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Abstracts 
Français 
Une cellule thermophotovoltaïque (TPV) convertit l’énergie de photons émis par des corps chauds 
en énergie électrique. Lorsque la distance séparant deux corps rayonnants devient inférieure à la 
longueur d’onde caractéristique du rayonnement thermique (~10 µm à température ambiante, ~2,3 
µm vers 1000°C), le transfert de chaleur radiatif peut s’accroître de plusieurs ordres de grandeur 
grâce à la contribution des ondes évanescentes. Cette propriété a un intérêt pour la récupération 
d’énergie en promettant une augmentation de la puissance électrique générée par une cellule TPV 
lorsqu’elle est placée en champ proche d’un émetteur thermique radiatif. Dans le but de vérifier 
cette prédiction, cette thèse a consisté à développer un banc expérimental de mesures TPV en 
champ proche. Le dispositif est basé sur un montage de microscopie thermique avec actuateurs 
piézo-électriques (SThM). L’émetteur est une sphère micrométrique de graphite attachée sur un 
levier SThM chauffé de manière thermorésistive jusqu’à 1200 K et la cellule TPV en antimoniure 
d’indium (InSb), qui ne peut fonctionner au-delà de 100 K, est placée sur le doigt froid d’un 
cryostat. Le flux radiatif en champ proche transféré par l’émetteur peut être mesuré 
indépendamment de la puissance électrique générée par la cellule. La preuve expérimentale de 
l’accroissement de la densité de puissance électrique générée en champ proche, par rapport à la 
prédiction de la théorie macroscopique du rayonnement, a été apportée avec un facteur jusqu’à 6. 
L’étude de différents paramètres a permis d’atteindre des puissances TPV de 7.5 kW.m-2 et des 
rendements de conversion mesurés de ~20 %. Des expériences de transfert radiatif en champ proche 
dans diverses configurations (matériaux, géométries, températures) ont également été menées. La 
puissance radiative transférée en champ proche suit des lois de puissance très différentes de celles 
du champ lointain. Ces résultats démontrent expérimentalement l’intérêt applicatif des effets de 
champ proche pour le rayonnement thermique. 
 
English 
Thermophotovoltaic (TPV) cells convert the energy of photons emitted by hot bodies into electrical 
energy. When the distance between two radiating bodies becomes smaller than the characteristic 
wavelength of thermal radiation (~ 10 µm at room temperature and ~ 2.3 µm near 1000 °C), 
radiative heat transfer can be enhanced by several orders of magnitude due to the contribution of 
evanescent waves. This property has an interest for energy harvesting because it should increase 
the electrical power generated by a TPV cell located in the near field of a radiative thermal emitter. 
With the aim of confirming this prediction, this thesis consisted in the development of an 
experimental setup for performing near-field TPV measurements. The setup is based on a scanning 
thermal microscopy (SThM) design involving piezoelectric actuators. The emitter is a microsphere 
made of graphite and glued on a SThM cantilever heated by Joule effect up to 1200 K and the TPV 
cell made of indium antimonide (InSb), which cannot operate above 100 K, is placed on the cold 
finger of a cryostat. Near-field radiative heat flux transferred from the emitter is measured 
independently from the electrical power generated by the cell. A study of different parameters 
provided the experimental proof of the near-field enhancement of the electrical power density 
generated in the near field by a factor up to 6 compared with the prediction based on the macroscale 
theory of thermal radiation. Output electrical power densities reach 7.5 kW.m-2 and conversion 
efficiencies ~20 %. In addition, near-field radiative heat transfer experiments were performed in 
various configurations (materials, geometries and temperatures). The near-field radiative power 
follows power laws different from those of the far field. These results highlight the interest of near-
field effects on radiative heat transfer for applications. 
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Nomenclature and abbreviations 
Nomenclature 
Symbol Name Unit 

𝐴 Area m2 

𝐴𝐴 Active area diameter m 

𝑐 Velocity of light m.s-1 

𝑑 Distance m 

𝑑𝑚𝑖𝑛 Minimum emitter-sample distance m 

𝑑̃(𝑟) Sphere-plane distance at the local sphere radius m 

𝐷 Diameter m 

𝐷𝑛 Diffusion coefficient of electrons m2.s-1 
𝐷𝑝 Diffusion coefficient of holes m2.s-1 

𝑒 Electron charge C 

𝑒𝑟𝑟𝑇 Systematic error on temperature determination  

𝑒𝑟𝑟𝑇
𝑇𝑅𝑚𝑎𝑥  Systematic error on TRmax determination  

𝑒𝑟𝑟𝑇
 𝐶𝑎𝑙𝑖𝑏 Systematic error on temperature determination from 

calibration  

𝐸 Energy eV 

𝐸𝐶 Maximum energy of the conduction band eV 

𝐸𝐹 Enhancement factor  
𝐸𝑔 Energy bandgap eV 

𝐸𝑉 Maximum energy of the valence band eV 

𝑓𝑙 Strength of oscillator l  

𝐹𝐹 Fill factor  

𝐹𝑐→𝑒𝑛𝑣 Cell-environment view factor  

𝐹𝑐→𝑠 Cell-sphere view factor  

𝐹𝑠→𝑑 Sphere-disc view factor  

𝑔 Gain  
𝐺𝐵𝑙𝑎𝑐𝑘𝑏𝑜𝑑𝑦

𝑇=300𝐾  Blackbody conductance at 300 K W.K-1 

𝐺𝐵𝐵 Blackbody radiative conductance W.m-2.K-1 
𝐺𝑓𝑖𝑡 Fitting conductance W.K-1 

𝐺𝐹𝐹 Far-field radiative thermal conductance W.K-1 
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𝐺𝑁𝐹 Measured near-field radiative thermal conductance W.K-1 
𝐺𝑝𝑝 Plane-plane radiative thermal conductance W.K-1 
𝐺𝑠𝑝 Sphere-plane radiative thermal conductance W.K-1 

𝐺𝑠𝑝
𝑒𝑣𝑎𝑛 Calculated sphere-plane evanescent radiative thermal 

conductance W.K-1 

𝐺𝑡𝑜𝑡 Total emitter radiative thermal conductance W.K-1 

𝐺𝑇𝑃𝑉,𝑚𝑎𝑥 Electrical power generated by the cell normalized by the 
temperature difference between the emitter and the cell W.m-2.K-1 

ℎ Planck’s constant J.s 

ℏ Reduced Planck’s constant J.s 

𝐼 Electrical current A 

𝐼ℎ𝑒𝑎𝑡 Current of the Wheatstone bridge A 

𝐼𝐿 Photogenerated current A 

𝐼𝑃𝑚𝑎𝑥 Current at the maximum electrical power generated by a PV 
cell A 

𝐼𝑟𝑒𝑓  Emitter current at the largest distance A 

𝐼𝑇𝑃𝑉
𝑟𝑒𝑓  Current of a reference I-V curve A 

𝐼𝑅𝑅 Incorporation rate ratio  

𝐼𝑆𝐶  Short-circuit current A 

𝐼0 Reverse saturation current (or dark current) A 

𝐽𝑛 Electron current density A.m-2 
𝐽𝑝 Holes current density A.m-2 

𝑘 Fitting coefficient for temperature calculation in R(T) 
calibration curve K.W-1 

𝑘0 Wavevector m-1 
𝑘∥ Parallel component of the wavevector m-1 

𝑘⊥ Perpendicular component of the wavevector m-1 

𝑘𝐵 Blotzmann’s constant m2.kg.s-2.K-1 

𝐾 Kubelka-Munk’s absorption coefficient  

𝑙 Oscillator in Drude-Lorentz model  

𝐿 Number of oscillators in Drude-Lorentz model  
𝐿𝑥,𝑦 x and y dimensions of a rectangle planar emitter  m 

𝑚0 Electron mass in vacuum kg 

𝑚𝑒
∗  Electrons effective mass kg 

𝑚ℎ
∗  Holes effective mass kg 
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𝑛 Real part of the refractive index  

𝑛(𝑧) Density of free electrons at the position z cm-3 

𝑛∆𝜔 Number of rays in the frequency interval   
𝑛𝑓 Ideality factor  

𝑛𝐹𝐹  Exponent of the temperature power law in the far field  

𝑛𝑖 Intrinsic carrier concentration cm-3 
𝑛𝑝 Number of emitted rays  

𝑛0 Electron concentration at equilibrium cm-3 

𝑁 Number of averaged curves  

𝑁𝐴 Acceptor concentration cm-3 

𝑁𝑐 Effective density of states in the conduction band cm-3 

𝑁𝐷 Donor concentration cm-3 

𝑁𝑒 Electrons concentration cm-3 

𝑁ℎ Holes concentration cm-3 

𝑁𝑣 Effective density of states in the valence band cm-3 

𝑝0 Hole concentration at equilibrium cm-3 

𝑝(𝑧) Density of holes at the position z cm-3 

𝑃 Electrical power W 

𝑃𝑖 Emitted power carried by the ray i W 

𝑃𝑚𝑎𝑥 Maximum electrical power generated by a PV cell W 
𝑃𝑠𝑝

𝑒𝑣𝑎𝑛 Sphere-plane evanescent power W 

𝑃0 Power of the incident beam W 

𝑃𝑃𝑉 Electrical power generated by a PV cell W 

𝑃𝑇𝑃𝑉 Electrical power generated by a TPV cell W 
𝑃𝑇𝑃𝑉,𝑚𝑎𝑥 Maximum electrical power generated by a TPV cell W 

𝑃𝑇𝑃𝑉,𝑚𝑎𝑥
𝑣𝑓  View factor prediction of the electrical power generated by a 

TPV cell W 

𝑃𝑇𝑃𝑉,𝑚𝑎𝑥
𝑁𝐹  Near-field electrical power generated by a TPV cell W 

𝑃𝑅 Power of the reflected beam W 

𝑞 Spectral hemispherical radiative heat flux W.m-2.(rad.s-1)-1 

𝑞𝐵𝐵 Blackbody spectral hemispherical radiative heat flux W.m-2.(rad.s-1)-1 

or W.m-2.m-1 

𝑞𝑒𝑣𝑎𝑛 Evanescent contribution of the spectral hemispherical 
radiative heat flux W.m-2.(rad.s-1)-1 
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𝑞𝑖𝑗 Spectral hemispherical radiative heat flux emitted by medium 
i and absorbed by j W.m-2.(rad.s-1)-1 

𝑞𝑒𝑣𝑎𝑛
𝑓𝑟𝑢𝑠𝑡𝑟𝑎𝑡𝑒𝑑 

Frustrated modes contribution on the hemispherical radiative 
heat flux W.m-2 

𝑞𝑒𝑣𝑎𝑛
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

Surface modes contribution on the hemispherical radiative 
heat flux W.m-2 

𝑞𝑠𝑝
𝑒𝑣𝑎𝑛 Sphere-plane hemispherical radiative heat flux, evanescent 

wave contribution W.m-2 

𝑞𝑡𝑜𝑡
𝐵𝐵  Total hemispherical radiative heat flux emitted by a 

blackbody W.m-2 

𝑞𝑝𝑟𝑜𝑝 Propagative contribution of the spectral hemispherical 
radiative heat flux W.m-2.(rad.s-1)-1 

𝑞𝜔
𝑛  Spectral hemispherical radiative heat flux at the point n W.m-2.(rad.s-1)-1 

𝑄𝑒𝑛𝑣 Radiative power from the environment W 

𝑄𝐹𝐹 Far-field radiative power W 

𝑄𝑀𝐶 Radiative heat flux calculated using Monte Carlo method W 

𝑄𝑁𝐹 Measured near-field radiative power W 

𝑄𝑟𝑎𝑑 Radiative power W 
𝑄𝑠𝑝

𝑒𝑣𝑎𝑛 Calculated sphere-plane evanescent flux  W 

𝑄𝑉𝐹 Radiative heat flux considering the view factor evolution W 

𝑟 Local sphere radius m 

𝑟𝑒𝜔 Reflectivity at the frequency   

𝑟𝑖𝑗
𝑇𝐸,𝑇𝑀 Fresnel’s reflection coefficient at the interface between media 

i and j, for TE or TM polarization  

𝑅 Electrical resistance  

𝑅𝑒𝑛
𝑆,𝐷 Number of rays reflected on the sphere (S) or the disc (D) for 

the n-th time  

𝑅1 Adjustable electrical resistance 1  

𝑅2 Adjustable electrical resistance 2  

𝑅𝐼𝑛,𝑆𝑏 Indium or antimony growth rate ML.s-1 

𝑅𝐶 Radius of curvature m 

𝑅𝑐𝑒𝑙𝑙 TPV cell radius m 

𝑅𝑑𝑖𝑠𝑐 Disc radius m 

𝑅𝑒𝑚𝑖𝑡𝑡𝑒𝑟 Emitter electrical resistance  

𝑅𝑚𝑎𝑥 Maximum resistance of R(T) calibration curve  
𝑅𝑅𝑀𝑆 Root-mean-square roughness m 

𝑅𝑆 Resistance at maximum emitter sensitivity  
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𝑅𝑠𝑝ℎ𝑒𝑟𝑒 Sphere radius m 

𝑅𝑉 Variable programmable electrical resistance  

𝑅∞ Reflectivity of an opaque sphere  

𝑠𝑡 Semi-transparency coefficient  

𝑆 Surface m2 
𝑆𝑠𝑝ℎ𝑒𝑟𝑒 Surface of a sphere m2 

𝑆𝑐𝑒𝑙𝑙 Surface of a the active area of a TPV cell m2 

𝑆𝑐 Kubelka-Munk’s scattering coefficient  

𝑡𝑆 Thickness of the InSb cell substrate m 

𝑇 Temperature K 

𝑇𝑎𝑚𝑏 Ambient temperature K 

𝑇𝑐𝑒𝑙𝑙 Temperature of the cell K 

𝑇𝐶1 Thermocouple temperature 1 °C 

𝑇𝐶2 Thermocouple temperature 2 °C 

𝑇𝑒𝑚𝑖𝑡𝑡𝑒𝑟 Temperature of the emitter K 

𝑇𝑒𝑛𝑣 Environment temperature K 
𝑇ℎ𝑜𝑡,𝑐𝑜𝑙𝑑 Temperature of hot and cold reservoirs K 

𝑇𝑟 Transmission coefficient for TE-polarized waves  
𝑇𝑟𝑒𝑓 Emitter temperature at the largest distance K 

𝑇𝑅𝑚𝑎𝑥 Temperature at maximum R(T) resistance K 

𝑇𝑆 Temperature at maximum emitter sensitivity K 

𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 Substrate temperature K 

𝑇𝑊𝑖𝑒𝑛 Temperature of a blackbody with the maximum emissivity 
corresponding to 𝜆𝑊𝑖𝑒𝑛 K 

𝑇𝜔 Transmittance at the frequency   

𝑉 Voltage V 

𝑉𝐴𝐵 Unbalance of Wheatstone bridge V 

𝑉ℎ𝑒𝑎𝑡 Wheatstone bridge voltage V 

𝑉𝑂𝐶 Open-circuit voltage V 

𝑉𝑃𝑚𝑎𝑥 Voltage at the maximum electrical power generated by a PV 
cell V 

𝑧 z-piezoelectric actuator displacement m 

𝑧𝑚𝑎𝑥 Maximum emitter displacement reached at the contact point m 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2020LYSEI053/these.pdf 
© [C. Lucchesi], [2020], INSA Lyon, tous droits réservés



Nomenclature and abbreviations 

 

20 

   

𝛼 Temperature coefficient K-1 

𝛼𝑒 Fitting parameter eV.K-1 

𝛽 Fitting parameter K 

𝛿𝐺𝑁𝐹  Near-field radiative conductance uncertainty W.K-1 

𝛿𝐼 Uncertainty of the emitter current A 

𝛿𝐼ℎ𝑒𝑎𝑡 Uncertainty of the Wheststone bridge current A 

𝛿𝑄𝑁𝐹  Near-field radiative power uncertainty W 

𝛿𝛼 Uncertainty of the thermal coefficient K-1 

𝛿Δ𝐼 Uncertainty of the emitter current variation A 

𝛿Δ𝜃 Uncertainty of the variation of temperature elevation K 

𝛿𝑅 Electrical resistance noise  

𝛿𝑇 Thermal noise K 

𝛿𝑥 Displacement of the reflected laser on the photodiode m 

𝛿𝑧 Topography of the sample measured with AFM m 

Δ𝐺 Thermal conductance difference W.K-1 

Δ𝐼 Electrical current difference A 

Δ𝑃 Electrical power difference W 

Δ𝑅 Electrical resistance difference  
Δ𝑇 Temperature difference K 

Δ𝑇𝑚𝑎𝑥 Maximum temperature difference K 

Δ𝜃 Variation of temperature elevation K 

Δ𝜔 Frequency interval rad.s-1 

𝜖 Emissivity  
𝜖𝑆𝑖𝑂2

𝑏𝑢𝑙𝑘 Emissivity of bulk silica  

𝜀 Permittivity  

𝜀′ Real part of the dielectric function  

𝜀′′ Imaginary part of the dielectric function  

𝜀0 Permittivity of vacuum  

𝜀∞ Permittivity when the frequency tends to infinity  

𝜀𝑏𝑙 
Permittivity accounting for contributions by transitions across 
the band gap and lattice vibrations  

𝜂𝑇𝑃𝑉 Thermophotovoltaic conversion efficiency % 
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𝜂𝑇𝑃𝑉
𝑁𝐹  Near-field thermophotovoltaic conversion efficiency % 

𝛤𝐷 Drude model damping frequency  s-1 

𝛤𝑙 Damping frequency of oscillator l s-1 

𝜂𝑚𝑎𝑥 Maximum energy conversion efficiency of a heat engine  

𝜅 Extinction coefficient  

𝜅𝜔 Extinction index  

𝜆 Wavelength m 

𝜆𝐶ℎ𝑟 Christiansen’s wavelength m 
𝜆𝑔𝑎𝑝 Bandgap wavelength m 

𝜆𝑊𝑖𝑒𝑛 Wien’s wavelength m 

𝜇𝑛 Mobility of electrons m2.V-1.s-1 
𝜇𝑝 Mobility of holes m2.V-1.s-1 

𝜃 Temperature elevation K 
𝜃𝑟𝑒𝑓 Temperature elevation at the largest distance K 

𝜎 Stefan-Boltzmann’s constant W.m-2.K-4 

𝜏e Electrons scattering time s 

𝜏h Holes scattering time s 

𝜔 Angular frequency rad.s-1 

𝜔𝑙 Resonance frequency of oscillator l rad.s-1 
𝜔𝑝 Plasma frequency rad.s-1 

𝜔𝑊𝑖𝑒𝑛 Wien’s angular frequency rad.s-1 
 
 
Abbreviations 
Symbol Name 
AFM Atomic force microscopy 
EQE External quantum efficiency 

I-V Current-voltage 
MBE Molecular beam epitaxy 

LHe Liquid helium 
NFRHT Near-field radiative heat transfer 
NF-TPV Near-field thermophotovoltaics 

PV Photovoltaics 
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SThM Scanning thermal microscopy 
STM Scanning tunneling microscopy 
STPV Solar thermophotovoltaics 

TE Transverse electric 
TEG Thermoelectric generator 

TM Transverse magnetic 
TPV Thermophotovoltaics 

Im Imaginary part 
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General introduction 
 
The energy consumption across the world increases while the dependence on resources such as 
coal, gas or oil responsible for the CO2 generation is gradually reduced. Therefore, new solutions 
of energy harvesting are requested in order to reduce our dependence on fossil resources. For 
instance, the energy flow chart released by the Lawrence Livermore National Laboratory1 shows 
that renewable energies represented only 11 % of the total energy consumption in the United States 
in 2019. A remarkable part of 67.5 % of the energy produced across the country was lost as heat 
and was rejected into the environment. Such an alarming fact leads to the conclusion that waste 
heat recovery appears critical in order to increase the share of renewable energies. Therefore, it 
should be achieved by designing and fabricating efficient thermal energy conversion devices. 
Thermal energy harvesting can be accomplished by using numerous methods aiming at recovering 
heat or converting it into mechanical work or electrical energy2, depending on the temperature of 
the heat source3. Usually, heat sources are classified as low-grade (T < 230 °C), medium-grade  
(T = 230-650 °C) and high-grade (T > 650 °C). For instance, high- and medium-grade waste heat 
can be harvested using devices based on thermodynamic cycles, such as Stirling engines, which 
have been suggested to be the most efficient4. For low-temperature heat sources5, an alternative is 
to use devices based on the Kalina cycle featuring two fluids and allowing to achieve thermal 
energy conversion efficiencies comparable to those of a Rankine cycle6. These processes do not 
generate electrical energy, but a mechanical work instead, that can be used directly or further 
converted into electricity. In addition, they require usually bulky mechanical components which 
can be noisy. Direct conversion of heat into electrical power can be achieved by solid-state devices 
with pyroelectric, thermoelastic, thermomagnetic or thermionic properties. The first three devices 
require temperature fluctuations of the heat source in order to operate, and need respectively either 
an alternative electric field, stress or magnetic field. They are based on either ferroelectric materials 
(pyroelectric and thermomagnetic devices) or shape memory alloys (thermoelastic devices). 
Thermionic devices take advantage of the temperature-induced emission of an electron from a hot 
electrode to a cooler one. They need a vacuum environment and are suited to high temperature 
aplications7. In addition to these four devices, thermoelectric generators (TEGs) are another 
solution which require only a temperature difference between a hot and a cold body to operate and 
generate electrical power. They are based on semiconductor materials exhibiting the Seebeck 
effect8. The practical use of TEGs makes thermoelectric energy harvesting the most popular 
technology for direct heat-to-electricity conversion. All these solid-state devices have a very low 
maintenance cost but they are usually exhibiting low efficiencies2 of the order of 10 % or below. 
Another way of directly recovering thermal energy into electrical energy is to use photovoltaic 
cells for converting infrared thermal radiation emitted by hot sources into electrical power. Such 
cells differ from conventional solar cells as they require low-energy bandgap semiconductor 
materials in order to convert low-energy infrared thermal photons. Such cells are referred to as 
thermophotovoltaic (TPV) cells9,10. TPV conversion devices with a hot body temperature above  
~1000 °C are comparable with TEGs near 730 °C in terms of generated electrical density and are 
superior in terms of efficiency8. Below ~730 °C, TPV devices are significantly inferior to TEGs 
because of their poor performances regarding the electrical power density and efficiency. 
Therefore, the performances of TPV devices must be enhanced in order to compete with TEGs for 
harvesting low- and medium-grade heat. This can be achieved by tailoring the emission spectrum 
of the heat source in order to maximize the conversion efficiency and the electrical power generated 
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by the cell. Such a method can be applied using selective thermal radiative emitters in order to 
provide a better spectral matching between the emission spectrum and the absorption properties of 
the cell11–13. Another technique consists in using the properties of radiative heat transfer at the 
nanoscale, when the emitter is located in the close proximity of the TPV cell. 
Physics of radiative heat transfer at the nanoscale is very different from that at the macroscale. The 
classical theory of thermal radiation fails to describe radiative heat transfer when the distance 
separating two bodies is smaller than the characteristic wavelength of thermal radiation14 (~ 10 µm 
at room temperature and ~2.3 µm near 1000 °C). The range corresponding to such distances is 
referred to as the near-field regime, while the far-field regime corresponds to the macroscale theory. 
In the near field, the emission spectrum of the heat source is modified in terms of spectral 
distribution of the radiative power and in terms of amplitude. A new path for thermal radiation 
emerges due to the contribution of the evanescent waves. Their contribution was theoretically 
predicted and experimentally confirmed to enhance the thermal radiative power exchanged 
between two bodies in the near field by up to several orders of magnitude compared with the far 
field14–17. As a consequence, the idea of coupling a TPV cell with a thermal infrared emitter in the 
near field should lead to a significant rise of the electrical power density generated by the cell18,19. 
The experimental proof of concept of a near-field thermophotovoltaic (NF-TPV) device has been 
performed only very recently20–22 but with very low electrical power densities and estimated 
conversion efficiencies. In this work, we aim at building an experimental setup in order to 
demonstrate the near-field enhancement of the electrical power density generated by a TPV cell 
with substantial power densities and high measured conversion efficiencies. A major advance 
compared with the state-of-the-art experimental devices is that the cell is designed and fabricated 
for near-field thermophotovoltaics. In addition, the thermal emitter material was selected in order 
to enhance as much as possible the electrical power generated by the cell in the near field. These 
characteristics should lead to the building of a demonstration device exhibiting performances 
comparable to those of thermoelectric generators with an output electrical power density of the 
order of 1 W.cm-2. This work should pave the way for efficient heat-to-electricity energy 
conversion using thermal radiation harvesting from high and medium-grade heat sources. With the 
aim of providing a better understanding of radiative heat transfer at the nanoscale for TPV 
applications, this work has two major objectives reported in two parts. First, the temperature and 
material dependence of near-field radiative heat transfer is studied for various pairs of materials 
with large temperature differences of hundreds of kelvins. Second, the experimental demonstration 
of the enhancement of the electrical power generated by a TPV cell in the near field is performed. 
The objectives are addressed in six chapters. 
In the first chapter, a critical analysis of the near-field radiative heat transfer experiments published 
in the literature is performed. Key parameters such as temperature and geometry are studied, and a 
classification of experimental works aims to highlight interesting domains to be considered 
experimentally. 
In the second chapter, near-field radiative heat transfer is approached theoretically. The aim is to 
assess the material and temperature dependencies of near-field radiative heat transfer, which are 
expected to be very different from that observed in the far field. These peculiar expected behaviors 
are investigated for various pairs of materials that will be tested later on during the experimental 
study. The second goal of this chapter is to find an emitter material to be coupled with a TPV cell 
in the near field, in order to maximize the electrical power generated by the cell. Calculation tools 
are specifically developed for this purpose. 
The third chapter reports on one major objective of this work being the design, development and 
characterization of an experimental setup for performing near-field radiative heat transfer and NF-
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TPV experiments. The notable original feature of the setup is an integrated cryogenic cooling 
system needed for studying the physics of NF-TPV. The setup allows a hot thermal emitter to be 
brought at the closest possible distance of a substrate using piezoelectric positioners in a vacuum 
chamber while measuring the variations of radiative conductance between the two bodies. The 
review of the state of the art reported in the first chapter is considered in order to build an 
experimental setup with comparable or even better performances in terms of measurement accuracy 
and minimum distance. For instance, thermal emitters with a spherical shape allowing small 
emitter-sample distances of a few nanometers and no parallelization issue are fabricated based on 
scanning thermal microscopy (SThM) electrically resistive probes. The enhancement of the 
radiative conductance is assessed from the decrease of the emitter temperature as the distance with 
the substrate is lowered, while TPV measurements can be performed simultaneously. 
The fourth chapter reports on the results of the near-field radiative conductance measurements. The 
aim is to study the temperature and material dependence of radiative heat transfer by performing 
measurements with different pairs of emitter and substrate materials, selected during the theoretical 
study presented in Chapter II. Large temperature differences up to 900 K are investigated 
establishing a significant advance of the state of the art. The aim of studying such high temperature 
differences is to provide a better knowledge of near-field radiative heat transfer in a temperature 
range suitable for energy harvesting applications. The temperature dependence of the near-field 
radiative conductance is observed for each pair of materials by measuring the exponent of the 
temperature power law of the near-field radiative power. Some experiments are performed with the 
substrate cooled down to 77 K. 
In the fifth chapter, several ways for improving the design of NF-TPV experiments are analyzed, 
so that devices could compete with thermoelectric generators in terms of efficiency and generated 
electrical power density. An analysis of the state of the art referring to experimental TPV and NF-
TPV conversion devices is performed. Advanced details are provided about recent NF-TPV 
experiments, and characteristics in terms of geometry, materials, temperatures and performances 
are compared and discussed. 
The final chapter reports on an experimental work where a significant enhancement of the electrical 
power density generated by a TPV cell is observed in the near field compared with the far field. 
Performances surpassing those previously reported in terms of efficiency and electrical power 
density are measured, by heating the emitter up to 1100 K and cooling the cell down to 77 K. The 
electrical power generated by the cell is assessed as a function of the distance with the emitter by 
measuring current-voltage (I-V) characteristics. The configuration providing the best enhancement 
of the electrical power density generated by the cell in the near field is obtained by comparing the 
measurements for TPV cells having different parameters. The substrate thickness and the doping 
levels were previously determined by a theoretical study while the size of the cells is imposed by 
the fabrication process. 
In the end, future interesting research paths are proposed both for the study of near-field radiative 
heat transfer and for the improvement of NF-TPV conversion devices. 
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Introduction

Thermal radiation is one of the three main heat transfer mechanisms, the other two being 
conduction and convection. When temperature of a body is above 0 K, electromagnetic radiation 
is emitted because of thermally-induced agitation of the electrical charges. For electromagnetic 
radiation in general, emitted energy depends on temperature and can range from radio waves with 
meter-scale wavelength to cosmic rays with wavelength less than 10-14 m. Most common 
applications involving thermal radiation occur in the wavelength range from ~ 0.1 µm to 1000 µm,
corresponding to the near ultraviolet-visible-infrared region. In this chapter, fundamentals of 
thermal radiation theory are presented. The macroscale model of thermal radiation between two 
bodies is first described, also referred to as the incoherent far-field regime. Then, when the distance
between two bodies decreases below the characteristic wavelength of thermal radiation, a new path 
for radiative heat transfer emerges through the evanescent waves. This distance range is called 
near-field regime. In addition to evanescent waves, wave effects such as interferences due to 
coherence occur in the transition with the far-field regime. The evanescent wave contribution to 
radiative heat transfer increases sharply as the distance between two bodies decreases. As a 
consequence, radiative heat transfer can be enhanced by several orders of magnitude. This 
enhancement was measured experimentally for different material, temperature and geometry 
configurations23–25. A summary of published experimental works is reported, and a classification 
is established as a function of various parameters. This classification aims to define state-of-the-art 
performances, and to highlight most interesting and uninvestigated parameters to study 
experimentally.

Macroscale surface-to-surface thermal radiation theory

The macroscale thermal radiation theory describes radiative heat transfer between two bodies in 
the incoherent far-field regime, where the distance between two bodies is large compared with the
characteristic wavelength of thermal radiation. In this case the electromagnetic waves are 
propagative and incoherent. This means that incoherent waves are emitted from a body and 
propagate until they are absorbed by a lossy material. The base model for far-field thermal radiation 
is the definition of the radiative hemispherical heat flux for blackbody radiation and is described 
next.

I.2.1 Blackbody radiation

In the theory, a blackbody is defined as a perfect emitter and absorber. It has the role of a reference 
to which real absorbing and emitting materials can be compared. The emissive properties of the 
blackbody can be expressed using Planck’s hemispherical spectral distribution of radiative heat 
flux26,27:

𝑞𝐵𝐵(𝜆, 𝑇) = 𝜋
2ℎ𝑐2

𝜆5

1

𝑒
ℎ𝑐

𝜆𝑘𝐵𝑇⁄
− 1

 , (I.1)

𝑞𝐵𝐵(𝜔, 𝑇) = 𝜋
ℏ𝜔3

4𝜋3𝑐2

1

𝑒
ℏ𝜔

𝑘𝐵𝑇⁄
− 1

 . (I.2)

Eq. (I.1) provides the spectral hemispherical radiative heat flux 𝑞𝐵𝐵 (in W.m-2.m-1), as a function 
of wavelength  at a temperature T. The constants c, h and 𝑘𝐵 are the velocity of light, the Planck 
constant and the Boltzmann constant respectively. Note that the directional spectral intensity, in 
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W.m-2.m-1.sr-1, is given by the same equation but without the factor . Eq. (I.2) gives 𝑞𝐵𝐵 (in
W.m-2.(rad.s-1)-1) as a function of angular frequency 𝜔 =

2𝜋𝑐

𝜆
 In this equation, ℏ =

ℎ

2𝜋
is the 

reduced Planck constant. Figure I.1 shows the spectral hemispherical emissive power as a function 
of angular frequency (left) and wavelength (right). The spectral distribution is broad around the 
frequency or wavelength of the maximum, called Wien and Wien respectively.

Figure I.1: Hemispherical radiative heat flux as a function of the angular frequency and the 
wavelength for different temperatures

I.2.2 Wien’s law

Wien’s law indicates the frequency or the wavelength where the spectral hemispherical radiative 
heat flux of a blackbody is maximum. This law is obtained by calculating the derivative of Eq. (I.1)
and (I.2), as a function of  or . Wien’s law can be written as follows:

𝜆𝑊𝑖𝑒𝑛 =
2.898 10−3

𝑇
 , (I.3)

𝜔𝑊𝑖𝑒𝑛 = 3.697 1011 𝑇 , (I.4)
where T is defined in kelvin.
Wien’s wavelength as a function of temperature is represented in Figure I.2. At room temperature 
(T ~ 300 K), its value is approximately 10 µm. Above 4000 K, Wien is in the visible range of the
spectrum corresponding to wavelengths ranging from 400 to 700 nm.

Figure I.2: Wien's wavelength as a function of temperature

spectrum corresponding to wavelengths ranging
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I.2.3 Total emitted flux

The total hemispherical radiative heat flux 𝑞𝑡𝑜𝑡
𝐵𝐵 (in W.m-2) emitted by a blackbody is obtained by 

integrating 𝑞𝐵𝐵 over the entire spectrum. The integrated equation is the Stefan-Boltzmann law:

𝑞𝑡𝑜𝑡
𝐵𝐵(𝑇) = 𝜎𝑇4 , (I.5)

where  is the Stefan-Boltzmann constant equal to 5.670 10-8 W.m-2.K-4. Figure I.3 represents 𝑞𝑡𝑜𝑡
𝐵𝐵

as a function of temperature. Blackbody radiation corresponds to the limit of the emitted radiative 
heat flux reachable by a real material in the far-field regime. The spectral hemispherical emissivity 
of a real material is described as the ratio of its hemispherical radiative heat flux q divided by the
power emitted by a blackbody:

𝜖(𝜆, 𝑇) =
𝑞(𝜆, 𝑇)

𝑞𝐵𝐵(𝜆, 𝑇)
(I.6)

The emissivity 𝜖 of a real material can take values ranging from 0 to 1, with the maximum when q
is equal to 𝑞𝐵𝐵.

To illustrate the emissivity of real materials, Figure I.4 compares the spectral hemispherical
emissivity of SiO2, graphite and aluminum (Al) to that of a blackbody. SiO2 is a very good thermal 
emitter in the far field. For instance, the emissivity of SiO2 is above 0.8 from  = 2 to 7 µm with a 
maximum that almost reaches 1. The emission spectra of the three selected materials are very 
different, with a flat behavior for graphite and Al, and large variations for SiO2. The example of 
aluminum shows that the emissivity of metals is very low in the infrared region. For opaque 
materials, emissivity is equal to absorptivity and the sum of absorptivity and reflectivity is equal to 
1. Because metals are very reflective, their emissivity in the infrared region is very low. The 
dependence of emissivity on wavelength, in the case of SiO2 for example, can sometimes be 
beneficial for applications such as selective emitters or absorbers.

Figure I.3: Total hemispherical radiative heat flux emitted by a blackbody as a function of 
temperature
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Figure I.4: Hemispherical radiative heat flux (a) and emissivity spectra (b) as a function of 
wavelength, for the three selected materials compared to those of a blackbody at 900 K

Near-field radiative heat transfer

In the near-field regime, when the distance between two bodies is approximately lower than Wien,
the macroscale model for radiative heat transfer is no longer relevant to describe the radiative heat 
flux. At such distances, propagative waves considered incoherent in the macroscale model, undergo 
coherency effects such as interferences. Also, evanescent waves contribute to radiative heat transfer 
simultaneously with propagative waves. 

I.3.1 Coherence effects on propagative waves

When two bodies are separated by a distance of the order of Wien, coherence effects of thermal 
radiation occur, causing propagative waves to interfere. 

Figure I.5: Propagative and evanescent wave contribution to radiative heat transfer as a function 
of distance, between a 900 K aluminum semi-infinite plate and a 296 K aluminum semi-infinite 
plate, normalized by the far-field limit

, causing propagative waves to interfere. 
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In the cavity created by the gap distance between the two bodies, propagative waves are reflected, 
leading to constructive and destructive interferences. Interferences induced by coherence effects 
can cause lowering of the total exchanged radiative heat flux between the two bodies. This effect 
is especially strong in the case of highly reflective materials, such as metals28. Figure I.5 shows
calculated propagative wave contribution to radiative heat transfer between two aluminum plates, 
respectively at 900 K and room temperature. Calculations were performed using equation (I.7).
Data are normalized by the far field limit. For distances above 10 µm, propagative wave
contribution to radiative heat transfer is equal to the far-field limit. At lower distances, coherence 
effects start to appear, leading to a decrease of radiative heat transfer. At d = 700 nm, propagative 
wave contribution to radiative heat transfer is reduced by 92 % compared to the far field limit. This 
phenomenon is less important as temperature decreases or for less reflective materials28. For 
materials such as SiO2, Figure I.6 shows that the reduction of the propagative wave contribution to 
radiative heat transfer due to coherence effects is only 2%. In addition, this reduction cannot be 
seen on the total radiative heat flux (sum of the propagative and evanescent wave contributions) 
due to the contribution of evanescent waves. The increase of radiative heat transfer through 
evanescent waves overrides the reduction of the contribution of propagative waves caused by 
coherence effects. Therefore, no reduction of total near-field radiative heat transfer can be 
measured with low reflective materials such as SiO2. Experimental works are focusing on 
enhancement of radiative heat transfer due to evanescent wave contribution. 

Figure I.6: Propagative and evanescent wave contribution to radiative heat transfer, normalized 
by the far-field limit, between two SiO2 semi-infinite plates at 900 K and room temperature

I.3.2 Evanescent waves

Evanescent waves do not propagate away from the emitter surface, but are confined along the 
emitter surface, at least at one side of the surface14,29. The amplitude of this kind of waves decreases 
exponentially according to the distance from the surface. The distance where the intensity of 
radiation decreases by a factor 1/e (~37%), corresponding to the penetration depth, is of the order 
of Wien. This explains why radiative heat transfer through evanescent waves only occurs between 
bodies separated by distances smaller than Wien. There are different modes of evanescent waves: 
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the frustrated and non-frustrated mode (also called surface mode). These two modes come from 
different phenomena that are described in the following sections. 

I.3.2.1 Frustrated modes

The frustrated modes are the result of total internal reflection of propagative waves in the emitting 
medium. In Figure I.7, when the parallel component of the wavevector 𝑘∥ < 𝑘0, (with 𝑘0 = 𝜔 𝑐⁄ )
the perpendicular component 𝑘2⊥ is a real number corresponding to the case of a propagative wave. 
The wave is evanescent when 𝑘∥ > 𝑘0, implying that its amplitude is attenuated exponentially 
above the surface30. There is a value of the angle 1, called the critical angle c, corresponding to 
the limit when 𝑘∥ = 𝑘0 (2 = 90°). Above this angle, there is total internal reflection in the medium.
The frustrated modes are propagative in the medium 1 and evanescent in vacuum.

I.3.2.2 Surface modes

Surface modes are evanescent at both side of the interface. In Figure I.7, these modes correspond 
to 𝑘∥ > 𝑘1, with 𝑘1 = 𝑛1𝑘0 = 𝑛1

𝜔

𝑐
(n1 being the refractive index of medium 1). Surface mode 

resonances can result from the coupling between a mechanical oscillation in the structure of the 
material and the electromagnetic field. In the case of dielectric materials, the phonons are 
oscillating and the coupling is called surface phonon polariton (SPhP). In a similar way, natural 
oscillations of the electrons in a metal are called plasmons so the coupling is called surface 
plasmon-polariton (SPP).

