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Introduction – Basics

Photovoltaics vs. thermophotovoltaics

TPV: PV conversion of (infrared) thermal radiation

Datas & Vaillon, 
book chapter, 
2020

0.1 W cm-2

16.2 W cm-2

https://doi.org/10.1016/B978-0-12-819955-8.00011-9
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Introduction – Basics

Major differences between TPV and PV

TPV: photon recycling towards the radiation source

Fan et al., Nature, 2020

reflection
+

emission 
(thermal + luminescence)

by the cell

recycled by the emitter

out-of-band in-band

https://www.nature.com/articles/s41586-020-2717-7
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Introduction – Basics

Major differences between TPV and PV

Major impact of reflecting out-of-band photons

efficiencyelectrical power density

Datas & Vaillon, book chapter, 2020(BSR: Back Surface Reflector reflectivity of the cell;
calculations, only radiative recombination)

pout η

Far 
field

https://doi.org/10.1016/B978-0-12-819955-8.00011-9
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Introduction – Basics

Major differences between TPV and PV

The spectrum of the radiation source can be tuned

Tuning the cell reflectance and 
the emittance of the sourceoptimum emissivity

TPV
efficiency

suppression of below Eg emittance

below Eg cell reflectance

Wang et al., SOLMAT, 2022

*

* DeSutter et al., ECM, 2016

pout ηMaximizes

*

Possible additional use of a filter 
between the emitter and the cell

Far 
field

https://doi.org/10.1016/j.solmat.2021.111554
http://dx.doi.org/10.1016/j.enconman.2015.11.029


Page 7

Introduction – Basics

Major differences between TPV and PV

Selective emitter + filterExamples

Te = 1055 ˚C Eg = 0.6 eV
InGaAs

η = 24.1%

Woolf et al., Optica, 2018

Far 
fieldExp.

https://doi.org/10.1364/OPTICA.5.000213
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Introduction – Basics

Major differences between TPV and PV

“Airbridge” Back Surface ReflectorExamples

η
Fan et al., Nature, 2020η = 32%

Te ~ 1200 ˚C Eg = 0.74 eV
InGaAs

Eg

Out-of-band In-band

Far 
fieldExp.

https://www.nature.com/articles/s41586-020-2717-7
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Introduction – Basics

Applications of thermophotovoltaics

Conversion of waste or stored heat 

°C
electricity
heat

solar rad.
heat

°C

heat

electricity

thermal storage

“fatal” heat recoveryheat 
generation site
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Introduction – Basics

Applications of thermophotovoltaics

Thermophotovoltaic batteries

silicon alloys
Datas et al., Joule, 2022

Amy et al., Appl. Energy, 2022

webpage

https://doi.org/10.1016/j.joule.2022.01.010
https://doi.org/10.1016/j.apenergy.2021.118081
https://antoraenergy.com/


Page 11

Introduction – Basics

Losses, performance metrics

Various definitions of efficiency

Pin*
* Added to the 

original figure

ηpairwise =
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎

ηTPV-sub =
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝑄𝑄ℎ

ηsystem =
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑖𝑖heat absorbed 

by the cell

(+ losses in the cavity)

cavity*

(+ conversion and transfer losses)

heat flow out 
of the emitter

power input
to the emitter

“integration” losses

pout =
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(spectral efficiency of the emitter-cell pair
+ conversion losses)

Burger et al., Joule, 2020

https://doi.org/10.1016/j.joule.2020.06.021
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Introduction – Basics

Losses, performance metrics

Thermal behavior → thermal design / management

Pin*
* Added to the 

original figure

ηpairwise ηTPV-sub ηsystem

cavity*

Te Tc**
heat exchanges with the environment

depend on Te and Tc

ηx ↓  when Tc ↑

Blandre et al., Optics Express, 2019see e.g. Roy-Layinde et al., SOLMAT, 2022

Cell heating issues Dupré et al., book, 2017

Burger et al., Joule, 2020

https://doi.org/10.1364/OE.27.036340
https://doi.org/10.1016/j.solmat.2021.111523
https://doi.org/10.1007/978-3-319-49457-9
https://doi.org/10.1016/j.joule.2020.06.021
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Introduction – Basics

