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Fraunhofer Institute for Solar Energy Systems ISE

The Institute in Numbers

—

Institute Directors

Prof. Dr. Hans-Martin Henning

Prof. Dr. Andreas Bett

Staff around 1500

Budget 2023

Operation € 122,7 million

Investment          €  20,1  million

Total     € 142,8 million 

Carrying out Research for the Energy Transition since 1981
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PV Pilot Facilities
Value Chain
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Ingot & Wafer Solar Cells Modules

Industrial, automated tool platforms for large area (M10, G12) Wafers, Solar Cells and Modules 
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Pilot Facilities and Transfer Support Offerings
PV Value Chain & Transfer
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Ingot & Wafer Solar Cells Modules

Industrial, automated tool platforms for large area (M10, G12) Wafers, Solar Cells and Modules 

Feasibility Stage Concept and Basic Engineering Training & RampUp Support Operation



©Fraunhofer ISE

TOPCon Solar Cell 

Technology
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Tunnel Oxide Passivating Contact (TOPCon)
History
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▪ SIS Technology known from semiconductor industry[1]

▪ Already suggested for solar cells in the 1980s[2,3]

▪ Very likely implemented in Sunpower´s Gen III IBC cells[4]

▪ Hybrid cell structure suggested and term “TOPCon” 

coined by Fraunhofer ISE in 2013[5]

[1] de Graaff HC, de Groot JG, IEEE TED, 1979 
[2] R.J. Van Overstraeten, IEEE PVSC, 1981
[3] M.A. Green at al., Solar Cells, 1983
[4] J.P. Cousins et al., 35th IEEE PVSC, 2010

[5] Feldmann et al., 28th EUPVSEC; 2013 

Ref. [5] 

Ref. [6] 

SIS   Silicon Insulator Silicon, IBC Interdigitated Back Contact
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▪ SIS Technology known from semiconductor industry[1]

▪ Already suggested for solar cells in the 1980s[2,3]

▪ Very likely implemented in Sunpower´s Gen III IBC cells[4]

▪ Hybrid cell structure suggested and term “TOPCon” 

coined by Fraunhofer ISE in 2013[5]

[1] de Graaff HC, de Groot JG, IEEE TED, 1979 
[2] R.J. Van Overstraeten, IEEE PVSC, 1981
[3] M.A. Green at al., Solar Cells, 1983
[4] J.P. Cousins et al., 35th IEEE PVSC, 2010

[5] Feldmann et al., 28th EUPVSEC; 2013
[6] A. Richter et al., Nature Energy, 2021

TOPCon TOPCoRE 

Design
Voc 

(mV)                     
FF

(%)
jsc

(mA/cm²)
η

(%)

TOPCon 724 83.1 42.9 25.8

TOPCoRE 732 84.3 42.1 26.0
Certified by Fraunhofer ISE CalLab, designated area: 2x2 cm², cell thickness 245 µmSIS   Silicon Insulator Silicon, IBC Interdigitated Back Contact

▪ Highest efficiency of 26.0% at Fraunhofer ISE obtained 
2021 with p-type wafers[6] 
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Tunnel Oxide Passivating Contact (TOPCon)
Industrial implementation
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▪ Industrial implementation starting around 2016 by LG 

and Jolywood [1] 

▪ Ongoing efficiency improvement demonstrated for 

example by Q-cells from 2019-2025 [5]

▪ Highest verified efficiency claimed so far:

▪ 26.9% by Jinko M10 wafer, October 2023 [2] 

▪ 26.7% by Jolywood M10 wafer, April 2023 [3] 

▪ 26.6% by Trina G12R wafer, November 2024 [4]  

[1] https://www.jolywood.com/en/history.html
[2] https://ir.jinkosolar.com/news-releases/news-release-details/jinkosolars-high-efficiency-n-type-monocrystalline-silicon-3
[3] https://www.pv-magazine.com/2023/04/12/jolywood-claims-26-7-efficiency-for-n-type-topcon-solar-cell/
[4] https://www.pv-magazine.com/2024/11/21/trina-solar-claims-record-breaking-efficiency-of-26-58-for-topcon-solar-cell/

[5] Fertig, F. et al., PV CellTech Europe (2025)
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TOPCon Cell Technology
Generic Industrial Process Flow and Cell Structure
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Boron diffusion

Alkaline texturing

Rear side passivation

Screen printing rear Ag contact

Screen printing front Ag contact

Chemical edge isolation

Front side passivation

Anneal / Phosphorus diffusion

Si wrap around etch + BSG removal

Contact firing + post anneal + LECO

Tunnel oxide + Si deposition

Thermal

Wet chemical

Metallization

Deposition

public

BSG   Borosilicate glass
LECO Laser Enhanced Contact Optimization

p+ emitter

SiNx

n-type Cz-Si
SiOx

n+ poly-Si

SiNx

n-type Cz-Si

Al2O3

Screen printed Ag contact

Screen printed Ag contact
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Industry-related solar cell process at ISE / PVTEC

▪ Over 20 years industry-related solar cell development

▪ TOPCon baseline on large wafer size

Efficiency development

10 [1] Taken and udapted from R. Preu et al., 8thWCPEC, 2022  

[1]

