa in 
shingled ECA-based joints, values that are of the same order of magnitude as the material 
strength limit. Beaucarne [138] therefore recommends using interconnection materials with a low 
shear modulus-to-shear strength ratio. However, maximum strains and stresses depend on the 
module design parameters such as module width, joint thickness, joint width as well as cell 
overlap and the materials used [157]. Especially thicker joints reduce maximum stresses, but 
require more material which increases cost [138]. A suitable experimental method to determine 
shear properties of the ECA is the lap-shear test, as defined in [158]. To assess the ECA’s flexibility, 
Young’s Modulus can be determined through tensile testing, with standardized procedures 
described in [159,160]. 
The general mechanical response of ECA materials is described using viscoelastic material 
models [161]. The relevant material parameters are commonly obtained through dynamic 
mechanical analysis (DMA) in combination with the time-temperature superposition principle 
(TTSP). In DMA experiments, a sinusoidal dynamic load is applied to a test specimen at different 
temperatures and frequencies. Depending on the test configuration, this load may be tensile 
stress [31,33] or shear stress [162]. Then, the resulting time-dependent strain response is 
determined. From the measured stress and strain amplitudes as well as the phase delay between 
them, the storage modulus G’ and the loss modulus G’’ can be calculated as functions of 
frequency as long as the material response is in the linear viscoelastic response regime, i.e. the 
response is also sinusoidal and varies linearly with the applied load. As measurements at very low 
frequencies require long measurement times, the time-temperature superposition principle is 
commonly applied. TTSP is based on the kinetic theory of polymers which states that all polymer 
relaxation processes exhibit the same temperature dependence. The mechanical response 
function of a polymer is thus independent of temperature, but shifted on the time or frequency 
scale when temperature is varied. The same processes contributing to the response function at a 
selected reference temperature and frequency range take place faster at higher temperatures (or 
slower at lower temperatures). Therefore, frequency-dependent data obtained at different 
temperatures can be shifted along the frequency axis by means of temperature dependent shift 
factors aT to construct a master curve at a chosen reference temperature, as exemplarily shown 
in Figure 6 [31,67]. Strictly speaking, TTSP is only valid above the glass transition temperature. 
However, most organic ECAs undergo glass transition within the relevant application temperature 
range [138]. In practice, TTSP is therefore often applied even below Tg, provided that the 
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experimental data can be successfully combined into a continuous master curve. The obtained 
material parameters can subsequently be used in finite element simulations to predict stress 
development in PV module interconnection [31,33,162]. 
Lamination not only induces shear stresses in the joints. As lamination is performed under 
vacuum, the solar cells are pressed tightly onto each other. This can result in a reduced 
interconnection resistance [151]. Especially in strings in which the ECA is applied in discrete pads 
with gaps in between, a pressure-based electrical contact can form between the busbars [163]. 

 

Figure 6. The principle of time-temperature superposition exemplarily applied on data obtained at a given 
frequency f-window at different temperatures θ and shifted along the f-axis by means of temperature 
dependent shift factors aT to obtain a master curve at a reference temperature θref, E* represents the 
storage, loss or complex modulus, reproduced with permission from [31] 

Module and interconnection characterization 
Once the modules are completed, they are commercialized and installed in field, where they are 
exposed to environmental stress factors, such as fluctuating temperature generating 
thermomechanical stresses in the assembly and mechanical loads caused by wind or snow [161]. 
Generally, thermally induced stresses are more critical than mechanical loads [156]. The nominal 
operating cell temperature of PV modules is typically (45 ± 3) °C [164], although temperatures may 
occasionally exceed 80 °C [147]. Springer and Bosco [31] identified temperature cycles lasting a 
few hours caused by cloud shading up to seasonal temperature variations over the course of a 
year. Because solar modules are expected to operate for several decades, their reliability is 
evaluated using accelerated aging tests. These tests are specified in the IEC 61730 and IEC 61215 
standards [165,166]. Among the various testing methods, Geipel [147] reports that most failure 
occurs during thermal cycling (TC), damp heat (DH) and humidity freeze (HF) tests. In TC 200 tests, 
modules undergo 200 temperature cycles between -40 and 85 °C under current flow. During the 
DH 1000 test, modules are exposed to 85 °C and 85% relative humidity for 1000 h. In the HF 10 
test, modules are cycled 10-times between -40 and 85 °C at 85% relative humidity. All tests are 
considered passed, when performance degradation remains below 5%. 
Common failure modes in ECA-bonded interconnections include chemical changes, i.e. oxide 
formation or corrosion, mechanical cracking and debonding. In chemical degradation, moisture 
ingress is considered the primary driver [147]. Defects in the joint can be investigated by imaging 
techniques, such as X-Ray imaging, electroluminescence (EL) imaging [167], scanning acoustic 
microscopy [168] or magnetic field imaging [136]. Alternatively, electrical measurements can be 
used. In such measurements, the current-voltage (IV) characteristics of a module are determined, 
which are plotted as an IV-curve. From the curve, the short-circuit current Isc as the maximum 
current at zero voltage and the open-circuit voltage Voc as the maximum voltage at zero current 
can be obtained. Additionally, the maximum power point Pmax or MPP is calculated as the point 
where the product of I and V is maximal. The fill factor FF is defined as:  

FF =  
𝑃𝑚𝑎𝑥

𝐼𝑠𝑐∙𝑉𝑜𝑐
  (9) 
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indicating better module quality the closer it is to one [169]. Furthermore, the series resistance Rs 
can be calculated from IV-measurements. This parameter reflects the accumulated internal 
resistances of the emitter, substrate, contacts and interconnections [170]. While interconnection 
losses influence both FF and Pmax, the best representation is given by Rs, especially when the IV-
measurements are performed in the dark [151,171]. A statistical analysis of module data from 
twelve years conducted by Gebhardt et al. [172] showed that the shingle module concept yields 
comparable or even superior long-term stability compared to conventional module designs. 

2.2.2 Performance of ECAs in shingled PV modules 
The shingled module design increases the power output for a given module area compared to 
conventional module designs, as demonstrated in several studies [125,173,174]. Abdel Latif et al. 
[175] reported that long-term stability of shingled modules depends primarily on the laser 
separation method used for the cells, the dispensing parameters of ECA as well as the precision 
of shingle placement. Weber et al. [171] investigated the influence of edge passivation and 
showed that it does not negatively affect the interconnection as long as the applied aluminum 
oxide layer does not cover the busbar, therefore, making it beneficial at module level. Harmful 
interactions between ECA and common encapsulants were excluded by Oreski et al. [19]. 
Therefore, the stability of the interconnection itself remains of high interest. Mittag et al. [143] 
calculated that the power loss due to ECA interconnection is negligible in its initial state. However, 
cohesive or adhesive cracks, delamination, bubbles or structural changes, which are common 
defect mechanisms in ECAs [12], may increase interconnection resistance upon aging. 
Many researchers showed that the mechanical strength of ECAs, such as peel and shear strength 
or flexibility, does not affect the module performance as long as the bond persists 
[32,128,176,177]. Nevertheless, the mechanical response of the ECA may change during aging 
[31]. If cracks develop, they often occur at the rear-side of the solar cell due to thermal z-
contraction of the encapsulant [155]. Such existing cracks can also grow under subcritical stress 
conditions [178]. However, due to the tight packing within the laminated module, electrical 
contact may even persist in the presence of cracks [179]. 
There appears to be a certain threshold value below which the interconnection resistance does 
not affect the module performance [32,150]. As conductivity develops during curing, incomplete 
curing may result in reduced module output. Increasing curing temperatures or curing time then 
improves the module performance [148,150]. To reduce contact resistance, contacting area 
could be increased. However, an increasing overlap causes shading, counteracting the gains 
from reduced contact resistance [180]. Additionally, performance must always be balanced 
against material cost. 
Under accelerated stress tests, humid conditions were found to cause the most degradation in 
ECA-bonded joints, likely due to oxidation or galvanic corrosion [128,153]. Encapsulants can 
delay moisture ingress and protect the cells. At low humidity, ECAs are rather stable [32]. 
Interestingly, a water-based ECA is reported, where water is used as the solvent that evaporates 
during curing. Modules produced with this ECA exhibited comparable initial and aging 
performance to conventional ECAs [181]. However, most commonly, solvent-free one-
component ECAs are used in PV interconnection. Studies have further demonstrated that ECA-
based interconnections can achieve performance comparable to soldered joints [122]. 
Despite promising performance, the high silver content of ECAs remains their main economic 
drawback. Consequently, current efforts in ECA development for PV focus on reducing the silver 
content. Two concepts are mainly pursued: replacing silver with alternative conductive materials 
and reducing the amount of applied ECA per module. 



2 Theoretical background and State of the Art 
 

21 
 

Abdel Latif et al. [174] reported on ECAs with decreasing silver content from 70 to 50 wt% based 
on the same raw materials. Both initial and performance after aging decreased with decreasing 
silver content, highlighting the need for new formulation concepts. A common approach is the 
use of silver-coated copper particles. However, copper oxidation rises concerns regarding long-
term stability [182]. Devoto et al. [183] replaced silver with carbon nanotubes and obtained ECAs 
which showed promising long-term stability at module level. Hacke et al. [184] investigated 
electrically conductive double-sided tape containing nickel instead of silver and demonstrated 
PV modules with good initial and aging performance. Attempts to replace silver with the 
intrinsically conductive polymer PEDOT:PSS have so far been unsuccessful. Although similar 
initial performance was achieved, degradation under TC testing occurred [127]. 
In terms of ECA reduction, research ranges from printing discrete pads instead of continuous lines 
to omitting the use of ECA at all. Many studies confirm that from the electrical perspective, the 
amount of ECA per joint can be significantly reduced. However, mechanical stability often 
becomes the limiting factor [122,125,135,185]. Weber et al. [152,163] demonstrated ECA-free 
shingled modules, in which the electrical interconnection was achieved solely through a pressure 
contact after lamination. The interconnection resistance was three times higher compared to an 
ECA-based joint and much more variable between single joints. Under DH testing the ECA-free 
joints were stable. However, significant degradation occurred after TC testing. Alternatively to 
reducing the ECA content, Oh et al. [121] omitted the silver busbar on the cells and achieved good 
stability during DH testing. 

Despite the promising performance of ECA-based interconnections, their market share is 
predicted to grow only moderately over the next ten years. According to the International 
Technology Roadmap for Photovoltaic 2024 [4], ECAs currently account for only a few percent of 
the interconnection market, with projections suggesting an increase to approximately 15% by 
2035. This may be due to the small market share of shingled modules which is not expected to 
significantly increase by 2035 and the competition by lead-free solder.
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3 Motivation and Outline 
With the exception of the work by Geipel [147], most research regarding ECAs for solar cell 
interconnection has focused on a specific material property of the ECA such as volume resistivity 
or shear strength, while module performance is used as the primary metric to evaluate 
importance or acceptable range of this property. Moreover, the recommendations provided by 
Geipel are general in nature and mostly derived from ribbon-based interconnection. To the 
authors knowledge, a comprehensive specification of ECAs for linear solar cell shingling has not 
yet been reported. However, modifications in the ECA formulation usually affect multiple material 
properties simultaneously. Therefore, a detailed understanding of application-specific 
requirements is essential for the targeted formulation and advancement of ECAs. 

This thesis aims to define a parameter set for ECAs applied in solar cell interconnection based on 
the linear-shingled module design. Further, low-silver ECA formulations have been developed that 
can be used as drop-in alternatives to highly-filled ECA, such that no modifications to existing 
processing equipment are required and module performance remains uncompromised. 

In the previous chapter, ECAs and relevant performance properties have been introduced as well 
as concepts to tune them. Furthermore, the process steps involved in solar cell shingling and the 
resulting requirements for ECAs have been outlined. 
Chapter 4 summarizes these requirements, based on a literature review and the author’s own 
experimental experience with the objective of defining specifications for the development of a 
low-filled ECA that still fulfils the functional requirements of shingled cell interconnections. 
Within this context, the capillary suspension concept is introduced to ECAs and compared with 
regular two-phase suspensions. An extensive study on material properties is presented in 
Chapter 4.4, covering aspects ranging from rheological properties in the uncured state, to the 
curing process and finally to the electrical and mechanical properties and their durability in the 
cured state in dependence of the silver filler content. The results demonstrate that applying the 
capillary suspension concept to ECAs can significantly reduce the percolation threshold, which 
is the second central contribution of the presented work. 

Previous attempts to reduce the silver content in ECAs have mainly focused on the (partial) 
replacement of silver by alternative conductive materials, such as copper or non-conductive core 
particles coated with silver. However, the filler volume fraction usually remained comparatively 
high. To improve the mechanical properties of the adhesive system and in terms of sustainability, 
reducing total filler content is preferable to replacement with other materials. Therefore, Chapter 
5 explores the addition of a compatibilizer to the capillary suspension-based ECA formulation 
with the aim to achieve particle stabilization at very low silver-filler content (≤ 5 vol%) without 
compromising the promising electrical performance. For the investigated system, such a 
compatibilizer was found in polyethylene glycol (PEG). PEG dissolves in both the polymer resin 
and the secondary liquid, allowing for the fine adjustment of interfacial tension between the liquid 
phases and three-phase contact angle. This compatibilizer phenomenon enables particle 
stabilization in ECAs at the maximum permissible volume resistivity using a minimal filler content 
of 4 vol%. 

Finally, Chapter 6 presents the application of the concepts developed in Chapters 4 and 5 to ECAs 
containing silver-reduced particles, namely silver-coated glass and silver-coated copper 
particles. Particular attention is given to the challenges arising from differences in surface 
chemistry and particle reactivity, with the objective of minimizing both filler and silver content 
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while still satisfying the requirements for solar cell shingling applications. A silver content of 1.3-
3.5 vol% was realized in the investigated epoxy-based system depending on filler type, which is a 
significant reduction in silver consumption compared to 20-30 vol% in conventional ECAs. 

Overall, ECA specifications for linear solar cell shingling are defined and the formulation of ECAs 
based on the capillary suspension concept is demonstrated to be feasible to meet these 
specifications at low silver filler content. Furthermore, the utilization of a compatibilizer in 
capillary suspensions is investigated. This provides a new formulation method to tune the 
interfacial properties of the three phases in a capillary suspension allowing for the formation of a 
stronger particle network. Finally, this formulation concept is demonstrated to be compatible with 
a variety of filler materials resulting in a significantly reduced silver consumption in solar cell 
interconnection materials.
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Abstract 

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 behavior 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 favorable. To fulfil both the electrical and 
mechanical requirements, 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) 10-3 Ω cm and (0.026 ± 0.006) mΩ cm², resp., and a high lap-shear strength of 
(17 ± 4) MPa. Testing at both 140°C and 200°C curing temperatures 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. 
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4.1 Introduction 
First patented in 1956 as conductive cement by Wolfson and Elliott [10] Electrically Conductive 
Adhesives (ECAs) are now established bonding materials in flip chip, surface mount, advanced 
packaging and printed circuit board applications [11,30]. In recent years, the solar industry has 
gained interest in ECAs as cell interconnection material as well [135,182,186,187]. In certain 
applications, Electrically Conductive Adhesives replace the traditional solder bond. Their main 
advantage is a lower processing temperature of 110 to 150 °C compared to soldering, which 
requires temperatures above 200 °C [187]. Additionally, the lead-free adhesives meet the 
requirements of the RoHS DIR 2011/65/EU directive, which demands lead-free solder [8,188]. 
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 [41]. Concerns regarding lower electrical and thermal 
conductivity are currently under investigation [189].  
Around 95 % of the solar modules produced are connected by tab interconnection [190]. 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 [191]. Shingle interconnection 
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 visualized in Figure 7. This 
technique allows for particularly high shading resilience [192], reduced ohmic losses [125], a high 
packing density within the module [143,193] and the realization of visually appealing module 
designs [194]. 

