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Background
• Certified efficiency roadmap for industrial n-type 

TOPCon solar cells

Source: Green et al. Solar cell efficiency tables (version 55-65) Peters et al. Joule (2019) 3, 2732–2747 

• Significance of stability 

Rapid efficiency improvements in 
industrial TOPCon technology occurred 
before 2021.

Then, more focus shifted toward 
reducing mass production costs  
in TOPCon R&D. 

New R&D round
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Background

Source: ITRPV 15 edition (2024)

• Learning curve for module price 

Cell

Module

• Methods to lower the module cost

• Silicon size optimization (thickness, 
rectangular wafer)

• Mass-production process and equipment 
optimization (poly-Si, boron diffusion)

• Metallization optimization (thinner 
metallization pattern design, 0BB, laser-
assisted firing, new paste/material 
application)

……

• Application of glass-backsheet modules
• Use of low-cost encapsulant materials
…..
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Background
• Challenges of industrial TOPCon solar cells  

Glass-backsheet modules

Glass-glass modules

After DH 85 testing

• Damp-heat conditions could easily trigger the TOPCon 
module degradation 

• Glass-backsheet TOPCon modules are particularly 
vulnerable to damp-heat conditions.Zhou et al. EU PVSEC 2023

Sen et al. SOLMAT 272 (2024) 112877

Glass-backsheet modules with POE

50~60% relative efficiency decrease
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Root investigation 
• Front contact degradation in the modules 

• Acetic acid treatment on the solar cells

Iqbal et al. SOLMAT 235 (2022) 111468

Iqbal et al. SOLMAT 250 (2023) 112089

• Front contact degradation in the modules 

• Contaminants originating 
from glass could also impact 
the cells. 

Bai et al. Solar Energy 225 (2021) 718–725
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Root investigation 

TOPCon 

solar cells

N2

N2

2. Fast dry

TOPCon 

solar cells
I-V

Luminescence 

imaging

5. Electrical performance 

characterization

Laser

6. Laser cutting into 1x1 

cm2 tokens

1. Solar cell cleaning

TOPCon 

solar cells

DIW

TOPCon 

solar cells

3. Solution spray & air dry

TOPCon 

solar cells

4. Damp-heat testing

85°C, 85% RH (DH85)

Flow of accelerated 

DH testing

Wu, X., Sen, C., Wang, X., Cheng, Y., Lv, R., Song, H., et al. (2024). Unveiling the origin of metal contact failures in TOPCon solar cells through accelerated 
damp-heat testing. Solar Energy Materials and Solar Cells, 278, 113188.

• Accelerated DH testing

DH

85

To accelerate the cell-level testing, 
inducing the potential ingredient 
from modules and environment 
could be an ideal way. 

NaHCO3 or NaCl solutions
Sodium bicarbonate (NaHCO3) may 
come from the glass, while chlorine 
(Cl) could be sourced from the 
surrounding environment (rain, soil 
and sea).
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Electrical performance variation 

Parameter 
variation Control

NaHCO3 NaCl

front rear front rear

PCE -0.44% -5.2% -16% -92% -3.7%

Jsc -0.22% -1.1% -1.4% -78% -0.47%

Voc 0.01% -0.2% -4.3% -0.89% -1.8%

FF -0.55% -4.0% -11% -63% -1.6%

Rs 21% 210% 450% 10,000% 13%

Parameter 
variation Control

NaHCO3 NaCl

front rear front rear

PCE -0.44% -5.2% -16% -92% -3.7%

Jsc -0.22% -1.1% -1.4% -78% -0.47%

Voc 0.01% -0.2% -4.3% -0.89% -1.8%

FF -0.55% -4.0% -11% -63% -1.6%

Rs 21% 210% 450% 10,000% 13%

• Various salt combinations can lead to 
distinct types of failures in solar cells.

• NaHCO3 may cause increased resistance on 
the front side, along with a drop in Voc and 
contact failures on the rear side.

• NaCl can lead to a significant increase in 
series resistance on the front side, primarily 
causing a Voc drop on the rear side. 

Wu, X., Sen, C., Wang, X., Cheng, Y., Lv, R., Song, H., et al. (2024). Unveiling the origin of metal contact failures in TOPCon solar cells through accelerated 
damp-heat testing. Solar Energy Materials and Solar Cells, 278, 113188.
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Luminescence imaging

0h

4h

100h

NaHCO3

Front Rear

NaCl

Front Rear
Control PL 

(counts)

Zoom in

Rear metallization pattern
Front metallization pattern

NaHCO3

Front Rear

NaCl

Front Rear

0h

4h

100h

Rs 
(ohmcm2)

Control

Group PL intensity change Average Rs change

Control 1.6% 20%

NaHCO3-front -5.0% 320%

NaHCO3-rear -68% 860%

NaCl-front -4.7% 2,800%

NaCl-rear -34% 14%

Wu, X., Sen, C., Wang, X., Cheng, Y., Lv, R., Song, H., et al. (2024). Unveiling the origin of metal contact failures in TOPCon solar cells through accelerated 
damp-heat testing. Solar Energy Materials and Solar Cells, 278, 113188.
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Resistance analysis
• Contact resistance

