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Landsberg Limit for Solar Power Conversion

4P. T. Landsberg and G. Tonge, J. Appl. Phys. 51, R1 (1980).

Conservation of Energy:

Reversible operation:

Radiant energy flux density:

Radiant entropy flux density:



5L. Hirst & N.J.Ekins-Daukes, Progress in Photovoltaics, (2011) 19: p286

Fundamental losses in solar cells:
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Lin, Hao, Wang, Genshun, Su, Qiao, Han, Can, Xue, Chaowei, Yin, Shi, Fang, Liang, Xu, Xixiang, & Gao, Pingqi. ’Unveiling the mechanism of attaining 
high fill factor in silicon solar cells’. Progress in Photovoltaics: Research and Applications, (2024) doi: 10.1002/pip.3775
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IBC demonstrated

IBC

HJT invented

HJT

Screen Printed Contacts

Al-BSF
EVA encapsulation & 

backsheet

Reduced wafer thickness

TopCON

MINP Tunnel 
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TopCON poly-Si 
tunnel contact

Silicon PV Technology :

VDMA 13th ITRPV March 2022 

M.A. Green. ’Photovoltaic technology and visions for the future’. Progress in Energy, 1(2019) 013001
G.F. Nemet, How Solar Energy Became Cheap, Routledge 2019 

JPL : Low-Cost Solar 
Array Project Sunshine project German FiT + 

manufacture
China FiT + 
manufacture

National 
Policy
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9L. Hirst & N.J.Ekins-Daukes, Progress in Photovoltaics, (2011) 19: p286
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~32% 3J Space Solar Cell 
AM0

~40% 3J Concentrator Solar 
Cell AM1.5D

Z

Multi-Junction Solar Cells : The Standard Path to High Efficiency
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Strain-Balance Quantum Well Solar Cell

Ekins-Daukes, N. J., et al., (1999). Strain-balanced 
GaAsP/InGaAs quantum well solar cells. Appl.Phys.Lett. 
75(26), 4195-4197. France, R. M., et al.,  Joule, 6(5), 1121-1135 (2022)
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Observations from multi-junction PV manufacturing :

1. Structural complexity in tandem solar cells is often easier to 
manage than chemical complexity

2. III-V PV is “expensive” for non-essential reasons : 
• Highly specialized space PV market where efficiency and 

reliability are more important than cost
• Tiny manufacturing volumes.  Larger markets may provide 

a pathway for PV >30% at ~$5/Wp . 
• Inactive substrate that only serves only as a crystal 

template for epitaxy.
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Australian Government Objective : Ultra Low Cost Solar PV 

Research and Development

Stretch target  
LCOE $15/MWh

30 : 30 : 30 Strategy

• > 30% Module Efficiency
• 30¢ / Wp system capacity cost
• Achieved by 2030

Space PV
(1958)

Socket Parity
(2010)

Grid Parity
(2020)

H2



Routes to improve Silicon PV Efficiency:
1
3

Epoxy 
bonded

Wafer 
bonded

Perovskite / Silicon TandemIII-V / Silicon Tandem

Direct 
epitaxy

III-V
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Tandem

+

e-+h+

Photocurrent in each
sub-cell needs to be matched

+

Up-Conversion

e-+h+

Simultaneous 
absorption of light in 

two interacting 
absorbers.

+

Down-Conversion

2x ( e-+h+)

Interaction between 
one excited absorber 

and a neighbour.

Sharma, Abhinav, Pusch, Andreas, Nielsen, Michael P, Romer, Udo, Tayebjee, Murad J Y, Rougieux, Fiacre, & Ekins-Daukes, Nicholas J. 
’Constraints imposed by the sparse solar photon flux on upconversion and hot carrier solar cells’. Solar Energy, 237(2022) 44



Conventional Silicon PV Molecular Singlet Fission on Silicon

www.omegasilicon.solar



What is Molecular Singlet Fission ? 
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All molecules have singlet & triplet states; different 
electron spin configurations:
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www.omegasilicon.solar



What is Molecular Singlet Fission ? 
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All molecules have singlet & triplet states; different 
electron spin configurations:

S0

S1
T1

Ground 
state

S0

S1
T1

Excited 
Singlet 

state

S0

S1
T1

Excited 
Triplet 
state

SF layer

① Short-wavelength 
light excites one 
molecule into the singlet 
excited state. S0
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② Half the S1 energy is 
transferred to a 
neighbouring molecule.
( Spin is conserved, 
electrons on both 
molecules change spin )
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S1

T1
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S1

T1
③ Both molecules enter 
their excited triplet state.