 

Figure 7. Principle of shingling solar cells. The cells are overlapped and aligned at their busbar 
metallization, with mechanical and electrical interconnection achieved using an ECA [194] 

Temperature cycles during module operation lead to thermomechanical stresses within the solar 
module. In conventional tab interconnection, these stresses can be mitigated by the 
displacement of solar cells within the intercell gaps. In shingle interconnection, 
thermomechanical 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 [135,138,195]. 
ECAs consist of a reactive polymer resin and conductive filler, typically silver. The increasing 
expansion of photovoltaic (PV) manufacturing capacities results in a rising demand for silver 
[190]. Without optimizing the specific silver consumption, the existing silver reserves could be 
largely depleted by 2050 [66]. For this reason, there are ongoing efforts to reduce the silver 
demand in PV manufacturing. In ECAs, decreasing the percolation threshold by conductivity 
enhancement through surface treatment of the silver particles [51,73,196] or by generation of 
silver nanoparticles [197] 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 [15] but even more on the colloidal interactions among the particles. It has 
been shown, that the capillary suspension phenomenon [80,81] is a powerful tool to reduce the 
percolation threshold and hence enhance the thermal [76,77] or electrical conductivity in 
composite materials comprising a polymer matrix and dispersed conductive filler particles [78]. 

shingle cell
metallization

ECA
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Capillary suspensions (CapS) are ternary solid-liquid-liquid systems in which a second 
immiscible liquid induces the self-assembly of particles into a percolating network structure 
[80,81]. 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 exhibits a high 
yield stress, pronounced shear thinning, and fast structural recovery after strong shear [85]. This 
results in a high stability against sedimentation and phase separation, but makes it also ideally 
suited for screen printing or dispensing applications [113]. 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 literature 
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. 

4.2 Material and Methods 
Material 
In this work, epoxy resin and silver flakes (s. Figure 8, x50,3 app. 11 µm,) were used as polymer 
matrix and conductive filler, resp. The filler volume 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”. 

 

Figure 8. Scanning electron microscopy (SEM) image of silver flakes used in this study 

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 interval from 
70 to 200 °C. Deviations of ± 1 K for peak curing temperature and ± 3%rel for curing energy were 
found for different measurements of one sample. 

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 [67]. 
Formulations were measured three times, each. Average and standard deviation were calculated. 
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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 [42]. 
Ten silver fingers on a circuit board were connected with an ECA line and cured for 2 min at 150 °C. 
The contact resistance ρC was calculated from 28 measurements of joint resistance RJ, ECA bulk 
resistance RB and finger resistance RF according to Eq. 10 with contact area A. Average and 
standard deviation of volume and contact resistivity were calculated. 

𝜌𝑐 = (𝑅𝐽 − 𝑅𝐵 − 𝑅𝐹)/2 ∙ 𝐴  (10) 

For volume resistivity measurements during curing the set-up from contact resistivity 
measurement was taken. Four neighboring 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. 

Mechanical characterization 
Lap-shear strength was determined with a TA.XT plus Texture Analyser (Stable Micro Systems) 
according to ASTM D1002-10 [158]. Two carbon steel bands were bonded with a joint area of app. 
15 mm². 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 [176] 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. 

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 mechanical cleaving (LSMC) process. Only the outer shingles in pseudo-square (PSQ) 
format, with dimensions of 158.75 x 31.75 mm², 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 suspension 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) 10⁻³ Ω cm, as confirmed by four-point measurements. To investigate the influence of 
perovskite-compatible low-temperature processes on long-term stability, a variation of the curing 
temperature was conducted. A lower temperature of 140 °C was chosen as it is compatible with 
perovskite materials [198]. The upper temperature of 200 °C was chosen, as it is a commonly used 
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temperature for interconnecting PERC and heterojunction (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 [194]. 
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 Bürkle, 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 Figure 9. Mini 
modules were also produced using the same configuration; however, unlike the full-size modules, 
the mini modules were not framed. 

 

Figure 9. 3D model, illustrating the module setup of the produced full-size modules [13] 

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 
recorded to determine module efficiency. Dark IV curves were also measured to assess the 
pseudo series resistance Rs*, 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 [151]. The value of Rs* was extracted through linear 
interpolation of the dark IV curve within the current range of (−1.9 > I > −2.1) A. 

4.3 Theory 

4.3.1 Capillary Suspensions 
Composite materials consisting of a polymer and a conductive filler follow a typical behavior. 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 decades. At higher particle volume 
fractions, the conductivity approaches that of the filler particles [199]. 
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 
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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 [21,50].  
In capillary suspensions [80,81] 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 [80,81]. In both cases, sample spanning particle networks self-
assemble and may reduce the percolation threshold drastically [77,78]. In ECAs capillary 
suspensions in the capillary state are favorable 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 [80,81]. 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 [77,110]. The rupture of the bridges under shear leads to a strong shear thinning 
behavior and due to its relatively small volume fraction, the second liquid barely affects the high 
shear viscosity. The high yield stress, shear thinning behavior and a fast structural recovery after 
cessation of flow are advantageous for the intended screen printing or dispensing application 
[200,201]. 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 contact 
points of the particles only. This results in high conductivity while maintaining the good 
compatibility between particles and polymer matrix. 
Figure 10 shows schematically the two formulation types investigated in this study. The regular 
ECA consist of a polymer matrix (green) and silver flakes (gray). 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 pathways at low filler content. 
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Figure 10. Schematic drawing of the regular and capillary suspension type ECA investigated in this study 

4.3.2 Requirements for ECAs in shingled solar cell interconnections 
ECAs were initially developed for the electronics industry where they replace the traditional solder 
bond [10]. Therefore, ECAs are mainly compared with solder and its properties where they often 
lag behind in conductivity and mechanical reliability [9]. For the application in solar cell 
interconnection especially in the shingling concept ECAs are valued for their elastic properties 
[42,135]. Requirements regarding the application process, electrical resistivity or shear strength 
are still under research [138,176,189]. 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 adhesives 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 behavior. Depending on the application process, 
typically dispensing or screen printing [11], rheological properties must be further adjusted. 
Whereas dispensing requires primarily a homogeneous, air-free and stable paste, screen printing 
has more specific requirements regarding shear thinning behavior, thixotropy or yield stress [200]. 
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 [7,198]. 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 [147]. Therefore, snap-curing 
resins are of high interest for ECAs. Post-curing during lamination is also an option to reduce initial 
curing time [202]. 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 [24] electrical performance tests on string level 
might not be possible. 
The volume resistivity of eutectic solder is app. 2x10-5 Ω cm [11]. Geipel et al. [189] showed that 
for ribbon-based interconnections an ECA with a volume resistivity of 1x10-3 Ω cm did not change 
the fill factor compared to an ECA with 1x10-4 Ω cm. Figure 11 shows the absolute efficiency loss 
of a full-format shingled module with continuous ECA lines depending on the contact and volume 
resistivity calculated according to [143]. The power output of the module is 310 W. In the given 
range of volume resistivity of 10-4 to 10-2 Ω cm the contact resistivity dominates the efficiency loss. 
It was found that the influence on the efficiency was negligible when contact resistivity is below 
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1x10-1 mΩ cm² [13]. Thus, a volume resistivity up to 1x10-2 Ω cm is sufficient with minor impact on 
module efficiency. An ECA with volume resistivity of 1x10-2 Ω cm and contact resistivity of 1x10-

1 mΩ cm² accounts for an absolute efficiency loss of 0.028% in the considered module. 

 
Figure 11. Efficiency loss calculated based on [143] of a full format shingled module bonded with 
continuous ECA lines of 50 µm thickness and 47.3 mm² area in dependence of volume and contact 
resistivity, module power is 310 W, current is 8.76 A 

In shingled modules thermomechanical stress must be compensated within the bond. 
Beaucarne [138] 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, experiments have 
already shown that mechanical properties play a minor role in module performance as long as 
the bond does not fail [176,203]. 
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%. 

4.4 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 capillary 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. 

4.4.1 Uncured ECA 
The yield stress was determined as an indicator of the paste's stability against sedimentation and 
phase separation. Low-filled ECAs formulated as a regular suspension do not exhibit a yield 
stress. As shown in Figure 12, 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 increasing filler amount to (136 ± 27) Pa at 30 vol% filler 
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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 independent 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. 

 
Figure 12. Yield stress of uncured ECAs with 5 to 30 vol% Ag for regular ECAs (black squares) and 5 to 20 
vol% Ag for capillary suspension concept ECAs (red circles), regular ECAs with 5 and 10 vol% do not exhibit 
a yield stress, the dotted lines indicate limits of recommended yield stress 

4.4.2 Curing 
DSC measurements were carried out to determine whether the secondary liquid in the capillary 
suspension-based ECA affected the curing reaction. Figure 13a shows the heat flow of ECA 
samples with 10 vol% silver without and with secondary phase as a function of temperature. 
Temperature was increased by 10 K per minute. Results are shown for 50 to 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 increase 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. 
Figure 13b 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% particles. 
This is presumably due to the higher thermal conductivity of the particles compared to the resin. 
The thermal energy input will preferably lead to a temperature increase of the particles and then 
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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 reaction. The difference might 
be due to the compatibilizers on the particle surface or the value for the pure epoxy was 
underestimated. 

 

 

Figure 13. a) DSC curves of a regular ECA (black) and a capillary suspension based ECA (red), both samples 
contain 10 vol% Ag, b) Peak curing temperature (open squares) and curing energy per weight (filled squares) 
for regular ECAs with filler content between 0 and 30 vol% 

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 minutes. Figure 14 shows the resistivity curves for this ECA over 
curing time. With the first touch on the heat plate, the volume resistivity decreases to 2x10-2 Ω cm 
regardless of the temperature. Within 50 s the volume resistivity decreases by at least one order 
of magnitude irrespective of the curing temperature. The sample cured at 100 °C reaches a 
volume resistivity of 9.3x10-4 Ω cm after 400 s which only decreases slightly to 8.9x10-4 Ω cm after 
15 min curing time. A curing temperature of 110 °C leads to an approximately constant resistivity 
value of 7.8x10-4 Ω cm after 160 s. With both curing temperatures, 100 and 110 °C, the minimum 
volume resistivity of 6.4x10-4 Ω cm measured at higher curing temperatures cannot be reached 
within 15 minutes. This indicates an incomplete curing of the sample and is in line with DSC 
measurements. At curing temperatures of 120, 140, 150 and 200 °C, res. the samples exhibit the 
minimum value of 6.4x10-4 Ω cm after 140, 30, 26 and 16 s, respectively (Figure 14 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. 
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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 resistivity increases again. The effect is more pronounced at the higher curing 
temperature of 200 °C and leads to an increase in resistivity to 10.0x10-4 Ω 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 measurements 
are shown in Table 1. As expected, the volume resistivity is lower after short curing times with 
approximately 7.0x10-4 Ω cm after 60 to 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. 

 

Figure 14. Development of volume resistivity over curing time of a capillary suspension 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 

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 
10-4 Ω cm  

After post-curing (150 °C, 10 min) 
10-4 Ω cm 

30 s (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)  

 

4.4.3 Cured ECA 
Once cured, ECAs guarantee the electrical and mechanical interconnection in shingled solar 
modules. Both properties highly depend on the filler volume fraction. Whereas low resistivity is 
favored 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. 
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Electrical properties 
For determination of the volume and contact resistivity samples were cured for 2 min at 150 °C. 
Figure 15a shows the results of the volume resistivity 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 Ω 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 ± 3.1) 10-3 Ω cm. With further increase of particle volume 
fraction the volume resistivity further decreases to (1.1 ± 0.1) 10-3 Ω cm at 30 vol%. The capillary 
suspension concept reduces the percolation threshold for electrical conductivity 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) 10-3 Ω cm 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) 10-3 Ω cm at 20 vol% silver. Solar cell interconnection by shingling requires a 
volume resistivity below 1x10-2 Ω 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 Figure 
15b. When the volume resistivity is higher than 1x10-2 Ω cm contact resistivity cannot be 
calculated as the deviation in volume resistivity becomes the same order of magnitude as the 
contact 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 mΩ cm² 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 mΩ cm², which is sufficient for shingling 
interconnection. 

 

Figure 15. a) Volume resistivity and b) contact resistivity against silver of regular ECAs (black squares) with 
filler fractions of 5 to 30 vol% and capillary suspension concept ECAs (red circles) with 5-20 vol% silver 
filler, contact resistivities of regular ECAs with 5-15 vol% Ag were not measurable, dotted lines represent 
the upper limit of resistivity 
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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. Figure 16a shows 
the volume resistivity of these samples. The initial volume resistivities were (18 ± 3) 10-3 Ω cm and 
(22 ± 2) 10-3 Ω cm for the samples without secondary liquid phase and (0.71 ± 0.04) 10-3 Ω cm and 
(0.63 ± 0.04) 10-3 Ω 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) 10-3 Ω cm at 85 °C and (14 ± 1) 10-3 Ω cm 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 (Figure 16b), which also 
does not change over storage time and exhibits a value of (0.034 ± 0.003) mΩ cm² 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. 

 

Figure 16. 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 

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. 
Figure 17a shows the lap-shear strength of ECAs including between 5 and 30 vol% silver with and 
without secondary liquid. The lap-shear strength decreases approximately linearly with 
increasing filler volume fraction from (15 ± 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. Figure 
17b shows the lowest stress amplitude of the sample during 3600 cycles normalized with the 
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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. 

 

Figure 17. a) Lap-shear strength in dependence of particle volume fraction of regular (black squares) and 
capillary suspension based (red circles) ECAs, the dotted line indicates the lower limit of recommended 
lap-shear strength, b) Lowest stress amplitude during 3600 cycles of shear normalized with the initial stress 
amplitude of regular (black) and capillary suspension based (red) ECAs with filler content between 5 and 
30 vol%, the dotted line indicates 95% of initial strength 

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

Table 2. Rheological, electrical and mechanical properties of the low-filled ECA 

Property Value 
Yield Stress (26 ± 2) Pa  
Volume Resistivity (150 °C) (2.9 ± 0.3) 10-3 Ω cm  
Contact Resistivity (150 °C) (0.033 ± 0.003) mΩ cm²  
Lap-Shear Strength (150 °C) (14.2 ± 1.7) MPa 

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) µm, while the ECA width in modules with low-filled ECA measured (316 ± 74) µm. 
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The initial module efficiencies calculated based on aperture area are illustrated in Figure 18a 
(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 statistically significant. The groups with 
low-filled ECA demonstrate lower standard deviations. 
The pseudo series resistances are also shown in Figure 18a (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 [151]. 
The results of the aging tests are presented in Figure 18b. 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 4.4.2). 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. 

 

Figure 18. IV characteristics of six-cell mini modules. Gray and red bars refer to the regular ECA with 20 
vol% silver content, green and yellow bars refer to the capillary suspension based ECA with low silver 
content. Fully filled boxes denote the efficiency (η), whereas hatched boxes denote the pseudo series 
resistance Rs*. Both ECAs were cured at 140 °C (grey, green) and 200 °C (red, yellow). a) Initial efficiency 
from illuminated IV curves and pseudo series resistance, derived from dark IV curves. b) Relative efficiency 
losses after ageing tests. The group size is shown above the boxes 

To evaluate the mechanical load tests, IV characteristics were recorded, and the relative losses 
of short circuit current Isc, open circuit voltage Uoc, fill factor FF, and efficiency η were determined. 
The corresponding results are presented in Figure 19. 
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 tests with a maximum load of 
5400 Pa from the years 2008 to 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% [172]. Compared to these historical data, the shingle modules produced in this study 
demonstrate an above-average resilience to mechanical loads. 
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Figure 19. Results of mechanical load tests on two individual solar modules. Relative losses in short circuit 
current ISC (grey), open circuit voltage UOC (red), fill factor FF (green) and efficiency η (yellow) are shown 

4.5 Conclusion 
This work shows the silver saving potential in Electrically Conductive Adhesives and presents a 
formulation concept for its implementation. The chosen epoxy resin cures fast (<30 s) and at low 
temperature (<140 °C). The required yield stress between 10 and 100 Pa as well as a volume 
resistivity below 10-2 Ω cm and contact resistivity below 0.1 mΩ cm², 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 resistivity of 
(4.5 ± 0.5) 10-3 Ω cm and (0.026 ± 0.006) mΩ cm², 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 mechanical 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 efficiency 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 performing 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 conductivity or module 
performance but with gain in mechanical strength.  
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Abstract 

Electrically conductive adhesives (ECAs) represent a low-temperature alternative to solder in 
electronic and photovoltaic applications. Their electrical performance relies on a conductive filler 
content typically ranging from 20–30 vol% silver flakes, which ensures percolation and high 
conductivity but raises cost and sustainability concerns. Here, we demonstrate that an ECA 
comprising an epoxy resin, a non-miscible polar fluid and silver flakes used in commercial 
products meets the specifications for shingled solar cell interconnection in terms of volume and 
contact resistivity as well as mechanical strength at a silver content of only 4 vol%. Such a low-
filled ECA, however, suffers from poor stability against de-mixing and its flow properties are not 
suitable for screen printing or dispensing. This can be remedied by adding a small amount of 
polyethylene glycol (PEG) 200. PEG 200 partially dissolves in the epoxy resin but also in the polar 
fluid, thereby reducing the three-phase contact angle of the polar fluid on the silver flake surface. 
This appears to enable the formation of a “capillary” state capillary suspension with 2-3 vol% 
added PEG, which provides a high yield stress guaranteeing high stability and good application 
behavior. The corresponding coarsening of the microstructure does not affect the electrical 
properties. The application of this concept enables the formulation of an ECA that meets 
industrial performance criteria even at very low particle content. The transfer to other filler 
systems, such as silver-coated copper or glass particles, is straightforward and offers a pathway 
toward robust, cost-effective, and sustainable ECAs for next-generation photovoltaic modules.  

