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High Efficiency Solar Cell is a Hot Topic 
Over 1.3 Million Search Results in Google Scholar! 
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The “High Efficiency” PV-Championship 
 A Fight in Different Classes 

Heavyweight (45-50%) 
III-V multi-junctions 

Cruiserweight (25-30%) 
c-Si, Si concentrator, III-V single-junction 

Middleweight (19-25%) 
mc-Si, CIGS, CdTe , Pervoskite 

Featherweight (5-10%) 
Novel concepts,.. 

Lightweight (10-15%) 
a-Si, dye-sensitized, organic, 
Pervoskite… 

Picture: N. Faulkner, A Visitor’s Guide to the Ancient Olympics, 2011  



© Fraunhofer ISE  

4 

PV Production by Technology 
Percentage of Global Annual Production 

 Production 2014 (GWp) 

    Thin film  4.4 

    Mono-Si  16.9 

    Multi-Si   26.2 

    Ribbon-Si    0 

Data: from 2000 to 2010: Navigant; from 2011: IHS (Mono-/Multi- proportion by Paula Mints). Graph: PSE AG 2015 

                 

2015: ~ 51 GWp 
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Efficiency and Costs  
Levelized Costs of Electricity LCOE  
 

 

 

 

 

 

 

 

 
  

 

 

 

1LCOE = Levelized cost of energy  

LCOE1  = 
Total Cost
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Efficiency and Costs  
Levelized Costs of Electricity LCOE  
 

 

 

Increase the efficiencies 
to reduce costs! 

  on cell level                    

  on module level 

  on system level 
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State-of-the-art 2016 for Silicon Solar Cells 
Industry: Switching from Al-BSF to PRC 

Blakers et al.,  
Appl. Phys. Lett. 55, 1363 (1989) 

Mandelkorn and Lamneck, 
J. Appl. Phys. 44, 4785 (1973) 

 Al-alloyed back surface field (Al-BSF) solar cells have dominated the  
industry for decades 

 Partial rear contact cells (PRC) like PERC/PERL are introduced in production 

 

 

 

η = 19% - 20% η = 20% - 21.5% 
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High-Efficiency Si Solar Cells from Fraunhofer ISE 
Diffused Front and TOPCon Rear 

 Diffused boron emitter (150 Ω/sq) 

 Al2O3 passivation + ARC 

 Selective emitter structure 

 n-type base 

 Full-area TOPCon rear side  
 selective contacts 

 Ag rear contact 

 1D cell architecture 

Al2O3/SiNx 

TOPCon: J0,rear �  7 fA/cm² 

n-base 
p++ p+ 

Ag 
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a-/nc-Si 

TOPCon (Tunnel Oxide Passivated Contact) 
Combining a-Si Hetero and poly-Si/Tunnel Oxide Approach 
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High-Efficiency Solar Cells from Fraunhofer ISE 
Lab Cells with Top/Rear Contacts 

 

 

 

 

 

 

  Material Voc Jsc FF η 
  [mV] [mA/cm2] [%] [%] 

UNSW/PERL p-type 400 µm 706 42.7 82.8 25.0 

TOPCon n-type 200 µm 718 42.1 83.2 25.13* 

* 4 cm2 (da), confirmed by Fraunhofer ISE Callab 

  

J0e,pass �  11-15 fA/cm² 
J0e,metal �  200 fA/cm² 

TOPCon: J0,rear �  7 fA/cm² 

n-base 
p++ 
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The Limits of Single-Junction Solar Cells 
Thermalisation and Transmission Losses! 

cb 

vb 
hν 

thermalization 
losses  

cb 

vb 
hν 

transmission 
losses  

energy harvested by 
single junction Si cell 

Si 



© Fraunhofer ISE  

14 

500 1000 1500 2000 2500
0

200

400

600

800

1000

1200

1400

1600

Sp
ec

tra
l ir

ra
di

an
ce

 [W
/m

2 µm
]  AM1.5 spectrum

 GaInP (1.87 eV)
 GaInAs (1.44 eV)
 Ge (0.67 eV)

 

 

Wavelength [nm]
500 1000 1500 2000 2500

0

200

400

600

800

1000

1200

1400

1600

Sp
ec

tra
l ir

ra
di

an
ce

 [W
/m

2 µm
]  AM1.5 spectrum

 Si (1.12 eV)

 

 

Wavelength [nm]

The Benefit of Multi-Junction Solar Cells 
Reduction of Thermalisation and Transmission Losses! 

