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ARTICLE INFO ABSTRACT

Keywords: Tunnel oxide passivated contact (TOPCon) solar cells are the dominant industrial photovoltaic (PV) technology;
TOPCon however, their long-term reliability under damp-heat conditions remains a critical bottleneck, particularly for
SOI?r ‘T‘?dule cost-driven, low bill-of-materials (BOM) module designs. Conventional solution-based accelerated ageing
ﬁ:lri?;]:-l}llgt methods, such as acetic acid (CH3COOH) immersion or alkaline soaking, impose chemically unrealistic and non-
Degradation selective stress conditions and often fail to reproduce module-level degradation trends, thereby limiting their

Laser-assisted firing predictive value. In this work, we establish a chemically relevant cell-level accelerated ageing method based on
LECO nitrate-induced, pH-controlled contamination to bridge short-term cell-level testing with long-term module
degradation behaviour. By combining nitrate anions with different cations, the solution acidity is systematically
tuned and selectively applied to the front surface of tunnel oxide passivated contact (TOPCon) solar cells,
enabling targeted evaluation of front-side metallisation stability under ethylene vinyl acetate (EVA)-related
mildly acidic environments. Two industrially relevant front-side TOPCon contacts, conventional Ag/Al paste and
low-Al Ag paste [enabled by laser-assisted firing (LAF)], are comparatively investigated. The analysis indicates a
pronounced pH-dependent degradation behaviour, whereby increasingly acidic nitrate environments lead to
progressively more severe contact corrosion, resulting in increased series resistance and corresponding losses in
fill factor and power conversion efficiency. Under weakly acidic nitrate conditions representative of EVA-
encapsulated modules, the resulting cell-level degradation fingerprints show good qualitative consistency with
module-level damp-heat behaviour. Overall, this work demonstrates that chemically selective, pH-controlled
nitrate ageing provides a physically meaningful and predictive accelerated testing framework for TOPCon
solar cells, enabling reliable discrimination of metallisation concepts and offering a robust pathway to assess and
improve long-term device stability for PV modules.

Metallisation

1. Introduction significantly compressing profit margins. As a result, major PV manu-

facturers are now under increasing pressure to reduce the cost of TOP-

Tunnel oxide passivated contact (TOPCon) solar cells have emerged
as the leading industrial photovoltaic technologies, owing to their high
power conversion efficiency (PCE), excellent surface passivation, and
strong compatibility with large-scale manufacturing [1-3]. According to
the latest International Technology Roadmap for Photovoltaics (ITRPV),
TOPCon technology is expected to continue dominating the global PV
market throughout this decade [2]. However, in recent years, the rapid
expansion of TOPCon manufacturing capacity has led to market over-
capacity, driving product prices to historically low levels and
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Con modules while maintaining high conversion efficiency, in order to
enhance the market competitiveness of their products.

Low-cost bills of materials (BOMs) are widely regarded as a key
pathway toward cost-effective module manufacturing [2,4,5]. However,
their adoption may introduce additional reliability risks for emerging
high-efficiency technologies such as TOPCon. Compared with conven-
tional PERC modules, TOPCon devices have been reported to be more
sensitive to several environmental and electrical stress conditions,
including potential-induced degradation (PID) [6], damp-heat-induced
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corrosion [7,8], and ultraviolet-induced degradation (UVID) [9,10].
Among these stressors, corrosion and related failure modes under damp-
heat testing or humid operating conditions have emerged as a particu-
larly critical concern [11].

For the early generations of TOPCon solar cells and modules, front-
side metallisation using conventional silver/aluminium (Ag/Al) paste
combined with a standard firing process has been identified as a domi-
nant degradation pathway, leading to increased series resistance (Rg)
and substantial fill factor (FF) losses [7,12-14]. The relatively high Al
content in these Ag pastes is beneficial for forming low-resistance con-
tacts with boron-doped emitters, but it can also induce Al spiking into
the silicon (Si), thereby increasing surface recombination. Moreover, Al-
containing contacts are prone to oxidation under damp-heat conditions,
which further accelerates contact degradation and exacerbates series
resistance growth and FF loss at both the solar cell and module levels
[12,15]. Consistent with this mechanism, pronounced metallisation-
related degradation fingerprints have been widely observed in TOP-
Con modules after damp-heat exposure [8,16,17].

These issues have been partially mitigated through the introduction
of low-Al Ag pastes combined with laser-assisted firing (LAF), often
referred to as laser-enhanced contact optimisation (LECO). Previous
studies, including our own work, have demonstrated that this metal-
lisation strategy significantly reduces module-level degradation under
damp-heat treatment [7,15]. Reducing the Al content not only improves
solar cell and module power conversion efficiency, particularly through
enhanced open-circuit voltage (Voc), but also enhances the stability of
TOPCon devices by suppressing contact corrosion [15,18,19]. However,
in glass-backsheet (G-B) TOPCon module configurations, which are
increasingly adopted to reduce module weight and cost, the higher
moisture permeability of the backsheet allows greater ingress of water
vapour into the modules [20]. In addition, ageing of encapsulant ma-
terials can lead to the release of organic acids, resulting in a more acidic
internal module environment [20,21]. Under these conditions, even
LAF-processed TOPCon devices remain vulnerable, and further optimi-
sation is required to ensure long-term reliability and compliance with
module warranty requirements.

The standard damp heat testing protocol defined in IEC 61215
typically requires thousands of hours to evaluate a given bill of materials
in combination with a specific solar cell technology. To accelerate the
assessment of TOPCon stability, solution-based ageing methods, most
notably immersion in acetic acid (CH3COOH), which can be generated
via hydrolysis of ethylene vinyl acetate (EVA), have been widely
adopted to simulate the potential chemical environment experienced by
solar cells inside modules [14,22-25]. While these approaches have
provided valuable mechanistic insights, they suffer from several
inherent limitations. Bulk soaking exposes both sides of the solar cell
simultaneously, making selective evaluation of degradation on each side
difficult. In addition, the chemical severity of concentrated acids or
bases often exceeds that of mildly acidic environments that develop
inside encapsulated modules during long-term damp heat exposure. As a
result, conventional soaking tests do not reliably reproduce module-
level degradation trends.

