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e, open-source Python packages Solcore
H RayFlare, which are developed here in
REE. You can run these on your own
puter (Windows, MacOS or Linux). While
= aim to also make the code and examples
'Y in the cloud, we encourage you to bring
ar laptop to the sessions!

hile this is not a comprehensive ‘Introduction
Python’ course, we encourage everyone who

KE I E e =nterested to attend, regardless of experience
| A2 = *h Python or programming.
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_~ au 1 - EVALUATION AND I\ 9 $ S Shockley-Queisser limit) for solar cells

‘ ”% ptical models in Solcore
— \ s @;ﬂ lIs of increasing complexity:

“ and GaAs) using the depletion approximation

1atrix method to calculate the effect of anti-
| —
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silicon: using ray-tracing methods for Si
with pyramid textures and a Maxwell equation solver for a
diffraction grating
o Cell model using a drift-diffusion solver for a textured Si cell
o lI-V/Si and Perovskite/Si tandem cells with light-trapping
structures (pyramids, gratings, anti-reflection coatings)
- Use of the Katana computing cluster for e.g. running optimizations
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Landsberg Limit for Solar Power Conversion

Conservation of Energy: Q + W = E, — E;

Q

. Reversible operation: Ss — Sc = T,
S FE, . 4
f f l Radiant energy flux density: E = oT
l S’c Ec Radiant entropy flux density: § — §JT3

T

< NcCarnot = 1— Ts

P. T. Landsberg and G. Tonge, J. Appl. Phys. 51, R1 (1980).
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fraction of incident solar radiation

Carnot Emission
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L. Hirst & N.J.Ekins-Daukes, Progress in Photovoltaics, (201 1) 19: p286

Fundamental losses in solar cells:

Woc = (Eg/q - Voc)
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nature energy

Siliconheterojunction solar cells withup to

26.81% efficiency achieved by electrically
optimized nanocrystalline-silicon hole
contactlayers
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high fill factor in silicon solar cells’. Progress in Photovoltaics: Research and Applications, (2024) doi: 10.1002/pip.3775
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M.A. Green. 'Photovoltaic technology and visions for the future’. Progress in Energy, 1(2019) 013001 :‘j: UNSW

G.F. Nemet, How Solar Energy Became Cheap, Routledge 2019






fraction of incident solar radiation

Multi-Junction Solar Cells : The Standard Path to High Efficiency
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SPECTRO

Strain-Balance Quantum Well Solar Cell

d Fluence)
jon Solar Cell

= Based on 20+ years of heritage 3J devices San ogl'::'s‘;:‘cf;f:":";'m s

= Fully qualified under AIAA-S111 2014 Standard
= Targeting LEO to GEO mission fluences

Best in class 32.2% BOL efficiency

Vimp (V) 2435 0.93 0.90 0.87 0.79
Jrmp (MAVC?) 17.9 1.00 1.00 0.99 0.91

dingto ECSS-E-ST-20-08C (Fluence of 1 MeV electrons/cm?)

** Photon and

GE}
BN,

ENVIRONMENTAL MANAGEMENT SYSTEM

2.8 T T T T T T T T T s 27.9% EOL, 1E15 1MeV electron™ Cell Thickness = 140 pm - 225 um
Gaxlnyx Asy Py * Multiple Sizes Available (<85-cm2) Cell Mass = 84 - 130 mg/cm?
241 AlAs — — AlLGai ASy Sb1-y - = Currently in Production
- GaP i N K ) XTE-SF Post 1 MeV e- Retention (US Standard AIAA $-111-2005)
- =~ .
% 2.0 ’ . I\ . ! Parameters* BOL 1e14 (10-yr LEO) 5e14 1e15 (15-yr GEO) 1e16
; O 7~ . [ - 4 Efficiencym, 32.2% 0.93 0.88 0.84 0.66
w 1.6+ : 9 AISb B Voo (V) 2.750 0.92 0.88 0.86 078
% GaAs InP | | Jsc (MA/M?) 18.6 1.00 1.00 0.99 0.94
_8) 1.2+ Si | II . - Vimp (V) 2.435 0.92 0.88 0.86 0.76
c * ‘ I Jmp (MA/CM?) 17.9 1.00 0.99 0.98 0.88
© ' I *AMO (135.3 mWicm?, 28°C), for 27 cmZ cell size (Fluence of 1 MeV electrons/cm?)
@ 0.8 i 4 Gash
: a
Ge » | I XTE-SF Post 1 MeV e- Retention (European standard-ECSS**)
04 I | | Parameters* BOL 1e14 (10-yr LEO) 5e14 1e15 (15-yr GEO) 1e16
300K I I InAs! ¢ Efficiencyn, 32.2% 093 0.89 0.87 0.72
il I L1 1 L 11 L ] 1 | Voo (V) 2.750 0.93 0.90 0.88 0.80
54 55 56 57 58 59 6.0 6.1 6.2 6. Jso (MAICm?) 186 1,00 1.00 0.99 0.96
|

