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ARTICLE INFO ABSTRACT

Keywords: Tunnel oxide passivated contact (TOPCon) technology currently dominates the photovoltaic market, and the
TOPCon industry is now focused on enhancing their cost-effectiveness while ensuring their durability in harsher envi-
SOl'flr I'“'Od‘ﬂe ronments. TOPCon modules commonly use a glass-glass bill of materials that incorporates polyolefin elastomer
Ezhrij_ l}llgt and co-extruded polyethylene encapsulants. Though, for cost and weight reduction, the use of polymer back-
Degradation sheets and lower-cost encapsulants is appealing. This study investigates the performance of glass-backsheet (G-B)

TOPCon modules fabricated with two types of silver/aluminum (Ag/Al) pastes: conventional firing with standard
Ag/Al paste and low-Al-content Ag paste combined with laser-assisted firing (LAF). The modules, encapsulated
with ethylene vinyl acetate (EVA), were subjected to damp-heat testing. Our findings indicate that solar cells
with Ag/Al paste exhibit lower stability compared to low Al-content Ag paste; however, acid-rich moisture
conditions contribute to glass-frit failures in both types of pastes. Additionally, the rear-side metal contacts,
particularly those containing tellurium (Te) compounds, are susceptible to degradation in such environments.
Based on these degradation mechanisms, we conclude that further investigation is required to allow for the wider
adoption of EVA in TOPCon modules, particularly when a polymer backsheet is used. Ongoing research is
essential to optimize these materials and enhance the cost-effectiveness and reliability of TOPCon technology for
future applications.

Ethylene vinyl acetate
Laser-assisted firing
Glass backsheet
Metallization

1. Introduction

Over the past decade, tunnel oxide passivated contact (TOPCon)
solar cells have steadily gained global photovoltaic (PV) market domi-
nance, and they are predicted to the dominant technology in the next 5
years [1]. The industrialization of TOPCon technology has driven the
development and refinement of its fabrication processes, including
precise tunnel oxide layer formation, advanced metallization tech-
niques, and optimized passivation strategies [2-12]. These process ad-
vancements have not only enhanced power conversion efficiency (PCE)
but also improved the overall durability and operational stability of
TOPCon modules, making them well-suited for deployment in diverse
climatic conditions. Trina solar recently achieved a world-record PCE of
26.58 % for bifacial industrial TOPCon solar cells, representing a sig-
nificant milestone in the evolution of high-efficiency PV technologies
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[13]. This record-breaking achievement underscores the success of
continuous process optimization and innovative material integration in
pushing the efficiency limits of commercial solar cells.

Despite the rapid progress, TOPCon modules still face stability issues
under certain testing and operational conditions, particularly under
damp-heat stress. Studies by Sen et al., Zhou et al., and Ye et al. high-
lighted the potential for degradation in TOPCon modules during long-
term damp-heat testing [14-16]. Our previous research suggests that
silver/aluminum (Ag/Al) paste may contribute to this instability
through redox reactions [17]. Recently, laser-assisted firing (LAF)
techniques, such as laser-enhanced contact optimization (LECO), have
emerged as effective approaches for reducing or eliminating Al com-
pounds in front-side paste [3,18-24]. These techniques facilitate the
activation of ohmic contact formation without relying on Al spikes
[25-27]. Notably, the adoption of low Al-content Ag paste enabled by
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LAF has substantially enhanced the stability of TOPCon solar cells,
exhibiting minimal damp-heat degradation in glass-backsheet (G-B)
modules encapsulated with polyolefin elastomer (POE) and co-extruded
polyolefin, such as the EVA-POE-EVA (EPE) triple-layer encapsulant
[18]. This further demonstrates the potential to reduce the levelized cost
of electricity (LCOE) for TOPCon modules.