Losses, performance metrics

Performance metrics = f(-radiation- heat transfer and electrical transport)

ηpairwise

ηTPV-sub

Details in 

Voltage Factor

Fill Factor

Cavity Efficiency

Spectral Efficiency . 
Internal Quantum Efficiency

Emittance of the emitter

Emittance of the cell

𝑉𝑉𝑔𝑔 =
𝐸𝐸𝑔𝑔
𝑞𝑞

Far 
field

Burger et al., Joule, 2020

https://doi.org/10.1016/j.joule.2020.06.021
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Introduction – State-of-the-art

Record pairwise efficiencies

Towards 50% pairwise efficiency! But…

Fan et al., Nature, 2020

Tandem junction cellsSingle junction cells

LaPotin et al., Nature, 202240%

32%

Omair et al., PNAS, 2019

Woolf et al., Optica, 2018

29.1%

24.1%

Wernsman et al., IEEE TED, 2004 23.6%

~ 2.39 W/cm2 (Te = 2400 ºC)pout

Te ~ 1200 ˚C

Te = 1207 ˚C

Te = 1039 ˚C

Te = 1055 ˚C

0.6 eV InGaAs TPV cell

0.6 eV InGaAs TPV cell

0.75 eV InGaAs TPV cell

0.74 eV InGaAs TPV cell

p o
ut

< 
1 

W
/c

m
2

38.8%
Te ~ 1850 ˚C0.74 eV InGaAs TPV cell

Steiner et al., TPV-13, 2022

ηpairwise

https://www.nature.com/articles/s41586-020-2717-7
https://www.nature.com/articles/s41586-022-04473-y
https://doi.org/10.1073/pnas.1903001116
https://doi.org/10.1364/OPTICA.5.000213
https://ieeexplore.ieee.org/abstract/document/1268283
https://www.tpv-13.org/program/program-overview-1
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Introduction – State-of-the-art

Record system efficiencies

Far from the pairwise efficiency record

Standard TPVSolar TPV

Bhatt et al., Solar Energy, 2020 8.4%

~ 1.71 W/cm2pout

Te = 1403 ˚C0.73 eV GaSb TPV cell

ηsystem

11.2% Suemitsu et al., ACS Photonics, 2020

~ 0.37 W/cm2pout

Te = 1065 ˚C0.7 eV InGaAs TPV cells

https://doi.org/10.1016/j.solener.2020.01.029
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsphotonics.9b00984
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Introduction – State-of-the-art

↑ Output power density      pout

Semiconductor materials for the cell

Very-low bandgap (< 0.5 eV) 
Te < 1000 ºC

InAs (0.36 eV)
InSb (0.17 eV)
InAs/GaSb T2SL (0.2-0.3 eV)
Yang et al., SOLMAT, 2022 Review article

~0.5 - 0.8 eV: InGaAsSb, GaSb, 
InGaAs
with Te ~ 1000 - 1500 ºC

Fan et al., Nature, 2020

Omair et al., PNAS, 2019

M
ai

ns
tre

am

Woolf et al., Optica, 2018

High bandgap (> 1 eV) 
Te > 2000 ºC

GaAs (1.4 eV)
Arulanandam et al., SOLMAT, 2022

GaAs - InGaAs (1.4-1.2 eV)
AlInGaAs - InGaAs (1.2-1.0 eV)
LaPotin et al., Nature, 2022

Si (1.1 eV)? Swanson, IEEE Conf., 1980

Steiner et al., TPV-13, 2022

Eg= 0.74 eV

PV
 c

el
l a

bs
or

pt
io

n 
(%

)