Figure I.7: (a) Schematic of a wave incident at an interface. (b) Different types of propagative and 
evanescent waves

I.3.3 Near-field radiative heat transfer calculations between two planar and parallel bodies

The first exact theoretical calculations of radiative heat transfer between two planar and parallel 
bodies in the near field were performed by Polder and Van Hove14 in 1971. The calculation method 
is based on the fluctuation-dissipation theorem applied to the thermally fluctuating micro-currents 
in the medium, constituting the source of the emitted thermal radiation. The exchanged radiative 
flux is determined from the complex dielectric function 𝜀 = 𝜀′ + 𝑖𝜀′′ of the materials14,31:
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𝑞13(𝑑, 𝜔, 𝑇1) =
𝛩(𝜔, 𝑇1 )

4𝜋2
∫ 𝑘∥ ∑

(1 − |𝑟21
𝑖 |

2
)(1 − |𝑟23

𝑖 |
2
)

|1 − 𝑟21
𝑖 𝑟23

𝑖 𝑒2𝑖𝑘2⊥𝑑|
2
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𝑑𝑘∥
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0

+
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𝜋2
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2

𝑖=𝑇𝐸,𝑇𝑀

𝑑𝑘∥

∞

𝑘∥=𝑘0

 , 

(I.7) 

𝛩(𝜔, 𝑇 ) =
ℏ𝜔

𝑒
ℏ𝜔
𝑘𝐵𝑇 − 1

 . (I.8) 

In Eq. (I.7), 𝑞13(𝑑, 𝜔, 𝑇1) is the radiative flux emitted at the frequency  by the medium 1, at a 
temperature T1 and absorbed by the medium 3 separated by a vacuum gap d corresponding to 
medium 2 in Figure I.8a. Blue and red parts of the equation correspond respectively to propagative 
and evanescent waves contributions. The perpendicular component of the wavevector is  

𝑘2⊥ = √𝜀𝑘0
2 − 𝑘∥

2. The Fresnel reflection coefficients 𝑟21,23
𝑇𝐸,𝑇𝑀 at the interfaces 12 and 23 are 

accounting for both the transverse magnetic TM and transverse electric TE polarizations  
(Figure I.8b) and are defined as 

𝑟21
𝑇𝐸 =

𝑘2⊥ − 𝑘1⊥

𝑘2⊥ + 𝑘1⊥
 , (I.9) 

𝑟21
𝑇𝑀 =

𝑘2⊥𝜀1 − 𝑘1⊥𝜀2

𝑘2⊥𝜀1 + 𝑘1⊥𝜀1
 . (I.10) 

Eq. (I.8) is the mean energy of a Planck oscillator. The exchanged flux between the two media is 
the difference between that emitted by 1 and absorbed by 3, and that emitted by 3 and absorbed by 
1: 

𝑞(𝑑, 𝜔, 𝑇1, 𝑇3) = 𝑞13(𝑑, 𝜔, 𝑇1) − 𝑞31(𝑑, 𝜔, 𝑇3). (I.11) 

Polder and Van Hove reported a sharp enhancement of the exchanged radiative power as the 
vacuum gap between two bodies decreases. The impact of surface polariton resonances were 
investigated in other theoretical works32,33. They reported several orders of magnitude enhancement 
of the radiative heat flux between two plates made of silicon carbide (SiC) or silica glass. 
Contribution of the surface waves is demonstrated to be largely dominant at low distance in the 
order of 10 nm. Strikingly, heat transfer becomes almost monochromatic with most of the 
exchanged flux taking place near the wavelength of the surface polariton resonance. 
In addition to theoretical analyses, near-field radiative heat transfer between two bodies can be 
investigated experimentally. The next section gives a review of published experimental works, 
investigating various geometries and other key parameters, such as temperature and materials. 
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Figure I.8: (a) Configuration of two planar bodies separated by a vacuum gap. (b) Difference 
between TE and TM polarizations (E and H are the electric and magnetic fields)

Experimental demonstrations of radiative heat transfer enhancement in the near field

Radiative heat transfer in the near field was well studied experimentally. The first measurement of 
radiative heat transfer enhancement was performed by Hargreaves34 in 1969. He measured the 
exchanged radiative power between two plates made of a 100 nm chromium layer deposited on 
glass, as a function of the vacuum gap distance between the plates. One of the plates was held at 
306 K while measuring the power that had to be supplied to keep the other plate at 323 K. He 
reported an enhancement factor of ~ 2 of the exchanged radiative power as the gap distance 
decreased from 5.8 µm to ~ 1 µm. From then on, many experimental proofs of near-field radiative 
heat transfer enhancement were reported. Various configurations were studied, in terms of 
temperature differences, materials or geometries15–17,23–25,34–69. In next sections, works found in the 
literature are classified as a function of various parameters. This classification aims to find the
global trends and improvement paths for future experiments.

I.4.1 Temperature difference and minimum distance

Figure I.9 reports on experimental published works for different geometries, as a function of the 
minimum gap distance and the maximum temperature difference between the emitter and the 
substrate. Uncertainties may exist on values reported from literature, especially on estimated values 
such as minimum distances, which cannot always be measured directly. Three different types of 
geometry were considered for experiments. They consist in a planar substrate and an emitter shape
being either a plane, a sphere or a tip. In Figure I.9 it appears that the minimum reachable distance 
is of the order of angströms for the tip-plane geometry, compared with a few nanometers with the
sphere-plane and tens of nanometers with the plane-plane geometry.
The sub-micrometer distance range is technically challenging to achieve for the plane-plane 
geometry because of parallelism issues. As a consequence, sub-micrometer distances for this 
geometry could be studied only during the last decade. It is interesting to remark that no 
experimental work was performed with temperature differences between the emitter and the 
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substrate above 420 K. In the aim of energy conversion applications, large temperature differences 
are required to maximize thermal energy conversion. The maximum energy conversion efficiency 
of a heat engine was given by Carnot70 in 1824 and expressed as the following:

𝜂𝑚𝑎𝑥 =
Δ𝑇

𝑇ℎ𝑜𝑡
= 1 −

𝑇𝑐𝑜𝑙𝑑

𝑇ℎ𝑜𝑡
 , (I.12)

where temperatures of the hot and cold reservoirs are labelled Thot and Tcold, T being their 
difference. It appears that the maximum conversion efficiency tends to 1 when Thot>>Tcold. Large 
temperature differences also lead to large exchanged radiative power (see Sec. I.3.3, Eq. (I.11))
and, by extension, lead to large generated power from an energy conversion device. 

Figure I.9: Experimental demonstrations of near-field radiative heat transfer enhancement as a 
function of minimum gap distance and maximum temperature difference for various geometries15–

17,23–25,34–69

I.4.2 Exchange area

It is obvious that the exchanged radiative power between two bodies is related to the exchange 
area. The exchange area is defined as the projection of the emitter area surface on the substrate (see 
inset of Figure I.10). If the emitter is larger than the receiver, then the exchange area is that of the 
receiver. As a consequence, the larger the exchange area the larger the exchanged power. Based on 
this fact it is interesting to sort the experimental works by their exchange areas. Figure I.10
summarizes the exchange area identified in these works, as a function of the minimum distance for 
the three different geometries. For the tip, the exchange area A for near-field radiative heat transfer
is based on the curvature radius RC at the apex of the tip. Similarly for the sphere, the exchange 
area is based on the sphere radius Rsphere (see the legend in Figure I.10). In the case of a planar 
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emitter, the exchange area can be either 𝜋𝑅2 for a disc of radius R, or LxLy for a rectangle (Lx and 
Ly being respectively the length and the width).
In Figure I.10, the relation between the minimum distance dmin and the exchange area A is clearly 
highlighted. The smallest distances are reached by the devices with the smallest exchange area. 
This is simply due to the fact that it is experimentally challenging to approach a large object to 
another at small distances. The experimental points can be fitted considering the following power 
laws: 𝐴 = 6.4 1010𝑑𝑚𝑖𝑛

2.59 or 𝑑𝑚𝑖𝑛 = 6.7 10−5𝐴0.39. It might be a loose technological limit.
Three main categories can be extracted from the experimental data and are called here macroscale, 
microscale and nanoscale devices. Macroscale devices show the largest exchange areas but also 
the largest minimum reachable distances. This category is constituted only by planar emitters with
an exchange area larger than 1 mm2. Usually, the gap distance between large planes is provided by 
microstructured spacers. Recently, DeSutter et al.23 used 20 and 30 µm diameter SU-8 3005 epoxy 
resist micropillars. They could reach vacuum gaps as low as 110 nm between large 5x5 mm2 planes. 
Microspheres can also be used as spacers. In the work of Hu et al.39, they used 1 µm diameter 
polystyrene spheres to create a gap between discs having a diameter of 1.27 cm. In any case, the 
spacers are made of low thermal conductivity materials in order to minimize heat transfer via 
conduction. Microscale devices have exchange areas between 1 µm2 and 1 mm2. This category is 
composed of the three emitter geometries and exhibit minimum distances from ~ 10 nanometers to 
one micron. Minimum distances reached for this category are often limited by surface 
roughness40,56. It can be noted that two tip-plane experiments are in this category. Xu et al.36 used 
a flattened indium needle as the emitter. The needle was brought into contact with the sample and 
a force was applied to flatten the tip of the needle and create a flat surface. Thus, this work could 
also be classified as a plane-plane experiment. In the work of Guha et al.45, they used a tip with a 
large 15 µm radius of curvature at the apex. This value is much higher than that of the other works 
dealing with a tip-plane configuration, where curvature radii are less than a micron17,25,37,48,53,64.

Figure I.10: Experimental works classified by exchange area according to the minimum distance 
for various geometries
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Figure I.11: Experimental works classified by exchange area according to the maximum
temperature difference for various geometries

The last category is that of nanoscale devices, which is composed only of tip-plane geometries with 
exchange areas lower than 1 µm2. With this category of experimental devices, the extreme near 
field at a sub-nanometer distance range can be studied. Minimum distances are limited by snap-in
and stiction issues. Snap-in is caused by attraction forces bringing the tip at contact with the sample 
at low distance (see measurements in Figure III.23).  Stiction is the static friction that needs to be 
overcome to move an object located in close proximity to another. In the similar works of 
Kloppstech et al.25 and Cui et al.53, measurements between a tip and an electrically conductive gold
surface were performed in the last 5-7 nm before contact. Kloppstech et al. made measurements 
between a 30 nm radius of curvature tip at room temperature, fabricated with a Au/Pt thermocouple 
integrated at the apex, and a flat gold surface cooled down to reach T = 160 K. Cui et al. chose a 
larger 150 nm radius of curvature tip with a Au/Cr thermocouple and a heated gold surface so as 
to reach T = 130 K. In both works, the integrated thermocouple at the apex of the tip was used as 
a thermometer to measure the temperature increase or decrease of the tip, initially at room 
temperature, as a function of the gap distance. They reported radiative fluxes significantly higher 
than predicted. These deviations with theory were not well explained but could be attributed to 
probe contamination or to other heat transfer mechanisms occurring at low distances.
For microscale and nanoscale devices, the gap distance between the emitter and the substrate is 
monitored by piezoelectric actuators. Piezoelectric materials can retract or expand when a voltage 
is applied. This property allows motions with sub-nanometer resolution, which is perfectly suited 
for near-field radiative heat transfer experiments. 
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Due to the small exchange area of the nanoscale devices, larger temperature differences are needed 
in order to increase the signal-to-noise ratio for detecting near-field radiative heat transfer. This is 
clearly observed in Figure I.11, where the exchange area is represented as a function of the 
maximum temperature difference. Nanoscale devices were used in experiments studying 
temperature differences comprised between 100 and 200 K only.  
The largest temperature difference of 420 K49 was studied with a microscale device. The maximum 
temperature difference for the macroscale devices is 156 K. This lower maximum temperature 
difference can be explained by the fact that macroscale devices exchange a lot of radiative power 
due to the large exchange surface. This large thermal flux between the emitter and the substrate 
can cause the substrate to be significantly heated, leading to substrate cooling and 
thermomechanical issues such as thermal expansion. In Figure I.12, near-field radiative thermal 
conductance is represented as a function of exchange area. Near-field conductance, corresponding 
to the conductance enhancement above the far-field limit, is showed in W.K-1 and in W.m-2.K-1 
when normalized by the exchange area. In the bottom figure, a clear trend appears as expected with 
an increase of the near-field radiative conductance G as a function of the exchange surface. 
Conductances from experimental works, with room temperature substrates, follow a 𝐺 ∝ 𝐴0.90 
evolution, close to the 𝐺𝐵𝑙𝑎𝑐𝑘𝑏𝑜𝑑𝑦

𝑇=300𝐾 ∝ 𝐴1 evolution calculated between a blackbody at 300 K and a 
blackbody having a temperature tending to 300 K. The measurements exhibiting the lowest and 
largest conductances are separated by more than 7 orders of magnitude. Some experimental points 
are significantly away from the shaded area representing the evolution trend. These deviations can 
be partly explained by taking the studied materials into account. Most of the experimental works 
focus on SiO2. It is a material well suited for near-field radiative heat transfer because it supports 
surface phonon polaritons resonances (see details in chapter 2).  
For a same temperature difference and exchange surface configuration, the measured exchange 
radiative power can strongly vary as a function of materials. In the literature, a few materials other 
than SiO2 were studied. For instance, gold (Au) was investigated in most tip-plane geometry 
experiments17,25,53. Other metals were also investigated. The works of Domoto et al.35 and Kralik 
et al.43,69 focused on copper (Cu) and tungsten (W) respectively. It is seen in Figure I.12 that the 
measured conductances for these two metals were several orders of magnitude lower than that from 
the works involving SiO2. Other various materials were also studied, such as doped silicon23,57, 
sapphire42 or nitrides (silicon nitride (SiN)61, niobium nitride (NbN)60). The effect of multi-layered 
materials were explored in the work of Lim et al62. They measured near-field radiative heat transfer 
between two planar multi-layer structures, made alternatively of titanium (Ti) and magnesium 
fluoride (MgF2). It was demonstrated that near-field thermal radiation could be tuned using surface 
plasmon polaritons and their interactions at each metal (Ti)/dielectric (MgF2) interfaces. Another 
parameter explaining deviations from the global trends for the experiments from Domoto35, 
Kittel17, Kralik43,69, Kloppstech25 and Musilova60 is the substrate at low temperature. So in addition 
to the effect of the material, cryogenic temperatures may have an impact on the measured near-
field radiative conductance.  
In Figure I.12a, the conductance is normalized by the exchange area. It appears that all the 
experimental works involving SiO2 (shaded area) have measured conductances over 4 orders of 
magnitudes. It is worth noticing that the sphere-plane experiments all gather in the same zone. This 
is mainly due to the fact that the sphere diameters that were used are very similar, from 40 to  
53 µm16,40,41,44,47,67,68, with an exception for the work of Menges et al.24 with a 17 µm in diameter 
sphere. In this last work, they investigated the near-field radiative heat transfer between a SiO2 
sphere and a vanadium dioxide (VO2) thin film (15 nm thickness) deposited on a titanium dioxide 
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(TiO2) substrate. VO2 is an interesting material because of its transition from an insulating to a 
metallic state around 46 °C. They used a SThM silicon probe as a heater/sensor to heat the sphere 
and determine its temperature and dissipated power. They found a factor 2 difference on the near-
field radiative conductance comparing the insulating and the metallic state.

Figure I.12: Maximum radiative heat transfer coefficient (a) and maximum radiative thermal 
conductance (b) as a function of exchange area for the three geometries. 
Experimental works involving materials other than SiO2 are highlighted
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This comparison of the experimental works found in the literature tells us that there is space for 
experiments with the aim to go beyond this state-of-the-art. Large temperature differences over 
420 K are still uninvestigated and are required for energy conversion applications. Another 
emerging field of study is certainly the material dependence of near-field radiative heat transfer. 
The wide majority of the experimental works used SiO2, so it could be worth performing 
experiments with many other materials instead. This is especially true for the sphere-plane 
geometry for which experimental works only focused on a limited range of materials. A sphere 
made of a material different than SiO2 was used only in the work of Shen et al.44 in 2012. They 
used a 50 µm in diameter glass sphere with a 100 nm thick gold film deposited by sputtering. The 
skin depth of gold in the wavelength range studied in this work was less than 20 nm, so the near-
field radiative transfer measurements could be attributed to a gold surface. They attached the sphere 
on the tip of a gold-coated silicon nitride AFM cantilever to create a bimaterial effect. This effect 
induces a bending of the AFM cantilever as a function of temperature because of the difference in 
thermal expansion coefficient between the two different materials. After calibration, a relation 
between the bending and the temperature could be deduced and used to determine the temperature 
as a function of the bending. In this work, heating of the sphere was provided by a 3 mW laser 
beam at 650 nm wavelength.  In this Au-Au experiment, a radiative conductance 4 times smaller 
than in their previous SiO2-SiO2 experiment in 200941 was measured with the same technique. 
 
I.4.3 Resolution of the experimental works 

The ability to detect radiative conductance and power variations is a key parameter for near-field 
radiative heat transfer experiments. It was shown previously that the conductance increases 
accordingly to the exchange area. In Figure I.13a, the near-field radiative conductance resolution 
GNF (in W.K-1), corresponding to uncertainties of conductance measurements, is represented as a 
function of both exchange area (left) and conductance (right). The conductance resolution is higher 
than 1 µW.K-1 for the macroscale devices. This is due to the large exchange area and the large 
conductance measured with these setups. The lowest resolutions are found for the microscale and 
nanoscale experiments with similar values of a few tens of picowatts per kelvin. It seems that, 
below an exchange area of ~ 10-8 m2, the conductance resolution levels off independently of the 
exchange area. In Figure I.13a (right figure), GNF is represented as a function of conductance. 
With this representation, a clear trend of the conductance resolution appears with 𝛿𝐺𝑁𝐹 = 0.1𝐺0.98. 
This means that the percent error of the near-field radiative conductance measurements performed 
in published experimental works is around 10 % and varies proportionally to the conductance. 
Resolution in terms of radiative power 𝑄𝑁𝐹 = 𝐺𝑁𝐹∆𝑇, is provided in Figure I.13b, with the power 
resolution 𝛿𝑄𝑁𝐹 plotted as a function of maximum radiative power. Globally, the same trend 
appears as that from the conductance resolution curve, with a quasi-linear behavior  
𝛿𝑄𝑁𝐹 = 0.1𝑄𝑁𝐹

0.98. However, the best performances in conductance are not obtained by the same 
experiments when compared in power. This is explained by the dissimilarities of maximum 
temperature differences. The temperature difference studied by Kim et al.48 is 115 K, while it is 
only 9 K for Thompson et al.61. In terms of radiative conductance resolution, the first experimental 
work exhibits the best performance, but the second work is the best in terms of power resolution. 
Therefore, large temperature differences may be useful to enhance conductance resolution. 
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Figure I.13: Near-field radiative conductance (a) and power (b) resolution as a function of the 
exchange area and conductance and power for the three different geometries

Conclusions

Thermal radiation of macroscale bodies has been well described since the early 1900s by the 
blackbody theory. At the nanoscale, radiative heat transfer exhibits major changes in terms of 
spectral distribution and total power of thermal radiation compared with macroscale thermal 
radiation. For calculations, optical properties of the emitting bodies represented by the dielectric 
function are taken into account to calculate emission spectra of real materials, depending on 
distance from the surface. Different behaviors can appear, in the form of emissivity peaks and 
drops, at given wavelengths where various effects such as resonances can occur71. Since 1970s, 
after the first exact calculation of near-field radiative heat transfer, many theoretical and 
experimental works have described and measured the influence of evanescent waves and coherence 
effects on thermal radiation heat transfer. Measurements between planar surfaces are challenging 
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because of parallelism issues. Until recently, the sub-micrometer regime could be studied only with 
sphere-plane or tip-plane geometries where parallelism issues do not exist. These two geometries 
are great for probing near-field heat transfer at low distances, but the exchange power is low due 
to the small exchange areas. Various materials and temperature differences were studied in the 
literature. However, large temperature differences with T > 420 K have not been investigated yet. 
In the aim of exploiting evanescent waves for thermal energy harvesting, large temperature 
differences is a key parameter that has to be experimentally studied at the lowest possible distances.  
A compromise between small reachable distance and large radiative flux leads to perform 
experiments with a microsphere emitter geometry. In order to compare and complete the state of 
the art, the experimental study of near-field radiative heat transfer detailed in chapter IV will focus 
on classical materials, such as SiO2, and other materials presenting an interest for energy 
conversion applications (see details in chapter 2). Near-field radiative conductance temperature 
dependence will be also studied with temperature differences up to 900 K. 
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Introduction

Before experimentally measuring radiative heat transfer in the near field, calculations have to be 
made in order to determine the expected order of magnitude of heat fluxes. This analysis is also 
important to determine the best configurations to be tested experimentally. Thus, one of the 
objectives is the selection of the emitter and receiver materials. The objective is to find an emitter 
material that enhances as much as possible the exchanged radiative heat flux in the near field when 
combined with a TPV cell as a receiver, for specific wavelengths where photocurrent generation 
occurs. This wavelength range corresponds to wavelengths smaller than the gap wavelength of 
InSb (𝜆 < 𝜆𝑔𝑎𝑝

𝐼𝑛𝑆𝑏), the semiconductor material selected in this work (see Sec. V.4). Calculations of 
the exchanged radiative power will be performed as a function of emitter-substrate distance,
temperature difference, materials and geometry, based on the optical properties of the materials. 
The system studied in the experiments is simulated by separately calculating the contribution of 
the propagative and evanescent waves. This is necessary to optimize the dimensions of the emitter 
and the TPV cell, with the aim of maximizing the enhancement of the photoconversion in the near 
field. The numerical calculation tools developed here are also useful for studying the temperature 
and material dependence of near-field radiative heat transfer. With the experimental setup, several 
pairs of emitter-receiver materials are studied. An objective of this theoretical analysis is to 
determine the expected near-field behaviors as a function of materials and temperature differences 
for comparisons with experimental results.

Plane-plane geometry

The first step of the theoretical study is the calculation of the near-field radiative heat transfer 
between two semi-infinite planar media separated by a vacuum gap. The results of this study will 
provide a set of heat flux databases for different configurations of materials and temperatures, as a 
function of the gap distance between the two plates. These results will be used to estimate the 
evanescent wave contribution to the exchanged radiative heat flux in the case of the sphere-plane 
geometry with the proximity flux approximation.

II.2.1 Radiative heat flux calculations

Radiative heat flux calculations are made between two semi-infinite planar media. A schematic of 
the configuration is given in section I.3.3 (Figure I.8). The emitting and receiving bodies are 
labelled 1 and 3 and are separated by a vacuum gap labelled 2. The equation of the spectral radiative 
flux emitted by 1 and absorbed by 3 is given in Eq. (I.7) . The propagative 𝑞13

𝑝𝑟𝑜𝑝 and evanescent 
𝑞13

𝑒𝑣𝑎𝑛 contributions of the radiative heat flux can be calculated separately according to 

𝑞13
𝑝𝑟𝑜𝑝(𝜔) =

1
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(II.2)

It is reminded that ℏ𝜔 is the energy of a photon, ℏ the reduced Planck’s constant, 𝑘𝐵 is Boltzmann’s 
constant, and 𝑟21,23

𝑇𝐸,𝑇𝑀 the Fresnel reflection coefficients defined in Eq. (I.9) and (I.10). The total 
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flux 𝑞(𝑑, 𝜔, 𝑇1, 𝑇3) exchanged between the two media is the difference between that emitted by 1
and absorbed by 3, and that emitted by 3 and absorbed by 1 (equation (II.3)):

𝑞(𝑑, 𝜔, 𝑇1, 𝑇3) = (𝑞13
𝑝𝑟𝑜𝑝

+ 𝑞13
𝑒𝑣𝑎𝑛) − (𝑞31

𝑝𝑟𝑜𝑝
+ 𝑞31

𝑒𝑣𝑎𝑛). (II.3)

The total flux depends on distance d between the two media, angular frequency , and media 
temperatures T1 and T3. It is calculated based on the optical properties of the materials, represented 
by the complex dielectric function  

II.2.2 Optical properties

Dielectric functions of the materials that were used for the calculations come from experimental 
measurements data reported in the literature or from models. Eq. (II.1) and (II.2) show that the 
imaginary part of the dielectric function has a large influence on radiative heat transfer. Materials 
with resonances such as surface phonon polaritons exhibit large peaks in the imaginary part of the 
dielectric function, thus resulting in an increase of radiative heat flux for the evanescent wave
contribution. For near-field thermophotovoltaic applications, such resonances can be valuable to 
maximize the generated electrical power. The condition is that resonances must occur in the 
spectral range where photocurrent generation occurs, at wavelength lower than the gap wavelength 
of the TPV cell material (𝜆 < 𝜆𝑔𝑎𝑝

𝐼𝑛𝑆𝑏). The dielectric functions of the studied materials are presented 
as a function of wavelength in Figure II.1 .

Figure II.1: Real and imaginary parts of the dielectric functions of different materials at room 
temperature

as a function of wavelength in Figure 
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II.2.2.1 SiO2

For SiO2, data come from measurements72 performed from room temperature up to 1480 K (Figure 
II.2). This material was chosen for its two infrared resonances, already well-studied experimentally 
as highlighted in chapter I. The dielectric function exhibits a dependence on temperature with a 
stronger effect close to the peaks of the imaginary part 𝜀′′. Calculations at an intermediate 
temperature, 730 K for example, were made using interpolated data between the two closest 
measured temperatures, 672 and 966 K for this example.  The three observed peaks on 𝜀′′ are 
caused by the resonances of the atomic bonds. The peaks at 9.0 µm and 12.5 µm correspond 
respectively to the asymmetric and symmetric stretching vibration of O-Si-O bonds. The third peak 
near 22 µm is caused by the bending vibrations73.

Figure II.2: Real (left) and imaginary (right) part of the dielectric function of SiO2 as a function of 
temperature. Sketches on the right graph represent vibrations modes of silica

II.2.2.2 InSb

The dielectric function was calculated using a code developed in this work74. The effect of the p-
or n-doping level was taken into account, along with the temperature dependence. The gap 
wavelength of InSb decreases from 7.3 down to 5.3 µm when temperature decreases from room 
temperature down to 77 K. 

Figure II.3: Dielectric function of InSb at 77 K for two different doping levels
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The values presented in Figure II.3 were calculated at 77 K because it corresponds to the chosen 
working temperature of the InSb TPV cells (see Sec. VI.2.3.1). Because of the free carriers, 
influence of doping has a significant impact for  > 20 µm but will not affect much radiative heat 
transfer with emitters around 1000 K, where the wavelength of the maximum spectral flux is Wien 
~ 3 µm. In the same way, the phonon polariton at  ~ 55 µm has a large wavelength compared to 
Wien. 
 
II.2.2.3 Graphite 

Data come from measurements found in the literature75. This material is interesting for the 
relatively high imaginary part of its dielectric function at short wavelengths, especially at 𝜆 < 𝜆𝑔𝑎𝑝

𝐼𝑛𝑆𝑏 
where photocurrent generation occurs. 
 
II.2.2.4 LaB6 

Lanthanum hexaboride (LaB6) was studied for the same reasons as graphite but in this case, both 
the real and the imaginary part of the permittivity are high. The data used for the calculations were 
extracted from curves found in the literature76,77.  
 
II.2.2.5 Al 

Aluminum (Al) was chosen to test the possibility to use metals. The dielectric function was 
calculated using a Drude-Lorentz model78 with parameters taken from the literature79. The model 
that was used is described as follows: 

𝜀(𝜔) = 𝜀∞ −
𝜔𝑝

2

𝜔2 − 𝑖𝜔𝛤𝐷
+ ∑

𝑓𝑙𝜔𝑝
2

𝜔𝑙
2 − 𝜔2 + 𝑖𝜔𝛤𝑙

𝐿

𝑙=1

 . (II.4) 

∞ is the dielectric constant when frequency tends to infinity,  the angular frequency, p the 
plasma frequency, l the resonance frequency, D the damping frequency, fl and l the strength and 
damping frequency of the harmonic oscillator l. The following table lists the different parameters 
and their respective values79. 
 

Table II.1: Drude-Lorentz model parameters for aluminum 
Parameter Value(s) 

∞ 1 

 1.884 1011 to 1.884 1015 rad.s-1 

p 2.276 1016 rad.s-1 

D 7.141 1013 s-1 

l [0.246, 2.346, 2.747, 5.276]1015 rad.s-1 
fl 0.227, 0.05, 0.166, 0.03 

l [0.506, 0.474, 2.0525, 5.138]1015 s-1 
L 4 
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II.2.2.6 Doped silicon

The last selected material is doped silicon. It is commonly used and its optical properties can easily 
be tuned by changing the doping type and level. The dielectric function was calculated using a 
Drude model taking into account the contribution of electrons, indexed e, holes indexed h80:

𝜀(𝜔) = 𝜀𝑏𝑙 −

𝑁𝑒𝑒
2

𝜀0𝑚𝑒
∗⁄

𝜔2 − 𝑖 𝜔 𝜏𝑒⁄
+

𝑁ℎ𝑒2

𝜀0𝑚ℎ
∗⁄

𝜔2 − 𝑖 𝜔 𝜏ℎ⁄
 , (II.5)

where bl = 11.7 is the constant permittivity accounting for contributions by transitions across the 
bandgap and lattice vibrations. The two last terms are Drude models for transitions in the 
conduction band and valence band respectively. The parameters e and h are electron and hole 
scattering times, and 𝑚𝑒

∗ and 𝑚ℎ
∗ are their effective masses equal to 0.27m0 and 0.37m0 with m0

being the electron mass in vacuum. The constants e and 0 are the electron charge and the 
permittivity of vacuum. Ne and Nh are the electron and holes concentrations depending on the 
dopant concentration ND (donors) and NA (acceptors). Depending on the doping type, two equations 
can be used:

𝑁𝑒 =
1

2
[𝑁𝐷 − 𝑁𝐴 + √(𝑁𝐷 − 𝑁𝐴)2 + 4𝑛𝑖

2] , 𝑁ℎ =
𝑛𝑖

2

𝑁𝑒
 , (II.6)

𝑁ℎ =
1

2
[𝑁𝐴 − 𝑁𝐷 + √(𝑁𝐴 − 𝑁𝐷)2 + 4𝑛𝑖

2] , 𝑁𝑒 =
𝑛𝑖

2

𝑁ℎ
 . (II.7)

Eq. (II.6) corresponds to n-doped silicon (ND >> NA) and Eq. (II.7) corresponds to p-type silicon
(NA >> ND), with ni the intrinsic carrier concentration.

II.2.3 Calculations of the flux databases

The objective is to calculate a database of near-field radiative heat fluxes in plane-plane geometry 
for different emitter-receiver distances. The results will be used as input data in the estimation of 
the flux for evanescent waves in a sphere-plane configuration. A complete database needs to be 
calculated for each configuration of temperature and materials, so the computation time has to be 
reduced as much as possible. It is reasonable to consider a distance range from 1 nm to 100 µm, 
because at 300 K, Wien = 10 µm and the near field is not expected to be contributing at larger 
distances. A reference database calculation was made using 1200 points (20h computation time) 
with a logarithmic discretization. The results were used to estimate the flux for evanescent waves 
between a sphere and a planar substrate with the method described in section II.3.2 (see Eq. (II.8)). 

Figure II.4: Study of the computation time optimization for the plane-plane distance discretization
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Figure II.5: Spectral and net radiative heat flux for the SiO2-SiO2 planar configuration as a 
function of angular frequency and distance

Different distance discretizations were tested and compared to the reference. A difference of 0.1 % 
was found with a 100-point logarithmic distance discretization for a sphere with a 20 µm radius 
(Figure II.4) corresponding to the spheres used in the experiments. The calculation of a full 
database with 100 distances requires less than 2 hours of computation time. Calculations were made 
in a large spectral range from 1.88 1011 to 1.88 1015 rad.s-1, respectively 10000 and 1 µm. 
Integration of the spectral flux over this frequency range corresponds to more than 99.8 % of the 
total net flux radiated by a blackbody for a 77 to 1200 K temperature range. The results are 
presented in Figure II.5. The left plot shows the spectral radiative heat flux of both propagative and 
evanescent wave contributions according to angular frequency, for two different distances, 
compared with the flux exchanged between two blackbodies. At d = 100 µm the flux between the 
SiO2 plates is close to the one exchanged between the blackbodies but is lower at the phonon 
polaritons frequencies. This means that SiO2 is a good infrared emitter in the far field. At the lowest 
distance of d = 1 nm, the flux is enhanced by several orders of magnitudes with a larger increase 
at the resonances. The integration over the whole spectral range gives the total net radiative flux 
(in W.m-2) as a function of distance. 

Figure II.6: Contribution of the frustrated and surface modes in the evanescent component of the 
radiative heat flux.
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The right plot of Figure II.5 shows separately the propagative and evanescent wave contributions. 
It can be seen that qprop is independent on distance, while qevan increases as distance decreases and 
becomes higher than qprop for d ~ 1 µm. The evanescent wave contribution can be decoupled in two 
parts involving the frustrated modes and the surface modes. The frustrated mode contribution 
𝑞𝑒𝑣𝑎𝑛

𝑓𝑟𝑢𝑠𝑡𝑟𝑎𝑡𝑒𝑑 is calculated by integrating Eq. (II.2) on the 𝑘∥ from k0 to nk0, while the surface mode 
contribution 𝑞𝑒𝑣𝑎𝑛

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 results from the integration from nk0 to ∞.  It can be seen in Figure II.6 that 
the surface mode contribution becomes higher than the frustrated mode contribution for  
d < 500 nm. Also, 𝑞𝑒𝑣𝑎𝑛

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 keeps increasing when the distance decreases compared to 𝑞𝑒𝑣𝑎𝑛
𝑓𝑟𝑢𝑠𝑡𝑟𝑎𝑡𝑒𝑑 

which levels off. 
Because the frustrated modes are caused by total internal reflection, enhancing radiative heat 
transfer in the near field by several orders of magnitude requires the presence of surface modes 
caused by the coupling of thermal photons with the material resonances (surface phonon polariton 
for example). The transmission coefficient for TE-polarized waves at the interface between media 
1 and 2 is expressed as 𝑇𝑟 = |𝑟21

𝑇𝐸|2 and is represented in Figure II.6b as a function of  and 𝑘∥. 
The black and green dashed lines indicate 𝑘∥ = 𝑘0 and 𝑘∥ = 𝑛𝑘0 respectively. The zone on the left 
of the black curve corresponds to the purely propagative modes while the zone on the right of the 
green curve corresponds in some cases to the surface modes, the area in-between representing the 
frustrated modes. It can be seen that there is a spectral domain where 𝑘0 > 𝑛𝑘0, corresponding to 
n < 1. This means that, in this case, frustrated modes cannot exist and the flux for evanescent waves 
comes from the surface wave contribution only. The full calculated database can be visualized in 
Figure II.8 as a 2D map of the spectral radiative heat flux (in logarithmic scale for clarity) as a 
function of distance and angular frequency for 𝑞𝑝𝑟𝑜𝑝 and 𝑞𝑒𝑣𝑎𝑛. For sphere-plane calculations, only 
the evanescent component of the database will be used in the proximity flux approximation (PFA, 
detailed in II.3.2). The propagative component is not well estimated with PFA so another method 
will be used to estimate this contribution based on a Monte Carlo ray tracing method (see Sec. 
II.3.3). 

 
Figure II.7: TE-polarized wave transmission coefficient at the 12 interface as a function of 
angular frequency and 𝑘∥ 
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Figure II.8: Spectral radiative heat flux between a SiO2 planar emitter at 750 K and a SiO2 planar 
receiver at 300 K as a function of angular frequency and distance

Sphere-plane geometry

Calculations of the radiative heat transfer in the near field between a spherical emitter and a finite 
planar substrate is more complex than for the plane-plane geometry. A finite substrate implies to 
take into account the thickness and lateral size. The thickness of the substrate can create 
interference issues while the finite lateral size involves a view factor depending on sphere-plane 
distance. The problem is divided into two parts. First, the contribution of evanescent waves is 
estimated using the 𝑞𝑒𝑣𝑎𝑛 database previously calculated for the plane-plane geometry and the 
proximity flux approximation. Then, propagative waves are taken into account using a ray tracing 
Monte Carlo method. The sum of the two contributions gives the total exchanged radiative heat 
flux.

II.3.1 Difference between plane-plane and sphere-plane geometry

The plane-plane geometry provides a high exchanged radiative heat flux in the near field. This is 
due to the higher fraction of the emitter surface in the near field compared to a spherical emitter at 
the same distance. This difference is schematically represented in Figure II.9 where spherical and 
planar emitters are placed at the same distance d from a receiver. The distance range where the 
near-field effect occurs is represented by the colored area. As explained in the previous chapter, 
this distance range corresponds to d < Wien.

Figure II.9: Exchanged radiative power and near-field contribution differences between spherical 
and planar emitters

this distance range corresponds to 
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The fraction of the emitter surface that faces the receiver appears more important in the case of a 
planar emitter compared to the large and small spheres. The small sphere exchanges less power 
compared to the large one because of the smaller emitting surface, but the fraction of its surface at 
d < Wien is more important, meaning a larger near-field relative contribution. Each configuration 
has its advantages and drawbacks. The drawback of the planar emitter case is that it is 
experimentally challenging to create a small gap distance with the receiver, due to the need of a 
very accurate parallelism, and that small emitters might exchange very low power.

II.3.2 Proximity flux approximation

The principle of the proximity flux approximation (PFA), also called Derjaguin approximation81,
is that the spherical shape is approximated as the sum of small planar elements parallel to the planar 
substrate. The sphere-plane flux or conductance 𝐺s𝑝 can be calculated by integrating the local 
plane-plane flux 𝐺p𝑝 weighted by the local perimeter 2r over the half sphere as: 

𝐺s𝑝(𝑑, 𝑇) = ∫ 𝐺𝑝𝑝[𝑑̃(𝑟), 𝑇]2𝜋𝑟𝑑𝑟
𝑅𝑠𝑝ℎ𝑒𝑟𝑒

0

 , (II.8)

𝑑̃(𝑟) = 𝑑 + 𝑅𝑠𝑝ℎ𝑒𝑟𝑒 − √𝑅𝑠𝑝ℎ𝑒𝑟𝑒
2 − 𝑟2 . (II.9)

Here, 𝑑̃(𝑟) is the sphere-plane distance taken at the local sphere radius r, calculated knowing the 
sphere radius Rsphere and the minimum sphere-plane distance d (Figure II.10). For each local radius 
r, the approximation assumes that heat transfer occurs only between the small planar areas of the 
sphere and the closest areas on the substrate, with the assumption that the distance dependence of 
the flux is sharp (e.g. 1

𝑑𝑛
with n large). This is a reasonable assumption for evanescent waves, but

probably wrong for propagative waves that are emitted in all directions. As a consequence, it was 
necessary to study the two contributions separately.
In addition to the sphere-plane configuration, PFA can be used in order to estimate radiative heat 
transfer between a tip having a small radius of curvature and a planar substrate. For this 
configuration, the geometry of the tip consists in a spherical shape located at the apex of a conical 
part. In the work of Nguyen et al.82, PFA calculations were performed considering a tip having a 
radius of curvature of 50 nm and were compared with numerical calculations using the boundary 
element method. In this case PFA was found to overestimate the radiative heat flux by a factor 2, 
meaning that PFA might not be accurate for describing near-field radiative heat transfer for sharp 
objects.
Exactness of PFA calculations depends on the sphere radius and the gap distance with the planar 
substrate. Otey et al.83 performed numerically exact calculations of radiative heat transfer, between 
a dielectric sphere and a plate. They compared their results with different approximations, 
including PFA.

Figure II.10: Schematic of the proximity flux approximation
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Figure II.11: Diagram of the relative accuracy of PFA to the sphere-plane radiative heat flux. 
Figures taken from Otey et al.83. 
 