https://dx.doi.org/10.20517/energymater.2026.15
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5.1 Introduction 
Electrically conductive adhesives (ECAs) are composite materials consisting of a polymer matrix 
and a conductive filler, serving the dual function of mechanical and electrical interconnection. 
The mechanical properties are primarily determined by the polymer matrix, which is typically 
based on epoxy resins, although silicone- and acrylate-based systems are also employed 
[43,131]. The electrical properties, in contrast, are largely determined by the conductive filler, 
most commonly silver due to its high electrical conductivity and chemical stability [128,134]. 
Both, mechanical strength and electrical conductivity depend on the filler content. Whereas 
mechanical properties, such as tensile or lap-shear strength, generally decrease with increasing 
filler loading, electrical conductivity arises from the formation of sample-spanning conductive 
pathways [204]. 
At low filler contents, the electrical conductivity of the composite is dominated by the insulating 
polymer matrix, typically ranging from 1012 to 1015 Ω·cm [18]. At a certain filler content, the so-
called percolation threshold, the particles form conductive pathways throughout the ECA, and 
the conductivity increases by several orders of magnitude. The percolation threshold depends on 
particle size, shape, and surface properties, which influence colloidal interactions. Flake-shaped 
particles are often preferred over spherical ones due to their higher surface-to-volume ratio and, 
therefore, lower percolation threshold [181]. Commercially available ECAs typically contain 20 to 
30 vol% silver. Increasing the silver volume fraction beyond this range yields only marginal 
improvements in conductivity while weakening both the cohesive and adhesive strength of the 
composite [22]. As such, ECAs are widely used in circuit board assembly and die attachment 
applications, e.g. [22].  
In recent years, ECAs have gained considerable attention in the photovoltaic (PV) industry as a 
replacement for conventional solder bonds, primarily due to their low-temperature processing 
capability [12,13]. The comparatively low Young’s Modulus of ECAs relative to solder materials 
enables a novel solar module layout. In the shingled interconnection architecture, solar cells 
overlap like roof tiles and are directly bonded to one another [42,205]. Recent studies have 
identified key performance requirements for ECAs in shingled solar cell interconnections. These 
are a volume resistivity below 10-2 Ω·cm [13], a contact resistivity below 0.1 mΩ·cm² [206], a 
Young’s Modulus below 1,000 MPa, and lap-shear strength exceeding 10 MPa [176]. Furthermore, 
application techniques such as screen printing or dispensing require a stable formulation 
characterized by a yield stress in the range of 10-100 Pa. 
Considering the growing demand for renewable energy and the associated expansion of PV 
installations, material supply is becoming an increasing concern. Today, approximately 20% of 
the annual silver production is demanded by the PV industry [207]. Consequently, silver 
consumption for solar cell metallization per watt-peak is expected to decrease by 50% over the 
next decade [190]. Since ECAs represent an additional source of silver in solar modules, reducing 
the silver content in these adhesives is essential from both economic and resource availability 
perspectives. Therefore, concepts to lower the silver fraction in ECAs while maintaining low 
electrical resistivity are of considerable interest. 
During the manufacturing process, silver flakes are often coated with lubricants. Chemically, 
these lubricants are salts formed by the reaction of fatty acids used in the milling process with 
silver [25]. While such lubricants enhance the dispersibility of the flakes and influence the 
rheological properties of the adhesive, they deteriorate electrical conductivity [29]. Extensive 
research has therefore focused on removing these lubricants from the silver particle surface to 
improve conductivity [208,45,49,209,210,51]. Various approaches have been explored, including 
pre-treatment with short-chain (di)carboxylic acids [208] or their direct incorporation into the ECA 
formulation [45], as well as the use of sulfuric acid [49], aldehydes [209], coupling agents [210] 
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and thermal treatment [51]. As a result, ECAs containing 67-80 wt% silver (app. 20-30 vol%) have 
achieved volume resistivities in the range of 5 x10-4 to 4 x10-3 Ω·cm. 
By applying the capillary suspension concept to ECAs, the percolation threshold can be 
significantly reduced [87]. In this approach, a small fraction of secondary, non-miscible liquid 
phase is added to the ECA, leading to the formation of a particle network stabilized by capillary 
forces. Furthermore, the secondary liquid can act as a carrier for additives that remove the 
lubricant layer directly at the particle-particle contact points. In a previous study [206], we 
demonstrated that this concept enables the formation of a percolated particle network at filler 
contents between 5 and 10 vol% while still meeting the requirements for solar cell shingling. The 
high electrical conductivity achieved at such low particle loadings suggests the potential to 
further reduce the filler content. However, at very low particle loadings (≤5 vol%), the previously 
employed secondary liquid was insufficient to ensure colloidal stability in the uncured state. Such 
low-filled ECAs typically exhibit no or only a weak yield stress and low viscosity; thus, they are 
prone to sedimentation or phase separation, and their flow behavior is not suitable for dispensing 
or screen printing processes. Although stability and flow behavior may be adjusted by adding 
established rheology modifiers, this can deteriorate the electrical properties of the cured ECA. 
Polyethylene glycol (PEG) with low molecular weight has been reported to enhance the electrical 
conductivity of ECAs [25]. Lu et al. [25] proposed that PEG facilitates the removal of the fatty acids 
from the particle surface. However, their study focused on highly-filled ECA with 80 wt% (30 vol%) 
silver. In the present study, PEG 200 is introduced into low-filled ECAs containing only 5 vol% silver 
or less. We demonstrate that PEG 200 induces morphological changes within the ECA, enhancing 
stability and printability in the uncured state, while also improving the cohesive strength of the 
cured composite. These effects are attributed to the formation or reinforcement of a capillary 
suspension network, even at low filler contents, enabled by PEG 200. As low electrical resistivity 
is maintained, this concept offers significant potential for reducing silver consumption in solar 
cell interconnection technologies. 

5.2 Experimental 
Materials 
The ECA investigated in this study consists of an epoxy resin, a polar liquid and silver flakes (x50,3 
app. 11 µm in diameter, thickness: 100 nm), which were provided by Protavic International 
(France). PEG 200 (average molecular weight: 190-210 Da, glass transition temperature (10 K·min-

1): -89 °C, viscosity (25 °C): 0.05 Pa·s) was purchased from Sigma-Aldrich (Germany).  

ECA preparation 
ECAs with silver contents ranging from 1 vol% to 20 vol% were prepared. A low-filled ECA 
containing 5 vol% silver and modified with PEG 200 was investigated in more detail. These 
formulations also contain 0.5 vol% of a polar liquid. PEG 200 was added separately at 
concentrations varying between 0 and 10 vol%, relative to the polymer matrix. For electrical 
characterization, samples were cured on a hot plate at 150 °C for 2 min. Samples for mechanical 
testing were cured at 150 °C for 10 min in an oven (vacutherm, Heraeus, Germany). The longer 
curing time in the oven accounts for the slower heat transfer compared to direct hot-plate curing. 

Electrical characterization 
Volume resistivity was measured by 4-point-measurement with a 2450 SourceMeter (Keithley, 
USA). Three ECA lines of 4 mm width and 0.1 mm thickness were applied onto glass substrates 
using a doctor-blade through a stencil, cured, and measured three times each at a current of 100 
mA. Mean values 𝑥̅ and standard deviations 𝜎 were calculated, according to Eqs. 11 and 12, where 
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x refers to the value, i to a single measurement, and n to the total number of measurements using 
Microsoft Excel. 

𝑥̅ =
∑ 𝑥𝑖

𝑛
𝑖

𝑛
  (11) 

  

𝜎 = √
∑ (𝑥𝑖−𝑥̅)2𝑛

𝑖

𝑛−1
  

(12) 

Contact resistivity measurements were adapted from [42]. An ECA line was cured on a circuit 
board featuring ten silver fingers. Joint resistance RJ, ECA bulk resistance RB, and finger resistance 
RF were measured using a 4-point-measurement. Contact resistivity ρc was calculated according 
to Eq. 13 [42]: 

𝜌𝑐 = (𝑅𝐽 − 𝑅𝐵 − 𝑅𝐹)/2 ∙ 𝐴  (13) 

where A denotes the contact area. Mean values and standard deviations were derived from 28 
data points. 

Rheological characterization 
Yield stress was measured using a rotational rheometer (MARS, ThermoFisher, Germany) 
equipped with a plate-plate geometry. Shear stress was increased from 0.1 to 1000 Pa in 81 
logarithmic steps. The resulting deformation was plotted against shear stress in a double-
logarithmic diagram. The yield stress was determined as the intersection point of tangent fits to 
the regimes of elastic deformation and viscous flow [67]. Each sample was measured three times, 
and mean values and standard deviations were calculated. 

Mechanical characterization 
Lap-Shear strength was measured according to [158] using carbon-steel as the substrate. The 
bonding area was app. 15 mm². Three measurements per formulation were performed using a 
tensile testing machine (TA.XT plus Texture Analyser, Stable Micro Systems, UK) at a crosshead 
speed of 0.2 mm·s-1. For the determination of Young’s Modulus, ten specimens per formulation 
were prepared in accordance with DIN EN ISO 20753, type A22 [160] and pulled at a crosshead 
speed of 0.01 mm·s-1. For both parameters, mean values and standard deviations were 
calculated. 

Long-term stability validation 
Moisture uptake 

To determine moisture uptake in the uncured state, an ECA formulation without curing agent (5 
vol% silver, 3 vol% PEG) was prepared and dried at 120 °C using a moisture analyzer (HX204, 
Mettler Toledo, Switzerland, resolution: ±0.0001 g). Samples were subsequently stored at -20 °C 
for one month prior to a second measurement. Each measurement was performed in triplicate. 
To determine moisture uptake in the cured ECA, three specimens (5 vol% silver, 3 vol% PEG) 
prepared for volume resistivity measurements were weighed using a precision balance 
(ME204T/00, Mettler Toledo, Switzerland, resolution: ±0.0001 g). Samples were stored under 
standard laboratory conditions for one month and re-weighed every seven days, resulting in six 
measurement points. 

Simplified thermal cycling 
Four specimens for resistivity characterization were subjected to 35 temperature cycles between 
20 and 85 °C, which each cycle lasting 20 min. Electrical performance was determined before and 
after cycling. 
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Damp heat exposure 
Four specimens for resistivity characterization, of which two were covered with temperature-
resistant tape, were placed in an oven at 85 °C above a water bath. Electrical performance was 
measured before and after 96 h of exposure. 

Optical microscopy of ECAs 
Microstructural analysis of uncured and cured ECAs was conducted using an optical microscope 
(Leica DMRX, Leica, Germany) at 100× magnification. To quantify the particle area coverage and 
the mixing quality, microscope image sections with dimensions of 1000 × 1250 pixels were 
analyzed. The microscope images were converted to black and white using a threshold value of 
125 (greyscale range: 0-255), where white pixels represent silver particles and black pixels 
correspond to the epoxy resin, polar liquid and PEG. The homogeneity of the particle/polymer 
mixture was determined using the mixing quality parameter according to Eq. 14 [211]. A total of 
100 subsections (100 × 125 pixels) were evaluated. A mixing quality of 1 indicates perfect mixing, 
whereas a value of 0 corresponds to complete phase separation. 

𝑚𝑖𝑥𝑖𝑛𝑔 𝑞𝑢𝑎𝑙𝑖𝑡𝑦 = 1 − √
∑ (𝑝𝑖−𝑝̅)²𝑛

1

𝑛−1
  

(14) 

where pᵢ denotes the fraction of white pixels in subsection i and p̄ the average fraction. The 
characteristic length of the polymer-rich regions (black areas) was determined by placing nine 
horizontal and nine vertical lines on each image. The number of consecutive black pixels was 
counted and converted into a physical length (µm) in order to quantify the degree of heterogeneity 
of the particle/polymer mixture. Thereby, a minimum of 10 consecutive white pixels was classified 
as a single particle. Smaller clusters were assigned to the polymer phase. For both mixing quality 
and characteristic length analyses, four images per ECA formulation were analyzed. 

Polymer characterization 
Differential scanning calorimetry (DSC; DSC 214 Polyma, Netzsch, Germany) was used to 
determine the glass transition temperature Tg of the components and ECA formulations. Samples 
were cooled to –130 °C and subsequently heated to –20 °C at a rate of 10 K·min-1 for two cycles. Tg 
was determined from the step-change in the heat flow during the heating cycle as the temperature 
corresponding to half of the enthalpy change. 

Contact angle, interfacial tension, and turbidity determination 
For contact angle determination, silver particles were compressed into flat discs. A droplet of 
secondary liquid (polar liquid and PEG) was set on the particle surface within the surrounding 
main liquid (polymer and PEG). A shadow image of the drop was recorded and analyzed using the 
Drop Shape Analyzer (DSA, Krüss, Germany) software. Drop shape analysis was performed five 
times per liquid combination, and mean values and standard deviations were calculated. 
Interfacial tension was determined using the pendant drop method. Sample turbidity was 
characterized by measuring the optical density at app. 600 nm using a photometer (Implen 
OD600, Implen, Germany). Each sample was measured three-times relative to a reference 
sample. 

5.3 Results and Discussion 

5.3.1 PEG 200 enhances the mechanical properties of ECAs 
The components of a commercially available ECA, consisting of an epoxy resin, silver flakes, and 
a small amount of polar liquid, were employed in this study. In a previous study [206], the silver 
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flake volume fraction was increased from 5 to 20 vol%. Even at a low filler content of only 5 vol%, 
the cured ECA exhibited a volume resistivity below 10-2 Ω·cm (Figure 20a), which is sufficient for 
application in solar cell shingling. Increasing the filler content led to a further reduction in volume 
resistivity. At higher filler contents (10-20 vol%), the yield stress of the uncured ECA remained 
nearly constant at (56 ±8) Pa (Figure 20b). However, the yield stress of the low-filled ECA 
containing only 5 vol% silver flakes was significantly lower, at (5 ± 3) Pa. Such a low yield stress is 
insufficient for screen printing or dispensing processes. Moreover, suspensions containing 
micron-sized, high-density particles with such low yield stresses are prone to sedimentation and 
phase separation. Nevertheless, the electrical performance at low filler content indicates that 
ECAs containing 5 vol% filler or less may be accessible, provided that adequate paste stabilization 
is achieved. 

 

Figure 20. a) Volume resistivity and b) yield stress of ECAs where the silver volume fraction is adjusted 
between 5 and 20 vol%. The dashed blue lines indicate the maximum allowable volume resistivity and the 
minimum and maximum yield stress required for solar cell interconnection, respectively. Data was taken 
from [206]. The squares indicate the mean values, and the error bars denote the standard deviation 
obtained from 9 (volume resistivity) and 3 (yield stress) measurements, respectively. ECAs: Electrically 
conductive adhesives. 

As shown in Figure 21, the addition of polyethylene glycol with an average molecular weight of 200 
Dalton (PEG 200) enhances the yield stress of such a low-filled ECA and its lap-shear strength in 
the cured state. For an ECA containing 5 vol% silver flakes, the addition of 1 vol% PEG 200 (relative 
to the epoxy resin) increases the yield stress from (5 ± 3) Pa to (32 ± 1) Pa (Figure 21a). Upon further 
addition of PEG 200, the yield stress decreases again and vanishes at 10 vol% PEG 200. A similar 
non-monotonic trend is observed for the lap-shear strength (Figure 21b). In the absence of PEG, 
the ECA exhibits a lap-shear strength of (17 ± 4) MPa, which increases to a maximum of (28 ± 3) 
MPa at 3 vol% PEG 200. Even at a high PEG 200 content of 10 vol%, the ECA retains a 
comparatively high lap-shear strength of (24 ± 2) MPa. Notably, the Young’s Modulus of an ECA 
containing 5 vol% silver is not affected by the addition of PEG and remains constant at an average 
value of app. 1,380 MPa (Supplementary Figure 1). Low-filled ECAs containing 1-5 vol% PEG 200 
thus meet the requirements for yield stress and lap-shear strength for shingled solar cell 
interconnection. 
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Figure 21. a) Yield stress and b) lap-shear strength of an ECA containing 5 vol% silver as a function of PEG 
200 volume fraction (0-10 vol%). Dashed black lines are to guide the eye, while dashed blue lines indicate 
minimum and maximum yield stress and minimum lap-shear strength required for solar cell 
interconnection, respectively. The squares indicate the mean values, and the error bars denote the 
standard deviation obtained from 3 measurements. ECA: Electrically conductive adhesive; PEG: 
polyethylene glycol. 