Si 

GaInP GaInAs 

Ge 
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III-V Materials for Multi-junction Solar Cells 
The Possibility to Design Bandgaps!  
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III-V Materials for Multi-junction Solar Cells 
The Possibility to Design Bandgaps  
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For example: 

GaInP/GaAs/Ge 
 industry standard 
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What can be Expected from Multi-Junction Solar Cell? 
50% Solar Cells are Realistically Achievable!  

Calculation based on Shockley-Queisser approach 

S.P. Philipps and A.W. Bett, in: Advanced Concepts in Photovoltaics,  
A, J. Nozik et al (eds.), Cambridge: Royal Society of Chemistry (2014).  

75 % - 80 % of limit 

efficiency is achievable 

in practical devices 

 4j cell and  

     concentrated light 

     needed for  

     50 % cell 
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Solar Cell Architectures for 4J Cells with 50 % Efficiency 
Developments at Fraunhofer ISE 

GaInP 1.9 eV 

GaInAs 1.4 eV 

GaInNAs 1.0 eV 

Ge   0.7 eV 

Lattice matched 
4-junction on Ge 

GaInP 1.9 eV 

GaAs 1.4 eV 

GaInAs 1.0 eV 

Inverted 
metamorphic 

Metamorphic 

GaInAs 0.7 eV 

Metamorphic 

4-junction 
bonded to Ge 

GaInP 1.9 eV 

GaAs 1.4 eV 

GaInAs 1.0 eV 

Ge   0.7 eV 

Metamorphic 

4-junction 
bonded to InP 

GaInP 1.9 eV 

GaAs1.4 eV 

GaInAsP 1.0 eV 
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InP  
substrate 

carrier 

4-junction on 
GaSb 

GaInP 1.9 eV 
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Metamorphic 
GaInAs 1.0 eV 

Bonding 

Bonding 
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Solar Cell Architectures for 4J Cells with 50 % Efficiency 
Developments at Fraunhofer ISE 

GaInP 1.9 eV 

GaInAs 1.4 eV 

GaInNAs 1.0 eV 

Ge   0.7 eV 

Lattice matched 
4-junction on Ge 
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Low diffusion length in MOVPE grown GaInNAs 
limits performance ! 
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4-Junction Wafer-Bonded Multi-Junction Solar Cell 
Ge-based 

4-junction 
bonded to Ge 

GaInP 1.9 eV 

GaAs 1.4 eV 

GaInAs 1.0 eV 

Ge   0.7 eV 

Metamorphic 

Bonding 

Technology features 

 Inverted growth of 
top dual-junction cell 

 Metamorphic growth in 
bottom dual-junction cell 

 Semiconductor bond 
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Wafer-Bonded 4-Junction Solar Cell 
Ge-based 

GaAs carrying upper inverted 
dual-junction 

Metamorphic GaInAs on  
active Ge 

GaAs 1.4 eV 

GaInP 1.9 eV 

GaAs substrate 

GaInAs 1.0 eV 

Ge 0.7 eV 

buffer 
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Metamorphic Growth of Ga1-xInxAs on Ge 
Control of Threading Dislocations 
 

Threading dislocation 
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Metamorphic Growth of Ga1-xInxAs on Ge 
Control of Threading Dislocations 
 

Threading dislocation 

Substrate 

Relaxed  
layer 

Misfit  
dislocation 



© Fraunhofer ISE  

24 

Characterization of Ga0.80In0.20As Sub-Cell Material 
Cathodoluminescence Measurements on Test Structures 
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Wafer-Bonded 4-Junction Solar Cell 
Ge-based 

