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ABSTRACT

The electrical interconnection of high-efficiency silicon heterojunction and perovskite—silicon tandem solar cells is constrained by
their sensitivity to elevated processing temperatures, which precludes the use of conventional solder-based interconnections. As a
low-temperature alternative, electrically conductive tapes (ECTs) offer a promising solution; however, their applicability in
photovoltaic modules has been underexplored. This study evaluates the feasibility of commercially available ECTs as solder-free
interconnection materials for silicon heterojunction solar cells. To assess their performance, we characterized the effects of
lamination pressure and temperature on adhesion and electrical contact resistance, followed by rigorous long-term stability test-
ing under damp heat (2000 h) and thermal cycling (200 cycles) per IEC 61215 standards. Anisotropic ECTs demonstrated low and
stable contact resistances, comparable to those of low-melting-point solders, while also exhibiting robust mechanical durability.
Among the tested materials, ECT-2 exhibited the highest adhesion strength, achieving a peak value of 1.8 N/mm, whereas ECT-3
provided the lowest and most consistent contact resistance. Specifically, ECT-3 maintained contact resistance values in the range
of 107°-1072 mQ-cm? throughout both damp heat and thermal cycling tests, matching the performance of soldered interconnec-
tions. Silicon heterojunction modules utilizing ECT-based interconnections showed superior stability during accelerated aging,
with efficiency losses below 5%, outperforming both isotropic tapes and soldered references. Furthermore, ECTs enabled effective
electrical connections in perovskite-silicon heterojunction tandem solar cells, facilitating solder-free interconnection without the
need for thermal curing. An encapsulated perovskite-silicon tandem cell with an effective area of 1 x 1 cm? achieved an efficiency
of 28.6%, with unchanged open-circuit voltage (V,.) and fill factor (FF). These findings underscore the potential of ECTs as a
scalable, low-temperature interconnection solution for next-generation photovoltaic technologies.

1 | Introduction sensitivity to elevated processing temperatures presents signifi-

cant challenges. SHJ solar cells rely on hydrogenated amorphous
The global demand for sustainable and green energy has silicon layers that degrade above 200 °C [1], while perovskite
accelerated the development of high-efficiency photovoltaic materials are prone to thermal decomposition at temperatures
(PV) technologies. Silicon heterojunction (SHJ) solar cells and exceeding approximately 125 °C [2]. These thermal constraints
perovskite-silicon tandem solar cells are among the most prom- complicate the cell-to-module interconnection process, which
ising advancements, offering the potential to surpass the effi-  traditionally relies on high-temperature soldering methods. To
ciency limits of conventional PV modules. However, their  address these limitations, low-melting-point solders, such as
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indium-tin (InSn) and bismuth-tin (SnBi) alloys, have been
explored for SHJ interconnections [3, 4]. However, their process-
ing temperatures often exceed the thermal tolerance of perovskite
materials, and the limited availability and high cost of indium and
bismuth raise concerns about scalability for large-scale PV deploy-
ment [5]. Additionally, while Sn60Pb40 solder remains in use
within parts of the PV industry [6], the European Union’s
Restriction of Hazardous Substances (RoHS) directive mandates
the phase-out of lead in electronic products to enhance environ-
mental sustainability [7]. This regulatory shift underscores the
need for alternative interconnection solutions.

Electrically conductive adhesives (ECAs) have emerged as a
low-temperature (<150 °C) alternative for interconnecting
perovskite-based cells. However, ECAs typically contain a large
amount of costly silver. To address this, Zemen et al. proposed
using an electrically conductive thermoplastic adhesive coated
on Cu wires, known as the thermoplastically electrically conduc-
tive coated (TECC) wire solution [8]. Nevertheless, similar to
conventional ECA solutions, this approach still requires heat
curing to solidify or achieve adhesion on the surface of solar
cells, posing a potential thermal risk to temperature-sensitive
materials. In contrast, electrically conductive tapes (ECTs)—
comprising conductive particles or mesh embedded in an
adhesive matrix—enable a heat-free interconnection process
[9]. Originally developed for electromagnetic interference shield-
ing and fine-pitch interconnections in electronics, ECTs remain
underexplored for PV module applications.

ECTs are available in isotropic (3D-conductive) and anisotropic
(Z-axis dominant) configurations. For PV modules, particularly
conventional H-pattern solar cells with front-side busbars and
tabbing ribbons, anisotropic ECTs are generally sufficient.
These tapes require significantly fewer conductive particles than
ECAs, as only a single particle layer can electrically bridge
opposing substrates, offering a cost-effective and thermally
benign interconnection approach. Nevertheless, key questions
remain regarding their suitability for PV applications, including
whether ECTs can deliver:

« Sufficiently low contact resistance (R.) to minimize power
losses,

+ Strong adhesion to meet mechanical durability standards
(e.g., 21 N/mm as per DIN EN 50461 [10]) and

« Long-term stability under environmental stress without
degradation or corrosion.