Remarkably, volume and contact resistivity remain unaffected by the addition of PEG. The volume 
resistivity remains merely unchanged at app. (0.4 ± 0.04) x10-2 Ω·cm (Figure 22a), while the 
contact resistivity is (0.03 ± 0.004) mΩ·cm² across all formulations, independent of PEG 200 
content (Figure 22b). Therefore, PEG 200 can be used to tailor yield stress and lap-shear strength 
without compromising the low electrical resistivity required for the intended application. 

 

Figure 22. a) Volume resistivity and b) contact resistivity of an ECA containing 5 vol% silver as a function of 
PEG 200 volume fraction (0-10 vol%). Dashed black lines are to guide the eye, while dashed blue lines 
indicate the maximum allowable volume and contact resistivity for solar cell interconnection, respectively. 
The squares indicate the mean values, and the error bars denote the standard deviation obtained from 9 
(volume resistivity) and 28 (contact resistivity) measurements, respectively. ECA: Electrically conductive 
adhesive; PEG: polyethylene glycol. 

For the ECA containing 5 vol% silver flakes, the maximum yield stress is observed at 1 vol% PEG 
200, whereas the maximum in lap-shear strength occurs at 3 vol% PEG 200. Therefore, a PEG 200 
content corresponding to half the particle volume was selected for subsequent experiments. To 
determine the minimum required silver content, the silver volume fraction was further reduced in 
steps of 1 percentage points. Formulations containing 3 vol% silver flakes or more exhibit a yield 
stress. At 4 vol% particles (with 2 vol% PEG 200), the yield stress reaches (12 ± 3) Pa, thereby 
exceeding the lower limit required for application (Figure 23a). Figure 23b depicts the 
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corresponding volume resistivity. Formulations without a yield stress are electrically insulating. 
At 3 vol% silver, the volume resistivity decreases to (2 ± 0.4) x10-2 Ω·cm, while at 4 vol% silver 
flakes it meets the target value for solar cell shingling of 1 x10-2 Ω·cm. 

 

Figure 23. a) Yield stress and b) volume resistivity of ECAs with silver volume fractions between 1 and 4 
vol% at a fixed PEG 200-to-silver volume ratio of 0.5. The dashed blue lines indicate the minimum yield 
stress required for solar cell interconnection and the maximum allowable volume resistivity, respectively. 
The squares indicate the mean values, and the error bars denote the standard deviation obtained from 3 
(yield stress) and 9 (volume resistivity) measurements, respectively. ECAs: Electrically conductive 
adhesives; PEG: polyethylene glycol. 

Since PEG is known to be hygroscopic and moisture plays a critical role in solar cell operation, 
moisture uptake was evaluated for both uncured and cured ECA samples. No measurable 
moisture content was detected in the uncured sample, and the mass of the cured samples 
remained constant over one month during storage under standard laboratory conditions. For all 
samples, including 3 replicates per formulation, variations were within the measurement 
uncertainty of the balances. These results indicate that no significant water uptake occurs in the 
investigated ECAs containing PEG. 
Beyond initial performance, ECAs must withstand stresses encountered during work life. In 
shingled solar modules, these stresses primarily arise from changing environmental conditions, 
such as temperature fluctuations and therefore, thermomechanical stresses due to mismatched 
coefficients of thermal expansion of the different materials in the PV module, as well as moisture 
exposure. On ECA level, four specimens each were subjected to simplified thermal cycling and 
damp heat testing. After aging, the electrical performance of the ECA containing 4 vol% silver and 
2 vol% PEG varied only within the measurement uncertainty compared to the initial values. At 
module level, stress testing is conducted according to IEC 61215-2. Most common are the 
thermal cycling test (MQT 11), in which modules are cycled between -40 °C and 80 °C, as well as 
the damp heat test (MQT 13), involving storage at 85 °C and 85% rel. humidity. Modules produced 
with ECAs containing the same components as those used in this study, but in different 
concentration, exhibited a competitive initial module efficiency of (19.6 ± 0.2)% and limited 
relative efficiency losses of (1.0 ± 1.4)% after 500 h of damp heat exposure and (2.4 ± 1.0)% after 
200 accelerated thermal cycles [212]. Therefore, comparable long-term performance can be 
expected for the ECAs developed in this study. 
In comparison with commercially available ECAs dedicated to or suitable for PV applications, the 
ECA containing 4 vol% silver exhibits comparable or superior electrical and mechanical 
performance despite its very low silver filler content. Specifically, it achieves a yield stress of (12 
± 3) Pa, a volume resistivity of (1.0 ± 0.6) x10-2 Ω·cm, a contact resistivity of (0.04 ± 0.02) mΩ·cm², 
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a lap-shear strength of (20 ± 3) MPa, and a Young’s Modulus of (517 ± 70) MPa. Reference data 
presented in Figure 24 were obtained from product datasheets of commercial silver-based ECAs 
(e.g. Henkel (Germany), NagaseChemteX (US) and Polytec PT (Germany)) and from literature 
reports [36]. Recent studies focusing on alternative conductive fillers, such as copper [213–216], 
were not considered here, as the present work emphasizes filler reduction rather than 
substitution. 

 

Figure 24. Properties of an ECA containing 4 vol% silver and 2 vol% PEG. Black squares indicate mean 
values, and error bars represent the standard deviation obtained from 3 (yield stress and lap-shear 
strength), 9 (volume resistivity), 28 (contact resistivity), and 10 (Young’s Modulus) measurements. Results 
are compared with values reported for commercial products (blue boxes) and the requirements for solar 
cell shingling (green boxes). ECA: Electrically conductive adhesive; PEG: polyethylene glycol. 

In conclusion, PEG 200 effectively stabilizes low-filled ECAs against de-mixing or sedimentation 
by inducing a yield stress in the range of 10-100 Pa, thereby enabling processing via screen-
printing and dispensing. The corresponding cured ECAs meet all relevant electrical and 
mechanical requirements for solar cell shingling. Thus, PEG 200 enables a significant reduction 
in silver consumption for solar cell interconnection, allowing the use of ECAs containing as little 
as 4 vol% silver instead of conventional systems with 20-30 vol% silver. 

5.3.2 PEG 200 potentially promotes the formation of a capillary suspension 
PEG 200 has previously been reported to partially remove the organic fatty acid layer, which forms 
on the silver surface during particle processing [25], resulting in a decreased volume resistivity. 
However, in the present study, no such decrease in resistivity was observed. Instead, 
thermogravimetric analysis indicates PEG 200 absorbs onto the silver surface (see 
Supplementary Figure 2), partially replacing rather than removing the fatty acid layer. Notably, the 
molecular weight of PEG 200 is comparable to that of commonly reported fatty acids typically on 
the particle surface, such as stearic acid (284 g/mol) or oleic acid (282 g/mol). Consequently, 
while the chemical composition of the organic surface layer may change, its overall thickness is 
likely preserved, and a reduction in resistivity is therefore not expected. 
PEG 200 primarily enhances the mechanical properties of the ECA in both the uncured and cured 
states. To further investigate this effect, light microscopy images of the uncured and cured 
samples were taken. No structural changes were observed upon curing, indicating that the 
particle arrangement is largely preserved during crosslinking. Representative micrographs of 
cured samples containing 5 vol% silver flakes and varying PEG 200 content (0-10 vol%) are shown 
in Figure 25. The original greyscale images were converted into binary images using a threshold 
value of 125 (greyscale range: 0-255). An overlay of the original and processed images is provided 
in the Supplementary Materials (Supplementary Figure 3). In the binary images, black pixels 
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represent the epoxy resin, including the polar liquid and PEG where applicable, while white pixels 
represent the silver particles. The average area fraction of white pixels of app. 32% exceeds the 
actual particle content of 5 vol%. This discrepancy can be attributed to the preferential alignment 
of flake-shaped particles parallel to the sample surface, and to some extent to the optical depth 
of field of the microscope lens. The two-dimensional images capture features within a depth of 
several micrometers rather than an infinitesimally thin plane, thereby giving the impression of a 
higher particle loading. From the images, a morphological evolution in particle distribution is 
evident with increasing PEG 200 content. The initially homogeneous particle distribution 
transitions into a progressively heterogeneous microstructure. This change is quantitatively 
reflected by an increase in the average characteristic length of polymer-rich regions (black areas) 
from (31 ± 1) µm to (59 ± 4) µm (Figure 26a), indicating a microscale phase separation induced by 
PEG addition. Consistently, the mixing quality parameter decreases from (67 ± 4)% to (48 ± 3)% 
(Figure 26b), confirming progressive structural coarsening as the PEG 200 content increases from 
0 to 10 vol%. 

 

Figure 25. Microstructure of ECAs with varying PEG 200 content, illustrated by light microscopy images of 
the surface of cured ECA sample which contain 5 vol% silver flakes and 0-10 vol% PEG. ECAs: Electrically 
conductive adhesives; PEG: polyethylene glycol. 

 

Figure 26. a) Average characteristic length of the polymer-rich regions (black areas which represent the 
epoxy resin) and b) mixing quality parameter (Eq. 4) as a function of PEG 200 content in ECAs containing 5 
vol% silver. Dashed black lines are to guide the eye. The squares indicate the average values, and the error 
bars denote the standard deviation obtained from 4 images per formulation, as exemplarily shown in Figure 
25. ECAs: Electrically conductive adhesives; PEG: polyethylene glycol. 

While the morphological analysis reveals a monotonic coarsening of the microstructure with 
increasing PEG 200 content, both yield stress and lap-shear strength (Figure 21) exhibit non-
monotonic behavior. Regarding the mechanical strength of solid composite materials, Gordon et 
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al. [217] demonstrated that the cohesion of composites strongly depends on particle distribution 
and orientation. The increasing microheterogeneity with increasing PEG 200 content may lead to 
an enhancement in lap shear strength. This effect is, however, counteracted by the increasing 
PEG 200 content itself, which does not participate in the curing reaction. Therefore, PEG 200 does 
not contribute to the cohesive strength, contrarily, it substitutes up to 10 vol% of the cured 
polymer matrix. Consequently, the cohesive strength decreases at high PEG contents, resulting 
in an optimum at 3 vol% added PEG 200. 
The increase in yield stress upon addition of PEG (Figure 21a) indicates the formation or 
reinforcement of a strong, uniform particle network. At higher PEG contents, however, this 
network appears to transition into a structure of weakly bound particle agglomerates, resulting in 
a reduction of both strength and yield stress. Such a transition from well-distributed particles to 
a strongly bound, uniform particle network and subsequently to a network of weakly bound 
particle agglomerates is typical for capillary suspensions [92] and is consistent with the observed 
microstructural evolution in the investigated ECAs. 
Capillary suspensions [87] are ternary solid-liquid-liquid systems in which a small amount of an 
immiscible secondary liquid is added to a binary suspension. The secondary liquid induces the 
formation of a sample-spanning, so-called percolating particle network, resulting in a strong yield 
stress and pronounced shear thinning behavior. When the secondary liquid preferentially wets the 
particles (three-phase contact angle < 90°), strong pendular bridges form between the particles 
and accordingly this is called the “pendular” state. The strength of a “pendular” state suspension 
is governed by the capillary force acting on each particle bridge, which depends on the interfacial 
tension between the main and secondary liquid phase and the three-phase contact angle [82]. A 
large fraction of preferentially wetting secondary liquid may lead to so-called spherical 
agglomeration, i.e. the formation of large compact agglomerates, which at high enough particle 
loading self-assemble into a weakly bound percolating network, hence resulting in a decrease of 
yield stress compared to a uniform pendular network [95]. In systems in which the bulk liquid 
preferentially wets the particles (three-phase contact angle between 90° and app. 145°), particles 
assemble around droplets of the secondary liquid, shielding it from the main liquid, forming 
clusters that reduce the free energy of the system. These particle clusters self-assemble into a 
percolating particle network, referred to as the “capillary” state, and again result in a strong yield 
stress and pronounced shear thinning of the suspension. The cluster configuration and hence the 
yield stress of the suspension primarily depend on the three-phase contact angle and the amount 
of secondary liquid [87]. 
A necessary requirement for the formation of a capillary suspension is the presence of a distinct, 
immiscible secondary liquid phase. However, DSC results (Supplementary Figure 4) show that 
PEG 200 is miscible with both the epoxy resin and the polar liquid, as evidenced by single glass 
transition temperatures in their respective mixtures, located between the Tg of the pure 
components. In contrast, epoxy resin and the polar liquid are non-miscible, as confirmed by a 
finite interfacial tension of (7.7 ± 0.2) mN·m-1 between the phases. 
DSC results for ECAs containing 5 vol% silver flakes and varying PEG 200 contents are depicted 
in Figure 27a. The curves exhibit a glass transition at -56 °C, corresponding to the epoxy resin 
(lower diagram in Figure 27a). This Tg decreases with increasing PEG 200 content, confirming 
partial dissolution of PEG 200 in the resin. Additionally, a second glass transition appears for the 
ECAs containing PEG 200 at app. -85 °C, the glass transition temperature of PEG 200 (upper 
diagram in Figure 27a). The relatively small step height of this lower Tg reflects the low mass 
fractions of PEG (0-6.5 wt%) and polar liquid (0.4 wt%). The presence of the glass transition 
between -80 and -90 °C is further confirmed at higher heating rates, where the signal becomes 
more pronounced (Supplementary Figure 5). As the fraction of polar liquid remains constant, the 
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increasing intensity of the low-temperature glass transition must be attributed to PEG 200. It is 
therefore concluded that PEG partially contributes to the secondary liquid phase volume. 
Quantitative analysis suggests that app. 17% of the PEG 200 in the ECA containing a total of 5 
vol% PEG contributes to the secondary liquid phase. For the ECA with 10 vol% PEG 200, this 
fraction increases to 26%. This corresponds to secondary liquid volume fractions of 0.8 and 2.6 
vol%, resp., in addition to the 0.5 vol% polar liquid. An increase in secondary liquid volume 
fraction was confirmed by determination of the absorbance at 600 nm of samples containing 
epoxy resin, polar liquid and different volume fractions of PEG 200. The absorbance is a measure 
for turbidity and increases slightly with increasing PEG 200 content (Figure 27b), indicating an 
increase in the number and/or size of dispersed secondary liquid droplets.  

 

Figure 27. a) DSC analysis of ECAs containing 5 vol% silver and varying of PEG 200 content. The heat flow 
of pure PEG 200 is shown as reference. The lower diagram depicts the temperature range from -100 to -40 
°C, while the upper diagram provides a detailed view of the temperature range between -100 and -70 °C. All 
measurements were performed at a heating rate of 10 K·min-1. b) Mean relative absorbance of epoxy-polar 
liquid-PEG 200 mixtures as a function of PEG 200 content, determined at a wavelength of 600 nm using an 
Implen OD600. The dashed line is to guide the eye. The squares indicate the mean values, and the error 
bars denote the standard deviation obtained from 3 measurements. ECA: Electrically conductive adhesive; 
PEG: polyethylene glycol; DSC: differential scanning calorimetry. 

