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1 sun: wafer-based silicon (90%)                  
- monocrystalline 
- multicrystalline & quasi mono 

Module efficiencies 14  22% 

Toyota City of the Sun (NL) 

Concentrator (<1%) 
- multi-junction III-V semiconductors 
- silicon   

Module efficiencies 25  33% 

Abengoa/Concentrix FhG-ISE  

1 sun : thin films (10%) 
- cadmium telluride (CdTe) 
- copper-indium/gallium-diselenide/sulphide (CIGSS) 
- silicon 

Module efficiencies 7  14% 



Concepts & technologies  

Lab and pilot production (“nanotechnology at km2 scale“) 

• super-high-efficiency concepts 
     (incl. combinations of existing technologies) 

– more complete use of solar spectrum (optimize cell 
or modify spectrum) 

– advanced light management (incl. macro- and 
micro-concentration) 

 

• super-low-cost concepts 
     (& technologies for new applications) 
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Example: 
spectrum conversion using 

quantum dots 
(Univ. of Amsterdam) 

Example: 
polymer solar cell (Solliance) 



Commercial module efficiencies (selection) 

History + short-term projections (announced) 
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Commercial module efficiencies 
History + long-term projections (simplified estimates) 
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25% at 
low cost 
in 2020? 



Towards and beyond 25% 1-sun        

module efficiency at competitive cost 

• Bring wafer-silicon technology to perfection (to 25%) – ST/MT 
– reduce process complexity and cost of current high-end technologies 

– combine key features of current high-end technologies (e.g. rear hetero-junction, 
rear contact) 

– use ultra-thin wafers + advanced light management 

 

• Combine the best of two worlds (beyond 25%) - MT 
– high-efficiency wafer-silicon + wide-gap thin-film technology (2- or 4-terminal one-

sun tandem) 

 

• Novel routes (to and beyond 25%) - MT/LT 
– high-efficiency wafer-silicon + spectrum converters 

– other multi-gap approaches (bulk, quantum dots, nanowires, etc.) 

– other high-efficiency approaches ( multi carrier, hot carrier, intermediate band, etc.) 
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Wafer-based silicon technologies:     

a variety of options (selection) 
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Conductivity 
type 

Crystal type Contact 
geometry 

Junction 
geometry 
 

Junction 
type 

Light 
collection  

Identity 

 
 
 
 
P-type 
 
 
 
 
 
 
N-type 

 
 
Multi 
 
 
 
 
 
Quasi-mono 
 
 
 
 
 
Mono 

Front & rear Front Homo Front Today’s workhorse: 
monofacial 

Front & rear Today’s workhorse:  
bifacial version 

Hetero Front 
HJT / HIT (today’s high end) 

Front & rear 

Rear - 

Rear Front Homo Front Metal Wrap-Through 
(MWT) (emerging) Front & rear 

Hetero Front 
HJ-MWT (novel) 

Front & rear 

Rear Homo Front Interdigitated Back Contact  
(IBC) (today’s high end) 

Front & rear 

Hetero Front HJ-IBC (novel) 

Front & rear - 



Example: combine strengths of  

current high-end silicon technologies 
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(Dec. 2013) 



Advanced light management for high   

efficiency silicon cells 
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Towards and beyond 25% 1-sun        

module efficiency at competitive cost 

• Bring wafer-silicon technology to perfection (to 25%) – ST/MT 
– reduce process complexity and cost of current high-end technologies 

– combine key features of current high-end technologies (e.g. rear hetero-junction, 
rear contact) 

– use ultra-thin wafers + advanced light management 

 

• Combine the best of two worlds (beyond 25%) - MT 
– high-efficiency wafer-silicon + wide-gap thin-film technology (2- or 4-terminal one-

sun tandem) 

 

• Novel routes (to and beyond 25%) - MT/LT 
– high-efficiency wafer-silicon + spectrum converters 

– other multi-gap approaches (bulk, quantum dots, nanowires, etc.) 

– other high-efficiency approaches ( multi carrier, hot carrier, intermediate band, etc.) 
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Silicon wafer based tandems 

14 



Silicon wafer based tandems 

15 



Commercial module efficiencies 
History + long-term projections (simplified estimates) 
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Nanotechnology for high-efficiency PV: 

finding the way in a jungle of options 
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Commercial module efficiencies 
History + long-term projections (simplified estimates) 



Summary for discussion 

• Compared to IEA PV Roadmap 2010: 

 

– wafer-based silicon technologies offer more possibilities for 
continued improvement 

– development and market introduction of “disruptive” 
technologies (even) tougher than expected – they are long-
term options 

– the “end game” is between technologies with module 
efficiencies 25-50% and manufacturing costs 0.25-0.5 $/Wp, 
allowing system prices (incl. sustainable margins) well below 
1 $/Wp 
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City of the Sun, Municipality Heerhugowaard, NL (photo Kuiper Compagnons) 