This study investigates the feasibility of commercially available
ECTs as a solder-free interconnection method for thermally
sensitive solar cells, with a focus on SHIJ architectures. We
evaluate the influence of lamination conditions (temperature
and pressure) on electrical and mechanical performance,
compare different ECT types, and assess their long-term reliabil-
ity through damp heat (DH) and thermal cycling (TC) tests
conducted in accordance with IEC 61215 standards [11].
Additionally, simulation tools are employed to quantify the
impact of contact resistance on module power loss and to
establish performance thresholds for reliable module design.
These efforts aim to validate ECTs as a scalable, low-temperature
interconnection solution for next-generation PV technologies.

2 | Methods and Sample Fabrication

Many commercially available ECTs are based on acrylic adhesive
films, which are also referred to as pressure sensitive adhesive
and whose adhesion can be influenced by temperature and
pressure—conditions readily provided during the lamination
process. Therefore, we first investigated whether the lamination
parameters (pressure and temperature) can further impact both
the adhesion and electrical properties (contact resistance) of
ECTs after the interconnection process.

In the standard lamination process, the stack—comprising the
solar cells, encapsulant films, front glass, and backsheet—is
heated to 150 °C, while the laminator simultaneously applies a
pressure of 750 mbar to facilitate outgassing and ensure uniform
bonding of the encapsulant layers. To investigate the influence of
the lamination pressure, we varied the pressure between 300 and
900 in 200mbar intervals, while maintaining a constant
temperature of 90 °C (the lower limit of lamination temperature).
To evaluate the influence of temperature during the lamination
process, the temperature was varied between 90 and 150 °C in
steps of 20 °C at 300 mbar. The adhesion was evaluated using
a peel-off test at 90° to the solar cell surface. A 2.5cm wide
ECT strip was laminated to the busbar area of the solar cells.
A 1mm silver-coated copper ribbon was then placed gently on
the tape over the busbar area, with initial attachment achieved
solely by the ribbon’s weight. The solar cell was positioned on a
glass substrate with a thermoplastic olefin (TPO) layer serving as
a mechanical buffer in between. After lamination under varied
conditions, the ribbons were peeled using a Zwick Roell
universal machine with an accuracy of +0.08 N.

For evaluating the electrical properties of the ECTs, the tape was
assumed as a two-dimensional material in this study. The
surface/interface and bulk resistances of the tape were consid-
ered as combined “contact resistance”. This contact resistance
can be measured using various methods, such as the
Transmission Line Method (TLM) [12] and the four-point probe
method [13]. TLM determines contact resistance by measuring
the resistance between contacts spaced at varying distances,
yielding an average value. In contrast, the four probes method
directly measures the resistance of a single contact by evaluating
the voltage drop and current flow, using a four-wire configura-
tion. Since contact resistance between ribbons and busbars can
vary significantly—particularly after aging—the four-point probe
method was selected to provide a statistical overview of the
evolution of individual contact resistance in this study.

The four-point probe sample structure used for electrical
characterization is shown in Figure 1. Nine silver-coated copper
ribbons, textured on both sides, were attached using the ECT to a
screen-printed silver busbar on a 2mm X 157.35mm silicon
wafer coated with 200nm of SiO4 as the isolation layer. The
V-shaped texture on the ribbon surface was designed by the
manufacturer to enhance light harvesting through improved
reflection. The defined contact area for each connection was
1 mm X 1 mm, corresponding to the ribbon-busbar overlap.

A constant current was supplied through one ribbon, passed
through the busbar and a second contact, and exited via a second
ribbon. Simultaneously, adjacent voltage probes recorded the
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FIGURE 1 | Schematic of the sample used to measure the contact
resistance between ribbons and busbars. To measure the contact resis-
tance of the second connection, a constant current is applied between
terminals 1 and 2, while the voltage drop at the contact is measured
between terminals 3 and 4.

potential drop across the contact. Because some measured
contact resistances were very low, currents of 0.7, 0.8, and
0.9 A were applied to increase the measurable voltage across
the contact. For each current value, six measurements were
performed, and the contact resistance was calculated as the
average of these values. This procedure was repeated for all
contacts except the first and last ones on the sample. In total,
seven contact points were measured for each sample.

Since the lamination process is typically optimized for the
encapsulant, it is essential to select an ECT type that is compati-
ble with standard lamination conditions of 150 °C and 750 mbar.
After initially evaluating the influence of lamination parameters
on adhesion and contact resistance, three types of conductive
tapes with differences in structure and conductive particle
composition were compared in terms of contact resistance
stability:

« ECT-1: A 100 pm-thick isotropic conductive tape consisting
of a conductive woven fabric backing coated on both sides
with conductive acrylic adhesive, also suitable for EMI
shielding and grounding.

« ECT-2: A 50 pm-thick anisotropic conductive tape with
acrylic adhesive filled with a small quantity of silver (Ag)
particles. The diameter of the particles is from about
30-60 pm.

« ECT-3: A 10 pm-thick anisotropic tape, structurally similar
to ECT-2 but filled with nickel (Ni) particles, with a diameter
ranging from 20 to 50 pm. This tape was also used in the
former experiment investigating the influence of lamination
temperature and pressure.

The microstructure of the three types of tape can be seen under
an optical microscope in Section S1.

