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Motivation 
Why is high electron mobility favorable in TCO films? 
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Why is high electron mobility favorable in TCO films? 
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 Sufficient TCO doping level (Ne) crucial both for lateral (Rsheet) and vertical (ρc) current transport1 

1(10) 1 C. Luderer et al., this conference 
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Motivation 
Why is high electron mobility favorable in TCO films? 
 

 Sufficient TCO doping level (Ne) crucial both for lateral (Rsheet) and vertical (ρc) current transport1 

 However: Ne⇧  ⇛ FCA⇧ (free carrier absorption) 

1(10) 1 C. Luderer et al., this conference 
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Motivation 
Why is high electron mobility favorable in TCO films? 
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 Sufficient TCO doping level (Ne) crucial both for lateral (Rsheet) and vertical (ρc) current transport1 

 However: Ne⇧  ⇛ FCA⇧ (free carrier absorption) 

 µ⇧ (mobility): Rsheet⇩ 

1(10) 1 C. Luderer et al., this conference 

 



  
  
  

  
  
  

  
  
  

  
  
  

  
  
  

  
  
  

  
  
  

© Fraunhofer ISE 

6 

FHG-SK: ISE-CONFIDENTIAL 

CONFIDENTIAL 

Motivation 
Why is high electron mobility favorable in TCO films? 
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 However: Ne⇧  ⇛ FCA⇧ (free carrier absorption) 

 µ⇧ (mobility): Rsheet⇩  &  FCA⇩ 

1(10) 1 C. Luderer et al., this conference 
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Motivation 
Cerium and hydrogen co-doped indium oxide (In2O3:Ce,H) 
 
 High quality films (µ > 100 cm²V-1s-1) fabricated via reactive plasma deposition (RPD)[2-4] 

 
 

 
 

2(10) 2 E. Kobayashi et al., Appl. Phys. Express 8 (2015)  
3 E. Kobayashi et al., Sol. Energy Mater. Sol. Cells 149 (2016) 
4 T. Koida et al., Phys. Status Solidi A 215 (2018) 
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Motivation 
Cerium and hydrogen co-doped indium oxide (In2O3:Ce,H) 
 
 High quality films (µ > 100 cm²V-1s-1) fabricated via reactive plasma deposition (RPD)[2-4] 

 Ce suitable dopant for In2O3 

 effective ionic radius of Ce4+ (0.101 nm)[5] close to In3+ (0.094 nm)[5]   
->low microstrain around the dopant site[2,3]  

 
 

 
 

2 E. Kobayashi et al., Appl. Phys. Express 8 (2015)  
3 E. Kobayashi et al., Sol. Energy Mater. Sol. Cells 149 (2016) 
4 T. Koida et al., Phys. Status Solidi A 215 (2018) 

5 R.D. Shannon, Acta Crystallogr. A 32 (1976) 
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Motivation 
Cerium and hydrogen co-doped indium oxide (In2O3:Ce,H) 
 
 High quality films (µ > 100 cm²V-1s-1) fabricated via reactive plasma deposition (RPD)[2-4] 

 Ce suitable dopant for In2O3 

 effective ionic radius of Ce4+ (0.101 nm)[5] close to In3+ (0.094 nm)[5]   
->low microstrain around the dopant site[2,3]  

 large oxygen affinity of Ce   
-> decreased density of oxygen vacancies[2] 
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Motivation 
Cerium and hydrogen co-doped indium oxide (In2O3:Ce,H) 
 
 High quality films (µ > 100 cm²V-1s-1) fabricated via reactive plasma deposition (RPD)[2-4] 

 Ce suitable dopant for In2O3 

 effective ionic radius of Ce4+ (0.101 nm)[5] close to In3+ (0.094 nm)[5]   
->low microstrain around the dopant site[2,3]  

 large oxygen affinity of Ce   
-> decreased density of oxygen vacancies[2] 
 

 However: High µ not yet reported for sputter-deposited In2O3:Ce,H 
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Motivation 
Cerium and hydrogen co-doped indium oxide (In2O3:Ce,H) 
 
 High quality films (µ > 100 cm²V-1s-1) fabricated via reactive plasma deposition (RPD)[2-4] 

 Ce suitable dopant for In2O3 

 effective ionic radius of Ce4+ (0.101 nm)[5] close to In3+ (0.094 nm)[5]   
->low microstrain around the dopant site[2,3]  

 large oxygen affinity of Ce   
-> decreased density of oxygen vacancies[2] 
 

 However: High µ not yet reported for sputter-deposited In2O3:Ce,H  

 First attempt at Fraunhofer-ISE6: 3 wt.% CeO2 

 
 

2 E. Kobayashi et al., Appl. Phys. Express 8 (2015)  
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6 L. Tutsch et al., Sol. Energy Mater. Sol. Cells 200 (2019) 
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Motivation 
Cerium and hydrogen co-doped indium oxide (In2O3:Ce,H) 
 
 High quality films (µ > 100 cm²V-1s-1) fabricated via reactive plasma deposition (RPD)[2-4] 