Ethylene vinyl acetate (EVA) has long been the preferred encapsulant
for solar modules due to its excellent adhesion to silicon solar cells, high
transparency, good processability, and cost-effectiveness, contributing
to lower fabrication costs in TOPCon modules. However, EVA has some
drawbacks that can impact the long-term performance of PV modules,
particularly its tendency to generate acetic acid (CH3COOH) over time
[28-31]. Spinella et al. reported that in passivated emitter and rear cell
(PERC) modules encapsulated with EVA, both glass-glass (G-G) and G-B
configurations exhibit similar failure mechanisms. However, G-G pack-
aging more effectively mitigates detrimental reactions by reducing
moisture ingress, highlighting the protective advantage of a double-glass
structure [32]. Sen et al. further demonstrated that EVA G-B TOPCon
modules experience a more pronounced relative power loss compared to
PERC-based modules, suggesting a stronger sensitivity of TOPCon cells
to EVA-induced degradation [14]. Additionally, Igbal et al. investigated
the impact of acetic acid on TOPCon cells using acetic acid solutions, but
their approach does not fully replicate real-world module degradation
pathways, particularly under prolonged damp-heat conditions [33].
While previous studies have explored failure mechanisms in EVA-based
G-G and G-B modules, a significant knowledge gap remains regarding
the degradation of metallization under the harsher conditions induced
by the hydrolytic degradation of EVA, particularly across different
TOPCon technologies. As we previously mentioned, low Al-content Ag
paste has been shown to enhance the stability of G-B modules with POE
and EPE encapsulants. However, its effectiveness under the more
aggressive conditions associated with the hydrolytic degradation EVA
has not been systematically studied. Addressing this gap, our study aims
to directly investigate the degradation mechanisms of EVA-encapsulated
G-B TOPCon modules through module-level analysis following
damp-heat testing, providing critical insights into their long-term reli-
ability and failure pathways.

In this study, we evaluated two types of industrial EVA-encapsulated
TOPCon modules with different front-side metallization compounds
under damp-heat conditions. We identified degradation signatures
through module-level characterization. To investigate contact degra-
dation on both the front and rear sides, cell-level samples were
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delaminated from the modules. Comparisons were conducted between
fresh and degraded samples, focusing on variations in the contacts.
Additionally, acid mist-treated samples were analyzed to trace potential
correlations with EVA-encapsulated modules. We propose potential
module-level degradation mechanisms for the front and rear contacts of
two mainstream TOPCon solar cells, offering new insights into the
reliability of TOPCon solar modules.

2. Experimental details

Two types of solar cells were used in the fabrication of G-B modules
for these experiments. All TOPCon cells were manufactured using G10 n-
type Czochralski (Cz) silicon wafers with dimensions of 182 mm x
183.75 mm. The key distinction between the two cell types lay in their
front-contact metallization. Baseline cells used a standard commercial
Ag/Al paste (Al content: 3-5 at.%) applied through a conventional firing
process, whereas the other group employed a customized low-Al-content
Ag paste (Al < 0.2 at.%) for front-contact formation, combined with a
laser-assisted firing (LAF) process under reverse bias conditions. Prior to
soldering, all solar cells were half-cut, resulting in modules containing
144 half-cut cells each. Fig. 1(b) illustrates the G-B module schematic,
where EVA served as the encapsulant for both the front and rear sides,
ensuring robust encapsulation. UV-blocking EVA was applied to the
front side, while UV-transparent EVA was used on the rear side of the
TOPCon modules. The backsheet was transparent with a white grid
design.

The experimental flow, shown in Fig. 1(c), included I-V measure-
ments and electroluminescence (EL) imaging of all modules. Module-
level DH85 testing adhered to the IEC TS 62782:2016 standard, with
output measurements conducted using a GIV-200DS2616 flash tester
from Gsolar Power [34]. After the DHS85 testing, I-V parameters and EL
images were reassessed to identify degradation fingerprints by Gsolar
Power GIV-200DS2616.

After conducting module-level measurements, small module tokens
were prepared using an angle grinder or a cordless hollow drill. Both
tools are manufactured by Jiangsu Dongcheng Tool Co., Ltd., with the
angle grinder model being SIM-FF-100B and the cordless hollow drill
model being MJZ1601. These tokens were subsequently heated to
delaminate the glass, backsheet, and EVA layers, allowing for the
collection of cell tokens for further characterization. Cross-sectional
imaging of metal contacts was conducted using a Zeiss 550 Crossbeam
cryo-focused ion-beam scanning electron microscope (cryo-FIB-SEM).