They concluded that PFA was of practical use when Rsphere>>d, and if the propagative wave 
contribution was treated separately. Figure II.11 shows the relative accuracy of PFA compared to 
exact calculations. If the propagative wave contribution is calculated separately, PFA provides a 
good approximation of the radiative heat flux for spheres with Rspheres > 10 µm. In our experiments, 
spheres with radii of the order of 20 µm are used. Therefore, we chose PFA as the best choice for 
calculating near-field radiative heat transfer, keeping in mind that this method is an approximation 
providing results not perfectly equal to exact calculations. 
Calculations presented in Figure II.12a,b were made between SiO2 spheres at 750 K and a SiO2 
semi-infinite planar substrate at 300 K. For the spheres, the evanescent contribution of the radiative 
flux is obtained as 𝑄𝑠𝑝

𝑒𝑣𝑎𝑛 = 𝐺𝑠𝑝
𝑒𝑣𝑎𝑛Δ𝑇 with Δ𝑇 =  𝑇𝑠𝑝ℎ𝑒𝑟𝑒  −  𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒. To compare the results 

with the plane-plane configuration, the flux density was obtained by dividing the evanescent wave 
contribution of the sphere-plane radiative heat flux by the projected sphere surface on the substrate: 

𝑞𝑠𝑝
𝑒𝑣𝑎𝑛 =

𝐺𝑠𝑝
𝑒𝑣𝑎𝑛∆𝑇

𝜋𝑅𝑠𝑝ℎ𝑒𝑟𝑒
2  . (II.10) 

Different sphere radii were studied from 50 nm to 50 µm. It can be seen on Figure II.12b that the 
larger the sphere diameter the larger the exchanged power because of the larger area. Because the 
proportion of the sphere in the near-field zone is larger for small spheres (Figure II.9), the power 
enhancement factor between the closest and largest distance is larger for the small spheres. In terms 
of power per surface unit (Figure II.12c), the trend is inverted with a large flux for small spheres. 
As the radius decreases, the evolution as a function of distance gets closer to the planar emitter.  
For the experiments, the size chosen is Rsphere = 20 µm. This radius is a compromise between near-
field radiative enhancement factor (see section II.4.3) and mechanical limitation of SThM probes 
where the sphere is attached. These probes do not allow the use of too large, therefore heavy, 
spheres because it could bend and damage the cantilever. The drawback of using a large sphere is 
that it implies a smaller expected near-field enhancement compared to a smaller sphere or a planar 
emitter by several orders of magnitude. 
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Figure II.12: Sphere-plane near-field radiative heat transfer calculations
(a) PFA calculations as a function of sphere radius. (b) Evanescent wave contribution of the 
radiative heat flux for different sphere radii compared to a planar emitter

II.3.3 Contribution of the propagative waves

The far-field radiative heat flux was estimated based on two different approaches. Let us note that 
we did not compute the emission exactly but in the large-sphere approximation, where interference 
effects are neglected84. First, the macroscopic theory of view factors was used by assuming diffuse 
isotropic surfaces. The substrate geometry here is a finite disc which represents the illuminated 
area of the TPV cell used in the experiments. The analytic expression of the sphere-disc view factor,
depending on the cell and sphere radii Rdisc and Rsphere, and on the sphere-disc distance d, reads as 
follows85:

𝐹𝑠→𝑑(𝑑) =
1

2

(

 
 
 

1 −
1

√1 + (
𝑅𝑑𝑖𝑠𝑐

𝑑 + 𝑅𝑠𝑝ℎ𝑒𝑟𝑒
)
2

)

 
 
 

(II.11)

Due to the flatness of the surfaces, it could be argued that the surfaces are specular and not diffuse. 
A second method was implemented, using a Monte Carlo ray tracing numerical approach. The 
properties of the emitting sphere and the materials of the substrate were considered, such as 
emissivity and reflectivity, as a function of  and emission angle. In this method, np = 106 rays are 
generated with random starting points on the surface of the sphere. Emission angles are generated 
corresponding to a uniform hemispherical emission, with  and  the angles in spherical 
coordinates (Figure II.13d).  is randomly generated between 0 and  following the expression
𝜃 = 2sin−1 √𝑢, u being taken from a uniformly distributed set of random numbers in the interval 
0 to 1.  is taken from a uniformly distributed set of random numbers in the interval 0 to 2. A
fraction of the total power emitted by the sphere is attributed to each ray depending on the spectral 
distribution of radiative heat flux at the emitter temperature. The spectrum is decomposed into 100 
frequencies intervals with more rays attributed to frequencies near the maximum emissivity of the
blackbody (Figure II.13a).
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Figure II.13: Monte Carlo calculations
(a) Histogram of the number of emitted ray as a function of their attributed frequency interval. (b) 
Number of remaining rays as a function of the number of consecutive reflections. (c) 3D plot of a 
Monte Carlo ray tracing calculations between a 40 µm diameter SiO2 sphere at 750 K at d = 5 µm 
from a 160 µm diameter SiO2 disc at 300 K. (d) Schematic of the consecutive reflections

For each frequency interval  the emitted power 𝑃𝑖(𝛥𝜔) carried by a ray i is calculated as 
follows:

𝑃𝑖(𝛥𝜔) =
𝑆. 𝜖𝑆𝑖𝑂2

𝑏𝑢𝑙𝑘(𝜔, 𝜃). 𝑠𝑡(𝜔, 𝜃)

𝑛𝛥𝜔
∫ 𝑞𝐵𝐵(𝜔, 𝑇)𝑑𝜔

𝜔+𝛥𝜔

𝜔

 , (II.12)

where S is the area of the whole sphere, 𝜖𝑆𝑖𝑂2

𝑏𝑢𝑙𝑘 is the emissivity of the bulk material (SiO2 in this 
example) at frequency  and the emission angle  𝑛∆𝜔 is the number of rays in the frequency 
interval , and 𝑞𝐵𝐵(𝜔, 𝑇) is the spectral hemispherical radiative heat flux of the blackbody at a 
temperature T. st is the semi-transparency coefficient. It is introduced here because of the small 
diameter of the sphere: the emittance of finite materials may be different from that of bulk 
materials, because of transparency effects. In a medium, the intensity of electromagnetic waves is
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exponentially attenuated following a ∝ 𝑒−𝜅𝜔𝑥 law,  𝜅𝜔 and x being respectively the extinction 
index and the distance travelled by the wave in the medium. A semi-transparent medium is 
described as an environment where the amplitude of an electromagnetic wave does not tend to 0 
after travelling through the entire medium. Radiative heat fluxes are modified by volumetric 
absorption and reinforcement phenomena that must be taken into account to estimate the correct 
emittance. Details on calculation of st are provided in appendix 3.  
Once the rays are emitted (from point 𝑛𝑝 in Figure II.13d), calculations are made to check if, when 
coming from the sphere, they are crossing the surface of the disc (point 𝑅𝑒1

𝐷). If so, the trajectory 
is extended by considering the angle of incidence, and the power lost by the ray (absorbed by the 
substrate) is calculated using the reflectivity value. If not, the ray is no longer considered in the 
system.  

 
Figure II.14: Radiative heat flux density received by the disc and comparison with analytical view 
factor. (a) Local radiative power density deposited by a 40 µm SiO2 sphere at 750 K on a flat SiO2 
semi-infinite disc having a diameter of 160 µm at 300 K, for a distance equal to 5 µm. (b) Radiative 
power density as a function of disc radius. (c) Evolution of the radiative power calculated using 
the view factor as a function of distance, compared with the Monte Carlo simulations. The inset 
shows the view factor as a function of distance 
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Then it is calculated if the extended trajectory of the reflected ray crosses the surface of the sphere 
(point 𝑅𝑒1

𝑆). Using the same principle as before, the power loss and the reflected trajectory are 
calculated. In this method, up to 6 consecutive reflections are considered for the same ray, because 
it was estimated that the number of rays experiencing more reflections was negligible. In Figure 
II.13b, the initial number of rays np is plotted along with the number of rays that are first reflected 
on the disc 𝑅𝑒1

𝐷, then on the sphere 𝑅𝑒1
𝑆 and so on until a third reflection on the sphere 𝑅𝑒3

𝑆 takes 
place (see the schematic on Figure II.13d). It can be seen that less than 0.1% of the initial rays are 
remaining after the 6th reflection. A graphical representation of the results of the Monte Carlo 
method, with only 105 initial rays for clarity, is shown in Figure II.13c. The 3D plot represents a 
SiO2 spherical emitter at 750 K with a diameter of 40 µm, separated by d = 5 µm from a 160 µm 
in diameter SiO2 optically thick disc at 300 K. It can be seen that the flux density received by the 
disc is higher close to the center. The total flux absorbed by the disc, which may be representative 
of a TPV cell, is provided by a map of the flux density (Figure II.14a) and a flux density profile 
integrated as a function of cell radius (Figure II.14b). It is observed in the figures that the power 
density decays by 50% for a radius of 20 µm. For the TPV experiments, it is then not necessary to 
use cells with a too large radius as most of the surface would not be much illuminated by the 
propagative waves coming from the sphere. 
The evolution of the radiative heat flux 𝑄𝑀𝐶(𝑑) absorbed by the cell could also be calculated as a 
function of distance (Figure II.14c). It can be seen that for distances smaller than ~ 3 µm, variations 
of the flux are relatively small (< 4 %) so most of the measured enhanced radiative conductance is 
coming from the contribution of the evanescent waves in the near field. The Monte Carlo 
simulations of the specular bodies considering 106 rays were compared with the analytical 
expression of the diffuse-emission view factor (Eq. (II.11)). For the comparison, the analytical view 
factor is calculated as a function of sphere-disc distance (inset Figure II.14c). It is then fitted to the 
Monte Carlo radiative heat flux calculations at d = 5 µm using the following equation:  

𝑄𝑉𝐹(𝑑) =
𝐹𝑠→𝑑(𝑑)

𝐹𝑠→𝑑(5µm)
𝑄𝑀𝐶(5µm) . (II.13) 

𝑄𝑉𝐹(𝑑) is the radiative heat flux as a function of distance considering the view factor evolution, 
𝐹𝑠→𝑑(𝑑) is the analytical view factor as a function of distance,  𝐹𝑠→𝑑(5 µm) is the analytical view 
factor at d = 5 µm, and 𝑄𝑀𝐶(5 µm) is the radiative heat flux calculated with Monte Carlo at  
d = 5 µm. The very good agreement for all distances between Monte Carlo calculations and 𝑄𝑉𝐹(𝑑) 
shows that the specularity of the surface is therefore not key to the computation of the exchanged 
radiative heat flux. Taking into consideration this result and because the Monte Carlo simulations 
need a significant computational time, the propagating mode contribution of the radiative heat flux 
is calculated for a single distance (d = 5 µm) using the Monte-Carlo method. The flux as a function 
of distance is deduced from both 𝑄𝑀𝐶(5 µm) and the analytical view factor using equation (II.13).  
 

In the case of calculations with an InSb TPV cell as the material of the disc, the reflectance of the 
multilayered structure (see Figure VI.3) was first calculated by electromagnetic means. The 
transmission function of the propagative waves is calculated as a function of 𝑘∥ (traduced in polar 
angles) at the top interface of either the cell or a blackbody. The ratio between the transmission 
function for the cell and that for the blackbody gives the absorptance of the cell. The reflectivity is 
then 1 – absorptance and is included in the Monte Carlo approach for the estimation of the 
propagative wave contribution to radiative heat transfer (Figure II.15). It can be seen in the figure 
that the reflectance has a behavior close to periodic for  < 5.1014 rad.s-1 due to interferences inside 
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the multilayer. This explains the larger impact of the substrate thickness on the reflectance than 
that of the doping level. Details on TPV cell structure are provided in Sec VI.2.

Figure II.15: Reflectance of InSb TPV cells for different p-doping levels and substrate thicknesses

Parametric study of the materials

The selection of the emitter material is an important step in order to determine which material
would be the most efficient to be coupled with a TPV cell in the near field. In addition, it is 
interesting to determine the expected behavior for different symmetrical and asymmetrical 
emitter/substrate combinations in order to compare with the experimental results. Temperature 
dependence of radiative heat transfer in the far field and the near field are also investigated as 
different behaviors are expected.

II.4.1 Emitter for near-field thermophotovoltaic electrical power enhancement

The objective is to find an emitter material to be coupled with an InSb TPV cell at 77 K, providing
the highest radiative heat transfer at  < 𝜆𝑔𝑎𝑝

𝐼𝑛𝑆𝑏,77𝐾 corresponding to wavelengths useful for 
photocurrent generation. It is reminded that 𝜆𝑔𝑎𝑝

𝐼𝑛𝑆𝑏,77𝐾 = 5.3 µm. The optical properties of the 
studied materials have been reported in section II.2.2. Here, calculations are for planar emitters at 
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732 K coupled with InSb at 77 K. In Figure II.16a the spectral flux is represented as a function of 
wavelength. Below the gap wavelength of InSb, graphite appears to be the best material, followed 
by doped silicon and LaB6. The worst materials are SiO2 and aluminum, with spectral fluxes lower 
by one order of magnitude. It is interesting to note that at the resonance wavelength of InSb  
(~ 55 µm), doped silicon is better than graphite. To find the best material for photocurrent 
generation, the radiative flux integrated over all the wavelengths is compared with the flux 
integrated over  
𝜆 < 𝜆𝑔𝑎𝑝

𝐼𝑛𝑆𝑏,77𝐾 only (Figure II.16b). Considering the total flux for all the wavelengths, doped silicon 
provides the best near-field enhancement of radiative heat transfer. But for  < 𝜆𝑔𝑎𝑝

𝐼𝑛𝑆𝑏,77𝐾 at the 
lowest distance, graphite is significantly better than doped silicon. At d > 60 nm, doped silicon is 
slightly better than graphite but tends to level off at the lowest distances. As a result, graphite was 
chosen with the initial aim of studying the sub-100 nm regime for thermophotovoltaic conversion. 
The study of the experimental setup (see section III.4.2) concludes that the minimum achievable 
distance is around 100 nm. Knowing this limitation, doped silicon could provide equivalent or even 
better performances than graphite as the emitter material. However, the radiative heat flux 
exchanged at wavelength lower than 𝜆𝑔𝑎𝑝

𝐼𝑛𝑆𝑏,77𝐾 is larger with a silicon emitter than a graphite one 
and could induce heating of the cell leading to lower performances. Ideally, a better emitter material 
would be supporting surface phonon polaritons at wavelengths close to 𝜆𝑔𝑎𝑝

𝐼𝑛𝑆𝑏,77𝐾, in order to 
enhance the radiative heat transfer and the electrical power generation in the near field, by several 
orders of magnitude. We looked for such material but could not find one suitable for the timeframe 
of this work. 

 
Figure II.16: Selection of the best emitter material for near-field thermophotovoltaic experiments 
(a) Plane-plane spectral radiative heat flux calculations between different materials at 732 K and 
InSb at 77 K. (b) Radiative heat flux as a function of distance for the selected materials, integrated 
over all wavelengths (top) and over  < gap(InSb, 77K) (bottom) 
 
II.4.2 Calculations for different pairs of materials 

The experimental setup allows measurements of near-field radiative conductance with either a SiO2 
or a graphite emitter. The studied substrate materials are graphite, SiO2 and non-intentionally doped 
InSb. The non-intentionally doped InSb substrate has a residual 1015 cm-3 n-type doping 
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concentration. This choice was made so the analysis of symmetrical (the emitter and the receiver 
are the same material) and asymmetrical configurations was possible. The temperature dependence 
of the dielectric function was considered for SiO2 only, the other materials were described with 
data taken at room temperature.

II.4.2.1 SiO2 emitter

Calculations of the plane-plane evanescent component of radiative thermal conductance are 
compared with sphere-plane calculations considering a 40 µm in diameter SiO2 sphere with an 
equivalent exchange surface (Eq. (II.10)). Figure II.17 shows the results for the different substrate 
materials at 300 K, as a function of the emitter temperature from 300 K to 1200 K. As expected, 
the largest values are obtained for the symmetrical SiO2-SiO2 configuration with a planar emitter. 
There are some differences between the results for the planar and the spherical emitters. First the 
conductance values are lower with a spherical emitter because of the reasons depicted in Figure 
II.9. In addition, the spherical shape of the emitter induces a shift in the evolution of the 
conductance as a function of distance. The rise of conductance at the lowest distances due to the 
contribution of the surface waves starts at smaller distances for the spherical emitter. It is clearly 
seen in the case of the graphite substrate: the conductance increases sharply for d < 100 nm with 
the planar emitter, and for d < 10 nm with the spherical emitter. This effect is even more noticeable 
with the InSb substrate where the contribution of surface waves is barely seen with the spherical 
emitter. As expected, the conductance enhancement as a function of distance for the plane-plane 
configuration tends to a 1/𝑑2 evolution, which is different from that of a sphere-plane 
configuration where the evolution tends to a 1/𝑑 law40.
Evolution of the conductance as a function of emitter temperature is shown at different distances 
in Figure II.18.

Figure II.17: Evanescent wave contribution to radiative thermal conductance between SiO2 planar 
and spherical emitters at different temperatures and planar substrates made of different materials 
at 300 K

Figure 
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Figure II.18: Evolution of the evanescent wave contribution to radiative conductance as a function 
of emitter temperature for different distances between a SiO2 planar and spherical emitters and a 
planar substrate at 300K made of SiO2, graphite or InSb 

Here the conductance was normalized by that calculated at 300 K to observe the different 
behaviors. It is observed that the conductance increases at different rates, depending on materials 
and distance.  The greater increase was found with a planar SiO2 emitter and a graphite substrate 
at a 300 nm distance. In each configuration, the maximum conductance enhancement is lower with 
a spherical emitter and is reached for a distance approximately 3 times smaller. Temperature 
dependence of the near-field radiative conductance can be studied as a function of the distance by 
plotting the exponent of the power law of the radiative conductance determined using the Stefan-
Boltzmann law. The radiative conductance 𝐺𝐵𝐵 between two blackbodies is expressed as

𝐺𝐵𝐵 = 𝜎
𝑇4 − 𝑇0

4

𝑇 − 𝑇0
 . (II.14)

Here 𝑇 and 𝑇0 are respectively the hot and cold body temperature and 𝜎 the Stefan-Boltzmann 
constant. In this case the exponent of the temperature power law described in the Eq. (II.14) is 
equal to 4.
The radiative conductance between two blackbodies is shown in Figure II.19 as a function of the 
hot body temperature from 300 to 1200 K. The radiative heat flux between two blackbodies is 
calculated using Planck’s law and does not depend on distance between the two bodies. Therefore, 
the exponent of the power law remains equal to 4 independently from the distance. For real 
materials, the emission spectrum is modified in the near field at specific frequencies depending on 
the optical properties of the materials.
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Figure II.19: Radiative conductance between two planar blackbodies as a function of emitter 
temperature with a receiver at 300 K.

It is shown in Figure II.20 representing the radiative heat flux between a planar body made of SiO2
at 1200 K and planar bodies at 300 K made either of graphite, InSb or SiO2. The figure shows the 
spectra calculated at distances of 100 µm, 1 µm, 100 nm and 10 nm compared to the radiative flux 
exchanged between two blackbodies. The radiative flux is mainly enhanced at low frequencies but 
with peaks appearing at the resonance frequencies of the surface polaritons of SiO2 and InSb. It is 
reminded that graphite does not support any surface polariton. Because of the differences in 
spectral distribution of the radiative heat flux as a function of distance and materials, differences 
in terms of radiative conductance power law may be expected. In order to verify this hypothesis, 
the radiative conductance as a function of temperature in the 300 to 1200 K range is fitted at each 
distance by using the expression

𝐺𝑓𝑖𝑡 = 𝐶𝜎
𝑇𝑛 − 𝑇0

𝑛

𝑇 − 𝑇0
 , (II.15)

with two fitting parameters being C the pre-factor and n the exponent. This expression is derived 
from the conductance calculated between two blackbodies (Eq. (II.14)).

Figure II.20: Radiative heat flux as a function of angular frequency between planar SiO2 bodies at 
1200 K and planar bodies made of either graphite, InSb or SiO2 at 300 K
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The pre-factor is representative of the emissivity properties of the materials, in the far field as well 
as in the near field and depends on the dielectric functions. It is linked of the radiative conductance
enhancement as distance decreases already observed in Figure II.17. The radiative conductance as 
a function of temperature for the plane-plane configuration between two quasi-blackbody materials 
having a dielectric function 𝜀 = 1 + 0.01i is shown in Figure II.21a for several distances. The 
squares represent the complete calculation while the lines are the fit made using Eq. (II.15). The 
total radiative heat flux is represented in blue while the contribution of evanescent waves in shown 
in red. The evolution of the radiative conductance is well fitted as a function of distance and 
temperature using the temperature power law for both contributions. The fit of the radiative 
conductance at all distances allows to determine the exponent of the temperature power law as a 
function of distance, represented in Figure II.21b. As expected for this configuration the exponent 
in the far field reaches 𝑛𝐹𝐹 = 4 and tends to 2 in the near field at the smallest distance because of 
the contribution of evanescent waves. The transition between the far field and the near field 
depends on the imaginary part of the dielectric function. This fitting method can be used on 
calculated data but is also applied to near-field radiative heat transfer measurements presented in 
Chapter IV. In the following, the exponent of the temperature power law is determined for each 
pair of materials, considering a plane-plane or sphere-plane configuration.

Figure II.21: Method for determining the exponent of the temperature power law. 
(a) Radiative conductance for different distances as a function of emitter temperature between two
semi-infinite planar materials having a dielectric function  = 1 + 0.01i considering an emitter 
temperature ranging from 300 to 1200 K. The squares are full calculations of the total radiative 
heat flux and the evanescent wave contribution only, while the lines result from the fitting with the 
temperature power law. (b) Exponent of the temperature power law as a function of distance

pair of materials, considering a plane plane configuration.
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The exponent obtained as a function of distance is shown in Figure II.22 for the studied pairs of
materials. Four configurations are studied: evanescent contribution and total radiative conductance 
for the plane-plane and the sphere-plane configuration. Above a distance of 10 µm, the exponent 
determined considering the total radiative conductance levels off to a value 𝑛𝐹𝐹 corresponding to 
the far-field regime. The values of 𝑛𝐹𝐹 exceed the value of 4 representative of the blackbody 
because of the shape of the spectra of the radiative heat flux for these materials in the far field 
(curve at d = 100 µm in Figure II.20). These spectra are lower in amplitude than that between two 
blackbodies with larger differences at low frequencies meaning a lower emissivity, well seen for 
the SiO2-graphite configuration. When temperature increases, the frequency of the maximum 
radiative heat flux 𝜔𝑊𝑖𝑒𝑛 is shifted towards high frequencies (from 1.1.1014 at 300 K to 4.4.1014 at 
1200 K), where the shape of the spectra for the real materials are close to that of the blackbodies. 
Therefore, the radiative heat flux in the far field for these materials is enhanced at a faster apparent 
rate than that between two blackbodies, because of the increasing emissivity of the material at high 
frequencies. The highest impact is found for the SiO2-graphite configuration with a far-field 
exponent 𝑛𝐹𝐹= 4.30. When the distance decreases, the modification of the emission spectrum 
induced by the increasing contribution of the evanescent waves to radiative heat transfer has a 
significant influence on the exponent. Below ~ 10 nm radiative heat transfer occurs mainly through 
the contribution of the evanescent waves for the plane-plane configuration. Therefore, the exponent 
of the temperature power law considering the total radiative conductance or only the evanescent 
contribution tends to the same value for the plane-plane configuration but not necessarily for the 
sphere-plane configuration. For the sphere-plane configuration, the contribution of propagative 
waves is calculated with the Monte Carlo method because it is reminded that the proximity 
approximation is expected to be invalid for considering the propagative wave contribution (see 
Sec. II.3.2). For the evanescent contribution it is observed that the maximum exponent is shifted at 
lower distances compared to the plane-plane configuration. Power laws have a similar exponent 
for both configurations at the lowest and largest distances, except for the SiO2-InSb case at low 
distance. For the evanescent wave contribution, it appears that the exponent varies from 𝑛 = 1.04
to 𝑛 = 3.10 depending on distance, materials and geometry. These large variations are interesting 
because they are different from that of the propagative contribution. They also provide another way 
of comparison with the experimental measurements. 

Figure II.22: Exponent of the temperature power law of the radiative conductance as a function of 
distance between a planar or spherical emitter made of SiO2 and planar substrates at 300 K made 
either of graphite, InSb or SiO2. The temperature dependence of the dielectric function is 
considered for SiO2 only, data are taken at 300 K for the other materials.
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In order to further understand the behavior as a function of distance of the exponent of the 
temperature power law, contribution of frustrated and surface modes are plotted separately for the 
plane-plane configuration (Figure II.23). This configuration was selected over the sphere-plane one 
because calculations give more reliable results than those from PFA. The proportion of the 
frustrated mode contribution is also represented as a function of distance. At large distances, 
evanescent wave contribution to radiative heat transfer is mainly due to frustrated modes. 
Therefore, the temperature power law of the total evanescent wave contribution to radiative power 
is that of the frustrated modes. When distance decreases, frustrated mode contribution to total 
evanescent wave contribution of radiative heat transfer becomes smaller, due to increasing surface 
mode contribution. At low distances, surface modes dominate the evanescent wave contribution to 
radiative heat transfer. As a consequence, the temperature power law of the total evanescent wave 
contribution to radiative power is that of the surface modes.

Figure II.23: Temperature power law exponent of the evanescent wave contribution to the
exchanged radiative heat flux as a function of distance between a SiO2 planar emitter from 400 K 
to 1200 K, and a planar substrate made of SiO2, graphite or InSb at 300 K

II.4.2.2 Graphite emitter

The same kind of calculations is performed for a graphite emitter. The substrate materials, 
temperature and the sphere diameter are the same as before. In Figure II.24, it is observed that the 
highest evanescent thermal conductance values are obtained with the symmetrical graphite-
graphite configuration. The graphite-InSb configuration presents a similar behavior to that with the 
SiO2 emitter, with a conductance that levels off at low distances. However, conductance values are 
3 times larger with a graphite emitter compared to those with a SiO2 one. This is expected because 
graphite was estimated to be a better emitter to paired with an InSb substrate, in order to increase 
radiative heat transfer in the near field (Figure II.16). The graphite-SiO2 configuration is interesting 
because it is the inverse of the SiO2-graphite case studied in the previous section. For these two 
cases, the calculations give quasi-identical results.
Figure II.25 shows the normalized radiative conductance (evanescent wave contribution) as a 
function of emitter temperature, for different distances. The greater increase of the radiative 
conductance with an emitter temperature varying from 300 to 1200 K, of a factor of 13, was found 
with a planar graphite emitter paired with a planar InSb substrate at d = 100 nm. For the graphite-
graphite configuration, the largest enhancement was found at the lowest distance. This 
configuration is noteworthy because the conductance enhancement rate as a function of 
temperature is always increasing as distance decreases for the sphere-plane configuration.
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Figure II.24: Evanescent wave contribution of radiative thermal conductance between graphite 
planar and spherical emitters at different temperatures and planar substrates made of different 
materials at 300 K 

The spectral distribution of radiative heat transfer between a planar graphite emitter at 1200 K and 
planar substrates made of the different studied materials at 300 K is provided in Figure II.26.

Figure II.25: Evolution of the evanescent wave contribution to radiative conductance as a function 
of emitter temperature, for different distances between a graphite spherical or planar emitter and 
a planar substrate at 300K made of SiO2, graphite or InSb
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Figure II.26: Radiative heat flux as a function of angular frequency between planar graphite bodies 
at 1200 K and planar bodies made of either graphite, InSb or SiO2 at 300 K

For the graphite-graphite configuration, the absence of peak appearing at small distances in the 
consequence of the lack of surface polariton for graphite. However, radiative heat transfer is 
observed to be enhanced by almost the same factor not depending on the angular frequency. For 
the graphite-InSb configuration, radiative heat transfer in the near field is greatly enhanced at low 
frequencies especially at the resonance frequency of the surface polariton supported by InSb. In 
addition, the enhancement is still significant at high frequencies. The configuration with a SiO2
substrate shows a large increase of radiative heat transfer at the resonance frequencies of the SiO2
surface polaritons, but a small enhancement at high frequencies. The observations for these three 
configurations may indicate that the exponent of the temperature power law for the evanescent 
wave contribution is expected to be the highest for the configurations with a graphite substrate due 
to the largest enhancement of radiative heat transfer at high frequencies.
Similarly to the calculations performed with a SiO2 emitter, the exponent of the temperature power 
law of the radiative conductance is calculated as a function of distance and presented in Figure 
II.27.At a distance of 1 nm and as expected, the graphite-graphite configuration exhibit the largest 
exponent equal to 3.37, followed by the configuration with an InSb substrate with 𝑛 = 2.43 and 
then 𝑛 = 2.25 for the graphite-SiO2 configuration. The emissivity properties of the materials lead 
to far-field exponents of the radiative conductance temperature power law ranging from 4.18 for 
the graphite-InSb configuration up to 4.32 for the graphite-graphite one.
For the graphite-InSb configuration, the impact of the surface mode contribution on the exponent 
of the temperature power law is very large near a distance of 100 nm. The increase of the exponent 
for the surface mode contribution may be observed by comparing the radiative heat flux spectra 
(Figure II.26) for distances of 1 µm and 100 nm. It is seen that the radiative heat transfer 
enhancement calculated between these two distances occurs at a faster rate as the frequency 
increases.
For the graphite-SiO2 configuration, the behavior of the exponent as a function of distance for the 
total evanescent wave contribution is the same as that for the inverse SiO2-graphite configuration. 
However, contributions of frustrated and surface modes are different between the two 
configurations. Surface modes start to contribute significantly (> 10 %) to evanescent waves below 
10 µm for the SiO2-graphite configuration, compared to 400 nm for the graphite-SiO2
configuration.
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Figure II.27: Temperature power law exponent of the exchanged radiative heat flux as a function 
of distance between a graphite planar or spherical emitter, from 400 K to 1200 K, and a planar 
substrate made of SiO2, graphite or InSb at 300 K. Dielectric functions data are taken at 300 K for 
all materials.

For a better visualization of the differences between the two configurations, previously calculated 
data are reported in Figure II.28. The total conductance difference between the two configurations 
is below 4 %. Differences are attributed to dielectric function data used in the calculations. For 
SiO2, the dielectric function depends on temperature, as seen in Figure II.2. Therefore, for the SiO2-
graphite configuration, optical properties of SiO2 are not constant as a function of temperature, and 
differs from the graphite-SiO2 configuration where SiO2 stays at 300 K. The difference of optical 
properties for SiO2, whether it is used as the room temperature substrate or the hot emitter, results 
in differences of radiative heat transfer. This phenomenon is called thermal rectification, where 
thermal transport along an axis depends on the sign of the temperature gradient86. The largest 
differences in near-field thermal radiative conductance are found with the emitter at 800 K. At
300 K, optical properties of SiO2 are the same for both configurations, resulting in an identical 
radiative conductance. It is also worth noticing that the far-field law exponents are equal to 4.30 
for both configurations. Experimentally, thermal rectification measurements55,87 seem very 
challenging, because of the near-field radiative conductance difference of a few percent only 
between the two configurations.
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In the next section, a focus is made on the optimal geometrical configuration for near-field 
thermophotovoltaic experiments. Previously, graphite was determined to be the most appropriate 
material to be paired with a TPV cell in the near field. Now, geometrical considerations have to be 
investigated in order to maximize near-field radiative heat transfer with an InSb cell.

Figure II.28: Comparison between the SiO2-graphite and the graphite-SiO2 plane-plane
configurations. (a) Total radiative thermal conductance as a function of distance for different 
temperatures considering the graphite-SiO2 (lines) and SiO2-graphite (dots) configurations. (b) 
Exponent of the temperature power law as a function of distance.

II.4.3 Optimal geometrical configuration for near-field thermophotovoltaics

One of the objectives of this work is to demonstrate a factor 2 enhancement of the TPV generated 
electrical power in the near field compared to a far-field illumination. This can be achieved by 
determining the best sphere and TPV cell sizes. First the contribution of the propagative waves was 
calculated using the Monte Carlo method (see Sec. II.3.3). Then the evanescent contribution was 
obtained using PFA. The cell radius is taken into account in PFA by integrating only for radii 
r < Rcell (Figure II.10). The sum of the two contributions gives the total exchanged radiative heat 
flux. The objective is reached when the total exchanged radiative heat flux for  𝜆 < 𝜆𝑔𝑎𝑝

𝐼𝑛𝑆𝑏,77𝐾 is 
more than two times that of the contribution of propagative waves only. To match with the 
experimental conditions, the emitter is a graphite sphere at 732 K while the InSb cell is at 77 K. 
The enhancement factor (EF) was calculated at d = 10 nm because it seemed initially to be a
reachable distance with the experimental setup. A map of the enhancement factor is shown in 
Figure II.29a as a function of sphere and cell radii. The maximum cell radius corresponds to the 
largest active area of the fabricated cells. The dotted line represents the EF = 2 level. The map 
shows that the highest EF are obtained with small cells and large spheres. In this case (Figure 
II.29b, top), a large fraction of the propagative waves does not reach the cell due to the view factor.
The evanescent contribution is large because of the large radius of curvature of the sphere that 
locally tends to a flat surface above the cell. If the cell radius is too large (Figure II.29b, bottom) 
the evanescent contribution of radiative heat flux is almost the same but the propagative 
contribution is much higher, thus reducing the enhancement factor. On the enhancement factor 
map, there is an area where Rsphere < 3 µm in which EF > 2 even for large cells. In that case, the 
sphere is smaller than Wien so all its surface contributes to the near-field radiative heat transfer, as 
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explained previously in Figure II.9. Nevertheless, for small sphere radii (Rsphere < Wien), validity of 
the calculation method of the propagative wave contribution to radiative heat transfer is
questionable, because of sub-wavelength emissivity issues84. Experimentally, it is easier to use 
relatively large spheres for power detectability. The smallest cell radius available was 10 µm so it 
was decided to use graphite spheres with Rsphere ≥ 17 µm, corresponding to the EF = 2 limit. This 
limit is a purely radiative parameter. Electrical properties of the TPV cell depend on illumination 
level and have a high impact on the enhancement factor. A cell under low illumination conditions 
presents high dark current for a low photogenerated current (see chapter VI for more details). In 
the end, a high illumination of the cell is expected to maximize the enhancement factor for both 
the radiative and electrical sides.

Figure II.29: Optimal geometrical configuration for near-field thermophotovoltaics
(a) Enhancement factor as a function of the sphere and cell radii. (b) Evanescent and propagative 
wave contribution to the exchanged radiative heat flux as a function of distance for two different 
geometries

Conclusions

Theoretical study of radiative heat transfer is an essential step for designing the setup and compare 
the experimental results with that expected by calculations. This work has led to the development 
of numerical tools for the calculation of radiative heat transfer in the far field as well as in near-
field conditions. Based on the optical properties of the emitting and receiving materials, the 
exchanged power between two objects has been calculated as a function of distance, temperature 
and geometry. The propagative and evanescent wave contributions have been treated separately 
using respectively a Monte Carlo ray tracing method and the proximity flux approximation. One 
of the objectives of this study was the selection of the best emitter material to be paired with an 
InSb TPV cell in order to increase as much as possible the generated electrical power by the cell in 
the near field. The real geometry of the system has been considered, with a spherical emitter and a 
cell in the shape of a disc. Calculations have shown best results with a graphite emitter. Then the 
sizes of the graphite emitter and the cell have been optimized in order to obtain an EF > 2 
enhancement factor of the exchanged power useful for photoconversion.
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The calculation tools have also been used to calculate the near-field radiative heat transfer between 
several pairs of emitter-receiver materials. It has been observed that the near-field radiative 
conductance evolution as a function of distance and temperature is very different from one 
materials pair to another. The exponent of the temperature power law of the exchanged power in 
the near field is also different from that in the far field, due to the modification of the emission 
spectra induced by the contribution of evanescent waves. These interesting theoretical results as a 
function of materials and temperature will be compared with the near-field radiative heat transfer 
experiments. 
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Introduction

Performing near-field radiative heat transfer measurements requires an emitter body that can be 
heated and brought close to contact at nanometric distances from a receiver. A vacuum 
environment is needed for avoiding heat transfer via air conduction. Variations of the radiative heat 
flux between the two objects as a function of the distance can be determined by various methods
(see Sec. I.4). Such methods consist in measuring the temperature decrease of the emitter, the
temperature increase of the receiver or the power to supply to the emitter (or extract from the 
receiver) to maintain a given temperature difference. In the case of this work, it was chosen to 
measure the temperature variations of a spherical emitter being brought close to contact from a 
fixed substrate. The substrate can be either at room temperature or cooled at cryogenic temperatures 
down to 10 K. The spherical shape involves for a single emitter a set of vertical distances with the 
planar receiver and thus reduces the exchanged heat flux compared with a planar emitter. The 
benefit is that it allows avoiding parallelism issues faced when trying to approach two plates at
nanometric distances (see Sec. II.3.1). Building such an experimental setup requires precise
electrical resistance-temperature calibration of the thermal emitter. The expected radiative thermal 
conductance variations are very weak, of the order of 10-11-10-8 W.K-1. In addition, the study of a 
few nanometer gap distances between the emitter and the receiver requires an accurate monitoring
of the distance. In this chapter, the aim is to build an experimental setup, with performances in 
terms of maximum temperature, minimum distances and conductance resolution similar or possibly 
better to other similar works found in the literature (se Sec. I.4). The setup must be designed to be 
modular because it will be used to perform measurements with different emitter materials, and 
receivers comprising bulk materials and TPV cells. Fabrication and characterization of the emitter 
will be described along with the integration of the emitter in the global experimental setup 
comprising the vacuum system and the electrical measurement instrumentation. A characterization
study of the setup will provide key information such as the minimum reachable emitter-sample 
distance and the accuracy of the near-field thermal radiative conductance measurements. These 
performances will be compared with other works from literature.

Fabrication of the thermal emitter

In order to heat up and measure the temperature of micrometric objects, resistive probes of scanning 
thermal microscopes (SThM) are well suited due to the temperature dependence of their electrical 
resistance. The resistive part of the probe located near the tip can be heated and by Joule effect up 
to several hundreds of kelvins while being used as a thermometer at the same time. SThM probes 
are sub-millimeter devices with micrometric resistive elements, making them easy to bring at a few 
nanometers close to contact in practice. Commercially available probes usually have heater parts 
shaped as a few-micrometer tip. The geometry of the tip harshly limits the near-field radiative heat 
transfer because of the very small exchange surface with the sample. The challenge is therefore to
glue a microsphere on the tip of a probe in order to get more surface to exchange near-field radiation 
with the sample.

III.2.1 Combining a sphere and a SThM probe

A few types of probes are commercially available. For example, the palladium nano-probe (KNT) 
consists in a silicon nitride (Si3N4) cantilever and palladium metallic wire at the apex. It can only 
be heated up to 140°C. 
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Figure III.1: Images of the different types of SThM probes with zoom on the apex.
(a) Palladium probe. (b) Doped silicon probe

In this work, temperatures of several hundreds of degrees are needed in order to maximize the heat 
transfer, so an alternative choice is the doped silicon probe VITA-HE-NANOTA-200 from Bruker.
This probe has a highly doped (ND = 1020 cm-3) cantilever with a low electrical resistance and a 
low-doped tip (ND = 1016-1017 cm-3) with a high electrical resistance where the majority of the Joule
heating occurs (Figure III.1b).
For the experiments, SiO2 and graphite microspheres are glued on the tip of this kind of probe. The 
SiO2 spheres, from Microsphere-Nanosphere Corpuscular Inc., have an expected monodisperse
diameter distribution of 40 µm. Graphite spheres, from Goodfellow, are poly-dispersed with 
diameters ranging from 20 to 50 µm (Figure III.2).