• Line resistance

• Simulation analysis

Wu, X., Sen, C., Wang, X., Cheng, Y., Lv, R., Song, H., et al. (2024). Unveiling the origin of metal contact failures in TOPCon solar cells through accelerated 
damp-heat testing. Solar Energy Materials and Solar Cells, 278, 113188.
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SEM and EDS analysis (front side)

Wu, X., Sen, C., Wang, X., Cheng, Y., Lv, R., Song, H., et al. (2024). Unveiling the origin of metal contact failures in TOPCon solar cells through accelerated 
damp-heat testing. Solar Energy Materials and Solar Cells, 278, 113188.
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SEM and EDS analysis (rear side)

oxidation

Wu, X., Sen, C., Wang, X., Cheng, Y., Lv, R., Song, H., et al. (2024). Unveiling the origin of metal contact failures in TOPCon solar cells through accelerated 
damp-heat testing. Solar Energy Materials and Solar Cells, 278, 113188.

oxidation
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XPS analysis 
Front side Rear side

Wu, X., Sen, C., Wang, X., Cheng, Y., Lv, R., Song, H., et al. (2024). Unveiling the origin of metal contact failures in TOPCon solar cells through accelerated 
damp-heat testing. Solar Energy Materials and Solar Cells, 278, 113188.

• The paste composition on the front side undergoes chemical changes.
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Potential chemical reactions 

Possible chemical reactions by NaHCO3 Possible chemical reactions by NaCl

H2O aq → H+ + OH− Eq. 1

Al s − 3e− → Al3+ Eq. 2

Al3++3OH− → Al OH 3 aq/s
Eq. 3

NaHCO3 s
→ Na+ + HCO3

− Eq. 4 NaCl s → Na+ + Cl− Eq. 8

HCO3
− +  H2O aq → H2CO3 aq

+OH− Eq. 5 Cl− + H2O aq → HCl aq +OH− Eq. 9

H2CO3 aq
+ PbO s →  Pb2+ + CO3

2− + H2O aq Eq. 6 2HCl aq + PbO s → Pb2+ + 2Cl− + H2O aq Eq. 10

Al3+ + 3HCO3
− → Al OH 3 aq/s

+ 3CO2 g Eq. 7 Al3+ + 3Cl− → AlCl3 aq/s Eq. 11

2Al OH 3 aq/s
→ Al2O3 s

+ 3H2O aq Eq. 12

Pb2+ + 2e−  → Pb s Eq. 13

4H+ + 4e−+O2 g → 2H2O aq Eq. 14

Ag − Si s + 4H2O aq →
 

Ag s + Si OH 4 aq + 2H2 g 𝐸𝑞. 15

Si OH 4(aq) + OH− → H3SiO4
− + H2O(aq)(𝐸𝑞. 16)

• Front side

• Rear side

Wu, X., Sen, C., Wang, X., Cheng, Y., Lv, R., Song, H., et al. (2024). Unveiling the origin of metal contact failures in TOPCon solar cells through accelerated 
damp-heat testing. Solar Energy Materials and Solar Cells, 278, 113188.

Redox reaction of Ag and Al

Si/Ag interface degradation by disruption of hydrolytic equilibrium
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Solution  

Wu, X., Wang, X., Yang, W., Nie, J., Yuan, J., Khan, M. U., et al. (2024). Enhancing the reliability of TOPCon technology by laser-enhanced contact firing. Solar 
Energy Materials and Solar Cells, 271, 112846.

• Laser-assisted firing with Al-free Ag paste Initial Initial

DH85 1000h DH85 1000h

Ag/Al module Al-free Ag module

Baseline: ~92%rel PCE drop by Al/Ag paste

JSIM: ~3.6%rel PCE drop by Al-free Ag paste



Conclusion 
• This work explores the degradation of industrial TOPCon solar cells under 

DH85 conditions (85°C, 85% humidity). Focuses on the effects of sodium-
related salts. 

• The contamination led to the most severe degradation at the front side, 
causing a 92% PCE reduction after 100 hours of testing. Degradation linked to 
increased series resistance (Rs) due to contact-related failures. 

• Front-side failures are driven by chemical reactions between Ag/Al pastes and 
sodium-based ions.

• Rear-side contamination primarily resulted in increased recombination and 
contact degradation at the interface between silicon and metal.

• The study’s insights are critical for evaluating the long-term reliability of 
TOPCon cells in real-world applications. 

Contact: 
xinyuan.wu@unsw.edu.au 
b.hoex@unsw.edu.au

Group website: 
https://unswhoexgroup.com/

mailto:xinyuan.wu@unsw.edu.au
mailto:b.hoex@unsw.edu.au
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