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ABSTRACT

Laser-assisted firing (LAF) technologies, such as laser-enhanced contact optimization (LECO), have enabled the reliable applica-
tion of low-Al Ag pastes for front-side metallization in tunnel oxide passivated contact (TOPCon) solar cells, opening a pathway
to improved damp-heat (DH) stability and glass-backsheet (G-B) module designs. To further lower production costs, ethylene—
vinyl acetate (EVA) and EVA/polyolefin/EVA (EPE) encapsulants are commonly employed; however, their long-term hydrolytic
degradation produces acetic acid, which promotes metallization corrosion. In this work, we systematically investigate the impact
of glass frit chemistry in two commercial low-Al content Ag front pastes on the cell- and module-level stability of LAF-processed
TOPCon devices. Accelerated acetic-acid exposure tests reveal that a Ba- and Zn-modified glass frit (Paste B) exhibits markedly
improved resistance to interfacial degradation compared with a Pb- and B-rich frit (Paste A), as evidenced by a maintained series
resistance, contact resistivity and Ag-Si interfacial integrity. Microscopic and elemental analyses revealed that Ba enrichment in
the glass frit markedly improves interfacial stability relative to Pb- and B-rich formulations. At the module level, DH85 (85°C/85%
RH) testing of G-B TOPCon modules (front EPE/rear EVA) demonstrates that Paste B limits the relative power loss to 4%-5%
after 1500h, whereas Paste A leads to severe fill-factor-driven degradation resulting in a power loss over 25%. These results es-
tablish a direct correlation between glass frit composition, acetic-acid corrosion resistance and DH stability, highlighting glass
network engineering as a key lever for designing robust, low-cost metallization systems for next-generation TOPCon modules.

1 | Introduction strategies can effectively reduce manufacturing costs, many
of them accelerate module degradation under environmental
By 2024, tunnel oxide passivated contact (TOPCon) became stress.
the leading cell architecture in mass production, a leadership

expected to continue throughout this decade. However, the per- TOPCon technology has been shown to be particularly suscepti-

sistent overcapacity in the photovoltaic (PV) industry has driven
a sharp decline in module prices, prompting manufacturers
to prioritize low-cost production strategies. Although these

ble to degradation, including corrosion during damp-heat (DH),
potential-induced degradation (PID) and ultraviolet-induced
degradation (UVID), all of which can shorten module lifetime
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and lower system energy yield [1, 2]. The implementation of
lower cost bills of materials (BOMs), especially polymer encap-
sulants and backsheets replacing rear glass, further increases
reliability risks under real-world operating conditions.

DH testing has consistently revealed pronounced performance
losses in TOPCon modules, demonstrating high sensitivity
to the combined effects of moisture and elevated temperature
[3-5]. This imposes strict design constraints, particularly for
glass—-backsheet (G-B) configurations, as polymer backsheets
allow greater moisture ingress than glass-glass (G-G) struc-
tures [4]. In earlier generations, the use of silver-aluminium
(Ag/Al) paste could easily result in front-side contact corrosion
under DH exposure [6, 7]. The emergence of laser-assisted firing
(LAF) techniques, such as laser-enhanced contact optimization
(LECO), improved contact formation and open-circuit voltage
(V,,), resulting in higher cell and module efficiencies [8-10].
Furthermore, LAF enabled the adoption of low-Al Ag pastes in
mass production, enhancing both cell- and module-level DH re-
liability and facilitating the use of backsheet-based module de-
signs [7, 11].

To further reduce costs, polyolefin elastomer (POE) encapsu-
lants are often replaced with ethylene-vinyl acetate (EVA).
However, EVA undergoes thermo-oxidative and hydrolytic deg-
radation, producing acetic acid as a by-product of vinyl acetate
hydrolysis during long-term operation [12, 13]. Acetic acid is
highly corrosive to metallization, leading to contact failure and
power loss, making EVA less suitable for Ag/Al-based TOPCon
modules [7, 14, 15]. In our previous work, we observed an ~6.2%
relative power loss in low-Al Ag paste TOPCon modules after
1000h of damp-heat DH85 (85°C/85% relative humidity [RH])
testing with G-B EVA encapsulation, significantly lower than
the ~37% relative power loss observed in Ag/Al paste TOPCon
modules under identical conditions [7].

