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A B S T R A C T

Silicon solar technology continues to dominate the market, with Tunnel Oxide Passivated Contact (TOPCon) technology 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 investigates the effect of damp heat (DH) exposure on bifacial n-type TOPCon modules with laser-assisted fired contacts, 
utilising different encapsulants: EVA, POE, and EVA-POE-EVA (EPE). After 2000 h of DH testing, modules showed Pmax losses ranging from ~6%rel to ~16%rel, 
primarily due to reduced Voc caused by increased rear-side recombination. Modules encapsulated with POE on both sides degraded least (~8%rel), while those using 
white EVA on the rear side suffered higher losses, especially when combined with EPE on the front (~16%rel). Material analyses revealed a degradation pathway 
driven by magnesium (Mg) additives in the white EVA. Under DH exposure, Mg hydrates and generates an alkaline micro-environment that corrodes the SiNx:H layer, 
facilitating moisture ingress in the poly-Si and SiOx layers. This enhances interfacial hydrogen concentration, leading to depassivation and Mg-rich shunting defects, 
thereby increasing J0, rear and reducing Voc. These findings underscore the need to control encapsulant composition by limiting Mg in white EVA and improving cell 
passivation. The minimodules studied here were specifically fabricated 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.

1. 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]. Apart from the efficiency of solar cells, how
ever, long-term reliability is also critical to achieve a low levelized cost 
of electricity (LCOE) [2]. Despite the advantages, TOPCon modules still 
encounter notable reliability challenges under high-humidity condi
tions, particularly in glass/backsheet configurations, which can result in 
significant power degradation [3–7]. Earlier studies have shown that 
encapsulation materials with high water vapour transmission rates 
(WVTR), including ethylene vinyl acetate (EVA) and certain polymer 
backsheets, are primary pathways for moisture ingress, which subse
quently accelerates degradation processes within the module [3,4,8,9]. 
EVA has dominated as encapsulant in the module market in the past 
decade, but it can produce acetic acid through hydrolysis, which can 
result in discolouring, delamination, and metallisation corrosion 

[10–13]. To address these issues, encapsulants with low WVTRs, such as 
polyolefin elastomers (POE), as well as double-glass module designs, 
have been widely adopted to enhance the durability and reliability of PV 
modules [7]. These approaches can significantly limit, or in some cases 
nearly eliminate, moisture ingress into the module structure. POE 
encapsulants, as an EVA alternative, offer advantages such as strong PID 
resistance, high resistivity, and beneficial for modules deployed in harsh 
environmental conditions [14]. However, it is susceptible to issues like 
additive migration and delamination [15]. To balance reliability with 
manufacturing efficiency, a three-layer EVA–POE–EVA (EPE) film was 
developed, in which the POE core acts as a moisture barrier while the 
EVA outer layers ensure firm adhesion to cells and other module com
ponents [15,16]. Given the higher cost, weight, and breakage risk of 
double-glass modules [17,18], and the greater expense of low-WVTR 
encapsulants [7], the industry largely favours cost-effective glass/
backsheet modules with EVA encapsulation. However, this approach 
remains economically and technically viable only if such modules can 
adequately mitigate performance losses associated with humidity 
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ingress and other contaminant-related degradation mechanisms 
affecting TOPCon solar cells.

Our previous work revealed that glass-backsheet TOPCon modules 
with different types of POE can experience significant degradation with 
a reduction in maximum power (Pmax) ranging from 4%rel to 65%rel after 
1000 h of damp heat (DH) testing [5]. This degradation is attributed to 
electrochemical reactions triggered by moisture ingress, which interacts 
with cell metallisation, ribbon wires, residual contaminants, soldering 
flux, and additives released from the POE. These reactions contributed 
to a considerable increase in series resistance (Rs). These findings 
highlight the pronounced susceptibility of TOPCon solar cells to 
humidity-induced and contaminant-induced degradation and also un
derscore the potential risks associated with certain types of POE. 
Furthermore, TOPCon solar cells are known to be highly sensitive to 
specific contaminants, such as acetic acid generated through the hy
drolysis of EVA encapsulants [4,19,20], as well as sodium (Na) ions that 
can be released from the glass during prolonged high-voltage operation 
[21]. In addition, soldering flux has been identified as a factor 
contributing to humidity-induced degradation in TOPCon modules [22]; 
however, it is noteworthy that soldering flux does not appear to affect 
the cells in the absence of moisture [23]. It is important to note that 
these earlier investigations were conducted using previous-generation 
TOPCon cells fabricated without laser-assisted firing technologies. The 
degradation mechanisms and sensitivity of current TOPCon cells may be 
different.