To address these shortcomings, several studies have introduced
additional contaminants, such as sodium chloride (NaCl) and sodium
bicarbonate (NaHCOs3), by spraying solutions onto solar cell surfaces
followed by damp heat exposure [12,15,26-30]. However, recent work
by Park et al. has shown that the internal pH of EVA encapsulated
modules is close to about 5, creating only a mildly acidic environment
for the embedded solar cells [31]. Consequently, commonly used neutral
or alkaline salts cannot accurately represent the chemical conditions
present inside real modules. In this context, nitrate species are more
relevant, as they are ubiquitous in both the environment and module
glass [32-34]. Nitrate is the conjugate base of nitric acid (HNOg3), a
strong acid. Nitrate salts formed from a strong acid and a strong base,
such as sodium nitrate (NaNOs) or potassium nitrate (KNOs), typically
yield neutral solutions, whereas nitrates associated with weaker bases or
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specific metal cations [e.g., aluminium nitrate, AI(NOs)s, zinc nitrate, Zn
(NO3)2; ammonium nitrate, NH4NO3s] could produce acidic solutions
[35,36]. As a result, the solution pH can be systematically adjusted by
selecting nitrate salts with different cations. Although nitrate ions (NO3)
are stable in neutral, non-reducing environments, they become more
reactive under acidic conditions due to protonation and can undergo
reduction under certain conditions, which may in turn accelerate metal
oxidation [35,36]. Compared with other inorganic anions, nitrate is
chemically less complex, does not readily form insoluble precipitates
with Ag under mildly acidic conditions in the absence of halide species.
Nitrate ions are widely distributed in natural environments, including
atmospheric deposition, soil and agricultural runoff, and aqueous sys-
tems, and may also be associated with nitrate-containing additives or
chemical treatments used in certain glass processing or strengthening
steps [32-34,37,38]. This makes nitrate-based systems particularly
suitable for constructing chemically relevant accelerated ageing
conditions.

In this work, we first evaluate the effects of CH3COOH and alkaline
soaking on Ag/Al and Low-Al Ag TOPCon solar cells and critically assess
their limitations in the TOPCon solar cells by comparison with corre-
sponding module-level degradation behaviour. Building on these in-
sights, we develop a nitrate-based single-side ageing approach in which
acidity is tuned by combining nitrate anions with different cations
commonly present in photovoltaic materials. Controlled-pH contami-
nants are selectively applied to the front surface of TOPCon solar cells,
followed by damp-heat exposure, enabling targeted evaluation of front-
side metallisation stability under chemically realistic stress conditions.
Two industrially relevant metallisation methods, conventional Ag/Al
paste and low-Al Ag paste combined with LAF, are systematically
investigated. Through comprehensive electrical characterization,
microstructural analysis, and contact resistivity measurements, together
with direct comparison with module-level damp-heat degradation fin-
gerprints, we demonstrate that nitrate-based cell-level ageing provides a
potential framework for accelerated reliability testing of TOPCon de-
vices. More importantly, this work offers new insights into the design of
chemically realistic accelerated ageing protocols for photovoltaic
modules.

2. Experimental details

All TOPCon solar cells were fabricated on G10 n-type Czochralski
(Cz) silicon wafers with dimensions of 182 mm x 183.75 mm. Two solar
cell variants were prepared, differing primarily in their front-contact
metallization schemes. The baseline solar cells employed a conven-
tional commercial Ag/Al paste with an Al content of 3-5 at.% processed
by a standard firing technique. These solar cells are hereafter referred to
as Ag/Al. In contrast, the second group utilized Jolywood Special
Injected Metallization (JSIM), which integrates a customized low-Al Ag
paste with Al < 0.2 at.% and a laser-assisted firing process under
reverse-bias conditions to form the front contacts. These solar cells are
referred to as Ag/LAF.

Prior to module fabrication, all solar cells were half-cut using a low-
damage laser process, yielding modules composed of 144 half-cells. As
illustrated in Fig. 1, the G-B module architecture employed EVA as the
encapsulant on both the front and rear sides. A UV-blocking EVA layer
with an areal weight of 420 g/m? was applied to the front side, while
420 g/m? of UV-transparent EVA was used on the rear side. The modules
were completed with a transparent backsheet featuring a white grid
pattern. Module level damp-heat testing (DH85) was conducted at 85 °C
and 85% relative humidity in accordance with IEC TS 62782:2016, with
output measurements performed using a Gsolar Power GIV 200DS2616
flash tester [39]. The relative change (%e]) was calculated as (X_aged —
X initial) / X_initial x 100%, where negative values indicate parameter
degradation after ageing. Following DH85 exposure, current-voltage
(I—V) parameters and electroluminescence (EL) images were re-
measured using the same system to identify degradation fingerprints.



X. Wuetal

VW11

Chemical Engineering Journal 535 (2026) 175634

D XL

-V TOPCon TOPCon RY, TOPCon
solar cells solar cells solar cells
V VWAMW v
——o o
Initial measurement Acid/alkaline solution rinsing Measurement repeat
Spray-induced contamination & ]
TOPCon TOPCon
solar cells solar cells
V VWAAMW V

Contaminant treatment Damp-heat treatment Cross-sectional analysis
pH value of each solution at 25°C
CH,COONa ~8.9
NaHCO, ~83 * Step 1° 20% (w/w) ~ Glass
NaNO, ~70 HNO, solution — EVA
NaCl ~7.0 i Step 2. HF dip TOPCon solar cells
AgNO, ~6.0 ] y ¥ : F— EVA
Zn(NO,), ~51 w‘ v
AI(NO,), 39 Backsheet
CH,COOH 38 Metal and glass frit removal

Fig. 1. The figure illustrates the experimental preparation and treatment procedures, including solution exposure under controlled pH conditions, surface
contamination, post-treatment processing, and subsequent characterization of TOPCon solar cells, as well as the schematic of the TOPCon modules evaluated in

this work.