For DH testing, two samples were prepared for each ECT type,
yielding a total of 14 data points. For TC, one sample per ECT
type was tested, providing 7 data points. These samples were
periodically characterized during the aging tests to assess contact
stability.

To benchmark ECT performance, we compared their contact
resistance to joints formed using low-melting-point In52Sn48
solder, typically used in zero-busbar (0BB) solar cells. These
solder-coated wires were applied to silicon strips with screen-
printed silver fingers, with the contact area defined by the
overlap of 250 pm-wide wires and 40 pm-wide fingers.

Given the complex degradation mechanisms in real module
environments, such as corrosion, we fabricated modules with
ECTs for further evaluation. For each ECT type, two modules
were prepared for DH testing, and two modules for TC testing,
all using half-cut industrial SHJ solar cells. The tabbing ribbons
we have and used in the experiment are 1 mm wide, much wider
than the ribbons in the industry, with a width lower than 0.5 mm.
To balance shading and electrical loss, as well as making the
module design more sensitive to contact resistance, five intercon-
nection ribbons with antireflection (AR) features were attached
to the five of the nine-busbar solar cells shown in Section S2a. To
reduce costs, we investigated an ECT-saving approach: instead of
applying ECT along the entire line between the ribbon and
busbars, we applied ECT-2 only at the interconnection pads
where the ribbons connect to the busbars. As the tape is very
soft, we cut it into 3x 1mm strips and applied them across
the busbar to better align with the positions of the buspads shown
in Section S3.

For comparison, reference modules were fabricated using the
same batch solar cells shown in Section S2b. In these, 18 wires
were used to connect the fingers via low-melting-point InSn
solder. The wires were first embedded in an interconnection foil
and then laminated onto the cell to position them directly on the
fingers. During the lamination process, the solder-coated wires
melted and formed electrical connections with the fingers. All
modules were laminated using the standard conditions
previously described. The performance of the solar module
was regularly monitored using an IV characterization setup,
providing a measurement accuracy of +£0.36% relative in module
efficiency. The aging tests were conducted in accordance with the
IEC 61215 standard [11] to evaluate the degradation behavior.

To compare the adhesion performance of the ECTs, ribbons were
attached to the solar cell busbars using ECTs with a length of
5cm. Prior to testing, all samples underwent the standard
lamination process, ensuring consistent processing conditions
and optimal adhesion quality.

Finally, to investigate the differences in electrical and adhesion
performance among the ECTs, the cross-sectional morphology of
the contact region was examined using scanning electron
microscopy (SEM). Samples were prepared by attaching tabbing
ribbons to busbars of the solar cell using the respective ECTSs,
laminated without the TPO encapsulant for direct interface
observation. Post-lamination, sample edges were polished via
ion beam milling to create a smooth cross-section for microscopic
analysis.

3 | Results and Discussion

3.1 | Simulation of the Dependence of the Contact
Resistance on Module Power Output

To evaluate the impact of contact resistance on module power
output, we simulated the module using PVMOS [14], configured
with a metallization and interconnection layout featuring five
ribbons, mirroring the experimental modules. We set a threshold
of 0.1% absolute efficiency loss due to contact resistance as the
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FIGURE 2 | Relationship between solar cell efficiency and contact
resistance, as simulated by PVMOS. Three interconnection scenarios
were simulated to correspond to the experimental module types. The pink
curve represents ECT applied along the full length of the five busbars, the
green curve corresponds to ECT applied only at the five buspads of the
busbars, and the purple curve refers to 18 tabbing wires used with
busbarless solar cells.

acceptable limit. For configurations where ECT is applied along
the entire busbar (shown as the pink line in Figure 2), this limit
corresponds to a contact resistance threshold of 0.15 mQ-cm?.
However, when ECT is applied only at discrete busbar pads
(shown as the green line), the contact resistance requirement
becomes more stringent, requiring values no higher than
0.06 mQ-cm?. This difference arises because in the buspad-only
configuration, current between two contact pads must traverse
the thin 120 pm busbars before being extracted to the ribbons.

Notably, the 18-wire configuration on busbarless M2 half-cut
solar cells, despite having more contact points than the
buspad-based design, demands an even lower contact resistance
of approximately 0.03 mQ-cm?. This is due to the smaller contact
area at the wire-finger interfaces, which heightens the effect of
contact resistance on module performance.

3.2 | Impact of Lamination Process Parameters
on Electrical Contact Resistance and Adhesion

We first investigated the general dependence of lamination tem-
perature and pressure on the adhesion and contact resistance of
the test ECT, hereafter referred to as ECT-3. Figure 3 shows the
influence of the lamination pressure on the contact resistance in
(a) and on the peel-off force in (b) at a constant temperature of
90 °C. Although the measured contact resistance was close to the
lower detection limit of our setup, we attempted to identify
potential correlations from the available data. A detailed compar-
ison between the contact resistance of the examined ECTs and
values reported in the literature will be presented in a later
section. As the lamination pressure increased from 300 to
900 mbar, the median contact resistance (Figure 3a) decreased
slightly from 0.003 % 0.002 to 0.002 + 0.002 mQ-cm?, with most
measurements remaining below 0.005mQ-cm® regardless of
pressure. Peel force values (Figure 3b) ranged from 0.13 to
0.39 N/mm, without a clear pressure-dependent trend. It
should be noted that at extremely low contact resistances
(<1072 mQ-cm?), the measured R, approached the accuracy limit
of the measurement system. However, such values remain well
below the defined criterion and are generally not critical for PV
applications.
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FIGURE 3 | Effect of lamination pressure on contact resistance (a) and peel force (b), and effect of lamination temperature on contact resistance (c)

and peel force (d).