Recently, laser-assisted firing, including laser-enhanced contact 
optimisation (LECO), has been increasingly employed in manufacturing 
TOPCon solar cells to further enhance the solar cell efficiency [24–26]. 
Laser-assisted firing techniques reduce the contact resistivity between 
the semiconductor and metal electrode on both sides of the TOPCon 
solar cell, while simultaneously improving the surface passivation at 
lower firing temperatures [26]. A cell-level reliability assessment con
ducted by Wu et al. from our group demonstrated that laser-enhanced 
contact firing can significantly enhance the reliability of TOPCon solar 
cells when exposed to sodium chloride (NaCl), due to the use of 
aluminium-less or even aluminium-free silver pastes [25]. Furthermore, 

this study showed that the glass/backsheet module with TOPCon cells 
fabricated with laser-assisted contact firing exhibited greater stability 
compared to the module with baseline TOPCon solar cells after 1000 h of 
DH testing [25]. Despite these promising findings, a notable lack of 
comprehensive studies remains regarding the reliability of TOPCon cells 
with laser-assisted fired contacts, particularly when using different bills 
of materials (BOMs).

The objective of this study is to systematically investigate the impact 
of the BOM on the DH-induced degradation of TOPCon solar cells 
fabricated in 2024 using laser-assisted firing processes. We will show 
that these solar cells exhibit a previously unreported failure mechanism 
and systematically evaluate the contribution of encapsulation materials 
to their development.

2. Experimental method

Bifacial n-type TOPCon solar cells (182 mm × 182 mm), fabricated in 
2024 using an industrial laser-assisted firing process for contact for
mation, were employed in this study. The TOPCon cells featured a 
boron-doped emitter (p+ emitter), silicon dioxide (SiOx, unintentionally 
grown)/aluminium oxide (Al2O3)/hydrogenated silicon nitride (SiNx:H) 
stack, and a screen-printed H-pattern silver (Ag) grid on the front. At the 
rear side, there was a SiO2/phosphorus-doped poly silicon (n+ poly-Si)/ 
SiNx:H stack and a screen-printed H-pattern Ag grid. A laser-assisted 
firing process was applied to the metal contact formation on both 
sides. Fig. 1 (a) shows the schematic of the final TOPCon solar cell. 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 to construct the module structures 
depicted in Fig. 1(b). There were two types of commercial EVA (EVA-1 
and EVA-2) and two types of POE (POE-1 and POE-2), as well as one type 
of EPE. EVA-1 is white EVA, containing highly reflective additives such 
as titanium dioxide (TiO2), and it is commonly used as a rear-side 
encapsulant in PV modules to improve light reflectance [27]. EVA-2 is 
a transparent EVA. The backsheet used in this work was a commercial 
CPC backsheet. The encapsulation process was carried out at the R&D 

Fig. 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.
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facility of a PV manufacturing site. The mini modules were laminated at 
153 ◦C for 8 min under standard industrial lamination conditions. All 
mini modules were fabricated explicitly for this study to analyse po
tential failure issues in this cell technology when exposed to humidity. 
All modules underwent DH test at 85 ◦C and 85% RH in an ASLi climate 
chamber for up to 2000 h 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 h of DH test using a 
commercial module flash tester (Eternalsun Spire, Spi-Sun SimulatorTM 
5600SLP Blue System). Line scan photoluminescence (PL) and electro
luminescence (EL) images were captured for all modules by a BT 
imaging-M1 luminescence line-scan system before and after 1000 h and 
2000 h of DH test. PL and EL ratio images were obtained by dividing the 
PL images captured at the initial state and after 2000 h of DH testing 
using LumiTools, an advanced image processing software [28]. Light 
beam-induced current (LBIC) images of selected modules were captured 
using a LOANA system from pv-tools to identify the location of the 
failure in solar cells. Subsequently, some aged modules were cut into 
small pieces (30 mm × 30 mm) using abrasive-waterjet cutting. These 
tokens were 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 Ion 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 O2

+ sputter ion source. Negative depth profiles of chemical 
species were obtained with a 1 keV Cs

− sputter ion source. In parallel, 
transmission electron microscopy (TEM) analysis was carried out on 
selected specimens using a FEI Thermis-Z Double-corrected 60–300 kV 
S/TEM to examine the microstructural characteristics and integrity of 
the passivation layers after DH exposure. Energy-dispersive X-ray 
spectroscopy (EDS) was employed to identify and map the elemental 
composition within passivation layers. For comparison, fresh, 
non-encapsulated cells that had not undergone DH testing were also 
analysed using TOF-SIMS, TEM and EDS to distinguish ageing effects. 