To assess whether the formation of a capillary suspension is possible and to identify which state 
of capillary suspension may form in the ECA, the three-phase contact angle of a PEG/polar liquid 
mixture including 62 vol% PEG 200 and 38 vol% polar liquid (corresponding to the composition in 
the ECA with 5 vol% PEG as determined from DSC) in epoxy resin (main phase) against pressed 
silver flakes was determined. The resulting contact angles which represent mean contact angles 
expected to be present in the investigated system are shown in Figure 28a. The contact angles of 
126° ± 1° and 124° ± 2°, for 0 vol% or 5 vol% PEG 200 in the epoxy resin, respectively, indicate the 
formation of a capillary suspension in the “capillary” state. For comparison, the three-phase 
contact angles of drops of pure polar liquid were determined as 145° ± 5° and 140° ± 5°, depending 
on the PEG 200 content in the epoxy resin. According to [87], a critical upper limit of the contact 
angle exists beyond which the formation of particle clusters enclosing the immiscible secondary 
liquid is no longer energetically favorable, i.e. a “capillary” state type capillary suspension cannot 
form when the contact angle exceeds this critical value depending on cluster geometry and 
secondary liquid droplet volume. Although the considerations in [87] refer to a system of 
monodisperse spherical particles, we assume that such a critical contact angle value also exists 
for the flake-shaped particle suspensions investigated here. The high contact angle of the pure 
polar liquid may prevent the formation of a capillary suspension, despite the non-miscibility of 
the epoxy resin and the polar liquid. The combination of polar liquid and PEG 200 therefore 
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appears to be necessary to obtain a strong capillary suspension in the “capillary” state. Indeed, 
no comparable morphological changes were observed in systems containing only increased polar 
liquid content or PEG 200 in the absence of the polar liquid (data not shown). 
Figure 28b shows the interfacial tension between different mixtures of polar liquid and PEG 200 
and epoxy resin. Obviously, the addition of PEG 200 to the secondary phase leads to a drastic drop 
in interfacial tension and hence should weaken a capillary suspension network [87]. While a 
mixture of polar liquid and PEG 200 is needed to reduce the three-phase contact angle and  
enable the formation of a sample spanning particle network controlled by capillary forces which 
is characterized by a strong yield stress, the capillary force decreases with decreasing interfacial 
tension, i.e. increasing PEG 200 fraction in the polar liquid/PEG mixture and accordingly the yield 
stress decreases (Figure 21a). Finally, the PEG/polar liquid mixture including 84 vol% PEG 200, as 
calculated for the ECA containing 5 vol% silver and 10 vol% PEG 200, does not form stable 
droplets in the epoxy resin (with or without PEG 200), as evidenced by pendant drop experiments. 
The liquid pulls threads and the phase surface is crumply (Supplementary Figure 6), i.e. there is 
no finite interfacial tension anymore. This explains the disappearance of a yield stress in the ECA 
containing 10 vol% PEG 200 (Figure 21a). 

 

Figure 28. a) Three-phase contact angle of polar liquid and a PEG/polar liquid mixture including a fraction 
of 62% PEG 200 on silver flakes when covered by epoxy resin or epoxy resin with 5 vol% PEG 200, the blue 
shaded area indicates the estimated contact angle range above which no more capillary suspension is 
formed [87]; b) interfacial tension between the epoxy resin with varying PEG 200 content between 0 and 5 
vol% (main phase) vs. mixtures of polar liquid and PEG 200 (secondary phase), at 84 vol% PEG 200 in the 
PEG/polar liquid mixture no finite interfacial tension can be measured. The bar height/symbols indicate the 
average value and the error bars the standard deviation obtained from 5 (contact angle) and 10 (interfacial 
tension) measurements, respectively. PEG: Polyethylene glycol. 

5.4 Conclusion and Outlook 
Electrically conductive adhesives have become highly attractive for applications in the 
photovoltaic industry. However, their typically high silver content of 20-30 vol% poses both supply 
and economical challenges. A previous study demonstrated that the application of the capillary 
suspension concept enables a reduction of the silver content to below 10 vol%. Nevertheless, the 
selected secondary liquid did not sufficiently stabilize the ECA against sedimentation at filler 
contents below 5 vol%, although the electrical performance remained promising. 
The present study demonstrates that the addition of a small amount of PEG 200 enhances both 
the yield stress and lap-shear strength of ECAs containing as little as 5 vol% silver, while 
maintaining low volume and contact resistivity. PEG 200 partially dissolves in both the epoxy resin 
and the polar liquid acting as a secondary liquid phase. This decreases the three-phase contact 
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angle of the secondary phase against the used silver flakes and thus appears to enable the 
formation of a strong capillary suspension in the capillary state, even at low filler contents. As a 
result, the particle distribution transitions from a homogeneous dispersion to a percolating 
particle network, thereby preventing particle sedimentation. At the same time, the addition of PEG 
200 decreases the interfacial tension between the two liquid phases, which possibly weakens the 
capillary suspension with increasing PEG 200 volume fraction, as reflected by the observed 
decrease in yield stress. An optimal PEG-to-particle volume ratio of app. 0.5 was identified. 
To fully exploit the requirements for solar cell shingling, the silver volume fraction was further 
reduced to 4 vol%. The resulting ECA exhibits a yield stress of (12 ± 3) Pa, a volume resistivity of 
(1.0 ± 0.6) x10-2 Ω·cm, a contact resistivity of (0.04 ± 0.02) mΩ·cm², a lap-shear strength of (20 ± 
3) MPa, and a Young’s Modulus of (517 ± 70) MPa. These properties are comparable to, or even 
surpass, those of commercially available silver-based ECAs suitable for PV applications, despite 
the substantially reduced silver content. The use of PEG in ECAs based on alternative conductive 
filler, such as silver-coated glass or copper particles, represents a straightforward strategy to 
further decrease silver consumption. Overall, this approach offers significant potential to enable 
more cost-efficient and sustainable solar cell interconnection. 

5.5 Supplementary Materials 

 

Supplementary Figure 1. Young’s Modulus of ECAs containing 5 vol% silver as a function of PEG 200 
volume fraction. The modulus is independent of PEG 200 content and slightly exceeds the maximum value 
required for solar cell interconnection (indicated by the dotted blue line). The squares indicate the mean 
value, and the error bars denote the standard deviation obtained from 10 replicate test samples.  

Characterization of organic compounds on the particle surface 

Thermogravimetric analysis (TGA) was conducted using a TGA 5500 (TA Instruments, Germany) 
under an air atmosphere. The temperature was increased to 600 °C at a heating rate of 10 K·min-

1, and the corresponding mass loss was recorded. Silver flakes were analyzed as received. For the 
preparation of pre-treated particles, 10 g of silver flakes were dispersed in an ethanol-water 
mixture (50vol%:1vol%). Then, 0.1 g of PEG 200 was added, and the suspension was stirred for 
15 h. Afterwards, the particles were rinsed with the ethanol-water mixture and subjected to five 
centrifugation cycles. The particles were then dried under vacuum and kept overnight at 89.9 °C. 
One reference sample without PEG was prepared following the same procedure, denoted as 
“washed”. 
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Supplementary Figure 2. TGA of silver flakes: black: as received (untreated), dotted black: washed with 
ethanol, blue: pre-treated with PEG 200. The mass loss is the highest for untreated particles (1.06%). 
Washing with ethanol removes app. half of the organic fatty acid layer on the particles surface reducing 
mass loss to 0.55%. TGA results for PEG-treated particles indicate partial replacement of the original fatty 
acids by PEG 200, as the primary mass loss occurs around 285 °C, corresponding to the boiling point of PEG 
200. Total mass loss is comparable to the mass loss of the washed particles. 

 

Supplementary Figure 3. Image processing procedure for microstructural analysis. Original light 
microscopy images of the ECAs were converted to binary (black-and-white) images using a threshold value 
of 125 (greyscale range: 0-255). The binary images were subsequently converted to white-and-red 
representations and overlayed onto the original image to verify the suitability of the threshold value: Red 
areas accurately cover the light grey to white areas of the original images, which correspond to the silver 
particles. 
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Supplementary Figure 4. DSC analysis of the individual components included in the ECAs and their 
mixtures. Heat flow as a function of temperature (heating rate of 10 K·min-1) for a) the epoxy resin, PEG 200, 
as well as their mixture containing 10 vol% of PEG 200, and b) PEG 200, the polar liquid, and their mixture 
containing 5 vol% polar liquid. 

  

Supplementary Figure 5. DSC analysis of ECAs containing 5 vol% silver particles and 10 vol% PEG 200. 
The shoulder associated with the secondary glass transition (compared to the ECA without PEG 200) 
becomes more pronounced as the heating rate is increased from 10 to 30 K·min-1. 

 

Supplementary Figure 6. Shadow images of droplets containing polar liquid and different volume fractions 
of PEG 200, enclosed by epoxy resin containing either 0 vol% PEG 200 (upper row) or 5 vol% PEG 200 (lower 
row), used for interfacial tension determination. At 84 vol% PEG 200 in the secondary liquid, the droplet 
pulls threads, gradually dissolving into the epoxy resin, exhibiting no finite interfacial tension.  
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Abstract 

Replacing silver in solar module production is the hot topic in metallization and interconnection 
development. Whereas in metallization mainly silver-coated copper is utilized, the lower 
electrical requirements for cell interconnection, open up the opportunity to utilize particles with 
non-conductive cores as well. This study focuses on the development and characterization of an 
electrically conductive adhesive (ECA) for the shingled cell interconnection based on silver-
coated glass and silver-coated copper particles, respectively. The formulated low-filled ECAs 
were stabilized against sedimentation using a halogen-based additive. 
The silver-coated glass particles show good compatibility with the utilized epoxy resin. Employing 
a mixture of silver-coated glass particles and silver flakes the silver content in the ECA can be 
reduced to 25 wt% and the mechanical properties can be adjusted by the fraction of glass 
particles used. In shingled modules such an ECA shows the same stable performance as the 
reference based on pure silver particles. 
An ECA with only 7 wt% silver was formulated using silver-coated copper particles meeting all 
requirements for solar cell shingling. Shingled modules build from such an ECA show promising 
initial efficiency. Damp heat 500 was passed comparable to the silver reference, indicating 
oxidation stability. However, degradation during accelerated thermal cycling 200 is believed to 
originate from remaining issues with curing. 
This study shows, that by carefully adjusting polymer, particles and additives the silver 
consumption in ECAs can be significantly reduced without any losses in interconnection 
performance. 
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6.1 Introduction 
The International Technology Roadmap for Photovoltaic (ITRPV) identifies silver as the “most 
process-critical and most expensive non-silicon material” [4] at cell level. In 2024, the 
photovoltaic (PV) industry accounted for approximately 19% of global silver demand. Although 
the average silver consumption per cell is declining—helping to offset rising PV deployment—
ongoing large-scale investments in PV infrastructure, primarily driven by climate targets, may 
continue to place significant strain on the silver supply chain [207]. Consequently, further 
reductions in silver consumption, particularly in cell metallization pastes, are essential. 
Electrically conductive adhesives (ECAs) have emerged as promising alternatives to solder in cell 
interconnection technologies. These adhesives are thermosetting polymer-based composites 
filled with conductive particles and are increasingly employed to attach ribbons to busbars on 
solar cells [187], for contacting back-contact solar cells to conductive backsheets [218], or to 
directly interconnect the cells in shingled module architectures [135]. Conventional ECAs 
typically contain silver particles at concentrations above the percolation threshold for electrical 
conductivity, which depends on filler morphology and generally falls between 15–30 vol% 
(equivalent to 60–80 wt%) [21]. Therefore, ECAs present an additional source of silver in PV. 
To address the high cost and limited availability of silver, research and commercial efforts have 
explored replacing silver with alternative conductive fillers. Table 3 and Table 4 summarize 
commercially available and literature-reported ECAs with volume resistivity below 10-2 Ω cm. 
Among the explored alternatives, copper — most commonly used as silver-coated copper 
particles — has emerged as the predominant substitute due to its favorable electrical properties 
and significantly lower cost. The ITRPV also anticipates a growing role for copper in future 
metallization pastes. At present, copper remains an abundant and economically viable 
alternative to silver [219]. However, long-term availability may become a concern: Nobel laureate 
and former U.S. Secretary of Energy Steven Chu has projected potential copper shortages by the 
end of the century, driven by increasing global demand for electrification [220]. Other materials, 
including nickel, aluminum, and carbon have also been investigated as conductive core particles 
for use in ECAs. 
Some approaches further minimize the use of conductive metals by utilizing non-conductive core 
particles, such as glass spheres, coated with a thin silver layer. For instance, an ECA based on 
silver-coated glass microspheres with a volume resistivity of 1.5 x10-3 Ω cm has been developed 
[11]. Nevertheless, nearly all ECAs rely on high filler loadings to achieve sufficient conductivity. 
While increased filler content enhances electrical pathways, it often compromises the adhesive’s 
mechanical properties. Moreover, the sustainable approach is to utilize as little valuable 
materials, both silver and copper, as possible. 
This study aims to develop low-filled ECAs with significantly reduced silver and total filler content, 
while still meeting the stringent electrical and mechanical requirements for shingled solar cell 
interconnection. These include a yield stress between 10 and 100 Pa in the uncured state, rapid 
curing within seconds at low temperatures, volume resistivity below 10⁻² Ω cm, and lap-shear 
strength exceeding 10 MPa [221]. This study is based on a well characterized low-filled silver-
epoxy system [221]. Here, we outline how substantial further silver reduction is achieved by 
utilizing silver-coated glass and silver-coated copper particles instead of pure silver particles. 
Halogen-additives stabilize the formulations preventing sedimentation in low-filled, uncured 
state ECAs and provide low resistivity and high mechanical strength in the cured state. 
Furthermore, we demonstrate the general suitability of such ECAs for shingled solar cell 
interconnection. 



6 ECAs with silver-coated glass and copper particles 
 

59 
 

Table 3. Commercially available ECAs with conductive particles that are not made of pure silver; note: X@Y 
refers to X coated on Y, for X-Y type fillers structure is not specified by the manufacturer 

Manu-
facturer 

Product Polymer Fill grade Filler Cure 
schedule 

ρv / 
mΩ cm 

Ref 

Nagase CA-260 Epoxy 45-70 wt% 
Ag 

Ag@X  
(non Cu) 

30 s @  
150 °C/ 
5 min @ 
120 °C 

0.15 [222] 

Nagase CA-183 Epoxy 10-30 wt% 
Ag, 
45-70 wt% 
Cu 

Ag@Cu 20 min @ 
100 °C/ 
1 min @ 
150 °C 

0.9 [222] 

atom 
adhesives 

AA-DUCT 
GS1 

Epoxy 50-70% Ag 
coated 
ceramic 

Ag@glass 
spheres 

15 min @ 
100 °C 

1.5 [223] 

United 
Adhesives 

Eposolder 
6761 

Epoxy 
 

Ag-Cu 60 min @ 
125 °C 

1 [224] 

United 
Adhesives 

Eposolder 
6763 

Epoxy 
 

Ag-Cu 60 min @ 
125 °C/ 
30 min @ 
150 °C 

5 [224] 

Parker CHO-
BOND 360-
20 

Epoxy 3-7 wt% 
Ag, 
80-90 wt% 
Cu 

Ag@Cu 25 min @ 
115 °C 

5 [225] 

Master-
bond 

EP79FL Epoxy 
 

Ag@Ni overnight 
@ RT + 
2-3 h @ 
110 °C 

5 [226] 

Holland 
Shielding 

3991 
Shieldo-
seal 

Silicone 50-70 wt% 
Ni 

Ni@ 
graphite 

96-144 h @ 
RT 

7.0 [227] 

Soliani CSA.SPC Silicone 
 

Ag-Cu 72 h @ RT 8 [228] 
Soliani CSA.SNK Silicone 

 
Ag-Ni 72 h @ RT 8 [228] 

Soliani CSA.SPA Silicone 
 

Ag-Al 72 h @ RT 10 [228] 

 

  



 
 

60 
 

Table 4. ECAs reported in literature with conductive particles that are not made of pure silver 

Polymer Fill grade Filler Additive Cure 
schedule 

ρv / 
mΩ cm 

Ref 

Epoxy 67 wt% Cu particles lactic acid 1 h @ 
200 °C 
under 
nitrogen 

0.12 [229] 

Epoxy 70 wt% Ag@Cu flakes 
(17.3 wt% Ag) 

diisobutyl 
phthalate, 20 wt% 

2 h @ 
180 °C 

0.127 [230] 

Epoxy 75 wt% Ag@Cu flakes 
(25 wt% Ag, 74.5 
wt% Cu) 

terephthalaldehyde 
and iodine (ratio 
TPTA/I2 = 30/1) 

1 h @ 
150 °C 

0.128  [73] 

Epoxy 60 wt% Ag@Cu powder  none 30 min @ 
150 °C in 
vacuum 

0.2 [231] 

Epoxy   40 wt% Submicron 
Ag@Cu particles 
(15 wt% Ag) and 
commercial 
micron Ag@Cu 

palmitic acid  2 h @ 
160 °C 

0.468 [47] 

Epoxy 70 wt% Ag@Cu powder: 
flake-shaped 
particles, 
spherical 
shaped-particles 

none 2 h @ 
175 °C 

 
1.58 
 
3.98 

[232] 

Epoxy 60 wt% flaky and 
spherical 
Ag@Cu   

none 1 h @ 
150 °C in 
vacuum 
oven 

1.95 [213] 

Epoxy 70 - 85 wt% Ag-Cu particles: 
20 wt% Ag 
50 wt% Ag 
30 wt% Ag 

 
none 
none 
graphite 

30 min @ 
80 °C 

 
2 
1 
4 

[214] 

Epoxy 70 - 85 wt% flake-shaped, 
flake- and 
spherical-
shaped: 60:40 
Ag@Cu powder 
(10 - 15 wt% Ag) 

none 
none 
 
 
graphite (8 wt%) 

30 min @ 
80 °C 

3 
4.5 
 
 
8 

[215] 

Epoxy 55 wt% Ag@Cu flakes none 1 h @ 
200 °C 

6 [216] 
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6.2 Material and Methods 
Material 
A two-component thermosetting epoxy resin and silver flakes (Ag flakes) were supplied by 
PROTAVIC INTERNATIONAL (France). Silver-coated copper particles (AgCu0608-15, 15 wt% Ag, 
specific surface area (SSA) = 0.63 m²/g) were provided by AMES Advanced Materials Cop. (US) and 
are denoted here as Ag@Cu. Silver coated-glass particles (SG05TF40, 40 wt% Ag) were purchased 
from PI-KEM Hart (UK) and are denoted here as Ag@glass. All particles were used as received. 