4 of 12

Solar RRL, 2026

85USD17 SUOWILLOD BAIERID 3|qed![dde aup Aq pausenob a1 3PN YO 138N JO S3IN. Joj ARIqIT BUIIUO /B]1M UO (SUORIPUOD-PUE-SWBIALIOD" A3] 1M ARRIq1BUIIUO//SURL) SUORIPUOD PUE SR L 83U} 885 *[9202/60/90] U0 ARIqIT BUIIUO AB]IM ‘JeIUeD Uoeesay HALS UD!INC winiuszsBunyasio- Aq 988005202 4105/200T OT/10P/w0d™A8 1M Aeld1euuo//Sduy Wwo.y papeojumod ‘LT ‘920 X86TLIEZ



In contrast, Figure 3c,d show the effect of lamination
temperature at a constant pressure of 300 mbar. The influence
of temperature on contact resistance seems more pronounced
than that of pressure. The median contact resistance decreased
from 0.003 +0.002 to 0.001 % 0.002 mQ-cm?, accompanied by
reduced data scatter. A similar trend was observed in the peel
force measurements (see Figure 3d), with the peak peel force
rising from 0.29 N/mm at 90 °C to 0.67 N/mm at 150 °C.

Overall, ECT-3 exhibited consistently low contact resistance—
significantly lower than the critical values predicted by simula-
tion in both full-busbar and buspad-only scenarios—even under
minimal lamination conditions (90 °C, 300 mbar). However, its
adhesion strength remained below the requirement of >1 N/mm,
an issue that will be discussed further in comparison with other
ECTs.

In general, the results suggest a correlation between adhesion
and contact resistance. Higher adhesion consistently resulted
in lower contact resistance values with less variation. This behav-
ior can be attributed to the structure of ECTs, where conductive
particles are embedded within the adhesive layer. Effective
electrical contact is achieved when the adhesive is compressed
enough to force the particles into close contact with both the
solar cell and ribbon. Based on these experiments, adhesion
and conductivity appear to be more sensitive to lamination
temperature than pressure. Our standard lamination process
(150 °C, 750 mbar) provided adequate conditions for ECT-3 to
achieve its highest conductivity and adhesion. Therefore, in all
subsequent experiments, the lamination parameters were kept
constant.

3.3 | Stability of the Contact Resistance Under
DH Conditions

Figure 4 shows the evolution of contact resistivity during DH
testing for ECTs (Figure 4a) and low-melting-point solders
(Figure 4b). Solid lines represent median values, while shaded
regions indicate the full range of measured data. Dashed lines
mark the contact resistivity thresholds corresponding to a 0.1%
absolute efficiency loss. During the aging tests, some contacts
did not show a gradual increase in contact resistance, but rather
became completely unmeasurable, indicating failure. Figure 4c
illustrates the proportion of functional contacts relative to the
total number of contacts measured after aging.

The isotropic ECT-1 exhibited the highest initial contact
resistance, with a median of 0.10 + 0.005 mQ-cm?, and showed
the fastest degradation, increasing by more than two orders of
magnitude after 1000h of DH testing. Despite this increase,
all 14 contacts remained within the measurement range. In
contrast, ECT-2 and ECT-3 show substantially higher stability.
The median contact resistance of ECT-2 stayed close to 0.02 +
0.002 mQ-cm? even after 2000 h—twice the duration specified
in IEC 61215 [11] for DH testing. ECT-3 maintained values
approximately one order of magnitude lower than ECT-2, with
only minor fluctuations throughout the test; however, the R,
of one of 14 contact points was out of the range of the measure-
ment device (93% functional contacts). A general trend observed
was that lower initial contact resistance correlated with reduced
fluctuation during DH exposure. Both ECT-2 and ECT-3
remained below the 0.15 mQ.-cm? failure threshold derived from
simulation, while all ECT-3 measurements were consistently
below the 0.06 mQ-cm? criterion for the interrupted connection
scheme over the full 2000 h DH.

For comparison, low-melting-point solders exhibited contact
resistances generally lower than or comparable to those of
ECTs. The specific resistance of InSn solder increased slightly
during aging, with the median value rising from 6x10™* to
4x107* mQ-cm?, a similar trend to that seen with ECT-3.
After 2000 h, 23 of 28 contacts (82%) show intact contact that
can still be measured with our equipment. This reduced reliabil-
ity is likely due to the insufficient mechanical adhesion of low-
temperature solder alloys to SHJ cell metallization, particularly
with Ag fine-grained structures, as reported by Rose et al. [15].