Ag/Al paste baseline [ Ag paste LAF

TOPCon modules TOPCon modules
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Fig. 1. (a) Schematic representation of the TOPCon solar cells, (b) glass-backsheet (G-B) TOPCon modules utilized in this study, and (c) experimental workflow for

module accelerated damp-heat testing.
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The SEM operated at a probe current of 7 nA and an electron high-
tension (EHT) voltage of 15 kV. During FIB sessions, the stage was til-
ted to 54° relative to the FIB gun and 36° relative to the sample surface
for imaging. The SEM images and scales were adjusted accordingly. For
elemental analysis, the FIB probe operated at 30 kV and 50 pA in
standard mode. Energy-dispersive spectroscopy (EDS) analysis was
performed under identical SEM conditions using the Oxford Instruments
Ultim® Max detector. Data processing with the AZtec software provided
detailed insights into elemental ratios and distribution [35].

3. Results and discussion
3.1. Module damp-heat testing

Fig. 2 presents a performance comparison of baseline and LAF
modules before and after 1000 h of DH85 testing, evaluating key pa-
rameters: maximum power output (Ppay), short-circuit current (Ig),
open-circuit voltage (Vo), and fill factor (FF). The baseline modules
suffered a substantial 37.0 % relative decline in Py,y, decreasing from
581.9 W to 366.4 W, whereas the LAF modules demonstrated a much
smaller relative reduction of 6.2 %, with P, dropping from 581.1 W to
544.8 W. With respect to the I, the baseline modules exhibited a
relative decrease of 2.9 % (from 13.7 A to 13.3 A), compared to a 1.5 %
reduction in LAF modules (from 13.6 A to 13.4 A).

Vo changes were minimal: the baseline modules showed a 0.2 %
decrease (from 53.2 V to 53.1 V), while the LAF modules experienced a
slight improvement of 0.2 % (from 51.8 V to 51.9 V). However, the most
significant degradation occurred in FF. The baseline modules experi-
enced a dramatic 34.9 % relative reduction in FF, from 79.6 % to 51.8 %,
compared to a modest 5.2 % reduction in LAF modules, declining from
82.6 % to 78.3 %.

The primary factor driving output loss during DH85 testing was the
significant reduction in FF, with negligible changes in I, and V.
Baseline modules showed greater overall degradation compared to LAF
modules, aligning with previous findings [18]. Additionally, the use of
EVA as an encapsulant led to more severe degradation compared to
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modules encapsulated with POE on the front and EPE on the rear (~2.1
Y%yl for LAF module and ~7.3 % for baseline module) [18]. These
results highlight the superior damp-heat durability and performance
retention of LAF modules. However, the reliability challenges posed by
EVA encapsulants under DH85 testing remain a critical concern.

Fig. 3 presents the EL images of LAF and baseline modules to monitor
and identify degradation fingerprints. At the initial state, the EL image of
baseline modules exhibits a uniform luminescence pattern across all
solar cells, signifying minimal initial defects and consistent electrical
properties. The interconnects appear intact, with no significant disrup-
tions in the signal. Similarly, the initial EL image of LAF modules shows
uniform luminescence without observable defects or brightness varia-
tions, indicating stable and reliable initial electrical performance. After
1000 h of DH8S5 testing, significant degradation becomes evident in the
baseline modules. Several solar cells display extensive dark areas,
reflecting a considerable reduction in luminescence and severe electrical
performance failures. These dark regions are primarily located near in-
terconnects and busbars, areas typically susceptible to mechanical or
environmental stress. Zoomed-in sections of the EL images reveal a high
density of localized defects in the metallization, further highlighting
critical failure points. This pronounced degradation aligns with vul-
nerabilities in metallization and interconnects, as observed in previous
studies on industrial TOPCon modules by Zhou et al. and Sen et al. [14,
36].