Particle characterization 
Scanning Electron Microscopy (SEM) was performed using a Phenom Pharos G2 (Thermo Fisher 
Scientific, Germany). Particle size distribution was determined by laser diffraction using a HELOS 
system equipped with a RODOS dry disperser (SympaTEC, Germany). Thermogravimetric analysis 
(TGA) was conducted using a TGA 5500 (TA Instruments) under air and nitrogen atmosphere. 
Differential Scanning Calorimetry (DSC) measurements were carried out using a DSC 214 Polyma 
(Netzsch, Germany) in closed sample pans. TGA and DSC measurements were performed from 
room temperature to 400 °C at a heating rate of 10 K/min. For DSC analysis, baseline correction 
was performed by fitting a 3rd-degree polynomial to the curve while excluding the temperature 
range of the peaks (100-250 °C); the fitted baseline was subsequently subtracted from the original 
curve. 

ECA preparation 
Epoxy resin and particles were mixed for 2 min at 2000 rpm using a SpeedMixer DAC 150.1 FVZ 
(Hauschild, Germany). Additives were then added and mixed for an additional time of 1 min. In 
the final step, the catalyst was added and mixed for 1 min. For resistivity measurements, three 
ECA lines with a thickness of 100 µm and a width of 4 mm were stencil-printed onto glass slides 
and cured for 2 min at 150 °C on a heat plate. Samples for mechanical testing were cured for 10 
min at 150 °C in an oven. A detailed study on the influence of curing time and temperature for 
silver-filled ECAs based on the epoxy resin and Ag flakes also used here is reported elsewhere 
[221]. 

ECA characterization 
Rheological measurements were performed using a MARS rotational rheometer (Thermo Fisher 
Scientific, Germany) equipped with a plate-plate geometry (20 mm diameter) and gap height of 1 
mm. For yield stress determination, shear stress was increased stepwise from 0.1 to 1000 Pa in 
81 logarithmic steps. The yield stress was defined as the intersection point of the linear fits to the 
elastic and to the viscous region in a double logarithmic deformation-stress-diagram [69]. 
Viscosity was determined by increasing the shear rate from 0.1 to 1000 1/s in 41 logarithmic steps. 
Each rheological measurement was carried out three times per sample. 
Volume resistivity was measured using a 4-point probe setup with a 2450 SourceMeter (Keithley, 
US) and a probe spacing of 15 mm. Nine data points were taken per sample. Contact resistivity 
was measured according to [42]. Lap-shear strength was determined based on ASTM D1002 
[158]. Carbon steel was used as substrate for lap-shear test samples. The bonding area was 
approximately 15 mm². Three specimens per ECA were measured using a universal tensile testing 
machine TA.XT plus Texture Analyser (Stable Micro Systems, UK) at a crosshead speed of 
0.2 mm/s. For Young’s Modulus determination, 15 samples were prepared in accordance with DIN 
EN ISO 20753, type A22 [160], and pulled at a crosshead speed of 0.01 mm/s.  Mean values and 
standard deviation were calculated for all parameters. 
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Module preparation and testing 
For module testing, mass-produced Passivated Emitter and Rear Cell (PERC) cells in G1 5th 
(158.75 × 31.75 mm²) format were used. The initial host cell efficiency (before dicing) was 21.8%. 
Three types of electrically conductive adhesives were evaluated for cell interconnection. The 
commercially available ECA PROTAVIC® ACE 10720 (PROTAVIC INTERNATIONAL, France) filled 
with 5-10 vol% Ag flakes was used as the reference material. The Ag@glass ECA contained 3.5 
vol% silver at a total filler content of 8 vol%, and the Ag@Cu ECA contained 10 vol% of Ag@Cu 
particles (1.7 vol% silver). 
Cell interconnection was performed using a prototype shingle stringer from M10 Industries. The 
ECA was dispensed on the cells as continuous lines, covering the entire busbar. ECA curing was 
performed using an infrared lamp setup with a maximum process temperature of 140 °C. The 
maximum temperature was monitored by temperature-measuring strips attached to the rear side 
of dummy cells. Each string consisted of six shingle cells. The modules were laminated in a glass-
backsheet configuration using an industrial laminator (Bürkle Ypsator M-LAPV 1222-HKV). The 
lamination temperature was 155 °C. Ethylene-vinyl acetate foils (F406PS for front side, F806PS for 
back side, Hangzhou First Applied Material) served as encapsulant material. Module IV 
characteristics were measured on a non-calibrated, xenon-lamp-based sun simulator (halm 
elektronik GmbH, Germany). IV characterization was carried out under STC (AM1.5G spectrum, 
1000 W/m²), and temperature-corrected to 25 °C using the cell temperature coefficients provided 
by the cell manufacturer. 
Each group consisted of 12 samples, where six were intended for thermal cycling and six for 
temperature-humidity aging. Two additional modules containing reference ECA were set aside 
without aging treatment to serve as controls for estimating calendar aging effects and 
measurement uncertainty. To evaluate the interconnection reliability, accelerated Thermal 
Cycling (aTC) and Damp Heat (DH) tests were selected. The aTC test protocol employed six times 
faster cycling rates compared to the standard Thermal Cycling (TC) test described in IEC 61215-2 
MQT 11. Comparable results between aTC and TC have been demonstrated in [233]. The DH tests 
followed IEC 61215-2 MQT 13. aTC aging consisted of 200 cycles and DH aging of 500 h. 

6.3 Results and Discussion 

6.3.1 Particle Characterization 
In this study, three different particle types were investigated: silver flakes (Ag flakes), used as 
reference and additional filler; silver-coated glass flakes (Ag@glass) with a silver content of 40 
wt%; and silver-coated copper flakes (Ag@Cu) with a silver content of 15 wt%. SEM images 
depicting the morphology of the different particles are shown in Figure 29. All investigated 
particles exhibited a flake-like morphology. The Ag flakes were the thinnest and exhibited an 
irregular shape. The Ag@Cu particles had a similar shape but with a smoother contour. In 
contrast, Ag@glass particles had a more angular contour and a rather uniform thickness of app. 
2 µm. Figure 30a depicts the particle size distribution determined using laser diffraction. The 
reported equivalent diameters were calculated assuming spherical particles. As all investigated 
particles were flake-shaped, they are not characterized by a single diameter value. Nevertheless, 
the obtained values correlate well with the lateral particle dimensions observed in the SEM 
images, while the particle thickness is not adequately captured. Overall, all particles fall within a 
similar size range, with x50,3 values ranging from 6.4 µm for the Ag@glass particles to 15.5 µm for 
the Ag flakes.  
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Figure 29. SEM images of Ag, Ag@glass and Ag@Cu as single particles and particle agglomerates for 
comparison of morphology and particle shape of the different particle types used for ECA formulation. 

   

Figure 30. a) particle size distribution Q3 measured by laser diffraction giving the equivalent sphere 
diameter and b) DSC analysis in air of Ag (black), Ag@glass (blue) and Ag@Cu (red) flakes for 
characterization of the surface chemistry of the particles, heating rate: 10 K/min, after baseline correction, 
exotherm: up. 

To characterize the surface chemistry of the particles, DSC and TGA measurements were 
performed. Figure 30b shows the baseline-corrected heat flow for the particle samples between 
75 and 300 °C, determined by DSC at a heating rate of 10 K/min. All particle types exhibited an 
exothermic peak in the temperature range between 150 and 250 °C. Peak temperatures were app. 
180 °C for Ag@Cu and around 220 °C for Ag flakes and Ag@glass particles. In all cases, the 
observed peaks are relatively broad. In addition, the DSC curve of the Ag flakes exhibited a 
secondary exothermic peak around 270 °C. 
TGA measurements (depicted in Figure S1) confirmed the DSC results. All TGA curves revealed a 
mass loss in the temperature range corresponding to the exothermic peaks observed in DSC. 
Furthermore, the Ag@Cu particles exhibited a mass increase above approximately 230 °C, which 
can be attributed to the oxidation of the copper core. During particle manufacturing, fatty acids 
are commonly utilized as process aids to prevent cold welding during milling. Residual amounts 
of these organic compounds typically remain on the particle surface. The observed DSC peak 
temperatures and the corresponding mass losses in the TGA measurements are in good 
agreement with literature values reported for the thermal decomposition of such fatty acids 
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[25,234]. Therefore, DSC and TGA results strongly indicate the presence of a thin fatty-acid-based 
organic layer on the surface of all investigated particle types. 

6.3.2 ECAs based on silver-coated glass particles 
In a first set of experiments, silver-coated glass particles were employed as fillers in the epoxy 
resin. They utilize a non-conductive core, which increases the effective volume of each particle 
and therefore, the number of potential contact points between the particles. 
As a reference, an ECA prepared from the same epoxy resin and pure Ag flakes is reported. This 
formulation exhibited electrical percolation at a filler content between 10 and 15 vol%, resulting 
in a decrease in volume resistivity from app. 18 Ω cm at 10 vol% Ag to (1.2 ± 0.3) 10-2 Ω cm at 
15 vol%, see Figure 31a. Beyond the percolation threshold, such an ECA exhibited a yield stress, 
providing sedimentation stability. In contrast, Ag@glass-based ECAs without additives did not 
percolate within the investigated filler content range of 5 to 25 vol%. Increasing the Ag@glass 
content decreased the volume resistivity from 106 Ω cm at 5 vol% filler to 104 Ω cm at 25 vol%. The 
standard deviation increased with increasing filler content, indicating the formation of isolated 
conductive pathways. Simultaneously, the paste exhibited macroscopic inhomogeneities, but no 
measurable yield stress was observed. 
Previous studies have demonstrated that halogens can significantly influence both the yield 
stress and the electrical conductivity of ECAs [70,77,71]. Yang et al. [70] reported that iodine 
reacts with the silver particle surface, forming silver-nano islands. Sun et al. [77] observed 
halogen-induced structural changes resulting in the formation of a particle network, which 
increased yield stress and decreased volume resistivity. More recently, Marten et al. [71] 
attributed similar effects to the removal of fatty acids from the particle surface and the formation 
of silver iodide. This modification of the surface chemistry promotes van der Waals dominated 
attractive particle–particle interactions and closer particle contact, thereby increasing yield 
stress and lowering the electrical percolation threshold. Consistent with these findings, the 
addition of a halogen(h)-based additive to the polymer-particle system investigated here 
significantly altered both the percolation threshold as well as morphology of ECAs containing 
Ag@glass particles. The volume resistivity decreased from 105 Ω cm at 5 vol% Ag@glass to 
(5.1 ± 0.3) 10-3 Ω cm at 15 vol% Ag@glass. Further increase in Ag@glass content decreased 
volume resistivity only marginally. The ECA containing 10 vol% Ag@glass and the halogen-based 
additive exhibited a yield stress of (51 ± 7) Pa, which increased to (236 ± 173) Pa at 15 vol% 
Ag@glass. At higher filler contents, the paste became tough and crumbly, rendering it unsuitable 
for application. The ECA with 15 vol% Ag@glass and halogen-based additive met the 
requirements for solar cell shingling in terms of volume resistivity and lap-shear strength 
((20 ± 2) MPa), while utilizing only 2 vol% (14.4 wt%) silver. However, the yield stress of this 
formulation was rather high for printing or dispensing processes. 
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Figure 31. a) volume resisitivity of ECAs with Ag flakes (un-filled black squares) and Ag@glass (blue) without 
(filled circles) and with (half-filled diamonds) halogen(h)-based additives and filler content between 5 and 
25 vol%; b) volume resisitivity of ECAs with varying total filler content between 5 and 10 vol% comprising 
Ag@glass and Ag particles at different mixing ratios to contain 3.5 vol% silver, higher total particle volume 
fraction corresponds to a higher fraction of Ag@glass particles in the mixture; dashed lines indicate the 
maximum volume resistivity required for solar cell shingling. 

To overcome this issue, a possible approach to reduce yield stress of the ECA is dilution with a 
low-boiling solvent. However, solvent evaporation within a shingled joint is unfavorable. Instead, 
Ag@glass particles were mixed with Ag flakes to reduce the overall particle volume fraction while 
maintaining low volume resistivity. All formulations in the following experiments contained the 
halogen-based additive. 
In a preliminary study, the total filler volume fraction was fixed at 5.0 and 6.7 vol%, respectively 
while the mixing ratio of Ag@glass to Ag flakes was varied. To meet the requirements of volume 
resistivity for a shingled solar cell interconnection of 10-2 Ω cm [221], a minimum of 3.5 vol% (app. 
25 wt%) silver was required for such a low-filled ECA. The corresponding results are shown in 
Figure S2.  
Figure 31b shows the volume resistivity of ECAs containing Ag@glass and Ag flakes with total 
particle volume fractions between 5 and 10 vol%. The Ag@glass-to-Ag flakes ratio was adjusted 
to maintain a constant total silver content of 3.5 vol%. The volume resistivity decreased from 
(9.6 ± 0.7) 10-3 Ω cm at 5 vol% total filler to (5.3 ± 0.5) 10-3 Ω cm at 10 vol%. Except for an outlier at 
6 vol% with (1.1 ± 0.1) 10-2 Ω cm, the volume resistivity of all ECAs was below 10-2 Ω cm. The 
volume resistivity slightly decreases with increasing total particle volume fraction. Accordingly, 
the total silver fraction could be further reduced at a filler content above 8 vol% due to the higher 
amount of glass-core particles, that bring the silver shells into closer proximity. Additionally, the 
ECA with 8 vol% total filler exhibited a sufficiently low contact resistivity of (0.04 ± 0.01) mΩ cm².  
The yield stress of these ECAs is shown in Figure 32a. The yield stress increased exponentially 
from (22 ± 1) Pa at 5 vol% total filler to (148 ± 4) Pa at 10 vol%. All ECAs exhibited a superior lap-
shear strength ranging from (20 ± 2) MPa at 5 vol% filler to (28 ± 3) MPa at 9 vol% filler (Figure 32b). 
In all cases, cohesive failure was observed. Despite the increased particle content, which means 
higher number of potential defects in the polymer matrix, the lap-shear strength remained high. 
This is attributed to the better adhesion between Ag@glass particles and the epoxy than to Ag 
flakes. This conclusion is confirmed by lap shear strength measurements of samples containing 
15 vol% of only Ag@glass or Ag flakes. The Ag@glass sample had a lap shear strength of (20 ± 2) 
MPa, which is twice as high as that of the ECA containing only Ag flakes ((10.1 ± 0.9) MPa). 
Both volume resistivity and lap-shear strength showed only minor dependence on the glass 
fraction and remained within the required specifications. Therefore, the total filler fraction, 
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determined by the additional glass content, can be taken to individually tune the rheological 
parameters. A yield stress between 10 and 100 Pa is recommended for dispensing and screen-
printing application. ECAs containing 3.5 vol% silver and a total filler content of 5 to 8 vol% 
composed of Ag@glass and Ag flakes meet all requirements regarding rheological, electrical and 
mechanical properties in the uncured and cured state for shingled solar cell interconnection. 

