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Introduction

Tunnel oxide passivated contact (TOPCon) solar cells have rapidly become the dominant crystalline
silicon photovoltaic (PV) technology and are projected to lead the global market in the coming years.
Continuous industrialisation has driven refinements in tunnel oxide formation, metallisation, and
passivation strategies, enabling both high power conversion efficiency (PCE) and improved durability.
A notable milestone was recently achieved by Jinko Solar, which reported a record 26.4% efficiency
for industrial bifacial TOPCon cells [1]. These results highlight the success of continuous process
innovation in pushing the efficiency limits of commercial solar technologies. Despite this progress,
module reliability under harsh operating conditions remains a concern. Damp-heat (DH) stress is
particularly critical, as it accelerates chemical and mechanical degradation. Prior studies have
revealed that TOPCon modules are vulnerable to power losses during prolonged DH exposure [2-
5]. Our earlier work suggested that conventional silver/aluminum (Ag/Al) paste contributes to
instability through redox-driven reactions [5, 6]. More recently, laser-assisted firing (LAF) techniques
using low Al-content Ag pastes have emerged as promising solutions, showing improved stability,
especially in modules encapsulated with polyolefin-based materials such as POE or EVA-POE-EVA
(EPE) [6]. Ethylene vinyl acetate (EVA) remains the most widely used encapsulant in the PV industry
because of its strong adhesion, transparency, and cost-effectiveness. However, EVA is prone to
hydrolysis under humid conditions, producing acetic acid that corrodes metal contacts and
compromises passivation layers [7-10]. Previous studies have shown that glass-glass (G-G) designs
mitigate moisture ingress more effectively than glass-backsheet (G-B) designs, and that TOPCon
modules are more sensitive to EVA-induced degradation compared with PERC [2, 11]. Yet,
experimental work using acetic acid solutions does not fully capture the degradation pathways of
EVA-encapsulated TOPCon modules under DH stress [12]. A knowledge gap remains regarding
metallisation stability in EVA-based G-B modules. While low Al-content Ag pastes have shown
durability improvements in POE and EPE encapsulated modules, their performance under EVA
degradation conditions has not been systematically studied. This work addresses that gap by
evaluating EVA-encapsulated G-B TOPCon modules with different metallisation schemes under DH
testing, investigating both front- and rear-contact degradation to provide new insights into their long-
term reliability.

Experiment details

As shown in Figure 1, two types of TOPCon solar cells were used in fabricating G-B modules. Both
were made on n-type Cz silicon wafers (182 x 183.75 mm), with the main difference in front-contact
metallization. Baseline cells used a commercial Ag/Al paste (3-5 at.% Al) and conventional firing,
while the experimental group employed a customized low-Al paste (<0.2 at.%) with laser-assisted
firing (LAF) under reverse bias. All cells were half-cut before soldering, yielding 144 half-cut cells per
module. EVA was used for encapsulation, UV-blocking EVA on the front and UV-transparent EVA
on the rear, with a transparent backsheet featuring a white grid. Modules underwent |-V testing and
EL imaging, followed by DH85 stress testing under IEC TS 62782:2016 using a Gsolar GIV-
200DS2616 flash tester [13]. Post-test I-V and EL measurements identified degradation signatures.
For further analysis, module tokens were extracted using an angle grinder (S1M-FF-100B) or
cordless hollow drill (MJZ1601), then delaminated to obtain cell samples. Cross-sectional contact
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imaging was performed with a Zeiss 550 cryo-FIB-SEM at 15 kV, 7 nA, and 54° stage tilt. Elemental
analysis used FIB at 30 kV/50 pA with Oxford Ultim® Max EDS, and data were processed via AZtec
software to determine elemental ratios and distributions [14].
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Figure 1. (a) Schematic representation of the TOPCon solar cells, (b) glass—backsheet (G-B) TOPCon modules
used in this study, and (c) experimental workflow for accelerated damp-heat testing.
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Figure 2. (a) Degradation of electrical parameters in baseline and LAF G-B modules after 1,000 h of
DH8S5 testing, relative to initial values. (b) Electroluminescence images of baseline and LAF modules
before and after 1,000 h of DH85 testing.