Importantly, the observed degradation was not uniformly distributed
across all cells. In mass production, slight variations are inherently
introduced during each processing step, and these accumulated differ-
ences—amplified through technological superposition—can result in
varying sensitivities to damp-heat degradation. For instance, some half-
cells located in the bottom and top corners of the modules also showed
severe degradation fingerprints. Furthermore, as previously noted, the
Al content in the Ag/Al paste ranges from 3 % to 5 %, which may further
contribute to inconsistent degradation behavior. These findings suggest
that both intrinsic processing variability and positional factors within
the module can significantly influence degradation sensitivity under
damp-heat stress.
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Fig. 2. Electrical parameter degradation of baseline and LAF G-B modules compared to initial measurements after 1000 h of DH85 testing.
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Fig. 3. Electroluminescence images of baseline and LAF G-B modules captured before and after 1000 h of DH85 testing.

In contrast, the LAF modules exhibit a lower degree of degradation
after 1000-h DHS85 testing. The luminescence intensity across the cells
remains largely uniform, with only minor reductions in brightness in
localized areas. Some degradation patterns are observed along the
metallization, but the absence of widespread dark regions suggests
enhanced resistance to environmental stressors. The zoomed-in sections
reveal fewer metallization defects, pointing to robust interconnect sta-
bility and superior resistance to moisture-induced degradation. The
advanced LAF technique demonstrates improved durability under
damp-heat stress, likely due to the use of customized Ag paste (with low
Al content) and the LAF process. These innovations contribute to
stronger contact adhesion and reduced susceptibility to moisture ingress
or corrosive reactions, ensuring better long-term performance.

3.2. FIB-SEM cross-section images

To further investigate metallization failures, FIB-SEM images were
captured from the module samples and compared with control cell
samples. Considering the localized nature of FIB-SEM, multiple regions
from each group were analyzed, and eight representative images were
selected and shown in Fig. 4. This figure provides an overview of the
finger structures for each group. For the baseline (BL) control, SEM and
EDS analyses clearly identified the presence of Ag and Al particles in the
Control-front group, as illustrated in Fig. 4. Notably, Al was primarily
observed as clusters embedded within the Ag matrix, aligning with
findings from previous studies [27,37,38]. Within the front contact,
several prominent Al particles were evident. In industrial TOPCon solar
cells, the widespread use of Al/Ag paste for front-side metallization is
primarily intended to reduce the contact resistivity between the metal
and the boron-doped emitter [27,37,38]. In contrast, LAF solar cells
utilized a paste with a reduced Al content (<0.2 at.%), where Al played a
minimal role in the formation of ohmic contacts. For both baseline and
LAF solar cells, the majority of the glass frit in the front-side contact
consisted of lead oxide (PbO), which facilitates the dissolution of silicon

nitride layers, enhances mechanical adhesion, optimizes electrical con-
ductivity, and performs other critical functions.

Unlike the front-side paste, no significant Al content was detected in
the rear-side pastes. However, tellurium (Te) was present, primarily due
to the inclusion of tellurium oxide (TeO3) in the rear-side paste. TeOy
functions as a fluxing agent in the metallization paste, lowering the
melting temperature of the glass frit and improving adhesion during
sintering. It also enhances wetting on the silicon surface, ensuring uni-
form Ag re-crystallization and better metal-silicon contact. Additionally,
TeO reduces contact resistance, improves electrical conductivity, and
protects passivation layers, particularly the tunnel oxide, from damage
during sintering by forming Ag-Te alloy [39-41]. In this study, TeO3 was
incorporated into the Ag paste to optimize the adaptation to the TOPCon
structure and the rear-side etched surface morphology.

The module-level DH85-tested samples showed distinct degradation
fingerprints compared to the control samples. Shown in Fig. 4, elemental
analysis revealed a noticeable reduction in the Al-to-Ag or Pb-to-Ag
ratios on the front side and the Te-to-Ag or Pb-to-Ag ratios on the rear
side. To further investigate the degradation mechanisms, high magni-
fication images were taken and shown in Figs. 5 and 6.

