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Abstract

The growing demand for high-efficiency photovoltaic (PV) technologies has intensified
interest in advanced cell architectures, including hybrid passivated back contact (HPBC)
solar cells. Conventional solder-based interconnection processes require high thermal
budgets, which can induce thermomechanical stress and lead to performance degradation
in thin back-contact cell structures. In this study, electrically conductive adhesive (ECA)
interconnection is investigated as a low-thermal-budget, solder-free alternative for HPBC
solar cells. The curing behavior of an acrylic-based, silver-filled ECA is systematically
examined by controlling the upper lamp temperature and the welding time during the
interconnection process. Electrical performance is evaluated through current–voltage
characterization, fill factor, and series resistance analysis, while interfacial microstructural
evolution is examined using scanning electron microscopy. The results identify a well-
defined processing window in which adequate curing enables stable electrical contact
formation. In contrast, both insufficient curing and excessive curing result in degraded
electrical performance. To assess practical applicability, HPBC modules with an industry-
relevant size of ~1000 × 1160 mm2 are fabricated and evaluated using electroluminescence
imaging and I–V measurements. By identifying a robust curing window and demonstrating
its successful transfer from string-level interconnections to full-size HPBC modules, this
study establishes a practical, low-thermal-budget, solder-free interconnection strategy for
advanced back-contact PV architectures.

Keywords: hybrid passivated back contact (HPBC); electrically conductive adhesive (ECA);
solder-free interconnection; HPBC photovoltaic; low-thermal-budget

1. Introduction
Hybrid passivated back contact (HPBC) solar cells are widely recognized as one of

the most promising crystalline silicon photovoltaic (PV) architectures for next-generation
high-efficiency modules. By completely eliminating front-side metallization, HPBC de-
signs maximize the effective light-absorbing area while enabling advanced surface and
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interface passivation for both charge carrier polarities. Owing to these structural advan-
tages, certified power conversion efficiencies exceeding 26% at the cell level and more
than 24% at the module level have been reported. These results position HPBC technology
among the highest-performing PV architectures compatible with industrial manufacturing
processes [1–3].

Despite these achievements, a persistent performance gap remains between cell-level
efficiency and the efficiency realized at the module level. This discrepancy is largely
attributed to cell-to-module (CTM) losses introduced during cell cutting, handling, and
interconnection. Among these loss mechanisms, interconnection-induced series resistance
(Rs) is particularly critical, as it directly degrades the fill factor (FF) and limits output
power [4,5]. This effect is especially pronounced in HPBC architectures, where current
collection relies exclusively on rear-side metallization. As a result, HPBC modules are
highly sensitive to local contact degradation and non-uniform interconnection quality [6,7].

The importance of interconnection reliability has further increased with the transition
toward larger cell formats, such as M10 and G12, combined with the continued reduction
of wafer thickness to below 120 µm. Conventional solder-based interconnection processes
typically require high-temperature reflow exceeding 200 ◦C. Such conditions introduce
substantial thermomechanical stress and increase the risk of wafer bowing, microcrack
formation, metallization delamination, and long-term reliability degradation under thermal
cycling and damp-heat exposure [8–10].

Electrically conductive adhesives (ECAs) have therefore emerged as a promising
solder-free alternative, offering reduced thermal budgets and improved mechanical compli-
ance [11–14]. However, the electrical performance of ECA-based interconnections is highly
sensitive to curing conditions. Insufficient curing results in incomplete conductive network
formation, whereas excessive curing can induce microstructural degradation within the
adhesive. Both effects increase Rs and degrade the FF [15]. These competing mechanisms
define a narrow processing window for achieving optimal electrical performance.

Previous studies on ECA curing have primarily focused on isothermal or quasi-
isothermal conditions and on conventional cell architectures [16,17]. In parallel, ECA
interconnection has been extensively investigated in shingled module concepts, with em-
phasis on localized bonding strategies and mechanical reliability [18,19]. More recently,
low-temperature interconnection approaches have been explored for emerging PV tech-
nologies, including perovskite–silicon tandem cells and material-efficient module designs.
These studies highlight the growing importance of precise thermal control under reduced
thermal budgets [20–22].

In contrast, HPBC interconnection imposes additional constraints that are not ade-
quately captured by isothermal curing frameworks. Due to the rear-contact-only configura-
tion, HPBC cells exhibit limited tolerance to local contact degradation. Furthermore, recent
interconnection schemes increasingly rely on localized and transient heating methods.
These approaches inherently involve strongly non-isothermal, spatially non-uniform, and
transient thermal conditions [23].