Based on the simulation, in both connection scenarios (full-line
and buspad-only), modules employing ECT-3 are predicted to
show negligible power loss due to contact resistance. When
the median contact resistance of ECT-2 is implemented in the
model, the predicted losses at the interconnects remain minimal,
corresponding to approximately 0.02% absolute efficiency loss for
the full-busbar configuration and 0.04% for the buspad-only
configuration. In contrast, for ECT-1, assuming that module
degradation arises solely from an increase in contact resistance,
the simulation predicts a relative efficiency reduction exceeding
5% after approximately 500 h of damp-heat test when the tape is
applied along the entire busbar.

The R, values for isotropic ECTs in the literature range from 1 to
10 mQ-cm?® [16]. Variations between studies may be due to
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FIGURE4 | Change of the contact resistance during damp heat testing for three types of ECT (a) and InSn solder used as references (b). The ratio of
functional to total contact points is shown in (c): for ECT-1 after 1000 h, and for ECT-2, ECT-3, and InSn solder after 2000 h.
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differences in measurement methodology, application process,
substrate material, and substrate structure. The V-shaped texture
of the Ag-coated Cu ribbon used in this study probably increased
the effective contact area, which contributed to the exceptionally
low R, observed. After 200 h of DH aging, the R, of isotropic
ECT-1 in this study remains within the range reported in the
literature [16].

3.4 | Stability of the Module Performance Under
DH Conditions

Figure 5 shows the relative change of SHJ modules with different
interconnection materials during DH testing. All modules started
with an initial efficiency of approximately 23%. The module
interconnected with ECT-1 (solid blue curve) exhibited the most
significant efficiency decline, exceeding 5% relative after 500 h, as
predicted by simulations based on measured contact resistance
degradation (blue dashed line). The strong correlation between
experimental module characterization and simulation results
confirms that increased contact resistance was the primary cause
of degradation in the ECT-1 module, leading to higher series
resistance, reduced fill factor (FF), and lower power output.

After 1000 h, all other modules (ECT-2 in green, ECT-3 in orange,
and multiwire with InSn-coating as reference in purple) success-
fully passed the DH test, exhibiting degradation of less than 3%
relative. These modules show less than 5% degradation even up
to 2000 h under DH conditions. The module interconnected with
ECT-3, which showed the lowest and least fluctuating contact
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resistance in the DH test, exhibited the lowest degradation,
approximately 2.5% relative, with a 1% relative reduction in
FF. Modules with ECT-2, applied both along the whole busbar
(green solid line) and on bus-pads (green dashed curve), showed
similar degradation of approximately 4% relative efficiency and a
2% relative reduction in FF. Figure 5c shows the short-circuit
current density versus DH time, all solar modules showed an
almost unchanged short-circuit current density compared to
initial performance. Throughout the 2000 h DH test, all modules
maintained stable open-circuit voltage with a small fluctuation of
less than 1% rel. in the modules with ECT-2 and ECT-3, while the
Voc of ECT-2D and reference modules keep almost unchanged, as
shown in Figure 5d.

To investigate degradation mechanisms, electroluminescence
(EL) images, captured at the I ., were compared before and after
DH testing, as shown in Figure 6. The ECT-1 module showed a
pronounced reduction in EL signal (dark region in the image),
indicating high series resistance due to increased contact resis-
tance. In ECT-2, ECT-2(D), and ECT-3 modules, small dark spots
or circular dark areas (highlighted in green and orange rings)
appeared after 2000 h, likely caused by surface contamination,
as reported by Sen et al. [17]; however, this phenomenon is
not the focus of the present work. In module ECT-2(D), where
ECT-2 was only applied to the bus pads, slight dark areas were
observed around them, highlighted in a green dashed ring. This is
because the additional ECT across the bus pads partially blocks
the EL signal from the cell. Picture S3 clearly shows the extra tape
outside the ribbon area. Although one out of fourteen contacts in
both ECT-2 and ECT-3 was nonfunctional in R, measurements,
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FIGURE 5 | Relative changes in (a) efficiency, (b) fill factor, (c) short-circuit current density, and (d) open-circuit voltage of SHJ modules with

different interconnection methods during DH testing.
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FIGURE 6 | EL images of solar modules after 0, 1000, and 2000 h of damp heat testing.

no clear darkening was observed around those contacts in EL
images. In contrast, InSn-interconnected modules exhibited dark
stripes between wires (marked in a purple ring), resulting from
failed contacts between wires and fingers. This contact failure
reduced the local current, resulting in dark areas appearing in
the EL image, which also corroborated the resistance measure-
ment results.

3.5 | Stability of the Contact Resistance and Solar
Modules Performance Under Thermal Cycle
Conditions

Since the ECT-1 modules failed the DH test, only ECT-2, ECT-3,
and InSn modules were evaluated in the TC test, as shown in
Figure 7a,b. The ratio of the contacts in takt after TC to the
number of contacts in the samples is summarized in Figure 7c.

For ECT-3, the contact resistance increased only slightly over
200 cycles, with the median rising from 0.001+0.002 to
0.005 £ 0.002 mQ-cm® In contrast, ECT-2 showed a rapid
increase in contact resistance. After 100 cycles, the minimum
R. of ECT-2 approached the 0.1% absolute efficiency loss thresh-
old, and values were widely scattered between 0.1 and 1 mQ-cm?.
Nevertheless, all contact points remained measurable after the
TC test.