www.omegasilicon.solar
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Molecular layer that 
absorbs short wavelength 
light

Two molecules interact to 
undergo singlet fission 
producing two triplet 
excitons (bound e-h 
pairs)

🟧 e-h pairs are transferred 
into silicon

Requirements for EQE >100% results from singlet fission: 

www.omegasilicon.solar



Two technological pathways
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ü Highest efficiency potential ( >40% limit )
ü Well suited to IBC architecture
§ Requires :

§ Dedicated singlet fission molecular layer
§ Passivating exciton transport interlayer

§ HfNOx demonstrated
§ New interlayer materials required

Silicon PV

SF layer

Direct Energy Transfer

Passivating Interlayer
(allows triplet energy
Transfer)

ü Lower efficiency potential ( >30% )
§ Requires highly emissive lumiphores
ü Surface passivation and cell structure 

unchanged
ü Fast route for efficiency gain
ü Compatible with luminescent down 

shifting films and heterojunction cells

Silicon PV

Radiative Optical Transfer

Passivating
layer

SF SFET ET

www.omegasilicon.solar



Direct Energy Transfer : State of the art 
as published to date

Einzinger, M.; Wu, T.; Kompalla, J. F.; Smith, H. L.; Perkinson, C. F.; Nienhaus, L.; Wieghold, S.; 
Congreve, D. N.; Kahn, A.; Bawendi, M. G.; Baldo, M. A. Nature 2019, 571 (7763), 90–94. 

20

Selective contact MoOx/LiF IBC architecture :
Um, Han-Don, et al., ’Dopant-Free All-Back-
Contact Si Nanohole Solar Cells Using MoOx and 
LiF Films’. Nano Letters, 16(2) (2016) 981
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Observations for Silicon Multiple Threshold

1. High-performance research lab PV results achieved for multiple 
silicon tandem technologies:
1. III-V / Silicon Tandem (36.1% wafer bonded)
2. Silicon Perovskite (33.9%)
3. Molecular Singlet Fission ( TBC )

2. Which technology is the pathway for large area, low-cost, mass 
manufacture with long term stability ?
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Sydney Opera House, thermal image (9pm)
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Electrical Power from Radiative Processes : Thermoradiative Conversion

A.Pusch, J.M.Gordon, A.Mellor, J.J.Krich, & N.J.Ekins-Daukes, Physical Review Applied 12, 064018 (2019).

Conservation of Energy:

Reversible operation:

Radiant energy flux density:

Radiant entropy flux density:



Electrical Power from Radiative Processes 
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Quantum Solar PowerThermal Solar Power

Steam Rankine cycle Semiconductor Diode Thermoradiative Diode

Quantum Thermoradiative Power

Radioisotope Thermoelectric Generator

Thermoradiative Power
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Thermoradiative and Thermophotovoltaic Power
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Nielsen, M. P., Pusch, A., Sazzad, M. H., Pearce, P. M., Reece, P. J., & Ekins-Daukes, N. J. (2022). Thermoradiative Power 
Conversion from HgCdTe Photodiodes and Their Current–Voltage Characteristics. ACS Photonics, 9(5), 1535-1540.

HgCdTe Photodiode, 
Eg=0.25eV, T= 20.5oC
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Thermoradiative and Thermophotovoltaic Power

Nielsen, M. P., Pusch, A., Sazzad, M. H., Pearce, P. M., Reece, P. J., & Ekins-Daukes, N. J. (2022). Thermoradiative Power 
Conversion from HgCdTe Photodiodes and Their Current–Voltage Characteristics. ACS Photonics, 9(5), 1535-1540.

HgCdTe Photodiode, 
Eg=0.25eV, T= 20.5oC
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Thermoradiative power from body heat



Solar PV  :  475W.m-2 
   (868W.m-2 )

Solar Energy 
Day & Night

Electrical Power Density

Record Laboratory
(Thermodynamic limit)

Thermoradiative  :  5mW.m-2 
    (10 W.m-2 )

.
.

.

. .
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First Silicon Solar Cell
1954

First Solar Powered Satellite
Vanguard 1  1958



Conclusion:

30

Silicon solar cell: 
Pearson, Chapin, Fuller, Bell Labs, 1954

• Thermoradiative power generation has been demonstrated with mW.m-2 electrical power density.
• In the radiative limit, thermoradiative power can be generated at levels of tens W.m-2 
• Practical thermoradiative devices delivering W.m-2 demand very high radiative efficiency.

Thermoradiative diode: 
Sazzad, Reece, Pusch, Nielsen, Ekins-
Daukes, Pearce, UNSW, 2022