Cell-level testing was performed using two accelerated stress
methods. In the first protocol, solar cells were immersed in 250 mL of
either 0.1 mol/L (0.57 vol%) CH3COOH solution or 0.1 mol/L sodium
acetate (CH3COONa) solution and subsequently subjected to thermal
treatment at 85 °C for 5 h. In the second method, we used the method we
applied in our previous research and selected salt solutions were uni-
formly sprayed onto the front surface of the solar cells, with approxi-
mately 0.4 g of a 0.155 mol/L solution applied to each sample
[12,15,29]. The solution concentration was normalised with respect to
the anion species. After air drying, the solar cells were also exposed to
DHB85 without any encapsulant in an ASLi environmental chamber. It
should be noted that the pH values of all solutions were calculated at
25 °C and are summarized in Fig. 1. Temperature-dependent variations
in absolute acidity may occur during ageing at 85 °C, while the relative
acidity trend among the tested salt solutions is expected to remain
consistent. In spray-based tests, after solvent evaporation, the effective
local pH at the cell surface is expected to deviate from the initial bulk
solution pH. Nevertheless, the relative pH trend across the different salt
solutions remains consistent, enabling meaningful comparison of their
chemical aggressiveness. For each test condition, at least three samples
were evaluated to ensure reproducibility and to minimize sporadic ef-
fects, and the average relative I—V parameters were used for compar-
ative analysis comparison.

Electrical performance was measured before and after each test, and
relative changes in [—V parameters were evaluated using a LOANA solar

cell analysis system from pv-tools. A BT Imaging R3 system equipped
with a high V. lens was used to acquire photoluminescence (PL) and
series resistance (Rg) images. All luminescence measurements were
performed on the front side of the TOPCon cells. Image processing was
carried out using LumiTools [40]. The exposure time was adjusted to
avoid signal saturation, and a 0-20 Q-cm? range was used for R; map-
ping [40]. To measure contact resistivity, non-busbar regions of the solar
cells were selected and laser-scribed into 6 mm wide stripes using a
FOBA M1000 system. The contact resistivities (p.) of the front sides were
determined by the transfer length method (TLM) using a pv-tools TLM-
SCAN+.

For detailed contact analysis, untreated TOPCon solar cells were
diced into 1 cm x 1 cm tokens. The samples were first rinsed in 20 wt%
HNOj3 at room temperature for 2 h to completely remove the Ag fingers,
followed by an HF dip to eliminate residual glass frit. Token samples
were collected after each processing step, and scanning electron mi-
croscopy (SEM) was used to obtain plan-view images of the fingers in the
as-received, post-HNOs, and post-HF conditions. Top-view SEM images
were acquired using a FEI Nova NanoSEM 450 field-emission SEM at an
accelerating voltage of 15 kV.

Cross-sectional imaging of the metal contacts was performed using a
Zeiss 550 Crossbeam cryo-focused ion-beam scanning electron micro-
scope (cryo-FIB-SEM). The SEM operated at a probe current of 4 nA and
an electron high-tension (EHT) voltage of 15 kV. During FIB milling, the
stage was tilted to 54° relative to the ion beam and 36° relative to the
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sample surface for imaging, and the SEM images and scales were
adjusted accordingly. For elemental analysis, the FIB probe was oper-
ated at 30 kV and 50 pA in standard mode. Energy-dispersive spec-
troscopy (EDS) was performed under identical SEM conditions using an
Oxford Instruments Ultim® Max detector. Data processing with AZtec
software provided quantitative information on elemental distribution
and ratios [41].

3. Results

3.1. Limitations of solution-based accelerated testing for evaluating
TOPCon cell reliability

Following previous studies that evaluated TOPCon solar cells via
immersion in CH3COOH solutions, the chemical stability of the devices
was investigated using a similar methodology [13,14,22,23]. To better
simulate damp-heat stress conditions, the CH3COOH solution was
heated to 85 °C, and the solar cells were immersed in 0.1 mol/L
CH3COOH for 5 h. The resulting changes in electrical performance are
summarized in Fig. 2a. For comparison, solar cells were also subjected to
the same thermal treatment in a CH3COONa solution at the same ionic
concentration.

Prior to ageing, the Ag/Al TOPCon solar cells exhibited an average
measured PCE of 24.4%, a short-circuit current density (Js) of 41.0 mA/
cm?, an V. of 724.5 mV, and a FF of 82.3%. The Ag/LAF solar cells
showed superior initial performance, with a PCE of 25.1%, Js. of 41.2
mA/cm?, Vg of 733.5 mV, and FF of 83.2%.

After CH3COOH treatment, both cell types exhibited pronounced
degradation, with markedly different responses. The Ag/Al solar cells
experienced a relative PCE loss of 21.1%;, primarily driven by a
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reduction in FF of 13.9%,, while J. and V,. decreased by 8.5%;¢ and
0.1%r], respectively. In contrast, the Ag/LAF solar cells suffered severe
performance deterioration, with a PCE reduction of 85.4%ye. This
degradation was dominated by substantial decreases in FF (69.1%e])
and Jg (52.0%e)), whereas V. showed only a minor change (1.1%]).
The pronounced reduction in J is likely associated with the severe FF
loss and extensive contact failure, leading to inefficient current extrac-
tion, consistent with our previous observations [12].

A similar trend was observed after CH3COONa treatment, although
the overall degradation was significantly less severe than that induced
by CH3COOH. The Ag/Al solar cells exhibited only a minor relative PCE
reduction of 2.0%, accompanied by small decreases in Js. (1.0%r¢)) and
FF (0.8%ye)), while V. remained essentially unchanged. The Ag/LAF
solar cells again showed greater sensitivity, with a moderate relative
PCE loss of 7.4%, mainly attributable to reductions in FF (6.2%;¢]) and
Jse (1.1%se1), with negligible variation in V..