2

1

1
2

https://doi.org/10.1016/j.solmat.2022.111636
https://www.nature.com/articles/s41586-020-2717-7
https://doi.org/10.1073/pnas.1903001116
https://doi.org/10.1364/OPTICA.5.000213
https://www.sciencedirect.com/science/article/abs/pii/S092702482100581X
https://www.nature.com/articles/s41586-022-04473-y
https://ieeexplore.ieee.org/abstract/document/1481232
https://www.tpv-13.org/program/program-overview-1
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Introduction – State-of-the-art

↑ Output power density      pout

TPV cell

hot emitter

cooling system

d < λWien

(10 µm 
at 300 K)

d

qabs

(W.cm-2)

(%)

far 
field

near 
field

log scale
lo

g 
sc

al
e

lin
ea

r s
ca

le

∼λWien

Near-field thermophotovoltaics

pout

ηpairwise

Theoretical predictions: huge near-field enhancements of the electrical power, 
the efficiency may go up or down

=
𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜
𝑞𝑞𝑎𝑎𝑎𝑎𝑎𝑎Whale & Cravalho, IEEE TEC, 2002

Tervo et al., Frontiers in Energy, 2018

Ben-Abdallah & Biehs, Z. Naturforsch., 2019

Song et al., SOLMAT, 2022

https://ieeexplore.ieee.org/abstract/document/986450
https://link.springer.com/article/10.1007/s11708-017-0517-z
https://doi.org/10.1515/zna-2019-0132
https://doi.org/10.1016/j.solmat.2021.111556
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Introduction – State-of-the-art

Output power density      

Specific limitations under high illumination?

Dependence on Te and Eg

pout

Omair, 2019 (InGaAs); 0.35 W/cm²
Woolf, 2018 (InGaAs); 0.19 W/cm²

Shimizu, 2015 (GaSb); 0.03 W/cm²

Lu, 2018 (InAs); 0.04 W/cm²

Bha�, 2020 (GaSb); 1.71 W/cm²

Lenert, 2014 (InGaAsSb); 0.45 W/cm²

Ungaro, 2015 (GaSb); 1.56 W/cm²

Kohiyama, 2016 (GaSb); 0.42 W/cm²

Bierman, 2016 (InGaAsSb); 0.4 W/cm²

Schulte, 2020 (AlGaInAs/GaInAs); 5.34 W/cm²

Narayan, 2020 (GaAs); 2.45 W/cm²

Narayan, 2020 (InGaAsSb); 0.66 W/cm²

LaPo�n, 2021 (GaAs/GaInAs); 2.39 W/cm²

Zhang, 2020 (InGaAsSb); 0.65 W/cm²

Fraas, 2001 (GaSb); 1.16 W/cm²

Fernandez, 2007 (Ge); 0.41 W/cm²
Dashiell, 2006 (InGaAsSb); 0.58 W/cm²

Fan, 2020 (InGaAs); 0.33 W/cm²

Fiorino, 2018 (InAsSb); 0.0000344 W/cm²

Inoue, 2019 (InGaAs); 0.00075 W/cm²

Bha�, 2020 (Ge); 0.00000125 W/cm²

Lucchesi, 2020 (InSb); 0.75 W/cm²

Inoue, 2021 (InGaAs); 0.19 W/cm²
Mi�apally, 2021 (InGaAs); 0.5 W/cm²

Song, 2021 (Au/n-GaSb); 0.0000077 W/cm²
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Near-field TPV

Te

Eg

Mainstream

Emerging

Emerging

𝑇𝑇𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 ≡
𝐸𝐸𝑔𝑔
𝑘𝑘𝑏𝑏

Particular physics?

