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Abstract—Reducing silver consumption in silicon heterojunction
(SHJ) solar-cell metallization motivates the use of conductive pastes
based on mixed silver—copper (AgCu) fillers, but the curing mecha-
nisms and resulting microstructures of such systems remain insuf-
ficiently understood. This work investigates an epoxy-based paste
platform with AgCu or Ag fillers, formulated either with a linear
amine hardener (HD1) or an anhydride curing system (HD2/CAT),
to elucidate how curing chemistry and filler composition govern
rheology, cure behavior, and conductivity. SEM/EDX is employed
to assess AgCu particle morphology and copper exposure, rota-
tional rheometry to track curing Kinetics, and four-point probe
measurements to evaluate the electrical conductivity of printed SHJ
front-side fingers. The results show that incomplete silver shells on
AgCu particles expose copper to Cu—amine complexation, inducing
strong agglomeration and nonprintable rheology in epoxy—amine
systems, whereas the anhydride-based formulation suppresses this
interaction and yields stable, printable AgCu pastes, albeit with
slower curing than a commercial AgCu reference paste. Using the
selected epoxy resin (ER-2) in combination with the anhydride
curing system provides suitable shear-thinning behavior, specific
line resistance within the commercial range (6.4 ©£2 cm), and
reasonable adhesion on SHJ device stacks. These findings estab-
lish mechanistic links between curing chemistry, metal-polymer
interactions, and functional properties, and thereby support the
targeted design of low-temperature AgCu metallization pastes that
balance material cost, conductivity, and reliability.

Index Terms—Copper, curing agents, curing mechanisms, low
temperature paste, screen printing, silver coated copper, solar cells.
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1. INTRODUCTION

OW-TEMPERATURE metallization pastes are a key
L enabler for silicon heterojunction (SHJ) and perovskite
solar cells, where thermal budgets are limited by temperature-
sensitive layers. In these device architectures, curing must simul-
taneously ensure low contact resistivity, high line conductivity,
and adequate adhesion, while keeping peak temperatures typi-
cally between 150 °C -250 °C, depending on cell type. Refs. [1],
(21, (3]

Over the past decades, low temperature metallization pastes
for solar cells were commonly developed around silver as the
primary conductive phase and curing strategies have been gen-
eralized across different formulations. Refs. [4], [S] The organic
binder is generally an epoxy resin system, selected because
with epoxy the networks can be formulated to cure at rela-
tively low temperatures while still achieving high mechanical
strength, good adhesion, and chemical resistance. Crosslinking
of the epoxy is triggered by a dedicated curing agent (hardener),
which chemically links the monomers and thus controls the
cure kinetics, network structure, and final thermomechanical
properties of the metallization line. Refs. [6], [7], [8] For epoxy-
based metallization pastes, amine hardeners are widely used
due to their fast-curing characteristics and their suitability for
low-temperature processing; however, anhydride curing agents
represent an important alternative that can offer lower shrinkage
and higher glass transition temperature at comparable or slightly
higher curing temperatures. Refs. [9], [10], [11].

In this work, the focus is shifted to AgCu-based pastes, in
which copper is introduced to reduce silver content and thus
material cost while maintaining high conductivity. Refs. [4],
[12] From a conceptual standpoint, the curing process—solvent
evaporation, polymer crosslinking, and conductive network
formation—should be analogous to that of Ag-only systems;
nevertheless, experiments have revealed that the mixed AgCu
filler can introduce additional challenges [5], [13].

Herein, a silver—copper epoxy-based low-temperature met-
allization paste tailored for SHJ front-side contacts has been
investigated with respect to its curing behavior, with a spe-
cial focus on the ideal hardener. The resulting microstructure—
property relationships have been assessed. Building on rheolog-
ical and electrical characterization, this study elucidates which
curing mechanisms and processing conditions are suitable for
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copper-based low-temperature metallization pastes. The goal
is to derive guidelines for curing protocols and paste design
that minimize resistivity while preserving required adhesion on
temperature-sensitive solar cell stacks.