Nevertheless, as the industry demands higher reliability of
modules with low-cost BOMs under DH85 conditions, further

advancements in materials and process optimization are needed
to alleviate DH-induced degradation in TOPCon modules. Given
that low-Al Ag pastes have only recently been adopted in con-
junction with LAF processes for TOPCon technology, limited
studies have systematically assessed the long-term stability of
different low-Al Ag pastes, and the underlying mechanisms
governing their cell-to-module reliability remain insufficiently
understood.

Following the acetic-acid exposure approaches reported by Igbal
etal. [14] and ChenlLi et al. [2], this work employs controlled acid
soaking tests to investigate corrosion-induced degradation in
TOPCon solar cells. Although previous studies mainly focused
on cell-level degradation, the translation of acetic-acid-induced
metallization corrosion to module-level reliability, particularly
for LAF-processed TOPCon cells, remains insufficiently ad-
dressed. Here, we extend these established methodologies by
correlating cell-level acid degradation with long-term module
performance under DH85 conditions through a combined analy-
sis of acid soaking, electrical characterization, detailed composi-
tional and interfacial characterization, and 1500-h DHS85 testing
of laminated minimodules. Overall, this study establishes a di-
rect correlation between glass-frit composition, corrosion resis-
tance and metallization reliability, providing valuable guidance
for the design of acid-resistant Ag pastes for next-generation,
low-cost TOPCon modules.

2 | Experimental Details

The experimental workflow is presented in Figure 1a. Reliability
assessments were performed at both the cell and module level,
with electrical characterization conducted throughout the aging
tests to monitor parameter evolution. Elemental analysis was
carried out on selected regions (tokens/stripes) obtained from
the same batch or from aged samples to identify compositional
changes. Two types of low-Al Ag paste TOPCon solar cells fabri-
cated by our industry partner were used in this study. Regarding
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FIGURE1 | (a)Experimental workflow for module accelerated damp-heat testing, (b) schematic representation of the TOPCon solar cells and (c)

glass—backsheet (G-B) TOPCon modules utilized in this study.
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the LECO process, the cells were processed using the industrial
settings provided by the manufacturer. The key LECO param-
eters used for the cells in this study were power supply voltage
of approximately 16V, power supply current corresponding to
the industrial setting, total laser power of approximately 70 W,
laser wavelength of 1030nm and laser frequency of 1000 Hz. All
TOPCon cells were manufactured on G10 n-type Czochralski
(Cz) silicon (Si) wafers (182 mm x 183.75 mm), with four samples
prepared for each condition. The cell architecture is shown in
Figure 1b. The front surface comprises a lightly boron-doped
p* emitter (~300Q/0) passivated by an aluminum oxide/silicon
nitride/silicon oxynitride (A1203/SiNX/SiOyNZ) stack, whereas
the rear side consists of a silicon oxide (SiO,) tunneling layer,
a phosphorus-doped polycrystalline silicon layer and a SiN,
passivation layer. Following screen printing, all cells were fired
and subsequently subjected to a LAF process to form ohmic
contacts. The key distinction between the two cell types was
their front-contact metallization, referred to as Pastes A and
B. The paste composition differences were analyzed by induc-
tively coupled plasma mass spectrometry (ICP-MS) (NexION
5000, PerkinElmer, United States). The paste samples were first
digested prior to ICP analysis. For accurate Ag quantification,
nitric acid (HNO,) digestion was employed rather than hydro-
chloric acid (HCI) to avoid precipitation or complexation of Ag
in chloride-containing media. Ag was quantified by ICP-OES,
whereas the other elements were analysed by ICP-MS after sub-
sequent mixed-acid digestion. To ensure a fair comparison, the
same Ag rear paste was used for all samples.

All TOPCon cells were thoroughly cleaned to eliminate po-
tential contaminants introduced during transportation and
then placed in cassettes and immersed in sealed containers of
0.10mol/L acetic acid at room temperature (25°C). This concen-
tration was selected to reproduce the acidic conditions arising
from EVA degradation in fielded modules, where in situ acetic
acid accumulation has been reported to lower the local pH to val-
ues between ~2 and 5, depending on the backsheet permeability
[16, 17]. The acetic acid solution was not refreshed throughout
the experiment, and its volume was sufficiently large to ensure
that any change in concentration during exposure remained
negligible.