Additionally, the fresh encapsulants utilised in the modules were char
acterised by inductively coupled plasma mass spectrometry (ICP-MS) 
using a NexION 5000 from PerkinElmer to quantify trace elements that 
may contribute to degradation mechanisms.

3. Results and discussion

3.1. PV module analysis

3.1.1. I-V results
Fig. 2 shows the relative changes in I-V parameters of PV modules 

before and after DH testing. After 2000 h of DH testing, the Pmax of the 
modules decreased by 6%rel – 16%rel, as depicted in Fig. 2 (c). The 
modules with POE on both sides (M1 and M2) experienced a loss of 
~8%rel in Pmax regardless of the type of POE. However, the two modules 
with POE on the front side and white EVA on the rear side (M3 and M4) 
exhibited different performances. The Pmax of the M3 module (POE-1 
and EVA-1) decreased by ~ 13%rel, while the M4 module (POE-2 and 
EVA-1) showed a lower Pmax loss of ~6%rel after 2000 h of DH testing. 
The M6 module encapsulated with EVA on both sides degraded ~11%rel. 
The most pronounced degradation, with a Pmax reduction of ~16%rel, 
was observed in the M5 module with EPE on the front side and white 
EVA (EVA-1) on the rear side after 2000 h of DH testing. Previous 
research suggested that the key contributor to humidity-induced 
degradation on TOPCon cells was an increase in Rs [5,7]. However, 
the degradation observed in this study was attributed to both a decrease 
in open-circuit voltage (Voc) by 1%rel – 4%rel [Fig. 2 (a)] and the increase 
in Rs by 24%rel – 95%rel [Fig. 2 (d)] after 2000 h of DH testing. Notably, 
the Voc decrease started only after 500 h of DH testing, as shown in Fig. 2 
(a). The M3 module with POE-1 on the front side and EVA-1 on the rear 
side experienced the highest reduction in Voc at ~4%rel after 2000 h of 
DH testing. Conversely, Fig. 2 (b) illustrates that the short-circuit current 
density (Jsc) of all modules remained relatively stable. This suggests that 
light absorption and charge carrier generation were not affected; how
ever, it indicates that increased recombination occurs either in the sili
con bulk, surface, junction, or interface. An increase in Rs after DH 

Fig. 2. Relative changes in (a) Voc, (b) Jsc, (c) Pmax, and (d) Rs of modules for up to 2000 h of DH testing.

H. Wang et al.                                                                                                                                                                                                                                   Solar Energy Materials and Solar Cells 299 (2026) 114195 

3 



testing on both module and cell levels (non-encapsulated cell) has been 
widely observed [5–7,21,29]. This increase is attributed to the corrosion 
of metal contacts, particularly on the front side of TOPCon solar cells. On 
the other hand, the degradation of Voc after DH testing or highly 
accelerated temperature and humidity stress testing (HAST) was mainly 
observed at the cell level [29,30]. Notably, the decrease in Voc after DH 
testing at the module level has not been previously reported, making this 
the first observation of this new failure mode in module-level testing.

3.1.2. PL, EL and LBIC results
Fig. 3 presents the PL and EL images of modules before and after DH 

testing. A reduction in PL intensity was observed across all modules after 
DH testing, as shown in Fig. 3 (b), consistent with a corresponding 
decrease in EL intensity [Fig. 3 (d)]. This suggests increased recombi
nation after DH testing, leading to a reduction in Voc [31]. These results 
aligned well with the relative changes in I-V parameters shown in Fig. 2. 
It is worth noting that specific patterns, such as areas highlighted in red 
circles in Fig. 3 (b), emerged on some solar cells after DH testing. These 
patterns indicate that degradation was more severe in the central re
gions of the cells than at the edges, likely due to unintentional AlOx 
deposition on the rear surface. In this work, AlOx is intentionally 
deposited on the front surface of the TOPCon solar cells to improve 

surface passivation via its strong negative fixed charge. However, during 
atomic layer deposition (ALD) the wafers are placed in a reactor in 
which the reactive gases fill the entire chamber. The precursors (tri
methylaluminum and H2O or O3) can diffuse around the wafer edges 
and, if the back-to-back wafer stack is not perfectly sealed, also pene
trate the gap between the wafers and reach parts of the rear surface. Any 
exposed Si or SiO2 surface with available -OH groups then participates in 
the self-limiting ALD surface reactions, so Al2O3 is conformally depos
ited not only on the intended front side but also on the wafer edges and 
localised areas of the rear side. An AlOx barrier layer was demonstrated 
previously by our group to mitigate the recombination loss of TOPCon 
solar cells [32]. The detailed analysis will be discussed in the following 
sections.