II. EXPERIMENTAL

The curing mechanism of an AgCu paste is assessed by
comparing two curing agents and benchmarking against an Ag
paste to highlight the differences in the transition from silver to
copper.

A. Paste Formulations and Curing Systems

All paste formulations relied on a single solvent, butyldiglycol
acetate (BDGA), an aprotic ester with a high boiling point
of around 215 °C-240 °C that is widely used in commercial
low-temperature pastes. In all in-house formulations, the ratio
between BDGA and the organic binder were kept identical, so
that differences in rheology and curing within this group origi-
nate from the hardener chemistry and filler composition rather
than from changes in solvent level. Two epoxy curing systems
were compared: a linear primary amine, triethylenetetramine
(TETA) labeled as HDI, and an anhydride-type referenced as
HD2. Due to the intrinsically slow curing of anhydride systems,
HD2 was combined with a tertiary amine accelerator (CAT).
The polymeric binder in all formulations was a low-molecular-
weight epoxy resin (ER-2). Each curing system was imple-
mented in both an Ag paste and an AgCu paste, resulting in
four formulations in total.

Afteridentifying HD2/CAT as a suitable curing system, AgCu
pastes with increased solid loading were prepared. Formulation
PER-2A comprised the epoxy resin without any added hardener,
whereas PER-2B contained the same epoxy resin in combination
with the HD2/CAT anhydride curing system. In both cases, the
total metal content was adjusted to closely match the metal
loading of the commercial reference pastes.

Further information regarding paste formulations can be pro-
vided upon request.

B. Screen Printing

Printing was executed on an EKRA E1 printer, where printing
distance, printing speed, snap-off distance, squeegee pressure
and wafer-to-screen alignment were adjusted to ensure compara-
ble printing results. Several dummies were printed until optimal
conditions were met.

The test layout of the screen was designed by computer aided
design. The metal grid pattern consists of five busbars and 90
fingers with a screen opening varying from 60 to 30 ym. The
screen is made of a stainless-steel mesh with a mesh count of
380 threads per inch, a wire thickness of 14 pm and an angle of
22.5°.

The drying process was conducted with a full convection
reflow-oven (RO400FC, Essemtec). Temperatures of 180 °C,
220 °C, and 240 °C have been applied for durations of 5 and 20
min. Each batch of paste was systematically organized into six
groups, with each group consisting of five cells.
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C. Characterization Methods

Viscosity of each paste was measured using a rotational
rheometer (Anton Paar MCR 702e) equipped with parallel plate
geometry. Steady shear measurements were recorded with a
logarithmically increasing shear rate from 0.1to 10 000 s™! at
20 °C. The duration for a generated data point decreased in a
logarithmic order from 30 to 0.2 s to achieve a high accuracy in
the low shear regime and to reduce the risk of edge fracture and
sample spillage due to centrifugal forces in the high shear regime
with a short measurement point duration. Twin-Drive mode was
applied to reduce the risk of sample spill during high shear rate.
Measurements were used to extract zero-shear Viscosity, shear-
thinning profile, and assess flow behavior under processing-
relevant conditions. Representative viscosity-versus-shear-rate
curves for the investigated paste systems are provided in the
supplementary information (see Fig. S1 of the Supplementary
Material).

Curing behavior was monitored in oscillatory shear on the
same rheometer using parallel-plate geometry. An initial strain-
amplitude sweep at an angular frequency of 10 rad/s was per-
formed to determine the linear viscoelastic region, and a strain
of 0.01% was selected for subsequent curing experiments. For
isothermal measurements, the paste was loaded between the
plates, trimmed to remove excess material, and then heated
to 180 °C (limitation of the device), where the temperature
was held constant for the duration of the test; no additional
solvent-protection measures were applied. Under these condi-
tions, curing of the polymer system starts and can be monitored
via the changes in rheological behaviour. Ref. [14] The evolution
of the storage modulus G’ and loss modulus G’" was recorded
as a function of time at 180 °C, and the increase in G’ (together
with the change in G”’) was used to track network formation and
curing progression.

