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Waste heat
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Standard approaches

commons.wikimedia.org

Fluid-based heat engines

èFluid-based
èBulky components

Thermoelectric materials

chem.au.dk G. J. Snyder, E. S. Toberer, 
Nature Mat. 7, 105-114 (2008)

èLow efficiency (<10%)
èLow power density (~ 1Watt/cm2)
èLow melting point (<750 K)
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Thermophotovoltaic energy conversion

M. S. Mirmoosa et al., Journal of Optics 18, 115104 (2016)
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Comparing solar PVs and TPVs

Solar PVs, ΔT=5700K TPVs, ΔT<<2000K
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⌘SQ = 30%
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⌘solar TPV = 54%

Solar TPVs, ΔT=5700K
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⌘Carnot = 1� TC

TH

Carnot engine
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The thermal near-field

Narayanaswamy, Chen et al., Phys. Rev. B 78, 115303 (2008)
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Recent experimental demonstrations of near-field TPVs

I. Inoue et al.,
ACS Nano Lett. 19, 1948 (2019)

d<150 nm, TH=427 deg. C

G. R. Bhatt et al.,
Nature Comm. 11, 2545 (2020)

d~100 nm, TH=607 deg. C

R. Mittpally et al.,
Nature Comm. 12, 4364 (2021)

d<100 nm, TH=1000 deg. C
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Waste heat temperatures, band gap and efficiency
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⌘Carnot = 1� TC

TH

è Low TH restricts maximum efficiency

Waste heat temperatures
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Low-TH requires low-band gap
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Low-band gap yields non-radiative losses

M. Plakhotnyuk, PhD Thesis, dtu.dk (2018)
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Jo ⌧ Ro

Non-radiative limit

T. H. Gfoerer et al.,
Journal of Applied Physics 94, 3 (2003)

V. Avrutin et al.,
Turk. J. Phys 38, 269 (2014)

è Auger recombination is severe for low-band gap materials

(InxGa1-xAs)
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Here: thermodynamic analysis of Voc

How to mitigate nonradiative losses in 
near-field TPV operation?

Near-field spectrum

Light-trapping in the near-field

Photon recycling Analytical TPV model
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Principles of detailed balance
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The open-circuit voltage
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Emission spectrum
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Nanophotonic design è optimization 
of thermal emission spectrum
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G. T. Papadakis, M. Orenstein, E. Yablonovitch, S. Fan, arxiv.org/3845173
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Spectrum control below-band gap

Z. Omair,G. Scranton, L. M. Pazos-Outon, T. P. Xiao, M. A. Steiner, V. Ganapati, P. F. 
Peterson, J. Holzrichter, H. A. Atwater, E. Yablonovich, PNAS 116, 31 (2019)
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Spectrum above-band gap

PV Cell

Heat sink
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Spectrum above-band gap
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General rule for maximum efficiency

G. T. Papadakis et al., Nano Lett. 20, 3 (2020)
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⌘ ! ⌘CarnotAs                       the efficiency
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�! ! 0

è In the near-field, polaritonic modes of the thermal emitter have narrow bandwidth, thus 
allowing to approach the thermodynamic limit.

A. C. Jones et al., Progress in Surface Science 88 (2013)

Near-field thermal radiation is narrow-banded: 
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Voc > ~!g⌘Carnotand



17

The open-circuit voltage
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+ kTClog
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Luminescence enhancement

Emission spectrum

Radiative Voc Non-radiative Voc

Light-trapping

G. T. Papadakis, M. Orenstein, E. Yablonovitch, S. Fan, Phys. Rev. Applied 16, 064063 (2021)
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Formalism
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The near-field and βmax
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[4] J. DeSutter et al., Phys. Rev. Applied 8, 014030 (2017)
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A
ng

ul
ar

 fr
eq

ue
nc

y 
Ȧ

 [e
V

]

0

1

10 20 30 40 50 60
Wavenumber ȕ [in ko]
10 20 30 40 50 60

Wavenumber ȕ [in ko]
10 20 30 40 50 600.2

0.3

0.4

0.5

0.6

A
ng

ul
ar

 fr
eq

ue
nc

y 
Ȧ

 [e
V

]
0.2

0.3

0.4

0.5

0.6

Wavenumber ȕ [in ko]
0 00

0

1

0

0.1

A
ng

ul
ar

 fr
eq

ue
nc

y 
Ȧ

 [e
V

]

0.2

0.3

0.4

0.5

0.6

[6] D. Polder, M. Van Hove, Phys. Rev. B 4, 3303 (1971)
[7] K. Chen et al., Comp. Phys. Comm. 231, 163 (2018)