Fig. 4 illustrates the ratio of PL images and EL images for both the M3 
and M5 modules. These ratios were calculated by dividing the initial 
images by the images taken after 1000 h of DH testing, highlighting the 
areas that exhibit significant degradation. The bright areas indicate a 
reduction in PL or EL intensity after 1000 h of DH testing. The regions 
where both PL and EL intensities decreased are marked by the blue circle 
in Fig. 4 (a) and indicate areas of increased recombination losses. 
Notably, this recombination region is more pronounced in the PL images 
[Fig. 4 (a)], whereas it appears slightly distinct in the EL image [Fig. 4 

Fig. 3. PL images of all modules (a) before DH testing and (b) after 2000 h of DH testing. EL images of all modules (c) before DH testing and (d) after 2000 h of 
DH testing.
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(b)]. Compared to the M5 module, the M3 module exhibited higher 
recombination losses, resulting in a PL count reduction of approximately 
a factor of 1.5, observed in all three cells of the M3 module. This finding 
aligns with the result shown in Fig. 2 (a). In contrast, the recombination 
losses were not uniformly distributed in the M5 module, with the top 
and middle cells showing more significant losses than the bottom cells. 
This variability is likely due to the inherent difference between indi
vidual solar cells, even though they originated from the same production 
line. In addition, localised failures, marked by black circles in Fig. 4 (c) 
and (d), were observed in the M5 module after DH testing. These failures 
featured a reduction in EL intensity (high ratio) but an increase in PL 
intensity (low ratio), suggesting that these localised failures were asso
ciated with an increase in Rs (as areas with a high resistance appear 
brighter in line-scan PL due to restricted carrier transport). Similar 
shortcomings were also identified in the M1 and M4 modules, as shown 
in Fig. 3 (b) and (c). The increase in Rs observed in these regions was 
likely caused by contamination, a phenomenon consistent with our 
previous findings [5].

Fig. 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) after 2000 h of DH testing. These 
images were obtained using LBIC measurements at 405 nm and 940 nm 

wavelengths. At 405 nm, the light is predominantly absorbed near the 
front surface, making it highly sensitive to recombination losses at the 
front surface. In contrast, 940 nm light penetrates deeper into the cell, 
providing insight into recombination processes occurring in the bulk 
and/or the rear surface [33]. As shown in Fig. 5 (a), the EQE at both 
short and long wavelengths for the fresh modules were close to unity, 
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 
significantly lower than that of the fresh module, exhibiting a similar 
pattern to the PL images (highlighted by the red circle), as shown in 
Fig. 5 (b). However, the EQE at 405 nm for the middle cell of the M5 
module is similar to that of the fresh module, and no failure pattern 
similar to the PL images was observed [Fig. 5 (b)]. These findings sug
gest that the recombination losses causing the reduction in Voc in the M5 
module are most likely occurring in the bulk and/or rear side of the cell. 
It is worth noting that EQE of other modules, such as the M3 module, 
also exhibit evidence of recombination losses in the bulk and/or rear 
sides of cells (data not shown).

Fig. 4. (a) PL image ratio of the M3 module; (b) EL image ratio of the M3 module; (c) PL image ratio of the M5 module, and (d) EL image ratio of the M5 module. The 
ratio images were obtained by dividing the EL or PL images taken before DH testing by the image taken after 1000 h of DH testing.

Fig. 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 after 2000 h of DH 
testing. Note that the black regions on the edge of the EQE maps in (a) were due to the measurement artefact.
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3.2. Failure mechanism analysis