To further probe the response of the pastes to a printing-like
deformation sequence, an oscillatory three-interval thixotropy
test was performed as a supplementary rheological experiment.
In the first interval, the paste structure was characterized un-
der small-amplitude oscillatory shear in the linear viscoelastic
regime (7 = 0.01%, f= 1.0 Hz) for 120 s. In the second interval,
a high oscillatory deformation (v = 100%, f ~ 1.59 Hz, corre-
sponding to an angular frequency of about 10 rad/s) was applied
for 30 s to strongly disrupt the structure. In the third interval,
the deformation was reduced again to the initial low-amplitude
condition (y = 0.01% and f = 1.0 Hz) and the recovery of
the viscoelastic structure was monitored for 450 s. This low—
high-low deformation sequence induces structural breakdown
and subsequent recovery of the paste network and thus provides
a simplified rheological analogue of the shear loading and re-
laxation during the squeegee stroke and postprint leveling. The
evolution of storage modulus G’ and loss modulus G’ during this
protocol is shown for representative formulations in the Fig. S2
of the Supplementary Material.

All tests were repeated to ensure reproducibility.

Microstructural and compositional analyses were performed
by SEM (Carl Zeiss FIB-SEM Auriga 60 Crossbeam Work-
station) combined with energy-dispersive X-ray spectroscopy
(EDX). First, the AgCu powder was examined to assess particle
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Fig. 1.

B-Hydroxy ether

Reaction pathways in the curing of the epoxy resin (ER-2) with the polyamine hardener (HD1). (a) Uncatalyzed epoxy—amine addition: nucleophilic attack

of the primary amine on the epoxide, formation of an alkoxide intermediate, and subsequent proton transfer to give a 3-hydroxy amine. (b) Hydroxyl-catalyzed
epoxy—amine addition: external hydroxyl groups participate in a trimolecular proton-shuttle mechanism, lowering the activation barrier but yielding the same
[-hydroxy amine product. (c¢) Hydroxyl-catalyzed etherification (epoxide homopolymerization): the [-alkoxide generated after initial epoxy—amine addition
attacks a second epoxide, forming a C—-O-C linkage and a -hydroxy ether unit within the network.

morphology and the uniformity of the Ag shell on the Cu cores
using high-resolution SEM imaging and EDX elemental map-
ping. Subsequently, cross sections of cured lines were prepared
by argonion beam milling at 6 kV and 1 mA for 2 h under vacuum
and imaged at magnifications between 1000 x and 30 000 x with
an accelerating voltage of 10kV to qualitatively evaluate particle
packing, void content, particle—particle connectivity, and the
degree of sintering or neck formation.

After screen-printing and curing, line resistivity was
determined using a standard four-point probe configuration de-
veloped at ISE institute. Measurements were performed on three
cells of each batch, at multiple specific points along each line to
ensure uniformity and minimize the effects of contact resistance.
Specific line resistance values were calculated by applying a
known current through the outer probes and measuring the volt-
age across the inner probes, with the line thickness and geometry
of each specific point ascertained from 3-D microscopy data to
ensure accurate correlation and normalization.

The surface topography and cross-sectional profiles of printed
lines were assessed using a confocal laser scanning microscope
(LEXT OLS 4100, Olympus). Key parameters—such as line
width, height and aspect ratio—were extracted from recon-
structed images. These measurements were integral for both

Ag Paste AgCu Paste

Upon addition of HD1

Fig. 2.

Paste behavior upon the addition of the primary amine HD1.

verifying printing fidelity and extracting the cross-sectional area
for specific line resistance calculation.