Before and after each exposure, the current-voltage (I-V) char-
acteristics were measured using a pv-tools LOANA system. The
I-V parameters were normalized to a reference cell measured
simultaneously. The normalized value was defined as S/R,
where S and R represent the sample and reference values, re-
spectively, and the relative change between two measurements
was calculated as (S2/R2)/(S1/R1)—1. The photoluminescence
(PL) and series resistance (R,) mappings were obtained using
a BT Imaging R3 tool. In addition, contact resistivity (p,) was
evaluated using the transfer length method (TLM). Strips with a
width of 6 mm were prepared from both Pastes A and B samples
and immersed in a 0.10mol/L acetic acid solution for 10 min.
Eight stripes (four front-side and four rear-side) were used for
each paste type. Contact resistivity values were recorded before
and after acid treatment.

To further investigate chemical and microstructural changes,
the Ag pastes were analyzed by ICP-MS, and cross-sections
of the corroded Ag fingers were prepared by focused ion

beam (FIB) milling and imaged using a Zeiss Crossbeam 550.
Scanning electron microscope (SEM) imaging at an accelerat-
ing voltage of 15kV enabled visualization of voids, glass-phase
evolution and disruption of the Ag-Si contact interface. During
FIB operation, the sample stage was tilted 54° relative to the
ion beam and 36° relative to the sample surface, with image
scaling corrected accordingly. Energy-dispersive spectroscopy
(EDS) was performed under the same SEM conditions using an
Oxford Instruments Ultim Max detector, and the spectra were
processed in AZtec software to obtain quantitative elemental
ratios and spatial distributions [18]. Initial cross-sectional EDS
mappings of both pastes are shown in Figure S2. The point ID
function was used to perform relative elemental quantification.

The damp-heat testing workflow, outlined in Figure 1a, involved
periodic I-V characterization and electroluminescence (EL) im-
aging of all modules. Accelerated aging was performed under
damp-heat (DH85, 85°C/85% RH) conditions following the IEC
61215 standard [19]. Module fabrication followed the glass/
EPE/TOPCon/EVA/backsheet structure shown in Figure Ic.
Three modules per paste type were laminated for DH85 test-
ing. Electrical performance measurements were obtained using
a GIV-200DS2616 flash tester (Gsolar Power). After 1500h of
DHB85 exposure, I-V and EL measurements were repeated to
identify degradation patterns and quantify performance losses.

3 | Results and Discussion

3.1 | Cell-Level Acetic Acid Testing on LAF
TOPCon Solar Cells

Both samples exhibited similar initial I-V characteristics, with
efficiencies of approximately 25.2%, fill factors (FF) around
84.5%, short-circuit current densities (J,) of about 40.8mA/
cm?, V. of around 734mV and R ~0.4Q-cm?. Figure 2a-e
shows the time-dependent I-V data under acetic acid expo-
sure, highlighting the distinctly different degradation rates
of Pastes A and B. For cells fabricated with Paste A, the de-
cline was rapid and catastrophic, with the relative efficiency
decreasing by approximately 80%-90% within 120 min. This
sharp drop is accompanied by a severe reduction in FF and a
dramatic rise in R. The more than four-order-of-magnitude
increase in R directly suppresses the fill factor, and the reduc-
tion in short-circuit current density is attributed to incomplete
photocurrent collection caused by the extremely high series
resistance rather than EQE changes. As the contact becomes
heavily corroded and the local resistance increases, a sub-
stantial fraction of the generated current can no longer be ex-
tracted through the metal fingers, leading to the observed J,
drop. At the same time, the slight decrease in V(< 3%) can be
explained by corrosion-induced damage at the Ag-Si contact,
which creates additional recombination sites and initiates
early interfacial failure. Although the open-circuit voltage de-
creases by only a small amount, it occurs earlier than in Paste
B cells, indicating that interfacial failure initiates at an earlier
stage. The premature and severe degradation of Paste A makes
long-term monitoring impractical, as devices become unmea-
surable after 2h. In contrast, Paste B exhibits a more gradual
degradation trend, with the efficiency loss remaining rela-
tively slow over the 240-min exposure period. Although the
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solar cells before and after acetic acid ageing.