Furthermore, examination of the front-side contacts after CH3COOH
treatment, as shown in Fig. 2b, reveals a pronounced reduction in the
adhesion strength of the Ag/LAF fingers. In contrast to the Ag/Al con-
tacts, which largely remained mechanically intact under identical con-
ditions, a fraction of the Ag/LAF fingers detached during the sample
taken from the solutions, while the remaining fingers could be readily
delaminated under minor external mechanical stress. Notably, under the
same testing conditions, contact degradation on the rear side was rela-
tively minor, as supported by the TLM results presented in Fig. S1. And
the dominant failure mode was clearly associated with the front-side
contacts.

To clarify the differences between the two metallization approaches,
top-view SEM images were examined. As shown in Fig. 2¢c, the as-
fabricated fingers have similar widths, although the Ag/LAF fingers

: N
% #.8_GllssTrit residtie

N o !g, E
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LAF €ontact . .
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LAF contact

/ particles
Ag
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Fig. 2. (a) Relative [—V parameter variations of TOPCon solar cells after immersion in CH3COOH and CH3COONa solutions, (b) Top-view optical images of the front-
side metal contact region after accelerated ageing in CH3COOH solution, (c) top-view contact images of fresh, Ag-removed (after 20 wt% HNO3 rinsing), and glass-
frit-removed (after HF dip) samples, and (d) schematic illustrations of the Ag/Al and Ag/LAF contact structures.
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are slightly thinner than the Ag/Al fingers. After removal of the bulk Ag
finger material, the Ag/Al samples show a much larger amount of
remaining glass-frit, while only limited residues are observed on the Ag/
LAF samples. After complete removal of the glass frit layer, a high
density of pits can be clearly seen on the pyramidal Si surface beneath
the Ag/Al contacts. These pits are attributed to the removal of Al spikes
formed during the Ag/Al firing process. As presented in Fig. 2d,
although such Al spikes are known to reduce the contact resistivity of
TOPCon front-side contacts, they can also increase contact-related
recombination [42-46]. In contrast, the Ag/LAF contacts largely pre-
serve the original Si pyramid surface. Localized Ag—Si alloy formation is
mainly observed at the top of selected pyramids, which is sufficient to
enable current extraction from the emitter [18]. As reported by Fan
et al., standard Ag/Al pastes generally contain a higher fraction of glass
frit compared with low-Al Ag pastes [47]. For these two types of TOPCon
contacts, electrical conduction across the contact interface is also sup-
ported by Ag nanoparticles (AgNPs) embedded in the glass frit, which
provide tunnelling paths through the interfacial layer [48].

During acid or alkaline soaking, the solution can readily penetrate
along the finger and silicon interface and initiate chemical reactions at
the metal semiconductor contact. This effect is particularly pronounced
for the Ag/LAF TOPCon solar cells. Owing to the substantially lower
glass frit content, the contact interface in Ag/LAF solar cells is governed
by a thin glass frit layer that is rich in PbO. This PbO-rich glass frit is
chemically unstable in CH3COOH and undergoes preferential dissolu-
tion. As aresult, the interfacial bonding between the silver finger and the
textured silicon surface is progressively weakened, leading to a pro-
nounced reduction in contact adhesion and ultimately triggering finger
delamination [14,22,24].

In contrast, although Ag/Al contacts also undergo chemical inter-
action with the solution, their contact formation is primarily governed
by Al spike penetration into the silicon surface. The higher glass frit
content also provides a stronger mechanical bond between the silver and
the textured silicon pyramids. Under the relatively mild CH3COOH
conditions employed in this study, corrosion of the glass frit in Ag/Al
contacts appears to be comparatively limited. The resulting degradation
behaviour may be influenced by a combination of factors, including
interfacial transport processes within the glass phase and the intrinsic
reactivity of Al-containing metallic constituents. At present, these con-
siderations are proposed as plausible interpretations rather than defin-
itive mechanisms, as direct experimental investigation of the governing
corrosion kinetics and glass-phase reactions was beyond the scope of this
work. Consequently, the electrically active Al—Si contact structure is
largely preserved under the applied ageing conditions, leading to a
comparatively smaller loss of contact integrity than that observed for
Ag/LAF contacts. Based on our previous evaluations of TOPCon modules
under DH85 conditions, modules fabricated using Ag/LAF TOPCon solar
cells exhibited less degradation than those based on Ag/Al solar cells
[7,15]. These results indicate that accelerated testing of isolated TOP-
Con solar cells by CH3COOH soaking or alkaline solution exposure has
inherent limitations in predicting module-level reliability. In particular,
such solution-based treatments do not adequately reproduce the
degradation trends observed at the module scale. Moreover, when
CH3COOH is used to accelerate cell degradation, selective single-sided
evaluation is difficult to achieve, as both sides of the cell are simulta-
neously exposed to the solution. These factors restrict the applicability
of conventional solution-based accelerated tests for simulating module-
level degradation in TOPCon solar cells. Therefore, new cell-level
accelerated testing approaches are required to more accurately repre-
sent degradation mechanisms relevant to module operation.

3.2. Single-side salt treatment for probing pH-dependent front-contact
degradation

Considering the limitations of conventional soaking tests, a single-
sided treatment method was developed for TOPCon solar cells by
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spraying selected solutions onto the front surface, with a primary focus
on evaluating front-side contact degradation. Fig. 3a—d shows the rela-
tive changes in I—V parameters as a function of the salt solution pH, and
the corresponding numerical data are summarized in Table S1.

Among the tested solutions, AI(NO3)3, which has a pH value closest
to that of CH3COOH, induced the most pronounced degradation. The
relative PCE losses reached approximately 12.8% for Ag/Al solar cells
and 76.1% for Ag/LAF solar cells. This degradation was mainly driven
by a strong reduction in the FF for both contact types. The relative in-
crease in series resistance was around 2000% for the AI(NO3)s-treated
Ag/Al solar cells and about 8200% for the Ag/LAF solar cells, which is
likely the primary cause of the FF drop. In addition, the Ag/LAF solar
cells treated with AI(NOs)3; exhibited a Js. decrease similar to that
observed in the previous acetic-acid soaking tests. Together with the
subsequent finger adhesion results shown in Fig. S2, this suggests
comparable degradation behaviour associated with deteriorated contact
integrity and impaired current extraction, although the underlying
degradation mechanisms may involve multiple coupled processes.