The adhesion strength of the printed fingers was evaluated at
room temperature in air using a Dage Series 4000 bond tester in
a lateral shear configuration. The shear tool height was fixed
at 10 pm above the wafer surface and driven at a constant
displacement rate of 60 pm/s. For each paste formulation, three
solar cells cured at 180 °C, 220 °C, and 240 °C were tested. On
each cell, 20 shear measurements were performed in different
regions to ensure statistical relevance and positional consistency;
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Fig. 3.

(d

(a) SEM image of AgCu particles revealing surface defects, such as pinholes, that locally expose the copper-rich core. (b) EDX elemental map highlighting

copper-enriched regions underneath surface defects on AgCu particles, confirming copper diffusion through an incompletely silver-coated shell. (c) Schematic
illustration of the proposed Cu—amine complexation in the AgCu/HD1 system: Cu®™ ions released from exposed Cu/CuO regions coordinate to TETA-type amine
hardener molecules, promoting segregation of HD1 at the particle surface and particle—particle bridging instead of homogeneous epoxy—amine network formation.
(d) Photograph of the blue supernatant obtained after dispersing AgCu particles in BDGA and adding HD1, showing the characteristic color of Cu>t—polyamine

complexes and directly evidencing the formation of copper—amine chelates.

the measurement setup is shown in Fig. S3 of the Supplementary
Material.

In this shear test, a chisel-shaped stylus applies a lateral force
at the metal-substrate interface until failure occurs. The bond
tester records the maximum force at failure, which provides a
direct quantitative measure of the interfacial adhesion between
the paste and the substrate. Although different failure modes can
occur in shear testing, microscopic inspection of the scratched
areas confirmed that failure in this study was predominantly
adhesive, indicating separation at the paste—substrate interface
rather than cohesive fracture within the paste or substrate (see
Fig. S4 of the Supplementary Material for a representative 3-D
microscopic image of the failure surface).

III. RESULTS
A. Curing With Linear Primary Amine

In epoxy—amine systems relying on step growth polymeriza-
tion, curing mechanism (see Fig. 1) proceeds via nucleophilic
ring opening of the epoxide by the nucleophilic nitrogen atom
of the amine or more commonly polyamine, forming S-hydroxy
secondary amines (step 1) that can further react with additional
epoxide groups to generate tertiary amines and more hydroxyls
(step 2) [see Fig. 1(a)], rapidly building a cross-linked network.
In this case, the primary amine of the curing agent TETA (HD1)
is opening the oxirane ring of the epoxy resin ER-2. The in
situ formation of hydroxyl groups autocatalyzes further epoxy
ring opening by forming hydrogen bond with the oxygen atom
restrained in the ring [see Fig. 1(b)] and can also promote
etherification side reactions at higher temperature or conversion
[see Fig. 1(c)], so that the final thermoset consists mainly of

amine-linked structures with some ether linkages and its prop-
erties are governed by the functionality and structure of both
epoxy and amine as well as the applied cure profile [6], [11],
[15].

During paste formulation with pure Ag particles (see Fig. 2), a
homogeneous dispersion was obtained after mixing the polymer
system (epoxy resin ER-2, primary amine hardener HD1, and
solvent) and subsequently adding the Ag submicron particles.
In contrast, replacing Ag by AgCu particles led to a pronounced
change in paste rheology, with strong particle agglomeration that
prevented printable viscosities.

Although the AgCu particles are designed with a pure silver
outer shell, SEM analysis [see Fig. 3(a) and (b)] revealed a
nonuniform coating, consisting of pinholes so that local cop-
per exposure and the formation of copper oxide (CuO) in the
open air system cannot be avoided [left scheme in Fig. 3(c)].
These locally accessible Cu/CuO regions can release Cu®™ into
the surrounding medium, where they interact with the primary
amine hardener HD1. This interaction clearly perturbs the curing
behaviour of the AgCu/HD1 system: when HD1 is removed from
the AgCu formulation, the pronounced agglomeration disap-
pears and ahomogeneous dispersion is obtained, whereas adding
HD1 back immediately restores the nonprintable rheology (see
Fig. 2). It has previously been demonstrated that in presence
of copper, instead of interacting with the epoxy, the amine
hardeners with a small size have the tendency to segregate at
the interface with copper surfaces, which is consistent with this
behavior [6], [16], [17].