 

Figure 32. a) yield stress and b) lap-shear strength of ECAs with varying total filler content between 5 and 
10 vol% comprising Ag@glass and Ag particles at different mixing ratios to contain 3.5 vol% silver, higher 
total particle volume fraction corresponds to a higher fraction of Ag@glass particles in the mixture. The 
standard deviation of the yield stress measurements was too small to be visible in the diagram. Typically, 
the relative uncertainty of yield stress determination is in the order of 10%. Dashed line in diagram a) is to 
guide the eye, dashed horizontal line in diagram b) corresponds to the minimum required lap-shear 
strength for solar cell shingling. 

6.3.3 ECAs based on silver-coated copper particles 
Further silver reduction was pursued by introducing silver-coated copper particles (Ag@Cu). 
These allow both shell and core to contribute to electron transport. However, the presence of 
copper presents challenges, including oxidation sensitivity and interactions with halogen 
additives, which may result in insulating compounds. 
Suspending Ag@Cu particles in the epoxy resin used in this study resulted in ECAs without a yield 
stress and poor sedimentation stability. Consequently, samples for volume resistivity 
measurements were applied and cured immediately after mixing. The volume resistivity values 
shown in Figure 33 thus represent the minimum volume resistivities achievable under proper 
stabilization. Sedimentation which occurred within minutes after mixing led to insulating 
samples. As reference, volume resistivities of ECAs containing Ag flakes are also shown in Figure 
33. ECAs containing Ag@Cu (15 wt% silver) were already conductive at a filler volume fraction of 
5 vol% when cured directly after mixing. The volume resistivity at this filler content was 
(3.3 ± 0.2) 10-2 Ω cm and decreased to (1.11 ± 0.05) 10-3 Ω cm with increasing content of Ag@Cu 
up to 20 vol%. These results show, that ECAs based on silver-coated copper particles can meet 
the electrical requirements for shingled solar cell interconnection, provided that adequate 
stabilization against sedimentation is achieved. Obviously, the percolation threshold for the 
Ag@Cu particles is lower than that for the Ag flakes, this may be attributed to the smaller diameter 
of the Ag@Cu flakes or different surface chemistry. 
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Figure 33. volume resisitivity of ECAs with Ag@Cu (filled red circels) and Ag flakes (un-filled black) with 
varying particle volume fraction from 5 to 25 vol%, samples were cured directly after mixing to prevent 
sedimentation, dashed line indicates the maximum volume resisitivty required for solar cell shingling. 

Due to the chemical reactivity of copper, several non-reactive thickeners—namely fumed silica, 
carbon black, and Thixatrol AS 8053—were evaluated to improve particle stabilization. However, 
the increase in low-shear viscosity induced by these thickeners was not sufficient for particle 
stabilization. Additionally, the composites became insulating or did not fully cure. Detailed results 
are provided in the Supplementary Information (Figure S3-S5). Despite copper’s reactivity, the 
suitability of the halogen-based additive was investigated for ECAs containing silver-coated 
copper particles as well. Halogens can replace the fatty acids on the surface of the particles, 
leading to enhanced particle-particle interactions, morphological changes and increased 
electrical conductivity [71]. Careful adjustment of the halogen content resulted in the formation 
of a yield stress in the ECA based on Ag@Cu particles, effectively suppressing particle 
sedimentation. 
Figure 34 summarizes the properties of this optimized ECA in comparison with commercially 
available ECAs and the requirements for shingled interconnection. The ECA contained 10 vol% of 
Ag@Cu particles, corresponding to a silver content of only 1.3 vol%. This is app. one quarter of 
the silver content of the commercial ECA with the lowest reported silver content (5 vol%) and 
more than an order of magnitude lower than that of standard highly-filled ECAs, which contain 20 
to 30 vol% silver. In terms of weight, the ECA contained 7 wt% silver and 40 wt% copper. This 
formulation exhibited a volume resistivity of (4.3 ± 0.8) 10-3 Ω cm and a contact resistivity of (0.03 
± 0.01) mΩ cm², which satisfies the requirements for solar cell shingling. The yield stress of the 
ECA was (40 ± 11) Pa. The particles were thus stabilized against sedimentation and the ECA is 
suitable for screen-printing and dispensing. However, the curing kinetics of the ECA were altered, 
which led to a softer bond and a comparatively low Young’s Modulus of (34 ± 13) MPa. DSC 
analysis revealed a shift of the main curing peak to higher temperature (126 °C instead of 106 °C) 
and the appearance of an additional shoulder above 150 °C (Figure S3). Nevertheless, flexible 
bonds are preferred in shingled interconnection and the lap-shear strength of (28 ± 6) MPa was 
well beyond the required 10 MPa. The uncured ECA remained stable over more than six months 
when refrigerated at -20°C and showed no degradation in volume resistivity after curing when 
stored under standard laboratory conditions for the same duration. 
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Figure 34. silver content as well as electrical and mechanical properties of the ECA with 10 vol% Ag@Cu 
and halogen additive indicated as black squares compared to commercial products (grey) and 
requirements for shingled solar cell interconnection (green). 

6.3.4 Application in shingled solar modules 
To investigate the suitability of the developed ECAs for application in PV, especially solar cell 
shingling, mini modules with linear strings of six shingled cells were produced. The ECAs and their 
silver content as well as dispensed masses and volumes utilized for the three groups of modules 
are shown in Table 5. Twelve modules per formulations were produced for aging tests, plus two 
additional modules with the reference ECA serving as unaged reference modules. To obtain 
similar dispensing volumes with all three ECAs, dispensing parameters (pressure and preheat 
temperature) were adjusted to achieve dispensed volumes equivalent to the reference system. 

Table 5. Applied ECAs in the different module groups with their silver content and masses applied per 
shingle and calculated dispensed volume per shingle 

ECA formulation Silver 
volume 
fraction / - 

Silver 
weight 
fraction / - 

Dispensed 
mass per 
shingle / 
mg 

Uncured 
density / 
g/mL 

Dispensed 
volume per 
shingle / µL 

Ag (PROTAVIC® ACE 
10720), reference  

6.5-10% 40-50% 4.2 ± 0.2 1.78 2.4 ± 0.2 

Ag@glass 3.5% 25% 3.6 ± 0.2 1.52 2.4 ± 0.2 
Ag@Cu 1.7% 7% 4.1 ± 0.3 1.94 2.1 ± 0.2 

 

SEM images of joint cross-sections are shown in Figure 35. It is evident from the images that the 
particles were arranged in stacks forming conductive pathways. In the case of the Ag@glass 
ECAs, these stacks comprised Ag@glass and Ag flakes. Joint thickness was between 26 and 38 
µm, wider than the average particle diameter. This indicates that current is conducted from 
particle to particle in all ECA formulations, which is typical for ECAs with a filler content beyond 
the percolation threshold. 
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Figure 35. SEM images of shingled solar cell joint cross-sections made from ECAs with Ag flakes, Ag@glass 
and Ag@Cu flakes, images on the left show the whole metallization, images on the right are magnifications 
of the left images at the position of the green square. 

The initial module performance is visualized in Figure 36. Modules interconnected with Ag and 
Ag@glass ECAs demonstrated similar efficiencies of app. 19.64%. In contrast, modules with 
Ag@Cu ECA exhibited a marginally higher efficiency (Figure 36a). Similarly, the module fill factors 
followed the same trend (Figure 36b). Statistically, the observed differences between all 
experimental groups fall within one standard deviation of the mean values for both efficiency and 
fill factor, indicating no statistically significant variance in the initial module performance across 
the three ECA formulations.  

 

Figure 36. Initial characterization of the produced six-shingle mini modules. (a): aperture efficiency, (b): fill 
factor. The individual data points are plotted next to bar plots, calculated from the same data. The median 
value and standard deviation of each group are written below the data. 

To compensate calendar aging and the measurement error from the uncalibrated IV 
measurement, the failure criterion for ageing tests was set to a loss of 5%rel. compared to the 
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unaged reference modules. Figure 37 shows the aging test results along with the criterion 
derivation (solid red line) and failure threshold (dotted red line). After aTC 200 (Figure 37a), Ag and 
Ag@glass fillers demonstrated similar relative efficiency changes. In contrast, the Ag@Cu system 
exhibited significant performance degradation. One module showed no measurable power output 
after the test and thus is not shown in Figure 37a and was excluded from further analysis. Three 
modules failed the test due to significant fill factor losses and thus efficiency losses. The fill factor 
degradation patterns (Figure 37a) mirror those observed for module efficiency. This correlation 
between efficiency and fill factor degradation strongly indicates that the performance losses are 
primarily attributed to interconnection degradation. The Young’s Modulus of the ECA filled with 
Ag@Cu ((34 ± 13) MPa) was significantly lower than that of the commercial silver filled ECA (1400 
MPa). This could have led to higher strains under thermomechanical stress, which might have 
interrupted the conductive pathways within the Ag@Cu filler system, leading to progressive 
deterioration of the electrical connectivity. Additionally, the different curing kinetics of the Ag@Cu 
ECA may have contributed to the observed stability issues, as insufficient cross-linking density 
could result in weakened polymer matrix integrity under thermal cycling conditions. Results from 
DH 500 testing are shown in Figure 37b. All groups showed less than 5% efficiency loss. The stable 
fill factors after damp heat aging indicate that under these test conditions, oxidative degradation 
of the filler particles does not represent a limiting factor for any of the studied ECA systems. 

 

Figure 37. Relative efficiency changes of six-cell mini modules after (a) aTC and (b) DH aging with failure 
criterion derivation (solid red line) and threshold (dotted red line). 

6.4 Conclusion and Outlook 
Sustainable energy production requires sustainable material supply. Therefore, the PV industry 
aims to replace silver in metallization and interconnection of solar cells. However, up to date a 
full replacement of silver is not possible. Instead, core particles coated with a thin silver layer are 
utilized. These core particles can be either conductive or non-conductive. In this study, one of 
each type was evaluated. 
Inert glass particles increase particle volume and bring the silver layer in closer contact. However, 
the particle volume required for conductivity led to a high yield stress, unsuitable for application. 
This was overcome by replacing only a part of the Ag flakes by Ag@glass. For a volume resistivity 
of 10-2 Ω cm, at least 3.5 vol% silver was necessary in ECAs with a total particle volume fraction 
below 8%. This led to an ECA containing only 25 wt% silver with lap-shear strength beyond 20 MPa 
and yield stress between the required 10 and 100 Pa, tunable by the fraction of Ag@glass particles 
used. 
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Further reduction in silver content was achieved by utilizing silver-coated copper particles, as 
example for fillers with conductive cores. However, the formulation with copper is more 
challenging. The effect of thickeners was retarded in such systems or their application led to high 
resistivities or incomplete curing. By carefully adjusting the content of a halogen-based additive, 
an ECA was obtained containing 10 vol% of Ag@Cu, fulfilling all requirements for solar cell 
shingling at only 1.7 vol% (7 wt%) silver content. 
In module evaluation, the formulated ECA systems utilizing Ag@glass or Ag@Cu particles showed 
similar initial performance as the Ag filled reference system. After aTC 200, while the Ag@glass 
system passed the test with similar power losses as the Ag system, the Ag@Cu system showed 
severe degradation. This could be due to insufficient mechanical stability of the conductive 
pathways under thermomechanical stress, leading to increased series resistance. DH 500 
revealed that oxidative degradation is not a limiting factor for all three studied systems (all <5% 
loss), suggesting that the Ag@Cu degradation mechanism is primarily mechanical, not chemical. 
Silver-coated glass particles are promising to replace pure silver flakes. With copper containing 
particles, interaction with the polymer becomes relevant. Other polymer-particle combinations 
providing better compatibility should be investigated in future studies to formulate a more reliable 
ECA with silver-coated copper particles. Furthermore, including nano-sized particles in addition 
to the micron-sized flakes could be addressed in future studies. On module level, it would be 
interesting to evaluate the ECAs on cells with low-temperature metallization (e.g. SHJ or silicon-
perovskite tandem cells) and other encapsulants (e.g. TPO or POE) to study possible interactions 
between ECA, cell and encapsulant. Extending the aging experiment with the full test series 
specified in IEC 61215-1 would allow full qualification of the ECA for application in solar modules. 

6.5 Supplementary information 

 

Figure S1. Thermogravimetric analysis of Ag flakes, Ag@glass and Ag@Cu flakes at a heating rate of 10 
K/min a) in nitrogen to determine the surface chemistry and b) in air to determine the oxidation behavior of 
the particles. 
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Figure S2. variation of the Ag@glass to Ag flakes ratio at a total particle volume fraction of 5 vol% (square) 
and 6.7 vol% (circle), respectively, to determine the minimum silver content which is necessary to achieve 
a volume resistivity of 10-2 Ω cm or less, minimum silver content was estimated to lie between 3.3 and 3.8 
vol%. 

 

Figure S3. Fumed silica (Silica, fumed S5505; Sigma-Aldrich, US) was utilized to increase the ECAs 
viscosity and therefore, stabilization against sedimentation. Eventhough, the addition of fumed silica led 
to an increase in viscosity of the pure epoxy resin (black square), viscosity increase of a composite 
containing epoxy resin and 15 vol% Ag@Cu_10 (different silver-coated particle type containing 10 wt% 
silver) was retarded (black circles). With increasing fumed silica content the volume resistivty (red circles) 
of the composite increased, leading to an insulating composite; similar results were obtained with Ag@Cu. 
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Figure S4. a) viscosity curve and b) volume resistivity of ECAs with epoxy resin, 15 vol% Ag@Cu_10 and 2 
wt% of fumed silica, carbon black 250P (Enasco® 250 P; Imerys Graphite & Carbon, Switzerland) or carbon 
black C65 (C-Nergy Super C65; Imerys Graphite & Carbon, Switzerland) , resp. in the epoxy resin; the 
increase in low-shear viscosity was not sufficient for particle stabilization and composites became 
insulating; similar results were obtained with only 10 vol% Ag@Cu_10 or Ag@Cu. 

 

Figure S5. a) viscosity curves and b) volume resistivity of ECAs with epoxy resin, 15 vol% Ag@Cu_10 and up 
to 1.5 wt% Thixatrol AS 8053 (Thixatrol® AS 8053; Elementis, US) in the epoxy resin; Eventhough, volume 
resistity stayed low, increase in low-shear viscosity was insufficent for sedimentation stability, higher 
contents of Thixatrol AS 8053 led to incomplete curing of the ECA. 

 

Figure S6. DSC curve of the ECA containing 10 vol% of Ag@Cu and a comparable ECA with 10 vol% of pure 
silver particles to determine the curing kinetics at a heating rate of 10 K/min, exotherm: up; the curing peak 
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of the ECA containing Ag@Cu shifted to a higher temperature of 126 °C instead of 106 °C and was generally 
broader, exhibiting a shoulder above 150 °C. 
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7 Conclusion 
Solar cell shingling, in which solar cells are directly bonded to each other, represents a relative 
new module design concept in PV industry. The corresponding interconnection technology is 
therefore still under research. Preferentially, ECAs are used as interconnection material due to 
their higher flexibility compared with solder, which is advantageous as thermomechanical 
stresses must be accommodated within the joint. Additionally, the low curing temperature of ECA 
makes it compatible with thin wafers or temperature-sensitive cell materials. However, some 
challenges remain, most notably the high material cost caused by the high silver content in state-
of-the-art ECAs. In order to reduce the silver content and to formulate tailored ECAs for shingled 
PV interconnection, clearly defined material specifications are required which, so far, have only 
been reported for individual parameters rather than for a comprehensive property set. 

In Chapter 4, an overview of rheological, electrical and mechanical requirements was presented 
based on literature review and the author’s own calculations and experimental evidence. Table 6 
summarizes these parameters supplemented by some general requirements. Owing to the 
overlapping joint geometry, a solvent-free ECA is preferred in order to prevent trapping of the 
solvent or unwanted interactions with the upper shingle. A sufficient pot and shelf life are general 
requirements for ECAs independent of the shingling process, whereas life time and operating 
temperature are application-specific requirements for PV modules. The required rheological 
properties are mainly determined by the application method, to ensure uniform and reproducible 
deposition. To maintain throughput comparable to other module interconnection concepts, i.e. 
soldering, rapid ECA curing preferably at low temperature is required. Regarding the electrical 
properties, an efficiency loss caused by the interconnection of less than 0.025% is considered 
acceptable. This loss depends on contact and volume resistivity, but also on the applied volume 
of ECA. The shear strength has been reported to play a minor role as long as a bond could be 
obtained, although, a lap-shear strength beyond 10 MPa is generally recommended. In contrast, 
the required ranges of Young’s modulus and shear modulus remain more uncertain and will 
therefore be discussed in greater detail later. 