For the Zn(NOs), groups, the relative PCE reductions were about
3.4% for Ag/Al solar cells and 2.8% for Ag/LAF solar cells. In these
samples, the dominant contribution to performance loss again origi-
nated from FF degradation, while no evident decreases in Jg or V. were
observed for either contact type.

When treated with AgNOs, the solar cells showed more degradation
than in the Zn(NOj3), groups, with relative PCE losses of approximately
4.5% for Ag/Al solar cells and about 3.0% for Ag/LAF solar cells. In
contrast to the Zn(NOs), case, the FF reduction in the AgNOs-treated
samples was relatively smaller. However, a more pronounced Jg
decrease was observed for both cell types. This behaviour is likely
related to the limited chemical stability of AgNO3; under damp-heat
conditions. AgNO3 can decompose and form Ag or Ag;0, which may
precipitate as non-transparent particles on the front surface of the
TOPCon solar cells [49,50]. Such surface contamination can partially
block incident light and hinder current extraction, thereby leading to an
additional loss in Jg.

For the NaNOs groups, a slight PCE degradation of about 3.3%
relative was observed for Ag/Al solar cells, mainly associated with an
increase in R of around 370%. In contrast, no evident degradation was
found for the Ag/LAF solar cells, with only a 0.28% relative PCE loss, a
0.24% relative FF drop, and a 10.5% increase in R, which can be
regarded as negligible. This suggests that NaNOs-induced near-neutral
ageing conditions may promote contact degradation in Ag/Al cells by
enhancing electrolyte conductivity and enabling electrochemical
corrosion at the metal-silicon interface, potentially contributing to Al
dissolution within the contact structure [12].

In the case of NaHCOs3, the PCE reduction of Ag/Al solar cells at 1.3%
relative was slightly smaller than that of Ag/LAF solar cells at 1.5%
relative after 24 h. In our previous work, NaHCO3 and CH3COONa were
shown to exhibit similar chemical interactions with silicon solar cells,
with their impact primarily arising from their alkaline nature and the
resulting corrosion driven by hydroxide (OH™) ions generated through
hydrolysis. Notably, NaHCO3 was found to require approximately 100 h
to induce evident degradation; therefore, the minor degradation
observed in the present study is reasonable [12,28]. Moreover, the
alkaline environment induced more pronounced degradation in Ag/LAF
TOPCon solar cells, which is consistent with our earlier observations
from soaking tests.

We further examined the p. to identify the origin of the observed
increase in Rs. The initial p. values of the Ag/Al contacts were in the
range of 0.4-0.6 mQ-cm?, whereas the Ag/LAF contacts exhibited higher
values of 1.9-2.5 mQ-cm?. The relatively higher p. of the Ag/LAF con-
tacts has also been reported in previous studies and is primarily attrib-
uted to a distinct mechanism of contact formation. In the present work,
the lower front-contact resistivity of the Ag/Al solar cells is likely due to
selective emitter regions that locally increase the doping concentration,
thereby reducing the contact resistivity compared with lightly doped
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emitters. In addition, as shown in Fig. 2d, the smaller effective Si-metal
contact fraction in the Ag/LAF configuration further contributes to its
higher pe.

Additionally, NaCl was included as a test group for contact resistance
because it was used in our previous work and is a pH-neutral salt. In that
study, Ag/Al TOPCon solar cells were found to degrade faster than Ag/
LAF TOPCon solar cells under NaCl exposure [12,15]. Interestingly,
although both NaCl and NaNOjs are neutral salts, NaCl induced a much
stronger increase in p.. After NaCl treatment, p. rose to approximately
24.2 mQ-cm? for Ag/Al contacts and 17.1 mQ-cm? for Ag/LAF contacts.
These values are substantially higher than those obtained after NaNO3
treatment, which were around 3.3 mQ-cm? for Ag/Al and 2.2 mQ-cm?
for Ag/LAF. Both contact types, therefore, exhibited more pronounced
degradation under NaCl exposure. Notably, Ag/LAF contacts showed no
evident degradation after NaNOs treatment, whereas NaNO3 was sulffi-
cient to trigger degradation in Ag/Al contacts. For alkaline salt treat-
ment with NaHCO3, the contact resistivity of Ag/Al increased from 0.49
to 0.63 mQ-cm?, whereas that of Ag/LAF increased from 2.6 to 4.4
mQ-cm?. This trend indicates that Ag/LAF contacts are more vulnerable
under alkaline conditions.

As the pH of the nitrate solutions decreased from NaNO3 to AgNOs,
Zn(NOs)s, and AI(NO3)s, an increasing trend in the p, was observed for
both contact types. For the Ag/Al contacts, the average p. values
increased to approximately 3.3, 10.3, 11.6, and 148.0 mQ~cm2,
respectively. For the Ag/LAF contacts, p. rose to about 2.2, 3.9, 12.5,
and 221.4 mQ-cm?. It should be noted that when p. exceeds ~200
mQ-cm?, reliable extraction becomes difficult at certain measurement
locations due to both the extremely poor electrical contact conditions
and the practical resolution limits of the TLM measurement setup. These
points therefore indicate very high contact resistivity, at which efficient
current transport across the metal-silicon interface is severely impeded.
For samples treated with Al(NOs)s, the actual contact resistivity is
therefore expected to be even higher than the extractable values. These
results demonstrate a strong dependence of contact degradation on so-
lution pH, with increasingly acidic environments causing progressively
more severe deterioration of the metal-silicon interface. Notably, the

Ag/LAF contacts exhibited a higher sensitivity to decreasing pH,
consistent with the larger increases in series resistance and the more
pronounced reductions in FF and PCE shown in Fig. 3. In contrast,
although the Ag/Al contacts were comparatively less sensitive to acidity,
they remained vulnerable to ionic contamination because of aluminium
self-oxidation, with even nominally neutral or weakly acidic salts
readily triggering contact degradation, as previously reported [12].