Lucchesi et al., TPV-13, 2022

Lucchesi et al.,
Materials Today Physics, 2022

Far-field

Near-field
TPV

Lucchesi et al.,
Nano Letters, 2021

Mittapally et al.,
Nat. Comm., 2021

https://www.tpv-13.org/program/program-overview-1
https://doi.org/10.1016/j.mtphys.2021.100562
https://doi.org/10.1016/j.mtphys.2021.100562
https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.0c04847
https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.0c04847
https://www.nature.com/articles/s41467-021-24587-7
https://www.nature.com/articles/s41467-021-24587-7
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Introduction – State-of-the-art

Output power density      

Solutions to be found as in Concentrating Photovoltaics (CPV)

Resistive losses…

pout

front contact grid:
trade-off between shading losses 

and resistive losses (Rs I2) 

high illumination → high current (I)

series resistance Rs is caused by:
- lateral transport in the cell 
- transport in the contact grid

Near 
field

Far 
field + high Te

Near field

Far 
field

Te = 2000 K Rs = 10 mΩ

…“kill” the near-field radiation effects on        !

Datas & Vaillon, Nano Energy, 2019

pout

pout

another “killer” (of       ): phonon-polaritons of III-V materialsη

Ac = 1 cm2

ideal: without Rs
real: with Rs

Chen at al., APL, 2015

Milovich et al., JPE, 2020

https://doi.org/10.1016/j.nanoen.2019.04.039
http://dx.doi.org/10.1063/1.4929949
https://doi.org/10.1117/1.JPE.10.025503
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Introduction – Nanostructured materials

Nanoscales in TPV

Modelling approaches and simulation tools?

d < λWien Near field Nanoscale thermal radiation
(Wednesday’s lecture)

LaPotin et al., Nature, 2022

Electrical transport in a 
multilayered medium

TPV cell

emitter Nanophotonics

Micro and nano-
structured 
materials

photonic crystals gratings

…

…array of nanostructures
metamaterials

Baranov et al., Nature Materials, 2019

https://www.nature.com/articles/s41586-022-04473-y
https://www.nature.com/articles/s41563-019-0363-y
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Modelling and simulation – Foreword

Material properties & fabrication capabilities

Strong bases required for meaningful simulations

Electrical transport properties
- bandgap (Eg)
- effective masses
- mobilities (µ)
- lifetimes (radiative, Auger, SRH)
- surface recombination velocities

Electromagnetic (ε) / optical (m) / 
radiative (κ) properties

complex refractive index im n k= +

iε ε ε′ ′′= +

4 kπκ
λ

=+ Kramers-Kronig relation

complex permittivity

+ majority carrier (doping) concentrations

literature, databases, models 

Questions to ask yourself - Can the structure be functional at the selected temperature?
- Aren’t the contacts on the cell missing?
- Can the structure be fabricated?

Vaillon et al., Optics Express, 2019see e.g. Milovich et al., JPE, 2020

Vurgaftman et al. JAP, 2011see e.g. IOFFE website

(III-V semiconductors)

η“killer” of 

https://doi.org/10.1364/OE.27.000A11
https://doi.org/10.1117/1.JPE.10.025503
https://doi.org/10.1063/1.1368156
http://www.ioffe.ru/SVA/NSM/Semicond/
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Modelling and simulation – Thermal radiation

Selective emitters for TPV
Sakakibara et al., JPE, 2019

Far 
field

Selectivity

Materials and structures

(spectral; directional / 
hemispherical) emittance?

Pfiester & Vandervelde, 
PSSa, 2016+

Wang et al., SOLMAT, 2022

https://doi.org/10.1117/1.JPE.9.032713
https://doi.org/10.1002/pssa.201600410
https://doi.org/10.1002/pssa.201600410
https://doi.org/10.1016/j.solmat.2021.111554
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Modelling and simulation – Thermal radiation

Selective emitters and cells for TPV
Near fieldFar field

Song et al., SOLMAT, 2022

(Wednesday’s lecture)

εe

εc

calculation of 
emittance

reflections in the cavity

effective emittance of 
the emitter-cell pair

*

full calculation of radiation exchange 
in the emitter-cell system

Methodsemittance = absorptance
Kirchhoff

Rigorous Coupled Wave 
Approximation 
(RCWA)

Based on discrete 
dipoles

Transfer/Scattering-matrix

Finite Difference Time Domain
(FDTD)

Fluctuational Electrodynamics (FE)

Boundary Element 
Method (BEM)

Cuevas & Garcia-Vidal, ACS Photonics, 2018see e.g.