For reference, the median R, of the modules with InSn solder
increased only slightly, similar to ECT-3. However, data disper-
sion became large early in the TC test. After 200 industrially
required cycles, one of 14 contact points exceeded the allowable
limit, and 4 of 14 contacts (~29%) could no longer be measured,

indicating contact breaks (Figure 7c). In comparison, all
contacts for both ECT-2 and ECT-3 remained functional after
testing.

The TC performance of the solar modules closely reflected
changes in contact resistance. As shown in Figure 8a, the
efficiency of modules with ECT-3 was comparable to that of
the reference module, with absolute losses of 0.15% and 0.2%,
respectively, both corresponding to less than 1% relative loss.
All modules maintained stable V. and Jy. (Figure 8c,d), indicat-
ing no significant changes in passivation quality or optical
transmission.

In contrast, the efficiency of ECT-2 modules decreased by around
2% during the first 100 cycles, after which it stabilized. This initial
loss was primarily attributed to a reduction in FF (Figure 8b). The
efficiency trend closely paralleled the change in contact
resistance observed during the TC test, suggesting that contact
degradation was the primary cause of the FF reduction in
ECT-2 modules.

As with the DH test, we compared the EL images of the modules
before and after the 200-cycle TC test, as shown in Figure 9. As all
modules deteriorate slightly during the TC test, the changes in
the EL images are not obvious. Nevertheless, we identified some
inhomogeneity in the EL images near the ribbon of the modules
with ECT-2 and low-melting solder, indicated by in green and
purple circles. This suggests a decline in local contact. This also
corresponds to the decline in the R. measurement results. To
highlight the changes more visibly, we illustrate and compare
the EL signal intensity along the lines shown in Figures S4
and S5.
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FIGURE 7 | Evolution of contact resistance during thermal cycling for ECT-2 and ECT-3 (a) and for InSn solder used as a reference (b). The ratio of

operational contacts to total contacts after testing is shown in (c).
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different interconnection methods during TC testing as indicated in the legend.

3.6 | The Comparison of Adhesion of Different
ECTs

According to DIN EN 50461, solar cell interconnects must with-
stand a minimum pull force of 1 N/mm [10]. This peel-force
requirement is widely recognized as a benchmark for assessing
the interconnection quality in PV modules. Following the electrical
performance evaluation, Figure 10 presents a boxplot summarizing
the peel force measured along the 5 cm ECTs and compares the peel
strength of three ECTs bonded to the solar cell busbar.

Among the tested tapes, ECT-2 exhibited the strongest adhesion,
consistently exceeding the 1 N/mm requirement along the full
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FIGURE 10 | Comparison of peel force between tabbing ribbons and

the busbar for different ECTs.
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ribbon length, with a peak value of 1.8 N/mm. ECT-1 performed
moderately, fluctuating near the standard and reaching a
maximum of 1.2 N/mm. In contrast, ECT-3 exhibited the weakest
adhesion, consistent with earlier findings, despite previously
delivering the lowest and most stable contact resistivity.

In PV applications, robust adhesion is essential for automated
manufacturing processes [18], while the electrical stability of
interconnections is critical for ensuring consistent power gener-
ation throughout a module’s lifetime. Based on our studies, ECT-
2 is better suited for PV applications, as it meets all requirements
for solar cell interconnection in solar modules, offering a balance
of strong adhesion and reliable electrical performance.
Nevertheless, ECT-3 shows promise as a cost-effective intercon-
nection material. By optimizing the adhesive formulation or
adjusting the balance between particle size and adhesive
thickness, the adhesion performance of ECT-3 could be
enhanced to meet the 1 N/mm criterion, potentially making it
a viable alternative for PV applications.

3.7 | Comparison of the Microstructure of ECTs

To better understand the differences in electrical and mechanical
performance among the investigated ECTs, both optical micros-
copy and cross-sectional SEM analyses were performed. The opti-
cal microscopy images shown in Figure S1 were used to quantify
the distribution of conductive particles within the adhesive layer.
Within an analyzed area of 0.7 x 0.5 mm, ECT-2 contained 56
conductive particles with diameters exceeding the adhesive
thickness, corresponding to an estimated particle coverage ratio
of approximately 11.5%. In contrast, ECT-3 contained only 17
such particles within the same area, corresponding to a consid-
erably lower coverage ratio of approximately 2.0%.

Despite this lower particle coverage ratio, ECT-3 consistently
exhibited lower contact resistance than ECT-2. This finding
suggests that electrical performance is not primarily governed
by the number of conductive particles per unit area. Instead,
the ratio between particle size and adhesive thickness appears
to be the dominant factor. In ECT-3, the adhesive layer thickness
is only 10 pm, whereas the Ni particles have diameters ranging
from approximately 20-50 pm. Consequently, many particles are
significantly larger than the adhesive thickness and can penetrate
through the adhesive layer, forming direct electrical bridges
between the ribbon and the busbar. In contrast, ECT-2 contains
a 50pm adhesive layer with Ag particles of approximately
30-60 pm in diameter. As a result, a larger fraction of adhesive
material remains between the conductive particles and the
contacting surfaces, increasing the electrical transport distance.
While this structure promotes stronger mechanical bonding
through a larger effective adhesive contact area, it is less
favorable for minimizing contact resistance.