Al-BSF: Aluminum Back Surface Field
PERC: Passivated Emitter and Rear Cell
TOPCon: Tunnel Oxide Passivating Contact
SHJ: Silicon Heterojunction

public

p+ emitter

SiNx

n-type Cz-Si
SiOx

n+ poly-Si
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Screen printed Ag contact

Screen printed Ag contact
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Boron diffusion

Alkaline texturing

Rear side passivation

Screen printing rear Ag contact

Screen printing front Ag contact

Chemical edge isolation

Front side passivation

Anneal / Phosphorus diffusion

Si wrap around etch + BSG removal

Contact firing + post anneal + LECO

Tunnel oxide + Si deposition

TOPCon Cell Technology
Chemical Edge Isolation and Si Wrap Around Etch

public

[1] K. Krieg et al., EUPVSEC 2024
[2] J. Vollmer et al., EUPVSEC 2024
[3] Patents DE10313127 and WO2011047894A1

Inline
Single side oxide etch[3]

Batch
Alkaline + HF/cleaning

Water cap on rear

HF

Alkaline + additive

▪ Cluster process[1,2] for high throughput processing

Thermal

Wet chemical

Metallization

Deposition

11

High Throughput of 15.000 wph (M10) with up to 40% OPEX 
reduction due to water and chemistry savings [4]

[4] Brunner, D. et.al, PVCellTech 2025



©Fraunhofer ISE

Boron diffusion

Alkaline texturing

Rear side passivation

Screen printing rear Ag contact

Screen printing front Ag contact

Chemical edge isolation

Front side passivation

Anneal / Phosphorus diffusion

Si wrap around etch + BSG removal

Contact firing + post anneal + LECO

Tunnel oxide + Si deposition

TOPCon Cell Technology
Options for Tunnel Oxide Formation and Si Layer Deposition
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Ex-situ doping

In-situ doping

Anneal

PVD oxide + PVD a-Si(n)

Anneal

Plasma oxide + PECVD a-Si(n)

POCl3 diffusion

Thermal oxide + LPCVD a-Si(i)

Thermal

Wet chemical

Metallization

Deposition

LPCVD   Low pressure chemical vapor deposition
PECVD   Plasma-enhanced chemical vapor deposition
PVD       Physical vapor deposition
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TOPCon Cell Technology
PVD Tunnel Oxide Formation and PVD Si Layer Deposition
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13 [1] E. Schneiderlöchner et al., EUPVSEC 2024
[2] Linss et al., EUPVSEC 2022

Boron diffusion

Alkaline texturing

Rear side passivation

Screen printing rear Ag contact

Screen printing front Ag contact

Chemical edge isolation

Front side passivation

Anneal / Phosphorus diffusion

Si wrap around etch + BSG removal

Contact firing + post anneal + LECO

Tunnel oxide + Si deposition

Thermal

Wet chemical

Metallization

Deposition

Throughput 19.200 wph (M10)

T    PCon
sustainable
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Boron diffusion

Alkaline texturing

Rear side passivation

Screen printing rear Ag contact

Screen printing front Ag contact

Chemical edge isolation

Front side passivation

Anneal / Phosphorus diffusion

Si wrap around etch + BSG removal

Contact firing + post anneal + LECO

Tunnel oxide + Si deposition

TOPCon Cell Technology
Hydrogen Management

▪ Multiple processes influence hydrogen concentration and distribution[1]

▪ Hydrogenation essential to achieve excellent passivation[2,3]

public

14 [1] B. Hammann et al., submitted for SiliconPV 2025
[2] B. Steinhauser et al., Sol. RRL, 2021
[3] European patent EP3050124

Thermal

Wet chemical

Metallization

Deposition

1/3 s

Ref. [2] 
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Boron diffusion

Alkaline texturing

Rear side passivation

Screen printing rear Ag contact

Screen printing front Ag contact

Chemical edge isolation

Front side passivation

Anneal / Phosphorus diffusion

Si wrap around etch + BSG removal

Contact firing + post anneal + LECO

Tunnel oxide + Si deposition

TOPCon Cell Technology
Laser Enhanced Contact Optimization (LECO)

▪ First LECO[1,2] application to TOPCon cells reported by ISE[3]

public

15 [1] R. Mayberry et al. EU-PVSEC 2019
[2] Patent WO2019154450A1 
[3] T. Fellmeth et al., PiP, 2022

Thermal

Wet chemical

Metallization

Deposition
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Boron diffusion

Alkaline texturing

Rear side passivation

Screen printing rear Ag contact

Screen printing front Ag contact

Chemical edge isolation

Front side passivation

Anneal / Phosphorus diffusion

Si wrap around etch + BSG removal

Contact firing + post anneal + LECO

Tunnel oxide + Si deposition

TOPCon Cell Technology
Laser Enhanced Contact Optimization (LECO)

▪ First LECO[1,2] application to TOPCon cells reported by ISE[3]

▪ Game changing by partly decoupling contact properties ρc and J0

▪ Formation of nano-sized “current fired contacts” on front side[4]