R, shows a noticeable increase after 240 min of exposure, the
rise remains moderate and does not reach the severe level ob-
served in Paste A. Notably, both the V, and J_  remain largely
unchanged, suggesting that the corrosion of the interfacial frit
progresses considerably more slowly than in Paste A. These
findings demonstrate Paste B's superior corrosion resistance
under acetic acid exposure.

".,a v" l' X

I i
0

(a) PL images of Pastes A and B TOPCon solar cells before and after acetic acid aging and (b) R, images of Pastes A and B TOPCon

The R, mapping images shown in Figure 3b further validated
these trends. After 80min, Paste A cells exhibit large areas of
elevated R, manifested as continuous finger-shaped high-
resistance bands and fragmented hotspots, which are hallmarks
of severe metallization corrosion and disrupted Ag-Si con-
tacts. By contrast, Paste B retains an essentially uniform low-
resistance distribution under identical conditions, indicating

4
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that electrical continuity of the metal grid is largely preserved.
In addition, the PL images exhibit only minor changes, consis-
tent with the limited variation reported in Figure 2b.

Figure 2f shows the evolution of front p, for Pastes A and B
during the acetic acid aging test. Both samples exhibited low
initial resistivity values, differing only slightly, with the Paste
B sample showing slightly higher resistivity. After exposure,
Paste A exhibited a sharp increase in p,, with median values ex-
ceeding 40mQ-cm? and a broad distribution range. This wide
variation indicates nonuniform corrosion, consistent with the
irregular high-R_ regions observed in the front-side R, mapping.
Paste B displayed a distinctly different behaviour: After soaking,
both the front and rear contacts maintained low p, values, with
only a slight increase (<5 mQ-cm?) on the front side. The nar-
row post-soaking distribution suggests stable interfacial bond-
ing and minimal glass corrosion. It is noted that the rear-side
contacts were also measured before and after the ageing testing,
and rear contact of all the cells retained a low resistivity (<2
mQ-cm?). On the rear side, both samples maintained low and
stable resistivity levels throughout the measurements.

3.2 | Paste Elemental Analysis

Table S2 summarizes the detailed ICP-MS results, and Figure 4a
presents the relative elemental compositions of the two pastes
in their initial state. Overall, both pastes consist of Ag as the
main conductive phase, with boron (B), lead (Pb), barium (Ba),
zinc (Zn), aluminium (Al), sodium (Na) and magnesium (Mg)
forming the glass phase. The major compositional difference
lies in the distribution of B and Ba: Paste A contains a higher
amount of B but no Ba, whereas Paste B has a significant amount
of Ba and less B. B is present in the frit mainly as B,0,, which
acts as a glass-forming component and helps lower the soften-
ing temperature and viscosity of the frit, thereby facilitating frit
flow and interfacial reaction during firing [20]. However, a more
borate-dominated Pb/B glass network is also generally more
vulnerable to hydrolysis and ion leaching in acidic environ-
ments unless stabilized by additional modifiers [21, 22]. Minor
variations were also observed in Bi, Zn, Mg and Na contents.
Pb- and B-rich phases are known to degrade readily in weakly
acidic environments such as acetic acid, thereby accelerating
corrosion at the Ag-Si contact interface [21, 23]. Zn is also likely
to contribute to the behaviour of Paste B by modifying the inter-
facial glass structure and contact formation. However, based on

(a) Element analysis (b) Average elemental weight ratios (glass phase region)
by ICP-MS s TR Paste A Paste B
Element

Ag 97.9% 97.6% analysis by EDS Initial Acid aging Initial Acid aging
Al 0.08% 0.09% Ag 60.03% 96.79% 75.22% 94.43%
B 0.7% 0.2% Al 2.85% 0.64% 0.38% 0.59%
Ba 0.0% 0.7% Ba 0.24% 0.19% 8.35% 0.20%
Bi 0.0% 0.001% Bi 0.86% 0.08% 0.17% 0.14%
Pb 1.4% 1.2% Pb 34.02% 1.93% 11.48% 3.62%
Fe 0.002% 0.002% Fe 0.12% 0.16% 0.06% 0.07%

Mg 0.004% 0.0% Mg 0.03% 0.00% 0.02% 0.02%
Na 0.002% 0.002% Na 0.05% 0.02% 0.12% 0.00%
Zn 0.0% 0.1% Zn 1.80% 0.18% 4.21% 0.93%