+…+…
Francoeur, book chapter, 2017 *

https://doi.org/10.1016/j.solmat.2021.111556
http://dx.doi.org/10.1021/acsphotonics.8b01031
https://link.springer.com/referenceworkentry/10.1007/978-3-319-32003-8_63-1
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Modelling and simulation – Electrical transport

Three usual models (1)

Shockley & Queisser, JAP, 1961Detailed Balance (DB) model

rate of e-h pair
Generation

rate of e-h pair Recombinationcurrent density

voltage

(external luminescence)

rate of nonradiative recombination
(Auger, Shockley-Read-Hall, surface)

DeSutter et al., PR Applied, 2017

Song et al., SOLMAT, 2022

rate of photons emitted
by radiative Recombination

leaving the cell

rate of photons absorbed
generating e-h pairs

radiation model

electrical model

see details in e.g.

No information about local quantities in the cell

em
itt

er

𝑗𝑗 𝑉𝑉 = 𝑞𝑞 𝐺𝐺𝑎𝑎 − 𝑅𝑅𝑒𝑒 𝑉𝑉 + 𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 𝑉𝑉

j

V

= j(V) Vpout

Generation
Recombination

Datas & Algora, SOMAT, 2010

https://doi.org/10.1063/1.1736034
https://doi.org/10.1103/PhysRevApplied.8.014030
https://doi.org/10.1016/j.solmat.2021.111556


Page 25

Modelling and simulation – Electrical transport

Three usual models (2)

Governing equations
with local quantities

Song et al., 
SOLMAT, 2022

Blandre et al., 
Scientific Reports, 2017

(electrons)

(holes)

(rem: notation 
e for q the 
elementary 

charge)

drift diffusion

Poisson-Drift-Diffusion (PDD) model

Simulation codes

Mxcad

ht
tp

s:
//w

w
w

.p
vl

ig
ht

ho
us

e.
co

m
.a

u/
si

m
ul

at
io

n-
pr

og
ra

m
s

1D
Parola et al., SOLMAT, 2019

Sze et al., 
book, 1985 (1st ed.)-
2021 (4th ed.)

1D

https://doi.org/10.1016/j.solmat.2021.111556
https://doi.org/10.1016/j.solmat.2021.111556
https://www.nature.com/articles/s41598-017-15996-0
https://www.nature.com/articles/s41598-017-15996-0
http://www.ies.univ-montp2.fr/edr/macsee/index.php/modelisations/2-non-categorise/80-modelisation-de-cellules-photovoltaiques
https://www.pvlighthouse.com.au/simulation-programs
https://doi.org/10.1016/j.solmat.2019.110042
https://www.wiley.com/en-ie/Physics+of+Semiconductor+Devices,+4th+Edition-p-9781119429111
https://www.wiley.com/en-ie/Physics+of+Semiconductor+Devices,+4th+Edition-p-9781119429111
https://www.wiley.com/en-ie/Physics+of+Semiconductor+Devices,+4th+Edition-p-9781119429111
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Modelling and simulation – Electrical transport

Three usual models (3)

Minority Carrier Separation (MCS) model

The low-injection approximation

• concentration of photogenerated carriers is much lower than the doping

• electric field and recombination independent of the e-h pair generation rate

• local recombination rate
local excess of minority carriers

uniform carrier lifetime

( )( )
n

n zR n
τ

∆
= ( )( )

p

p zR p
τ

∆
=

2 linear (diffusion of e in the p-region, of h in the n-region) 
non-coupled differential equations