Since TETA-type linear polyamines exhibit a high affinity and
selectivity for Cu?>*, even trace amounts of copper leached from
incompletely coated AgCu particles can strongly complex the
hardener, locally depleting reactive amine groups and promoting
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Curing mechanism of the epoxy resin (ER-2) with anhydride hardener (HD2) in the presence of the tertiary amine accelerator (CAT). In the first step, a

hydroxyl group opens the anhydride to form a monoester carboxylic acid. The tertiary amine then deprotonates this intermediate, generating a carboxylate active
center and its conjugate ammonium species. The carboxylate attacks an epoxide group, yielding an alkoxide bound to the anhydride fragment. Finally, proton
transfer from the ammonium regenerates the tertiary amine and produces a 8-hydroxy ester, thereby propagating the alternating epoxy—anhydride polyesterification.

particle—particle bridging and agglomeration instead of forming
a continuous epoxy—amine network. Energetically, the nitrogen
prefers coordinating to copper to form a stable complex rather
than initiating epoxy ring-opening [6], [16].

To isolate the origin of this interaction even more specifically,
AgCuparticles were first dispersed in the aprotic solvent BDGA,
followed by addition of HD1. The dispersion immediately turned
deep blue, which is characteristic of Cu’*— polyamine com-
plexes, such as Cu—TETA [18]. Fig. 3(d) shows the photograph
of the blue supernatant, directly evidencing the formation of
a copper—amine chelate. Taken together, these observations
and the literature support the proposed Cu—amine complexa-
tion mechanism at the AgCu particle surface sketched in [see
Fig. 3(c)].

B. Curing With Anhydride

In anhydride-cured systems containing tertiary amines, the
accelerator can first react with epoxy to generate an alkox-
ide or open the anhydride ring, thereby forming ionic species

and additional hydroxyl groups that catalyze both anhydride—
epoxy esterification and epoxy homopolymerization [19]. In
the second reaction pathway, curing proceeds by an anionic,
alcohol-initiated mechanism that the tertiary amine strongly
accelerates and is represented in Fig. 4. First, a small amount
of hydroxyl species (either impurity, added initiator, or hy-
droxyls formed by catalyzed epoxy ring opening) attacks the
cyclic anhydride to form a carboxylic acid or monoester, which
is then deprotonated by CAT to give a carboxylate—CAT ion
pair. This carboxylate anion nucleophilically opens an epoxide
ring, generating an ester linkage and a new hydroxyl group;
the fresh hydroxyl reacts with another anhydride, regenerating
carboxylate and propagating an alternating epoxy—anhydride
esterification sequence. Because the tertiary amine stabilizes
the ionic carboxylate species and can also activate epoxides
through hydrogen bonding or complexation, it lowers the ac-
tivation energy and shifts the cure from a mostly noncatalytic,
slow esterification to a predominantly catalytic, autocatalytic
process, especially once enough hydroxyls have accumulated.
At higher temperatures and conversions, secondary reactions,
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Fig. 5. (a) Screen-printability of anhydride-cured pastes on M6 SHJ cells. (a) Left: appearance of Ag (top) and AgCu (bottom) pastes formulated with
HD2/CAT after mixing, showing homogeneous, stable dispersions without visible agglomeration. Right: corresponding screen-printed front-side grids on M6
wafers, demonstrating that both formulations can be printed with good line definition and full wafer coverage. 2-D and 3-D laser profilometry of selected fingers
(From nominal screen opening wn — 60 pm), showing finger topography for Ag (top, blue) and AgCu (bottom, orange) pastes.
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Fig. 7. (a) Box plots of specific line resistance for Ag + ER-2/HD1 and Ag
+ ER-2/HD2/CAT (blue background) and AgCu + ER-2/HD2/CAT (orange
background) after 5 and 20 min curing at 180 °C, compared with the performance
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of AgCu (left) and Ag (right) lines, highlighting Ag submicron particles and
spherical AgCu particles in the mixed-filler system.

such as epoxy—epoxy etherification and anhydride reactions with
already formed esters, can occur, but the dominant network
structure is an ester-rich, highly crosslinked thermoset built by
this tertiary amine-catalyzed carboxylate—epoxide ring-opening
mechanism.