Lattice constant a(A) m

Ekins-Daukes, N. J., et al., (1999). Strain-balanced _asvian =150 14001 —
GaAsP/InGaAs quantum well solar cells. Appl.Phys.Lett.
75(26), 4195-4197.
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Observations from multi-junction PV manufacturing :

GalnAs/GaAsP 1
MQWs -

Structural complexity in tandem solar cells is often easier to
manage than chemical complexity
2. 1lI-V PV is “expensive” for non-essential reasons :
« Highly specialized space PV market where efficiency and
— reliability are more important than cost
Stssor Film » Tiny manufacturing volumes. Larger markets may provide
Dept a pathway for PV >30% at ~$5/Wp .
* Inactive substrate that only serves only as a crystal
template for epitaxy.

Waste

Silicon PV Technology :
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Australian Government Objective : Ultra Low Cost Solar PV

Research and Development

Space PV
(1958)

I‘l’ Grid Parity 30 : 30 : 30 Strategy

(2020)

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

Socket Parity

(2010)
LCOE $15/MWh @

Stretch target

W Australian Government

"‘ﬂ?"- Australian Renewable
Energy Agency

UNSW
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Routes to improve Silicon PV Efficiency:

[ | I
[1I-V / Silicon Tandem Perovskite / Silicon Tandem Down- Up-
| | Conversion Conversion
. | .
Epoxy Wafer Direct
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two interacting one excited absorber
absorbers. and a neighbour.

Sharma, Abhinav, Pusch, Andreas, Nielsen, Michael P, Romer, Udo, Tayebjee, Murad J Y, Rougieux, Fiacre, & Ekins-Daukes, Nicholas J. UNSW

‘Constraints imposed by the sparse solar photon flux on upconversion and hot carrier solar cells’. Solar Energy, 237(2022) 44



Conventional Silicon PV




What is Molecular Singlet Fission ?

All molecules have singlet & triplet states; different

electron spin configurations:

s

_T1

— =

Excited
Singlet
state

Excited
Triplet
state

YO’ Australian Government

sy Australian Renewable

Energy Agency

OsiLicoN

www.omegasilicon.solar

16
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What is Molecular Singlet Fission ?

All molecules have singlet & triplet states; different

electron spin configurations:

s

_T1

— =

Excited
Singlet
state

4— S
(1) Short-wavelength 1

light excites one — T
molecule into the singlet

S, excited state. * So
T, _
* (2) Half the S, energy is # S1>

transferred to a

l S neighbouring molecule. — T,
o . .
( Spin is conserved,
Excited electrons on both * Sy
Triplet molecules change spin )
state
— S,

(3) Both molecules enter l T
1

their excited triplet state.

t’ ' Australian Government .
W QsiLicoN www.omegasilicon.solar 17
nergy Agency
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Requirements for EQE >100% results from singlet fission:

Molecular layer that
absorbs short wavelength
light

SINGLET FISSION
ON SILICON PV

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

80
60
40

wu/s/,wy/suoloyd ¢,01

W eh pairs are transferred

20 . -
into silicon

0 00

300 400 500 600 700 800 900 1000 1100 1208'
wavelength (nm)

';J ﬁlrﬂl;;n [;enc\\ahlo Q SI LI CON WWW. OmegaSiIicon . SOIa r 1 8 USYND§”W

Energy Agency Cagre



Two technological pathways

Direct Energy Transfer

Radiative Optical Transfer

SF layer
Passivating Interlayer
(allows triplet energy Passivating
Silicon PV Transfer) layer
v Highest efficiency potential ( >40% limit ) v Lower efficiency potential ( >30% )
v Well suited to IBC architecture " Requires highly emissive lumiphores
= Requires : v Surface passivation and cell structure
= Dedicated singlet fission molecular layer unchanged
= Passivating exciton transport interlayer v Fast route for efficiency gain
= HfNOx demonstrated v" Compatible with luminescent down
= New inteﬂayer materials required Shlftlng films and heterojunction cells

:’ ' Australian Government H =
e safreriend () siLicoN www.omegasilicon.solar 19 UNSW
Energy Agency L)



Direct Energy Transfer : State of the art

. Quartz Tetracene Epoxy
as published to date | | |
= = HfON,
n-Si
.0
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Magnetic field (T)
Magnetic field (T)

Selective contact MoOx/LiF IBC architecture :
Um, Han-Don, et al., 'Dopant-Free All-Back-

Tetracene fluorescence

Silicon photoluminescence Contact Si Nanohole Solar Cells Using MoOx and
(passivation and energy transfer) LiF Films’. Nano Letters, 16(2) (2016) 981
Einzinger, M.; Wu, T.; Kompalla, J. F.; Smith, H. L.; Perkinson, C. F.; Nienhaus, L.; Wieghold, S; 20 UNSW

Congreve, D. N.; Kahn, A.; Bawendi, M. G.; Baldo, M. A. Nature 2019, 571 (7763), 90-94.



