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        Outline 

• Status of PV efficiencies, fundamental limits 

 

• Light management to enhance PV efficiency  
      c-Si, a-Si:H, CIGS, organic 

 

• New: the plasmo-electric effect 

 

• Conclusions, outlook 
 



Solar spectrum and Shockley-Queisser limit 

Iext = I0 exp(V/kT)-ISC 

http://en.wikipedia.org/wiki/File:Solar_cell.png


Shockley-Queisser efficiency limit: 34% 

34% 



Silicon is ideal: SQ limit = 33 % 

april 1954 

record: 26% 



Record efficiencies of solar cell materials 

GaInP 



Voltage and current deficit 

Voltage deficit 

Current deficit 
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pyrovskite (0,74) 

GaAs (0,86) 

Si (0,83) 

Si-HIT (0,83) 

GaInP (0.89) 

CIGS (0,76) 
CdTe (0,79) 

Voltage & current deficits 
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Electrical carrier management problem 

Voltage deficit (Vgap-Voc) (mV) 
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Materials with  
cell efficiency > 15% 



Light coupling and trapping by  
resonant light scatterers 

H.A. Atwater and A. Polman 
Nature Mater. 9, 205 (2010) 

4% 

96% 

n=1.0 
n=3.5 



Black silicon using leaky Mie resonances 

Si3N4 

Si 

Si 
Average reflectivity: 1.3% 

Piero Spinelli 
Nature Comm. 3, 692 (2012)   



• Flexible rubber on thin glass 
• Conform to substrate bow and roughness 
• No stamp damage due to particles 

PDMS Stamp 

Thin glass 

PDMS stamp (6”) on 200 µm AF-45 
glass 

1 µm 

Full-wafer soft nano-imprint 

Marc Verschuuren 
PhD thesis, Utrecht University (2010) 

Substrate conformal imprint lithography 



Light trapping in 5 µm crystalline Si slab 

Piero Spinelli 
J. Photovolt. 4, 554 (2014)  

Enables 20 µm thick  
Si solar cell 

with efficiency  
> 23 % 

FDTD simulation 

Goal: higher VOC (reduced bulk recombination) 
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500 nm 
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Ultra-thin a-Si:H solar cell: 90 nm i–layer  
 

flat 

400 nm 
pitch 

patterned 

Experiment                                   Simulation 
400 nm 
pitch 

500 nm 
pitch 

flat 

Vivian Ferry, Claire van Lare 
Nano Lett. 11, 4239 (2011), Optics Express 21, 20739 (2013) 

500 nm 

ITO 
a-Si:H 
ZnO:Al 
Ag 
sol-gel 

enhanced red and blue response by  
resonant dielectric scatterers  

The solar cell as an  
optical integrated circuit 



Dielectric scattering pattern Efficient light trapping 

Resonance in AZO and a-Si Dielectric outperforms metallic 

Dielecrtic light trapping nanostructures (a-Si:H) 

Claire van Lare 
Ph.D. thesis (2014) 



Optimizing spatial frequency of scattering pattern 

Claire van Lare 
Ph.D. thesis (2014) 

Asahi U-type 



          2  µm 

Ag nanowire network fabricated with  
electron beam lithography 
width: 45-110 nm 
height: 60 nm 

Jorik van de Groep, Piero Spinelli 
Nano Lett. 12, 3138 (2012) 

 

Transparent conductive silver nanowire network 



Enhanced  light trapping  by limiting emission angle 

10 µm 

max: 4n2 

max: >4n2 

Appl. Phys. Lett. 99, 151113 (2011) 
Emily Kosten, Light Sci. Appl. 2, e45 (2013) 

 



Effect of angle restriction on Si solar cells 

Emily Kosten, Bonna Newman 
J. Photovolt. 4, in press (2014) 

 



Parallel multi-junction solar cell architecture 

A. Polman and H.A. Atwater, Nature Mater. 11, 174 (2012) 
  



Plasmo-electric effect in metal nanostructures 

Jorik van de Groep, Matt Sheldon 
Science 346, 828 (2014) 



Plasmo-electric effect in metal nanostructures 

Jorik van de Groep, Matt Sheldon 
Science 346, 828 (2014) 



Light Management in New Photovoltaic Materials Team 

Solardam consortium 
AMOLF-UvA-VU 



Thank you 

www.erbium.nl 
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