Figure 2 compares baseline and LAF modules before and after 1,000 h of DH85 testing. The baseline
modules showed severe degradation, with Pmax dropping 37.0% (581.9 W — 366.4 W), mainly
driven by a 34.9% FF loss (79.6% — 51.8%). In contrast, LAF modules had only a 6.2% Pmax
decline (581.1 W — 544.8 W), with FF decreasing modestly by 5.2% (82.6% — 78.3%). Isc changes
were minor (-2.9% baseline vs. —=1.5% LAF), and Voc remained stable (-0.2% baseline, +0.2% LAF).
Thus, FF degradation was the primary driver of power loss. EVA encapsulation aggravated failures
compared to POE/EPE modules, consistent with earlier studies [6]. Overall, LAF modules
demonstrated superior damp-heat stability. Figure 2 (b) shows EL images of baseline and LAF
modules. Initially, both exhibited uniform luminescence, intact interconnects, and no notable defects.
After DH85 testing, baseline modules displayed extensive dark regions, particularly near busbars
and interconnects, reflecting severe electrical failures. Zoomed-in images revealed dense
metallization defects, highlighting critical weak points consistent with earlier reports on TOPCon
degradation [2, 4, 15]. Notably, degradation was non-uniform: some corner half-cells degraded more
severely, suggesting the combined effects of processing variability and positional stress. The
variability in Ag/Al paste Al content (3—5 at.%) may have further contributed to uneven degradation.
In contrast, LAF modules retained uniform luminescence with only localized brightness losses.
Limited metallization defects and the absence of widespread dark areas confirmed their stronger
resistance to moisture-induced stress. The superior performance is attributed to the low-Al Ag paste
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and the LAF process, which provide stronger contact adhesion and reduced susceptibility to
corrosion.
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Figure 3. Cross-sectional SEM images of metal-Si interfaces in (a) front and (b) rear contacts at
20,000%, with 50,000% images and corresponding EDS analysis of the metal bulk.

Figure 3 (a) present cross-sectional SEM images with EDS elemental mappings of the silicon—-metal
interfaces and metal bulk for the front contacts across BL and LAF groups. The BL control-front
sample shows a compact and defect-free interface, while the BL module DH-front sample reveals
extensive corrosion after DH85 aging. Corroded regions (highlighted with dashed orange ovals)
correspond to Al and Pb accumulation, indicating severe degradation driven by Al oxidation and
glass frit corrosion. In contrast, the LAF control-front maintains an intact interface, and the LAF
module DH-front exhibits only localized corrosion (dashed green ovals), with PbO remaining stable.
This suggests that reduced Al content improves the chemical robustness of the LAF front contact
under damp-heat stress. Figure 3 (b) show similar analysis of the rear contacts. Both BL and LAF
cells use the same Ag paste with Te-containing glasses, which form Ag-Te alloys during firing. The
control samples demonstrate dense interfaces and uniform elemental distributions of Ag, Te, and
Pb, indicating strong adhesion without degradation. However, after DH85 testing, both BL and LAF
module DH-rear samples suffer significant corrosion and delamination, with Te-rich regions showing
reduced density while PbO clusters remain stable. These results suggest that rear-side degradation
is primarily linked to the instability of Ag—Te alloys, rather than PbO phases.
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Conclusions

EVA-encapsulated glass—backsheet TOPCon modules with conventional Ag/Al paste exhibited
severe damp-heat degradation, driven by Al oxidation, glass frit corrosion, and extensive contact
failures. In contrast, modules fabricated with low-Al Ag paste and LAF showed markedly improved
stability, with limited corrosion, preserved interfacial integrity, and minimal performance loss after
1,000 h DH85 testing. Rear contacts in both groups degraded due to the instability of Ag—Te alloys,
independent of front-side metallisation, highlighting a critical reliability bottleneck. These findings
demonstrate that low-Al paste with LAF significantly enhances front-side durability, but rear-side
metallisation innovations remain essential for achieving long-term reliability in EVA-based TOPCon
modules.

References

1 A. Green, Martin et al., "Solar Cell Efficiency Tables (Version 66)," Progress in Photovoltaics:
Research and Applications, vol. 33, no. 7, pp. 795-810, 2025-07-01 2025, doi: 10.1002/pip.3919.

[2] C. Sen et al., "Buyer aware: Three new failure modes in TOPCon modules absent from PERC
technology," Solar Energy Materials and Solar Cells, vol. 272, p. 112877, 2024.

[3] Y. Zhou, D. Chen, Y. Ye, H. Yin, and X. Niu, "Damp-Heat Endurance Investigation of PV Modules
Based on n-Type Bifacial Passivated Contact Cells,” in EU PVSEC 2023, 2023, doi:
10.4229/EUPVSEC2023/3AV.2.41.

