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Abstract: Silicon solar technology continues to dominate the market, with tunnel oxide passivated
contact (TOPCon) technology currently leading in efficiency; however, as devices approach
fundamental performance limits, new failure modes may emerge or existing ones may become
more critical, and their long-term reliability remains insufficiently understood. This study evaluates
the damp heat (DH) performance of glass/backsheet modules with bifacial n-type TOPCon cells
with laser-assisted fired contacts and different encapsulants: ethyl-vinyl acetate copolymer (EVA),
polyolefin elastomer (POE), and EVA-POE-EVA (EPE). After 2,000 hrs of DH exposure, modules
showed maximum power (Pmax) losses ranging from ~6%re to ~16%:e. POE-encapsulated
modules degraded less (~ 8%re) than those with white EVA on the rear, which showed greater
losses, especially with EPE on the front (~16%:e). The main degradation mechanism was a
reduction in open-circuit voltage (Vo) resulting from an increase in rear-side recombination. Time
of Flight Secondary lon Mass Spectrometer (TOF-SIMS) results suggest that the degradation is
caused by magnesium (Mg) contamination originating from the encapsulant, particularly in the
case of white EVA. The results demonstrate a new vulnerability in silicon PV (shown in TOPCon)
and highlight the critical role of encapsulant optimisation, including Mg control in white EVA, for
maintaining durability. It should be noted that the minimodules studied here were specifically
fabricated for R&D purposes to probe humidity-induced degradation pathways. Through an in-
depth understanding of this mechanism and thorough optimisation of cell and encapsulant design,
effective mitigation strategies have been integrated upstream of module production, substantially
eliminating the risk in commercial modules. By sharing these insights, this work aims to support the
broader PV community in improving module reliability. Further validation across different
manufacturing facilities will help confirm the mechanism and accelerate the broader adoption of
reliability improvements.

Introduction: Silicon photovoltaic (PV) technology continues to dominate the global market, with
tunnel oxide passivated contact (TOPCon) solar cells currently offering the highest efficiencies at
comparatively low manufacturing costs [1]. Beyond efficiency, long-term reliability is critical to
lowering the levelized cost of electricity (LCOE) [2]. A persistent challenge lies in the vulnerability
of silicon PV modules, particularly glass/backsheet modules, to high-humidity environments, which
can induce substantial power losses [3-5]. High-WVTR encapsulants such as ethylene vinyl
acetate copolymer (EVA) and certain polymer backsheets promote moisture ingress, whereas low-
WVTR polyolefin elastomer (POE) can enhance reliability [5,6]. However, our prior work showed
that POE-encapsulated TOPCon cells can degrade by 4%:e — 65%:re in maximum power (Pmax)
after 1,000 hrs of damp heat (DH) due to increased series resistance (Rs) [3]. While
glass/backsheet modules with EVA are still preferred for cost and mechanical robustness [7,8],
mitigating humidity-induced degradation remains essential. Recently, laser-assisted firing,
including laser-enhanced contact optimisation (LECO), has been adopted to improve contact
resistivity and surface passivation in TOPCon cells [9—11], with studies showing improved DH
stability and salt resistance [10].