To further identify the degradation roots, FIB-SEM cross-sectional
images were obtained, as shown in Fig. 4a and b, with the corresponding
EDS elemental mappings presented in Figs. S3 and S4. In the control
samples that did not undergo accelerated testing, neither the Ag/Al nor
the Ag/LAF contacts exhibited any evident corrosion features. Based on
the EDS results, the main differences between the Ag/Al and Ag/LAF
contacts were associated with the amounts of Al and glass frit regions, as
indicated by PbO, the major component of the glass frit. The Ag/LAF
contacts contained a lower fraction of glass frit, and no pronounced Al
related compounds were detected within the contact. In addition, the
dominant functional contacts in the Ag/LAF configuration were located
at the tops of the silicon pyramids. These microstructural features enable
effective electrical contact formation in these TOPCon solar cells,
respectively.

Under alkaline conditions, slight corrosion was observed in the Ag/
Al contacts treated with NaHCOg3, particularly in regions where Al and
glass frit were intermixed. In our previous work, NaHCO3 was shown to
cause extensive oxidation in these regions when the damp heat exposure
time was sufficiently extended [12]. In addition, the glass frit interfacial
layer of the Ag/LAF contacts was also affected by NaHCO3 and exhibited
clear corrosion features. This behaviour can be attributed to the alkaline
environment generated by NaHCOs3, which releases OH™ ions that pro-
mote reactions with PbO in the glass frit, as described by Eq. (1) [51,52].
However, under the contaminant-limited ageing conditions applied in
this work, the degradation response is also influenced by the effective
availability of alkaline species and local chemical buffering effects at the
contact interface. For the Ag/Al contacts, the corrosion features appear
less pronounced in the present experiment. This may be attributed to the
higher glass frit fraction in the Ag/Al paste compared with the Ag/LAF
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formulation. In addition, Al present in the contact can react with hy-
droxyl species to form hydrated Al corrosion products, such as
aluminium hydroxide or oxyhydroxide phases [53-55]. Under pro-
longed ageing conditions, these interfacial products might undergo
gradual structural evolution or partial dehydration, potentially leading
to the formation of relatively compact oxide-rich regions that can locally
retard further degradation. This may be attributed to the higher glass frit
fraction in the Ag/Al paste compared with the Ag/LAF formulation.
Nevertheless, corrosion is still expected to proceed gradually through
continued glass frit degradation in other regions. Under the 24-h expo-
sure used in this study, these effects were therefore not clearly visible in
the cross-sectional images.

Pb0<5) + OH7 (aq) +H20(1)—> I:Pb(OH);.} (1)

(aq)

For NaNOgs, which represents a near-neutral chemical environment,
slight corrosion features were observed at the Al-glass frit regions of the
Ag—Si interface in the selected cross-sectional image. In contrast, no
comparable fingerprints were detected in the Ag/LAF contacts. This
disparity can be attributed to the presence and electrochemical role of Al
in the Ag/Al contacts. As shown in Fig. 2¢, Al plays a critical role in
contact formation by penetrating the Si surface and forming local Al

spikes. From an electrochemical perspective, metallic Al is significantly
more active than Ag and can act as the anodic component in an Al—Ag
galvanic couple. Consequently, Al is more susceptible to electron loss
and preferential oxidation, even under near-neutral conditions. Under
damp-heat conditions, the presence of NaNOs could further facilitate
interfacial electrochemical reactions, thereby accelerating localized Al
oxidation and corrosion at the metal-glass-Si interface. This behaviour
is consistent with our previous observations, although the reaction ki-
netics are expected to depend on the specific anionic species present in
the contaminants [12].

In contrast, the Ag/LAF contacts contain no Al and do not rely on Al-
spike contact formation. Electrical conduction in these contacts is pri-
marily enabled by localized Ag—Si alloying and AgNPs embedded
within the glass frit. Moreover, both Na™ and NO3 are chemically benign
toward the Ag—Si interface and the SiNy layer, likely providing no
thermodynamic or electrochemical driving force to initiate interfacial
corrosion or oxidation. As a result, no evident degradation of the Ag/
LAF contacts could be observed after NaNOs exposure under DH85
conditions.

For AgNO3, Zn(NOs3),, and AI(NOs3)s treatments, the corrosion fea-
tures at the contacts were much more pronounced. This is primarily
because these nitrate salts generate solutions with pH values below 7,
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and the acidic environment can drive reactions with PbO (as shown in
Eq. (2)) and other oxide components in the glass frit, leading to the
formation of metal-containing salts [14,23]. Such corrosion fingerprints
were observed in both Ag/Al and Ag/LAF contacts, and the extent of
glass frit degradation scaled with the acidity of the solution.

PbOy,) + 2H (4)—~Pb*" (g + H20 )

For the Ag/Al contacts, aluminium oxidation provided an additional
degradation pathway. Under acidic conditions, NO3 can undergo
reduction in this class of acidic nitrate solutions, such as AgNOs, Zn
(NO3)2, and AI(NOg3)s. During this process, a fraction of NO3 can be
reduced to gaseous by-products such as NO, N,O, and Ny, which facili-
tates electron transfer and further promotes Al oxidation [35,36]. This
mechanism has a much weaker impact on Ag/LAF contacts. In contrast,
for Ag/Al contacts, where Al spikes are the dominant current-carrying
pathways, contact degradation can be significantly accelerated.

Compared with other artificial ageing approaches, this degradation
route is more physically relevant, because modules deployed in natural
environments are inevitably exposed to oxygen and moisture, which can
oxidise metal contacts over sufficiently long timescales [56-58]. Nitrate
species effectively accelerate these intrinsically slow oxidation pro-
cesses, thereby providing a closer approximation to realistic field-driven
degradation.

The presence of metal cations further promoted Al self-oxidation,
resulting in a faster degradation rate for Ag/Al contacts compared
with Ag/LAF contacts when the pH was in the range of 5-6, as in the
cases of AgNO3 and Zn(NOs),. In addition, chemical evolution of PbO-
containing glass-frit phases under ionic ageing may lead to local weak-
ening or discontinuity of the interfacial glass layer, thereby modifying
transport pathways for moisture and dissolved species [59,60]. Such
changes can increase the electrochemical accessibility of underlying Al-
containing regions and promote localized corrosion processes. Conse-
quently, the corrosion severity of Ag/LAF contacts could be primarily
governed by the solution pH, whereas the degradation fingerprints of
Ag/Al contacts were influenced by both pH-driven glass-frit corrosion
and aluminium oxidation.