Observations for Silicon Multiple Threshold

1. High-performance research lab PV results achieved for multiple
silicon tandem technologies:
1. 1lI-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 ?

[ | |
Molecular

llI-V / Silicon Tandem Perovskite / Silicon Tandem . L
Singlet Fission

I ||

Epoxy Wafer Direct
bonded bonded epitaxy

= s ot T

21 UNSW
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Electrical Power from Radiative Processes : Thermoradiative Conversion

Cold Environment (Tc) Conservation of Energy: Q + E. = W + E.
Reversible operation: S'c = Se -+ g
. In
. . Radiant energy flux density: F = oT*
T Sf 1 lie Radiant entropy flux density: § — gUT3
S, E,
L = | -
:< @:’> T —
S T
: o : n = Tc4 + (1/3)T;f — (4/3)ThTC3
N ¥ e | (4/3) (Tf — T T?)
i L1 142(TTy) +3(T/Th)’
I 1 4nCarnot 1+ Tc/Th n (Tc/Th)z

A.Pusch, J.M.Gordon, A.Mellor, J.J.Krich, & N.J.Ekins-Daukes, Physical Review Applied 12, 064018 (2019). 23 UNSW
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Electrical Power from Radiative Processes

"

W
Absorber Electrical Electrical
power power
Thermal Solar Power Quantum Solar Power Thermoradiative Power Quantum Thermoradiative Power

Semiconductor Diode Radioisotope Thermoelectric Generator Thermoradiative Diode

24 UNSW




Thermoradiative and Thermophotovoltaic Power
HgCdTe Photodiode,

— ¢ |
Eg=0.25eV, T= 20.5°C
——
=
| -«
8°C
W
— 40°C
<
=)
S -0.1-
- -«
>
O -0.24 g .
] o m——
-0.3- & |
1 PVI-4 o —>
-500 0 500 1000 1500
Voltage [uV]
Nielsen, M. P., Pusch, A., Sazzad, M. H., Pearce, P. M., Reece, P. J., & Ekins-Daukes, N. J. (2022). Thermoradiative Power 25 UNSW

Conversion from HgCdTe Photodiodes and Their Current—\Voltage Characteristics. ACS Photonics, 9(5), 1535-1540. @ &= 7%



Thermoradiative and Thermophotovoltaic Power

HgCdTe Photodiode,
Eg=0.25eV, T= 20.5°C = Experimental Results

Theory
8°C
W

40°C

-
o

oo

Current [uA]
)

Power Density [mW/m]
»

21
. o :
0310014 ) 0- —
500 0 500 1000 1500 10 29 59 40
) Temperature [°C]
Voltage [uV]
Nielsen, M. P., Pusch, A., Sazzad, M. H., Pearce, P. M., Reece, P. J., & Ekins-Daukes, N. J. (2022). Thermoradiative Power 26

Conversion from HgCdTe Photodiodes and Their Current—\oltage Characteristics. ACS Photonics, 9(5), 1535-1540.



Thermoradiative power from body heat
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Solar Energy
Day & Night
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Record Laboratory Solar PV : 475W.m Thermoradiative : 5mW.m-2 NSW
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First Silicon Solar Cell

First Solar Powered Satellite
Vanguard 1 1958




Conclusion:

ardy

AbSOl’ber Electncal
power

A New Silicon p-n Junction Photocell for Converting
Solar Radiation into Electrical Power

D. M. Cuany, C. S. Fuirgs, axp G, L. Prarsox
Beil Telephone L. .. Murray Hill, New Jersey
(Received January n wn\

HE direct conversion of solar radiation into electrical power

by means of a photocell appears more promising as a result

of recent work on silicon p-» junctions. Because the radiant

energy is used without first being converted to heat, the theoretical
efficiency is high.

Photons of 1.02 electron volts (\=1.2 microns) are able to
produce electron-hole pairs in silicon. In the presence of a p-n
barrier, these clectron-hole pairs are separated and made to do
work in an external circuit. All of the light of wavelength shorter
than 1.2 microns is potentially useful for generating electron-hole
pairs but the efficiency of energy conversion decreases for short
wavelengths because the energy above the necessary 1.02 electron
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Silicon solar cell:
Pearson, Chapin, Fuller, Bell Labs, 1954

-
APhGtonics

Electrical
power

ion from HgCdTe Photodiodes and
isti

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

« Thermoradiative power generation has been demonstrated with mW.m electrical power density.
« In the radiative limit, thermoradiative power can be generated at levels of tens W.m2

« Practical thermoradiative devices delivering W.m? demand very high radiative efficiency.