Figure III.2: Optical microscope images of the microspheres. 
(a) Graphite spheres. (b) SiO2 spheres

diameters ranging from 20 to 50 µm (Figure 
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 In both cases, an alumina (Al2O3) based ceramic adhesive (RESBOND 989F) was used to glue the 
sphere on the tip of the probe. According to the supplier, this adhesive can withstand temperature 
up to 1650 °C and is made of 600 nm particle diameter. The small particles make it perfect for 
gluing micron-sized spheres. First, the spheres are deposited on a glass substrate that is mounted 
on a 3-axis positioning system. The SiO2 spheres are dispersed in water, so a drop of the solution 
is deposited on the substrate then the water is removed with absorbent paper and air drying. The 
probe is held in a fixed position above the substrate and a Veho VMS-004 microscope camera with 
x400 magnification is used to visualize the spheres and the probe for precise positioning (Figure 
III.3). A scan is performed in xy directions to find a sphere with the appropriate diameter. The size 
of the spheres can be estimated by comparing them to the known length of the cantilever of the 
probe (200 µm). Once the desired sphere is found and the probe placed close to it (1), a drop of 
adhesive is deposited on the substrate close to the probe. The substrate is then moved to put the tip 
of the probe inside the adhesive drop (2), then retracted in the other direction to extract the probe 
with a small amount of adhesive deposited on the tip of the probe (3). The sphere is brought into 
contact with the adhesive-covered tip during a few seconds (4). The contact is seen by the change 
of light reflection on the probe due to the bending of the cantilever. The probe is then retracted (5) 
and moved away (6) to avoid gluing multiple spheres. The adhesive dries at room temperature and 
at an especially fast rate considering the small quantity that is used. After a few minutes of drying, 
the emitter (probe-sphere system) is ready to be calibrated. At the end of the process, the exact 
diameter of the sphere is measured by optical microscopy or by scanning electron microscopy 
(SEM) (Figure III.4).  

 
Figure III.3: Procedure for gluing a sphere on the tip of a SThM probe 
 
III.2.2 Calibration process 

Once the sphere and the probe are assembled, the next important step is the electrical resistance-
temperature calibration of the emitter. During the experiments the temperature of the emitter is 
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inferred from its electrical resistance so the resistance-temperature R(T) curve must be determined. 
This calibration process is repeated for each emitter because of slight differences during the 
fabrication process from one probe to another. One part of the process consists in directly 
measuring the electrical resistance at different temperatures. In the other part, the temperature is 
deduced from the resistance according to the electrical power measurement. 

Figure III.4: SEM images of a sphere glued on the tip of a doped-Si SThM probe.

III.2.2.1 Oven calibration measurement

First, the whole system composed of the probe and its half-moon shaped holder is put in an oven 
typically used for thermocouple calibration (Fluke 9144) (Figure III.5). Because of the half-moon
holder, the electrical resistance measurement could only be performed from room temperature up
to 140 °C. At higher temperatures, the glue fixing the probe on the half-moon (Figure III.5, left) 
and other components of the holder start to deteriorate and may damage the probe.

Figure III.5: Setup for the R(T) calibration curve measurement in the oven.

may damage the probe.
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A probe was modified in order to perform electrical resistance measurements in the oven at higher 
temperatures. The probe was removed from its half-moon holder by melting the glue and breaking 
the wire bonding. Then the probe was glued on a glass substrate with the same ceramic adhesive 
as that used for gluing the spheres. The electrical contacts were taken with bare wires connected to 
the probe with silver paste (inset Figure III.6, left). The modified probe could no longer be used 
for near-field experiments because it was embedded in ceramic. The only purpose of this probe 
was to find a fitting law for the R(T) curve that could be applied to non-modified probes, in order 
to determine the resistance-temperature relation for a large temperature range based on non-
destructive measurements at T < 140 °C. The measurement data of the modified probe show that
the electrical resistance reaches a maximum at a temperature TRmax near 620 K (≈ 350 °C) and then
start to decrease. The probe is made of doped silicon, so at a given temperature depending on the 
doping level, the thermally generated carrier concentration becomes higher than the doping 
concentration. On the one hand, the resistivity increases with temperature due to the decrease in 
the majority carrier mobility. On the other hand, the resistivity decreases due to the increase in 
thermally generated carrier concentration. This second effect becomes dominant for temperatures
larger than the point of maximum resistance88,89. A quadratic fit of the measured data gives a very 
good agreement from room temperature up to a temperature close to TRmax. Therefore, the first part 
of the calibration process for the non-modified probes consists in measuring the resistance in the 
oven up to 140 °C with small steps (5 °C, 30 min stabilization time) and then fit the data with a 
quadratic model. The R(T) curve is then known from room temperature up to approximately TRmax.
The second calibration step is needed to determine TRmax and get the R(T) curve for all temperatures. 

Figure III.6: R(T) curve measured in the oven for the modified (left) and non-modified (right) 
probe.
The inset in the left figure shows the modified probe.

III.2.2.2 Temperature deduced from electrical power

The second part of the calibration aims to determine the calibration curves for temperatures 
T > TRmax. Because a direct measurement in not possible, electrical resistances at this temperature 
range were measured according to the electrical power P supplied to the probe (Figure III.7a). The 
temperature was then deduced from this R(P) curve. At T > TRmax, the temperature of the probe due 
to Joule heating is proportional to the supplied electrical power as 𝑇 =  𝑘𝑃 + 𝑇𝑎𝑚𝑏, which is not 
the case at lower temperatures88. A fitting coefficient k was applied to the electrical power in order 
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to calculate the temperature. The coefficient k was adjusted until the curve matches the fit of the 
oven-measured part of the R(T) curve for T ≈ TRmax (Figure III.7b). The images of the emitter heated 
by Joule effect in vacuum (Figure III.7c) show that the sphere starts to glow in the visible range of 
the electromagnetic spectrum at T > 700 °C. This proves that the heat coming from the low-doped 
part of the SThM probe, where the sphere is glued, is well conducted into the sphere. The maximum 
reachable temperature is 1414 °C (1687 K), which corresponds to the melting point of silicon. 
Since the evolution of the electrical resistance is not linear as a function of temperature, the 
sensitivity of the emitter is temperature dependent.

Figure III.7: Calibration curve for the whole temperature range. 
(a) R(P) electrical measurement. (b) Reconstructed R(T) calibration curve. (c) Images of a probe 
with a sphere heated by Joule effect from Tamb to 1400 °C. 

III.2.3 Temperature coefficient of electrical resistance

The best sensitivity point is found where a small temperature change induces a large electrical 
resistance variation that can be easily measured experimentally. The temperature coefficient  (in 
K-1) is used to determine this point and is calculated using the following equation:
Here R and T are respectively the electrical resistance in  and the temperature in K.  is positive 

from room temperature up to TRmax then becomes negative at higher temperatures. Absolute values 
of  are shown in Figure III.8 in order to determine the temperature TS where | is maximum. This 

𝛼 =
1

𝑅

𝑑𝑅

𝑑𝑇
 .

(III.1)
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temperature corresponds to the maximum temperature variation sensitivity of the emitter. For each 
emitter, TS has approximately the same value of 732 K (459 °C). At higher temperatures, the 
temperature variation sensitivity of the emitter decreases and becomes small near 1400 K, where 
the electrical resistance reaches a stable value as a function of temperature. Heating the emitter 
beyond this temperature is possible but the temperature deduction would have a high uncertainty. 
A solution for studying larger temperature differences would be to heat the emitter while measuring 
the temperature increase of the substrate (instead of the temperature decrease of the emitter) with 
another device. This way, emitter temperatures up to 1600 K might be reached so temperature 
differences up to 1300 K might be investigated.

Figure III.8: R(T) curve and temperature coefficient as a function of the emitter temperature

III.2.4 Systematic error from the emitter calibration

The accuracy of the temperature determination is partly driven by the R(T) calibration curve, used 
to infer the temperature from the electrical resistance measurement. As explained in Sec. III.2.2,
this curve is actually measured only from room temperature up to 140 °C, then a quadratic fit is 
applied on the measured data up to a value close to TRmax = 330-380 °C.  It can be seen on Figure 
III.6 (left) that the fit is valid up to T = 0.95 TRmax. The rest of the curve, which is measured 
electrically, is theoretically valid for T > TRmax only. As a consequence, the R(T) curve between 
0.95 TRmax and TRmax is not accurately determined. The curve for this temperature range is calculated 
from the electrically measured part. Considering the accuracy of the R(T) determination close to
TRmax, the temperature determination using the calibration curve can therefore be considered with 
a systematic error 𝑒𝑟𝑟𝑇

𝑇𝑅𝑚𝑎𝑥 = 5 %. 
The different contributions of the low-doped (tip) and highly-doped (cantilever) parts of the emitter 
on the global electrical resistance have to be considered. The calibration method in the oven set the 
entire probe at the same temperature. However, only the tip of the probe is heated during the 
experiments, creating a temperature gradient inside the probe which is different from that during 
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the calibration. It was demonstrated in the thesis work of Éloïse Guen90 that this difference in 
temperature gradient, coupled with the different doping levels inside the probe, leads to a 
systematic error on temperature determination 𝑒𝑟𝑟𝑇

𝐶𝑎𝑙𝑖𝑏 = 15 %. Considering the two sources of 
systematic error, the global systematic error on temperature determination is 𝑒𝑟𝑟𝑇 = 𝑒𝑟𝑟𝑇

𝑇𝑅𝑚𝑎𝑥 
+

𝑒𝑟𝑟𝑇
𝐶𝑎𝑙𝑖𝑏 ≈ 20 %. It was chosen to sum the uncertainties so it corresponds to the worst-case scenario. 

This global systematic error leads to uncertainties on the temperature coefficient determination. 
From equation (III.1), the relative uncertainty on alpha can be expressed as:

𝛿𝛼

𝛼
=

𝛿𝛥𝑅

𝛥𝑅
+

𝛿𝑅

𝑅
+

𝛿𝛥𝑇

𝛥𝑇
=

2𝛿𝑅

𝛥𝑅
+

𝛿𝑅

𝑅
+

𝑒𝑟𝑟𝑇𝛥𝑇 + 2𝛿𝑇

𝛥𝑇
 .

(III.2)

The terms R and T are respectively the electrical resistance and temperature random noises,
measured with the method described in section III.4.3.1. The previous equation tells that the 
relative uncertainty on 𝛼 is larger or equal to the systematic error 𝑒𝑟𝑟𝑇, depending on the random
electrical noise.

Experimental setup

This part describes the experimental setup that was built in order to perform near-field radiative 
heat transfer and near-field thermophotovoltaic measurements. The vacuum system and electrical 
circuit will be described along with the cryogenic cooling system. The data acquisition and 
processing, which is controlled using several Matlab codes as communication interfaces between 
the computer and all the instruments, will also be detailed.

III.3.1 General design

The main objective of the experiments is to measure the increase of the radiative heat transfer in 
the near field, at distances of a few micrometers down to a few nanometers, between a spherical 
emitter and a planar substrate. The substrate is either a bulk material or a TPV cell. To perform 
such measurements, the temperature drop of a calibrated emitter is measured in vacuum according 
to the gap distance from the substrate.

III.3.1.1 Vacuum system

The experiments were done inside a vacuum chamber at a pressure of the order of 10-6-10-7 mbar 
in order to avoid heat transfer with the substrate from air conduction (Figure III.9). To reach this 
pressure range, a primary pump was used to lower the pressure down to ~ 10-2 mbar in a few 
minutes. Then a turbomolecular pump was turned on in series with the primary pump and the 
pressure dropped down to ~ 10-6 mbar after approximately 10 hours. This long time can be 
explained by the outgassing of some components inside the vacuum chamber and the residual 
humidity. Because of the small gap distances, the low pressure has to be maintained without any 
mechanical vibrations. When the lowest pressure was reached, an ion pump was started then both 
the primary and turbomolecular pumps were turned off and the valve between them was closed. In 
the end, only the ion pump was working and maintaining the desired vacuum level. This kind of 
pump allows to obtain lower vacuum, but this is not the goal. The main interest is that its principle 
is based on trapping gases, therefore no mechanical part induces vibrations.
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Figure III.9: Schematic of the vacuum system

III.3.1.2 Measurement setup

The general experimental setup is detailed in Figure III.10. The emitter is attached to a 3D-printed 
holder by a magnetic surface. The holder is made of an electrically insulating polymer (polyactic 
acid, PLA) to keep the emitter away (4 cm) from the z piezoelectric positioner (Figure III.11c).
This distance is needed in order to avoid electrical perturbations coming from the positioner during 
the measurements. The piezoelectric positioner acts as a capacitor and generates an electrostatic 
field when a voltage is applied. These perturbations were observed by supplying an electrical 
current to a resistor, positioned at a distance d above the piezoelectric positioner (Figure III.11a).
The voltage of the resistor was measured while a 0-100 V voltage ramp was applied to the 
piezoelectric positioner. Voltage variations of the resistor were observed in coordination with the 
piezo voltage ramp (Figure III.11b). The amplitude of the resistor voltage variation decreased when 
the distance increased, and nearly vanished after 28 mm. The z-piezoelectric positioner is an 
Attocube ANPz51, designed for high vacuum (10-8 mbar), with a displacement range of 2.5 mm in 
slip-stick mode, and 5 µm only with sub-nanometric resolution in fine positioning mode. It is 
controlled by an Attocube ANC 300 device with an ANM 300 module that allows both slip-stick 
and fine positioning at the same time. For emitter-sample distances lower than 5 µm, a voltage 
generator supplies a DC voltage from 0 to 6.667 V to the ANC 300 controller. The voltage is then 
amplified 15 times to deliver a 0-100 V voltage to the piezoelectric positioner, corresponding to a 
0-5 µm displacement range.

Figure III.10: General sketch of the experimental setup

5 µm displacement range.
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Figure III.11: Electrical perturbations induced by the z piezoelectric positioner.
(a) Schematic of the measurements of the electrical perturbations. (b) Resistor voltage as a 
function of time. (c) 3D printed probe holder

A set of x and y-axis piezoelectric positioners is mounted on top of the z-axis one in order to 
provide a 3 mm range slip-stick displacement in the xy plane. They are monitored by a Mechonics 
CF 30 controller. All the previous detailed elements are attached to a manual vertical positioner for 
coarse positioning above the sample with several centimeters range.
This large distance range is needed in order to easily manipulate the emitter before and after the 
experiments. This positioner is not remotely controlled so once the vacuum chamber is closed it 
remains in a fixed position. A long working distance camera (Dino-Lite Edge 3.0 AM73115MTF)
placed outside the vacuum chamber is used to visualize the emitter and the sample. This camera
provides a 40x optical magnification at a 15 cm distance and a good resolution of 2560x1920 pixels 
allowing numerical magnification. Finally, an optical fiber for interferometric measurement is 
placed on the emitter holder. It is useful to measure vibrations between the emitter and the sample, 
therefore the determination of the distance near the contact is more accurate. The interferometer 
controller (Attocube ACC 100 with LDM 1300 module) feeds a laser =1310 nm laser beam with a 
120 µW power through the optical fiber. The laser beam is reflected on the sample surface while
the fiber is moving vertically (Figure III.12a), and then the interferometric signal is acquired by the 
controller and amplified with a 2x gain (Figure III.12b).
The electrical setup for measuring the electrical resistance of the emitter is also depicted in Figure 
III.10. The emitter acts as an electrical resistance that is part of a Wheatstone bridge, also composed 
of two manually adjustable resistances and a programmable variable resistance that is remotely 
controlled. A Keithley 6221 current source is used in this setup. During the experiments, the emitter 
is heated up at a certain temperature corresponding to a specific value of its electrical resistance 
inferred from the R(T) calibration curve. The temperature is stabilized after 30 to 60 minutes and 
only a small thermal drift of the order of 10-5 K.s-1 remains (Figure III.13).
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Figure III.12: Interferometric measurement principle. 
(a) Sketch of the laser beam coming from the optical fiber and reflected on the sample surface. 
(b) Normalized interferometric signal as a function of time while the fiber is moving

The programmable variable resistance value RV is set to the target resistance value and then the 
current is adjusted until the bridge is balanced (VAB = 0, Remitter = RV) with the emitter out of contact 
at a distance d ≈ 5 µm. VAB is amplified with a 100x gain by a voltage amplifier. The value is 
directly read on a Keithley 2182A nano-voltmeter and acquired by a NI cDAQ 9178 with a 9239 
voltage acquisition module. The four ports on the cDAQ, labeled from 0 to 3, are respectively used 
to acquire at a 2 kHz rate the interferometric signal, the voltage of the Wheatstone bridge Vheat, the 
amplified VAB and the voltage supplied to the controller of the z-piezoelectric positioner.
Instruments are connected by a GPIB interface to the computer while the cDAQ is connected via 
USB. Matlab codes were developed to control all the instruments and acquire the data, using the 
Instrument Control and Data Acquisition toolboxes.

Figure III.13: Transient heating of the emitter
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III.3.1.3 Experimental protocol

An example of several signals acquired during a 120 s session is represented in Figure III.14. The 
first panel shows the voltage applied to the z-piezoelectric positioner, from 0 to 100 V, and the 
corresponding displacement from 0 to 5 µm. During the approach phase, the voltage increases and 
the piezo expands so the emitter gets closer to the sample surface. The unbalance voltage VAB of
the bridge and Vheat are measured, allowing to calculate the electrical resistance of the emitter with 
the following equation:

𝑅𝑒𝑚𝑖𝑡𝑡𝑒𝑟 =
𝑅𝑉

(
𝑅1

𝑅1 + 𝑅2
−

𝑉𝐴𝐵

𝑔𝑉ℎ𝑒𝑎𝑡
)
−1

− 1
(III.3)

In the equation, RV is the resistance of the programmable resistance, R1 and R2 are the electrical
resistances of the manually adjustable resistances in the Wheatstone bridge and g is the gain 
provided by the voltage amplifier. At some point during the approach, the emitter goes into contact 
with the sample. It can be seen on the resistance signal in Figure III.14 where the value suddenly 
changes. After the contact point, the z-piezoelectric positioner keeps moving until it reaches a
5 µm displacement. Then the voltage decreases rapidly to 0 so the emitter is withdrawn from the 
surface and is no longer in contact.

Figure III.14: Example of simultaneously acquired signals

surface and is no longer in contact.
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The duration of an approach was set to 60 s, corresponding to a speed of approximately 80 nm.s-1. 
The withdrawal duration is 10 s because the resistance signal during this phase is not of interest for 
the experiments. However, the withdrawal speed must not be too fast because it would induce 
strong hysteresis in the displacement. Along with the displacement and resistance signals, the 
interferometric signal provides information about the displacement and vibrations of the system. 
When the optical fiber moves along a distance  corresponding to the wavelength of the laser, the 
optical path is modified by 2 So one period of the interferometric signal corresponds to a /2 
displacement of the fiber, equal to 655 nm. It is clearly seen on the interferometric signal in Figure 
III.14 that during an approach, the time between the maxima is larger than that during a withdrawal 
because of the speed difference. A more detailed analysis of the interferometric signal will be given 
in section III.4.2.3. Near-field radiative heat transfer measurements consist in measuring the small 
change in electrical resistance according to the displacement of the emitter, which is correlated to 
a temperature drop due to the increase in the radiative thermal conductance between the emitter 
and the sample.  
 

 
Figure III.15: Series of 100 resistance-displacement approach curves.  
(a) Raw resistance curves. (b) Curves shifted in distance. (c) Displacement value at the contact 
point 
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The signal variations are very weak so series of 100 approaches are usually made and averaged to 
obtain a smooth signal (Figure III.15a,b). The consecutive approaches are extracted from the 
electrical resistance signal using the z displacement signal as reference with z = 0 and z = 5 µm as 
starting and ending points. There is a small drift in the position of the contact point between 
consecutive approaches (Figure III.15c). A threshold value of the electrical signal is used to 
determine the contact points of each approaches. Then, the curves are shifted to set their contact 
points at the same displacement value zmax to correct the mechanical drift. 
An average electrical resistance curve can be calculated to obtain a clean approach curve. In the 
end, only the values before contact are used in this study. Concerning the thermal drift of the emitter 
temperature, it is very weak (Figure III.13) and does not need to be corrected if the approaches are 
made at a relatively fast speed. Finally, a sliding average is made on the previously averaged curve 
to get rid of the electrical 50 Hz noise. Considering a 2 kHz acquisition rate, this results in a sliding 
average over 40 points. Considering a 5 µm displacement performed with a duration of 60 s, a  
2 kHz acquisition rate followed by a sliding average over 40 points result in one point every  
~1.7 nm displacement. 
 
III.3.1.4 Temperature and conductance calculations 

Once a clean resistance approach curve is obtained, the R(T) calibration curve is used to determine 
the temperature (Figure III.16a,b). Either the increasing (T < TRmax) or the decreasing (T > TRmax) 
part of the curve is used to calculate the temperature, depending on the initial temperature of the 
emitter. Then the variations of thermal conductance during the approach, corresponding to the near-
field contribution, are calculated using: 

𝐺𝑡𝑜𝑡 =
𝑃

𝜃
 , (III.4) 

𝛥𝐺

𝐺𝑡𝑜𝑡
=

𝛥𝑃

𝑃
−

𝛥𝜃

𝜃
 . (III.5) 

Here, Gtot is the total thermal conductance of the emitter and is calculated by dividing the supplied 
electrical power P by the temperature elevation  = T-Tamb at the largest distance Then the 
variation of conductance G(d) can be calculated with the variations of electrical power P and 
the difference in temperature elevation  = T-Tref with Tref the temperature at the largest distance. 
The electrical power and its variations can be expressed as a function of the emitter electrical 
resistance R and current I, along with their variations R and I = I -Iref where Iref is the current at 
the largest distance: 

𝑃 = 𝑅𝐼2 (III.6) 

𝛥𝑃

𝑃
=

𝛥𝑅

𝑅
+ 2

𝛥𝐼

𝐼
 (III.7) 

Combining Eq. (III.5) and (III.7) gives the conductance variations according to the electrical 
resistance, the current and the temperature variations: 

𝛥𝐺

𝐺𝑡𝑜𝑡
=

𝛥𝑅

𝑅
+ 2

𝛥𝐼

𝐼
−

𝛥𝜃

𝜃
 (III.8) 
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Figure III.16: Resistance (a), temperature (b) and near-field radiative conductance (c) according 
to emitter-sample distance

By expressing the resistance variations as a function of the temperature coefficient , the final 
equation (III.10) giving the near-field radiative conductance GNF(d) can be written as:

𝛥𝜃 =
1

𝛼

𝛥𝑅

𝑅
(III.9)

𝛥𝐺 = 𝐺𝑁𝐹 = 𝐺𝑡𝑜𝑡 [𝛥𝜃 (𝛼 −
1

𝜃
) + 2

𝛥𝐼

𝐼
] (III.10)

Let us note that in the experimental setup, the total current provided by the current source is 
constant but the fraction that is going to the probe varies because of the Wheatstone bridge. At the
largest distance when the bridge is balanced, half of the current goes into the emitter side while the 
other half goes into the variable resistance side. As the emitter-sample distance decreases, the 
emitter resistance changes so the bridge becomes no longer balanced and the fraction of the total 
current going to the emitter changes too. The resulting GNF curve (Figure III.16c) is plotted as a 
function of emitter-sample distance, which is obtained with the emitter displacement z considering 
the point zmax as the minimum distance before contact so 𝑑 = |𝑧 − 𝑧𝑚𝑎𝑥|. At the largest distance, 
GNF is set equal to 0 because it is defined as a variation of conductance calculated from the total 
thermal conductance at the largest distance. In practice, the near-field contribution at distances 
d > 5 µm is almost 0 because d > Wien (3.2 µm at 900 K). For comparison with theory, the simulated 
values will be shifted in conductance to be set to 0 close the largest experimentally measured 
distance where the signal-to-noise is not too low.
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III.3.2 Cooling system

The radiative measurements with bulk samples do not require specific cooling. However, the InSb 
TPV cells need to be cooled to cryogenic temperatures to work properly (see Sec. VI.2.3.1).

III.3.2.1 Design

In addition to the experimental setup design shown in Figure III.10, a liquid helium cryostat can be 
inserted into the vacuum chamber and cool the sample when needed (Figure III.17 and Figure 
III.18b,c). The cryostat is fixed to the vacuum chamber by the vacuum flange, and to the base of 
the setup by one extremity. Liquid helium (LHe) is transferred from the dewar to the cryostat with 
a transfer tube. At the end of the tube, the cold finger is cooled by the flowing liquid helium, which 
then evaporates into gaseous helium He and is removed.
In some cases, a cooled radiative shield can me mounted on top of the cold finger in order to protect 
the sample from thermal radiation coming from the environment. It is particularly needed to reach 
temperatures below 15 K or to measure dark current-voltage (I-V) characteristics of the TPV cells. 
The cryostat has also 8 BNC electrical connections to the inside of the vacuum chamber that are 
used to connect and perform measurements with the TPV cells. The helium circuit is in the inner 
part of the cryostat so there is no gas flowing in the interior of the vacuum chamber. The sample is 
glued on the cold finger with silver paste that plays the role of adhesive and good thermal conductor 
to extract efficiently the heat from the sample. The temperature of the cold finger is measured by a 
temperature sensor, located close to the base of the cold finger, and regulated by a heater at the 
same place. To monitor the temperature, a set point is given to the cryostat controller that adjusts 
the heater power (given in percentage) to balance the cooling effect of the LHe and reach the target 
temperature. The helium flow is driven by the pressure inside the dewar. It is measured by the flow 
meter and regulated by a manual valve to be as low as possible. The objective is to set a flow high 
enough to cool the sample at the desired temperature but not too high so the heater is not too much 
required, thus limiting the helium losses.

Figure III.17: Schematic of the cryogenic cooling system

required, thus limiting the helium losses.
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III.3.2.2 Mechanical drift due to cooling 

During the cooling process, thermal contraction causes a strong motion in cryostat. 
Its extremity is shifted by ~ 750 µm, during approximately an hour after starting the cooling (Figure 
III.18a). The cold finger is made of copper so an estimation of the expected contraction can be 
made. The thermal expansion coefficient of copper is 17 µm.K.m-1 and the temperature difference 
corresponding to a cooling from room temperature down to 77 K is 220 K. The calculation gives a 
contraction ranging from 560 to 1125 µm, considering either the part inside the vacuum chamber 
(15 cm) or the full length (30 cm), in good agreement with the observed value. After an hour, small 
displacements of the cold finger are still observed in x/y and z directions and are correlated to the 
slight variations of the helium flow. For the near-field thermophotovoltaic experiments, the 
position of the emitter has to be regularly controlled in the 3 directions of space due to this 
phenomenon. Another effect of the cooling is the lowering of pressure. The cold finger acts as a 
cryo-trapper by condensing residual gases on its surface. Usually, at a working temperature of  
77 K, the pressure drops from 10-6 down to 10-7 mbar, which has no incidence on the experiment.  

 
Figure III.18: Images of the cooling setup.  
(a) Drift over time due to cooling, seen on TPV cell sample. (b) Image of the cryostat part outside 
the vacuum chamber. (c) Inside view of the vacuum chamber showing the cold finger and the 
emitter part 
 
III.3.2.3 Effect of the cooling on the emitter part 

To quantify the potential cooling effect of the cold finger on the emitter part during the experiments, 
two thermocouples were fixed close to the emitter and close to the z-piezoelectric positioner (TC2 
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and TC1 on Figure III.19a). TC2 measures the temperature of the emitter holder while TC1 is used 
to determine the temperature of the z-piezoelectric positioner, which has an influence on the 
displacement/voltage ratio. For instance, the supplier gives a 5 µm/100 V at room temperature and 
0.8 µm/150 V at 4 K. The temperatures at this two points along with the one of the emitter at low 
current (100 µA) placed at d < 100 µm above the sample were measured while the cold finger was 
cooled from room temperature down to 77 K in less than 20 min. Figure III.19b shows the decrease
of the three temperatures. As expected, the effect of the cold finger is more important for the points 
closest to it. The emitter temperature T drops from room temperature (26.6 °C) to a stable value of 
11.6°C after 20 min, i.e a temperature difference of 15 K is observed. At TC2 the temperature 
difference is around 2.6 K after 100 min compared to only 1.6 K for TC1. It can also be noted that 
the stabilization time for the three temperatures varies from 20 min for the TC closest to the cold 
finger, to more than 100 min for the farthest. The drop in the emitter temperature is compensated 
during the experiments by providing more current to the emitter to reach the desired temperature. 
Along with the drift induced by the thermal expansion coefficient, all the experiments with the
cooling system are started after a waiting time of 2 hours to make sure that the system is stable 
both mechanically and thermally.

Figure III.19: Impact of the cooling system on emitter temperature. 
(a) Schematic of the emitter and its holder, located above the cold finger. (b)Temperatures of the 
emitter and holder as a function of time when the cold finger is cooled from room temperature to 
77 K

Setup characterization

In order to characterize the experimental setup, optical properties of the silica emitters and 
substrates were measured and compared to literature values that were used for theoretical 
calculations. In addition, the uncertainty of the near-field radiative conductance measurement was
investigated and compared to the accuracy of similar experimental setups 
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III.4.1 Infrared reflectivity measurements

Optical properties of some of the materials made of SiO2 used during the experiments were
investigated by measuring the reflectivity in the infrared spectrum. The spectrometer used is a 
Bruker 66V FTIR (Fourier Transform Infrared Spectrometer), combining an infrared source and 
an integrating sphere. The integrating sphere, with a gold surface (Figure III.20a), was used to 
measure the reflected power signal on the sample 𝑃𝑅

𝑠𝑎𝑚𝑝𝑙𝑒
(𝜆) and that reflected on a reference 

sample 𝑃𝑅
𝑟𝑒𝑓

(𝜆). The reference sample is a diffuse reflection gold surface with a reflectivity equal 
to 1 in the spectral range of the FTIR. The incident power 𝑃0(𝜆) is emitted from a source covering 
a part of the infrared spectrum. The reflectivity is calculated as the power reflected on the sample
divided by that reflected on the reference sample 𝑃𝑅

𝑠𝑎𝑚𝑝𝑙𝑒
(𝜆)/𝑃𝑅

𝑟𝑒𝑓
(𝜆). The spectral range available 

with this spectrometer goes from 2 µm to 14 µm approximately so only one of the two reflectivity 
peaks of SiO2 (the one near  = 9 µm, see Sec. II.2.2.1) could be investigated.

III.4.1.1 Flat SiO2 substrate

The measured data are compared to others from literature72 that were used for theoretical 
calculations due to their wide wavelength range from  = 1 µm to  = 10 mm, and due to their 
determination as a function of the temperature. For comparison, the bulk flat SiO2 sample is at 
room temperature in both cases. The reflectivity measurement made in this work is in a very good 
agreement with the ones from literature (Figure III.20b). The reflectivity peak emerges at 8.92 µm 
compared to 8.93 µm for the measurements found in the literature72. Below 4 µm wavelength, a 
small deviation appears between the two measurements. This could be explained by large variations 
of the data from this work, highlighted by the large standard deviation that can be seen at
 = 2-4 µm.

Figure III.20: Infrared reflectivity measurements on SiO2 flat sample.
(a) Schematic of the reflectivity measurements with an integrating sphere. (b) Comparison of 
reflectivity measurements of a bulk flat SiO2 substrate as a function of wavelength

III.4.1.2 SiO2 spheres

The reflectivity of a sample made of SiO2 spheres was measured and compared to that of the bulk
flat SiO2 substrate. The objective of this measurement is to know if the spheres, that were purchased 

4 µm.
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with very little information, are made of amorphous silica, of a crystalline form (,-quartz for 
examples), or contains impurities. Crystallography can affect the optical properties of the materials 
and by extension the results of radiative heat transfer calculations. A certain amount of spheres was 
deposited on the surface of a polymer substrate in order to create a sphere layer of thickness of
~2 mm (Figure III.21a, inset). In Figure III.21a the reflectivity of the spheres is compared to that 
of the flat bulk SiO2 substrate. The two reflectivities exhibit very significant differences. The 
spheres reflectivity is much larger at  < 8 µm compared to that of the flat substrate. The reflectivity 
peak is seen only on the flat substrate signal. These differences may be explained by the fact that 
the measured reflectivity comes from almost purely specular reflection for the flat substrate, and 
from diffuse reflection for the spheres. Similar measurements were performed by Eickhoff et al.91

with 4-40 µm in diameter amorphous SiO2 spheres deposited on a substrate with a sphere layer 
thickness of 2 mm. They performed diffuse reflectance infrared Fourier transform spectroscopy 
(DRIFT) measurements and extracted spectra that were then normalized. Their data are presented 
in Figure III.21b as a function of wavenumber (in cm-1) and compared to the measurements 
performed during this work and which were normalized. The behavior is very similar to that from 
the literature with a reflectivity drop under 2000 cm-1 and no peak visible near 1050 cm-1

( = 9 µm). The wavelength where the reflectivity decreases close to 0 is called the Chistiansen 
wavelength92 (Chr).

Figure III.21: Reflectivity measurements on the SiO2 spheres compared to the flat substrates.
(a) Reflectivity of SiO2 spheres and flat substrate as a function of wavelength. (b) Comparison 
between this work, and measurements and calculations found in the literature. (c) Real and 
imaginary parts of the dielectric function of SiO2 as a function of wavelength. (d) Kubelka-Munk 
calculations compared to reflectivity measurements for the SiO2 spheres and flat substrate

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2020LYSEI053/these.pdf 
© [C. Lucchesi], [2020], INSA Lyon, tous droits réservés



 Chapter III: Design and characterization of the experimental setup 

111 

The Chistiansen effect occurs when the refractive index of a material is the same as that of its 
environment (air in our case). Scattering nearly vanishes and almost all the light is transmitted if 
the material is not absorbing at Chr. A shift of Chr is observed between our measurements and 
those of Eickhoff et al., meaning that dielectric functions are different. The observed diffuse 
reflectivity of a media containing microparticles having diameters d >  can be estimated with the 
Kubelka-Munk93 theory assuming multiple scattering from one particle to another. Diffuse 
reflectivity calculations for spheres having a diameter of 40 µm were made using bulk SiO2 
dielectric function measurements from literature72 (Figure III.21c) and compared to the bulk flat 
substrate and sphere reflectivity measurements (Figure III.21d). The reflectivity R∞ of an opaque 
sphere layer is calculated using the equation: 

𝐾

𝑆𝑐
=

(1 − 𝑅∞)
2

2𝑅∞

 , (III.11) 

where K and Sc are the absorption and scattering coefficients estimated with Mie scattering theory 
calculations94,95. The Chistiansen reflectivity is observed at the wavelength where ’ = 1 and  
’’ = 0, both on the calculations and the bulk flat substrate measurements. However, Chr is shifted 
by 2 µm for the spheres layer. This comparison allows to conclude that the dielectric function of 
the SiO2 spheres is different from that of the flat substrate. 
 
III.4.2 Distance determination close to contact 

The determination of the smallest distance before contact is a very important step in order to 
determine the limits of the experimental setup. Three different effects were studied. The first one 
is related to the roughness of the spherical emitters and the samples, measured by atomic force 
microscopy (AFM). The second one is the bending of the SThM probe cantilever, induced by a 
temperature gradient or caused by snap-in of the emitter due to the attraction forces at low distances 
that suddenly brings the emitter into contact with the sample. The last effect is related to mechanical 
vibrations between the emitter and the sample measured by interferometry. All these effects are 
combined in order to provide an estimation of the minimum emitter-substrate distance reachable 
by the experimental setup. 
 
III.4.2.1 Roughness 

At low distances, the effect of surface roughness can become important when studying the near-
field regime. Roughness measurements on both spherical emitters and samples were made using 
AFM to acquire topographic images (Figure III.22a). The principle of this technique is to focus a 
laser on the tip of a probe that is reflected on a quadrant photodiode. The sample is scanned in xy 
directions with the tip in contact and the change in altitude 𝛿𝑧, corresponding to the topography of 
the sample, is deduced by measuring the laser reflection displacement x on the photodiode. The 
root-mean-square roughness RRMS, and more importantly, the maximum and minimum altitudes 
with respect to the mean level were determined from these measurements. In the case of a 
measurement on a sphere, an additional data processing was necessary since the surface is not flat. 
A spherical shape with the corresponding radius of curvature was subtracted from the measured 
data to obtain a flat topographic image (Figure III.22b) using the software Gwyddion. The 
measurement (Figure III.22c) shows that the cells and the InSb bulk samples are almost perfectly 
flat with RRMS = 0.1-0.4 nm. Concerning the spheres, graphite ones appear to have the highest 
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roughness RRMS = 5.2 nm with +29.9 nm and -28.7 nm as maximum and minimum altitudes 
respectively, which is almost twice the values measured for the SiO2 spheres. When the sphere is 
considered to be in contact with the cell at d = 0, the effective distance is therefore probably  
d ≈ 30 nm in the case of the graphite sphere, with respect to the mean spherical shape. This study 
indicates that the near-field experiments with this setup are restricted to distances larger than  
20-30 nm depending on the emitter-sample configuration, if one wants to compare to simulations 
neglecting roughness. 
 

 
Figure III.22: Roughness measurements using AFM 
 
III.4.2.2 Cantilever vertical deflection 

When the emitter is few nanometers close to contact, accuracy of the knowledge of the distance 
between the sphere and the sample can depend on the cantilever vertical deflection. The bending 
of the cantilever can be induced by attraction forces between the sphere and the substrate, causing 
a snap-in effect close to contact. The temperature profile in the heated cantilever can also cause a 
deflection. These two effects are investigated in the following sections, based on an AFM 
measurement setup. 
 

III.4.2.2.1 Attraction forces 

These forces are expected to bend the SThM probe cantilever and thus bring the sphere into contact. 
In order to quantify the distance where the snap-in occurs, cantilever deflection measurements were 
performed as a function of distance at room temperature for different emitter temperatures (Figure 
III.23). The deflection was measured with a photodiode system in an NTMDT AFM equipped with 
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a moderate-vacuum chamber (10-1 mbar). In this experiment, a laser was focused on the edge of a 
SThM probe with a sphere glued on the tip, and the deflection was observed as a function of 
distance. In far-from-contact position, the deflection of the probe is constant because there is no 
interaction between the probe and the sample. In the approach curve close to contact, the cantilever 
bends slightly due to the attraction forces. The snap-in is estimated to be around 2-3 nm and is not 
affected by the emitter temperature (Figure III.23, inset).It can also been noticed that the adhesion 
forces, taking place when the probe is withdrawn, lead to a much larger deflection, greater than 
30 nm. These adhesion forces could be an explanation for the hysteresis between the approach and 
withdrawal curves, and also for the drift in the contact point during the NFRHT experiments 
(Figure III.15c). 

Figure III.23: Deflection of the cantilever according to the displacement for different joule heating 
current, in air or under low vacuum conditions

III.4.2.2.2 Temperature gradient effect

A bending of the probe cantilever can also be induced by a temperature gradient. The deflection 
was measured according to the electrical current supplied to the emitter in far-from-contact position
(Figure III.24a). The study of 3 different emitters led to observe different behaviors. For some 
emitters the deflection is always increasing, meaning that the cantilever bends in the upward 
direction when the current-induced temperature increases. In some cases, the cantilever starts to 
bend down, then bends up at 1.8-2 mA which corresponds approximately to the current a TRmax in
Figure III.8. The case of emitter 3 under vacuum condition is highlighted in Figure III.24b where 
the bending is plotted against the tip temperature of the emitter. The figure shows that the quick 
change in the cantilever deflection corresponds to the zone where the temperature increases rapidly. 
For all the emitters, deflection levels off at high currents. The shift between the curves measured 
in air or vacuum is explained because under vacuum, there is no air to extract heat from the probe 
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by conduction and convection (Figure III.24c). So in that case the temperature of the emitter is 
higher for the same current compared to the curves made in air. Close to contact, the temperature 
drop due to near field radiative heat transfer is expected to be very weak (0.1 – 1 K) so the distance 
uncertainty due to the thermally induced deflection is negligible.