Additionally, we also used NaCl which is also a neutral salt, but it still
resulted in significant contact degradation both on Ag/Al and Ag/LAF
contacts. We have systematically investigated the Ag/Al contact failure
caused by NaCl in previous work [12,15]. The fast degradation was due
to the high penetration rate of Cl and Cl could easily accelerate the Al
oxidation and corrosion [12,61-64]. However, differently we also
noticed that NaCl had severe negative impact on Ag/LAF contact as well.
Hence, we extracted a cross-sectional image and corresponding EDS as
shown in Fig. 4c. The analysis indicates a localized enrichment of
chlorine signals at the Ag/Si contact interface, accompanied by partial
spatial co-localisation with Ag, suggesting the presence of corrosion-
related interfacial species. This observation is consistent with our pre-
vious observations in low-temperature Ag paste in silicon heterojunction
solar cells [29]. The AgNPs at the contact interface are highly reactive
and could undergo chloride-induced dissolution—complexation re-
actions under humid conditions [65-68]. Cl~ ions readily interact with
Ag and promote the formation of AgCl species, as described in Eq. (3).

Ag(s) +Cl” (aq) <—>Ag61<aq> +e 3)

Furthermore, AgCl can further complex with Cl™ ions to form soluble
Ag—Cl complexes, such as AgCl3, AgCl%‘, and AgClﬁ_, under damp-heat
conditions, as shown in Eq. (4) [69].

AgCly + (n— 1)Cl (o) < AgCL, " Q)

These reactions could facilitate the dissolution and redistribution of
AgNPs at the Ag/Si interface, which can disrupt the effective conductive
routine and accelerate the degradation of the metallization contact.
After the completion of the ageing process, the chemical equilibrium
may shift and Ag can reprecipitate. However, the redeposited Ag is no
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longer in the original contact structure [69-71]. We could observe Ag
and Cl EDS signals highly overlapped in certain regions as shown in
Fig. 4c. Instead, it forms irregular or poorly connected Ag phases due to
strong complexation with chloride species. As a result, the electrical
conductivity of the contact deteriorates, leading to an increase in the Ry
of the solar cell.

To further verify this mechanism, additional chloride salts were
systematically investigated. The corresponding electrical performance
results are presented in Table S2, while the degradation behaviour of
Ag/LAF contacts is shown in Fig. S5. Similar degradation trends were
consistently observed, providing further evidence that Cl~ ions can
specifically interact with AgNPs and play a critical role in the metalli-
zation degradation process.

Notably, in NaCl-based cell-level tests, the detrimental impact of C1~
on AgNPs stability appeared comparatively less pronounced. In contrast,
significantly greater performance degradation was observed at equiva-
lent chloride-ion concentrations in solutions containing potassium
chloride (KCl), magnesium chloride (MgCly), calcium chloride (CaCly),
and ammonium chloride (NH4Cl). This variation is likely associated with
cation-dependent ionic interactions and their influence on interfacial
electrochemical reactions, including differences in ionic hydration
behaviour, transport kinetics, and local electrochemical potential dis-
tribution [72]. In addition, distinct hydrolysis characteristics of multi-
valent or weakly acidic cations may induce variations in local interfacial
acidity, thereby further accelerating Ag dissolution—complexation re-
actions and contact corrosion.

In contrast, NO3 are negatively charged oxyanions with oxidizing
nature. However, unlike chloride ions, nitrate has little tendency to form
stable coordination complexes with Ag under the tested conditions.
Therefore, NaNO3 mainly acts as an ionic electrolyte that influences the
solution pH and ionic strength, while its direct involvement in metalli-
zation corrosion reactions is limited. Consequently, the degradation
induced by NaNOs is significantly weaker compared with that caused by
NacCl.

Further tests across different chloride systems consistently revealed
pronounced degradation in Ag/LAF contacts, highlighting the intrinsic
vulnerability of AgNPs-dominated conduction networks. In Ag/LAF
metallization schemes, AgNPs contribute not only to Ag—Si contact
formation at pyramid tips but also to the overall current transport
network, making these contacts particularly susceptible to chloride-
induced corrosion. Although NaCl-based accelerated tests can already
differentiate the degradation behaviour of TOPCon cells employing Ag/
Al and Ag/LAF contacts, this simplified mechanism still does not fully
capture the complex degradation pathways occurring in practical
TOPCon modules.

Systematic testing across multiple chloride salts consistently
revealed pronounced degradation in Ag/LAF contacts, highlighting the
intrinsic vulnerability of AgNPs-dominated conduction networks. In Ag/
LAF metallization schemes, AgNPs contribute not only to Ag—Si contact
formation at pyramid tips but also to the overall current transport
network, rendering these contacts particularly susceptible to Cl-induced
corrosion. Although NaCl-based accelerated tests can effectively differ-
entiate the degradation behaviour of TOPCon cells employing conven-
tional Ag/Al and Ag/LAF contacts, such simplified conditions mainly
isolate chloride-driven reactions. Therefore, they cannot fully capture
the coupled physicochemical degradation pathways that occur in prac-
tical TOPCon module environments [7,15]. By contrast, under relatively
mild acidic conditions, NO3 does not react with AgNPs. Moreover, ni-
trates are universal in the environment and in module glass. Therefore,
using nitrate-based solutions may provide a more realistic and physi-
cally meaningful approach for accelerated reliability testing.

3.3. Validation of consistency between cell-level accelerated ageing and
module-level degradation in TOPCon devices

Based on the work reported by Park et al., EVA-based encapsulant



X. Wuetal

materials exhibit a mildly acidic environment with a pH close to 5 [31].
Consistent with this, and informed by our previous experiments, the Zn
(NO3); exposure duration was extended from 24 h to 60 h (pH = 5.1) to
evaluate front-side contact degradation in TOPCon solar cells under
prolonged stress. The corresponding relative changes in [—V parameters
are summarized in Fig. 5a and Table S3.