Aims: The study aims to investigate the impact of BOM on the damp heat-induced degradation of
TOPCon solar cells with contact forming using the laser-assisted firing process. Moreover, this
study analyses the failure mode and evaluates the role of encapsulated materials in contributing to
the degradation in TOPCon cells after DH testing.
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Experimental Method: Bifacial industrial n-type TOPCon solar cells fabricated in 2024 using a
laser-assisted firing process for contact formation were used in this work. The laser-assisted firing
process was applied to the metal contact formation on both sides. All cells were soldered on both
sides to connect ribbon/tabbing wires to the busbar of cells, forming a 3-cell string. Subsequently,
solar cells were encapsulated with various BOMs, as illustrated in Figure 1 (a), to construct module
structures depicted in Figure 1 (b). The encapsulation process was carried out at the R&D facility
of the PV manufacturing site. The modules were fabricated explicitly for this study to analyse
potential failure issues in this cell technology when exposed to humidity. All modules underwent
DH test at 85 °C and 85% relative humidity (RH) for up to 2,000 hrs to study humidity-induced
failures. The current-voltage (I-V) measurements were conducted at standard testing conditions at
the initial state and after every 500 hrs of DH test using a commercial module flash tester
(Eternalsun Spire, Spi-Sun Simulator™ 5600SLP Blue System) tool. Line scan photoluminescence
(PL) and electroluminescence (EL) images were captured for all modules by a BTi-M1
luminescence line-scan system before and after 1,000 hrs and 2,000 hrs of DH test. PL and EL
ratio images were obtained by diving PL images captured at the initial state and after 2,000 hrs of
DH testing using the Lumi tool, an advanced image processing software [13]. Light beam-induced
current (LBIC) images of selected modules were captured using a LOANA tool from pv-tools to
identify the location of the failure in solar cells. Subsequently, some aged modules were cut into
small pieces (30 mm x 30 mm) using abrasive-waterjet cutting. These tokens were then heated on
a hot plate at 85 °C to soften the encapsulant. Afterwards, the backsheet and rear-side
encapsulant layers (EVA or POE) were carefully removed from these specimens to expose the
rear surfaces of the cells. Time of Flight Secondary lon Mass Spectrometer (TOF-SIMS) analysis
was conducted on the exposed samples using an ION-TOF SIMS 5 instrument to investigate
elemental distributions on the rear surfaces. Positive depth profiles of chemical species were
obtained with a 1 keV O;" sputter ion source.

(b) Detail of module structure (b) Schematic of module (d) Experimental flow diagram
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Figure 1. (a) Schematic of the TOPCon solar cell. (b) Details of module structures used in this work. (c) Schematic of modules. (d)
Experimental flow diagram of this work.

Results and Discussion: Figure 2 shows the relative changes in I-V parameters of modules after
DH testing. After 2,000 hrs of DH testing, the Pmax of the modules decreased by 6%rei — 16%sel, as
depicted in Figure 2 (c). The modules with POE on both sides (M1 and M2) experienced a loss of
~8%rel in Pmax regardless of the types of POE. However, the two modules with POE on the front
side and the white EVA (EVA-1) on the rear side (M3 and M4) have different performances. The
Pmax Of the module with POE-1 and EVA-1 (M3) decreased by ~13%:., while the module with POE-
2 and EVA-1 (M4) showed a lower Pmax loss of ~6%:re after 2,000 hrs of DH testing. The module
encapsulated with EVA on both sides (M6) degraded ~11%:.. The most pronounced degradation,
with a Pmax reduction of ~16%:re, was observed in the module with ethylene-propylene elastomer
(EPE) on the front side and EVA on the rear side (M5) after 2,000 hrs of DH test. Previous
research suggested that the key contributor to humidity-induced degradation on TOPCon cells is
the increase in series resistance (Rs) [3], [5]. However, the degradation observed in this study was
attributed to both a drop in open-circuit voltage (Voc) by 1%rel — 4%srel [Figure 2 (a)] and the increase
in Rs by 24%: e — 95%:e [Figure 2 (c)] after 2,000 hrs of DH testing. It is noteworthy that the Vo
decrease only started after 500 hrs of DH exposure, as shown in Figure 2 (a). The module with
POE-1 on the front side and EVA-1 (M3) on the rear side experienced the most drop in Vo, which
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is ~4%:e after 2,000 hrs of DH testing. Conversely, the short-circuit current density (Jsc) of all
modules remained relatively stable (data not shown due to the page limit).
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Figure 2. Relative changes in (a) Voc, (b) Pmax, and (c) Rs of modules for up to 2,000 hrs DH testing.

Figure 3 presents the PL images of modules before and after DH testing. A reduction in PL counts
was observed across all modules after DH testing, consistent with a corresponding decrease in EL
counts (data not shown). This suggests that the recombination loss occurred after DH testing,
leading to a reduction in Vo [14]. These results aligned well with the relative changes in I-V
parameters shown in Figure 2. It is worth noting that specific patterns, such as areas highlighted in
red circles in Figure 3 (b), emerged on some solar cells after DH testing. These patterns suggest
that degradation was more pronounced in the cells' central regions than the edges.
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Figure 3. PL images of PV modules (a) before and (b) after 2,000 hrs of DH testing.