Among these methods, lamp-assisted localized heating offers a distinct advantage by
concentrating thermal input near the interconnection interface. This approach promotes
solvent evaporation and polymer crosslinking while minimizing excessive heating of the
bulk silicon wafer. Under such conditions, however, the true interfacial temperature is
inherently ill-defined and cannot be reliably reconstructed using conventional thermocou-
ples or infrared thermography, particularly on millisecond time scales. As a result, direct
application of conventional curing kinetics models or absolute temperature-based criteria
becomes impractical, despite their validity under strictly isothermal conditions [16,17].
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In this study, the lamp set temperature and welding time are therefore adopted as
process-controllable parameters, rather than attempting to infer the actual interfacial tem-
perature history. To enable systematic interpretation of experimental results obtained under
different temperature–time combinations, a semi-empirical quadratic thermal exposure
(QTE) parameter is introduced as an interpretive coordinate. The QTE parameter is not
intended to serve as a predictive kinetic model or a material-specific constant. Instead, it
provides a normalized framework for organizing curing conditions under non-isothermal
processing environments.

The present work focuses on the formative stage of ECA-based interconnection, exam-
ining the relationship between processing conditions and electrical response at both the
string and module levels. Electrical performance is evaluated through I–V characterization,
FF analysis, Rs extraction, and electroluminescence (EL) imaging. Interfacial microstruc-
tural evolution is examined using scanning electron microscopy. In addition, full-size
HPBC modules with industry-relevant dimensions of ~1000 × 1160 mm2 are fabricated
to assess process transferability and curing uniformity under realistic manufacturing con-
straints. By identifying an optimized curing window under non-isothermal conditions and
demonstrating scalability from string-level interconnections to full-size modules, this work
establishes a low-thermal-budget, solder-free interconnection strategy tailored to advanced
HPBC PV technologies.

2. Materials and Methods
2.1. HPBC Cell Interconnection and Lamp-Assisted Welding Process

Figure 1 presents a schematic comparison between conventional solder-based intercon-
nection and the ECA-based interconnection approach employed in this study. Conventional
soldering typically requires localized application of high temperatures exceeding 250 ◦C to
form metallurgical joints. Such processes can induce thermal damage to the solar cells and
require the use of flux as well as lead-containing solder materials. In contrast, lamp-assisted
ECA interconnection enables bonding at substantially lower surface temperatures by com-
bining polymer-based conductive adhesives with localized radiative heating. This approach
reduces thermomechanical stress and enables both lead-free and flux-free processing.

Figure 1. Comparison between conventional soldering and ECA interconnection.

Commercial-grade HPBC crystalline silicon solar cells were first cut into half-cell
configurations. Twelve half-cut cells were then serially interconnected using Sn–Pb ribbons
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with dimensions of 0.7 mm × 0.15 mm to form a single string, as schematically illustrated in
Figure 2a. For electrical characterization, the fabricated string was subsequently segmented
into two-cell units by cutting at predefined locations. For module-level interconnection,
wider Sn–Pb ribbons with dimensions of 6 mm × 0.35 mm were employed to reflect
industry-relevant configurations.

Figure 2. (a) Fabrication process of HPBC half-cut cell string. (b) Photograph of lamp-assisted
welding system. (c) Photograph of the infrared lamp array. (d) Lamp zone schematic.

Interconnection was performed using a combined plate-heating and lamp-assisted
welding process. A photograph of the lamp-assisted light box system used in this study is
shown in Figure 2b. The plate heater provided a constant baseline temperature across the
cells, while localized thermal energy was delivered to the cell–ribbon–ECA region through
infrared lamp-assisted welding.

The lamp-assisted heating was provided by tungsten-filament infrared lamps enclosed
in fused-silica quartz tubes (99.9% purity). The heating system was configured with four
independently controlled zones, each consisting of two infrared lamps, allowing spatially
distributed and controllable radiative heating during interconnection. A photograph of the
infrared lamp array employed in this study is shown in Figure 2c, while the corresponding
lamp zone configuration is illustrated schematically in Figure 2d.