Figure III.24: Study of the probe deflection induced by temperature. 
(a) Deflection according to current for three emitters in air and under vacuum. (b) Deflection and 
tip temperature of emitter 3 according to current under vacuum. (c) Schematic of the temperature 
profiles in the cantilever

III.4.2.3 Vibrations

The last cause affecting the distance uncertainty is the vibration of the setup in the two different 
configurations, corresponding to with and without the cooling system. The cold finger is 15 cm 
long inside the vacuum chamber so the continuous flow of LHe in the finger induces mechanical 
oscillations. The interferometer of the emitter part of the setup presented in Figure III.10 was used 
in order to measure the amplitude of the cold finger vibrations. The fiber was roughly placed close 
to the surface of the cold finger at a few tens of micrometers. Then it was moved at a constant 
speed over a 5 µm range by doing a series of approach/withdrawal motions with the z-piezoelectric 
positioner while the periodic interferometric signal was acquired (middle panel in Figure III.14).
The signal can be deduced for half a period corresponding to a /4 = 327.5 nm displacement and a 
local linear fit for the data can be found (Figure III.25a). Knowing the displacement and the motion
speed of the fiber, a relation is easily established between the intensity of the signal and the 
displacement. Then the vibration amplitudes are calculated around the average position given by 
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the linear fit. The histogram of the positions of the cold finger (Figure III.25b, right) shows strong 
oscillations around the mean position of ± 83 nm. As a comparison, the same measurements were 
made for the configuration without the cold finger. It is clearly seen on the two normalized 
interferometric signals put together (Figure III.25b) for a /4 displacement that the configuration 
without the cold finger is much more stable because the amplitude is only ± 7 nm around the mean 
position. In any case, the observed vibrations can come from the sample and/or from the part 
holding the emitter. To sum up, the distance uncertainty for the NFRHT experiment, when the cold 
finger is not needed, is ~30 to 40 nm considering the vibrations, the roughness and the snap-in. For 
the NF-TPV experiments, the cold finger induces large vibrations that extends the uncertainty to
approximately 100 nm.

Figure III.25: Vibration amplitude determination from interferometric signal.
(a) Linear fit of the interferometric signal. (b) Normalized interferometric signals for the 
configuration without left) and with (right) the cold finger

III.4.3 Statistical error and conductance uncertainties

In order to determine the resolution for the temperature and conductance measurements, it is very 
important to quantify the accuracy of the experimental setup. The main parameters influencing the 
uncertainty of the final results are the R(T) calibration curve and the electrical noise of the 
measurement devices. 
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III.4.3.1 Statistical error from the random electrical noise

The electrical resistance is measured using a Wheatstone bridge differential circuit with a 100x 
voltage amplification. The uncertainty on this measurement depends on the random, also called 
Gaussian, electrical noise, and can have a non-negligible impact on measurements of small 
electrical resistance variations. To study this parameter, the standard deviation of the resistance 
measurements and inferred temperatures are represented in Figure III.26a,b as a function of the 
number of curves accounted for averaging. The standard deviation is calculated over 1200 points
of the approach curve in the regime where the signal is constant. The calculated standard deviation 
is compared with a 

1

√𝑁
evolution corresponding to a Gaussian noise96. It can be seen that averaging 

a number N of curves indeed leads to a 1/√𝑁 evolution of the standard deviation. After averaging 
100 curves, the remaining random noise R on the electrical resistance signal is 0.7 m which 
translates into 0.6 mK for the T temperature noise. The calculation of the standard deviation of 
the averaged signal is performed for each experiment to determine the T and R in the studied 
experimental conditions.

Figure III.26: Evolution of the resistance and temperature standard deviations as a function of the
number of averaged curves

III.4.3.2 Uncertainties of the near-field radiative conductance measurements

From all the parameters, it is possible to calculate the uncertainties of the measurements in terms 
of conductance. Here the uncertainty will be expressed by considering that all phenomena are 
correlated and that all uncertainties add. Using Eq. (III.10), the relative uncertainty of the near-
field conductance measurements can be expressed as the following:

𝛿𝐺𝑁𝐹

𝐺𝑁𝐹
=

𝛿𝐺𝑡𝑜𝑡

𝐺𝑡𝑜𝑡
+

𝛿 [𝛥𝜃 (𝛼 −
1
𝜃) + 2

𝛥𝐼
𝐼 ]

𝛥𝜃 (𝛼 −
1
𝜃) + 2

𝛥𝐼
𝐼

. (III.12)

Here the symbol  is used to represent an uncertainty. To express GNF as a function of known 
parameters, each terms of the equation has to be developed. The first term can be expressed 
according to the electrical power P and the temperature elevation 
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𝛿𝐺𝑡𝑜𝑡

𝐺𝑡𝑜𝑡
=

𝛿𝑃

𝑃
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𝛿𝜃

𝜃
 , (III.13) 

𝛿𝑃

𝑃
=

𝛿𝑅

𝑅
+ 2

𝛿𝐼

𝐼
 . (III.14) 

In Eq. (III.14), the uncertainty of the emitter current I is calculated as a function of the total current 
Iheat and the electrical resistances of the circuit R1, R2, RV and R the resistance of the emitter (see 
appendix 2): 

𝐼 = 𝐼ℎ𝑒𝑎𝑡 [1 − (1 +
𝑅1 + 𝑅𝑉

𝑅2 + 𝑅
)
−1

] , (III.15) 
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𝑅2 + 𝑅 )
−1

] [1 +
𝑅1 + 𝑅𝑉

𝑅2 + 𝑅 ]
2 . (III.16) 

The current going into the emitter is calculated using Eq. (III.15) and its relative uncertainty is 
given by Eq.  (1). The uncertainty of the total current Iheat is given by the specifications of the 
current source and is equal to 5.10-4Iheat + 10 µA. Resistances uncertainties are given by the 
suppliers to be RV = 3.10-5RV, R1 = R2 =10-3R1-2.  
The other parameter to be determined in Eq. (III.13) is the temperature elevation uncertainty 
 Because  = T - Tamb, the following relation can be written as a function of the temperature 
uncertainty due to the systematic calibration error 𝑒𝑟𝑟𝑇= 0.20 and the random electrical noise T:  

𝛿𝜃 = 𝑒𝑟𝑟𝑇𝜃 + 𝛿𝑇 . (III.17) 

Finally, the relative uncertainty of Gtot can be developed as: 
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 . (III.18) 

The second term in equation (III.12) also has to be developed to be able to calculate GNF (see 
details in appendix 2):  
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(III.19) 

Finally, the expression of the relative uncertainty of the near-field conductance can be expressed 
as the following equation, knowing the current uncertainty I calculated using equation (III.16): 
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(III.20) 
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As an example, Figure III.27 shows the near-field radiative conductance GNF and its uncertainty 
GNF as a function of emitter-sample distance for the case of a graphite emitter at 900 K and a 
graphite bulk substrate at room temperature. It can be seen that GNF is smaller for the largest 
distances then increases when the distance decreases. For large distances, the uncertainty reaches 
a value of around 30 pW.K-1 (18 nW or 0.4 nW/√𝐻𝑧 considering the 2 kHz acquisition rate) which 
is essentially due to the Gaussian electrical noise affecting the electrical resistance and temperature 
measurement. The values of T and R do not depend on distance so the fact that GNF increases 
at low distance is due to the increasing temperature difference which is determined considering the 
systematic error 𝑒𝑟𝑟𝑇 coming from the R(T) calibration curve. At low distances the calibration error
becomes the main uncertainty phenomenon because in the case of an emitter at 900 K, the 
uncertainty of the measured  = 0.6 K at the lowest distance (Figure III.16b) is 𝑒𝑟𝑟𝑇Δ𝜃 = 120 mK 
from the systematic calibration error and 2T = 1.2 mK from the random noise (Eq. (8) in appendix 
2). The maximum conductance uncertainty reaches 3.16 nW.K-1 at the lowest distance. This is two 
orders of magnitude higher compared to the 30 pW.K-1 random noise induced uncertainty at large 
distances. At the largest distances, T and  are close to 0 but  = T – Tamb > 0 >> T so 
Eq. (III.20) can be written as:

𝛿𝐺𝑁𝐹

𝐺𝑁𝐹
=

𝑒𝑟𝑟𝑇𝜃 + 𝛿𝑇

𝜃
+ 𝑓(𝑅, 𝑇, 𝛿𝑅, 𝛿𝑇) ≈ 𝑒𝑟𝑟𝑇 + 𝑓(𝑅, 𝑇, 𝛿𝑅, 𝛿𝑇) (III.21)

The previous equation tells that at the largest distances, for d > 3 µm where the temperature has 
not started to drop, the relative uncertainty of GNF is equal to the sum of 𝑒𝑟𝑟𝑇 and another term
f(R,T,R,T) that is a function of the random electrical noise. It can be seen on Figure III.27 (right)
that this second term is clearly more important than 𝑒𝑟𝑟𝑇 in this distance range. However, the 
relative uncertainty of GNF decreases from around 30-40 % to approximately 𝑒𝑟𝑟𝑇 (20 %) when the 
distance decreases due to the rise of the signal-to-noise ratio.
A way for reducing the conductance uncertainty would be to acquire more than 100 curves but, 
due to the 

1

√𝑁
evolution of the electrical noise, the experimental time needed to significantly lower 

the noise can become important.

Figure III.27: Near-field radiative conductance and its uncertainty as a function of distance
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For instance, it takes approximately 3 hours to get 100 curves for a single temperature/material 
configuration. In addition, the experimental time parameter is very important when the cooling 
system is used because it consumes liquid helium continuously, which is an expensive and limited 
resource. Another solution for lowering the uncertainty of the conductance would be to determine 
more accurately the R(T) calibration curve to limit the uncertainties at low distances.

III.4.3.3 Comparison with other experimental works

This work can be compared to other sphere-plane near-field radiative heat transfer measurements
found in the literature (see Table III.1). The most similar work is that from Menges et al.24 where 
a doped-Si thermoresistive scanning probe was used to heat and measure the temperature of a silica 
sphere. They also acquired 100 curves and made an average to improve the heat flux measurement 
resolution. With their method, they found a 10 nW sensitivity with an accuracy of 20 % for a 
maximum of 159 K temperature difference between the emitter and the substrate. This is
comparable to the performances of our setup with a 18 nW resolution and a 20 % relative 
uncertainty. Another experiment from Shen et al.44 used the temperature-induced deflection of a 
bi-material (SiNx/Au) AFM cantilever, with a gold-coated SiO2 sphere attached, to measure the 
conductance increase in the near field. With a planar gold-coated SiO2 sample, they reported a 
resolution of 13 nW for a 33.5 K temperature difference which is in the same order of magnitude 
as this work and that of Menges. These values can also be compared with the work of Song et al.47

where a SiO2 sphere is glued next to a platinum resistor heated by Joule effect with an AC 
modulated current. The temperature rise of the planar SiO2 receiver is also measured by a platinum 
sensor with a 100 pW resolution. In the end, a standard deviation of around 5 nW is reached on the 
near-field radiative heat flux with a 10 K temperature difference. In terms of resolution, one of the 
best performances was obtained in the works of Mosso et al.97 and Cui et al.98 for the measurements 
of the thermal conductance by conduction of single-molecule junctions. They reached sensitivities 
of the order of a few picowatts per kelvin for a temperature difference of around 50 K using 
respectively custom-built scanning tunneling microscope (STM) and SThM probes. This gives a 
sensitivity, in terms of power, lesser than 0.1 nW which is two orders of magnitude lower than the 
sensitivity levels reached for the sphere-plane near-field radiative power measurements. 
The comparison with other similar works indicates that the experimental setup that was developed 
here shows comparable performances in terms of heat flux and radiative conductance resolution 
while allowing measurements with much higher temperature differences. The large temperature 
difference is a reason of the better conductance sensitivity compared to other similar works.
Table III.1: Measurements sensitivity for different experimental setups

Source Experiment type
T
[K]

Power 
sensitivity [nW]

Conductance 
sensitivity [pW.K-1]

Menges et al.24
Sphere-plane 

NFRHT

159 10 60
Shen et al.44 33.5 13 390
Song et al.47 10 5 500

Mosso et al.97 Conduction 
through single-

molecule junction

50 0.2 5

Cui et al.98 45 0.1 2

This work Sphere-plane
NFRHT 600 18 30
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Conclusions

In this part, the fabrication process and characterization of the emitter has first been described. The
emitters are made of a SiO2 or graphite sphere attached to a SThM probe that can be heated by 
Joule effect up to 1600 K. After the R(T) calibration, the temperature variation sensitivity of the 
emitter is determined by the calculation of the temperature coefficient . The temperature where 
the sensitivity is maximum is around 732 K. Above this temperature, measurements can still be 
performed but the temperature variation sensitivity drops to a value close to 0 near 1400 K. Then 
the emitter is integrated into a 3-axis piezoelectric positioning system placed in a high vacuum 
environment allowing to monitor its lateral displacement and its distance relative to the sample 
located below the emitter while recording its electrical resistance. A liquid helium cryogenic 
system can be integrated in the vacuum chamber to cool down the sample to 10 K when required. 
This feature will be used mainly during the near-field thermophotovoltaic experiments. The 
temperature and thermal conductance are deduced from the resistance measurements using the R(T)
calibration curve of the emitter. The minimum achievable emitter-sample distance with respect to 
a mean surface is around 30-40 nm without the cooling system and 100 nm with it, considering the
roughness, the attraction forces, the deflection due thermal bending of the cantilever, and the 
vibrations. The optical parameters of the silica spheres and sample have been verified by measuring 
their reflectivity in the infrared and match the results from the literature. Finally, the study of the 
uncertainty of the near-field radiative conductance measurement has revealed that it depends 
strongly on the Gaussian electrical noise at large distances and more on accuracy of the emitter 
calibration at low distances, where the emitter temperature varies the most. In the end, the relative 
uncertainty is approximately 20 % with a 30 pW.K-1 (0.67 pW.K-1/√𝐻𝑧) sensitivity which is 
comparable to other experimental setups24,44,47 studying near-field radiative heat transfer between 
a sphere and a planar surface.
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Introduction

In this chapter, measurements of near-field radiative conductance between a thermal emitter and a 
planar substrate are reported. The present experimental study aims in particular to investigate 
radiative heat transfer in the near field for large temperature differences above 500 K, which are
not reported in the literature. High temperature differences are useful for enhancing the conversion 
efficiency and the generated power of energy harvesting devices. Applications of near-field 
radiative heat transfer enhancement coupled to a thermophotovoltaic conversion device will be 
provided in chapter VI. Another goal is to determine the dependence on temperature of near-field 
thermal radiation, which strongly differs from the far field one (see Sec. II.4.2), and could not be 
easily studied in previous experiments due to limited temperature differences (see Sec. I.4)
Materials selected for sphere-plane experiments are SiO2, graphite and InSb. SiO2 was chosen 
because it is widely studied in the literature, especially for the sphere-plane configuration. Graphite 
and InSb are the emitter/substrate pair that was estimated to be the most efficient for the near-field 
enhancement of photocurrent generation by an InSb TPV cell at short distances. Different 
emitter/substrate combinations of the selected materials are investigated and the results are 
compared with theoretical calculations detailed in chapter II. Some experiments are performed with 
the substrate cooled at 77 K.
A few experiments are also performed for studying the tip-plane geometry. In this case, a doped-
Si SThM probe is used without any modification. The tip of the probe has a radius of curvature of 
~20 nm, therefore near-field radiative conductance is expected to be much smaller in the case of 
spherical emitters.

Tip-plane geometry

In this section, tip-plane geometry experiments are presented, with the aim of observing the 
influence of the SThM probe, without any sphere, on near-field radiative heat transfer. Tip-plane 
geometry measurements of near-field radiative heat transfer were studied in the literature for 
temperature differences up to 200 K17,37 (see Sec. I.4). This configuration allows to investigate gap 
distances of the order of the nanometer. Because of the small radius of curvature, there is no 
roughness parameter issue, for the emitter, which limits the minimum reachable distance. 
Vibrations and attraction forces are the only phenomena influencing the distance determination 
close to contact. In this work, the same kind of doped-Si SThM probe, on which spheres are usually 
glued, are used to measure near-field radiative conductance between the tip apex and a flat bulk 
substrate.

Figure IV.1: Details on dimensions of the doped-Si SThM probe
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A schematic view of the probe is presented in Figure IV.1. The tip is very small compared to the 
rest of the probe so the schematic view is not to scale. The tip has a height of ~4 – 5 µm with a 
radius of curvature RC = 10 – 20 nm. The radius of curvature is three orders of magnitude smaller 
than the radius of the spheres used for measuring near-field radiative heat transfer. The expected 
conductance is therefore much lower than that with spherical emitters.
In order to improve the signal-to-noise ratio, the probe temperature was set to 732 K, corresponding 
to the temperature of maximum sensitivity, where the temperature coefficient  is maximum. Such 
temperature gives a large temperature difference of 436 K that also contributes to enhancing the 
signal-to-noise ratio. Figure IV.2 shows the near-field radiative conductance as a function of 
distance between the heated tip at 732 K and a bulk flat substrate, made either of silicon or SiO2 at 
room temperature. The grey shaded area represents the range where there is an uncertainty on 
distance determination. Therefore, curves are plotted as a function of z-piezo positions relative to 
the contact, with each point located 1.7 nm away from the neighboring ones. Close to contact, the 
measured conductance reached a maximum value of 0.20 nW.K-1 for the configuration with a Si 
substrate and 0.11 nW.K-1 with SiO2. These values are one to two orders of magnitude lower than 
that measured with spherical emitters for similar temperature differences (Table IV.1). Therefore, 
the SThM probe is expected to have a very small influence on near-field radiative conductance 
measurements during experiments with a sphere attached on the tip. It has to be noticed that the 
random electrical noise is low, with 15 and 20 pW.K-1 for the configurations with a Si and SiO2
substrate respectively. These low values may be explained by the absence of sphere and adhesive 
on the tip of the probe.

Figure IV.2: Near-field radiative conductance as a function of distance between a 732 K tip of a 
doped-Si SThM probe and a Si or SiO2 bulk flat substrate at room temperature. Grey shaded areas 
represent the range where there is uncertainty on distance determination
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Unlike with spherical emitters where near-field radiative conductance increases below ~ 3 µm, 
with the tip the increase starts to be detected at lower distances, of the order of 100 to 200 nm. This 
increase is clearly seen in insets of linear plots of Figure IV.2, where the distance is shown in nm 
and the conductance is in pW.K-1. In the logarithmic scale plots, conductance has the same behavior 
for Si and SiO2 substrates, with a levelling off at low distances. In order to discriminate if the cause 
of the levelling off is due to the distance uncertainty or due to the emitter-substrate material 
combinations, PFA calculations are performed.  
 
In Figure IV.3a, a schematic of the three different emitter geometries, considered in PFA 
calculations, are presented: 

• Case 1 is for a spherical emitter with a radius of 20 nm, corresponding to an estimation of 
the radius of curvature of the tip apex. In this case, only near-field radiative heat transfer 
at the apex of the tip is considered. 

• Case 2 represents the real geometry of the tip. It takes into account an apex with a radius 
of curvature of 20 nm and tip with a height of 5 microns, with a 20° opening angle. 

• Case 3 is similar to case 2 but the radius of curvature at the apex is 10 times larger, with 
RC = 200 nm. This case gives best matching calculations compared to experimental 
measurements.  
 

In Figure IV.3b, experimental measurements and their uncertainties are compared to PFA 
calculations for the three cases described. Blue curves are for the Si substrate, while red curves are 
for the SiO2 substrate. Comparison with case 1 shows that calculations are several orders of 
magnitude below experimental measurements. It is expected because of the tip opening angle of 
20° provides more exchange area for radiative heat transfer. Calculations from case 2, considering 
the real dimensions of the tip, show a better agreement with measurements. Calculated 
conductances are of the same orders of magnitude as measured conductances. However, deviations 
appear at low distances, with calculated values lower than measurements for both substrate 
materials. On the plots in inset of the figure, the conductance enhancement near 100-200 nm is 
seen only for experimental measurements. Best matching calculations from case 3 show a 
conductance enhancement but for lower distances, of the order of 10 nm. 
Comparisons with PFA calculations for the tip-plane geometry appear very challenging. At low 
distances, below 100-200 nm, experimentally measured conductances are up to a factor 3 higher 
than that calculated considering the real emitter dimensions. Instead of the real RC = 20 nm, a radius 
of curvature RC = 200 nm has to be considered in order to find the best match between calculations 
and experiments. The disagreement with calculations tells that PFA is not reliable for simulating 
near-field radiative heat transfer between a tip and a plane82. Also, experimental uncertainties such 
as tip inclination may change the real geometry of the exchange area for near-field radiative heat 
transfer. In the literature, Kloppstech et al.25 studied near-field radiative heat transfer between a 
gold tip with RC = 30 nm and a gold flat substrate. Similarly, they measured an exchanged heat flux 
four orders of magnitude higher than calculations, despite performing numerical calculations with 
the boundary-element method instead of PFA. Cui et al.53 performed similar experiments and 
suggested that cleaning and contamination of the tip may strongly impact the measured near-field 
radiative conductance. Other reasons might also explain this difference and are currently subject 
of investigations. Averaging the experimental data could be done considering the amplitude of the 
vibration of the system and may lead to a better agreement with calculations. Understanding near-
field radiative heat transfer between a tip and a plane is an interesting field of study. It may be 
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worth performing experimental measurements with various materials and studying the influence of 
temperature differences, as it was done for sphere-plane configurations.

Figure IV.3: Measurements and PFA calculations comparison of near-field radiative conductance 
between a 732 K doped-Si tip and a room temperature bulk flat substrate made of Si (blue) or SiO2
(red). 
(a) Geometries of emitters considered in PFA calculations. (b) Comparison between measurements 
and calculations. 

Study of temperature and material dependence for the sphere-plane geometry

In order to study the influence of temperature and materials on near-field radiative heat transfer, 
several experiments were performed with a room temperature or cooled-down substrate and a 
heated emitter. Near-field radiative conductance curves as a function of distance and emitter 
temperature are presented and compared to PFA calculations (see Sec. II.3.2). For comparison, all 
experimental and calculated curves are set to a conductance equal to 0 at large distances 
(d ~ 3-4 µm), where the evanescent wave contribution to radiative heat transfer is negligible.
Measurements represent variations of radiative conductance from a reference in the far field, which 
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cannot be measured with the experimental setup. Therefore, we chose this reference to be 0 and to 
plot only the near-field contribution of the radiative conductance. For distances comprised between 
3 and 5 µm, averaging of experimental curves do not consider always 100 curves depending on 
distance. In fact, the distance range covered by one individual curve (before averaging) varies as a 
function of time due to the distance drift of the contact point, as shown in Figure III.15c. As a 
consequence, a majority of curves cover distances from 0 to ~ 3 µm only, while a few curves cover 
larger distances. Therefore, the averaging considers 100 curves for distances smaller than 3 µm but 
considerer fewer curves above this distance, tending to one curve at the largest distance. 
 
IV.3.1 Estimation of the minimum emitter-substrate distance 

When the emitter is close to contact with the substrate, it was demonstrated in the previous chapter 
that the distance determination depends on attraction forces, temperature-induced bending of the 
cantilever, roughness and vibrations. All these effects combined were estimated to limit the 
minimum achievable effective distance dmin up to several tens of nanometers. In the literature, the 
minimum distance was also often estimated with accounting for these effects40,41,47. For instance, 
Rousseau et al.40 measured a ~ 40 nm characteristic roughness for a SiO2 sphere used as the emitter 
and having a diameter of 40 µm. They found a 31.8 nm shift in distance in order to best match their 
experimental data to theoretical calculations from PFA. Using a similar method, the estimation of 
dmin, for measurements performed during this work is made in order to best fit experimental data 
with PFA calculations. This method is applied for distances below 300 nm where PFA calculations 
are expected to be more accurate (see Sec. II.3.2). This is achieved by applying a distance shift to 
the experimental conductance values, with the aim of minimizing the root-mean-square level of the 
difference with calculations in the sub-300 nm distance range. Figure IV.4a shows the near-field 
radiative conductance calculated with PFA as a function of distance, for SiO2-SiO2 and graphite-
InSb sphere-plane configurations. These configurations are selected because their conductances 
exhibit either a sharp or a smooth enhancement as distance decreases. Red curves are ideal sphere-
plane near-field radiative conductances 𝐺𝑠𝑝

𝑖𝑑𝑒𝑎𝑙 where there is no distance shift close to contact (dmin 
= 0), while blue curves (100 for each configuration) are calculated with dmin > 0, ranging from 10 
up to 70 nm. The distance distribution used for calculations, shown in Figure IV.4b, corresponds 
to a pseudo-random distribution with a Gaussian behavior similar to that observed experimentally 
(see Figure III.25). The distribution is centered on 40 nm, corresponding to the expected minimum 
distance determined in Sec. III.4.2. The minimum distance distribution is wide because it should 
describe what happens experimentally for individual approaches, with potentially large differences 
from one approach to another. The black-dashed curve is the mean sphere-plane near-field radiative 
conductance 𝐺𝑠𝑝

𝑚𝑒𝑎𝑛 representing the average of the 100 individual curves. The mean curve is then 
shifted in distance by increasing its minimum distance from 1 up to 200 nm with 1 nm steps (Figure 
IV.4c). At each step, the root-mean-square level rms of the difference between the mean the ideal 
curve is calculated, considering only distances below 300 nm. The point where the root-mean-
square level is the minimum corresponds to the dmin where the mean curve best matches the ideal 
curve. The value of dmin of the mean curve corresponds to the mean value of dmin used for 
calculating individual curves. In Figure IV.4a, the back-dash-dotted curve is the mean curve where 
a dmin of 40 nm is consider, and is superimposed with the ideal curve. This method will be applied 
in order to find the minimum distances reached during sphere-plane near-field radiative heat 
transfer experiments. It has to be mentioned that this method does not aim to provide a quantitative 
value of dmin, due to the probable inaccuracy of PFA calculations, but an estimation of the order of 
magnitude. 
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Figure IV.4: Method for estimating the minimum emitter-substrate distance. 
(a) Near-field radiative conductance calculated with PFA as a function of distance, for SiO2-SiO2
and graphite-InSb sphere-plane configurations. The red curve considers real distances, blue 
curves consider shifted distances, black-dashed curve is the mean curve considering curves with 
shifted distances, and the black-dash-dotted curve is the shifted mean curve. (b) Minimum distance 
distribution used during PFA calculations. (c) Root-mean-square level of the difference between 
the ideal and shifted mean curve, for distances below 300 nm

IV.3.2 Emitter-substrate material configurations studied experimentally

For this study, different pairs of materials were selected based on different motivations summarized
as follows: 
• SiO2-SiO2: The symmetrical configuration with SiO2, both used as emitter and substrate, is the 

classically studied case for near-field radiative heat transfer measurements. Surface phonon 
polaritons are expected to enhance by one to two orders of magnitude radiative heat transfer at
low distances close to contact, because of the same optical properties of the emitter and the 
substrate.

• SiO2-InSb: Combination of a SiO2 emitter with an InSb substrate is an interesting configuration 
to compare experimentally with the configuration using a graphite emitter. For near-field 
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thermophotovoltaic applications, graphite is theoretically expected to provide a better 
enhancement of the radiative heat flux in the near field compared to a SiO2 emitter. 

• Graphite-SiO2 and SiO2-graphite: The experimental setup also allows to study these two 
configurations, where the emitter and the substrate are exchanged. Thermal rectification may 
be observed when comparing results from the two configurations. 

• Graphite-Graphite: This configuration is also symmetrical, and therefore is expected to provide 
a large enhancement of radiative heat transfer in the near field. 

• Graphite-InSb: For a TPV cell made of InSb, calculations performed in Sec. II.4.1 
demonstrated that graphite was the most promising material, among those selected, to be used 
as emitter for enhancing radiative heat transfer in the near field.  

 
IV.3.3 SiO2-SiO2 

Measurements are performed between a sphere having a diameter of 44 µm, and a substrate at room 
temperature or cooled down to 77 K. 
 
IV.3.3.1 Room temperature substrate 

Results presented in Figure IV.5 are measurements of near-field radiative conductance between a 
hot SiO2 sphere and a room temperature SiO2 bulk flat substrate, as a function of z-piezo position 
and for five different emitter temperatures, from 417 to 789 K. Black dashed-dotted lines are 
calculations from the proximity approximation (PFA) at the experimentally measured 
temperatures, and colored lines are measurements. Measurements were performed from a few 
nanometers close to contact, and up to 5 µm distance. For each temperature, the conductance value 
is around 0 at distances above ~ 3 µm. In this distance range close to the wavelength of maximum 
thermal radiation Wien, contribution of evanescent waves to radiative heat transfer is expected to 
be small. It appears clearly in Figure IV.5a that experimental measurements are smaller than PFA 
predictions. Differences cannot be attributed to measurement uncertainties, as seen in Figure IV.5b. 
It is reminded that PFA calculations have been demonstrated not to be perfectly accurate, and may 
provide results relatively different than exact sphere-plane calculations83 (see Sec. II.3.2). 
Moreover, measured conductances are largely below that calculated in the far field, because of the 
spherical shape of the emitter limiting enhancement of radiative conductance in the near field (Sec. 
II.3). In Figure IV.5c,d, experimental values level off at small distances. Close to contact, 
differences between experimental measurements and PFA calculations are larger than one order of 
magnitude. However, deviations from calculations appear to decrease when the temperature is 
high. For the curve at 789 K, calculated values are almost included in the measurement 
uncertainties of experimental measurements. Similarly to tip-plane experiments, grey shaded areas 
are highlighting the distance range where there is uncertainty on distance determination, as 
described in Sec. III.4.2. For a room temperature substrate, the limit is ~ 30-40 nm. In order to 
correct the levelling off of the experimental data, adjustment of the minimum distance of 
measurements is performed. Due to large differences with PFA calculations at all distances, method 
described in Sec. IV.3.1 for estimating dmin cannot be used. Instead, dmin is estimated using a trial 
and error approach by shifting in distance the experimental values, in order to retrieve the same 
evolution as that of the calculated curve. As a consequence, values of dmin estimated for this case 
should be considered only as informational. 
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Figure IV.5: Near-field radiative conductance between a hot SiO2 sphere and a room temperature 
SiO2 bulk flat substrate, as a function of z-piezo position and emitter temperature.
(a) Linear scale. (b) Individual curves and their uncertainty with a linear scale. (c) Logarithmic 
scale. (d) Individual curves and their uncertainty with a logarithmic scale 

Figure IV.6a shows a logarithmic scale plot of near-field radiative conductance as a function of 
distance and emitter temperature, with adjusted dmin. Unlike other material configurations, an 
agreement could not be found between experiments and calculations. Estimated values of dmin are 
ranging from 53 to 118 nm, which is higher than expected but in agreement with values found for 
the SiO2-InSb configuration (Figure IV.14).
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Figure IV.6: Near-field radiative conductance between a hot SiO2 sphere and a room temperature 
SiO2 bulk flat substrate, as a function of distance and emitter temperature with adjusted minimum 
distances. (a) Logarithmic scale. (b) Individual curves and their uncertainty with a logarithmic 
scale 

In Figure IV.6b, it appears that for each temperature, measured near-field conductances can have 
the same evolution as a function of distance as calculations from PFA. As temperature increases, 
deviations between experiments and calculations decrease clearly. Characterization of SiO2
spheres, detailed in Sec. III.4.1.2, concluded that optical properties of spheres were probably very 
different from that of bulk SiO2. It is reminded that the sphere and the substrate were not provided 
by the same supplier. Therefore, high uncertainties have to be considered on PFA calculations since 
they are based on optical properties measured on bulk SiO2 substrates. An experimental work from 
literature, studying a SiO2-SiO2 configuration, also showed a qualitative-only agreement 
comparing experimental measurements with PFA47. In order to quantify deviations from 
calculations, experimental data are fitted with a conductance multiplicative factor, corresponding 
to their relative differences with calculations. Figure IV.7a shows experimentally measured near-
field radiative conductance with adjusted dmin and fitted conductance. Fitted experimental data are 
compared with PFA calculations. Conductance differences are ranging from a factor 4 to 1.65 when 
the emitter temperature goes from 417 up to 789 K. The multiplicative factor is plotted as a function 
of emitter temperature on Figure IV.7b. Evolution of the multiplicative factor as a function of 
emitter temperature is not simple and can be fitted with a linear law providing only a suggestion of 
the general evolution. Temperature dependence of the multiplicative factor may indicate that 
optical properties of SiO2 spheres undergo strong variations as a function of temperature. These 
variations may be higher than those observed on the measured data for a bulk substrate72 (see Figure 
II.2), which were already considered in PFA calculations. Infrared reflectivity measurements of 
SiO2 spheres did not allow direct measurements of optical properties. Study of the Christiansen
wavelength indicated that the dielectric function of spheres may be shifted by 2 µm in wavelength.
Although such a large shift seems very unlikely, PFA calculations can be made considering a 
shifted dielectric function for SiO2 spheres.
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Figure IV.7: Experimental measurements for the SiO2-SiO2 configuration fitted to PFA 
calculations.
(a) Near-field radiative conductance between a hot SiO2 sphere and a room temperature bulk flat 
SiO2 substrate as a function of distance for different temperature, with adjusted minimum distances 
and fitted conductance. (b) Multiplicative factor as a function of emitter temperature

Figure IV.8b shows the near-field radiative conductance as a function of distance between a 417 K 
SiO2 sphere and a flat bulk SiO2 substrate at room temperature. Experimental values are compared 
with PFA calculations based on unshifted optical properties and shifted in wavelength by 2 µm for 
the substrate only (Figure IV.8a). Calculations with the shifted dielectric function deviate from 
calculations with unshifted data. Relative difference between unshifted and shifted-based PFA 
calculations goes from a factor ~1 at the largest distance to a factor 4 at d = 1 nm. However, even 
calculations with a large wavelength shift of 2 µm fail to agree with experimental measurements. 
Uncertainty on the composition of SiO2 spheres may be a cause of the disagreement. Some residual 
compounds from the fabrication process, or pollution of the spheres may be present, thus largely 
modifying the dielectric function. The structure of SiO2 may also present crystalline parts, affecting 
the dielectric function. More advanced analyses of the composition of the spheres should be 
performed in order to clarify this uncertainty.
Temperature dependence of near-field radiative heat flux 𝑄𝑁𝐹 is investigated in Figure IV.9.
Distances were chosen following a logarithmic step, from 10 nm to 1 µm. Larger distances were 
not studied because of the low signal-to-noise ratio. Experimental data are represented by squares 
with error bars corresponding to uncertainties, while dotted lines represent PFA calculations. 
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Figure IV.8: Experimental data compared to PFA calculations based on shifted and unshifted 
dielectric functions.
(a) Real (top) and imaginary part (bottom) of the dielectric function of bulk SiO2 at 417 K, 
considering no wavelength shift (dash-dot curve) or a 2 µm shift (dash curve). (b) Experimental 
and calculated near-field radiative conductance between a 417 K SiO2 sphere and a room 
temperature bulk SiO2 substrate

Figure IV.9: Near-field radiative heat flux between a hot SiO2 sphere and a room temperature SiO2
bulk flat substrate, as a function of temperature for several distances.
(a) Experimental data with raw positions inferred from z-piezo position. (b) Experimental data 
with adjusted minimum distances.
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In Figure IV.9a, experimental data are considered using raw positions inferred from the z-piezo 
displacement. It appears clearly in Figure IV.9a and Figure IV.9b that experimental results strongly 
disagree with calculations. These differences are well observed on the logarithmic plot in inset of 
Figure IV.9b. In addition, the slopes seem to be different between measurements and calculations
indicating different temperature power law exponents. Since temperature power law exponents 
depend on materials, different experimentally measured exponents compared to calculations may 
confirm the hypothesis of the uncertainty of the material composition of the spheres.
Evolution of the temperature power law exponents as a function of distance is shown in Figure 
IV.10, considering raw positions and adjusted dmin. The exponent of the temperature power law is 
calculated with the same method as that used for theoretical calculation described in chapter II (see 
Sec. II.4.2.1). This method consists in fitting the measured radiative conductance as a function of 
the emitter temperature by the theoretical expression derived from the Stefan-Boltzmann law 
(Eq. (II.15)). The behavior of experimentally measured exponents is similar to that predicted by 
PFA calculations but shifted to higher values reaching that calculated in the far field (𝑛𝐹𝐹 = 4.15) 
near 100 nm. It has to be noted that adjusted minimum distances should be considered as qualitative 
only since there are uncertainties on the sphere dielectric function, and on PFA calculations as a
consequence. Therefore, it cannot be certified that the analysis of the temperature power law 
exponent is more reliable taking into account adjusted minimum distances.
The SiO2-SiO2 configuration provided unexpected results with a lower conductance by a factor up 
to 4, depending on emitter temperature. Analysis of infrared reflectivity (see Sec. III.4.1) and 
temperature dependence of near-field radiative heat flux could indicate that uncertainties on 
material composition of SiO2 spheres. However, experimental measurements from other 
configurations using SiO2 spheres led to good agreement with calculations (Sec. IV.3.4 and IV.3.5).
This could be explained by the difference of wavelengths of the surface phonon polaritons (SPhPs) 
between SiO2 and the other material (see Sec. II.2.2). For the symmetrical SiO2-SiO2 configuration, 
SPhPs are expected to be approximatively at the same wavelength, thus enhancing drastically 
radiative heat transfer in the near field (see Figure II.20).

Figure IV.10: Temperature power law exponent as a function of distance between a SiO2 sphere, 
from 417 to 789 K, and a room temperature SiO2 bulk flat sample.
(a) Experimental data with raw positions inferred from z-piezo position. (b) Experimental data 
with adjusted minimum distances.
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A small wavelength shift of the dielectric function leads to a non-matching of the SPhPs 
wavelengths between the emitter and the substrate. For configurations with a substrate made of
another material than SiO2, there is no expected matching of SPhPs wavelengths. Therefore, a 
shifted or slightly different dielectric function of the SiO2 spherical emitter is not expected to have 
a significant impact on near-field radiative heat transfer.

IV.3.3.2 Cooled substrate

The experimental setup allows to cool the substrate down to cryogenic temperatures (see details in 
Sec. III.3.2). In order to check the feasibility of near-field radiative conductance measurements 
with the working cooling system, the SiO2 substrate was cooled down to 77 K while the SiO2 sphere 
was heated to 647 K. This configuration exhibits a large temperature difference of 570 K. In Figure 
IV.11, near-field radiative conductance measurements are shown as a function of distance and 
compared with PFA calculations. One issue is the very large random electrical noise affecting 
experimental measurements, despite a large number of curves considered for averaging. In 
conductance, this measured noise is ~ 1.8 nW.K-1, which is almost two orders of magnitude higher 
than that measured with a room temperature substrate. The noise is also noticeably larger than that 
measured with cooled substrates studied for the previous material configurations. The presence of 
the cooling system clearly affects near-field radiative heat transfer measurements accuracy. This 
experiment was the first to be performed with a cooled substrate. At that time, issues such as 
thermal drift (Figure III.18a) and vibration (Figure III.25) were not known. For instance, the 
cryostat was fixed to the vacuum chamber by one point only, instead of three later on. 
Improvements were made afterwards before performing near-field thermophotovoltaic 
measurements. The behavior of conductance as a function of distance is similar to that of the room 
temperature substrate with a levelling off at low distances. Because of the large random noise, 
experimental measurements may agree with PFA calculations for distances above 100 nm, which 
was not the case with a room temperature substrate for the SiO2-SiO2 configuration. Below 100 
nm, the levelling off can be corrected by adjusting the minimum distance. 
Figure IV.12a shows near-field radiative conductance as a function of distance with an adjusted 
minimum distance.

