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DoE SETO: “Net zero emissions no later 2050.” 
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Fundamental Losses in Solar Cells 

                                                                                                Guillemoles et al., Nature 13, 501 (2019) 

 

 

Shockley-Queisser limit predicted max efficiency ~ 30% (J. Appl. Phys. 1961) 

• Photocurrent determined by the photon absorption 

 

• Photovoltage determined by the energy gap 

 



Multi-junction Solar Cells  



GaInNAs: potential, but issues!  

GaInNAs lattice matched to GaAs/Ge potential for > 50 % 
 

Materials Quality Serious Problem 

• Low Nitrogen Solubility 

•  Phase Segregation 

 

J. F. Geisz & D. J. Friedman. Semicond. Sci. Technol. 17 (2002) 769-777 
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Selective Defects Passivation  

in Solar Cell Materials 

PUMP

Lamp 1

Lamp 2

Loadlock

• UV-activated hydrogenation – Deuterium based 

 

• Typical 100 °C – 350 ° C 

 

• Pressures ranging from 10-6 – 105 Torr 
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 Solar Cell Characterization 

• Increase in performance of the solar cell after hydrogenation 

 

• No visible effect on the substitutional Nitrogen – selective passivation 

 

 

 

 
Fukuda et al. Applied Physics Letters 106, 141904 (2015) 
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3G PV: Harnessing the solar spectrum  

Fundamental Gap  

~0.7eV 

Hot Carriers 

 

2, 3x Eg - MEG  

 

Δ EIC - IBSC 

To harness the solar spectrum effectively Energy-gap is lowered slightly to ~0.7eV 
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Hot Carrier Losses and Solar Cells 

• “Hot carriers” rapidly transfer energy to the lattice – thermalization 

 

• Rapid extraction of higher energy carriers via energy selective contacts has 

potential to increase power conversion: 

 

                                    - selective energy extraction                                 

                                    - inhibited electron-phonon relaxation pathways 

                                    - phonon bottleneck 
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Hot Carrier Relaxation – Heat Generation 
 

Phonon Bottleneck: Klemens versus Ridley 

• Klemens LO  2LA 

 

• Ridley LO TO + LA 
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Hot-Carrier Effects in Semiconductor Devices 

Several papers suggesting hot carriers are most robust in quantum 

confined systems: 

 
J. F. Ryan et al. PRL 53, 1841 (1984) 

J. Shah et al. PRL 54, 2045 (1985) 

N. Balkan et al. Semi. Sci. Techn. 4, 852 (1989) 

K. Leo et al. PRB 38, 1947 (1988) 

Potential for Solar Cells: 

Le Bris et al. APL 97, 113506 (2010) 

 

Hirst et al. IEEE JPV 4, 244 (2014) 

 

Hirst et al. APL 104, 231115 (2014)  

 

Tang, IRS, et al. APL 106, 061902 (2015)  
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InAs/AlxAs1-xSb quantum wells: an interesting potential 

system for hot carriers solar cells 

Kroemer et al. Physica E 20, 196 (2004) 

• Potential to produce type-I, II or quasi-type-II structures 

 

• Extremely deep confinement potential: large proportion of solar 

irradiance absorbed directly in QWs 
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 Inhibited hot carrier relaxation: phonon bottleneck  

• Dominate relaxation processes: Klemens LO  2LA 

                                                            Ridley LO TO + LA 

 

• Large energy difference – Reflections, poor thermal dissipation 

 

• Stable hot phonon bath   

DFT Calculations: Bin Wang - OU 

H. Esmaielpour et al. Scientific Reports 8, 12473 (2018) 
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Evidence of Hot-Carrier Effects in QWSC 

Hirst & Ekins-Daukes. Appl. Phys. Lett. 104, 231115 (2014) Nguyen, Lombez, Guillemoles et al.  

Nature Energy 3, 231115 (2018) 

I(PL)µexp -
hn

kBTH

æ

è
ç

ö

ø
÷

Maxwell-Boltzmann like distribution of carriers: 

Proof of principle systems 

 

• Very high-power excitation 

 

• Monochromatic illumination 

 

• Non-optimum architecture 
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Narrow-Gap Semiconductors 

Y. S. Park, Optoelectronics Rev. 9, 117 (2001) 

InN has a favorable energy gap for Hot Carrier Solar Cells 

Credit: Shashi Sourabh (OU) 
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Davydov et al (1999) 

Extremely attractive “phononic” properties optimum Energy gap! 

 

90meV 

Narrow-Gap Semiconductors: InN 

Acknowledgement: Nazli Sarabi (OU) 
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InN: Evidence of Carriers 

Early prediction and data suggested strong potential 

 

Not the whole story….. 
 

Acknowledgement: Gavin Conibeer (UNSW) 
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Phonon Bottleneck: Klemens versus Ridley 

Ridley channel is very effective in nitrides (in all III-V’s) 

 

Strain and piezoelectric fields also facilitate hot carrier relaxation 

D. K. Ferry, Appl. Phys. Rev. 8, 021324 (2021) 

M. D. Yang et al., J. Appl. Phys. 105,  013526 (2009) 
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What now for InN? Bulk versus low-Dimensional 

H. Esmaielpour et al.  

Appl. Phys. Lett.  118, 213902 (2021) 

Phonon management in QWs 

It is well established that thermalization can be inhibited in quantum wells 

 

Intervalley scattering is now being considered at a method for HCSCs 

Consider a typical direct gap III-V 

Excitation occurs 

from all three 

valence bands 

Decay occurs first to 

the satellite valleys 

The scattering rate to the 

satellite valleys is 10X that of 

LO phonon scattering—the 

carriers ALWAYS go to the 

satellite valley first. 

Valley Photovoltaics 

D. K. Ferry Semi. Sci. Techn. 34, 044001 (2019) 

H. Esmaielpour et al.  Nature Energy 5, 336 (2020) 

D. K. Ferry et al., J. Appl. Phys. 128, 220903 (2020) 
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Multi-Exciton Generation or Carrier 

Multiplication 

Brown & Wu. Laser & Photon Rev. 3, 394 (2009) 

VB 

CB 

Initial photon absorbed 

one electron – hole pair 

Energy relaxation with  

second photon absorbed: 

two electron – hole pairs 

Impact Ionization seen in InSb, Si, PbS, and PbSe, and now InN! 
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InN: multi-exciton generation 

s (w) = N ´e´m(w) = N ´
e2t s
m*

´
1

1- iwt s

Jensen, Sellers, Bonn et al, APL 101,  222113  2012 
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Summary and Acknowledgements 

• While the performance and cost of solar cells has improved 

considerably TW implementation require further improvements 

and all and new technologies 

 

• Stable high efficiency single junction solar cells in excess of 

30% likely require III-Vs! 

 

• Hot carrier solar cells have potential to exceed the single gap 

limit but innovation and cost-effective approaches are required 

     

• The phonons in InN suggest it has the potential to inhibit 

thermalization – much more work needed! 