Paste B

Afteraging

FIGURE 4 | (a)Relative elemental weight percentage of Paste A and B as obtained by ICP-MS, (b) relative elemental weight percentage ratios of
the Ag contact region for solar cells fabricated using Paste A and B as obtained by EDS (excluding boron and silicon, see discussion in Section 3.1),
(c) FIB-SEM cross-sectional images of fresh and degraded samples with Paste A and B.
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prior studies, the role of ZnO in high-temperature Ag pastes is
composition dependent: It may improve FF and assist interfacial
densification in some frit systems, while also affecting the glass-
phase conductivity and the erosion behaviour toward Si [24-27].
Therefore, in the present work, the improved stability of Paste
B is attributed to the combined effect of the Ba/Zn-modified frit
chemistry rather than to Zn alone. Na,O and MgO act as net-
work modifiers that help reduce the melting temperature and
improve the glass fluidity. Previous studies have reported that
incorporating Al,O, and Fe,0, into glass frits can strengthen
the silicate framework and suppress ionic leaching under acetic
conditions, thereby markedly enhancing the acid resistance of
Ag metallization [28-31]. However, in Paste A, Fe is only pres-
ent in trace amounts compared to Pb and B, and thus, the Pb-B
system dominates the glass chemistry. In this work, the poorer
corrosion resistance of Paste A is therefore attributed not simply
to its higher B content but to the combined effect of its Pb/B-rich
frit chemistry, which is more susceptible to acetic-acid-induced
dissolution than the lower-B, Ba/Zn-modified frit in Paste B.

Figure 4b summarizes the averaged relative elemental weight
percentage ratios obtained from EDS analyses on multiple
points across the glass phase regions of the finger cross-sections,
reflecting the compositional changes before and after acetic
acid aging. The corresponding point locations are shown in
Figure S1. For each sample, one bulk glass frit region and one
interface glass frit region (each approximately 2X3um) were
measured, and about five EDS points were collected within
each region. Because EDS analysis of light elements such as B
is highly uncertain due to their low X-ray emission energy and
strong absorption in the detector window and the Si signal may
be affected by the substrate, both elements were excluded from
the analysis [32, 33]. After excluding B and Si, the remaining ele-
mental ratios were renormalized. The results show a significant
reduction in the glass phase in both pastes after aging, indicating
that the glass network dissolved and ions leached in the acidic
environment, with Paste A exhibiting more severe degradation.
Specifically, the Pb content in Paste A decreased from 34.02% to
1.93%, whereas in Paste B, it was reduced from 11.48% to 3.62%,
suggesting that Paste B retained more of the glass composition.

The element most likely responsible for protecting the glass com-
position in Paste B appears to be Ba. From a chemical-bonding
perspective, Ba?* possesses a high ionic field strength and low
polarizability, enabling the formation of strong ionic bonds with
nonbridging oxygens (NBOs), which suppresses the attack of
these oxygens by protons in the acidic medium [34, 35]. NBOs
are oxygen ions bonded to only one network-forming atom (such
as Si or B), carrying localized negative charges that serve as pref-
erential sites for protonation or hydrolysis. Ba?*, with its strong
electrostatic field, can form stable ionic coordination with such
0%~ species, reducing their polarizability and proton affinity.
Although the introduction of BaO may increase the number of
NBOs, the strong Ba-O bonding enhances the overall network
stability under acidic conditions. In addition, some reports have
shown that Ba?* can improve the fluidity of conductive pastes
[36, 37]. Therefore, Paste B may exhibit better flow behaviour
than Paste A. Consistent with this, cross-sectional interface
morphology shows that the interfacial glass in Paste B is uni-
form and thin, whereas Paste A exhibits local glass agglomer-
ation [38, 39]. Consequently, after acetic acid soaking, Paste A

developed larger interfacial gaps, whereas Paste B maintained
continuous electrical contact at the interface. In addition, the
presence of Bi exclusively in Paste B may also be beneficial, as
previous studies on Bi,0,-containing glasses have shown that
bismuth oxide can modify the glass network structure and im-
prove resistance to dissolution in acidic environments. This en-
hancement is attributed to the ability of Bi,O, to lower the glass
softening temperature and increase its flowability and wetting
on metallic surfaces, enabling the molten glass to more effec-
tively fill interfacial voids during firing and form a denser and
more continuous barrier against acid penetration [40-43].