3.2.1. TOF-SIMS analysis of rear surface of solar cells
TOF-SIMS is a surface-sensitive analytical method employed to 

detect chemical elements and map their distribution on the surface of 
solar cells [34]. Fig. 6 shows the positive and negative depth profiles of 
several elements as a function of sputtering depth at the rear surface of 
both the fresh cell and the top cell of the M3 module. The sputtering 
depth was estimated from sputter time and current measured on 
non-textured samples; therefore, it may not exactly represent the actual 
depth obtained by TOF-SIMS. The depth scale shown here should be 
considered as an approximate guide only. It is noted that the fresh cell 
exhibits patterns similar to those in Fig. 3, which are clearly visible. 
Compared to regions exhibiting highly degraded patterns (near the 
centre of the cell), areas with lower degraded patterns (near the edge of 
the cell) showed significantly higher aluminium (Al) concentrations. 
This finding provides evidence that unintentional AlOx deposition 
occurred at the rear surface of the solar cells during the ALD process 
conducted on the front surface. Relative to the M3 module [Fig. 6 (c)], 
the fresh sample had markedly higher Al intensity in the centre of the 
cell [Fig. 6 (a)], plausibly reflecting batch-to-batch differences between 
the fresh cells and those in the M3 module, compounded by run-to-run 
variability in the ALD AlOx deposition. These unintentional AlOx layers, 
situated between the SiNx and n+ poly-Si layers, likely acted as barriers, 
minimising the degradation caused by the contaminant-induced degra
dation on the rear surface of solar cells after DH testing [32].

Importantly, magnesium (Mg) was detected on the SiNx layer on the 
rear surface of the middle cell of the M3 module, as illustrated in Fig. 6
(c) and (d). In contrast, no Mg peaks can be seen in Fig. 6 (a) and (b). 
Since the TOF-SIMS measurement was captured on the area without the 
finger/busbar of cells, only non-contact regions were detected by TOF- 
SIMS. The Mg detected in the M3 module cannot be attributed to 
metal contacts that might contain Mg [35,36]. Magnesium oxide (MgO) 
is commonly used in white EVA to neutralise acetic acid produced 
through hydrolysis [7,27]. Therefore, it is highly plausible that the Mg 
detected originated from the encapsulant and migrated during DH 
testing.

Fig. 6 (f) shows a significant oxygen (O) peak (~5 × 105) extending 
approximately 18 nm into the SiNx layer, whereas the fresh cell in Fig. 6
(e) exhibits a similar O peak confined only to the outermost surface. This 
suggests that O from the encapsulant or moisture can come into contact 
with the SiNx layer, where it likely reacts with Mg, causing corrosion and 
increasing recombination losses.

In addition to Mg and O, Na was also detected in the SiNx layer of the 
M3 module [Fig. 6 (c) and (d)]. However, its intensity was lower than 
that of Mg and O. It has been reported that Na-based salts can lead to a 
significant Voc reduction in TOPCon solar cells [21,29,32]. However, 
Fig. 6 (a) and (b) show that the fresh cell already contained Na between 
the SiNx layer and the n+ poly-Si layer on the rear surface. Solar cells 
may be contaminated with Na due to improper handling during cell 
processing [6]. As the fresh cells exhibited no measurable change in Voc 
following 500 h of DH testing (non-encapsulated cell-level testing, data 
not shown), whether Na played a role in the recombination losses 
observed in this study's degraded modules remains inconclusive.

The hydrogen (H− ) depth profiles reveal distinct differences between 
the fresh and M3 samples, particularly concerning their distribution at 
the poly-Si/SiOx interface. In the near-surface region and within the SiNx 
layer, both samples exhibit a similar high intensity of H− . However, 
within the deeper poly-Si layer, the H− signal is consistently higher in 
the M3 module than in the fresh sample, likely caused a chemical re
action occurring under DH conditions. The most notable distinction 
appears at the poly-Si/SiOx interface (~150–170 nm depth). The fresh 
cell displays a distinct peak, indicating an accumulation of hydrogen. 
This suggests a higher hydrogen concentration at the poly-Si/SiOx 
interface or within the silicon oxide layer, passivating defect sites [37,
38]. It should be noted that the overall hydrogen signal of the M3 

module is significantly higher than that of the fresh sample. It is well 
known that hydrogen plays a key role in achieving low interface defect 
density at the c-Si/SiOx interface, and that excessively high or low 
hydrogen concentrations can result in an increase in defect density [37].

A separate recovery experiment provides additional support for the 
involvement of H, which strongly suggests that interfacial H plays a 
crucial role in the degradation process. When a similar set of degraded 
minimodules (M4, module with EVA1 on the rear side) underwent dark 
annealing at 150 ◦C for 100 h, the Voc recovered by approximately 10 
mV (data not shown). This thermal treatment is known to redistribute 
hydrogen within the cell structure. Previous reports have indicated 
similar degradation–recovery cycles of poly-Si/SiOx passivation under 
dark anneal or illumination, with recovery kinetics driven by the motion 
of hydrogen [39]. It is important to note that negative-ion SIMS signals 
for H− can be influenced by matrix effects (as well as co-sputtered OH− ), 
so absolute counts should be interpreted with caution between samples 
[39]. In this context, we primarily rely on the profile shapes and the 
presence or absence of the interfacial peak, which continue to serve as 
robust indicators of hydrogen localisation.