[4] Y. Ye et al., "Damp-heat stability investigation of glass-backsheet modules based on TOPCon solar
cells," Solar Energy Materials and Solar Cells, vol. 292, p. 113764, 2025/10/15/ 2025, doi:
https://doi.org/10.1016/j.solmat.2025.113764.

[5] X. Wu et al., "Unveiling the origin of metal contact failures in TOPCon solar cells through accelerated
damp-heat testing," Solar Energy Materials and Solar Cells, vol. 278, p. 113188, 2024/12/01/ 2024,
doi: https://doi.org/10.1016/j.solmat.2024.113188.

[6] X. Wu et al., "Enhancing the reliability of TOPCon technology by laser-enhanced contact firing," Solar
Energy Materials and Solar Cells, vol. 271, p. 112846, 2024/07/01/ 2024, doi:
https://doi.org/10.1016/j.solmat.2024.112846.

[7] S. Uliéna, A. Sinha, D. C. Miller, B. M. Habersberger, L. T. Schelhas, and M. Owen-Bellini, "PV
encapsulant formulations and stress test conditions influence dominant degradation mechanisms,"
Solar Energy Materials and Solar Cells, vol. 255, p. 112319, 2023/06/15/ 2023, doi:
https://doi.org/10.1016/j.solmat.2023.112319.

[8] P. M. Sommeling, J. Liu, and J. M. Kroon, "Corrosion effects in bifacial crystalline silicon PV modules;
interactions between metallization and encapsulation," Solar Energy Materials and Solar Cells, vol.
256, p. 112321, 2023/07/01/ 2023, doi: https://doi.org/10.1016/j.solmat.2023.112321.

[9] 0. K. Segbefia, A. G. Imenes, and T. O. Szetre, "Moisture ingress in photovoltaic modules: A review,"
Solar Energy, vol. 224, pp- 889-906, 2021/08/01/ 2021, doi:
https://doi.org/10.1016/j.solener.2021.06.055.

[10] M. C. C. de Oliveira, A. S. A. D. Cardoso, M. M. Viana, and V. d. F. C. Lins, "The causes and effects
of degradation of encapsulant ethylene vinyl acetate copolymer (EVA) in crystalline silicon photovoltaic
modules: A review," Renewable and Sustainable Energy Reviews, vol. 81, pp. 2299-2317, 2018.

[11] L. Spinella et al., "Chemical and mechanical interfacial degradation in bifacial glass/glass and

glass/transparent backsheet photovoltaic modules," Progress in Photovoltaics: Research and
Applications, vol. 30, no. 12, pp. 1423-1432, 2022.

[12] N. Igbal et al., "Impact of acetic acid exposure on metal contact degradation of different crystalline
silicon solar cell technologies," Solar Energy Materials and Solar Cells, vol. 250, p. 112089,
2023/01/15/ 2023, doi: https://doi.org/10.1016/j.solmat.2022.112089.

[13] IEC TS 62782:2016 Photovoltaic (PV) modules - Cyclic (dynamic) mechanical load testing, |. E.
Commission, 2016-03-09 2016. [Online]. Available: https://webstore.iec.ch/publication/24310

[14] S. Burgess and P. Pinard, "AZtec Wave—a New Way to Achieve Combined EDS and WDS Capability
on SEM," Microscopy and Microanalysis, vol. 26, no. S2, pp. 114-115, 2020.



https://doi.org/10.1016/j.solmat.2025.113764
https://doi.org/10.1016/j.solmat.2024.113188
https://doi.org/10.1016/j.solmat.2024.112846
https://doi.org/10.1016/j.solmat.2023.112319
https://doi.org/10.1016/j.solmat.2023.112321
https://doi.org/10.1016/j.solener.2021.06.055
https://doi.org/10.1016/j.solmat.2022.112089
https://webstore.iec.ch/publication/24310

» % ASIA-PACIFIC

N ¢# SOLAR RESEARCH CONFERENCE 2-4 Dec 2025, Brisbane

[15] Y. Zhou, D. Chen, Y. Ye, H. Yin, and X. Niu, "Damp-Heat Endurance Investigation of PV Modules

Based on n-Type Bifacial Passivated Contact Cells," in European Photovoltaic Solar Energy
Conference and Exhibition 2023, 2023, doi: 10.4229/EUPVSEC2023/3AV.2.41.



