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Pioneering critical-raw material free and ultra-thin 
silicon heterojunction solar cells: 
a status of SiLEAN research
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Silicon solar cells with Low Environmental footprint 
and Advanced interfaces

Higher efficiency
•Transparent front layers

•Improved passivation

•Advanced light trapping

Lower costs
•In-, Ag-, and Bi-free 

solar cell technology
•Lean module process
•Sustainable supply

Lower 
environmental 

impact
•Epitaxial wafers
•Improved recyclability
•Less scarce materials
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Criticality 
of supply
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Modulated 
nanopyramids

Novel HJ stacks

Ag-free 
contacts

Metal-free 
contacts

EpiWafers

23.5% modules
for TW-scale production Multiwire interconnection of 25.5% cells

Reduced 
environmental 

impact
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Criticality of supply
It’s not only about In and Ag, but also Si and Bi

Public report: Initial evaluation of safety of supply @silean.eu
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Criticality of supply
It’s not only about In and Ag, but also Si and Bi

“Intermediate” SiLEAN case:
Standard Cz wafers +

with SnBi interconnection

Public report: Initial evaluation of safety of supply @silean.eu

https://silean.eu/wp-content/uploads/sites/26/2025/07/SiLEAN_D6.2_Initial-evaluation-of-safety-of-supply-.pdf
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Criticality of supply
CRM-free SHJ cells have the lowest criticality of all technologies

Technology 
with lowest 
criticality!
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Criticality of supply (teaser...) 
EU reshoring potential – Technical report is online

Public report: Final valuation of safety of supply @silean.eu

https://silean.eu/wp-content/uploads/sites/26/2026/05/SiLEAN_D6.4-Final-evaluation-of-the-safety-of-supply_.pdf
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Efforts towards CRM-free heterojunction cells

Indium-free TCO

PECVD ZnO
Sputt. SnOx

ALD AZO:H

Silver-free finger metallization

Screen-printed & 
plated Cu contacts

Screen-printed 
C-contacts

Bismuth-free interconnection

Multiwire interconnection
with less- and no-Bi
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@Cell level
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Modulated 
nanopyramids

Novel HJ stacks

Ag-free 
contacts

Metal-free 
contacts

EpiWafers

23.5% modules
for TW-scale production

Multiwire interconnection of 0BB
25.5% cells

Lean aspects of SiLEAN

@Wafer level

@Module level

A drop-in replacement 
revolution!

Nano-scale 
evolution
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@Wafer level

A drop-in replacement 
revolution!
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Modulated 
nanopyramids

Novel HJ stacks

Ag-free 
contacts

Metal-free 
contacts

EpiWafers

Multiwire interconnection of 0BB
25.5% cells

23.5% modules
for TW-scale production
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Leaner SHJ modules from wafer level
EpiWafers as a shortcut to the whole Si value chain

Porosification

Deposition
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Ultra-thin EpiWafer production
A kerfless drop-in replacement for ultra-thin wafers

85µm ± 5µm

Avg MCLT > 3.5 ms
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@Wafer level

Nano-scale 
evolution
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Modulated 
nanopyramids

Novel HJ stacks

Ag-free 
contacts

Metal-free 
contacts

EpiWafers

Reduced 
environmental 

impact

Multiwire interconnection of 0BB
25.5% cells

23.5% modules
for TW-scale production
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2 μm
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Texturing
Shrinking pyramids to the nanoscale

On nanopyramids: Alasfour et al., Solar Energy Materials and Solar Cells 2020

2 μm

• Less Si consumption during etching
• Less paste bleeding and paste consumption
• Suitable for solution-coated perovskite/Si tandems
• Similar etching process with EpiWafers

Si consumption: > 5 μm/side
Weighted av. reflectance ~ 11%

Si consumption: ~ 2 μm/side
Weighted av. reflectance ~ 10%

Reference micron-scaled pyramids Nano-pyramids
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Texturing
Producing nano-pyramids in a pilot-tile tool for micro-pyramids

System Configuration

Control Parameters
• Chemical concentration

• Temperature

• Duration

• Circulation pump speed

• Additive Type
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• Stronger light 
trapping effect

On nanopyramids: Alasfour et al., Solar Energy Materials and Solar Cells 2020

2 μm
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Texturing
Shrinking pyramids to the nanoscale

2 μm

• Less Si consumption during etching
• Less paste bleeding and paste consumption
• Suitable for solution-coated perovskite/Si tandems

Si consumption: > 5 μm/side
Weighted av. reflectance ~ 11%

Si consumption: ~ 2 μm/side
Weighted av. reflectance ~ 10%

Reference micron-scaled pyramids Nano-pyramids
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Wavelength (nm)

Micro - 170 µm

Nano - 170 um

Nano - 95 um

Micro - 74 µm

Nano - 65 um

Uncoated pyramid surfaces
From 170 μm to 65 μm thickness
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Texturing
Modulation* for extra boost in reflectance at short wavelength

• Cryogenic RIE 
• limited to 4-inch

• <1% reflectance (400–1000 nm)

• M2-scale ICP-RIE capability established
• Modulated surface texture on M2 Cz wafers
• Using SF₆/O₂ ICP-RIE

• Current M2-size process best: 
Weighted Average Reflectance = 2.74%
Target < 1% 

• Further optimization ongoing for nanopyramids

* Ingenito, Prog. Photovolt: Res. Appl 2015
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Modulated 
nanopyramids

Novel HJ stacks

Ag-free 
contacts

Metal-free 
contacts

EpiWafers

23.5% modules
for TW-scale production

Multiwire interconnection of 0BB
25.5% cells

Lean aspects of SiLEAN

@Cell level
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Modulated 
nanopyramids

Ag-free 
contacts

Metal-free 
contacts

EpiWafers

Reduced 
environmental 

impact

Advanced 

Novel HJ stacks

1BV.1.4 – Bittkau et al. 

Transparent front layers and improved passivation
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Modulated 
nanopyramids

Ag-free 
contacts

Metal-free 
contacts

EpiWafers

Reduced 
environmental 

impact

Novel HJ stacks

Public report: > 25% solar cell with ZnO as TCO 
@silean.eu

Champion efficiencies:
• 23.3% for ref. ITO cells
• 22.0% for In-free SnOX cells
• 23.4% for In-lean ITO/SnOX cells

Indium-free TCO

https://silean.eu/wp-content/uploads/sites/26/2026/05/SiLEAN-D4.2-25-solar-cell-with-ZnO-as-TCO.pdf
https://silean.eu/wp-content/uploads/sites/26/2026/05/SiLEAN-D4.2-25-solar-cell-with-ZnO-as-TCO.pdf
https://silean.eu/wp-content/uploads/sites/26/2026/05/SiLEAN-D4.2-25-solar-cell-with-ZnO-as-TCO.pdf
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Modulated 
nanopyramids

EpiWafers

Reduced 
environmental 

impact

Novel HJ stacks

Ag-free 
contacts

Metal-free 
contacts

Cu 65%/Ag

Graphene-based 3 µm 

10 µm 

Public report: will follow 
@silean.eu
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@Module level
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Modulated 
nanopyramids

Novel HJ stacks

Ag-free 
contacts

Metal-free 
contacts

EpiWafers

Reduced 
environmental 

impact

Multiwire interconnection of 0BB
25.5% cells

23.5% modules
for TW-scale production
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