Fig. 5 and Supplementary Fig. S1 illustrate cross-sectional SEM im-
ages and corresponding EDS elemental mappings of the silicon-metal
interface and metal bulk for the front contacts of different experi-
mental groups: BL control-front, BL module DH-front, LAF control-front,
and LAF module DH-front. At the silicon-metal interface, the BL control-
front sample shows a dense and intact interface, free from any visible
defects or corrosion, reflecting the pristine condition of the contact. In
contrast, the BL module DH-front sample, subjected to module-level
DHB8S5 testing, exhibits distinct regions of corrosion. These corroded re-
gions, highlighted with dashed orange ovals, correspond to areas of
accumulated Al and Pb from Supplementary Fig. S1, indicating signifi-
cant structural degradation likely caused by environmental stress during
aging. In the metal bulk, substantial traces of chemical reactions
involving Al and Pb are observed, with Al showing extensive oxidation.
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Analyzed Front-side atomic ration by EDS analysis Analyzed Rear-side atomic ration by EDS analysis
element BL control BL module DH | JSIM control  |JSIM module DH element BL control BL module DH | JSIM control  |JSIM module DH

C 38.72 38.08 39.85 42.23 C 44.76 47.56 40.17 45.45

N 2.78 4.15 3.3 2.6 N 0 1.17 0 0
(o] 4.19 4.49 2.9 4.49 (o] 2.08 1.85 2.73 1.32

Al 15 a2 0.1 0.06 Al 0 0 0.01 0
Si 29.85 29.88 30.24 27.83 Si 33.34 34.17 39.26 35.07
Ga 1.3 0.88 1.34 1.16 Ga 1.32 0.87 1.14 0.65
Ag 17.59 18.78 18.1 17.79 Ag 14.2 10.75 13.04 13.83
Te 0 0 0 0 Te 0.04 0.01 0.03 0.02

Pt 4.15 3.4 4 3.76 Pt 4.13 3.55 3.51 3.61
Pb 0.26 0.12 0.18 0.09 Pb 0.12 0.07 0.11 0.05
Total 100 100 100 100 Total 100 100 100 100
ra‘:‘i'ot?x‘:g.z) 6.5 11 0.55 0.34 raI;t?xl:gZ) 0.28 0.09 0.23 0.14
r;;‘&fgz) 15 0.64 0.99 0.51 ra':;'(‘:‘fgz) 0.85 0.65 0.84 0.36

Fig. 4. 5000 x cross-sectional SEM images with corresponding EDS analysis of the metal contacts from baseline and LAF solar cells, along with module-level
degraded samples.

This behaviour is markedly different from the metal bulk of the BL glass frit corrosion, which significantly compromises the integrity of the
control-front sample, where no such reactions are evident. These find- front contact under DH85 conditions.

ings suggest that the contact degradation in the BL module DH-front Similarly, the LAF control-front sample exhibits a stable and un-
sample is primarily driven by a synergistic effect of Al oxidation and damaged interface. However, the LAF module DH-front sample displays
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Fig. 5. Cross-sectional SEM images of the metal-Si interfaces in the experimental front contacts at 20,000 x magnification, complemented by 50,000 x magnification

images with corresponding EDS analysis of the metal bulk.

Si-metal Interface
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Fig. 6. Cross-sectional SEM images of the metal-Si interfaces in the experimental rear contacts at 20,000 x magnification, complemented by 50,000 x magnification

images with corresponding EDS analysis of the metal bulk.

localized corrosion, marked by dashed green ovals, although the extent
of degradation is notably less severe than that observed in the BL module
DH-front sample. Within the metal bulk of the LAF module DH-front
sample, PbO shows no significant shape changes or chemical reaction
fingerprints, indicating greater stability compared to the BL module DH-
front sample. This improved stability may be attributed to the lower Al
content at the interface and within the bulk, resulting in more robust
chemical properties under DH85 testing conditions.

Additionally, the rear-side contact analysis is presented in Fig. 6 and
Supplementary Fig. S2. For the rear-side application, both BL and LAF

solar cells utilized the same industrial Ag paste tailored for the TOPCon
rear side. In the rear-side metal paste, the characteristics of Te-
containing glasses during fast firing play a critical role in mediating
the interactions between Ag and the glass frits. During the firing process,
Te within the glass is reduced, leading to the formation of Ag-Te alloys
within the molten glass [41,42]. During the formation of the rear-side
contact, TeOy likely undergoes a reduction reaction, converting to
TeOx (where x < 2) and forming tellurium-lead-metal-oxygen com-
pounds under high-temperature processing conditions [40,43]. As a
result, within the metal bulk, reduced oxygen content is observed in
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regions overlapping with Te, aligning with the observations reported by
Kim et al. [41]. Additionally, Te is highly concentrated at the interface
between PbO and Ag, attributed to its non-metallic properties [40,41,43,
44]. Consequently, the BL control-rear and LAF control-rear samples
exhibit a dense and intact silicon-metal interface with clear elemental
distributions of Ag, Te, and Pb. This indicates strong adhesion of the
metal contact to the silicon substrate, with no observable defects or
degradation, highlighting the pristine condition of the contact.