Diffusion RecombinationGeneration

Song et al., SOLMAT, 2022Green, book, 1982

https://doi.org/10.1016/j.solmat.2021.111556
https://scholar.google.fr/citations?view_op=view_citation&hl=fr&user=roS0_Z0AAAAJ&citation_for_view=roS0_Z0AAAAJ:u-x6o8ySG0sC


Page 27

Modelling and simulation – Coupling

Luminescence and photon recycling

In-band photon recycling

𝐺𝐺 𝑅𝑅𝑟𝑟 𝐺𝐺 𝑅𝑅𝑟𝑟 𝑅𝑅𝑟𝑟 𝐺𝐺

TPV cell

emitter

DeSutter et al., PR Applied, 2017

Generation
Radiative 

Recombination

Recycling Recycling

Radiation transfer –
electrical transport 
coupling

internal 
luminescence

external 
luminescence

Callahan et al., PR Applied, 2021Fluctuational Electrodynamics (FE)

internal luminescence

= generalized Planck radiation law 
Würfel, JPCSSP, 1982

𝐸𝐸 > 𝐸𝐸𝐸𝐸 𝑅𝑅𝑟𝑟

https://doi.org/10.1103/PhysRevApplied.8.014030
http://dx.doi.org/10.1103/PhysRevApplied.15.054035
https://iopscience.iop.org/article/10.1088/0022-3719/15/18/012/meta
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Modelling and simulation – Coupling

Luminescence and photon recycling
Impact of the coupling

Callahan et al., PR Applied, 2021

Impact of evanescent modes on 
external luminescence

DeSutter et al., PR Applied, 2017

FE
+

DB
models

iterative (FE + PDD) models

In the (very) near field!

external luminescence
/ total recombination

1

“radiative
limit”

𝑅𝑅𝑟𝑟
Near 
field

effects

http://dx.doi.org/10.1103/PhysRevApplied.15.054035
https://doi.org/10.1103/PhysRevApplied.8.014030
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Research pathways and modelling challenges

Contacts and quasi-perfect reflection

Airbridge Patterned Dielectric

Fan et al., Nature, 2020 Arulanandam et al., SOLMAT, 2022

Back Contacts
Interdigitated

“IBC” 
TPV cell

Jimenéz et al., SOLMAT, 2022

?

2D – 3D radiation modeling
front contact grid

+
e.g. RCWA calculations in Arulanandam et al., IEEE PVSC, 2021

New structures to achieve quasi-perfect reflection

Resistive losses

Far 
field

Near 
field

https://www.nature.com/articles/s41586-020-2717-7
https://www.sciencedirect.com/science/article/abs/pii/S092702482100581X
https://doi.org/10.1016/j.solmat.2021.111463
https://ieeexplore.ieee.org/document/9518396
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Research pathways and modelling challenges

Resistive and shading losses

Multi-junction cells

Transparent Conducting 
Electrode (TCE)

↓ I (current) Interdigitated Back 
Contact (IBC) cells

?

Adapted modelling of radiation transfer and electrical transport

New structures to ↓ the resistive losses

↓ Rs (series resistance)

Monolithic 
Interconnected 
Modules (MIM)

Datas & Linares, RSER, 2017

shading losses

Micro cells

and the

PV magazine, 2021

Rey-Stolle et al., book chapter, 2016

Near-field TPV

Vaillon et al., 
Optics Express, 2019

Cakiroglu et al., 
SOLMAT, 2019

Siopa et al. 
Sci. Reports, 2020 Near-field TPV Theo.

