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Introduction

Tunnel oxide passivated contact (TOPCon) solar cells have emerged as a promising solution to
overcome efficiency limitations found in PERC solar cells [1-6]. Their cost-effectiveness and
impressive performance metrics have garnered significant attention from the industry, with forecasts
predicting a 60% market share in the near future, according to the ITRPV report [7]. However, there
are concerns regarding the long-term reliability of TOPCon modules, particularly under damp-heat
conditions. Studies have suggested that some highly efficient modules may be more sensitive to
degradation, while others have proven to be highly reliable [8, 9]. Effective methods need to be
developed to further reduce the corrosion risk of TOPCon modules. Factors such as moisture, high
temperature, acetic acid formation, and sodium-related contamination contribute to concerns about
the stability of TOPCon modules during extended operation [10-12]. The gradual diffusion of ions
into the surfaces and even into the solar cells, facilitated by moisture or voltage potential, can lead
to electrochemical reactions and corrosion [13-15]. The specific degradation mechanisms under
damp-heat conditions, especially related to sodium ions, remain inadequately explored in TOPCon
technology. Our study aims to fill this gap by examining the degradation of TOPCon solar cells
caused by various sodium-containing contaminants under damp-heat conditions. Through detailed
analysis and proposed degradation models, we seek to provide crucial insights into the reliability of
TOPCon technology, particularly concerning failures induced by degradation of the contacts and
recombination.

Experimental details

In this study, G1 full n-type TOPCon solar cells, shown in Figure 1(a), featuring a boron-diffused
emitter on the pyramid-textured front side were utilised. The front side was coated with aluminium
oxide (Al.O3) and silicon nitride (SiNy), silicon oxynitride (SiOyN;) stack, while the rear side had an
ultra-thin silicon oxide (SiO;) layer capped by a phosphorus-doped poly-Si layer and an additional
SiNx layer. Front-side metallisation was achieved using silver (Ag)/aluminium (Al) paste for ohmic
contact, and the rear side was metallised with an Ag paste. To accelerate damp-heat (DH85) testing,
NaHCO3;, CH3;COONa, and NaCl were employed as contaminants. Seven groups of samples were
prepared, each treated with a specific contaminant on either the front or rear side, while a control
group received deionised water (DIW). All cells were cleaned with DIW before experiments to
prevent contamination and then treated with the contaminants in solutions with an identical salt
concentration (0.155 mol/L). The experimental flow chart is illustrated in Figure 1(b).
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Figure 1. (a) Schematic of TOPCon solar cells for these experiments and (b) experimental flow chart.

During solution treatment, samples were carefully handled to avoid contamination, and afterwards,
they were vertically placed in polytetrafluoroethylene (PTFE) cassettes to prevent cross-
contamination during damp-heat testing in an ASLi Environment chamber maintained at DH85
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conditions (T=85°C, 85% relative humidity). For characterisation, a LOANA solar cell analysis
system measured current-voltage (I-V) characteristics, and a FOBA M1000 scribing laser was used
to cut samples that were subsequently analysed using the transfer length method (TLM) to extract
the contact and line resistance. Scanning electron microscopy (SEM) images and cross-section
images of metal contact were obtained using a FEI Nova NanoSEM 450 FE-SEM and a Zeiss 550
Crossbeam cryo-focused ion-beam SEM. The energy dispersive spectroscopy (EDS) analysis was
conducted by an Oxford Instruments Ultim® Max.

Results

With a 100-hour DH85 duration, the control group in Figure 2 exhibited negligible variations, with
only a slight increase in Rs after the 100-hour DH85. In contrast, cells treated with NaHCO3 solution
showed degradation. The NaHCOs-front sample displayed a gradual ~5.2%. decrease in PCE
primarily due to a significant increase in Rs. The NaHCOs-rear sample exhibited more severe
degradation after 100-hour DH85, with a ~16%;e decrease in PCE and ~11.0%:. decrease in FF.
This was attributed to the substantial increase in Rs (~450%:) and a reduction in Vo (~4.3%e). A
Voc drop occurred in the initial 20 hours and remained stable, while Rs change for the NaHCOs-rear
sample was noticeable after 10 hours, increasing steadily throughout the testing period. The PCE of
NaHCOs-rear sample rapidly dropped in the first 20 hours due to the collective effect of Vo and Rs
deterioration. Similar variations were observed in the CHzCOONa treated groups, with CHzCOONa-
front showing a ~3.6% PCE decrease and progressive Rs increase over 100 hours. The
CH3COONa-rear sample exhibited a ~5.9%e drop in Vo (primarily in the first 20 hours) and a
~680%e increase in Rs, resulting in a ~20%;e decrease in PCE after 100-hour DH85. The NaCl-
related groups displayed a different trend, with the NaCl-front sample experiencing the fastest and
most severe degradation, leading to a ~92%;. decrease in PCE after 100 hours. The NaCl-rear
sample had a less severe Rs increase (~13%;e increase) but still showed a ~3.7%;e decrease in
PCE, primarily due to a ~1.8% decrease in Vq. after 100 hours which mainly occurred in the first 20
hours. The variations in the NaCl-front sample showed hysteresis compared to Rs and PCE, possibly
due to a significant Rs increase rather than surface property changes, as explained in the subsequent
section.
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Figure 2. Variations in PCE, Jsc, Voc, FF and Rs relative to DH85 duration for each salt and control
group.
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Figure 3. Evolution of contact resistance (pc) over 40 hours of DH85 exposure for (a) front and (b)
rear sides.