Unlike TETA, which is a highly copper-selective tetradentate
ligand [20], HD2 is not a chelating agent, so the formation of
strong, multidentate copper complexes can be largely excluded
in this system. In Cu-filled anhydride-cured epoxies, Tognana
etal. [21], [22] reported the presence of Cu—carboxylate species
and a softer interphase near the metal surface, while the bulk
network still followed standard cure behavior, indicating that
copper mainly perturbs a thin interfacial region rather than the
overall cure path of the matrix. In their work, pure copper
particles were used; in contrast, the present formulations employ
AgCu particles with only traces of copper exposed at the outer
surface.

Consistent with this, no change in paste rheology was ob-
served upon mixing compared with the Ag reference, and
rheological monitoring of curing at 180 °C showed a similar
evolution of storage and loss moduli to the Ag-filled paste,
suggesting that the anhydride-based curing system proceeds
without significant macroscopic inhibition in the presence of
AgCu particles.
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Both Ag and AgCu pastes show good printability on M6 SHJ
cells, with continuous fingers and no obvious interruptions [see
Fig. 5(a)]. for the same nominal screen opening wy = 60 um,
the Ag paste yields slightly narrower but taller fingers (higher
aspect ratio), whereas the AgCu paste produces wider, flatter
fingers [see Fig. 5(b)].

C. Agversus AgCu

1) Curing monitoring: The curing profile of the Ag pastes
with both amine HD1 and anhydride HD2 as curing agent and
the AgCu with only HD2 were rheologically monitored and
compared to commercial AgCu paste (CP). The chemorheo-
logical evolution of all formulations (see Fig. 6) is consistent
with efficient network formation at 180 °C, but the characteristic
curing times differ. The commercial AgCu paste [AgCu-CP,
Fig. 6(b)] displays the shortest cure, with G’ reaching its plateau
within about 15 min with a storage modulus of 1.5 MPa, whereas
the AgCu paste formulated with HD2 system [see Fig. 6(a)]
requires approximately 18 min to attain a comparable modulus.
The Storage Modulus of the formulated AgCu paste continues
to increase and surpasses the values of the commercial paste.
It seems that the HD2/CAT system requires more than 27 min
to fully cure at 180 °C. The gel point of CP was detectable
at ~ 5 min signaling the beginning of gelation, however for
the developed AgCu paste a fluctuation at the early stages of
heating prevented its identification. The Ag reference containing
the same ER-2/HD2/CAT formulation [see Fig. 6(d)] and the
Ag paste with HD1 [see Fig. 6(c)] show the fastest cure of 14
min and intermediate time of 17 min, respectively. However, all
four formulations converge to plateau (or a certain stabilization)
G’ values of similar magnitude, indicating comparable final
network stiffness.

In the bimodal AgCu pastes, strong oscillations of G’ (before
its monotonic rise) and G”” occur in the range of 80 °C-140 °C.
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The origin of this behavior has not been investigated. It may
be attributed to thermally driven particle rearrangements and
local packing/structure changes in the > 90 wt% heterogeneous
metal networks, rather than to distinct chemical reactions [23],
[24]. Once the temperature approaches the main curing window
and cross-linking accelerates, both G’ and G” evolve smoothly
toward their plateaus and the fluctuations disappear. This behav-
ior supports the view that, while the bimodal system exhibits
some mechanical instabilities during the low-temperature ramp,
the subsequent anhydride-based curing process proceeds in a
stable manner and is governed primarily by a slower increase of
the storage modulus, ultimately reaching the highest value of all
formulations under the investigated temperature and duration. In
general, both the in-house formulated and the commercial paste
appear to mostly cure at 180 °C within the experimental time
window; however, a longer curing time and a higher temperature
of 220 °C or 240 °C would be expected to promote more
complete solvent (BDGA) evaporation and a higher degree of
conversion of the epoxy—anhydride network.