The lamps emit predominantly in the near-infrared range (peak wavelength:
0.75–1.4 µm) with a rapid thermal response of approximately 1 s, enabling highly lo-
calized and transient heating at the interconnection region. Owing to the high filament
temperature (1800–2400 ◦C) and the radiative nature of heat transfer, the delivered thermal
input is governed primarily by the lamp output setting rather than by a well-defined
steady-state surface temperature.

The key lamp heating parameter in this study, hereafter referred to as the upper lamp
temperature, denotes the set temperature of the lamp heating source rather than the actual
surface or interfacial temperature of the solar cell. The upper lamp temperature values
reported herein were obtained by directly measuring the lamp surface temperature using
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an infrared thermometer under steady-state lamp operation. It should be emphasized
that this measured lamp surface temperature does not represent the temperature at the
cell–ribbon–ECA interface, but serves as a reproducible reference parameter reflecting the
relative radiant thermal output of the lamp.

To verify the spatial reproducibility of the lamp-assisted heating, the relative surface
temperature beneath the infrared lamp was measured at nine discrete locations (4 × 1 grid)
under steady-state operation, as shown in Figure 3. No pronounced hot spots or steep
spatial gradients were observed across the effective heating area, indicating spatially
consistent radiative output under the present configuration.

Figure 3. Relative surface temperature map beneath the infrared lamp, constructed from measure-
ments on a 4 × 1 grid under steady-state conditions.

Because the actual interfacial temperature at the cell–ribbon–ECA junction cannot be
directly measured under lamp-assisted welding conditions, the upper lamp temperature
was adopted as a practical and process-controllable parameter for comparing the relative
thermal input delivered under different welding conditions. Throughout this study, the
plate temperature was maintained at a constant value of 130 ◦C. All other processing
parameters, including applied pressure and ambient conditions, were held constant, while
only the lamp-assisted heating parameters, namely the upper lamp temperature and the
welding time ranging from 1 to 5 s, were systematically varied.

2.2. Characterization Methods

The electrical performance of the interconnected samples was evaluated using a solar
simulator (XHS-4040B300KPV1, Seric Co., Koshigaya, Japan) under standard test conditions
(STC). These conditions correspond to an irradiance of 1000 W·m−2, a cell temperature
of 25 ◦C, and an AM 1.5G spectral distribution. Current–voltage (I–V) characteristics
were measured using an IV tracer (DKSCT-100-200, Denken Co., Tokyo, Japan). From the
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measured I–V curves, key PV parameters were extracted, including open-circuit voltage
(Voc), short-circuit current (Isc), FF, conversion efficiency, and Rs.

For each processing condition, at least three independent samples were fabricated and
characterized. The reported values represent the average of these measurements.

Microstructural characterization was performed using scanning electron microscopy
(SEM, SNE-4500M, SEC Co., Ltd., Suwon, Republic of Korea) to qualitatively examine
interfacial morphology and microstructural features associated with ECA curing at the
cell–ribbon interface. Both surface and cross-sectional morphologies were analyzed to
identify curing-related morphological differences. SEM observations were used solely
for qualitative assessment and were not employed for quantitative evaluation or direct
determination of the curing state.

2.3. HPBC Module Fabrication and Evaluation

To evaluate the scalability of the optimized ECA curing conditions, a full-size HPBC
solar module with an industry-relevant area of ~1000 × 1160 mm2 was fabricated. The
module was assembled using HPBC half-cut cells interconnected by Sn–Pb ribbons and
the same acrylic-based, silver-filled ECA. The interconnection process employed identical
plate-heating and lamp-assisted welding conditions to those optimized at the string level.

The module array configuration was designed to reflect a conventional HPBC module
layout, in which multiple ECA-bonded cell strings were electrically connected in series to
achieve the target module voltage while minimizing additional resistive losses. A schematic
illustration of the module array and cross-sectional configuration is shown in Figure 4.
The module consists of 30 HPBC half-cut cells connected in series, with two such strings
connected in parallel. After fabrication, the module was characterized using EL imaging to
assess the uniformity of electrical activity and to identify interconnection-related defects. In
addition, I–V characteristics of the fabricated module were measured under standard test
conditions to verify overall electrical functionality and consistency with trends observed at
the string level.

Figure 4. HPBC module array and cross-sectional schematic. Module configuration consists of
30 HPBC half-cut cells connected in series, with two strings connected in parallel.