Figure 4c shows the cross-sectional SEM of Ag fingers before
and after immersion in acetic acid solution, which further shows
the degradation process. The two pastes exhibit distinctly dif-
ferent degradation behaviours. At the initial state, both samples
display the typical sintered-silver microstructure, consisting of
a porous Ag bulk and a continuous glass interlayer at the Ag/Si
interface. After immersion in acetic acid, Paste A shows severe
interfacial delamination and extensive corrosion of the glass frit.
The interfacial glass layer is almost completely dissolved, leav-
ing exposed Ag particles and visible gaps between Ag and Si,
which likely leads to electrical failure and accounts for the sharp
increases in p, and R observed macroscopically. In contrast, the
Ag phase remains largely intact, suggesting that the primary
degradation mechanism arises from dissolution of the Pb/B-
rich glass rather than from metallic corrosion. In comparison,
Paste B maintains a largely intact and well-adhered interface.
Although partial corrosion of the glass phase within the finger
bulk can be observed, the Ag/Si contact remains continuous
without voids caused by frit dissolution.

3.3 | Module Damp-Heat Testing

Figure 5 presents the electrical performance parameters and EL
images of modules fabricated with Pastes A and B after 1500h of
damp-heat exposure at 85°C and 85% relative humidity. Initially,
both module types demonstrated comparable performance, with
a maximum power (P, ) of approximately 581-582'W, a short-
circuit current (I, ) of about 13.7 A and a V,, of roughly 52.8V.
The similarity of the initial parameters indicates that both paste
formulations provided adequate contact formation and metal-
lization quality immediately after fabrication. However, after
the DH test, there were significant differences between the two
modules. As shown in Figure 5b, the modules fabricated with
Paste A exhibited approximately 28%-30% power degradation,
which was dominated by a comparable reduction in FF, whereas
I, and V , remained nearly unchanged. The reduction in FF is
very likely due to an increase in R, consistent with the signifi-
cant deterioration of Ag-Si contact integrity observed at the cell
level after acetic acid soaking. The difference of J , between the
cell-level acid-soaking behaviour and the module-level DH re-
sponse mainly arises from the distinct degradation configura-
tions. In the acetic-acid soaking test, the front metallization of
bare cells is directly exposed to the acidic medium, which can
rapidly disrupt local current-collection pathways and lead not
only to severe FF loss, but also to an apparent decrease in J,
when the front-grid transport becomes strongly limited. In con-
trast, within a laminated module, degradation tends to initiate
preferentially near the ribbon/busbar regions. This is because
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FIGURE 5 | Module-level DH85 (85°C/85% RH, 1500h) reliability of TOPCon modules metallized with Pastes A and B. (a) Initial I-V character-
istics of the modules, (b) relative power degradation after DH85 exposure and (c) EL images of the modules before and after 1500h of DHS85 testing.

the presence of the ribbon creates a relatively larger gap between
the solar cell surface and the encapsulant, facilitating moisture
ingress and transport to the cell surface. As a result, degradation
is often observed along the ribbon/busbar areas. Furthermore,
due to encapsulation and the interconnection architecture, deg-
radation progresses more gradually at the module level. In this
case, corrosion primarily increases series resistance, which is
first reflected as FF loss. Meanwhile, the junction quality and
optical properties remain largely unaffected in the early stages,
resulting in relatively stable J  and V, . In contrast, the modules
fabricated with Paste B maintained a relatively stable electrical
output after the DH exposure, with P, decreasing by only 4%-
5%. Both I, and V. remained nearly constant, indicating that
the cells’ optical and recombination properties were unaffected.
The slight decrease in FF can be attributed to minor transport-
related losses, whereas the stable V and I indicate that junc-
tion and interfacial contact integrity were preserved. Relative to
our earlier findings showing a 6.2% power loss after 1000h of
damp-heat exposure, the present results demonstrate a measur-
able enhancement in stability [7].