In contrast, the BL. module DH-rear and LAF module DH-rear samples
show significant structural damage, including extensive corrosion and
delamination, as highlighted by the dashed ovals. Furthermore, in the
metal bulk, Te-rich regions no longer appear dense and intact, whereas
the PbO clusters remain stable and unaltered. This suggests that the
degradation of rear-side metallization is primarily associated with the
instability of Ag-Te alloys.

3.3. Degradation mechanism analysis

Based on previous studies and literature, EVA is highly prone to
hydrolysis under damp-heat conditions, leading to the formation of
ethylene vinyl alcohol (EVOH) and acetic acid, as illustrated in Fig. 7 (a)
[45-48]. The generated acetic acid can cause significant issues,
including corrosion of metal contacts, degradation of passivation layers,
and even backsheet failure [31,33]. To gain deeper insight into the
degradation mechanisms in EVA-encapsulated modules, we subjected
baseline and LAF solar cells to an acetic acid mist chamber to evaluate
the specific impact of acetic acid on bare solar cells. A comparison of the
effects observed in module-level samples and those exposed to acetic
acid mist is presented in Fig. 7 (b). Furthermore, EDS analysis of acid
mist test samples is shown in Supplementary Fig. S3.

For the front contacts of LAF solar cells, clear evidence of glass-frit
decomposition and delamination was observed. Despite the absence of
Al content, the glass-frit at the Si-metal interface was highly reactive and
prone to corrosion. The potential chemical reaction involved is detailed
in Eq. (1), where acetic acid reacts with lead oxide, dissolving the lead
oxide and forming lead acetate [33,47]. This dissolution process occurs
because acetic acid acts as a weak chelating agent for lead ions. The
formation of lead acetate has significant implications, including the
dissolution or migration of lead, which can compromise the structural
and electrical integrity of solar cells. Furthermore, this reaction alters
the interface between the metal contacts and the Si substrate, potentially
increasing contact resistance and leading to performance degradation.

CH;COOH 4g) + PbO(5)— Pb(CH3C00), ) +H20( (Eq.1)

Solar Energy Materials and Solar Cells 288 (2025) 113650

Furthermore, the rear-side metallization of the samples subjected to
module-level testing shows striking similarities to those exposed to the
acid mist test. EDS analysis, when compared to the control samples,
revealed structural changes in the Te signal regions, indicating potential
corrosion of TeOy. The chemical mechanism of the reaction between
TeOx and CH3COOH has not yet been fully understood [49]. According
to Igbal et al., Te compounds are susceptible to reacting with CH3COOH
in moist conditions, leading to the formation of Te salts or compounds
with Ag [33]. This reaction causes significant corrosion of the active Te
compounds in the glass frit, which impairs its adhesion. Conversely, the
higher reactivity of TeOy in the rear-side metallization results in reduced
corrosion of PbO during CH3COOH exposure. This results in substantial
delamination at the metal/Si interface, compromising the integrity of
the electrical contacts.