Karalis & Joannopoulos,
Sci. Reports, 2017

Karalis & Joannopoulos,
Proc. of SPIE, 2019

Verlinden, book chapter, 2016

Jimenéz et al., 
SOLMAT, 2022TPV

http://dx.doi.org/10.1016/j.rser.2017.01.071
https://www.pv-magazine.com/2021/05/12/micro-iii-v-solar-cell-with-33-8-efficiency/
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781118755655.ch02
https://opg.optica.org/oe/abstract.cfm?uri=oe-27-4-a11
https://opg.optica.org/oe/abstract.cfm?uri=oe-27-4-a11
https://doi.org/10.1016/j.solmat.2019.110190
https://doi.org/10.1016/j.solmat.2019.110190
https://www.nature.com/articles/s41598-020-71717-0#Sec1
https://www.nature.com/articles/s41598-020-71717-0#Sec1
https://www.nature.com/articles/s41598-017-13540-8
https://www.nature.com/articles/s41598-017-13540-8
https://doi.org/10.1117/12.2529736
https://doi.org/10.1117/12.2529736
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781118927496.ch10
https://doi.org/10.1016/j.solmat.2021.111463
https://doi.org/10.1016/j.solmat.2021.111463
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Research pathways and modelling challenges

Hybrid thermionic-thermophotovoltaic (TiPV) device

Finding materials and structures that allow both conversions in an optimal way

? ↓ resistive and shading losses ↑ thermal energy conversionand

TPV
TiPV

Exp.

Theo.

Far 
field

Near 
fieldTheo. Datas & Vaillon, 

Nano Energy, 2019

Bellucci et al.,  Adv. Energy Mater., 2022

Liao et al., APL, 2019

Bellucci et al., SOLMAT, 2022

Datas, APL, 2016

* *

*

pout

Far 
field Exp.Theo.

https://doi.org/10.1016/j.nanoen.2019.04.039
https://doi.org/10.1016/j.nanoen.2019.04.039
https://doi.org/10.1002/aenm.202200357
https://doi.org/10.1063/1.5086778
https://doi.org/10.1016/j.solmat.2022.111588
http://dx.doi.org/10.1063/1.4945712
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Research pathways and modelling challenges

Very-low bandgap TPV cells

Simulations to optimize materials and structures

? TPV at low emitter temperatures?

Example of InAs/GaSb T2SL (Eg = 0.2-0.3 eV)

Yang et al., 
SOLMAT, 2022

LOW-GAP-TPV (2021-2025)

IR photodetectors and lasers TPV cells

InAs/InAsSb T2SL

Huang, Ph.D. dissertation, 2020Band structure: minibands

“barriode”

Interband
Cascade
PV structure

Rationale

Review article

https://doi.org/10.1016/j.solmat.2022.111636
https://doi.org/10.1016/j.solmat.2022.111636
https://anr.fr/Project-ANR-21-CE50-0018
https://shareok.org/handle/11244/324320
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Research pathways and modelling challenges

Thermophotonics (TPX)

Modelling to find the optimum materials and structures 

? TPV at very low emitter temperatures? Harder & Green, IOP SST, 2003

Far 
field Sadi et al., SOLMAT, 2022

Near 
fieldTheo.

Theo.

Legendre & Chapuis, SOLMAT, 2022

*

*

*

Concept proposed by

*

Chapuis et al., Photoniques, 2020

TPV TPX

Te = 600 K

Te BSR reflectivity

ηpairwisepout

Exp.

https://iopscience.iop.org/article/10.1088/0268-1242/18/5/319/meta
https://doi.org/10.1016/j.solmat.2022.111635
https://doi.org/10.1016/j.solmat.2022.111594
https://www.photoniques.com/articles/photon/abs/2020/06/photon2020105p37/photon2020105p37.html
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Research pathways and modelling challenges

Thermal management and optical cavities

? ↑ system efficiency?= 40%ηpairwise ηsystem = 11.2%

Ideal regenerative

Omair et al., PNAS, 2019

Optical cavities

Zhou et al., Energies, 2016
Talebzadeh et al., 
IEEE JPV, 2022

Kohiyama et al., 
Optics Express, 2020

Thermal losses

Example of a solar TPV system

Lenert et al., Nature Energy, 2014

Modelling of the full system from Pin to Pout

Pout

Pin

https://doi.org/10.1073/pnas.1903001116
https://doi.org/10.3390/en9090722
https://doi.org/10.1109/JPHOTOV.2021.3116918
https://doi.org/10.1109/JPHOTOV.2021.3116918
https://doi.org/10.1364/OE.412764
https://doi.org/10.1364/OE.412764
https://www.nature.com/articles/nnano.2013.286
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Introduction – Basics