Figure 4 compares the PL and EL image ratios of the M3 and M5 modules after 1,000 hrs of DH
testing, where bright contrast indicates reduced intensity. Regions with concurrent PL and EL loss
(high ratio), such as the blue-circled area in Figure 4 (a), reflect increased recombination losses.
These regions are more pronounced in PL [Figure 4(a)] than in EL [Figure 4 (b)]. The M3 module
exhibited greater recombination losses— the PL intensity reduced by ~1.5x across all three cells—
consistent with Figure 2 (b). In the M5 module, losses were uneven, with the top and middle cells
more affected, likely due to intrinsic cell variability. Localised failures [black circles in Figure 4(c—d)]
reduced EL but increased PL intensity, indicating elevated Rs. Similar failures occurred in M1 and
M4 [Figure 3 (b—c)] and were likely caused by contaminants, consistent with our earlier findings [3].
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Figure 4. (a, c) PL and (b, d) EL ratio of the M3 and M5 module. The ratio images were obtained by dividing the images before DH
testing by the images taken after 1,000 h of DH testing (i.e., bright areas indicate a reduction in intensity).

Figure 5 presents the external quantum efficiency (EQE) maps for both the reference module (a
fresh module without DH testing) and the M5 module (examined in the middle cell). These images
were obtained using LBIC at wavelengths of 405 nm and 940 nm. At 405 nm, the short-wavelength
light is predominantly absorbed near the front surface, making it highly sensitive to recombination
losses at that location. In contrast, 940 nm light penetrates deeper into the cell, thereby providing
insight into recombination processes occurring in the bulk and/or the rear surface [15]. As shown in
Figure 5(a), the EQE at both 405 and 940 nm was close to unity for the fresh modules, suggesting
minimal defects or recombination losses in these modules. In contrast, the EQE at 940 nm for the
middle cell of the M5 module is markedly reduced compared to the fresh module, showing a
degradation pattern consistent with the PL images [red circle, see Figure 5(b)]. However, the EQE
at 450 nm for the middle cell of the M5 module is relatively similar to that of the fresh module, and
no failure pattern similar to the PL images was observed, see Figure 5(b). These findings suggest
that the recombination losses causing the drop in Vo in the M5 module are most likely occurring in
the bulk and/or rear side of the module.
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Figure 5. PL images and EQE maps at 405 nm and 940 nm of (a) the middle cell of the reference module and (b) the middle cell of the
M5 module. Note that the dark regions on the edge of EQE maps in (a) are due to a measurement artefact.
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Figure 6 shows positive depth profiles for rear-surface elements in the fresh cell and the top cell of
the M3 module. The fresh cell displays patterns similar to those in Figure 3, indicating that they
were not caused by DH testing. Areas with lower degradation (near the cell edge) had markedly
higher Al concentrations, suggesting AlO, layers wrapped around the rear surface during front-side
ALD process. Magnesium (Mg) was detected on the SiNy layer of the M3 middle cell [Figures 6(c—
d)] but was absent in Figures 6(a—b). As MgO in white EVA neutralises acetic acid [5], the Mg likely
originated from the encapsulant and migrated into SiNx:H during DH testing. Under DH exposure,
Mg can hydrate and generate an alkaline micro-environment that corrodes the SiNx:H layer,
facilitating moisture ingress in the poly-Si and SiOy layers [16-17]. This enhances interfacial
hydrogen concentration (data not shown), leading to depassivation and Mg-rich shunting defects
(data not shown), thereby increasing recombination loss.
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Figure 6. Positive ion depth profiles of Na, Mg, Al, P, and SiNx from the rear surface of: (a) the centre region of the fresh cell,
corresponding to the highly degraded patterned area observed in the M3 module; (b) the edge region of the fresh cell, resembling the
low-degraded, non-patterned area in the M3 module; (c) the top cell of the M3 module within the highly degraded patterned area; and

(d) near the edge of the cell of the M3 module within the low-degraded, non-patterned area.
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