3. Results and Discussion
3.1. Electrical Performance and Identification of the Optimized Curing Window

Interconnection experiments were systematically conducted by independently varying
the upper lamp temperature and the welding time in order to investigate their combined
effects on ECA curing behavior, interfacial contact formation, and electrical performance.
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All other processing parameters, including applied pressure and ambient conditions, were
held constant.

Figure 5 presents a process feasibility map for HPBC string fabrication as a function
of upper lamp temperature and welding time. Fabrication outcomes were categorized as
failed, stable, or unstable based on the mechanical integrity of the bonded ribbons and the
electrical continuity of the fabricated strings
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Figure 5. Process window for HPBC string fabrication defined by upper lamp temperature and lamp
welding time. Fabrication feasibility is categorized as failed, stable, or unstable based on mechanical
integrity and electrical continuity of the fabricated strings.

A distinct stable region is observed at intermediate lamp temperatures and moderate
welding times, corresponding to a balanced thermal input that enables reliable ECA curing.
In contrast, insufficient thermal input at lower temperatures or shorter welding times
resulted in failed interconnections, while excessive thermal input at higher temperatures
and longer welding times led to unstable bonding and performance degradation.

As shown in Figure 6, the conversion efficiency exhibits a clear non-monotonic depen-
dence on the combined variation of upper lamp temperature and welding time. Under
low-temperature or short-duration conditions, such as 240 ◦C for 2 s, the efficiency remains
relatively low, indicating insufficient interconnection quality. In contrast, the highest ef-
ficiencies are consistently achieved within an intermediate temperature range of ~270 to
300 ◦C when moderate welding times are applied. These conditions define a well-defined
optimized curing window. At higher temperatures combined with longer welding times,
such as 330 to 360 ◦C with 4 to 5 s, a pronounced degradation in efficiency is observed.
This degradation reflects performance losses induced by excessive thermal exposure and
excessive curing of the ECA. The corresponding electrical parameters, including conversion
efficiency, FF, and Rs, for all curing conditions are summarized in Table 1. Collectively,
these results demonstrate that the electrical performance of HPBC interconnections under
lamp-assisted curing is strongly governed by the combined thermal exposure arising from
temperature–time coupling rather than by either parameter alone.
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Figure 6. Conversion efficiency of HPBC half-cut two-cell series samples as a function of welding
time from 1 to 5 s at different upper lamp temperatures ranging from 240 to 360 ◦C.

Table 1. Electrical characteristics of HPBC half-cut two-cell series samples under various curing
conditions. A dash indicates fabrication failure.

Upper Lamp Temperature
Welding Time

1 s 2 s 3 s 4 s 5 s

240 ◦C
Efficiency (%) - 21.0909 21.6170 22.2684 22.4884
Fill Factor (%) - 71.7201 73.1192 74.6118 74.7709

Rs (mΩ) - 24.1116 23.3138 22.3777 22.1568

270 ◦C
Efficiency (%) - 22.2495 22.6519 22.6255 22.5937
Fill Factor (%) - 75.9865 76.6715 77.1133 76.3877

Rs (mΩ) - 21.3743 21.1874 21.0894 21.5748

300 ◦C
Efficiency (%) - 23.0525 22.9399 22.7970 22.6736
Fill Factor (%) - 78.1264 77.1028 76.6764 77.1575

Rs (mΩ) - 19.5520 20.8104 21.4700 21.2501

330 ◦C
Efficiency (%) 22.8624 22.9320 22.6294 21.8991 18.0178
Fill Factor (%) 77.2441 77.4922 77.1155 74.5296 63.5814

Rs (mΩ) 21.3919 21.3017 21.3037 22.5320 29.5306

360 ◦C
Efficiency (%) 23.0276 22.7953 20.9246 11.2066 -
Fill Factor (%) 77.1413 76.6431 72.7808 57.6407 -

Rs (mΩ) 20.9199 21.1416 23.7334 40.1984 -

For comparison, a conventionally soldered interconnection was prepared and eval-
uated alongside the optimized ECA interconnection condition. Figure 7 shows the corre-
sponding I–V characteristics, and the extracted electrical parameters are summarized in
Table 2. Under the present experimental conditions, the optimized ECA interconnection
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exhibits a slightly higher conversion efficiency and FF than the soldered reference while
maintaining a comparable Rs. These results indicate that, despite the absence of metal-
lurgical bonding, the optimized lamp-assisted ECA interconnection can achieve electrical
performance comparable to, and in this case marginally exceeding, that of conventional
soldering. The observed performance difference between the two interconnection ap-
proaches is modest, underscoring that the proposed lamp-assisted ECA process enables
high electrical performance while operating under a substantially reduced thermal budget.
This outcome highlights the potential of ECA-based interconnection as a viable solder-free
alternative for HPBC solar cell modules.
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Figure 7. I–V characteristics of the optimized ECA interconnection and conventional soldering:
(a) full I–V curves and (b) enlarged view near the maximum power point, highlighting differences in
the knee region.