GaAs carrying upper inverted 
dual-junction 

Metamorphic GaInAs on  
active Ge 

GaAs 1.4 eV 

GaInP 1.9 eV 

GaAs substrate 

GaInAs 1.0 eV 

Ge 0.7 eV 

buffer 



© Fraunhofer ISE  

26 

GaInAs 1.0 eV 

Ge 0.7 eV 

buffer 

GaAs substrate  

Wafer-Bonded 4-Junction Solar Cell 
Ge-based 

upper inverted tandem cell 
(upside down) 

lower tandem cell 

Semiconductor bonding of 
lower and upper tandem 
cells 

GaInP 1.9 eV 

GaAs 1.4 eV 
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Ge-based 4-Junction Solar Cell 
Bonding Interface 

Roughness <1nm required for successful bonding! 

Metamorphic surface after epitaxy 
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Ge-based 4-Junction Solar Cell 
Bonding Interface 

Roughness <1nm required for successful bonding! 

Metamorphic surface after epitaxy 
Surface after  

Chemical Mechanical Polishing 
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Ge-based 4-Junction Solar Cell 
Bonding Interface 

Before optimization After optimization 

4‘‘ 4‘‘ 

Scanning Acoustic Microscope Images of Interface 
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Wafer-Bonded 4-Junction Solar Cell 
Ge-based 
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4-Junction Wafer-Bonded Multi-Junction Solar Cell 
InP-based 

Technology features 

 Inverted growth of 
top dual-junction cell 

 Lattice matched growth on  
InP for bottom  
dual-junction cell 

 Semiconductor bond 

4-junction 
bonded to InP 

GaInP 1.9 eV 

GaAs1.4 eV 

GaInAsP 1.0 eV 

GaInAs   0.7 eV 

InP  
substrate 

Bonding 
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4-Junction Wafer-Bonded Multi-Junction Solar Cell 
InP-based 

Technology features 

 Inverted growth of 
top dual-junction cell 

 Lattice matched growth on  
InP for bottom  
dual-junction cell 

 Semiconductor bond 

 

 InP substrate too costly! 

4-junction 
bonded to InP 

GaInP 1.9 eV 

GaAs1.4 eV 

GaInAsP 1.0 eV 

GaInAs   0.7 eV 

InP  
substrate 

Bonding 
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Engineered Substrate from Soitec 

InP layer (<1µm) 

GaAs substrate (450µm) 
 

 

 

 

 

GaInP 1.9 eV 

GaAs1.4 eV 

GaInAsP 1.0 eV 

GaInAs   0.7 eV 

Bonding 

InP engineered 
substrate 

Six InP refresh cycles demonstrated 

4-junction 
bonded to InP 
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Wafer-Bonded 4-Junction Solar Cell 

scanning acoustic microscopic picture scanning electron microscopic picture 

F. Dimroth et al., Progress in PV 22(3), 277 (2014)  

Bonding performed at CEA Leti or Soitec 

100mm 
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GaInP 1.9 eV 

GaAs1.4 eV 

GaInAsP 1.0 eV 

GaInAs   0.7 eV 

Bonding 

InP engineered 
substrate 

InP based 4-Junction Solar Cell Results on Engineered 
Substrate 
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GaInP 1.9 eV 

GaAs1.4 eV 

GaInAsP 1.0 eV 

GaInAs   0.7 eV 

Bonding 

InP engineered 
substrate 

InP based 4-Junction Solar Cell Results on Engineered 
Substrate 
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Effciency Tables 

46.0 % cell 
43.4 % Minimodule 

38.9 % Module 
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support by: 



© Fraunhofer ISE  

39 

Thank You for Your Attention! 

Fraunhofer Institute for Solar Energy Systems ISE 

 

Dr. Andreas W. Bett 

 

www.ise.fraunhofer.de 

andreas.bett@ise.fraunhofer.de 
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