3.2.2. TEM and EDS analysis of passivation layers
Fig. 7 presents the TEM images (with and without #Area markers), 

EDS mapping and corresponding intensity profiles of the non-contact 
regions on the rear surface of the middle cells of the M3 module and 
the M2 module, as well as the fresh cell, to confirm the distribution of 
chemical elements. The regions analysed in the modules were located 
within highly degraded patterned areas, whereas the region analysed in 
the fresh cell was situated near the edge of the cell, in an area with less 
degraded patterns. As shown in Fig. 7 (a), two layers, SiNx and n+ poly- 
Si, were observed in the middle cell of the M3 module. A substantial 
amount of Mg was detected within the SiNx layer, with penetration 
depths reaching approximately 35 nm, indicated in Area #1. This 
observation is consistent with the TOF-SIMS results. The intensity pro
file compares the elemental intensities detected in Area #1, Area #2 and 
Area #3, clearly demonstrating that the Mg signal was confined to Area 
#1.

Additionally, O was observed in the same region, as evidenced by the 
EDS maps, suggesting that Mg may be present in the form of MgO. This 
MgO likely originated from the white EVA used on the module's rear side 
and diffused into the SiNx layer. Fig. 7 (b) shows the interfaces in the 
rear surface of the middle cell of the M2 module encapsulated by POE on 
both sides, with the analysed area located at the centre of that middle 
cell. Unlike EVA, POE has acrylates, acrylic acids or n-alkanes instead of 
the vinyl acetate (VA), thereby precluding the formation of acetic acid 
during degradation [40,41]. Consequently, POE formulations typically 
incorporate significantly lower concentrations of MgO [7]. This was 
confirmed by the fact that only a weak Mg signal was detected, and no 
significant Mg diffusion into the SiNx layer was observed, as confirmed 
by both EDS mappings and the intensity profile [Fig. 7 (b)]. Moreover, 
no Mg was detected in the fresh cell [Fig. 7 (c)], which is in line with the 
TOF-SIMS results.

Moreover, Al was observed between the SiNx layer and the n+ poly-Si 
layer in the fresh cell, as demonstrated by EDS mappings and the in
tensity profile. A strong O signal co-localised with Al suggests the for
mation of an AlOx layer between the SiNx layer and the n+ poly-Si layer, 
which may cause the pattern on the rear surface of solar cells. This 
finding aligns with the TOF-SIMS results. According to the EDS map
pings, the AlOx layer in the fresh cell measured approximately 40 nm. 
This measured thickness is substantially larger than the typical 10 nm or 
less reported for intentionally deposited Al2O3 passivation layers in 
TOPCon solar cells [42,43]. Two primary factors may account for this 
discrepancy. First, the AlOx layer in our samples is not an intentionally 
deposited film but is likely an unintentional byproduct of the fabrication 
process. Consequently, its formation is not subject to the precise thick
ness controls used for dedicated passivation layers, which could lead to a 
thicker and more variable film. Second, the measurement technique may 
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Fig. 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 top cell of the M3 module within the low-degraded, non-patterned area. All 
measurements were conducted exclusively on non-contact regions. Negative ion depth profiles of O, P, SiNx and H from the rear surface of (e) the centre region of the 
fresh cell, corresponding to the highly degraded patterned area observed in the M3 module; and (f) the top cell of the M3 module within the highly degraded 
patterned area.
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introduce an artefact that exaggerates the layer's thickness. It is 
well-documented that amorphous AlOx is susceptible to electron 
beam-induced radiolysis during TEM analysis, which can reduce it to 
metallic Al [44]. This newly formed metallic Al can then be induced by 

the high-energy STEM probe to diffuse into adjacent layers, resulting in 
an apparent thickening of the aluminium-containing region. Given these 
considerations, the ~40 nm thickness observed via TEM may not 
accurately represent the actual dimensions of the layer in the 

Fig. 7. TEM images (with and without #Area markers) of interfaces without metal contact in the pattern region of (a) the M3 module and (b) the M2 module, and the 
non-pattern region of the fresh cell. The corresponding EDS mappings show the chemical elements, and the intensity profiles compare the intensity in different areas.
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Fig. 7. (continued).
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as-fabricated device. Further characterisation using techniques less 
prone to beam damage is necessary to validate this observation.