Under these conditions, Ag/Al TOPCon solar cells exhibited an
approximately 10.0% relative PCE loss, primarily driven by a 9.5%
relative reduction in FF due to an ~1500% increase in Rg. In contrast,
solar cells with Ag/LAF contacts showed a smaller PCE degradation of
4.2%y, again dominated by an FF decrease (3.8%e)). In both cases,
changes in Jg. (or Is) and V. contributed only marginally to the overall
PCE loss. In addition, the relative variations in PL and R mapping,
shown in Fig. 5c and d, further indicate that the dominant degradation
fingerprints are localized in the solar cells' metallisation regions.

At the module level, double-glass EVA-encapsulated TOPCon mod-
ules exhibited relative PCE losses of ~6.2% for Ag/Al and ~ 3.6% for
Ag/LAF, respectively, as shown in Fig. 5a and Table S4. The corre-
sponding EL images in Fig. 5b show that the dominant failure sites are
also concentrated in the metallisation regions, confirming that metal-
lisation degradation is the primary source of the performance differ-
ences between these two module types. Although a slight decrease in I
was also observed, this is likely attributable to encapsulant ageing under
DHS85 conditions. The dominant contributor to the PCE divergence re-
mains the difference in FF loss, which is closely linked to contact
degradation.
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While direct quantitative comparability between cell-level acceler-
ated ageing and module-level degradation cannot be established within
the scope of this study, a qualitatively similar FF-related degradation
tendency between the two metallisation methods was observed at both
the cell and module levels. This observation supports the practical
relevance of the proposed front-side metallisation assessment approach
for TOPCon devices, as it enables targeted evaluation of contact stability
under chemically moderated, EVA-relevant acidic conditions. In
contrast, module-level performance loss may be additionally influenced
by encapsulation-driven ageing effects, which can contribute to
enhanced Is./Js degradation and obscure intrinsic contact reliability
behaviour. Therefore, the present method provides a more controlled
framework for mechanistic comparison of emerging metallisation ar-
chitectures compared with conventional soaking- or mist-based tests,
which often induce overly aggressive or poorly differentiated degrada-
tion pathways.

These findings further highlight the limitations of CH3COOH im-
mersion testing, since complete immersion introduces highly aggressive
liquid-phase conditions with abundant electrolyte availability, which
can promote rapid corrosion reactions that may not be representative of
the chemically moderated ageing environments encountered in encap-
sulated modules over long-term operation [13,14]. The discrepancy
between CH3COOH soaking results and module-level degradation
highlights the need for test methodologies that provide more controlled
and chemically moderated ageing conditions, enabling clearer differ-
entiation of metallisation reliability behaviour.
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The results further highlight the importance of carefully selecting
induced contaminants in accelerated testing. Although chloride ions can
trigger distinct degradation pathways in AgNPs-based contacts, signifi-
cant Cl accumulation inside modules is unlikely outside Cl-rich envi-
ronments such as offshore, saline, or industrial regions. Consequently,
the routine use of Cl-related salts in accelerated tests may introduce
artificial degradation mechanisms that do not occur under typical field
conditions, thereby potentially misleading metallisation design or pro-
cess optimisation.

In addition, other ionic species, such as NaHCOs, may fail to accu-
rately represent module-level degradation behaviour. The alkaline
environment generated by such salts can activate alternative failure
mechanisms that are not relevant to the chemical conditions experi-
enced inside encapsulated modules, further limiting the physical rele-
vance of these accelerated test conditions.

From a methodological perspective, the use of chemically relevant
species whose elemental composition and ionic forms already exist
within solar cell and module environments offers a pathway toward
more physically grounded accelerated reliability testing. This strategy
minimises the risk of introducing foreign degradation drivers and en-
hances the predictive value of short-term tests for long-term field per-
formance. Overall, the proposed framework provides a foundation for
developing next-generation accelerated ageing protocols that balance
test severity with physical realism, thereby supporting more reliable
metallisation engineering for advanced TOPCon technologies.

4. Conclusions

This study shows that conventional solution-based soaking tests,
such as CH3COOH immersion, can impose chemically unrealistic and
non-selective stress conditions on TOPCon solar cells and therefore are
not representative of module-level reliability. In particular, such tests
tend to overemphasise contact degradation in Ag/LAF solar cells and do
not reproduce the degradation trends observed under damp-heat con-
ditions in encapsulated modules, highlighting their restricted predictive
relevance.

To address this issue, a chemically relevant, single-side spray-based
accelerated testing approach was developed to enable selective evalu-
ation of front-side contact stability under controlled pH conditions.
Using nitrate-based salts with systematically varied acidity, a clear pH-
dependent degradation trend was observed for both Ag/Al and Ag/LAF
metallisation schemes. With increasing acidity, both contact types
showed increases in contact resistivity and series resistance, resulting in
dominant FF and PCE losses. Under weakly acidic nitrate conditions [Zn
(NO3)2, pH = 5, at 25 °C], which are relevant to EVA-associated acidic
environments, degradation at the cell level was dominated by contact
resistivity increases and FF-related performance losses.

From an engineering perspective, the proposed methodology pro-
vides a controlled framework for comparative assessment of emerging
metallisation architectures. By selecting chemically moderated ionic
species and applying spatially selective stress, the approach improves
the interpretability of degradation fingerprints obtained from acceler-
ated cell-level testing without inducing excessively aggressive ageing
conditions. While quantitative correlation with long-term module
degradation remains beyond the scope of this work, the framework of-
fers a useful basis for mechanistic screening and early-stage reliability
differentiation of advanced solar cell metallisation designs.

Beyond TOPCon technology, the proposed chemically relevant cell-
level ageing framework may also be extendable to other advanced sili-
con and hybrid photovoltaic architectures, including silicon hetero-
junction, back-contact, and perovskite-silicon tandem solar cells, where
metallisation stability under mildly acidic moisture ingress is a critical
reliability bottleneck.
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