Figure 11 presents cross-sectional SEM images of the contact
regions formed using the three ECT types. For the isotropic
ECT-1 shown in Figure 1la, several voids can already be
observed both at the interfaces and within the conductive layer
before the DH test. Since current must pass through the polymer
matrix to reach the embedded conductive mesh and subse-
quently travel through the lower adhesive layer, these voids

locally interrupt conductive pathways. As a result, the effective
conductive area is reduced, leading to increased contact
resistance. In contrast, ECT-2 and ECT-3 in Figure 11c,d are
anisotropic conductive tapes, where electrical conductivity is
established through metallic particles bridging the two contact-
ing surfaces. The SEM images reveal a larger separation between
ribbon and busbar for ECT-2 than for ECT-3, consistent with
their respective adhesive thicknesses. In ECT-2, the Ag particles
are largely embedded within the adhesive layer, allowing the
adhesive to encapsulate the particles and create a robust mechan-
ical bond. Consequently, no significant voids are observed, and
ECT-2 exhibits the highest adhesion strength among the investi-
gated tapes. For ECT-3, the Ni particles frequently penetrate
through the adhesive layer and establish more direct electrical
contacts between the ribbon and busbar. This morphology
explains the lower contact resistance observed experimentally.
However, the reduced adhesive volume at the interface also
decreases the effective bonding area, resulting in lower adhesion
strength compared to ECT-2.

To investigate the degradation mechanism of the isotropic
ECT-1, additional cross-sectional SEM analyses were performed
after 1000 h of damp-heat exposure, as shown in Figure 11b.
Compared with the initial microstructure, the aged samples
exhibit a noticeably larger number of voids at the interface
between the conductive tape and the ribbon. These voids are
particularly pronounced at the bottom of the ribbon texture,
where intimate contact between the conductive adhesive and
the metallic surface is most critical. The increased interfacial void
density indicates progressive interfacial debonding during
damp-heat exposure, resulting in a reduction of the effective
electrical contact area. Consequently, conductive pathways are
disrupted and the current transport resistance across the inter-
face increases. This observation is consistent with the measured
increase in contact resistance by more than two orders of
magnitude during damp-heat testing and the corresponding
performance degradation observed at module level. Therefore,
interfacial debonding and void formation are considered the
primary degradation mechanisms responsible for the electrical
deterioration of ECT-1 under damp-heat conditions.

Overall, these observations indicate a trade-off between electrical
and mechanical performance. ECT-3 favors electrical conductiv-
ity by maximizing direct particle-mediated contact, whereas
ECT-2 provides superior mechanical robustness through a larger
adhesive bonding area. This interpretation is consistent with the
measured contact-resistance and peel-force results presented in
Sections 3.3 and 3.6. Furthermore, the post-aging analysis
demonstrates that the long-term stability of conductive tapes
is strongly influenced by the ability of the adhesive interface
to maintain intimate contact under environmental stress.

3.8 | Comparison With Other Solder-Free
Interconnection Technologies

To place the performance of ECTs into the broader context of PV
module interconnection, their electrical performance, reliability,
cost, and processability were compared with other state-of-the-
art solder-free interconnection technologies, including ECAs
and TECC wires.
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FIGURE11 | Cross-sectional SEM images of the contact regions formed using ECT-1 before damp heat test in (a), ECT-1 after damp heat test in (b),

ECT-2 in (¢), and ECT-3 in (d).

From an electrical perspective, ECTs demonstrated sufficiently
low contact resistance for PV applications. In this work,
ECT-3 exhibited contact resistance values in the range of
1073-10"> mQ-cm? before aging. For comparison, commercially
available ECAs evaluated using the same measurement method
exhibited contact resistance values in the range of 107> mQ-cm?.
Although ECAs can achieve lower contact resistance, both tech-
nologies provide values substantially below the failure thresholds
identified by the PVMOS simulations in Figure 2. Consequently,
from a practical module-performance perspective, the electrical
performance of both approaches is sufficient.

In terms of reliability, the anisotropic ECTs investigated in this
study exhibited less than 5% relative efficiency degradation after
2000h of damp-heat testing and 200 thermal cycles. This
performance is comparable to previously reported TECC-wire
interconnection concepts, which showed approximately 3% rela-
tive degradation after 2000 h of damp-heat exposure [19]. These
results indicate that ECTs can achieve a reliability level compa-
rable to other advanced solder-free interconnection technologies.

A preliminary material cost comparison was performed
for a 22.5%-efficient M2 nine-busbar module configuration.
Assuming ECT-2 is applied only at the buspads, the correspond-
ing interconnection material cost is approximately

0.85 €cent/W. For comparison, an ECA-based interconnection
using a 40 pm adhesive layer results in an estimated material
cost of approximately 2.27 €cent/W. Under these assumptions,
the ECA solution is approximately 2.7 times more expensive
than the ECT solution in terms of interconnection material cost
alone.