3.2.3. ICP-MS analysis of encapsulant
ICP-MS was employed to analyse the fresh encapsulant used in the 

modules to identify the source of Mg detected in TEM and TOF-SIMS 
results. The results are summarised in Table 1. Notably, the EVA 
encapsulants have the highest concentration of Mg, with the white EVA 
(EVA-1) showing particularly elevated levels, consistent with findings 
reported in previous studies [7]. Among the tested materials, POE-1 
contained the lowest Mg concentration, at 0.5 ppm, whereas POE-2 
contained 193 ppm, which is higher than that measured for EVA-2. 
Nevertheless, the modules encapsulated by either POE-1 or POE-2 on 
both sides demonstrated comparable performances after DH testing, as 
indicated in Fig. 2, implying that Mg may be minimally released from 
POE under DH conditions. In addition to Mg, Na and calcium (Ca) were 
also detected across all encapsulants (Table 1). However, the concen
trations of Na and Ca were considerably lower than those of Mg. Except 
for EVA-1, the levels of Na and Ca were comparable across the different 
encapsulants. Despite this similarity, the extent of power degradation in 
the corresponding modules varied markedly, ranging from 6%rel to 
16%rel, depending on the encapsulant used. This suggests that Na and Ca 
are unlikely to be the primary contributors to the observed degradation. 
In summary, these results suggest that the elevated Mg content detected 
in the white EVA was likely the source of the Mg-induced recombination 
loss observed in the solar cells during DH testing. By contrast, Mg ap
pears to remain relatively stable in the other encapsulant materials, 
resulting in a negligible contribution to degradation under the tested 
conditions.

3.2.4. Hypothesised failure mechanism
The combined I-V, PL/EL, EQE and micro-analytical evidence (TOF- 

SIMS, TEM-EDS, ICP-MS) indicates that a rise in rear-side recombination 
drives the damp-heat-induced loss of Voc in these TOPCon modules. 
Electrically, the I-V data show a pronounced Voc reduction with only 
minor changes in Jsc and fill factor trends, inconsistent with a dominant 
series-resistance failure. PL images reveal an uniform baseline drop with 
superimposed local dark features after DH exposure, hallmarks of 
increased recombination rather than transport limitations. Spectrally, 
the EQE response degrades most at long wavelengths, where photo
generation occurs deeper in the wafer and carrier collection is most 
sensitive to rear-surface recombination, reinforcing a rear-limited 
mechanism.

Mechanistically, we attribute the degradation to Mg-bearing species 
released from the encapsulant—particularly white EVA—that hydrate 
under 85 ◦C/85 % RH to create an alkaline micro-environment via Eq. 
(1) [45,46]. This alkaline environment has been shown to accelerate 
SiNx oxidation [Eq. (2)] [47–49]. 

MgO+H2O → Mg2+ +2OH− ↔ Mg(OH)2 (1) 

Si3N4 +6H2O → 3SiO2 + 4NH3 (2) 

This reaction pathway is consistent with (i) ICP-MS/TOF-SIMS 
detection of Mg at the rear stack, (ii) TOF-SIMS depth profiles 
showing co-enrichment of Mg and O within the SiNx: H layer (penetra
tion on the order of a few × 10 nm), and (iii) TEM-EDS cross-sections 
that reveal a speckled, porous band (~35 nm) at the SiNx layer surface 
after DH testing. Additionally, the Mg → Mg(OH)2 conversion is 

intrinsically volume-expansive, which promotes micro-voiding and 
mechanical damage in the already-stressed SiNx layer, further opening 
diffusion pathways for water and O [50].

Once the SiNx layer integrity is compromised, moisture may 
permeate the poly-Si contact along grain boundaries, as indicated by the 
higher H and O concentration observed in the M3 module compared 
with the fresh cell [Fig. 6 (e–f)] [51,52]. However, the poly-Si layer's 
oxidation was not observed in the TEM image of the M3 module [Fig. 7 
(a)]. Further work is ongoing to determine the underlying reaction be
tween moisture and the poly-Si layer under DH conditions. The 
increased interfacial hydrogen after DH testing may depassivate Si − H 
bonds at the SiOx/c-Si interface and create H2 at the interface [53–56]. 
The depassivation could increase recombination at the interface.