Thermal-to-electrical energy converters

2673

LaPotin et al., 
Nature, 2022

740

Near
field

Lucchesi et al.,
Nano Letters, 2021

*Added to the 
original figure

*

*

Datas & Marti, SOLMAT, 2017

In space applications Far 
field

η

Te

https://www.nature.com/articles/s41586-022-04473-y
https://www.nature.com/articles/s41586-022-04473-y
https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.0c04847
https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.0c04847
https://doi.org/10.1016/j.solmat.2016.12.007
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Introduction – Basics

Major differences between TPV and PV

Major impact of reflecting out-of-band photons

power densityefficiency vs. power density

Datas & Vaillon, book chapter, 2020(BSR: Back Surface Reflector reflectivity of the cell;
calculations, only radiative recombination)

Far 
field

pout

η pout

Te

BSR = 99.9%

https://doi.org/10.1016/B978-0-12-819955-8.00011-9
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Introduction – State-of-the-art

Output power density      

Resistive losses…

pout

Milovich et al., JPE, 2020PV cell surface area  = 1 mm2 PV cell surface area  = 25 mm2

nf = 3
wf = 48 μm
(l = 333 μm)
Pmpp= 2.686 mW (without losses)
Pmpp= 0.365 mW (with losses)

nf = 15
wf =  48 μm
(l =   333 μm)
Pmpp=  67.1 mW (without losses)
Pmpp =  0.00 mW (with losses)

d = 100 nm

Same grid as for the 1 mm2 cell

Optimized grid for the 25 mm2 cell

nf = 6
wf =  298 μm
(l =   833 μm)
Pmpp=  67.1 mW (without losses)
Pmpp =  1.00 mW (with losses)

Milovich et al., JPE, 2020

https://doi.org/10.1117/1.JPE.10.025503
https://doi.org/10.1117/1.JPE.10.025503
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Introduction – State-of-the-art

Thermoelectrics vs. thermophotovoltaics

1

10

0.1

W / cm2

LaPotin et al., 
Nature, 2022

Lucchesi et al.,
Nano Letters, 2021

Irene Ambo Okanimba Tedah et al., JPDAP, 2019

Near
field

Far 
field

pout

Te
Specific assumptions in some models

https://www.nature.com/articles/s41586-022-04473-y
https://www.nature.com/articles/s41586-022-04473-y
https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.0c04847
https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.0c04847
https://iopscience.iop.org/article/10.1088/1361-6463/ab1833
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Introduction – State-of-the-art

Thermoelectrics vs. thermophotovoltaics

LaPotin et al., 
Nature, 2022

Lucchesi et al.,
Nano Letters, 2021

η

Te

Near
field

Far 
field

Irene Ambo Okanimba Tedah et al., JPDAP, 2019

Specific assumptions in some models

https://www.nature.com/articles/s41586-022-04473-y
https://www.nature.com/articles/s41586-022-04473-y
https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.0c04847
https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.0c04847
https://iopscience.iop.org/article/10.1088/1361-6463/ab1833
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Research pathways and modelling challenges

Ultrathin PV cells → TPV cells?

? ↓ material consumption using thin film cells

Application to TPV?Ultrathin solar cells
Massiot et al., Nature Energy, 2014

Modelling considering various nanostructures and all losses

GaAs

light trapping
schemes

b, c: front dielectric nanostructure arrays 
d: nanostructured back mirror
e: nanowire arrays

Near 
field

less nonradiative 
recombination

Papadakis et al., Phys. Rev. Applied, 2021

Theo.

resistive losses?+

η

pout

https://doi.org/10.1038/s41560-020-00714-4
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.16.064063
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