2) Characterizations of Cured pastes: For the Ag paste,
replacing the amine system HD1 by the anhydride-based
HD2/CAT strongly reduces the specific line resistance after
extended curing [see Fig. 7(a)]. After 20 min at 180 °C, the
Ag + ER-2/HD2/CAT paste reaches a specific line resistance
of about 4.8 x 107°Q cm, clearly below the values obtained
with HD1, whereas shorter curing (5 min) still results in higher
resistances in the 107 cm range. This improvement can be
attributed to the slower curing mechanism of the anhydride
system, which allows curing to proceed more in parallel with
solvent evaporation. In the amine-cured system, crosslinking
may occur before complete evaporation of BDGA, leading to
partial solvent entrapment and thereby higher electrical resis-
tance. In contrast, the AgCu + ER-2/HD2/CAT paste shows
higher specific line resistances of roughly 1.3 x 10~# ) cm after
20 min, indicating that the mixed AgCu filler either requires
longer curing or further formulation optimization to match the
performance of the Ag-only paste at this cure time. Notably,
under the 5 min drying condition, the AgCu paste exhibits the
lowest specific line resistance among all formulations tested,
outperforming the Ag anhydride system at shorter cure times.

Cross-sectional SEM images [see Fig. 7(b)] reveal distinct
line morphologies for the two pastes. The AgCu formulation
exhibits large spherical AgCu particles embedded in a matrix
of Ag submicron particles, resulting in a coarser, more hetero-
geneous packing, whereas the Ag paste forms a dense, almost
continuous network of Ag submicron particles. Such dense Ag
networks are known to provide lower resistivity by offering more
continuous conductive paths and more efficient particle—particle
and particle-TCO contacts than coarser, composite networks.
This microstructural difference explains the lower specific line
resistance of the Ag paste and suggests more efficient sintering
and contact formation with the transparent conductive oxide than
in the AgCu system, where current must percolate through a
mixed Ag/AgCu particle network.

Furthermore, the die-shear stylus tests show that, for the Ag
formulations, the HD2/CAT system achieves better adhesion to
the cell, with a shear force of 190 £ 10 mN compared to 149 4+ 19
mN for the TETA-cured composition. The same Ag paste
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without any hardener exhibits an adhesion force of 157 + 20
mN, indicating that faster curing with the primary amine HD1
does not translate into improved adhesion or conductivity under
the present conditions.

D. High Performing Paste

Increasing the solid content of the AgCu formulation with
HD2/CAT from 90 wt% to 95 wt% significantly improves con-
ductivity (see Fig. 8). The resulting hardener-free paste PER-2A
exhibits specific line resistances of 8.7 uf2-cm after curing at
220 °C and 4.8 pf)-cm after curing at 240 °C, a value within the
performance window of the commercial reference paste. The
reduction from 8.7 to 4.8 p£2-cm upon increasing the curing
temperature from 220 °C to 240 °C can be attributed to more
complete solvent removal and enhanced neck growth between
the metallic particles, which together increase the effective
metallic cross-section. When the anhydride hardener HD2 is
incorporated into the same high-solids formulation to obtain
PER-2B, the specific line resistances increase to 9.3 uf)-cm at
220 °C and 6.4 pf)-cm (still in the range of commercial paste)
at 240 °C. Thus, PER-2B is consistently less conductive than
PER-2A at identical curing temperatures (220 °C versus 220 °C
and 240 °C versus 240 °C), indicating a modest but systematic
loss in electrical performance associated with network formation
of the epoxy—anhydride system.