Figure 3 illustrates the variations in contact resistance (oc) for the front and rear sides of TOPCon
solar cells. After a 40-hour test, all front-side samples experienced some degree of Rs degradation.
The average p. increased for the NaHCOs-front sample (from ~1.6 to ~4.1 mQ-cm?), the
CH3COONa-front sample (from ~1.1 to ~3.0 mQ-cm?), the NaCl-front sample (from ~1.0 to ~480
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mQ-cm?), and the Control-front sample (from ~1.0 to ~1.6 mQ-cm?). Notably, the p. of the NaCl-front
sample exhibited a significant and consistent increase in alignment with |-V results. In contrast, the
NaHCOs-front and CH3;COONa-front groups showed less and slower Rs decrease throughout the
testing period. Among the rear-side groups, only NaHCOs-rear and CH3;COONa-rear samples
exhibited p. increases, with values changing from ~0.7 to ~2.1 mQ-cm? and ~0.6 to ~0.9 mQ-cm?,
respectively. Conversely, NaCl-rear and Control-rear groups showed no evident p. changes during
DH85 testing, maintaining values at ~0.6 mQ-cm?. The control groups' results suggested greater
stability on the rear side than the front side, potentially linked to paste composition and pattern
design. Both NaHCOs-front and NaHCOs-rear exhibited increased pc, with NaHCOs-front data points
more aggregated than NaHCOs-rear, consistent with Rs mapping over time in Figure 4. CH;COONa
groups showed a S|m|Iar trend, with CH3COONa displaying a slower p. increase at 10 hours.
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Figure 4. (a) Cross-section SEM images of front metal contacts treated by NaCl compared to
the control group (b) Top-view SEM images of rear metal contacts treated by NaHCOs
compared to the control group after 100 hour DH8S5.
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Flgure 5. Top view SEM images of rear-side surfaces from each experlment group after 100-
hour DH85.
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In Figure 4, we present two typical cases of contact degradation from the NaCl-front and NaHCO3-
rear groups. The Control-front group in Figure 4 (a) shows a cohesive integration of Al/Ag paste,
facilitated by glass frit, primarily lead oxide (PbO). Both SEM and EDS analyses clearly distinguished
the Ag and Al compositions without any presence of Na and ClI signals. Cross-sectional images of
NaCl-front displayed a decentralised distribution of most Al signals within specific void regions,
accompanied by traces of Na in these Al regions. This observation suggests a potential complete
reaction and dissolution of Al particles during the DH85 test. Moreover, significant Cl residues were
predominantly found in Al-associated voids or Pb regions within the metal contact. Notably, the
alignment between Na and ClI signals became less consistent, possibly allowing Na ions to penetrate
the silicon surface and promote recombination in the metallisation. The properties of Cl ions, which
tend to bind with metal elements like Pb and Al in the metal contact, may contribute to stabilising the
system [16, 17].

From Figure 4 (b), different contact failures were observed based on top-view SEM images. SEM
images of NaHCOzs-rear revealed noticeable dark features adjacent to the metal contacts despite the
unchanged shapes of these contacts. EDS analysis in these areas indicated a simultaneous increase
in oxygen (O) and sodium (Na), potentially weakening silicon (Si) signals due to the accumulation of
O and Na. Additionally, Na signals were detected on the metal contacts of both NaHCOgs-rear
samples, accompanied by O signals, which were minimally present in the NaCl-rear and Control-
rear samples. Notably, the NaHCOs-rear and CH3;COONa-rear samples exhibited similar contact
degradation. Further characterisation suggested that oxidation occurred at the interface between Si
and silver (Ag), possibly leading to an increase in contact resistance after 100 hours of DH85 testing.

The rear sides of TOPCon cells were more sensitive to Na-containing salts. Among the rear-side
groups, carbon-containing salts had a more pronounced impact on surface morphology, as
evidenced by dark traces observed at the base of the pyramid structures. In contrast, the NaCl-rear
sample maintained a texture structure similar to the Control-rear sample. EDS results revealed a
strong correlation between the dark traces caused by carbon-related salts and an increased
presence of oxygen. While a minimal oxygen signal was detected in the Control-rear group, the
NaCl-rear sample showed an oxygen signal across the entire surface, suggesting that NaCl induced
surface oxidation during DH85 testing. Unlike NaCl-rear, the NaHCOgs-rear and CH3;COONa-rear
samples displayed localised regions with higher oxygen concentrations, consistent with the dark
traces observed in SEM images. The Si signals for NaHCOs-rear and CH3;COONa-rear samples
indicated reduced textural properties, similar to the changes observed in the front-side groups.

Conclusions

In summary, this investigation examines the accelerated degradation of industrial TOPCon solar
cells during DH85 testing, with a focus on the effects of three Na-containing salts as contaminants.
The study finds varying levels of degradation after 100 hours of DH85 testing, affecting both the front
and rear sides of the solar cells. The front-side degradation mainly involved the corrosion of metal
contacts, with NaCl showing the most severe impact on Rs. On the rear side, contamination led to
an increase in recombination, possibly due to Na infiltration, resulting in reductions in V.. and
increases in Rs values, particularly in samples treated with NaHCO3; and CHz;COONa. However,
NaCl did not significantly impact the rear Rs. This research reveals that TOPCon degradation
mechanisms are significantly influenced by the specific combination of both the cation and the anion.
The findings provide valuable insights into the degradation patterns and underlying factors affecting
the front-side contacts of TOPCon solar cells, which could be crucial for evaluating module-level
reliability.
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