<latexit sha1_base64="xkTgD81sgsN2ukUAnk4YhyEa/WI=">AAACCXicbVDLSsNAFJ3UV42vqAsRFwZLwVVJBLEboejGZQX7gCaEyXTSDp1JwsxELCFLV36KK0FB3PoDgivduPUznLRdaOuBC4dz7uXee/yYEiEt60MrzM0vLC4Vl/WV1bX1DWNzqymihCPcQBGNeNuHAlMS4oYkkuJ2zDFkPsUtf3Ce+61rzAWJwis5jLHLYC8kAUFQKskz9h0fS+g5DMo+ZymDN9mpE3CIUjtLu5nuGSWrYo1gzhJ7Qkq16tfbzuf3bt0z3p1uhBKGQ4koFKJjW7F0U8glQRRnetlJBI4hGsAe7igaQoaFm44+ycyyUrpmEHFVoTRHqv5rIoVMiCHzVWd+sZj2cvE/r5PIoOqmJIwTiUM0XhQk1JSRmcdidgnHSNKhIhBxoo41UR+qHKQKL0/Bnv55ljSPKvZxxbpUcZyBMYpgDxyAQ2CDE1ADF6AOGgCBW3APHsGTdqc9aM/ay7i1oE1mtsEfaK8/Q3aeYw==</latexit>

�max =
1

d

<latexit sha1_base64="scX9qWQ6bbh23pK6YAuXGnq+lBc=">AAACA3icbVDLSgNBEJyNrxhfUU+iyGIIeAq7guhFCHrxmIB5QDaE2clsMmRmdpnpFcMSPOVTPAkK4iEXv8KT3+BPOHkcNLGgoajqprvLjzjT4DhfVmppeWV1Lb2e2djc2t7J7u5VdRgrQisk5KGq+1hTziStAANO65GiWPic1vzezdiv3VOlWSjvoB/RpsAdyQJGMBiplT3wfAq45QkMXSUSgR8GVx6TAfRb2ZxTcCawF4k7I7ni0aj8PTwelVrZT68dklhQCYRjrRuuE0EzwQoY4XSQyXuxphEmPdyhDUMlFlQ3k8kPAztvlLYdhMqUBHuiZn5NJFho3Re+6Rzfque9sfif14ghuGwmTEYxUEmmi4KY2xDa40DsNlOUAO8bgoli5libdLHCBExsGZOCO//zIqmeFdzzglM2cVyjKdLoEJ2gU+SiC1REt6iEKoigR/SEXtCrNbSerTfrfdqasmYz++gPrI8fgH2buA==</latexit>

�max = 1



20

The near-field and βmax
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The near-field and βmax

Narrowband model Fluctuational electrodynamics 
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G. T. Papadakis, M. Orenstein, E. Yablonovitch, S. Fan, Phys. Rev. Applied 16, 064063 (2021)

è Three parameters suffice for accurately modeling TPV performance.
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Comparison of blackbody and narrowband model

G. T. Papadakis, M. Orenstein, E. Yablonovitch, S. Fan, Phys. Rev. Applied 16, 064063 (2021)

è Three parameters suffice for accurately modeling TPV performance.
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Radiative Voc and light-trapping
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Radiative Voc and light-trapping
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The open-circuit voltage
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Non-radiative Voc and luminescence enhancement

G. T. Papadakis, M. Orenstein, E. Yablonovitch, S. Fan, Phys. Rev. Applied 16, 064063 (2021)
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Near-field luminescence enhancement

G. T. Papadakis, M. Orenstein, E. Yablonovitch, S. Fan, Phys. Rev. Applied 16, 064063 (2021)
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The open-circuit voltage
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Thickness considerations

Thick vs thin near-field TPVs

G. T. Papadakis, M. Orenstein, E. Yablonovitch, S. Fan, Phys. Rev. Applied 16, 064063 (2021)

è In isolated PV cells (far-field), 
large thickness maximizes absorption.
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è In the near-field, most photon emission/absorption 
occurs near the surface.
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è A thin cell improves luminescence efficiency.

è Non-radiative recombination is volumetric.
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Understanding luminescence in the far-field and near-field

Emitter temperature TH [K]
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G. T. Papadakis, M. Orenstein, E. Yablonovitch, S. Fan, Phys. Rev. Applied 16, 064063 (2021)

thin film near-field TPV: 20 nm
thick far-field TPV: 400 nm
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Performance in terms of efficiency and electrical power density

Power density Pel [W/cm2]
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Take-home messages

The thermal near-field

PV cell

Heat source 

Pel

Plasmonic layer, ωp1

PV cell
Heat Sink (PEC)

ωp1 
ωp3          
ωp2

Heat source 

ωp4ωp5        

Cu
rre

nt 
[a.

u.]
 

Voltage [a.u.] 
0.2 0.4 0.6 0.8 100

1
2
3
4

Jbroad

Jnarrow

Heat Sink(PEC) PelImproving TPV performance

Light-trapping

Emission spectrum

Luminescence enhancement

Thin-film near-field TPVs
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Thermal wavelength
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