Figure IV.11: Near-field radiative conductance as a function of distance between a 647 K SiO2
sphere and a 77 K flat bulk SiO2 substrate. 
(a) Linear scale. (b) Logarithmic scale
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Figure IV.12: Effect of adjusted dmin on conductance measurements with a cooled substrate.
(a) Near-field radiative conductance as a function of distance between a 647 K SiO2 sphere and a 
77 K flat bulk SiO2 substrate with adjusted minimum distance. (b) Multiplicative factor as a 
function of emitter-substrate temperature difference

The best match with PFA calculations was found with dmin = 65 nm. This value of dmin is in the 
expected distance range of ~ 100 nm, caused by higher amplitude of vibrations when the cooling 
system is used. The configuration with a 77 K substrate is the only case where there could be an
agreement between experiments and theory for the SiO2-SiO2 configuration considering 
uncertainties. The relative difference factor between PFA calculations and measurements is plotted 
on Figure IV.12b. Black circles are from previous measurements with a room temperature 
substrate, while the blue circle represents the relative difference measured with the cooled 
substrate, which is 1.25. It appears that the relative difference for the cooled substrate matches very 
well with the behavior previously found with the substrate at room temperature. Therefore, it seems 
that as the temperature difference gets larger, the difference between measurements and PFA 
calculations decreases. This observation is in agreement with the hypothesis of a difference of
dielectric functions between the spheres and the substrate. Since the dielectric function of SiO2
depends on temperature, then a suitable temperature difference may provide a matching of SPhPs 
wavelengths between the sphere and the substrate. Some experiments might be performed with a 
sphere at room temperature and a heated substrate, in order to measure if differences between 
experiments and calculations evolve with a behavior similar to or different from that measured 
during this work.
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IV.3.4 SiO2-InSb

Experiments were performed between a 44 µm diameter SiO2 sphere and a bulk non-intentionally 
n-doped InSb substrate at room temperature. Measurements were also performed with an InSb TPV 
cell cooled down to 77 K (see chapter VI).

IV.3.4.1 Room temperature substrate

It was chosen to study emitter temperatures higher than the melting point of InSb. SiO2 has a 
thermal conductivity of 1.4 W.m-1.K-1, which is one to two orders of magnitude lower than that of 
graphite (25-470 W.m-1.K-1)99,100. The contact resistance between the sphere and the substrate, 
coupled with the low thermal conductivity of SiO2 are expected to prevent excessive local heating 
or melting of InSb, in contact with a hot emitter. 

Figure IV.13: Near-field radiative conductance between a hot SiO2 sphere and a room temperature 
InSb bulk flat substrate, as a function of z-piezo position and emitter temperature. 
(a) Linear scale. (b) Individual curves and their uncertainty with a linear scale. (c) Logarithmic 
scale. (d) Individual curves and their uncertainty with a logarithmic scale
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Figure IV.13 shows the near-field radiative conductance as a function of z-piezo position for four 
emitter temperatures. In Figure IV.13b, it can be seen that uncertainties from the random electrical 
noise are higher than usual. The effect is the most important on the curve at an emitter temperature 
of 550 K. Still, a good agreement is found with calculations. At low distances, experimental values 
level off as visible in Figure IV.13c,d. Therefore, adjusted minimum distances have to be 
considered to correctly compare experimental data. With this material configuration, and others 
later on, minimum distances are estimated following the method described in Sec. IV.3.1.
Near-field radiative conductance as a function of distance with adjusted dmin is presented in Figure 
IV.14. Values of dmin are estimated to be ranging from 4 to 103 nm. These distances are higher than 
expected for the SiO2-InSb configuration (grey shaded area). The curves at 450 and 550 K have 
respectively the lowest and highest random electrical noise, and the lowest and highest estimated 
minimum distance. Therefore, a correlation between random electrical noise and minimum 
distance seems reasonable. Again, causes of noise and large dmin may be pollution of the emitter or 
the substrate, along with mechanical vibrations higher than expected. The curves levelling off at 
small distances may induce uncertainties on the estimation of dmin, compared to a curve with a sharp 
conductance enhancement. Measurements at 900 and 1200 K do not exhibit any unexpected 
behavior, despite being performed at emitter temperatures higher than the melting point of InSb. 
This may support the fact that the InSb substrate is not excessively heated at contact with a hot 
SiO2 sphere. 
Near-field radiative heat flux as a function of temperature for five different distances is presented 
in Figure IV.15. Considering raw positions in Figure IV.15a, the agreement with PFA calculations 
is found only from 100 nm to 1 µm. With adjusted dmin (Figure IV.15b), comparison with 
calculations for d = 10 and 30 nm cannot be made. In fact, only the experimental curve at 450 K 
has a dmin small enough and at least two points are required to fit the data in order to estimate the 
exponent of the temperature power law. Therefore, temperature dependence can be studied only 
for distances above 52 nm, corresponding to the second smallest dmin. The logarithmic scale plot in 
inset of Figure IV.15b shows a good agreement between measurements and calculations. 

Figure IV.14: Near-field radiative conductance between a hot SiO2 sphere and a room temperature 
InSb bulk flat substrate, as a function of distance and emitter temperature with adjusted minimum 
distances.
(a) Logarithmic scale. (b) Individual curves and their uncertainty with a logarithmic scale
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Figure IV.15: Near-field radiative heat flux between a hot SiO2 sphere and a room temperature 
InSb bulk flat substrate, as a function of temperature for several distances.
(a) Experimental data with raw positions inferred from z-piezo position. (b) Experimental data 
with adjusted minimum distances.

Exponent of the temperature power law of the near-field radiative conductance is shown in Figure 
IV.16 as a function of distance, for raw positions (Figure IV.16a) and for adjusted dmin (Figure 
IV.16b). The behavior of experimentally estimated exponents is similar to theoretical predictions 
below 500 nm for both raw positions and adjusted dmin. Strong deviations from calculations are 
observed for distances of the order of 1 µm. This is due to the larger measurement uncertainty from 
the random electrical noise, as previously explained. Contrary to the previous SiO2-SiO2
configuration, the measured exponents are, as expected, always smaller than that calculated in the 
far field corresponding to 𝑛𝐹𝐹 = 4.07.

Figure IV.16: Temperature power law exponent as a function of distance between a SiO2 sphere, 
from 450 to 1200 K, and a room temperature InSb bulk flat sample.
(a) Experimental data with raw positions inferred from z-piezo position. (b) Experimental data 
with adjusted minimum distances.
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IV.3.4.2 Cooled InSb TPV cell substrate

Figure IV.17 shows near-field radiative conductance measurements as a function of distance, 
between a 732 K SiO2 sphere and an InSb TPV cell at 77 K. The high random electrical noise 
(1230 pW.K-1) is due to the averaging, taking only 6 curves into consideration. The noise level is 
similar to that found for the graphite-InSb cell configuration, where a 7-curve average resulted in 
a 1100 pW.K-1 random noise (Figure IV.37b). Because the conductance between a SiO2 sphere and 
an InSb substrate is expected to be of the order of a few nW.K-1, a large random noise leads
therefore to a low signal-to-noise ratio. The maximum measured conductance is then 
5.9 ± 2.4 nW.K-1. In Figure IV.17, experimental measurements seem to agree with calculations. 
However, this agreement is only qualitative due to high uncertainties. Therefore, trying to estimate
the minimum distance of experimental data is irrelevant.
The study of the SiO2-InSb configuration has demonstrated that it was possible to perform 
experiments with emitter temperatures much higher than the melting temperature of InSb. Also, 
minimum reached distances have been determined, from conductance measurements, to be higher 
than expected when an abnormally high random electrical noise was measured. Experiments with 
a cooled substrate have only shown a qualitative agreement with PFA calculations, due to the large 
noise affecting measurements and limited averaging. 

Figure IV.17: Near-field radiative conductance as a function of distance between a 732 K SiO2
sphere and an InSb TPV cell at 77 K. (a) Linear scale. (b) Logarithmic scale

IV.3.5 SiO2-Graphite

Near-field radiative conductance between a hot SiO2 sphere and a room temperature graphite bulk 
flat substrate is shown as a function of z-piezo position and emitter temperature in Figure IV.18.
Measurements were performed at four different emitter temperatures, ranging from 450 to 1200 K. 
For positions ranging between 3 and 5 µm, experimental curves have large fluctuations around 0 
due to the averaging of experimental curves that do not consider always 100 curves depending on 
distance. Figure IV.18b shows a good agreement between experimental data and PFA calculations,
considering uncertainties. 
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Figure IV.18: Near-field radiative conductance between a hot SiO2 sphere and a room temperature 
graphite bulk flat substrate, as a function of z-piezo position and emitter temperature.
(a) Linear scale. (b) Individual curves and their uncertainty with a linear scale. (c) Logarithmic 
scale. (d) Individual curves and their uncertainty with a logarithmic scale 

Figure IV.18c,d highlight a leveling off of experimental measurements at low distances, which 
seems to be corrected by adjusting dmin. Values of dmin have a large influence because close to 
contact because the curve at the emitter temperature of 1200 K is below the ones at 900 and 
550 K. This may indicate strong differences of dmin for each curve.
Figure IV.19 shows experimental measurements with adjusted dmin. As expected, large differences 
are observed from one curve to another. The curve at 1200 K has an estimated dmin of 25 nm, while 
the other curves have dmin estimated to be ranging from 5 to 12 nm. Adjusted curves agree well 
with PFA calculations for all distances and temperatures, and the curve at 1200 K does not cross 
the ones at 900 and 550 K anymore. These estimated values of dmin are of the same order of 
magnitude as the roughness of SiO2 spheres.
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Figure IV.19: Near-field radiative conductance between a hot SiO2 sphere and a room temperature 
graphite bulk flat substrate, as a function of distance and emitter temperature with adjusted 
minimum distances.
(a) Logarithmic scale. (b) Individual curves and their uncertainty with a logarithmic scale

An analysis of the temperature dependence of near-field radiative heat flux is given in Figure IV.20.  
In Figure IV.20a, the raw positions are considered for experimental data, while Figure IV.20b
shows experimental data with adjusted dmin.

Figure IV.20: Near-field radiative heat flux between a hot SiO2 sphere and a room temperature 
graphite bulk flat substrate, as a function of temperature for several distances.
(a) Experimental data with raw positions inferred from z-piezo position. (b) Experimental data 
with adjusted minimum distances.
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The curves at d = 10 nm only have two experimental points from the experiments at 550 and 900 
K. It is explained because minimum distances of the two other curves are larger than 10 nm. The 
logarithmic scale plot, in inset of the figure, also shows a good agreement between experimental 
data and PFA calculations. 
Considering measurement uncertainties, the experimentally deduced exponent considering raw 
positions (Figure IV.21a) and adjusted dmin follows the same evolution as that of the calculated 
exponent. As both cases lead to a relatively good agreement with calculations, the necessity to 
consider adjusted minimum distances can be discussed. It was shown previously in Figure IV.18
that at very low distances, the experimental curve at 1200 K crosses the curves at 550 and 900 K. 
This phenomenon is theoretically unexpected because near-field radiative conductance increases 
with temperature and smaller distances. Therefore, experimental results imply that minimum 
reached distances were probably different depending on the studied emitter temperature. As a 
result, it seems that a better analysis may be provided by estimating dmin for each curve, which are 
of the order of the roughness parameters of the SiO2 sphere. In the next section, a study of the 
inverse graphite-SiO2 configuration is presented and comparisons are made with results obtained 
with the SiO2-graphite configuration. As shown in Figure II.28, near-field radiative conductance is 
expected to be very similar when comparing these two configurations, with a few percent 
differences only.

Figure IV.21: Temperature power law exponent as a function of distance between a SiO2 sphere, 
from 450 to 1200 K, and a room temperature graphite bulk flat sample.
(a) Experimental data with raw positions inferred from z-piezo position. (b) Experimental data 
with adjusted minimum distances

IV.3.6 Graphite-SiO2

In order to compare with the inverse SiO2-graphite configuration, PFA calculations were performed 
as a function of distance for three emitter temperatures. The calculated relative difference of near-
field radiative conductance between the two configurations is plotted in Figure IV.22, for emitter 
temperatures of 450, 550 and 900 K. The spheres have slightly different diameters influencing 
radiative heat transfer. Also, the dielectric function of SiO2 depends on temperature, while that of 
graphite was considered the same at all temperatures, potentially leading to thermal rectification 
(see Figure II.28).
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Figure IV.22: Calculated relative difference of near-field radiative conductance as a function of 
distance for three emitter temperatures, between SiO2-graphite and graphite-SiO2 configurations

Figure IV.23: Near-field radiative conductance between a hot graphite sphere and a room 
temperature SiO2 bulk flat substrate, as a function of z-piezo position and emitter temperature.
(a) Linear scale. (b) Individual curves and their uncertainty with a linear scale. (c) Logarithmic 
scale. (d) Individual curves and their uncertainty with a logarithmic scale 
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The largest relative differences are found for distances below 1 µm and are of the order of 11 to 14 
%, depending on emitter temperature. Larger emitter temperatures lead to smaller differences. A
quantitative comparison of experimental data measured for the two configurations is therefore not 
possible. For this configuration and others involving a graphite emitter, the graphite sphere has a 
diameter of 37.5 µm. 
Figure IV.23 shows near-field radiative conductance between a hot graphite sphere and a room 
temperature SiO2 bulk flat substrate, as a function of z-piezo position for four different emitter 
temperatures. It is clearly seen that measurements performed at an emitter temperature of 541 K 
have a much higher random noise than measurements at other temperatures. Analysis of the 100 
curves considered for averaging shows that the random noise is large for all curves. This may be 
explained by an isolated case of contamination of the emitter or the sample, since it is not seen for 
other temperatures. At low distances, the signal-to-noise ratio for the experiment at 541 K is still 
high enough to observe a clear evolution of near-field radiative conductance as a function of 
distance. From 426 to 773 K, the maximum conductance increases from ~ 2 to 5 nW.K-1. However, 
the logarithmic scale plot (Figure IV.23c) shows that experimental data are levelling off at low 
distances, in the distance uncertainty area, while PFA calculations keep increasing. Even when 
conductance uncertainties are considered (Figure IV.23d), experimental measurements deviate 
from calculations for distances below 100 nm, due to the minimum distances.
Near-field radiative conductance experiments with adjusted dmin are presented in Figure IV.24.
Values of dmin for experiments performed at an emitter temperature from 541 to 773 K are estimated 
between 23 and 33 nm. This distance range corresponds to the maximum height of irregularities of 
graphite spheres shown in Figure III.22. The curve at 426 K is best fitted to calculations with dmin
= 103 nm. This value is twice the expected value considering all distance uncertainty effects for 
this configuration. Reasons of this large dmin may be the sphere or the sample polluted by a small 
particle, thus bringing the sphere into mechanical contact with the sample at distances larger than 
expected. This hypothesis may agree with the large random noise found on measurements 
performed at 541 K. Similarly to the SiO2-InSb configuration, a high dmin is estimated in parallel 
with a high random electrical noise.

Figure IV.24: Near-field radiative conductance between a hot graphite sphere and a room 
temperature SiO2 bulk flat substrate, as a function of distance and emitter temperature with 
adjusted minimum distances.
(a) Logarithmic scale. (b) Individual curves and their uncertainty with a logarithmic scale

high random electrical noise
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Figure IV.25: Comparison of near-field radiative conductance as a function of distance between 
SiO2-graphite and graphite-SiO2 configurations for similar temperatures

Pollution of the sphere may add heat transfer mechanisms between the sphere and the pollutant, 
leading to a fluctuating thermal signal. Another explanation may be higher vibrations than usual at 
the time when experiments were performed. Unfortunately, this second hypothesis cannot be 
verified because the vibrations measurements setup (optical fiber) was not included in the 
experimental setup when these graphite-SiO2 measurements were performed.
Figure IV.25 compares SiO2-graphite and graphite-SiO2 configurations for experiments made at 
550 and 541 K. These temperatures are chosen because they are the most similar available between 
the two configurations. As expected, differences appear between the two configurations. These 
differences are partly due to the difference of sphere diameters, and difference of emitter 
temperature between SiO2-graphite and graphite-SiO2 configurations. For instance, calculations 
presented in Figure IV.22 showed a relative difference of ~12 % when both emitters have a 
temperature of 550 K.

Figure IV.26: Near-field radiative heat flux between a hot graphite sphere and a room temperature 
SiO2 bulk flat substrate, as a function of temperature for several distances.
(a) Experimental data with raw positions inferred from z-piezo position. (b) Experimental data 
with adjusted minimum distances.
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Shifting one curve in conductance by 20% (Figure IV.25, right), corresponding to the relative 
difference of conductance calculated with PFA between the two configurations, leads to a good 
agreement over two orders of magnitude between measurements and calculations for the two 
configurations. This comparison proves that these two configurations provide very similar results 
as expected theoretically (see Sec. II.4.2.2).
Study of near-field radiative heat flux as a function of emitter temperature for different distances 
is provided in Figure IV.26. The effect of estimated large minimum distances is clearly observed 
comparing cases considering raw positions and adjusted dmin. In Figure IV.26a, there is a good 
agreement between experiments and calculations for distances above 100 nm, but large deviations 
for smaller distances. In Figure IV.26b, where adjusted dmin are taken into account, the curve at 
d = 10 nm is not represented because there is no experimental data available. The curve at 
d = 30 nm in made with only two experimental points, corresponding to experiments performed at 
541 K (dmin = 29 nm) and 691 K (dmin = 23 nm).
Exponents of the temperature power law of near-field radiative exchanged heat flux are calculated 
as a function of distance considering raw positions and adjusted dmin (Figure IV.27a,b). Strong
deviations between experimentally determined power law exponents and those calculated with 
PFA appear at distances below 40 nm. At this distance range, calculated exponents decrease from 
2.78 to 2.29 while measured exponents increase from 2.9 to 3.7. These deviations completely 
disappear with adjusted dmin. In this case (Figure IV.27b), experimental values follow the same 
evolution as that predicted by PFA calculations, with an agreement from 29 nm to 600 nm 
considering uncertainties. We observe that when accounting for adjusted dmin the comparison 
between the measured temperature dependence of near-field radiative heat transfer and calculations 
appears favorable. As expected, the comparison with the inverse configuration (SiO2-graphite) has 
demonstrated similar near-field radiative conductances. A comparison has been made considering 
the slight differences in sphere diameters and emitter temperatures between the two configurations. 
In addition, it has to be highlighted that doped-Si SThM cantilevers used as heater/thermometer 
were different for the two configurations and were both calibrated independently. The fact that 
experimental results are comparable between the two different configurations is therefore a proof 
of the reliability of the calibration and measurement process.

Figure IV.27: Temperature power law exponent as a function of distance between a graphite 
sphere, from 426 to 773 K, and a room temperature SiO2 bulk flat sample.
(a) Experimental data with raw positions inferred from z-piezo position. (b) Experimental data 
with adjusted minimum distances.

of the reliability of the calibration and measurement process.
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IV.3.7 Graphite-Graphite

The symmetrical graphite-graphite configuration was studied with high emitter temperatures up to 
1200 K. The limit temperature corresponds to the sensitivity limit of the emitter. As explained in 
Sec. III.2.3, the temperature coefficient  (in absolute values) of the emitter decreases above the 
temperature of maximum electrical resistance TRmax (~732 K). Above 1400 K, 𝛼 tends to 0 implying 
that measurements of temperature variations become very challenging.

Figure IV.28: Near-field radiative conductance between a hot graphite sphere and a room 
temperature graphite bulk flat substrate, as a function of z-piezo position and emitter temperature.
(a) Linear scale. (b) Individual curves and their uncertainty with a linear scale. (c) Logarithmic 
scale. (d) Individual curves and their uncertainty with a logarithmic scale 
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Figure IV.28 shows near-field radiative conductance between a hot graphite sphere and a room 
temperature graphite bulk flat substrate, as a function of z-piezo position for five different emitter 
temperatures from 550 to 1200 K. High temperature differences, over 900 K, are achieved during 
these experiments. Such large temperature differences are expected to result in large radiative heat 
transfer with great signal-to-noise ratio. In Figure IV.28a,b, the increase of near-field radiative 
conductance is clearly observed close to contact, from 550 to 1200 K, rising from ~ 15 to
70 nW.K-1. These values are still lower than those calculated in the far field. There is also a good 
agreement between experimental measurements and PFA calculations. In Figure IV.28c, 
experimental values tend to level off in the last nanometers when raw positions are considered, 
except at 1200 K. For all temperatures, experimental data agree with theory considering 
measurement uncertainties. The curve at 550 K (Figure IV.28d) has a larger random noise 
compared to measurements at the other temperatures, inducing large uncertainties for distances 
above 1 µm. Levelling off of experimental data in the last nanometers can be corrected by adjusting 
the minimum distance.
In Figure IV.29, dmin is adjusted for each curve. The adjustment gives values estimated to be ranging 
from 5 to 8 nm, similar to those from the graphite-InSb case (Figure IV.33). With adjusted dmin, it
is seen on the logarithmic scale plot that experimental values do not level off at low distances and 
follow better theoretical calculations from PFA. 
Near-field radiative heat flux is shown in Figure IV.30 as a function of emitter temperature for six 
distances ranging from 10 nm to 1 µm, considering either raw positions (Figure IV.30a) or adjusted 
dmin (Figure IV.30b). Considering raw positions, experimental data agree well with calculations, 
except for d = 10 nm at 1200 K.

Figure IV.29: Near-field radiative conductance between a hot graphite sphere and a room 
temperature graphite bulk flat substrate, as a function of distance and emitter temperature with 
adjusted minimum distances. 
(a) Logarithmic scale. (b) Individual curves and their uncertainty with a logarithmic scale
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Figure IV.30: Near-field radiative heat flux between a hot graphite sphere and a room temperature 
graphite bulk flat substrate, as a function of temperature for several distances.
(a) Experimental data with raw positions inferred from z-piezo position. (b) Experimental data 
with adjusted minimum distances.

The inset in Figure IV.30b is a logarithmic scale plot of the data showing similarities in the 
temperature dependence of radiative heat transfer between experiments and calculations. 
The exponent of the temperature power law is represented in Figure IV.31 as a function of distance 
for raw positions (Figure IV.31a) and for adjusted dmin (Figure IV.31b). Despite large variations in 
the experimentally determined exponents, the evolution as a function of distance follows the same 
trend as that predicted by calculations.

Figure IV.31: Temperature power law exponent as a function of distance between a graphite 
sphere, from 550 to 1200 K, and a room temperature graphite bulk flat sample.
(a) Experimental data with raw positions inferred from z-piezo position. (b) Experimental data 
with adjusted minimum distances.
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Lower deviations from PFA calculations at small distances are found with adjusted dmin. The 
agreement with calculations is found up to a relatively large distance d ~ 1.3 µm. This may be due 
to the large temperature difference providing a high signal-to-noise ratio.
The original study of the symmetrical graphite-graphite configuration shows a good agreement 
with calculations. Large temperature differences up to 900 K lead to near-field radiative heat fluxes 
up to 30 µW.

IV.3.8 Graphite-InSb

Measurements presented in this section include experiments performed with a room temperature 
InSb substrate, in addition to experiments with a cooled InSb TPV cell. 

IV.3.8.1 Room-temperature substrate

Experiments were performed with an emitter temperature from 456 K to 744 K. 

Figure IV.32: Measured and calculated near-field radiative conductance between a hot 37.5 µm 
diameter graphite sphere and a room temperature InSb bulk flat substrate, as a function of z-piezo
position and emitter temperature.
(a) Linear scale. (b) Individual curves and their uncertainty with a linear scale. (c) Logarithmic 
scale. (d) Individual curves and their uncertainty with a logarithmic scale 
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The emitter temperature is limited by the melting temperature of InSb, which is 800 K. To avoid 
damaging the emitter at the contact with the substrate, or evaporating InSb into the vacuum 
chamber, the emitter temperature was therefore kept under 750 K. The InSb sample is a non-
intentionally n-doped (ND ~ 1015 cm-3) flat bulk substrate.
Figure IV.32 shows the measured and calculated near-field radiative conductances between a 
37.5 µm diameter graphite sphere and a room temperature InSb bulk flat substrate, as a function of 
z-piezo position and emitter temperature. Linear plot of near-field radiative conductance is shown 
in Figure IV.32a,b. Considering uncertainties, experimental curves agree well with PFA 
calculations for all temperatures. The effect of temperature when the emitter varies from 456 to 
744 K is clearly observed, as the conductance close to contact increases from 3 to 11 nW.K-1. It is 
interesting to focus on small distances where PFA is more accurate than at micrometer-scale83, as 
shown in Sec. II.3.2. In Figure IV.32c, near-field radiative conductance tends to level off at low 
distances as calculated. It is reminded that conductance levels off due to the very small contribution 
of surface modes on radiative heat transfer between graphite and InSb. At distances above 2 µm, 
experimental data appear very fluctuating because of the random electrical noise. The smaller the 
distance, the higher the signal-to-noise ratio. In general, experimental curves have the same 
evolution as that predicted by PFA, and quantitatively agree considering uncertainties (Figure 
IV.32d).
Figure IV.33 shows measurements performed during this work with adjusted minimum distances, 
independently for each temperature. Resulting dmin are estimated to be ranging from 2 to 8 nm 
depending on emitter temperature, but without apparent correlation to temperature. Regarding both 
graphite-InSb and graphite-graphite configurations, temperature does not seem to have an influence 
on the estimation of dmin. These values correspond to the vibrations and measured RRMS roughness 
of the graphite spheres but are one order of magnitude lower than the maximum height of 
irregularities of spheres (~30 nm, see Sec. III.4.2.1). Low estimated dmin may be explained by a 
contact area flatter than expected between the graphite sphere and the substrate.

Figure IV.33: Near-field radiative conductance between a hot graphite sphere and a room 
temperature InSb bulk flat substrate, as a function of distance and emitter temperature with 
adjusted minimum distances.
(a) Logarithmic scale. (b) Individual curves and their uncertainty with a logarithmic scale
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Figure IV.34: Near-field radiative heat flux between a hot graphite sphere and a room temperature 
InSb bulk flat substrate, as a function of temperature for several distances. (a) Experimental data 
with raw positions inferred from z-piezo position. (b) Experimental data with adjusted minimum 
distances.

Some irregularities of the graphite sphere may have been reduced during the contact due to the 
force applied on the sphere. In order to be confirmed, such hypothesis would require additional 
post-experiment characterizations of the sphere, with SEM images or AFM topography images.
Temperature dependence of near-field radiative heat transfer is studied by plotting the exchanged 
radiative heat flux as a function of emitter temperature for several emitter-sample distances (Figure 
IV.34). Considering measurement uncertainties, evolution of near-field radiative heat flux as a 
function of temperature agrees well with that predicted by theoretical calculations. The inset shows
data plotted in logarithmic scale. For the selected distances, experimental data are in good 
agreement with calculations. 

Figure IV.35: Temperature power law exponent as a function of distance between a graphite 
sphere, from 456 to 744 K, and a room temperature InSb bulk flat sample.
(a) Experimental data with raw positions inferred from z-piezo position. (b) Experimental data 
with adjusted minimum distances.
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Figure IV.35 shows the exponent of the temperature power law of the radiative conductance as a 
function of distance, considering raw distances (Figure IV.35a), and adjusted dmin (Figure IV.35b).
Considering uncertainties, adjusting the minimum distances does not provide a better agreement of 
the measurements with the calculations. The experimentally measured exponents seem to be larger 
than those predicted for distances above 40 nm but follow a similar evolution as a function of 
distance. In Figure IV.35a, the experimental exponent has a decreasing behavior between 300 and 
3 nm, which is different from that of the calculations where the exponent is almost stable. Taking 
adjusted dmin into account gives a slightly more stable evolution of the experimentally determined 
exponent. Above 1 µm, large deviations appear between experiments and calculations. These 
deviations are due to low signal-to-noise ratio. Qualitative comparisons can be made between SiO2
and graphite emitters paired with an InSb substrate.
In Figure IV.36, near-field radiative conductance as a function of distance is compared between 
the two different emitter materials, for similar temperatures of 450 and 456 K. Evolution as distance 
decreases is different, with a faster increase for the graphite emitter. 

Figure IV.36: Comparison of near-field radiative conductance as a function of z-piezo position
between SiO2-InSb and graphite-InSb configurations for similar temperatures

IV.3.8.2 Cooled InSb TPV cell substrate

Here, InSb cells are cooled down to 77 K while a graphite spherical emitter is heated up to 900 K. 
Figure IV.37 shows measurements of near-field radiative conductance between a heated graphite 
sphere and a 77 K InSb TPV cell. For these experiments, emitter temperatures are ranging from 
732 to 900 K. Experiments performed with an emitter temperature of 900 K did not damage the 
cell. This may be explained by the contact resistance between the sphere and the cell, limiting heat 
transfer via conduction, thus preventing overheating of the cell. Measurements with an emitter 
temperature of 1200 K were attempted but the cell was damaged. 
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Figure IV.37: Measured and calculated near-field radiative conductance between a hot 37.5 µm 
diameter graphite sphere and a 20 µm in diameter InSb TPV cell cooled down to 77 K, as a function 
of z-piezo position for three emitter temperatures.
(a) Linear scale. (b) Individual curves and their uncertainty with a linear scale. (c) Logarithmic 
scale. (d) Individual curves and their uncertainty with a logarithmic scale 

Because of technical issues caused by the cooling system (see Sec. III.3.2.2), less than the usual 
100 curves were measured before averaging. For instance, averaged curves shown in the figure are 
considering 17, 10 and 7 curves for the experiments at 732, 830 and 900 K respectively. The effect 
is seen as a large random noise on near-field conductance measurements. In the logarithmic scale 
plot, experimental values level off at low distances. Compared to the InSb substrate at room 
temperature (Figure IV.32), deviations from calculations due to the levelling off are more 
important. These deviations are expected because of large mechanical vibrations induced by the 
cooling system. Maximum amplitude of the vibrations were measured at ± 83 nm around the mean 
position. As a result, minimum reached distances are expected to be larger with a cooled substrate 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2020LYSEI053/these.pdf 
© [C. Lucchesi], [2020], INSA Lyon, tous droits réservés



Chapter IV: Near-field radiative heat transfer experiments

155

than with a room temperature one. For calculations, the dielectric function of the InSb TPV cell 
was calculated at 77 K considering a p-doping level of 1018 cm-3, and an n-doping level of 
1015 cm-3. Since the diameter of the sphere (37.5 µm) is larger than that of the cell (20 µm), PFA 
calculations are performed considering a maximum radius r = Rcell (see chapter II, Figure II.12a).
Also, the small size of the cell lowers the far-field radiative conductance, as expected theoretically 
(Figure II.29). These experiments are the only ones exhibiting near-field conductances larger than 
those calculated in the far field.
Figure IV.38 shows experimental measurements for a cooled InSb TPV cell substrate with adjusted 
minimum distances. As expected, dmin is estimated between 35 and 53 nm, which is one order of 
magnitude larger than the case with a room temperature InSb substrate. 
In general, the experimental study of the configuration of a graphite emitter paired with an InSb 
substrate resulted in a good agreement with theoretical predictions. Radiative heat fluxes were 
measured for different emitter and substrate temperatures and reached values larger than ten 
microwatts. For the low substrate temperature case, the minimum reached distance is estimated to 
be much larger than that with a bulk substrate, due to vibrations from the cooling system. However, 
emitter temperatures higher than the melting temperature of InSb were reached

Figure IV.38: Near-field radiative conductance between a hot graphite sphere and a cooled InSb 
TPV cell, as a function of distance and emitter temperature with adjusted minimum distances.
(a) Logarithmic scale. (b) Individual curves and their uncertainty with a logarithmic scale

IV.3.9 Summary of main results

Investigation of near-field radiative heat transfer has been made for six different emitter-substrate 
pairs of materials. For each configuration, a summary of maximum emitter-substrate temperature 
difference, mean estimated minimum distance and maximum measured near-field radiative 
conductance is presented in Table IV.1. In general, smaller distances are reached with the graphite 
sphere than with the SiO2 one. In addition, a large dmin induces a smaller measured maximum 
conductance. At contact, a force is applied on the sphere, which may induce friction and crushing 
of irregularities on the surface of the sphere, resulting in a flattened area. 
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Table IV.1: Main results from the different material configurations 

Configuration 
Tmax 
[K] 

Mean 
estimated 

dmin 
[nm] 

Maximum 
GNF  

[nW.K-1] 

Temperature power law exponent 
of the near-field radiative conductance 

Measured 
d = 100 nm 

PFA 
d = 100 nm Far-field 

Graphite-InSb (296 K) 448 5 10.8 ± 2.1 3.58 ± 0.34 3.01 4.18 

Graphite-InSb cell (77 K) 823 43 17.1 ± 3.8 - 

Graphite-Graphite 904 6 68.9 ± 13.7 2.91 ± 0.29 2.82 4.32 

Graphite-SiO2 477 47 4.9 ± 1.0 2.71 ± 0.31 2.88 4.30 

SiO2-Graphite 904 13 16.7 ± 3.3 2.78 ± 0.27 2.89 4.30 

SiO2-InSb (296 K) 904 56 7.6 ± 2.1 2.58 ± 0.22 2.61 4.07 

SiO2-InSb (77 K) 655 - 5.9 ± 2.4 - 

SiO2-SiO2 (296 K) 493 80* 7.4 ± 1.5 4.11 ± 0.33 2.46 4.15 

SiO2-SiO2 (77 K) 570 65* 10.5 ± 3.8 - 
 
Graphite is less resistant to compression than SiO2 with respective bulk moduli of 2.3-15 and  
33.5-36.8 GPa. Therefore, the surface of the graphite sphere was probably more flattened than the 
surface of the SiO2 sphere after multiple contacts with a substrate. It is reminded that the values of 
dmin should not be considered quantitatively and may be strongly impacted by the probable 
inaccuracy of PFA calculations. In addition, theoretical calculations may be affected by the 
temperature dependence of the optical properties of the materials that were considered only for 
SiO2 for which the data were available, and were considered at 300 K for the other materials.  
The highest measured near-field radiative conductance is found for the symmetrical graphite-
graphite configuration. In this case, both large temperature differences and small distances lead to 
high near-field radiative conductances. The experiments for the symmetrical configuration with 
SiO2 as emitter and substrate do not quantitatively agree with calculations when the substrate is at 
room temperature. This disagreement is probably due to differences in dielectric functions between 
SiO2 spheres and the substrate. This implies that PFA calculations and estimations of the minimum 
distance are impacted (represented by an asterisk symbol in the table). The cryogenic cooling 
system allows to investigate high temperature differences by lowering the temperature of the 
substrate. However, large mechanical vibrations are limiting the minimum achievable emitter-
substrate distance. A larger random electrical noise was also observed during the experiments with 
a cooled substrate. Globally, this study has demonstrated a good agreement between experimental 
measurements and calculations of near-field radiative conductance, both as a function of distance 
and temperature.  
Temperature dependence was investigated for each pair of materials. Exponents of the temperature 
power law of the near-field radiative conductance were deduced from measurements and were 
quantitatively compared to those from PFA calculations. It is interesting to remark that for the 
inverse graphite-SiO2 and SiO2-configurarions, the maximum measured conductances are very 
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different because these values may be affected by the differences of minimum distances reached 
for these two configurations.

Figure IV.39: Comparison of the performances measured during this work compared to those 
reported in published experimental works. 
(a) Exchange area as a function of minimum distance and maximum temperature difference. (b) 
Radiative thermal conductance resolution as a function of measured radiative thermal 
conductance. (c) Measured radiative thermal conductance as a function of exchange area. 
Experimental works studying materials other than SiO2 are highlighted with diamond-shaped 
markers, while substrate temperature below 120 K are underlined with blue areas.
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However, studying the temperature dependence with adjusted dmin leads as expected to comparable 
exponents of the near-field conductance temperature power law of 2.71 ± 0.31 and 2.78 ± 0.27
respectively. Unfortunately the uncertainty on these measurement is too large for concluding on an 
observation or not of any thermal rectification effects.
In Figure IV.39, the performances are compared to those from published experimental works. This
work proves that using a SThM probes as the heater and temperature sensor allows studying large 
temperature differences up to 900 K. Considering the minimum distances, they were estimated in
this work by comparing the measurements with PFA calculations but not directly measured.
Therefore, the minimum distances are shown ranging from a few nanometers up to 40 nm 
corresponding to the result of the analysis reported in Sec. III.4.2. The highest temperature 
difference is reached considering all published experimental works. In terms of radiative thermal 
conduction resolution, it is seen in Figure IV.39b that the performances reached during this work 
follow the general trend considering the radiative conductance levels that were measured. In Figure 
IV.39c the maximum near-field radiative conductance measured during this work appears to be the 
highest among all experiments based on the sphere-plane configuration for similar exchange areas.
In addition, this work differs from other works studying the sphere-plane configuration because 
the best results were obtained while investigating materials other than SiO2.

Conclusion

Near-field radiative heat transfer measurements for various material configurations have been 
presented. Spheres made of SiO2 and graphite, as well as doped-Si SThM tips have been used as 
thermal infrared emitters. In terms of near-field radiative conductance, the highest value of 
68.9 nW.K-1 is measured for the graphite-graphite configuration, where high temperature 
differences over 900 K and low distances down to a few nanometers have been reached. In general, 
good agreements have been found between experimental measurements and PFA calculations for 
the sphere-plane geometry. Strongest deviations from theory have been observed with SiO2-SiO2
configurations and may be explained by uncertainties on the composition of SiO2 spheres.
However, large temperature differences between the emitter and the substrate tend to lower 
deviations between measurements and calculations. For instance, calculations agree with 
experimental measurements, considering uncertainties, with the SiO2 substrate cooled at 77 K.
Experiments with cooled substrates have shown that the cooling system has an impact on the 
accuracy of conductance measurements. Using the cooling system increases significantly the 
random electrical noise, due to high vibrations. It also makes near-field radiative measurements 
more challenging, thus limiting the number of measurements. 
PFA calculations failed to match with measurements performed for the tip-plane geometry. In this 
configuration, low near-field radiative conductance of ~200 pW.K-1 has been observed, being one 
to two orders of magnitude lower than measurements with a spherical emitter. The enhancement 
of conductance also occurs at a smaller distance range compared to the sphere-plane geometry, in 
the lasts 100-200 nm before contact. For a better comparison with theoretical calculations, material 
and temperature dependence of near-field radiative heat transfer for the tip-plane geometry should 
be investigated.
Measurements for the sphere-plane configuration at different emitter temperatures have indicated 
that the temperature dependence of near-field radiative heat transfer is different from one material 
configuration to another considering only the contribution of evanescent waves. In the far field, 
radiative heat transfer occurs with the contribution of propagative waves and follow a temperature 
power law with an exponent of 4 in the case of a blackbody, and an apparent exponent above 4 for
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the studied material configurations (see Sec. II.4.2.1). The exponents measured during this work 
are significantly below those expected in the far field and account for the contribution of evanescent 
waves. As distance between the emitter and the substrate decreases, the exponent of the temperature 
power law of the near-field radiative heat flux varies. A decreasing behavior of the exponent is 
observed experimentally for distances below ~1 µm for all material configurations except for the 
graphite-graphite and graphite-InSb ones where the measurements have shown as expected a 
slightly increasing and almost stable exponent respectively.  
In this chapter, we have demonstrated the ability of the experimental setup to perform 
measurements with hot spherical emitters up to 1200 K. Such a high temperature is well suited for 
thermophotovoltaic applications. The next experimental step, detailed in chapter VI, consists in 
using a cooled TPV cell as the substrate in order to simultaneously measure near-field radiative 
heat transfer and generated electrical power as a function of emitter-cell distance. 
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Introduction

Photovoltaics (PV) is the conversion of electromagnetic radiation power into electrical power. If 
the converted radiation is thermal radiation of bodies on Earth then it is referred to as 
thermophotovoltaics (TPV). Devices converting thermal photons into electricity are TPV cells, and 
differ from conventional solar PV cells in terms of materials. Photons converted by TPV cells are 
in the infrared wavelength range and have a lower energy compared to photons in the visible range
harvested in solar PV. Therefore, low-energy bandgap semiconductors are required for TPV cells
in order to convert infrared radiation into electrical power.
In this chapter, some energy harvesting techniques are presented and compared, then basics of the 
photovoltaic effect are reminded highlighting the photon conversion mechanisms. A focus is done
on low-energy bandgap semiconductors suitable for TPV applications. A state of the art of 
experimental TPV conversion devices is established, considering classical far-field illumination
and recently investigated near-field illumination. The objective is to find parameters to optimize in 
order to design a near-field TPV device with improved performances.