Table 6. specifications for ECAs applied in the linear-shingled solar cell interconnection 

Parameter Value Unit Annotations Test method 
Type   One component, solvent 

free 
 

Pot life >24 h   
Shelf life >6 month Stored at -40 °C  
Life time >30 years   
Operating 
temperature 

40 - 50 °C Must withstand -45 °C to 
+80 °C 

 

Silver content   As little as possible  
Application 
method 

  Screen printing, 
dispensing 

 

Bleeding low    
Yield stress 1 

10-100 
Pa 
Pa 

Sedimentation stability 
Screen printing 

Tangent-intercept 
method, rotational 
rheometer 

Curing 
temperature 

<140 °C For perovskite, tandem  

Curing time <30 s   
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Parameter Value Unit Annotations Test method 
Contact 
resistivity 

1 x 10-1 mΩ cm² continuous line, vs. silver Transfer Length Method 

Volume 
resistivity 

1 x 10-2 Ω cm continuous line 4-point measurement 
ASTM D991 

Young’s 
Modulus 

<1000 
>?* 

MPa 
MPa 

 
for low-filled ECAs, to be 
determined 

Tensile test 
ASTM D638 

Shear modulus <500 
>?* 

MPa 
MPa 

 
for low-filled ECAs, to be 
determined 

Lap-shear test 
ASTM D1002 

Shear strength >10 MPa Important: initial bonding Lap-shear test 
Module 
performance 

<5% losses TC, DH, mechanical load IEC 61215-2, IEC 61730 

The most challenging requirement to meet, is a low silver content. Therefore, the application of 
the capillary suspension concept to ECAs was investigated as described in Chapter 4. The 
formulations presented here are all based on a snap-cure epoxy-resin and silver flakes 
commercially used in die-attach applications and were provided by Protavic Int. These silver 
flakes are coated with chemically bound fatty acids, which prevent agglomeration and promote 
dispersibility and particle-polymer integration. However, these surface layers hinder electron 
transport and particle network formation. In capillary suspensions, the addition of a small amount 
of a secondary liquid phase leads to the formation of strong percolating particle networks even at 
low filler content. To maintain the good particle-polymer integration, a “capillary” state capillary 
suspension is targeted in which the main phase, i.e. the polymer, preferentially wets the particles. 
In this configuration, a sample-spanning cluster network is formed in which secondary liquid 
droplets are shielded from the main phase by the particles. An additive which removes the fatty-
acid layer selectively at the particle-particle contacts can be incorporated into the secondary 
liquid. Additionally, the resulting rheological behavior is favorable for ECA application by screen 
printing or dispensing. 
The network structure induces a yield stress in the ECA, which enables particle stabilization at a 
filler volume content as low as 5 vol% compared to 15 vol% in the conventional binary 
suspension. However, a sufficient yield stress for screen printing required 10 and 20 vol% 
particles, respectively, depending on the formulation. The selected secondary liquid shifted the 
curing peak to slightly higher temperatures, but as intended did not further influence the overall 
curing kinetics. The investigated polymer system required a minimum curing temperature for 
complete curing and development of conductivity, which was achieved within seconds. However, 
too long curing times at elevated temperatures were detrimental for volume conductivity. The 
shingling requirement of 1 x10-2 Ω cm volume resistivity was achieved at 15 vol% silver in the 
binary suspension and below 5 vol% in the capillary suspension system. The contact resistivity 
was sufficiently low for all formulations ranging between 0.02 and 0.03 mΩ cm². Post-curing, for 
example during module lamination, was found to reduce the resistivity of ECAs with initially high 
resistivity, but did not affect ECAs in which conductivity had already fully developed. As expected, 
the lap-shear strength decreased linearly with increasing filler content as every additional particle 
acts as a defect in the polymer matrix. A filler volume fraction below 15 vol% is therefore 
recommended to achieve a lap-shear strength exceeding 10 MPa. This requirement could only be 
fulfilled by the capillary suspension system as the binary suspension required 20 vol% silver to 
achieve both processability and conductivity. To guarantee screen printability, between 5 and 10 
vol% silver was necessary when applying the capillary suspension concept, potentially reducing 
silver consumption by more than 50%.  
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However, the volume resistivity data indicated further potential for reducing the silver content 
below 5 vol%, provided that sufficient particle stabilization could be achieved. This issue was 
addressed in Chapter 5 by introducing polyethylene glycol with an average molecular weight of 
200 Dalton as a tuning agent into the investigated capillary suspension-based ECA. 
The addition of PEG 200 to an ECA containing 5 vol% silver flakes resulted in an increase in both 
yield stress and lap-shear strength, while the electrical properties remained unaffected. Both 
parameters exhibit a maximum with increasing PEG 200 content. Simultaneously, the morphology 
of the ECA changed from uniformly distributed particles to a percolated particle network structure 
with increasing microheterogeneity. It is believed, that this change in particle distribution 
enhanced the lap-shear strength, although the effect was counteracted by the increasing 
proportion of non-curing PEG which replaced the epoxy matrix. PEG was found to be miscible with 
both the epoxy resin and the secondary polar liquid. Up to a certain volume fraction of PEG, the 
two-phase configuration was pertained, but the interfacial properties changed. A reduced three-
phase contact angle against the particles promoted the formation of a capillary suspension in the 
“capillary” state. However, with increasing PEG 200 content the interfacial tension between main 
and secondary liquid decreased, thus weakening the capillary forces between particles. This 
effect was reflected in a decrease and eventual disappearance of the yield stress. The addition of 
an additive, such as PEG in the investigated system, that is miscible in both liquid phases, 
presents a new method to tune the strength of capillary suspensions. Finally, an ECA containing 
4 vol% silver stabilized with 2 vol% PEG 200 exhibited a yield stress of (12 ± 3) Pa, at the required 
volume resistivity for shingling of 1 x10-2 Ω cm. In terms of mass fraction, this filler content 
accounts for 28 wt% silver. 

To further reduce the silver consumption, silver-coated core/shell particles were investigated for 
application in ECAs as discussed in Chapter 6. As example of a non-conductive core material, 
silver-coated glass particles were chosen. The glass core increases the effective particle volume, 
thereby bringing the silver shell of neighboring particles in closer proximity. Silver-coated copper 
particles have also been investigated, in this case both shell and core contribute to the electron 
transport. 
To promote comparability, flake-shaped particles with a size distribution similar to that of the 
silver flakes used in Chapter 4 and 5 were selected. All particle types possessed a thin fatty-acid-
based organic layer on the surface, although the chemical composition differed. Nevertheless, 
the particles exhibited different behavior in the adhesive formulations. Replacing the silver flakes 
entirely with silver-coated glass particles in addition with a halogen-based additive, resulted in a 
sufficient volume resistivity at 15 vol% filler, but produced a tough paste unsuitable for 
processing. Therefore, the silver flakes could only be partially replaced. To obtain a volume 
resistivity of 1 x10-2 Ω cm, at least 3.5 vol% silver was necessary in ECAs containing 8 vol% total 
filler or less. By adjusting the proportion of silver-coated glass particles, the yield stress could be 
tuned without compromising electrical performance or lap-shear strength. The results obtained 
for ECAs containing pure silver flakes (28 wt% silver) and silver-coated glass/silver particles 
(25 wt% silver) presented in this work correspond well with the percolation curve reported by 
Ronayette et al. [204] for ECAs dedicated for PV. Their model predicts a percolation threshold and 
therefore, minimum silver content of 23.5 wt% for ECAs based on silver as the only conductive 
component. However, the ECA containing only silver-coated glass particles at a filler content of 
15 vol% contained only 2 vol% (14.4 wt%) silver, while still meeting the electrical requirements for 
shingling. Provided that the rheological properties of the adhesive are properly adjusted, e.g. via 
exchange of the polymer matrix, the critical silver threshold proposed in [204] may need revision 
in the future. 
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For the epoxy system used here, a lower silver content is achievable through partial replacement 
by copper. An ECA based on silver-coated copper particles containing only 1.3 vol% (7 wt%) silver 
was demonstrated which exhibited a volume resistivity of (4.3 ± 0.8) 10-3 Ω cm, contact resistivity 
of (0.03 ± 0.01) mΩ cm², yield stress of (40 ± 11) Pa and lap-shear strength of (28 ± 6) MPa, a 
specification set suitable for solar cell shingling. However, the high copper content of 40 wt% is 
believed to influence the curing kinetics of the polymer resulting in a drastically reduced Young’s 
Modulus of only (34 ± 13) MPa instead of 1000 MPa at identical curing conditions. 

A highly-filled reference ECA containing 20 vol% silver was compared with a low-filled ECA 
containing between 5 and 10 vol% silver, in addition to formulations based on silver-coated 
glass/silver and silver-coated-copper particles, at module level. The different rheological 
properties of the ECAs required individual adjustment of preheat temperature and dispensing 
pressure to obtain the same dispensed volume with all ECAs. All modules exhibited similar good 
initial performance and stability under damp heat conditions, confirming resistance to oxidation. 
Under aging conditions, the low-filled silver-based ECA slightly outperformed the highly-filled 
reference. This was attributed to the lower elastic modulus resulting from the reduced particle 
content. However, four out of six modules fabricated with the highly elastic silver-coated copper 
ECA failed the TC 200 test. These results indicate that a reduced shear modulus can facilitate 
stress relaxation. However, too high strains may disrupt the conductive pathways in low-filled 
ECAs. It therefore appears necessary to define a lower limit for elastic and shear moduli in low-
filled ECAs, as indicated by the marks (*) in Table 6. 

All in all, the results demonstrate that silver consumption in ECAs can be significantly reduced 
through two complementary approaches: 

(1) decreasing the percolation threshold, for example by applying the capillary suspension 
concept, and 

(2) replacing the conventional silver filler with silver reduced shell-core particles. 

ECAs formulated using these strategies achieved comparable performance to highly-filled ECAs, 
while reducing silver usage by up to 95%, making them a promising alternative for the shingled PV 
interconnection.
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8 Outlook 
In this work, epoxy-based ECA formulations with a silver content as low as 1.7 vol% were 
developed meeting the limiting requirements for solar cell shingling regarding volume resistivity 
and mechanical strength in the cured state, but also the requirements for sedimentation stability 
and processing of the uncured system. A further decrease in filler, i.e. silver, consumption requires 
proper stabilization. Simultaneously, sufficient electrical conductivity must be retained. In this 
study, the pursued strategy involved decreasing the percolation threshold as well as removing the 
organic surface layer on the particles. A second approach frequently reported for conductivity 
enhancement of ECAs is nanoparticle sintering (Chapter 2). For ceramic materials, Weiß et al. 
[107] demonstrated that nanoparticles can be incorporated into the secondary liquid of capillary 
suspensions, enabling the nanoparticles to be deposited directly in the contact regions between 
the microparticles. However, in their ceramic system, the secondary liquid was removed during 
the debinding process. For ECAs in shingled PV, evaporation of formulation components is 
believed to be undesirable. Nevertheless, solvent evaporation from the shingle gap and its 
influence on the cells has not yet been investigated und should be studied in the future. Up to 
date, secondary liquid or even polymer remains between the particles hindering nanoparticle 
sintering. Additionally, the polymer curing reaction competes with the sintering process, partially 
immobilizing the particles. Nevertheless, an alternative particle stabilization mechanism may 
allow nanoparticle sintering to become feasible even at low filler content. 

All ECAs developed in this work were successfully applied to solar cells by jet dispensing and the 
resulting modules exhibited promising initial performance. It became apparent that dispensing 
parameters had to be set for any ECA individually to compensate for the slight differences in 
rheological behavior. A more detailed study on application behavior of ECAs should be 
performed, to enable the generation of more consistent deposition patterns, allowing the use of 
only the minimum required amount of adhesive and therefore silver. Especially, when screen 
printing is chosen as application technique, special attention should be paid to rheological 
properties such as viscosity, shear thinning or wall slip [115,200]. 
Bleeding, where polymer spreads from the printed line, is a frequently reported issue with ECAs 
[235]. It appears that low-filled ECAs are even more prone to bleeding than highly-filled 
formulations. In the shingled module technology, bleeding is considered to be non-critical 
provided that the adhesive does not reach the shingle edge. Contrarily, depletion of the polymer 
from the bulk may bring particles in closer contact, potentially improving conductivity, while the 
spreading polymer still contributes to the mechanical strength of the joint. Nevertheless, 
excessive bleeding may reduce user confidence in the product. Therefore, a study should be 
performed, in which the influence of the bleeding behavior of ECAs on module performance is 
investigated. Additionally, other formulation concepts should be explored which alter the 
bleeding behavior of low-filled ECAs, such as the addition of rheology control agents or utilization 
of a polymer resin with higher viscosity. 

In some cases, particles are protruded along with the polymer during bleeding, which leads to the 
formation of isolated particle agglomerates. This observation suggests that conductivity in the x-
y-plane along the entire printed line may not always be necessary, as was demonstrated by 
printing discrete pads instead of a continuous line. In the latter case, however, mechanical 
stability was reduced. In the future, the transition from isotropically conductive adhesives to 
anisotropically conductive adhesives should be investigated. Anisotropically conductive 
adhesives potentially combine both sufficient conductivity in z-direction and mechanical 
strength. In such a design, isolated particle aggregates could be embedded within the polymer 
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matrix instead of individual, well-distributed particles to avoid the need for external pressure 
application during curing. However, such an approach requires the presence of a busbar on front- 
and back-sides of the solar cell. Weber et al. [152,163] reported that pressure contact between 
the busbars after lamination contributed to the interconnection conductivity, which would not be 
possible if the non-conductive polymer acted as a spacer between the busbars. 
Alternatively, the silver busbars could be omitted as demonstrated by Oh et al. [121]. In this case, 
a continuous isotropically conductive adhesive line would be required. Otherwise, extremely 
precise alignment of the metallization fingers would be necessary, which is difficult to obtain due 
to their small width. In past studies, ECA has primarily been applied onto busbar metallization. 
Therefore, adhesion between solar cell and adhesive lacks representative examination and 
requires further investigation. In the end, for the most feasible contact design, i.e. maximum silver 
reduction in either ECA or busbar, module performance in relation to cost needs to be balanced 
against each other. 

Another design concept is matrix shingling. In contrast to linear shingling, where each cell is 
connected to a single adjacent cell forming cell strings connected in series, in matrix shingling 
every second row is shifted by half a cell, resulting in simultaneous series and parallel electrical 
interconnection of solar cells [205]. In such a configuration, mechanical stresses at a single point 
within the cell matrix affect the whole composite instead of only one string and the dominant 
stress direction is no longer confined to a single axis. Experiments indicate that inhomogeneous 
temperature distribution during curing can already induce significant stresses which could cause 
bending of the entire assembly. As a result, ECA specifications developed for linear shingling 
might not be directly transferable to matrix shingling. Especially, the mechanical properties of the 
ECA, in particular shear and elastic moduli, may require adjustment, and an appropriate 
specification range should be identified in the future. 

To account for modified specifications or further improve the existing formulations, alternative 
material combinations should be considered. Different epoxy resin systems offer a broad range 
of material properties, while silicone-based matrices may offer more flexible alternatives. 
Interaction between polymer matrix and filler particles may also be an important factor, especially 
when particles containing copper are used. The change in curing kinetics and the resulting low 
Young’s Modulus observed in the epoxy-based ECA containing silver-coated copper particles may 
be avoided when an alternative polymer or curing agent is employed. 
Further silver reduction could potentially be achieved by incorporating carbon-based fillers into 
the polymer matrix. However, preliminary experiments indicated that only a few vol% of, e.g. 
carbon black, graphite or carbon nanotubes, are necessary to induce a yield stress and therefore 
sedimentation stability in carbon-based ECAs. In contrast, achieving sufficient electrical 
conductivity requires significantly higher particle packing densities, resulting in highly elastic, 
rubber-like pastes which cannot be processed. Furthermore, substrate adhesion and cohesive 
strength of the ECA suffer from high particle loading. Future research should investigate solvent-
based ECAs as a strategy to temporarily reduce the viscosity of the formulation and enable 
dispensing or screen printing. After evaporation of the solvent, the close packing required for 
conductivity would be retained. However, the presence of solvents may be critical in shingled ECA 
bonds and mechanical strength of the carbon-based ECA should be evaluated. 
Alternatively, a thermoplastic polymer could be employed. For application, the polymer could be 
heated to achieve suitable flow behavior, while forming a stable, conductive interconnect after 
cooling. Preliminary results regarding thermoplastic ECAs have already been reported [79,236]. 
Nevertheless, further development is required before such materials reach the level of 
technological maturity necessary for solar cell shingling application.
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