In addition, the local structural damage may also intensify the 
problem; bright, high-contrast spots observed in TEM at Mg-rich loca
tions [Fig. 7 (a)] are consistent with micro-pinhole-like defects within 
the passivation stack [57,58]. Such defects likely act as 
high-recombination shunts, locally short-circuiting the passivation and 
creating hotspots of emitter–base coupling [59,60]. The coexistence of 
distributed chemical depassivation (raising the average recombination) 
and discrete pinhole sites (creating local spikes) explains the mixed 
“global-plus-speckled” appearance of the post-DH luminescence maps.

Taken together, SiNx layer corrosion, depassivation of interface 
dangling bonds, and pinhole formation could increase the rear satura
tion current J0, rear, thereby reducing Voc [61]. This causal chain aligns 
with the electrical signatures (I-V/EQE), the spatial recombination fin
gerprints (PL/EL), and the compositional/structural diagnostics (TOF-
SIMS, TEM-EDS, ICP-MS) measured on the same devices.

4. Conclusion

This work investigates the impact of DH on the performance of glass/ 
backsheet modules incorporating bifacial n-type TOPCon with laser- 
assisted fired contacts, encapsulated with various BOMs, including 
EVA, POE and EPE. The modules experienced a degradation in Pmax 
ranging from 6%rel to 16%rel after 2000 h of DH testing. Modules 
encapsulated with POE on both sides degraded by ~8%rel, regardless of 
the type of POE used. In contrast, modules utilising POEs on the front 
side and the white EVA on the rear side showed varying degradation 
levels: the module with POE-1 exhibited a more substantial Pmax loss of 
~13%rel, whereas the module with POE-2 degraded by ~6%rel after 
2000 h of DH testing. The most significant degradation, ~16%rel, was 
observed in the module encapsulated with EPE on the front side and the 
white EVA on the rear side. Notably, there was no consistent trend in 
degradation behaviour associated with different encapsulant types on 
the front side. However, it can be concluded that the modules with POE 
on the rear side showed relatively greater stability compared to those 
with white EVA on the rear side. It is noteworthy that the primary driver 
of the degradation was a reduction in Voc rather than the increased Rs 
after DH testing, which diverges from previous findings that predomi
nantly attributed DH-induced degradation to metallisation corrosion. PL 
and EQE measurements at short and long wavelengths revealed 
recombination loss patterns, primarily occurring in the bulk and/or on 
the rear side of TOPCon solar cells. Supporting this, TOF-SIMS and TEM 
analyses indicated that these recombination losses were associated with 
the presence of Mg and O in the SiNx layer. ICP-MS results revealed that 
the white EVA contained the highest Mg concentration among the 
encapsulants examined.

This finding elucidates the pronounced increased degradation noted 
in modules featuring white EVA on the rear side. The presence of Mg- 
bearing species in the white EVA hydrates at 85 ◦C and 85% RH can 
lead to an alkaline micro-environment that accelerates the corrosion of 
the SiNx: H layer. Moisture may penetrate the poly-Si layer along grain 
boundaries, but further work is needed to confirm this. Depassivation of 
the dangling bonds likely occurs at the SiOx/c-Si interface due to the 
increased interfacial H concentration under DH conditions. Localised 

Table 1 
ICP-MS results of all types of encapsulants used in this work.

POE-1 POE-2 EVA-1 EVA-2 EPE

mg (ppm) 0.50 1.9 × 102 1.8 × 103 1.8 × 102 95
Na (ppm) 1.5 1.7 48 1.6 0.90
Ca (ppm) 16 19 20 17 13
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pinhole-like defects at Mg-rich sites function as recombination shunts; 
when combined with depassivation, this phenomenon elevates J0, rear, 
and diminishes Voc.

This study reports a Mg-related degradation behaviour in silicon PV 
modules under DH conditions, specifically highlighting the role of MgO 
in inducing unexpected recombination-related performance losses in 
TOPCon modules. While the presence of Mg in white EVA encapsulants 
and its influence on acetic acid-induced degradation have been reported 
previously, the impact of MgO on performance degradation in TOPCon 
module has not been explicitly addressed. The resulting mechanistic 
insights informed targeted optimisation of the cell architecture and 
encapsulant, including Mg control in white EVA; these measures have 
been incorporated upstream of module manufacture and have materi
ally reduced the susceptibility observed in commercial-scale products. 
This work aims to support the broader PV community in improving 
module reliability. At the same time, further validation across different 
manufacturing facilities will help confirm the mechanism and accelerate 
wider adoption of reliability improvements.
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