Table 2. Electrical comparison between optimized ECA interconnection and conventional soldering.

Interconnection Efficiency (%) Fill Factor (%) Rs (mΩ)

ECA (Optimized) 23.0525 78.1264 19.5520

Soldering 22.9075 77.7871 18.9462

3.2. Morphological and Electroluminescence Correlation with Curing Regions

To qualitatively examine the microstructural features associated with the observed
electrical behavior, SEM analysis was performed at the ECA–ribbon interface under repre-
sentative curing conditions, as shown in Figure 8. Poorly cured samples are characterized
by localized aggregation of silver fillers and a heterogeneous interfacial morphology. In
contrast, samples processed within the optimized curing window exhibit a comparatively
uniform interface without pronounced structural defects. In the excessively cured regime,
microstructural degradation is observed in the form of pore formation and increased poros-
ity. Such features are known to adversely affect electrical continuity and charge transport
within conductive adhesive systems [24].

These microstructural observations indicate that the curing condition directly governs
the formation, connectivity, and stability of the conductive filler network at the ECA–ribbon
interface. This evolution is expected to manifest primarily as changes in Rs, which therefore
serves as a sensitive electrical indicator linking curing-induced morphological changes
to macroscopic device performance. This relationship is quantitatively reflected in the
extracted Rs values summarized in Table 1, where both poorly cured and excessively cured
conditions exhibit systematically higher Rs than samples processed within the optimized
curing window.
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Figure 8. SEM images of ECA morphology under different curing conditions: (a) poor curing,
(b) optimized curing, and (c) excessive curing.

Although SEM analysis provides valuable insight into interfacial morphology and filler
network evolution, morphological observations alone cannot unambiguously determine
the curing state of the ECA. Previous studies have shown that variations in filler loading
and silver content can significantly influence contact resistivity and its stability in ECA-
based interconnects, underscoring the necessity of electrical characterization beyond purely
morphological assessment [25,26]. Consequently, the electrical implications of the observed
microstructural differences are further examined through Rs trends, EL imaging, and I–V
characterization, as discussed below.

The morphological features identified by SEM are further reflected in the electro-
luminescence imaging results summarized in Figure 9. Poorly cured samples exhibit
pronounced non-uniform emission and localized dark regions along the ribbon paths, indi-
cating incomplete current injection and non-uniform electrical contact formation. Samples
processed within the optimized curing window show uniform EL emission across the active
area, reflecting homogeneous and stable electrical contacts. In contrast, excessively cured
samples display localized emission degradation and line-shaped intensity variations near
the interconnection regions. These features are consistent with increased Rs and associated
FF losses [27–29]. Thus, EL imaging provides spatially resolved evidence that supports the
Rs trends inferred from the microstructural observations.

Figure 9. Electroluminescence (EL) images of HPBC strings under different curing regimes: (a) poor
curing, (b) optimized curing, and (c) excessive curing.
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Consistent trends are also observed in the measured I–V characteristics shown in
Figure 10. Poorly cured samples exhibit a reduced slope near the maximum power point,
indicating inefficient current collection and pronounced resistive losses. The resulting
distortion of the I–V curve suggests non-ideal charge transport due to insufficient electrical
contact formation. In contrast, optimally cured samples display a well-defined, rectangular
I–V profile with a steep slope and a clearly defined maximum power point, demonstrating
efficient charge transport and low-resistance interconnections. Excessively cured sam-
ples show degradation in I–V curvature, characterized by a flattened slope and reduced
maximum power output relative to the optimized condition. This behavior is consistent
with increased resistive losses and localized contact degradation [30,31]. These curing-
dependent I–V characteristics are in good agreement with the trends in Rs inferred from the
SEM and EL analyses, indicating that microstructural changes at the ECA–ribbon interface
directly translate into macroscopic electrical performance variations.
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Figure 10. I–V characteristics of HPBC samples under different curing regimes: (a) poor curing,
(b) optimized curing, and (c) excessive curing.