Based on module I-V testing results, failures in both the front and rear
metal contacts likely contribute to the decrease in FF. Our previous
research shows that Ag/Al in TOPCon solar cells becomes less stable
under damp-heat conditions [17,18]. Since Al is more chemically active
than Ag and readily loses electrons, a redox reaction occurs between Ag
and Al. Additionally, Al is more reactive than Pb, allowing it to undergo
a displacement reaction with PbO in the presence of certain ions and
moisture. A detailed analysis of these degradation fingerprints and
mechanisms was provided in our previous work [17]. The Al accelerates
contact corrosion through oxidation and reduction at the front contacts.
We also observed that low Al-content Ag paste leads to interface
degradation, likely caused by CH3COOH corrosion of the interface ox-
ides, though at a slower degradation rate compared to Ag/Al paste. For
practical applications, incorporating a small amount of Al provides
several advantages. First, Al is more cost-effective than Ag, so using a
low Al concentration helps to reduce the overall cost of metallization
pastes. Second, Al plays a crucial role in the firing process of solar cell
fabrication by enabling the paste to penetrate the aluminium oxide
(AlOy) layer, a challenge that pure Ag paste struggles to overcome. This
ability enhances contact formation, ensures a more reliable electrical
interface, and ultimately improves the manufacturability and stability of
solar cells. On the rear side, TeOy is particularly vulnerable to
CH3COOH-rich damp-heat conditions. Since TeOy plays a key role in
contact formation, its corrosion and corresponding interface delamina-
tion can lead to contact failures and a decrease in FF. Therefore, G-B
TOPCon modules with EVA encapsulant are highly at risk of degradation
under damp-heat conditions. Based on our results, double-sided EVA is
currently not a suitable encapsulant for glass-backsheet TOPCon mod-
ules exposed to damp-heat conditions, even when combined with
LAF-processed cells. Although the use of LAF and low-Al-content paste
provides partial mitigation, the degradation observed under DH85

(a) A
CH, — CH, CH — CH, + — + CH, — CH, CH—CH,+ +CH,—C=0
. | , H0 s | y |
(0]

I
c=o0
I

CH,

(b) Front contact

. " \\ 1
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Fig. 7. (a) Schematic representation of EVA polymer hydrolysis under damp-heat conditions, and (b) comparison of metal-silicon interface contacts between samples
from module-level testing and acetic acid mist exposure. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)
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testing highlights the need for further improvements in both materials
and processing. In particular, advancements in front- and rear-side
metallization are essential before EVA-based glass-backsheet configu-
rations can be considered viable for widespread deployment in TOPCon
technologies.

4. Conclusion

This study investigates the damp-heat degradation of EVA-
encapsulated industrial TOPCon solar modules after 1000 h of DH85
exposure. Significant degradation was observed in baseline modules
made with Ag/Al paste solar cells, which experienced a ~37.0 % relative
power output loss, primarily due to a ~34.9 % reduction in FF. In
contrast, LAF modules, which were made with low Al-content Ag paste
TOPCon solar cells, showed much smaller degradation (~6.2 %)) with
a lesser reduction in FF. These findings underscore the severe instability
of Ag/Al paste, while also revealing that the EVA encapsulant contrib-
utes to degradation in low Al-Ag paste TOPCon modules, albeit to a
lesser extent.

To further explore the degradation mechanisms, FIB-SEM and cor-
responding EDS analyses were conducted to examine changes in the
metal contacts. In the case of Ag/Al paste contacts, damp-heat condi-
tions, combined with CH3COOH potentially generated from the EVA,
induced significant redox reactions, likely leading to the failure of
effective contact. Similarly, low Al-content Ag paste also showed fail-
ures, particularly at the glass-front interface. This suggests that EVA-
encapsulated environments under damp-heat conditions can lead to
the corrosion of the interface glass-frit, resulting in localized ineffective
contacts. However, the chemical stability of low Al-content Ag paste is
higher than that of Ag/Al paste, resulting in a slower degradation rate
for these modules.

Additionally, rear-side contacts were found to be vulnerable under
damp-heat conditions. This is primarily due to the reactivity of Te
compounds in the glass frit of the rear-side paste. As TeOy or Te/Ag
alloys corrode, rear-side metallization becomes more prone to delami-
nation from the solar cells, which can increase contact resistance.

In summary, the findings indicate that while low Al-content Ag paste
modules exhibit less degradation than Ag/Al paste modules under
damp-heat conditions, both types of contacts are affected by the EVA
encapsulant. Furthermore, rear-side contacts show additional vulnera-
bilities due to the reactive nature of Te compounds in the glass frit.
Nonetheless, by optimizing material formulations and processing
methods, further advancements in both performance and cost-
effectiveness are anticipated. Future research should focus on refining
these strategies, exploring alternative materials, and investigating other
environmental stressors to enhance the stability and cost-effectiveness
of TOPCon modules, ultimately contributing to the goal of sustainable
and affordable solar energy generation.
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