Energy harvesting

Energy harvesting refers to the conversion of ambient energy from the environment into electrical 
energy101. The main energy sources are kinetic, thermal and solar energy. For instance, kinetic 
energy such as vibration, pressure and stress-strain can be converted using piezoelectric devices102.
Solar energy is abundant and provided by the sun with an average irradiation level103 of 
~1 kW.m-2. It can be converted into thermal energy by using solar thermal devices absorbing solar 
radiation and converting it into heat104. Sunlight energy can also be converted into electrical energy 
via the photovoltaic effect where efficiencies up to 25 % are usually achieved using poly-crystalline 
silicon PV cells102.
Finally, thermal energy can be found in the environment or from wasted heated during 
technological or industrial processes105. Usually, thermoelectric (TE) devices are used in order to 
convert a temperature difference into electrical energy via the Seebeck effect with typical 
efficiencies of the order of 5-10 % limiting their large scale practical use106,107. The electrical power 
density supplied by such devices was shown to be evolving following the square of the temperature 
difference108, making them more suitable for recovering energy from high temperature sources. 
Another way of harnessing thermal energy consists in using thermophotovoltaic devices converting 
thermal radiation power into electrical power. TPV devices can be used in a wide range of 
applications where high temperatures (> 1000 °C) sources are found such as concentrated solar 
radiation, nuclear fuels and waste heat10. Thermophotovoltaic converters are very promising for 
recovering thermal energy, due to their high theoretical efficiency up to 85.4 % in the case of a 
concentrated solar TPV device109. Both thermoelectric and thermophotovoltaic devices are used in 
order to convert thermal power into electrical power. A study presented in the work of Tedah et 
al.8 compares these two techniques in terms of efficiency and electrical power density as a function 
of temperature of the thermal source. Around 1300 K, the best reported TPV cells have about twice 
higher efficiencies than the best reported TEG near 1000 K. For energy harvesting, the output 
energy density is usually more important than the efficiency. In Figure V.1, Tedah et al. reported 
simulated and experimental electrical power densities as a function of temperature of the thermal 
source (hot-side temperature), comparing thermoelectric110–113, thermophotovoltaic114–116 and near-
field thermophotovoltaic20–22 devices. From room temperature up to 600 K, TE devices are superior 
to TPV or NF-TPV ones because at such temperatures the thermal radiation spectrum is restrained 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2020LYSEI053/these.pdf 
© [C. Lucchesi], [2020], INSA Lyon, tous droits réservés



Chapter V:  Fundamentals of photovoltaics and thermophotovoltaic experimental works

165

to low frequencies (see Sec. I.2.2). At such temperatures, thermal energy carried by photons is not 
efficiently converted because of the limited range of energy bandgap of TPV cell materials (see
Figure V.6).Above 1000 K, TPV is preferred over TE because it is challenging to fabricate stable 
TE devices at such temperature. Above 2000 K, TE and TPV devices are comparable and reach 
their limits with stability issues for TE materials and over-heating of TPV cells. Up to now, thermal 
energy from sources having medium temperatures ranging from 600 to 1000 K is best harvested 
by high-temperature thermoelectrics, but may be exploited also by near-field thermophotovoltaic 
devices (see VI.4) reaching output electrical power density of almost 1 W.cm-2.

Figure V.1: Electrical output power density as a function of hot-side temperature, comparing 
thermoelectric (TE) in black, thermophotovoltaic (TPV) in red and near-field thermophotovoltaic 
(NF-TPV) devices in blue. Reported from the work of Tedah et al8 and completed with NF-TPV 
experiments published in the literature. For TE, the solid and dashed lines represent respectively 
a strong and weak thermal coupling scenario. For TPV, the dash-dot and dash-dot-dot lines are 
for calculations without and with sub-bandgap radiation. For NF-TPV, the dash-dot and dotted 
lines are for calculations without and with sub-bandgap radiation.

Basics of the photovoltaic effect

In this section, basic principles of photovoltaic conversion are described71,117 from electrical charge
generation to their extraction by means of a p-n junction. Different doping types are reviewed and 
influence of temperature on semiconductors is explained.

V.3.1 Generation of free electrical charge carriers

PV cells are made of semiconductor materials absorbing photons, and generating free electrical 
charges via the photoelectric effect. Charge generation occurs if the energy of an absorbed photon 
is higher than the threshold energy required to shift an electron from the valence band to the 
conduction band. This threshold energy is called bandgap energy, referred to as Eg, with its 
corresponding bandgap wavelength g. Therefore, the energy bandgap is the difference between 
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the maximum energy of the valence band and the minimum energy of the conduction band: 
Eg = EC – EV. The vacancy of electron (e) created in the valence band corresponds to a positive 
charge called hole (h). The system composed by the negatively (electron) and the positively (hole) 
charges generated by the absorption of a photon is called electron-hole pair (Figure V.2). If the 
energy of a photon is smaller than the energy bandgap then a photon absorbed in the material is
expected to interact with heat carriers of the PV cell material generating only heat. For 
semiconductors, heat carriers are waves of the crystalline lattice of atoms, known as phonons, or 
the free electrical charges. For photons with energy E higher than the bandgap, the excess of energy 
E – Eg is quasi-instantaneously transferred to heat carriers and also generates heat inside the 
material. Photogenerated electron-hole pairs can be collected in order to produce electrical power. 
To do so, a p-n junction made of semiconductors with different doping types is the typical approach 
to use, even though it has been demonstrated not to be necessary118.

Figure V.2: Schematic of an electron-hole pair generation via absorption of a photon

V.3.2 Doping

For semiconductors, doping consists in adding atoms of other elements than those constituting the
structure of the semiconductor material. The purpose of doping is to modify electrical properties 
of a semiconductor. Two doping types exist according to the doping material properties:

• n-type: n-doping is when the doping material provides additional free negative charges. 
Such materials are referred to as donors.

• p-type: p-doping is the opposite of n-doping when the doping element lowers the number 
of free negative charges. Likewise, such materials are referred to as acceptors.

Semiconductors made of group IV (e.g. silicon) and groups III-V (e.g. InSb) materials have four 
valence electrons per atom. Therefore, n-type doping is achieved by adding pentavalent atoms (5 
valence electrons) while p-type requires trivalent (3 valence electrons) atoms. A schematic of the 
two different doping types is provided in Figure V.3. In the figure, semiconductor atoms are 
tetravalent (group IV). A valence bond between two atoms involves one valence electron from both 
atoms. For the n-type doping, the pentavalent atom has 5 electrons for 4 valence bonds resulting in 
one extra electron. For p-type, the trivalent atom only has 3 electrons for 4 valence bonds resulting 
in one lack of electron (hole). As an example, donor pentavalent atoms are from group V (e.g. P, 
As, Sb) and trivalent acceptor atoms are from group III (e.g. B, Ga, In). In absence of doping a
semiconductor is called intrinsic. Free electrical charges still exist because of intrinsic thermal 
excitation. 
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Figure V.3: Schematic of n-type and p-type doping for tetravalent semiconductor atoms

V.3.3 Intrinsic carrier concentration

Free carrier concentration 𝑛𝑖 in an intrinsic semiconductor depends on temperature and energy 
bandgap:

𝑛𝑖(𝑇) = √𝑁𝑐(𝑇)𝑁𝑣(𝑇)𝑒
−𝐸𝑔(𝑇)

2𝑘𝐵𝑇  , (V.1)
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where Nc and Nv are the effective densities of states in the conduction and valence bands, kB the 
Boltzmann constant, T the temperature, 𝑚𝑒

∗ and 𝑚ℎ
∗ the effective masses of electrons and holes. 

For calculation of densities of states, respectively Eq. (V.2) and (V.3) can be simplified as

𝑁𝑐,𝑣(𝑇) = 𝑁𝑐,𝑣
𝑇=300 𝐾 (

𝑇

300
)

3
2⁄

 , (V.4)

where 𝑁𝑐,𝑣
𝑇=300 𝐾 are densities of states at 300 K. In Eq. (V.1) it appears that temperature has a direct 

effect on the intrinsic carrier concentration, and also affects Nc, Nv and Eg. Since ni depends on Eg,
low-energy bandgap semiconductors are expected to have a higher intrinsic carrier concentration 
compared to high energy bandgap semiconductors. Energy bandgap is generally expressed as a
function of temperature by Varshni’s empirical equation119:

𝐸𝑔(𝑇) = 𝐸𝑔
𝑇=0 −

𝛼𝑒𝑇
2

𝑇𝛽
 , (V.5)

where 𝐸𝑔
𝑇=0 is the energy bandgap at T = 0, and 𝛼𝑒 and  are fitting parameters. When temperature 

increases, the amplitude of atomic vibrations increases and leads to larger lattice parameters that 
tend to decrease the bandgap.
In order to illustrate the intrinsic carrier concentration dependence on temperature and energy 
bandgap, Figure V.4 shows 𝑛𝑖 as a function of temperature for Si and InSb. Parameters used for 
calculations, in inset of the figure, were found in the literature74,120. At room temperature, intrinsic 
carrier concentration is 6 orders of magnitude higher for InSb (𝐸𝑔

𝑇=0 = 0.235 eV) than that for Si 
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(𝐸𝑔
𝑇=0 = 1.166 eV). For doped semiconductors, equilibrium concentrations of electrons and holes 

depend on the intrinsic carrier concentration as71:

𝑛0 =
𝑛𝑖

2

𝑁𝐴
 , (V.6)

𝑝0 =
𝑛𝑖

2

𝑁𝐷
 , (V.7)

for respectively a n-doped and a p-doped semiconductor. Here ND and NA are the donor and 
acceptor extrinsic concentrations. In the case of a low energy bandgap semiconductor such as InSb, 
a high intrinsic carrier concentration implies either that a high doping level is required or working 
at low temperatures in order to decrease the density of thermally-generated carriers. 

Figure V.4: Intrinsic carrier concentration for Si and InSb, as a function of temperature

V.3.4 p-n junction

A p-n junction is commonly used to separate and collect photogenerated electrical charge carriers. 
The junction is formed by the contact of two regions of the semiconductor with a different doping 
type (Figure V.5). One region is n-doped, while the other is p-doped. In the p-type region, there 
are excess holes coming from the acceptor atoms while there are excess free electrons in the n-type
region as described in Figure V.3. When the two regions are in contact, free electrons from the n-
type region diffuse across the junction into the p-type region where they fill holes. This electron 
displacement leaves donor atoms as positive ions in the n-type region and creates negative ions
from acceptor atoms in the p-type region. The region where removed electrons and filled holes 
leave no free charge is called the depletion region. The charge density changes across the depletion
region due to the displacement of charges. This generates an electrostatic potential between both
sides of the depletion region thus inducing a drift current. Motion of electrons and holes is ruled 
both by the drift current and the diffusion current. The diffusion current is caused by diffusion of 
charges from regions where their concentration is high to less concentrated regions. 
Motion of charges is described by transport equations for a 1D configuration written as:
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𝐽𝑛(𝑧) = 𝑒𝑛(𝑧)𝜇𝑛𝐸(𝑧) + 𝑒𝐷𝑛

𝑑𝑛(𝑧)

𝑑𝑧
 , (V.8)

𝐽𝑝(𝑧) = 𝑒𝑝(𝑧)𝜇𝑝𝐸(𝑧) − 𝑒𝐷𝑝

𝑑𝑝(𝑧)

𝑑𝑧
 , (V.9)

𝐷𝑛,𝑝 =
𝑘𝐵𝑇𝜇𝑛,𝑝

𝑒
, (V.10)

where Jn and Jp are electron and hole current densities, e the elementary charge of the electron.
Densities of free electrons and holes as a function of position z are represented by n(z) and p(z). Dn
and Dp, and µn and µp, are respectively diffusion coefficients and mobilities of electrons and holes. 
Diffusion coefficients are given by Einstein’s relation (equation (V.10)). When a photon is 
absorbed, photogenerated electrons and holes are put into motion by drift and diffusion. The 
charges are separated and migrate towards their respective electrical contacts in order to be 
collected in an external electrical circuit before recombination happens.

Figure V.5: Schematic of a p-n junction

Low energy bandgap semiconductors

Conversion of a radiative power carried by a photon into electrical power via electron-hole pair 
generation requires a semiconductor material with an appropriate energy bandgap. For TPV 
applications, the energy of a photon is relatively low and corresponds to the infrared spectrum 
region. Photons that can be converted must have an energy higher than the bandgap energy of the 
semiconductor. Figure V.6 shows the hemispherical radiative heat flux emitted by a blackbody, at 
either 900 or 1500 K, as a function of photon energy. Several semiconductors, and their associated 
energy bandgap, are superimposed on the curves. For silicon, which is the most commonly used 
material for solar PV applications, only 2.4 % of the power emitted by a blackbody at 1500 K is 
from photons with an energy 𝐸 > 𝐸𝑔

𝑆𝑖.
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Figure V.6: Hemispherical spectral radiative heat flux emitted by a blackbody at 900 and 1500 K,
as a function of photon energy

For a medium-grade temperature of 900 K, the fraction of convertible power drops to 0.03 %. It 
appears clearly that a semiconductor with an energy bandgap matching the blackbody emission 
spectrum is a key parameter for TPV conversion. Because the emission spectrum of a blackbody 
depends on temperature, the semiconductor material has to be selected considering the emitter 
temperature. For example, InAs is well suited for an emitter at 1500 K because its energy bandgap 
is close to the wavelength of maximum thermal radiation Wien. In this case, 67 % of the emitted 
power comes from photons with an energy 𝐸 > 𝐸𝑔

𝐼𝑛𝐴𝑠.
For emitter temperatures lower than 1000 K, a semiconductor with a lower energy bandgap is 
required such as InSb. At 300 K, InSb has an energy bandgap of 0.17 eV. Combined with a 
blackbody emitter at 900 K, 78 % of the emitted power is at 𝐸 > 𝐸𝑔

𝐼𝑛𝑆𝑏,300𝐾. However, InSb TPV 
cells are not expected to work at room temperature due to the high concentration of thermally 
generated carriers (Figure V.4). InSb can be cooled down to cryogenic temperatures, 77 K for 
instance, to lower the intrinsic carrier concentration. At 77 K, the energy bandgap of InSb remains 
very low: 𝐸𝑔

𝐼𝑛𝑆𝑏,77𝐾= 0.24 eV. For a blackbody emitter at 900 K, 61 % of the emitted power comes 
from photons with energy larger than 𝐸𝑔

𝐼𝑛𝑆𝑏,77𝐾.
Figure V.7 shows the energy (and wavelength) bandgap of III-V semiconductors as a function of 
the lattice parameter reported from the thesis work of Caro121. The lattice parameter has to be 
considered in the choice of materials for PV cell fabrication. Indeed, similar lattice parameters are 
required between the different layers of material composing a PV cell in order to maximize its 
performance. For instance, lattice mismatch may lead to dislocations, rough surfaces or cracking122.
III-V semiconductors cover a wide range of energy bandgap from 0.17 eV for InSb to above 6 eV 
for AlN at 300 K. For AlN, GaN and InN, the crystalline structure has an influence on the energy 
bandgap. In Figure V.7, it appears that InSb is the III-V semiconductor having the lowest energy 
bandgap. Based on this property, it was decided to fabricate TPV cells made of InSb in order to 
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potentially convert as much thermal radiation as possible emitted by moderate temperature 
(< 1000 K) sources.

Figure V.7: Energy bandgap at 300 K of III-V semiconductors as a function of lattice parameter.
Figure inspired from the work of Caro et al121.

I-V characteristics

The current-voltage (I-V) characteristic of a PV cell is obtained by measuring the electrical current 
passing through a cell while the voltage is scanned. Under illumination, the measured I-V curve is
usually equal to the addition of the curve in the dark and the photogenerated current123 and is written 
with the following diode equation:

𝐼 = 𝐼0 [exp (
𝑒𝑉

𝑛𝑓𝑘𝐵𝑇
) − 1] − 𝐼𝐿 , (V.11)

where I is the current, I0 the reverse saturation current (or dark current), e the elementary charge, 
V the applied voltage, nf the ideality factor, and IL the photogenerated current. The reverse 
saturation current I0 is caused by diffusion of charge carriers to the depletion region and depends 
on intrinsic carrier concentration ni which depends on temperature. Therefore, I0 increases with 
temperature.
Figure V.8 shows the calculated current I as a function of voltage. The blue curve corresponds to 
the dark condition meaning IL = 0. The red curve considers a condition with illumination resulting 
in a photogenerated current IL = 0.4 A. The subtraction of a photogenerated current lowers the dark 
I-V curve down to negative currents. Two notable parameters can be highlighted: the short-circuit 
current ISC and the open-circuit voltage VOC. ISC is equal to the electrical current at a voltage V = 0. 
VOC is the voltage where the electrical current is equal to 0. The light-yellow area, where the current 
is negative and the voltage is positive, is called the photogeneration quadrant.
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Figure V.8: Calculated I-V characteristics of a PV cell under dark and illuminated conditions. 
Dotted curve is the PV generated electrical power as a function of voltage

In the photogeneration quadrant, the PV cell is an active device generating an electrical power PPV,
calculated as:

𝑃𝑃𝑉 = −𝐼 × 𝑉 , (V.12)
where I is the current and V the voltage. PPV is represented by the dotted curve as a function of 
voltage in Figure V.8 for the case of an illumination IL = 0.4 A. The PPV(V) curve reveals a 
maximum value Pmax corresponding to a voltage VPmax and a current IPmax. The maximum generated 
power Pmax is also visualized in the figure by the hatched area. To characterize performances of PV 
cells, a dimensionless parameter called fill factor (FF) can be calculated as:

𝐹𝐹 =
𝑃𝑚𝑎𝑥

−𝐼𝑆𝐶 × 𝑉𝑂𝐶
(V.13)

An ideal PV cell would work at the Shockley-Queisser124 limit reaching a fill factor 𝐹𝐹 = 𝐹𝐹0

which depends on various parameters such as energy bandgap, temperature and VOC
125.

The I-V characteristic of a PV cell is a way to obtain key performances parameters such as ISC,
VOC, Pmax and FF. Experiments, detailed in chapter VI, are performed in order to measure I-V
characteristics of a cooled InSb TPV cell as a function of distance with an infrared emitter. As 
distance decreases, the I-V curve is expected to be shifted to larger negative currents because of 
the increasing illumination. 

Experimental thermophotovoltaic devices

Experimental characterization of TPV cells were performed in the past using various cells and 
emitters. In this section, published experimental works are reported differentiating classical far-
field illumination and recent near-field illumination works.
The first use of TPV conversion device was initiated in 1956 by Kolm126. He held a Si solar cell 
close to the flame of a lantern and measured the generated electrical power. It is interesting to note 
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that the first practical Si solar cells had been reported only two years before by Chapin et al.127 in 
1954. It has been shown in previous sections that Si has an energy bandgap of 1.12 eV, which is 
too high for TPV applications. Many TPV conversion devices were investigated experimentally 
combining different sorts of heat sources, emitters, and cells made of various energy bandgap 
semiconductors. First, several experimental results using far-field infrared illuminations are 
highlighted. Then, near-field TPV devices are detailed in order to find emerging fields of study and 
paths of improvements. 
 

V.6.1 Far-field illumination 

Far-field TPV devices are using infrared radiation separated by relatively large distances (above ~ 
1 mm) from the cell. One application of such device is solar energy conversion referred to as solar 
TPV (STPV).  
 
V.6.1.1 Solar TPV devices 

STPV devices are composed of three major parts (Figure V.9). First, an absorber converts 
concentrated solar radiation into heat. Then, heat is conducted to a thermal emitter radiating 
towards a TPV cell. Finally, a TPV cell converts thermal radiation power into electrical power. 
Emitters above 1000 K are desirable in order to provide an emission spectrum matching the usual 
energy bandgap of TPV cells. Achieving such an emitter temperature requires concentration of 
solar radiation. Recently, research groups have demonstrated the potential of STPV systems for 
solar energy harvesting (Table V.1). For instance, Lenert et al.128 used carbon nanotubes as 
absorber deposited on an emitter made of a Si/SiO2 multilayer structure expected to improve the 
spectral matching with an InGaAsSb cell (Eg = 0.55 eV at 300 K). Radiative power incident on the 
absorber was provided by a xenon-arc light source simulating the solar spectrum. Illumination was 
concentrated to be equivalent to 750 suns (75 W.cm-2). This illumination level allowed to heat the 
emitter up to 1285 K. A chilled-water cooling system was used in order to keep the TPV cell at 
room temperature. They measured an overall efficiency of 3.2 % corresponding to the output 
electrical power from the cell divided by the radiative power incident on the absorber surface. 
Bierman et al.129 performed the same kind of measurements with a Si/SiO2 multilayer emitter and 
a cooled InGaAsSb TPV cell. The incident radiative power corresponded to the AM1.5D solar 
spectrum with 100x concentration. They obtained an overall conversion efficiency of 6.8 %. Both 
Lenert et al. and Bierman et al. reached similar output electrical power densities of 0.4-0.45 W.cm-

2. The same power densities were also obtained by Kohiyama et al.130 using a cooled GaSb TPV 
cell (Eg = 0.67 eV at 300 K) and a Mo/HfO2 nanostructured absorber/emitter. Under a solar 
radiation concentration factor of 1020, they reached an overall efficiency of 5.1%. The highest 
output electrical power densities were reached by Ungaro et al.131 and Bhatt et al.132. They used 
concentration factors higher than 2000 and W/Si3N4 thin films emitters associated to GaSb TPV 
cells. The TPV cells were mounted on water cooled copper heat sinks to prevent excess heating. 
Ungaro et al. reached an overall efficiency of 6.2 % with a 1700 K emitter. Bhatt et al. reached a 
record overall efficiency of 8.4 % with a 1676 K emitter generating an electrical power density of 
1.71 W.cm-2. In the latter experiments, the TPV cell was heated from room temperature up to  
315 K by thermal radiation despite being in contact with a water-cooled heat sink. The advantage 
of STPV devices is their ability to convert concentrated sunlight radiation generating large output 
electrical power. Depending on the TPV cell material, temperature of the emitter must be in the 
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range where the emission spectrum matches the energy bandgap of the cell. On Table V.1, GaSb 
cells (Eg = 0.67 eV at 300 K) are associated with 1640-1700 K emitters while InGaAsSb cells 
(Eg = 0.55 eV at 300 K) are ideal with 1273-1285 K emitters. A drawback of STPV devices is that 
they require temperature management of the TPV cell, usually by means of a water-cooled heat 
sink, in order to prevent excess heating from the emitter. 
In the next section, TPV devices with other cell and absorber/emitter materials are highlighted, 
along with state-of-the art TPV conversion efficiencies.

Figure V.9: Schematic of the STPV energy conversion principle

Table V.1: Selected recent experimental STPV devices 

Source Emitter
Emitter 

T [K]
Concentration 

factor TPV cell
Eg

[eV]

Output 
electrical power 

density 
[W.cm-2| W.m-2K-1]

Overall 
efficiency 

[%]

Lenert et al.,
2014128

Si/SiO2
multilayer 1285 750x InGaAsSb 0.55 0.45 | 4.6 3.2

Kohiyama et 
al., 2016130

Mo/HfO2
nanostructure 1640 1020x GaSb 0.67 0.42 | 3.1 5.1

Ungaro et 
al., 2015131

W with Si3N4
thin film 1700 2483x GaSb 0.67 1.56 | 11.1 6.2

Bierman et 
al., 2016129

Si/SiO2
multilayer 1273 100x InGaAsSb 0.55 0.40 | 4.1 6.8

Bhatt et 
al., 2020132

W with Si3N4
thin film 1676 2100x GaSb 0.67 1.71 | 12.4 8.4
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V.6.1.2 Emitters for TPV conversion 

A wide diversity of thermal emitters and absorbers were studied in the literature. One of the 
advantages of TPV is that the emitter radiation spectrum can be tuned, contrary to solar PV where 
radiation is coming from the sun. Table V.2 lists thermal emitters used in TPV conversion devices. 
A more complete analysis is provided by Sakakibara et al.12 where fabricated (but non-included in 
TPV devices) and simulated emitters are summarized. The interest of using non-bulk emitters is 
for tailoring the emission spectra. In order to get a better conversion efficiency, emitted thermal 
radiation spectra must match the energy bandgap of the TPV cell with a wavelength of maximum 
thermal radiation wien (see Sec. I.2.2) close to the bandgap wavelength of the cell. All radiative 
power absorbed at wavelengths above the bandgap wavelength of the cell cannot be converted into 
electrical power and generates only heat inside the cell. Emission spectra can be controlled using 
different kinds of materials.  For instance, naturally selective emitters exist and are based on rare-
earth materials such as Er or Yb. In addition, 1D and 2D photonic crystals, which are periodic 
structures, are able to suppress electromagnetic radiation in a desired spectral band133 usually at  
E < Eg. Multilayer structures are also used to control emission spectra via coherence effects130. 
 
 
Table V.2: List of emitters used in TPV conversion devices. 
Bulk emitters with or without anti-

reflection (ARC) coating 
Naturally selective emitters 

Grey and 
blackbodies 

Metals 
With 
ARC Without ARC 

SixNy on Si134 ARC on 
W135 W136,137 

Gas mantle in 
Coleman lantern126 

Er-doped 
yttrium 

aluminum 
garnet138 

Al2O3/ 
Er3Al5O12 
composite

139 

Yb2O3 
mantle140–

143 

Yb2O3-
coated 
SiC or 
Al2O3 

foam142 

Bulk Si144 ARC on 
Pt145 

Metal 
alloy146 

Bulk 
SiC116,147–151 

HfO2 on 
W152 Pt151 

Graphite153 Si3N4 on 
W131,132 

 

Blackbody154        
         

 
1D 

photonic 
crystal 

2D photonic crystal Multilayer stack   

 
Si and 

SiO2 on 
Si128,129, 

144 

Ta with 
HfO2 

coating155,156 

Ta-W 
alloy with 

HfO2 
coating157,

158 

Pt 
plucks 
with 

Al2O3 
layers159 

W and 
yttria-

stabilized 
zirconia160 

Mo and 
HfO2

130 
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V.6.1.3 Conversion efficiency and optimal emitter temperature 

In terms of TPV conversion efficiency, the best result so far was obtained by Omair et al.153. They 
used a 1482 K graphite emitter located at 2.12 mm above an InGaAs TPV cell having an energy 
bandgap of 0.75 eV at 300 K. The cell was in contact with a copper heat sink, cooled by a 20°C 
water flow. Their TPV cell had a rear gold layer used both as holes collector and radiation reflector. 
Thermal radiation with photon energy E < Eg which is not absorbed by the cell is reflected back to 
the emitter. This principle is called photon recycling. They claimed 29.1% TPV conversion 
efficiency. 
Most of experimental works are focusing on emitter temperatures higher than 1000 °C (1273 K). 
For harvesting heat from lower temperature sources, lower energy bandgap TPV cells must be 
used. The work of Lu et al.154 demonstrated TPV conversion with InAs cells having an energy 
bandgap of 0.35 eV. They used a blackbody source at temperatures up to 800 °C (1073 K) and a 
cell at 300 or 100 K. With the cell at 300 K, conversion efficiency was very low (0.35%) because 
the I-V curve of the cell is almost linear: a fill-factor of 0.25 was measured. As described in 
previous sections, thermally generated carrier concentration in low energy bandgap 
semiconductors is very high leading to a high dark current. They demonstrated that the dark current 
decreases by ~ 4 orders of magnitude when the cell was cooled from 300 to 100 K by means of a 
liquid nitrogen cryostat. When cooled at 100 K, the shape of the I-V curve of the cell became 
comparable to that presented in Figure V.8, and VOC rose from 18 mV to 252 mV. With the cell at 
100 K and a blackbody source at 1073 K, they measured a TPV conversion efficiency of 10 % that 
is 28 times larger than that with the cell at 300 K. In such case, cooling the cell appears essential 
for harvesting thermal radiation from emitters below 1000 °C using low energy bandgap TPV cells.  
To illustrate the relation between the emitter temperature and the cell properties (spectral 
matching), Figure V.10 shows the emitter temperature as a function of the energy bandgap of TPV 
cells used in selected published experimental works. When cells with a larger energy bandgap are 
used, higher emitter temperatures are required to efficiently convert thermal photons. The black 
line is the temperature TWien where the energy of a photon emitted at Wien is the same as the energy 
bandgap of the cell. Wien’s law (see Eq. (I.3)) can also be written as: 

𝜆𝑊𝑖𝑒𝑛 =
ℎ𝑐

4.96𝑘𝐵𝑇
 . (V.14) 

In Eq. (V.4), h is the Planck constant, 𝑘𝐵 the Boltzmann constant ant T the temperature. Then 
knowing the energy of a photon being 𝐸 = ℎ𝑐 𝜆⁄ , 𝑇𝑊𝑖𝑒𝑛 can be expressed as :  

𝑇𝑊𝑖𝑒𝑛 =
𝐸𝑔

4.96 𝑘𝐵
 , (V.15) 

where Eg is the energy bandgap. It appears in the figure that experimental works are following the 
trend of the TWien(Eg) curve. This demonstrates that the importance of spectral matching between 
emitter radiation and TPV cell energy bandgap was captured by the different groups. It is 
interesting to remark that, in terms of efficiency, the two recent performances of Woolf et al.159  
(24.1 %) and Omair et al.153 (29.1 %) were obtained with emitter temperatures below 𝑇𝑊𝑖𝑒𝑛. This 
may result from the metamaterial selective emitter used by Woolf et al, and the reusing of 
unabsorbed sub-bandgap photons for Omair et al. Harvesting heat from emitters below 800 K 
would require TPV cells with energy bandgap lower than that of InAs (0.35 eV). InSb is therefore 
a suitable material because it has the lowest energy bandgap of III-V semiconductors (Figure V.7) 
with 0.17 eV at 300 K and 0.24 eV at 77 K. It is reasonable to state that TPV conversion with InSb 
at 300 K would not be possible due to the high density of thermally-generated carriers. However, 
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cooled InSb TPV cells at liquid nitrogen temperature should provide efficient energy conversion 
from emitters around 600 K74.
Except for STPV devices under large concentration factors (> 2000), output electrical power 
densities provided by TPV devices are relatively small (lower than 1 W.cm-2). To compete with 
thermoelectric devices161, the enhancement of electrical power generation must be obtained in TPV 
devices. A solution consists in using near-field thermal radiation to increase radiative heat transfer 
between the hot emitter and the cell and improve the generated electrical power.

Figure V.10: Emitter temperature versus TPV cell energy bandgap at 300 K for several published 
works.

V.6.2 Near-field illumination

The idea of using near-field thermal radiation in a TPV cell to enhance the generated power was 
theoretically proposed more than two decades ago18,19,162,163. The first attempt to experimentally 
demonstrate near-field enhancement of TPV generated power was performed in 2001 by DiMatteo 
et al.164. They used an InAs cell mounted on a brass block, which was in contact with a
thermoelectric cooler, located on a liquid cooling system. The planar emitter was made of silicon 
with 1 µm high SiO2 spacers. The gap distance between the emitter and the cell was monitored 
using a piezo actuator applying a force on a quartz clamp in contact with the emitter back surface. 
Variations of gap distance were drawn from capacitance measurements between the emitter and 
the cell. The experimental device was placed in a vacuum chamber where the pressure was lowered 
to 5 10-2 mbar. At an emitter temperature of 408 K, they measured an increase in the short-circuit 
current by a factor 5 reaching 1.7 mA when the gap was decreased to an unknown distance below 
one micron. However, they performed only qualitative measurements and the increase in short-
circuit current might have been caused by other energy transfer mechanisms. 
Another attempt was made by Hanamura et al.165 in 2007. In a vacuum chamber, they used a GaSb 
TPV cell mounted on a water-cooled copper block pasted on an x-y-z- micro-stage. The suspended 
planar emitter was made of tungsten and heated up to 1000 K by a CO2 laser. The gap distance was 
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measured by an optical microscope. They could precisely measure the gap from 1 mm down to 
14.6 µm. These distances are larger than the distance where evanescent waves starts to contribute 
to radiative heat transfer. Therefore, they concluded that the electrical power enhancement, from 
1.8 to 2.6 mW, was due to the increase of view factor when distance decreases. They tried to 
perform measurements for gap distances below 5 µm and might have measured the effect of 
evanescent waves below 3 µm. However, large uncertainties on gap distance could not allow to 
conclude on an experimental observation of generated electrical power enhanced by near-field 
effects.
The first successful experiment demonstrating near-field enhancement of photocurrent generation
was performed by Fiorino et al.20 in 2018. They used two different InAsSb/InAs TPV cells: one 
with an energy bandgap of 0.345 eV and another with Eg = 0.303 eV at 300 K. They fabricated a 
thermal emitter made of silicon with a 15 µm tall and 80 µm in diameter circular mesa structures
suspended by two 550 µm long beams (Figure V.11). A platinum serpentine heater was located 
next to the circular structure used to rise the temperature up to 655 K. The cell, at room temperature, 
was square-shaped with a 300x300 µm2 active area. The emitter and the cell could be moved and
tilted along x and y axes, enabling parallelism control between the emitter and the cell. Piezoelectric 
actuation along the vertical axis was used to move the cell and monitor the vacuum gap distance 
with the emitter. The smallest distances (60 and 75 nm for the 0.345 eV and 0.303 eV cells 
respectively) were limited by peak-to-peak roughness of the emitter and the cells. They reached a 
maximum TPV output electrical power of 31 nW with the cell having an energy bandgap of 
0.345 eV, and 10 nW for the cell having an energy bandgap of 0.303 eV.

Figure V.11: (a) I-V curves and TPV generated power as a function of distance between Si circular 
mesa having a 80 µm diameter and an InAsSb/InAs TPV cell at room temperature having an energy 
bandgap of 0.345 eV and a size of 300x300 µm². (b) Schematic of the experimental device. Figures 
reported from the work of Fiorino et al.20
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Because the cells were at room temperature, low energy bandgap induced large thermally generated 
carriers and poor performances of the cells (VOC = 1.8 mV, FF = 0.25, Figure V.11). Considering 
the active area of the cell, the highest measured electrical power density was 0.34 W.m-2

(3.4 10-5 W.cm-2), which is 4 orders of magnitude lower than measurements performed with 
classical TPV devices (Table V.1).
They estimated the conversion efficiency by computing radiative power exchanged between the 
emitter and the cell for photon energies above the energy bandgap since a direct measurement was 
not possible with their setup. They estimated a low conversion efficiency TPV ~ 0.015 % for the 
cell with Eg = 0.345 eV. They ascribed low performances to the small illuminated cell area (5% of 
the surface), and the relatively low temperature of the emitter. Despite the low generated electrical 
power, they demonstrated the feasibility of enhancing generated electrical power using the 
contribution of evanescent waves to radiative heat transfer. Indeed, they measured a ~40-fold
enhancement in generated power compared to a far-field illumination. As distance decreases,
enhancement of radiative power exchanged between the emitter and the cell is observed with a 
larger effect at low frequencies (e.g. low energies) (Figure V.12). This property is well suited for 
near-field TPV applications because a larger portion of thermal radiation is exchanged in the near 
field with photons having lower energies, thus potentially converted by a TPV cell. After this first 
successful demonstration of Fiorino et al., two other groups published experimental works in 2019 
(see Table V.3).
Inoue et al.21 fabricated one-chip devices coupling suspended Si emitters, heated up to 1065 K, and 
an InGaAs TPV cell at room temperature having an energy bandgap of 0.73 eV (Figure V.13a).
This one-chip planar design has the advantage of being upscalable but the small gap distance is 
fixed. Two devices were made with gap distances of 140 and 1160 nm between the planar emitter 
and a 50 µm-thick undoped Si intermediate substrate in contact with the top surface of the cell.
This intermediate substrate extracts frustrated modes of the evanescent waves from the surface of 
the emitter and transfers them to the TPV cell. This technique allows also to prevent excess heating 
of the cell caused by the contribution of surface modes to radiative heat transfer because they stated 
that their undoped Si substrate did not support any surface modes. They measured I-V curves for 
both devices (Figure V.13b) and found relatively good performances, with a 0.56 fill factor and 
VOC equal to 188 and 238 mV for the 1160 and 140 nm gap distance devices, respectively.

Figure V.12: Normalized radiative heat flux exchanged between two bodies at 750 and 300 K as a 
function of angular frequency

equal to 188 and 238 mV for the 1160 and 140 nm gap distance devices, respectively.
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Figure V.13: (a) Schematic of the experimental device from Inoue et al. (b) I-V for two devices 
having different sub-micron gaps. Figures reported from the work of Inoue et al.21

For the device with an emitter-cell gap distance d = 140 nm, they measured a generated electrical 
power density equal to 7.5 W.m-2 (7.5 10-4 W.cm-2). This value is one order of magnitude higher 
than the previous work of Fiorino et al. but is still significantly lower than classical TPV devices. 
They also could not directly measure the efficiency but estimated it to be equal to 0.98 %.
Bhatt et al.22 made a near-field TPV conversion device using a germanium photodetector with Eg
= 0.67 eV at 300 K. Above the photodetector, they integrated a nano-electromechanical system 
(NEMS) for monitoring the position of a planar emitter made of Cr-W-Cr layers on amorphous 
silicon (Figure V.14a). The gap distance between the emitter and the photodetector was regulated 
by applying a potential to the NEMS actuation electrode leading to electrostatic attraction of the 
emitter. However, this system did not allow to study a large range of gap distances. The emitter 
(80x15 µm size) was heated up to 880 K by an electrical current while the photodetector remained 
at room temperature (301 K). The gap distance was reduced from 500 to 180 nm while I-V curves 
were measured. They obtained straight curves (Figure V.14b), similar to Fiorino et al., with a fill 
factor equal to 0.25. Generated electrical power reached a maximum value of 23.6 pW 
corresponding to a generated electrical power density equal to 0.0125 W.m-2 (1.25 10-6 W.cm-2).
These low values can be explained by the low emitter temperature compared to the energy bandgap 
of the germanium photodetector. From Figure V.10, one finds an emitter temperature of ~ 1600 K 
would be more suitable for applications with a germanium photodetector having Eg = 0.67 eV.
They also indicated that performances of their device were limited by the low estimated efficiency 
(0.003 %) of their germanium photodetector.
Experimental near-field TPV devices were developed only very recently. So far, enhancement of 
generated TPV power by evanescent wave contribution to radiative heat transfer was demonstrated
but with low efficiencies and electrical power densities. Conversion efficiencies could not be 
measured directly and were estimated using near-field radiative heat transfer calculations. 
Published experimental works were reported with a maximum temperature difference between the 
emitter and the cell of 765 K21, where spectral matching between emitted thermal photons and the 
cell energy bandgap was not optimal. In addition, the selected low energy bandgap TPV cells have 
poor performances at room temperature with fill factors equal to 0.25. All these issues have to be 
overcome if one wants to harvest thermal photons in the near field with high efficiencies and 
electrical power densities. In our experimental work, InSb cells cooled down to 77 K 
(Eg = 0.24 eV) are paired with a graphite emitter heated to temperatures comprised between 732 
and 1200 K. Details of experimental measurements are reported in chapter VI.
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Figure V.14: (a) Schematic of the experimental device from Bhatt et al. (b) I-V for two devices 
having different sub-micron gaps. Figures reported from Bhatt et al.22

Table V.3: List of experimental near-field TPV devices and their associated parameters

Source Year

TPV

estimated 
[%] 

PTPV
[W]

[W.cm-2|W.m-2.K-1] Cell

Eg

at 300 K 
[eV] Emitter

Emitter 
T [K]

T
[K] FF dmin

DiMatteo 
et al.164 2001 - - InAs 0.35 Si 408 110 - ~1 µm

Hanamura 
et al.165 2007 - 2.5.10-3

1.6.10-3 | 2.2.10-2 GaSb 0.67 W 1000 702 - < 10 µm

Fiorino et 
al.20 2018

0.015 3.4.10-8

3.4.10-5 | 9.7.10-4
InAsSb

0.35
Si 655 360

0.26 60 nm

0.008 1.0.10-8

1.1.10-5 | 3.1.10-4 0.3 0.25 75 nm

Inoue et 
al.21 2019

0.98 3.0.10-5

7.5 10-4 | 9.8.10-3
InGaAs 0.73 Si 1065 765

0.56 140 nm

? 2.5.10-6

6.3 10-5 | 8.2.10-4 0.57 1160 nm

Bhatt et 
al.22 2019 0.003 2.4.10-11

1.3 10-6 | 2.2.10-5 Ge 0.67 Cr-W-Cr 
on a-Si 880 579 0.25 180 nm

Conclusion

Fundamentals of photovoltaics have been presented in this chapter where doping and p-n junction 
principles have been reminded. Direct conversion of thermal radiation into electrical power can be 
achieved using thermophotovoltaic devices. Typically, TPV cells are made of low energy bandgap 
III-V semiconductors able to convert infrared thermal radiation. A diversity of semiconductors 
allows power harvesting from heat sources covering a large temperature range. In any case, heat 
sources should be combined with TPV cells having an energy bandgap matching their emission 
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spectrum. Therefore, low-temperature emitters require low energy bandgap TPV cells. However, 
such TPV cells are not performing well at room temperature resulting in low efficiencies and 
generated electrical power densities. TPV cells can be coupled with infrared emitters in the near 
field with the aim of enhancing the generated electrical power through the contribution of 
evanescent waves to radiative heat transfer. Up to now, low performances were reported for near-
field thermophotovoltaic devices. As a conclusion, converting thermal photons in the near field 
with high efficiencies and electrical power densities should be achieved by using a cooled low 
energy bandgap TPV cell matching the emission spectrum of the infrared thermal emitter. 
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Introduction

The main objective of the work presented in this chapter is to demonstrate the enhancement of the 
electrical power photogenerated by the TPV cell (PTPV) when the distance between the cell and the 
emitter decreases, achieved with high photoconversion efficiency and high generated electrical 
power density. The fabrication process of the InSb TPV cells is briefly described. Characterizations 
of the cells are performed as a function of temperature and for different illumination conditions,
with the aim of assessing their performances. Integration of the cells in the experimental setup is 
detailed, along with methods for performing near-field thermophotovoltaic (NF-TPV) experiments.
Then, measurements are done with the same spherical emitters as those used for radiative heat 
transfer measurements (see chapter IV). A parametric study investigating the cell diameter, 
substrate thickness, p-doping level, emitter material and growth conditions allows to determine the 
best configuration to maximize PTPV in the near field. The main objectives of the work are shown 
to be fulfilled, by using a graphite emitter and the TPV cells specifically designed for near-field 
thermophotovoltaics.