Overall, the evolution of the I–V curves demonstrates that optimized curing en-
ables efficient charge transport, whereas both poor curing and excessive curing introduce
morphology-related resistive limitations that degrade electrical performance.

3.3. Thermal-Exposure-Based Interpretation of ECA Curing Behavior

To rationalize the combined influence of upper lamp temperature and welding time
under localized, non-isothermal curing conditions, a thermal-exposure-based interpretive
framework was adopted as a post-processing approach. In lamp-assisted interconnection,
the interfacial temperature history at the ECA–cell–ribbon junction is inherently transient,
spatially non-uniform, and experimentally inaccessible. As a result, a simplified parameter-
ization is required to systematically organize the experimentally observed trends obtained
under different temperature–time combinations.

The curing behavior of polymer-based ECAs is generally understood as a thermally ac-
tivated process and is commonly described using Arrhenius-type relations under isothermal
conditions [16,17]. However, in the combined plate-heating and lamp-assisted configura-
tion employed in this study, the curing environment deviates substantially from isothermal
assumptions. Local temperatures vary rapidly due to localized lamp heating superimposed
on a constant plate temperature, and the effective curing behavior is influenced not only
by intrinsic chemical reaction kinetics but also by diffusion-limited processes, including
polymer chain mobility, solvent evaporation, and conductive filler rearrangement [32].
Under these conditions, direct application of conventional kinetic models or absolute
temperature-based curing criteria is not feasible.

Rather than attempting to reconstruct an ill-defined interfacial temperature history,
the lamp set temperature is adopted as a process-controllable parameter that governs the
relative thermal input delivered to the interconnection region. Under fixed geometric condi-
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tions and exposure times, the lamp output setting provides a monotonic and reproducible
proxy for the radiant energy supplied to the joint. On this basis, a semi-empirical QTE
parameter is introduced as an interpretive metric. The QTE is not intended to function as a
predictive curing-kinetics model or as a material-specific physical constant, but rather as a
normalized framework for organizing experimental data obtained under non-isothermal
processing conditions.

The QTE is formulated to reflect the strong non-linear sensitivity of polymer crosslink-
ing and solvent removal processes to temperature within the experimentally relevant
high-temperature regime, while retaining a simple functional form suitable for practical
interpretation. Specifically, the effective thermal exposure during lamp-assisted curing
is approximated by a quadratic dependence on the temperature difference relative to the
plate temperature, leading to the following definition:

QTE = t
(

Tu − Tplate

)2
, (1)

where t is the welding time and Tu is the upper lamp temperature achieved during lamp-
assisted heating, and Tplate is the constant plate temperature. This formulation does not
represent reaction kinetics or the degree of cure, but instead serves as a relative measure of
effective thermal exposure under localized heating conditions.

Among the measured electrical parameters, Rs was selected as the primary indicator
for assessing the effectiveness of the QTE-based scaling. This choice is motivated by the
direct sensitivity of Rs to the formation and stability of the silver filler network and to
interfacial contact development in ECA-based joints, making it a reliable probe of curing
quality under different processing conditions [33,34].

To enable qualitative comparison with the manufacturer-recommended curing condi-
tion for the ECA, namely 150 ◦C for 10 to 15 s under uniform heating, the QTE was further
normalized into an equivalent curing time, teq, defined as:

teq =
t(Tu − TPlate)

2

K
(

Tre f − TPlate

)2 , (2)

where Tre f = 150 ◦C, Tplate = 130 ◦C, and K is a proportionality factor introduced solely to
normalize the relative thermal-exposure scale to the reference curing condition. Importantly,
K does not represent a physical constant. Variations in K result only in uniform rescaling
of the teq axis and do not affect the relative ordering of data points or the position of the
optimized curing window.

When the extracted Rs values are plotted as a function of the equivalent curing time
teq, as shown in Figure 11 and Table 3, data obtained under different lamp temperature
and welding time combinations collapse onto a common trend that exhibits a characteristic
U-shaped dependence [23]. This collapse demonstrates that relative thermal exposure,
rather than individual process parameters alone, governs ECA contact formation under
localized heating conditions.