The ELimagingresults further support these findings at the mod-
ule level. For the Paste A modules, the post-DH images exhibit

extensive darkening concentrated around busbar-connected
grid regions, with darkened features extending along adjacent
fingers, indicating resistive losses. The pronounced contrast
variation among individual cells confirms that contact degra-
dation was nonuniform, with the most corroded grid segments
dominating. Such inhomogeneous degradation is consistent
with the dispersed p, distribution obtained from TLM measure-
ments after acetic acid soaking. In contrast, the Paste B modules
show much weaker darkening even after 1500 h of DH85 testing.
The front Ag contacts remain electrically and mechanically in-
tact, as reflected by the uniform EL brightness across the cells.
Most cells maintained a stable EL intensity, indicating that elec-
trical pathways and adhesion strength were preserved.

By correlating the module-level performance degradation with
the microstructural and electrochemical analyses, a consistent
conclusion can be drawn. The degradation behaviour suggests
that the primary failure mechanism of the Paste A modules orig-
inates from the instability of the Pb/B-rich glass network. Under
thermal and humidity stress, acetic acid generated inside the en-
capsulant gradually leaches Pb- and B-containing glass constitu-
ents, leading to the dissolution of the interfacial glass phase and
the formation of voids between silver and the silicon surface. As
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the interfacial conduction paths are disrupted, localized high-
resistance regions develop, resulting in a macroscopic decline in
both FF and P, ,,. However, in the metallization paste of Paste B
modules, Ba?* and Zn?* were introduced as glass modifiers, fa-
cilitating the formation of a denser and chemically more durable
glass network. In particular, the strong electrostatic field of Ba**
enables the formation of robust ionic bonds with 0%~, thereby
stabilizing the oxygen framework within the glass network and
rendering it less susceptible to leaching under mildly acidic or
humid conditions. The rear-side metallization exhibited stable
performance at both the cell and module levels. In addition to
the differences in paste formulation, this stability can also po-
tentially be attributed to the distinct surface morphologies of
the cell backsides. The polished surface is smoother and allows
for tighter adhesion with the metal layer, effectively hindering
the ingress of acid and moisture. These results demonstrate that
the chemical stability of the glass frit is a decisive factor govern-
ing the long-term reliability of LAF-processed low-Al Ag paste
TOPCon modules. Optimizing the glass frit composition rep-
resents an effective strategy to enhance metallization reliability
for industrial TOPCon solar modules.

4 | Conclusion

This study systematically examined how the glass frit compo-
sition governs the corrosion and long-term reliability of LAF
TOPCon solar cells and modules. Two commercial low-Al con-
tent Ag pastes were compared: Paste A with a Pb- and B-rich
glass and Paste B containing Ba and Zn modifiers. Under identi-
cal fabrication and LAF conditions, both pastes initially enabled
similar cell efficiencies (~25.2%), fill factors (~84.5%) and low
contact resistivities (<2 mQ-cm?), indicating comparable as-
fired contact quality.

Under accelerated acetic-acid exposure, the degradation path-
ways differed significantly. Paste A showed a rapid drop in
efficiency of 80%-90% within 120min, driven by a four-order-
of-magnitude increase in R, whereas Paste B maintained stable
electrical performance with only gradual losses. Microscopic
analysis revealed severe interfacial delamination and glass
dissolution in Paste A, whereas Paste B preserved a dense and
adherent Ag/Si interface. The enhanced stability of Paste B is at-
tributed to strong Ba-0O ionic bonding, which suppresses proton-
induced leaching, whereas Zn is likely to assist the formation
of a more robust interfacial glass structure, although its effect
depends on the overall frit composition.

These paste-dependent trends were mirrored at the module
level. G-B TOPCon modules encapsulated with front EPE and
rear EVA and metallised with Paste A suffered ~28%-30% power
loss after 1500h of DH85 testing, dominated by fill factor deg-
radation and accompanied by pronounced EL darkening along
the gridlines. In contrast, Paste B modules retained high stabil-
ity, showing only 4%-5% relative power loss with uniform EL
brightness and stable I and V.

Overall, these results demonstrate that the chemical durability
of the glass frit rather than the metallic Ag phase governs met-
allization reliability in LAF TOPCon devices. Incorporating al-
kaline earth modifiers such as Ba and Zn into the glass network

provides an effective means to mitigate acetic acid- and moisture-
induced degradation, thereby enabling stable Ag-Si interfaces
and extended module lifetimes. The direct cell-to-module cor-
relation established here offers practical design guidelines for
industrial metallization pastes and supports the deployment of
cost-efficient, EVA-based G-B module configurations for next-
generation TOPCon technologies.
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