This trend is inconsistent with the behavior expected if cure
shrinkage alone governed conductivity, as some cure shrinkage
promotes conductive network formation. Isotropic conductive
adhesive studies have shown that sufficient resin cure shrink-
age is required to generate intimate filler—filler contacts and
high conductivity, and formulations with higher cure shrinkage
exhibit lower resistivity [25]. Reduced volumetric shrinkage
and delayed modulus build-up decrease the compressive den-
sification of the highly filled particle bed during cure, so that
interparticle contacts become less intimate and the effective
metallic cross section is reduced, even at identical filler loading
[26]. We therefore hypothesize instead, that the crosslinked
epoxy—anhydride network in PER-2B forms more continuous
polymer films at particle—particle interfaces than the epoxy
resin alone in the uncured PER-2A, increasing the thickness of
insulating layers around the Ag and AgCu particles and partially
blocking conductive necks.

PER-2B thus combines the highest adhesion with relatively
moderate conductivity: its die-shear force of 290 + 30 mN
exceeds both PER-2A (280 £ 50 mN) and the commercial paste
(270 + 20 mN), whereas its specific line resistance remains
higher than that of PER-2A when compared at the same curing
temperature (220 °C or 240 °C, for 20 min). This indicates that
the anhydride-cured network in PER-2B is particularly effective
in forming strong mechanical bonds to the SHJ stack, but that
the same curing characteristics and interfacial polymer layers
that benefit adhesion do not optimize the metallic percolation
pathways.

IV. CONCLUSION

This work clarifies why simply replacing Ag with AgCu
in standard epoxy—amine pastes is not straightforward and
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demonstrates one viable curing and formulation concept for
highly filled AgCu metallization pastes for SHJ solar cells.
Incomplete silver shells on AgCu particles expose copper, which
forms stable complexes with linear polyamines HD1, such as
TETA, causing strong agglomeration and disrupting the epoxy—
amine network; this explains the agglomeration behavior of the
AgCu pastes with TETA curing agent. Switching to an anhy-
dride curing system HD2/CAT suppresses this copper—amine
interaction, restores printable rheology, and enables the forma-
tion of dense, ester-rich networks with higher glass transition
temperature but slower gelation compared with the commercial
AgCu paste. Chemorheology shows that AgCu pastes cured with
the anhydride system can reach storage moduli in the range
of commercial AgCu references (or higher), albeit with longer
times to fully cure at 180 °C.

Furthermore, such pastes exhibit suitable shear-thinning be-
havior for screen printing and good adhesion. Increasing the
metal loading from 90 wt% to 95 wt% significantly improves
conductivity, and the hardener-free PER-2A formulation yields
specific line resistances in the commercial range. Introducing the
anhydride hardener (PER-2B) slightly increases line resistance,
consistent with the formation of a lower shrinkage, more contin-
uous polymer network that reduces compressive densification of
the particle bed and thickens insulating films at particle—particle
contacts. This suggests that, once an anhydride system is chosen
to avoid copper—amine complexation, the organic-to-metal ratio
and hardener content must be re-optimized to balance cure
shrinkage, network stiffness, and metallic cross-section. Overall,
the results demonstrate that careful tuning of organic compounds
and inorganic compounds is needed to create printing pastes that
balance the various requirements expected from AgCu-based
pastes in terms of electrical and mechanical performance.

At the same time, the anhydride route explored here represents
only one possible strategy. Alternative curing chemistries—such
as cationic, anionic, or radical-initiated systems—may offer
different tradeoffs between cure speed, shrinkage, and
metal-polymer interactions. Exploring these curing concepts
in combination with AgCu/Ag particles will be an important
direction for future work to further expand the formulation space
and enable even more robust and cost-effective low-temperature
metallization for heterojunction and perovskite solar
cells.
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