The Rs exhibits a clear U-shaped dependence on the teq, serving as a sensitive indicator
of the ECA curing state. Based on the evolution of Rs, three distinct curing regimes can
be identified: poor curing (teq < 10 s), optimized curing (10 s ≤ teq ≤ 15 s), and excessive
curing (teq > 15 s). The minimum observed at teq ≈ 12 to 13 s corresponds to a critical
thermal-exposure window in which electrical performance is maximized. This regime is
consistent with effective polymer crosslinking and conductive network formation without
evidence of thermally induced degradation. Within this interpretive framework, QTE-
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based scaling provides a unified and physically intuitive means of organizing experimental
results obtained under diverse temperature–time processing conditions.
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Figure 11. Comparison of experimentally measured electrical performance with QTE-based trends as
a function of equivalent curing time teq.

Table 3. Summary of the equivalent curing times calculated for all experimental conditions.

Lamp Welding
Time

Upper Lamp Temperature

240 ◦C 270 ◦C 300 ◦C 330 ◦C 360 ◦C

1 s 2.6 4.2 6.2 8.7 11.4

2 s 5.2 8.5 12.5 17.3 22.9

3 s 7.8 12.7 18.7 26.0 34.3

4 s 10.4 17.0 24.9 34.6 45.7

5 s 13.1 21.2 31.1 43.3 57.2

3.4. Module-Scale Demonstration of Localized ECA Curing

To demonstrate the practical applicability of the optimized curing conditions, a full-
size HPBC module was fabricated using the same lamp-assisted ECA interconnection
process optimized at the string level. Figure 12 presents a photograph and the correspond-
ing electroluminescence image of the fabricated module. Uniform EL emission is observed
across the active area, with no pronounced dark regions or interconnection-related de-
fects. This behavior indicates homogeneous current injection and stable electrical contact
formation throughout the module [4,29].

The measured I–V characteristics exhibit smooth diode behavior without abnormal
curvature indicative of excessive Rs. The extracted electrical parameters are consistent
with trends observed at the string level, confirming that the identified optimized curing
window can be successfully transferred from small-scale interconnections to an industry-
relevant module configuration [2,18]. Although the module-level results are presented as
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a demonstration of feasibility rather than a statistical reliability assessment, they provide
direct experimental evidence that localized, low-thermal-budget ECA curing is compatible
with HPBC module fabrication.
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Figure 12. I–V characteristics and electroluminescence images of the fabricated HPBC module.

4. Conclusions
In this study, a localized rapid curing process for ECAs was systematically investigated

and applied to industrial-scale HPBC solar cell modules. By correlating curing conditions
with electrical performance, EL imaging, and module-level characteristics, three distinct
curing regimes were clearly identified: poor curing, optimized curing, and excessive curing.
The optimized curing window, corresponding to an equivalent curing time of ~10 to 15 s,
yielded the lowest Rs and the highest module efficiency.

Within the optimized curing regime, stable electrical performance and relatively
uniform current distribution were achieved without inducing excessive thermal dam-
age. In contrast, insufficient curing resulted in incomplete electrical contact formation
and degraded device performance, whereas excessive thermal input led to increased Rs

accompanied by pronounced EL non-uniformity.
Importantly, the proposed localized curing approach demonstrated strong applicability

to large-area HPBC modules, enabling uniform ECA curing across the entire module
without compromising interconnection reliability or manufacturing throughput. It should
be emphasized that the equivalent curing time introduced in this work serves as a semi-
empirical interpretive metric for organizing experimental trends under non-isothermal
conditions, rather than as a predictive curing-kinetics model.

The present study intentionally focuses on the formative stage of ECA interconnection,
establishing clear relationships between processing conditions and initial electrical perfor-
mance. Long-term reliability aspects, including performance stability under accelerated
aging conditions such as damp heat (DH) and thermal cycling (TC), as well as quantitative
contact resistivity extraction, were beyond the primary scope of this work. Nevertheless,
DH and TC tests are currently in progress to evaluate the long-term stability of the proposed
interconnection scheme, and the corresponding results will be reported in future work.

Overall, these results demonstrate that precise control of the thermal budget is essential
for achieving low-resistance and mechanically stable interconnections in next-generation
high-efficiency PV modules. The findings provide practical guidelines for optimizing ECA
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curing processes and establish a solid foundation for scalable, low-thermal-budget manu-
facturing and subsequent reliability assessment of advanced HPBC module technologies.
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