 Ce suitable dopant for In2O3 

 effective ionic radius of Ce4+ (0.101 nm)[5] close to In3+ (0.094 nm)[5]   
->low microstrain around the dopant site[2,3]  

 large oxygen affinity of Ce   
-> decreased density of oxygen vacancies[2] 
 

 However: High µ not yet reported for sputter-deposited In2O3:Ce,H  

 First attempt at Fraunhofer-ISE6: 3 wt.% CeO2 

 µmax ~ 70 cm²V-1s-1 
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Motivation 
Cerium and hydrogen co-doped indium oxide (In2O3:Ce,H) 
 
 High quality films (µ > 100 cm²V-1s-1) fabricated via reactive plasma deposition (RPD)[2-4] 

 Ce suitable dopant for In2O3 

 effective ionic radius of Ce4+ (0.101 nm)[5] close to In3+ (0.094 nm)[5]   
->low microstrain around the dopant site[2,3]  

 large oxygen affinity of Ce   
-> decreased density of oxygen vacancies[2] 
 

 However: High µ not yet reported for sputter-deposited In2O3:Ce,H  

 First attempt at Fraunhofer-ISE6: 3 wt.% CeO2 

 µmax ~ 70 cm²V-1s-1 

 crystallization temperature too high for SHJ 
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Outline 
Cerium and hydrogen co-doped indium oxide (In2O3:Ce,H) 
 

Detailed analysis of Ce content, p(H2O) and p(O2) via RF co-sputtering 

 

3(10) 
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Outline 
Cerium and hydrogen co-doped indium oxide (In2O3:Ce,H) 
 

Detailed analysis of Ce content, p(H2O) and p(O2) via RF co-sputtering 

Impact of annealing atmosphere 
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Outline 
Cerium and hydrogen co-doped indium oxide (In2O3:Ce,H) 
 

Detailed analysis of Ce content, p(H2O) and p(O2) via RF co-sputtering 

Impact of annealing atmosphere 

Transfer from planar test structures to SHJ substrates 
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Film properties and crystallization dynamics 
Cerium and oxygen content 
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Film properties and crystallization dynamics 
Cerium and oxygen content 
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Impact of the annealing atmosphere on layer properties  
Air annealing & planar substrate 
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Impact of the annealing atmosphere on layer properties 
Air annealing & planar substrate 
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 Annealing in ambient air: Ne⇩ 
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Impact of the annealing atmosphere on layer properties 
Air annealing & planar substrate 
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 Annealing in ambient air: Ne⇩ 

 p(O2)⇩  -> good electrical properties 
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Impact of the annealing atmosphere on layer properties 
Air annealing & planar substrate 
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 Annealing in ambient air: Ne⇩ 

 p(O2)⇩  -> good electrical properties & high transparency achievable 
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Impact of the annealing atmosphere on layer properties 
Air annealing & planar substrate 
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Transfer of In2O3:Ce,H layers to SHJ substrates 
Substrate-dependent film properties 
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 Solid phase crystallization: µ⇧ 
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 Solid phase crystallization: µ⇧ 

 Cooling down: Phonon scattering⇩ -> µ⇧ 
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 Vacuum annealing: Similar trend for glass and SHJ 
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 Vacuum annealing: Similar trend for glass and SHJ 

 Air annealing:  

 glass: slight ⇩ of Ne & µ 
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 Vacuum annealing: Similar trend for glass and SHJ 

 Air annealing:  

 glass: slight ⇩ of Ne & µ 

 SHJ: ⇩ of Ne & µ much more pronounced 
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 SHJ & air annealing: Low Rsheet only obtained for very oxygen-poor (~0% O2) deposition 
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 SHJ & air annealing: Low Rsheet only obtained for very oxygen-poor (~0% O2) deposition 

 But: Significant absorption remaining for short wavelengths (here measured on planar substrates) 
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In2O3:Ce,H layers in SHJ cells  
Optical performance and resistive losses 
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 SHJ solar cells with lab-type metallization, non optimized (Voc: 710 ± 5 mV, pFF = 83 ± 1%) 
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 SHJ solar cells with lab-type metallization, non optimized (Voc: 710 ± 5 mV, pFF = 83 ± 1%) 
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 In2O3:Ce,H & N2 annealing: Jsc⇧ (+ 0.6 mA/cm² vs ITO), large pitch applicable due to low Rsheet 
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 SHJ solar cells with lab-type metallization, non optimized (Voc: 710 ± 5 mV, pFF = 83 ± 1%) 

 In2O3:Ce,H & N2 annealing: Jsc⇧ (+ 0.6 mA/cm² vs ITO), large pitch applicable due to low Rsheet 

 Air annealing: Poorer electrical & optical performance 
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Thanks to the co-workers at AIST and F-ISE! 

Leo Tutsch 

leonard.tutsch@ise.fraunhofer.de 

 

Publications of Fraunhofer ISE at EU PVSEC 2020 available on: 
http://www.ise.fraunhofer.de/eupvsec2020 

Thank you for your Attention! 

Part of this work was funded by German Federal Ministry 
for Economic Affairs and Energy under contract numbers 
03EE1031A (PaSoDoble) and 03EE1032 (CUSTCO). 
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