▪ Strong impact on solar cell process

▪ Al-free font contacts

▪ Lower firing temperature

▪ More shallow emitter profiles, higher Rsh

▪ …

public
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Ref. [4] 

Thermal

Wet chemical

Metallization

Deposition

[1] R. Mayberry et al. EU-PVSEC 2019
[2] Patent WO2019154450A1 
[3] T. Fellmeth et al., PiP, 2022
[4] S.Großer et al., IEEE JPV, 2022

HAADF: High angle annular dark field (scanning transmission electron microscopy)
EDX: Energy-dispersive X-ray spectroscopy) 
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TOPCon Cell Technology

▪ Thorough analysis of the patent situation is complex 

▪ different implementation routes, cell designs and module implementations 

▪ location of production and market relevant 

▪ Situation similar for other technologies like hetero-junction, back-contact and Perowskite-silicon tandem

IP battle on technology heatens up

17

TOPCon (US)

TOPCon (US)

TOPCon (US)

TOPCon (US) TOPCon (US)

TOPCon (US)TOPCon (US)

TOPCon (AUS)

TOPCon (US)

TOPCon 
(EU)

xBC (EU)

Shingle (EU)

PERC (EU)

PERC (EU)

Active Claims (US) 

Active Claims (EU) 

TOPCon  (EU)

TOPCon 
(EU)

Active Claims (ROW) 

China 

US 

ROW 

?
LECO

Disclaimer: Selected IP challenges reported in media, does not purport to be a comprehensive summary of Patent related disputes
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Passivated Edge Technology (PET) developed at Fraunhofer ISE
Cell Cutting and Edge Passivation

Example: Half Cell Cutting

▪ Host cell with half cut layout

▪ Cut into cell half

▪ Increased ratio of edge to cell area

▪ Edge recombination due to cut edges[1,2]

▪ Edge passivation by PET[3-6]

▪ ALD Al2O3 layer

▪ Annealing

▪ Full Efficiency recovery with PET [7]

18 [1] K. R. Mcintosh, PhD thesis, UNSW, 2001
[2] R. Preu et al., PV CellTech 2017
[3] P. Baliozian et al., IEEE JPV, 2020
[4] E. Lohmüller et al., PiP., 2023 

[5] E. Lohmüller et al., Solmat, 2023
[6] Patent DE102018123485 B4
[7] E. Lohmüller et al., submitted for SiliconPV 2025 public

Host

TLS cutting

PET
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What‘s next in TOPCon development?
TOPCoRE and TOPCon²

public
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TOPCoRE with Local Boron FSF

▪ Wafer can reach lifetimes of n-type [2]

▪ But more susceptible to impurities (e.g. Fe)

▪ Wafer ~10% cheaper than n-type [1]

▪ Reducing the FSF to a local FSF increases efficiency by 

~0.2%

▪ Less patent coverage

[1] www.energytrend.com/solar-price.html
[2] J. Horzel et al., SolarRRL, 2022, doi: 10.1002/solr.202200613

Local Boron FSF
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What‘s next in TOPCon development?
TOPCoRE and TOPCon²
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TOPCoRE with Local Boron FSF

▪ Wafer can reach lifetimes of n-type [2]

▪ But more susceptible to impurities (e.g. Fe)

▪ Wafer ~10% cheaper than n-type [1]

▪ Reducing the FSF to a local FSF increases efficiency by 

~0.2%

▪ Less patent coverage

TOPCon² (local p-TOPCon)

▪ Improve the front contact recombination further by 

exchanging the local FSF by a front TOPCon layer

[1] www.energytrend.com/solar-price.html
[2] J. Horzel et al., SolarRRL, 2022, doi: 10.1002/solr.202200613
[3] N. Wöhrke et.al., SiliconPV 2025

Local Boron FSF

[3]



©Fraunhofer ISE

What‘s next in TOPCon development?
TOPCoRE and TOPCon²
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TOPCoRE with Local Boron FSF

▪ Wafer can reach lifetimes of n-type [2]

▪ But more susceptible to impurities (e.g. Fe)

▪ Wafer ~10% cheaper than n-type [1]

▪ Reducing the FSF to a local FSF increases efficiency by 

~0.2%

▪ Less patent coverage

TOPCon² (local p-TOPCon)

▪ Improve the front contact recombination further by 

exchanging the local FSF by a front TOPCon layer

TOPCon² as bottom cell allows smooth transition 

into the Si-Perovskite Tandem future !

[1] www.energytrend.com/solar-price.html
[2] J. Horzel et al., SolarRRL, 2022, doi: 10.1002/solr.202200613
[3] N. Wöhrke et.al., SiliconPV 2025

Local Boron FSF

[3]
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Creating a Fully Integrated PV Ecosystem
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Image: © Siemens Technology 
support across all 
value chain steps

Poly-Si

Central
Utilities

Ingot & 

Wafer

Cell Module

Glass

Metrology & MES partners:

Partner Network



Beispielfolie, Schlussfolie

Thank you for your attention
—
jochen.rentsch@ise.fraunhofer.de
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