From a manufacturing perspective, each technology offers dis-
tinct advantages. TECC wires can be integrated into existing
stringing equipment with relatively minor modifications, while
industrial high-throughput dispensing and stringing systems
for ECAs are already commercially available, although they
remain more expensive than conventional soldering equipment.
In contrast, ECT technology is currently less mature for PV
manufacturing. To minimize optical shading, ECTs must be
applied as narrow and accurately positioned strips, either directly
onto the solar cell or integrated onto the interconnection ribbon.
At present, dedicated high-throughput equipment for such
processes is not widely available, representing one of the main
challenges for large-scale industrial implementation.

Nevertheless, ECTs offer several unique advantages compared
with both ECAs and TECC wires. Unlike ECA-based approaches,
no additional thermal curing step is required after application.
Furthermore, unlike TECC-wire concepts, no pre-coating of
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TABLE1 | IV characteristics of the perovskite-SHJ tandem solar cell
and module.

n, % FF, % Jecy mA/cm? Voo, V
Cell 29.9 76.7 20.7 1.88
Module 28.6 79.2 19.2 1.88

the whole interconnection wires with conductive adhesive is
necessary. Instead, both the electrical and mechanical contacts
can be established directly during the standard module lamina-
tion process. This simplified process flow is particularly attractive
for thermally sensitive PV technologies, such as perovskite-
silicon tandem solar cells, where minimizing thermal exposure
is essential. Consequently, ECTs represent a promising low-
temperature interconnection technology, provided that suitable
high-throughput application processes can be developed for
industrial production.

3.9 | Perovskite-SHJ Tandem Solar Cell Using
ECT as Electrical Contact

Having successfully tested the properties of ECTs on SHJ solar
cells, we extended their application to perovskite-SHJ tandem
solar cells. To this end, we contacted and encapsulated 1cm X 1 cm
perovskite/silicon tandem solar cells. ECT-2 was applied to
the front Ag electrode frame, which serves as a busbar to collect
current from the thin fingers (Section S6). As ECT-2 does not
require additional heat treatment, the single-cell module was
laminated at the minimum temperature needed for the physical
cross-linking of the thermoplastic polyolefin (TPO) encapsula-
tion material (90°C for 10 min). The IV characteristics and
curves are summarized in Table 1 and Section S7. The module
efficiency decreased by approximately 1.3% compared to the bare
cell, primarily due to a reduction in short-circuit current density
from 20.7 to 19.2mA/cm? This reduction stems from optical
losses: although the cells were coated with an MgF, AR layer
to minimize reflection at the ITO/air interface, this AR effect
is diminished upon encapsulation, and the front glass of the mod-
ule lacked an AR coating. However, the lower current density led
to an improved FF, which increased from 76.7% to 79.2%, as
power losses associated with series resistance decrease with
reduced current. Overall, these findings highlight ECT-2 as a
promising interconnection strategy for perovskite-SHJ tandem
solar cells, eliminating the need for the high-temperature curing
step required by conventional ECAs.

4 | Conclusion

This study investigated the feasibility of using ECTs as a solder-
free interconnection technology for thermally sensitive PV
devices, focusing on SHIJ solar cells. The influence of lamination
temperature and pressure on adhesion and contact resistance
was systematically evaluated, and long-term stability was
assessed through DH and TC tests in accordance with IEC
61215 standards [11]. Our results demonstrate that ECTs can
provide sufficiently low contact resistance—comparable to that
of low-melting-point solders—while eliminating the need for

heat-intensive processing steps. Among the tested tapes, with
differences in thickness and conductive material, anisotropic
ECT-2 and ECT-3 exhibited stable electrical performance
throughout extended DH and TC testing, remaining below the
failure thresholds predicted by simulation. In particular,
ECT-3, which is the thinnest, achieved the lowest and most stable
contact resistance, while ECT-2 offered the strongest adhesion,
most likely due to the thicker adhesive layer, exceeding the
1 N/mm criterion of DIN EN 50461 [10]. In contrast, isotropic
ECT-1 showed rapid degradation under DH stress, indicating
that anisotropic designs are probably more suitable for PV
interconnections.

Module-level testing further validated the potential of ECTs for
industrial application. SHJ modules interconnected with ECT-2
and ECT-3 maintained efficiency losses of less than 5% relative
even after 2000 h of DH exposure and 200 thermal cycles (as sum-
marized in Section S8), matching or outperforming soldered
references. EL imaging confirmed that contact degradation in
ECT-based modules was significantly less pronounced than in
soldered counterparts.

Overall, these findings suggest ECTs as an advantageous
approach toward reliable, low-temperature, and scalable
interconnection technology for next-generation PV modules,
particularly SHJ and perovskite-Si tandem devices, where
thermal sensitivity restricts the use of conventional soldering.
Future optimization of the adhesive composition and the particle
geometry could further improve the balance between electrical
stability and mechanical adhesion, accelerating the adoption
of anisotropic conductive tapes in commercial SHJ and
perovskite-Si solar module manufacturing.
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