InSb TPV cells

Fabrication of the InSb TPV cells was performed at Institut d’Électronique et des Systèmes (IES, 
UMR 5214, Montpellier, France) by Jean-Philippe Perez and Dilek Cakiroglu. Design of the cells 
was made in the work of Vaillon et al.74, and the complete technological process is provided in the 
work of Cakiroglu et al.166. In this section, an overview of the design and the fabrication process is 
presented highlighting key parameters.

VI.2.1 Design of the cells

Most of InSb TPV cells were fabricated using the optimum growth parameters formerly 
established. Near-field radiation heat transfer and low-injection charge transport simulations were 
used to find the optimum architecture of the p-n junction layers. Various cases combing different 
doping levels and thicknesses of the p- and n-doped layers were investigated in order to find those 
maximizing the output electrical power. In most of the case, the p-n junction was grown on a 
500 µm thick n-doped InSb substrate with ND = 1017 cm-3 (Figure VI.1). According to simulations, 
the top p-doped layer must be 0.5 µm thick with NA = 1017 cm-3 or 1018 cm-3, and the bottom n-
doped layer must be 2.5 µm thick with ND = 1015 cm-3 corresponding to a growth with no intentional 
doping. High p-doping levels allow to increase the potential barrier of the junction, thus enhancing 
the performances of the cell. In addition, the thickness of the substrate can be decreased in order to 
further enhance the performances by lowering the parasitic absorption in the substrate and allowing 
more thermal radiation to be reflected on the back surface passing a second time through the p-n
junction. The fabrication process implies that the cells can have an active area (AA) diameter of 20, 
40, 80 or 160 µm. The active area is the portion of the p-doped layer of the cell exposed to incident 
radiation from the environment. Photons collected in this area are possibly absorbed and their 
energy may be converted into electrical energy. Micron-sized photovoltaic cells allow low series 
resistance. However, the series resistance losses raise with current, which would become huge in 
large area photovoltaic cells. Smart designs of the front electrode have been recently discussed in 
this respect167,168 and could help in upscaling, a step which is not addressed in this thesis.
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Figure VI.1: Cross-sectional schematic view of the InSb TPV cell design

VI.2.2 Fabrication process

VI.2.2.1 Molecular beam epitaxy

The p-n junction of the InSb TPV cell is formed by molecular beam epitaxy (MBE). The cells were 
grown on InSb n-doped substrates in a RIBER 412 reactor. Beryllium was used as the p-type 
dopant. First, native oxide on the surface of InSb substrates was removed using a low-temperature 
(673 K) hydrogen plasma process imposed by the relatively low melting temperature of InSb 
(800 K). This technique resulted in a flat surface ready for epitaxy. Optimum growth conditions
were determined using InSb test samples. Then, the best incorporation rate ratio 𝐼𝑅𝑅 = 𝑅𝑆𝑏 𝑅𝐼𝑛⁄ ,
with 𝑅𝑆𝑏 and 𝑅𝐼𝑛 respectively the antimony and indium growth rate (in monolayer per second ML.s-

1), was determined using X-ray diffraction and AFM for assessing the crystalline and structural 
quality. Figure VI.2a shows that the best result was obtained with IRR = 4 for a growth temperature 
TG = 713 K leading to the smallest full-widths at half-maximum of the diffraction peak of 19 arcsec.
The optimum growth temperature was determined by photoluminescence measurements using a 
Brucker Vertex 70 FTIR and an InSb test sample at 80 K. In Figure VI.2b, the photoluminescence 
peak centered at 0.234 eV, corresponding to the energy bandgap of InSb was the most intense with 
a sample grown at TG = 713 K. Some cells were fabricated with a substrate thinned down to 
200 µm. To do so, mechanical polishing was performed on several samples in order to reduce the 
substrate thickness down to 200 µm. In the end, five types of InSb TPV cells were fabricated, with 
either a 200 or 500 µm thick substrate and a p-doped top layer with NA = 1017 cm-3 or 1018 cm-3. In 
order to evaluate how detrimental it is for the performances of the cell, an additional sample was 
made using non-optimal growth parameters that may impact the crystalline structure of the cell. As 
described in the work of DeSutter et al.169, cells with large density of non-radiative recombinations 
should lead to a stronger enhancement of the photogenerated power in the near field relative to the 
far field, because of the increase of the external luminescence caused by radiative heat transfer with 
evanescent waves
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Figure VI.2: Determination of the optimum MBE growth parameters.  
(a) High resolution X-ray diffraction (004) reflection spectra of InSb layers grown by MBE. (b) 
Photoluminescence spectra measurements performed at a substrate temperature of 80 K for InSb 
layers grown by MBE. Figures from Cakiroglu et al. 
 
VI.2.2.2 Processing of the InSb TPV cells 

InSb cells were processed using a classical UV photolithography technique in order to create 
circular mesa structures with diameters of 70, 90, 130 and 210 µm and a depth of 1.8 µm. The 
passivation of the cells was performed straight after mesa etching in order to avoid parallel current 
surface leakages. This issue is seen in the dark I-V characteristics for a reverse voltage polarization. 
An organic passivation technique was selected using the AZ1518 photoresist deposited by spin-
coating. This material was chosen among SiO2 and ZnS during a previous study, as it was the one 
minimizing the reverse polarization current of the cell (V < 0 in the I-V curve). A SiO2 layer was 
added in order to prevent damages of the cells during the wire bonding process. Finally, Ti/Pt/Au 
ohmic contacts with thicknesses of 20/20/200 nm were added using e-beam evaporation, on top of 
the SiO2 layer, and 20/200 nm of Ti/Au contacts were deposited at the back of the InSb substrate 
(Figure VI.3). In the end, the circular mesa diameters of 70, 90, 130 and 210 µm correspond to 
active areas (AA) with diameters of 20, 40, 80 and 160 µm. 

 
Figure VI.3: Top view of a cell sample and optical microscope top view of InSb TPV cells 
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InSb cell samples (~ 1x1 cm2) were glued with silver paste on a chip holder, partially coated with 
gold in order to provide an electrical contact with the back of the cells. Electrical contacts on the 
top contact areas were provided by wire bonding. At this point, InSb TPV cells were ready to be 
integrated in the experimental setup in order to be characterized and for performing NF-TPV 
measurements.

VI.2.3 Integration of the TPV cells in the experimental setup

The chip holder, where the cells were glued, was additionally glued on the cold finger with silver 
paste acting as adhesive and thermal contact (Figure VI.4). It is reminded that the cold finger is the 
part of the experimental setup located in the vacuum chamber that is cooled down to cryogenic 
temperatures (see Sec. III.3.2 for details on the cooling system). The cooling system is necessary 
because the cells are expected to work properly only at cryogenic temperatures (see Sec. V.4). A
good thermal conduction is needed between the chip holder and the cold finger in order to 
efficiently cool the cells down to 77 K. Electrical contacts on top of the cells are individual for each 
cell (3 cells are connected in the figure), while the back contact is common for all cells. Electrical 
wires were welded on the contact areas of the chip holder, which were linked to the top contacts of 
the cells via wire bonding. Outside the vacuum chamber, these electrical connections were made 
by means of BNC coaxial connectors (see Figure III.17). Top and back contacts were connected to 
a remotely controlled Keithley 2400 source measurement unit. I-V characteristic measurements of 
the InSb TPV cells were performed by applying a voltage scan to the cell while the resulting current 
is measured. Prior to performing NF-TPV experiments, InSb TPV cells were tested in order to 
observe their behaviour as a function of temperature. 

Figure VI.4: View of a TPV cell sample on its chip holder glued on the cold finger, inside the 
vacuum chamber, with the emitter positioned above the cells

VI.2.3.1 Current-voltage characteristics in the far field at different temperatures

In Figure VI.5, performances of the TPV cells are assessed as a function of temperature, from 
250 K down to 30 K, by analyzing the measured I-V curves. In this configuration, thermal radiation 
illuminating the cell comes only from the ambient-temperature environment. Above ~ 110 K, I-V
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characteristics are linear. They do not correspond to a diode behavior anymore but are those of a 
passive resistive device. In this case, the thermally-generated carrier concentration is high and the 
p-n junction effect does not exist anymore. When temperature decreases, the exponential shape of 
the curve progressively appears. The reverse bias current decreases while the forward bias current 
rises. It is observed in the semi-logarithmic scale (Figure VI.5b) that for T ≤ 90 K the open circuit 
voltage (VOC) becomes positive and keeps increasing when the cell temperature is decreasing. The 
presence of a positive VOC means that the cell is generating power due to the ~ 300 K ambient 
illumination. Thus, according to expectations, the cell needs to be cooled to work properly. For 
NF-TPV experiments, a working temperature of 77 K is chosen as it corresponds to the commonly 
used boiling point of liquid nitrogen. In addition, the illumination level in the experiments with the 
spherical emitter is higher (see Sec. IV.3.8.2) so the generated current is large enough to be detected 
at this temperature, indicating that a lower temperature cooling to reduce the dark current is not 
required. I-V characteristics indicate low series resistance in the devices with a fill factor FF = 0.69 
under ambient illumination. All these results demonstrate that InSb TPV cells showed good 
performances at 77 K while illuminated only by thermal radiation coming from the ambient 
temperature environment. Additional measurements performed in the far field with higher 
illumination levels confirmed these good performances166. In the following, we assess near-field 
measurements.

Figure VI.5: I-V characteristics of an InSb TPV cell as a function of temperature, under ambient-
temperature illumination condition.
(a) Linear scale. (b) Semi-logarithmic scale with the current in absolute values. 

VI.2.3.2 Positioning of the emitter

It is reminded that the position of the cells was fixed in the experiment, and the moving part was
the emitter. The emitter was initially placed at approximately 2 mm above the surface of the cell 
and could be moved in x-, y- and z-axis directions by the custom piezoelectric positioning system.
Positioning of the emitter above the centre of the active area of the cell was done in three steps.
First, the position of the emitter was controlled using piezoelectric positioners and the long working 
distance microscope camera (see details of the general experimental setup in Sec. III.3.1). The 
emitter, often heated above 730 K, was brought into contact with the chip at an arbitrary location 
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then retracted at a safe distance of around 100 µm and moved over the cell (see Figure VI.4 for a 
top view). The contact was detected by measuring electrical resistance variations of the emitter, as 
shown in Figure III.14. In a second step, the emitter was brought into contact with the cell and 
retracted at a distance smaller than 5 µm. There, the last step consisted in measuring the short-
circuit current (ISC) of the cell according to the emitter displacement along the x and y axes. Once 
the maximum current was reached along one axis, the maximum current position along the other 
axis corresponded to the centre of the active area. It is reminded that parallelization of the emitter 
and cell surfaces was not required due to the sphere-plane configuration, chosen on purpose in 
place of the plane-plane configuration.
In Figure VI.6, the hot emitter was placed at d ≈ 10 µm from the cell surface and was moved 
laterally from approximately -120 µm to +120 µm relative to the center of the cell, while the short-
circuit current was measured. As expected, a maximum is observed for the current when the emitter 
is above the center, which first decreases rapidly and then more smoothly as the emitter goes away 
from the center. Measurements are compared with the theoretical model using the view factor, with 
a normalization applied at the maximum value. A very good agreement is found between 
measurements and the view factor predictions. It can be noted that measurements are slightly non-
symmetrical. This issue is mainly due to the motion of the x and y positioners, which is not always 
perfectly smooth and linear and can vary slightly over large displacements (larger than 100 µm). 
Most importantly, performing this kind of measurement along both x and y directions for a lower 
displacement range (approximately the size of the active area) provides a precise positioning of the 
emitter above the center of the cell. This was performed at vertical distances lower than 5 µm.

Figure VI.6: Short-circuit current as a function of the lateral displacement of the emitter and 
comparison with the view factor

VI.2.4 Superposition principle and performances of the cells

In order to characterize the cells under illumination, I-V curves were measured for various emitter 
temperatures and emitter-cell distances. Theoretically, as the illumination level increases, the I-V
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characteristic of the cells should keep the same shape while being shifted to lower currents into the 
photogeneration quadrant (see Sec. V.5). This property is referred to as the superposition principle.
It tells that the measured photocurrent is equal to the sum of the current generated in dark conditions 
and the short-circuit current under illumination170 in low-injection conditions162. This principle is 
very interesting experimentally because the entire I-V curve can be retrieved by measuring only 
the curve in the dark, and then measuring ISC as a function of illumination. In order to verify the 
superposition principle, a first I-V curve measurement was performed with a cell cooled down to 
77 K, having an active area diameter of 20 µm, under dark conditions. A cooled radiative shield 
located over the active area of the cell was used to block ambient radiation coming from the 
environment. It was verified that the emitter provides different levels of illumination to the cell by 
either changing the emitter-cell distance or the emitter temperature (Figure VI.7a). It can be noticed 
that the I-V characteristics in the dark exhibits a slightly positive value for the short-circuit current
(~ 3 nA) due to a slight offset of the electronics. As expected, it is observed that when illumination 
increases, the I-V curves are lowered into the photogeneration quadrant corresponding to larger ISC
and VOC (see Table VI.1).

Figure VI.7: I-V curves for an InSb TPV cell at 77 K, having an active area diameter of 20 µm in 
the dark and under different illumination conditions.
(a) I-V curves under illumination for different distances and emitter temperatures, with a linear 
(top) and semi-logarithmic scale (bottom). (b) Curves shifted in current: the short-circuit current 
of each curve is set equal to zero. (c) Generated electrical power as a function of voltage
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From 300 K (ambient) to 830 K illuminations at d ~ 2 µm, ISC increases by ~ 2 orders of magnitude, 
from 65 nA up to 4.46 µA. VOC increases from 89 mV to 131 mV. Figure VI.7c shows the 
photogenerated electrical power PTPV as a function of voltage for different illuminations. The 
maximum power increases from 4 nW up to 439 nW. It is worth noticing that the fill factors range 
from 0.69 to 0.75 at the highest illumination, which is remarkable for a cell with a low energy 
bandgap.  
In Figure VI.7b, all curves are shifted in current only so their ISC are all set equal to 0. It appears 
that all curves are well superimposed, meaning that the superposition principle is valid for this kind 
of TPV cell and illumination levels. The fact that the superposition principle is valid is a proof that 
the temperature of the cell remains the same (77 K). Since the shape of I-V curves strongly depends 
on temperature (see Figure VI.5), the curves would not be superimposed if the cell temperature 
was modified. 
An estimation of the radiative power incident on the cell Qrad was made (Table VI.1). A 300 K 
blackbody illumination from the environment was considered in the absence of emitter, while 
contributions of propagative and evanescent waves were calculated from the hot emitter at  
d ~ 2 µm (see details of calculations in chapter II). The emitter-cell distance for these experiments 
was not well determined, with an uncertainty of ± 0.5 µm, leading to uncertainties on radiative heat 
flux calculations. For the ambient temperature illumination condition, the cell receives thermal 
radiation considered to be that of a blackbody at 300 K, calculated using Stefan-Boltzmann’s law 
(Eq. (I.5)). When the emitter is close to the cell (d ~ 2 µm), it partially blocks thermal radiation 
coming from the environment but provides a significantly higher illumination level (> 10 kW.m-2) 
because of its proximity and its high temperature. It was estimated that the efficiency of the cell 
increases from 2.8 % with ambient illumination, up to ~7–8 % under infrared illumination from a 
graphite emitter above 732 K. The rise in efficiency is explained by the shift of the wavelength of 
maximum thermal radiation Wien as temperature increases. At 300 K, Wien ≈ 10 µm corresponds 
to an energy of photons of 0.128 eV, lower than the energy bandgap of InSb at 77 K (0.234 eV). 
At 732 and 830 K, energies of photons emitted at Wien are respectively 0.313 and 0.355 eV, larger 
than Eg(InSb). Therefore, a larger portion of thermal radiation coming from the heated emitter is 
potentially converted into electrical power, compared with thermal radiation coming from the 
environment at 300 K. The measurement uncertainties do not allow to conclude if the estimated 
efficiency is affected when the emitter temperature rises from 732 to 830 K. This study 
demonstrates that the InSb TPV cells are functioning well under infrared thermal illumination, with 
a graphite emitter heated up to 830 K.  
 
 
Table VI.1: Summary of the InSb TPV cell performances under different illuminations 

Illumination 
VOC  

[mV] 
ISC 

[µA] 
PTPV, max 

[nW] 
PTPV, max 
[kW.m-2] FF 

Qrad 
(estimated) 
[kW.m-2] 

𝜼𝑻𝑷𝑽 
(estimated) 

[%] 

300 K, ambient 89 0.07 4 0.013 0.69 0.457 2.8 

732 K, d > 10 µm 115 0.47 38 0.121 0.70 Unknown distance 

732 K, d ~ 2 µm 127 3.02 283 0.901 0.74 11.2 ± 1.0 8.0 ± 0.8 

830 K, d ~ 2 µm 131 4.46 439 1.397 0.75 19.3 ± 1.6 7.2 ± 0.7 
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Experimental protocol for near-field thermophotovoltaic measurements

In this section, the experimental protocol for near-field thermophotovoltaic measurements is 
described. The aim is to measure the maximum photogenerated electrical current, along with 
radiative heat transfer, as a function of distance between the emitter and the cell. When both 
measurements are combined, one can determine the near-field TPV conversion efficiency as the 
electrically generated power from contribution of evanescent waves divided by the radiative power 
received by the cell in the near field. Since near-field radiative heat transfer measurements are 
performed with the same method as that described in Sec. III.3.1.3, following sections focus on 
measurements of the electrical power generated by the cell as a function of distance.

VI.3.1 I-V and PTPV-V curves as a function of distance

Measuring the maximum generated power as a function of distance can be achieved using different 
methods. First, a step-by-step approach can be performed while measuring the I-V curve of the cell
at each step. A few seconds are necessary to acquire an I-V curve, but the measurement should be 
repeated at each nanometer-scale step leading to large durations of experiments. Performing quick 
experiments is preferable because it was observed that the cold finger is affected by mechanical 
drifts caused by thermal expansion (see Sec. III.3.2.2). Therefore, two other methods involving 
quick (~ 1 min) approaches are investigated. 

VI.3.1.1 Method using the superposition principle

This method uses the superposition principle, whose validity has been demonstrated in Sec. VI.2.4.

Figure VI.8: Cell current and emitter electrical resistance as a function of time, during a series of 
approaches between a 732 K graphite emitter and a 77 K InSb TPV cell

validity has been demonstrated in Sec. 
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First, a reference I-V curve is measured under ambient illumination. The small short-circuit current 
ISC of the reference curve is subtracted in order to obtain the curve corresponding to dark 
conditions: 𝐼𝑇𝑃𝑉

𝑟𝑒𝑓
(𝑉 = 0) = 0. Then, series of approach curves are performed with the hot emitter, 

where only ISC is measured (at V = 0) as a function of distance, from ~ 5 µm down to contact. The 
contact point is observed as usual on the thermal signal of the emitter but also on ISC measurements.
Figure VI.8 shows simultaneous measurements of the electrical current of the cell and the electrical 
resistance of the emitter as a function of time. Contact durations are highlighted where the electrical 
resistance of the emitter rises, corresponding to a temperature drop (see Figure III.8) due to thermal 
conduction with the cold cell. At contact, the electrical current of the cell increases due to the 
heating of the cell by the emitter. When temperature of the cell increases, performances of the cell 
are lowered as observed in Figure VI.5. Due to mechanical drift of the cold finger, contact may not 
be reached at each approach. In the figure, the highlighted area near t = 350 s represents the 
transition between an approach (duration of 60 s) and a withdrawal (duration of 10 s) of the emitter, 
when the maximum distance displacement dmax = 5 µm is reached. In this area, there is no contact 
so the electrical resistance signal does not rise. When contact is reached, both signals are recorded 
in order to calculate the average curve for getting a better signal-to-noise ratio.
In Figure VI.9a, ISC is plotted as a function of z-piezo position between a 830 K graphite emitter 
(diameter of 37.5 µm) and an InSb TPV cell at 77 K with an active area diameter of 20 µm. The 
red curve corresponds to an average of 19 curves, and the uncertainty (standard deviation) is 
represented by the pink area. Relative uncertainty on ISC measurements is ~1 % only, therefore it 
is barely visible in the figure. It is observed that ISC increases from 2.7 to 10.1 µA as distance 
decreases. This increase is explained by the enhancement of radiative power incident onto the cell, 
both due to the contributions of propagative (view factor) and evanescent waves. The two 
contributions are separated by comparing the evolution as a function of distance of the output 
electrical power with that predicted by the view factor, representative of the propagative waves 
(see details in Sec. VI.3.2). Finally, I-V curves for different distances are calculated by shifting the 
reference I-V curve plotting (𝐼𝑇𝑃𝑉

𝑟𝑒𝑓
+ 𝐼𝑆𝐶(𝑑))-V curves at each distance (Figure VI.9b).

Figure VI.9: I-V curves determination as a function of z-piezo position, using the superposition 
principle
(a) ISC as a function of distance for a 77 K InSb cell with a 20 µm diameter active area, illuminated 
by a 37.5 µm diameter graphite emitter at 830 K. (b) Reference and I-V curves shifted by ISC(d)
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The reference I-V curve is plotted in blue and has an ISC equal to 0. Shifted curves have the same 
shape as the reference curve but are shifted in ISC, following the ISC(d) curve shown in Figure VI.9a. 
For clarity, shifted curves are shown with a distance step of 20 nm. Shifting the curves in ISC also 
has an influence on VOC, increasing it from 127 to 140 mV. From these curves, one can infer the 
electrical power generated by the cell PTPV and its maximum PTPV,max as a function of distance.
Figure VI.10a shows PTPV as a function of voltage for different distances, still with a 20 nm step. 
Similarly to ISC, PTPV increases as distance decreases. It is interesting to remark that the voltage 
where PTPV is maximum, represented by the black dashed line, increases from 101 up to 115 mV 
as distance decreases. PTPV,max is shown in Figure VI.10b as a function of distance. It increases from 
0.251 up to 1.071 µW. The fact that this enhancement (x4.3) is larger than that of ISC (x3.7) is
explained by the increase of the voltage 𝑉𝑚𝑎𝑥 where PTPV,max is reached. Similarly to ISC, the total 
enhancement of PTPV is due to both evanescent and propagative wave contributions. The effect of 
evanescent waves is observed in the near field, especially where the enhancement is sharp 
(d < 500 nm in the figure). Above 3 µm, the evanescent wave contribution is very small, making 
propagative waves the main source of thermal radiation incident on the cell. The method for 
differentiating the effects of the two contributions on the electrical power is provided in Sec. VI.3.2.
Using the superposition principle for measuring PTPV as a function of distance does not provide a 
direct measurement of the electrical power because it is inferred from a reference I-V curve and an 
ISC(d) measurement. The method described in the next section requires more time to be performed 
experimentally but is more reliable because it allows to directly measure I-V curves as a function 
of distance, and thus to the generated electrical power.

Figure VI.10: Determination of the electrical power generated by the cell as a function of z-piezo 
position.
(a) PTPV as a function of voltage for different distances. (b) PTPV,max as a function of z-piezo position

VI.3.1.2 Series of approaches at different voltages

This method consists in measuring the current generated by the cell as a function of distance for a 
given voltage, then repeat the process for other voltages. Selected results are shown in Figure 
VI.11a, where the current generated by the cell at different voltages is measured as a function of 
distance. Approaches of the emitter are performed with a voltage applied to the cell, ranging from 
102 to 122 mV. This voltage range does not allow to recover the entire I-V curve but focus on the 
interesting part where PTPV is maximum. Experiments with a wider range of voltages are possible
but take much more time to be performed. 
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Figure VI.11: I-V curves determination as a function of z-piezo position, using approaches at 
different voltages 
(a) Current as a function of z-piezo position for a 77 K InSb cell with a 20 µm diameter active area, 
illuminated by a 37.5 µm diameter graphite emitter at 900 K. (b) Measured I-V curves in the 
voltage range where PTPV is maximum

It is observed in the figure that the curves are superimposed below a cell voltage of 112 mV. This 
voltage range corresponds to the flat portion of the I-V curve (see Figure VI.9b), where the current 
does not depends on voltage. At larger voltages, the current is larger corresponding to the 
exponentially growing portion of the I-V curve. From the current-distance curves at different 
voltages shown in Figure VI.11a, current-voltage curves at different distances are reconstructed
and plotted in Figure VI.11b. Each curve represents an I-V curve measured at one distance, at 
voltages between 102 and 122 mV. The figure is at the scale of the entire photogeneration quadrant, 
while the inset is a closer view of the curves. As expected, the curves are lowered into the 
photogeneration quadrant as distance decreases. From these measurements, the electrical power 
generated by the cell is determined and provided in Figure VI.12a. In the figure, one can recognize 
the top shape of PTPV-V curves like those plotted in Figure VI.10a. The maximum generated power 
increases from 0.383 up to 1.392 µW. From each curve, PTPV,max is extracted and plotted as a 
function of distance in Figure VI.12b. The behavior of the curve is similar to that of the curve 
determined using the superposition principle (Figure VI.10b). Above d = 1 µm, the variations of 
PTPV,max are gradual and expected to be caused by the view factor between the spherical emitter and 
the cell only due to propagative waves. Below 1 µm, the effect of evanescent waves becomes 
significant, leading to a sharper increase.
Contrarily to the previous method based on the superposition principle, this method allows direct 
measurements of PTPV as a function of distance but requires more time to be performed. In the end, 
both methods give PTPV as a function of distance. 
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Figure VI.12: Measurement of the electrical power generated by the cell as a function of distance.
(a) PTPV as a function of voltage for different distances. (b) PTPV,max as a function of distance

VI.3.2 Determination of the near-field contribution

Determining the contribution of evanescent waves on radiative heat transfer between the emitter 
and the cell is a key step to assess the electrical power generated by converting near-field 
(evanescent) or far-field (propagative) thermal radiation. The experimental setup allows the 
measurement of the short-circuit current of the cell for distances up to 2 mm. In order to analyze 
the contribution of propagative waves to the photocurrent generation, the short-circuit current ISC
of a cell having an active area diameter of 20 µm was measured with the emitter moving from the 
contact up to d > 150 µm. The increase in ISC as distance decreases can be compared with the 
evolution of the view factor if the variation of VOC is small enough to be neglected. Table VI.1
indicates that for illumination levels leading to short-circuit currents ISC between 0.5 and 4 mA the 
variation of VOC for a similar cell is lower than 15%. At the largest distances, the current started to 
level off due to the low illumination. In this case, the z-piezo positioner was used in slip-stick mode 
with 80 nm steps. Then, measurements were compared to the evolution predicted by the analytic 
expression of the sphere-disc view factor given in Eq. (II.11). Figure VI.13 shows that the evolution 
of ISC matches well the prediction of the view factor, from a few micrometers up to more than 
150 µm. Below 2-3 µm, the measured data and the view factor prediction are not in agreement 
because the evanescent waves are contributing to the radiative heat transfer, in addition to the 
propagative wave contribution predicted by the view factor. The fact that the photocurrent 
generation depends on the propagative wave contribution, for distances larger than 3 µm, is useful 
to single out the evanescent wave contribution from NF-TPV experiments, when measurements 
are performed for distances up to 5 µm.
In Figure VI.14, the electrical generated power measured at the largest distance (for a different cell 
than that used in Figure VI.13) is used as the fitting parameter to the view factor evolution,
assuming that 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥 results only from the contribution of propagative waves. The difference 
between the power 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥

𝑣𝑓 calculated with the view factor and the total measured power 
corresponds to the near-field electrical power at the maximum power point: 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥

𝑁𝐹 =

𝑃𝑇𝑃𝑉,𝑚𝑎𝑥 − 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥
𝑣𝑓 . Note that, in this case, the definition of the far-field contribution is that 

related to the view-factor theory, and that it can depart from an exact calculation of the contribution 
of propagative waves in the selected geometry by means of fluctuational electrodynamics. 
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Figure VI.13: Short-circuit current as a function of the vertical displacement of the emitter and 
comparison with the view factor

In case of a slight error on the identification of the far-field contribution from the experimental 
data, the estimation of 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥

𝑁𝐹 is a lower bound to the actual near-field contribution. The 
contribution of propagative waves 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥

𝑣𝑓 increases almost linearly in the last 5 µm, from 0.33 
up to 0.49 µW, whereas evanescent wave contribution increases sharply below 1 µm. The linear 
behavior of the contribution of propagative waves below 5 µm is expected because a series 
expansion of the analytic expression of the view factor (Eq. (II.11)) leads to a linear evolution. At 
the last distance before contact, the total generated electrical power reaches a maximum of 
1.90 µW (6.05 kW.m-2), including a contribution of 1.41 µW (4.49 kW.m-2) from evanescent 
waves. 

Figure VI.14: Electrical power at the maximum power point as a function of z-piezo position 
generated by an InSb cell at 77 K, having a 20 µm diameter active area, illuminated by a graphite 
emitter at 900 K
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The near-field enhancement factor EF is calculated as:

𝐸𝐹 =
max (𝑃𝑇𝑃𝑉,𝑚𝑎𝑥)

max (𝑃𝑇𝑃𝑉,𝑚𝑎𝑥
𝑣𝑓

)
, (VI.1)

where max (𝑃𝑇𝑃𝑉,𝑚𝑎𝑥) is the maximum electrical generated power as a function of distance,
max (𝑃𝑇𝑃𝑉,𝑚𝑎𝑥

𝑣𝑓
) is the maximum generated power predicted by the evolution of the view factor. In 

the figure, the near-field enhancement factor EF is equal to 4.
Finally in Figure VI.15, the near-field generated electrical power 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥

𝑁𝐹 is plotted as a function 
of distance. This curve is representative of the electrical power generated by the conversion of 
radiative thermal power carried through evanescent waves. The inset in the figure is a 
representation using a logarithmic scale in order to observe 1 𝑑𝑛⁄ behaviors. The grey area is 
representative of the 100 nm range where there is strong uncertainty on the distance determination 
induced mainly by mechanical vibrations of the cold finger (see Sec. III.4.2). Between 2 µm and 
50 nm the evolution of 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥

𝑁𝐹 follows a 1 𝑑0.8⁄ behavior close to the 1 𝑑1⁄ asymptotic behavior 
expected for near-field radiative heat transfer considering the sphere-plane geometry (see Figure 
II.17). At small distances 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥

𝑁𝐹 levels off and its evolution tends to a 1 𝑑0.2⁄ behavior. This
phenomenon may be explained by the uncertainty on distance determination close to contact, 
similarly observed during the near-field radiative heat transfer experiments reported in Chapter IV.
At the largest distances 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥

𝑁𝐹 is expected to tend to 0 because of the decreasing contribution of 
the evanescent waves. With a logarithmic scale this behavior is observed as a sharp evolution 
following approximately a 1 𝑑4⁄ law.

Figure VI.15: Near-field generated electrical power as a function of distance, by an InSb TPV 
cell at 77 K having a 20 µm active area diameter, illuminated by a graphite emitter at 900 K

VI.3.3 Near-field thermophotovoltaic conversion efficiency

Because near-field radiative heat transfer between the emitter and the cell is measured 
simultaneously with 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥

𝑁𝐹 , one can deduce the near-field conversion efficiency from the 
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measurements. Near-field conversion efficiency 𝜂𝑇𝑃𝑉
𝑁𝐹 is the electrical power generated by the cell

𝑃𝑇𝑃𝑉,𝑚𝑎𝑥
𝑁𝐹 , considering the contribution of evanescent waves, divided by the near-field exchanged

radiative power 𝑄𝑁𝐹, also representative of evanescent waves:

𝜂𝑇𝑃𝑉
𝑁𝐹 =

𝑃𝑇𝑃𝑉,𝑚𝑎𝑥
𝑁𝐹

𝑄𝑁𝐹
 . (VI.2)

In Figure VI.16a, 𝑄𝑁𝐹 is shown as a function of distance between a 900 K graphite emitter and a 
77 K InSb TPV cell, having an active area diameter of 20 µm. This curve is the same as the one 
presented in Sec. IV.3.8.2, but plotted in power instead of conductance. At the closest distance to 
contact, 𝑄𝑁𝐹 reaches 14.1 µW corresponding to a near-field illumination on the active area of 
45 kW.m-2.
Simultaneously with 𝑄𝑁𝐹 measurements, 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥 is measured as a function of distance and shown 
in Figure VI.16b. The near-field contribution to the generated electrical power 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥

𝑁𝐹 is
determined as explained in Sec. VI.3.2 from the comparison with the theoretical evolution 
predicted by the view factor. Finally, Figure VI.16c shows the near-field conversion efficiency
𝜂𝑇𝑃𝑉

𝑁𝐹 as a function of distance, with uncertainties caused by 𝑄𝑁𝐹 measurements

Figure VI.16: Near-field exchanged radiative power, maximum generated electrical power 
obtained using the superposition principle and near-field conversion efficiency obtained 
simultaneously as a function of the emitter-cell distance.
(a) Near-field radiative power according to distance. (b) Generated electrical power as a function 
of distance. (c) Near-field conversion efficiency determined from measurements.

as a function of distance, with uncertainties caused by 
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Above ~ 3.5 µm, the relative uncertainty of 𝑄𝑁𝐹 is very large because 𝑄𝑁𝐹 is close to 0. Therefore, 
𝜂𝑇𝑃𝑉

𝑁𝐹 cannot be determined in this distance range. As distance decreases, 𝜂𝑇𝑃𝑉
𝑁𝐹 increases, reaching 

(10.0 ± 1.8) % at the smallest distance, estimated to be in the range of dmin ~ 53 nm (see Sec. 
IV.3.8.2). This measured value is representative of the conversion of thermal radiation considering 
the contribution of evanescent waves only. The uncertainty results from the accuracy of the near-
field radiative heat flux measurement affected mainly by the systematic error on the emitter 
calibration of ~20% (see Sec. III.4.3). Since the propagative wave contribution to radiative heat 
transfer cannot be measured with this experimental setup, it is calculated in order to estimate the 
total conversion efficiency. For the configuration presented in Figure VI.16, the far-field 
contribution is estimated to 𝑄𝐹𝐹 = 7.8 µW. Therefore, 𝑄𝐹𝐹 + 𝑄𝑁𝐹 = 21.9 µW, leading to a total 
conversion efficiency 𝜂𝑇𝑃𝑉 = (8.7 ± 0.9) % (Table VI.2) calculated using: 

𝜂𝑇𝑃𝑉 =
𝑃𝑇𝑃𝑉,𝑚𝑎𝑥

𝑄𝑁𝐹 + 𝑄𝐹𝐹
 . (VI.3)

The contribution of far-field radiative heat transfer to the TPV output power is almost half that of 
the near field. The relative uncertainty provided here for the total conversion efficiency is lower
than that of the near-field efficiency because the calculation of 𝜂𝑇𝑃𝑉 involves the calculated term
𝑄𝐹𝐹, the uncertainty of which is set to 0 in absence of precise evaluation. The real uncertainty for 
the total conversion is probably higher in reality.
The experimental procedure allows direct measurements of near-field thermophotovoltaic 
conversion efficiency, via simultaneous measurements of near-field radiative heat transfer and 
electrical power generated by the TPV cell.

Table VI.2: Summary of parameters for near-field thermophotovoltaic conversion calculation

𝒎𝒂𝒙(𝑷𝑻𝑷𝑽,𝒎𝒂𝒙) 𝒎𝒂𝒙(𝑷𝑻𝑷𝑽,𝒎𝒂𝒙
𝒗𝒇

) 𝒎𝒂𝒙(𝑷𝑻𝑷𝑽,𝒎𝒂𝒙
𝑵𝑭 )

𝒎𝒂𝒙(𝑸𝑵𝑭)
[µW]

𝜼𝑻𝑷𝑽
𝑵𝑭

[%]

QFF
(estimated)

[µW]

𝜼𝑻𝑷𝑽

(estimated)
[%][µW] [kW.m-2] [µW] [kW.m-2] [µW] [kW.m-2]

1.90 6.05 0.49 1.56 1.41 4.49 14.1 ± 2.2 10.0 ± 1.8 7.8 8.7 ± 0.9

Parametric study for enhancing the electrical power density and conversion efficiency

The objective of this study is to find the optimal parameters maximizing the electrical power 
density generated by the TPV cell and conversion efficiency. The diameter of the active area, MBE 
growth parameters (temperature), substrate thickness and p-doping level are investigated. 
Experiments with a SiO2 emitter, in place of the graphite one, is performed in order to verify 
theoretical calculations, predicting that graphite should provide a better enhancement of 
photogenerated power in the near field. Six classes of TPV cells are investigated, including some
of them with the same parameters but from two different fabrication batches. Figure VI.17a shows
I-V curves under ambient illumination, for TPV cells having active area diameters of 20 µm. In the 
linear scale plot, all the curves are almost superimposed except the one fabricated using non-
optimal MBE growth parameters. For this cell the growth of the p-n junction layers was performed 
at a temperature 30 K lower than the optimal growth temperature. However the quality of the 
crystalline structure might not have been affected by the non-optimal growth because there was no 
effect observed on the X-ray diffraction analysis.
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Figure VI.17: I-V curves of the different cells at 77 K under ambient illumination. 
(a) I-V with a linear (left) and semi-logarithmic (right) scale. (b) I-V curves shifted in current 
 
In the logarithmic scale plot, differences in ISC appears but are very small (< 21 nA). The curves 
were not measured at the same time, thus ambient illumination may have changed between 
measurements leading to different ISC and VOC. In order to compare VOC values among the cells, 
curves shifted in ISC are presented in Figure VI.17b where they are ascribed a similar 
photogenerated current. Three cells having NA = 1018 cm-3 and tS = 500 µm were fabricated. One 
of those cells shows an I-V curve with a shape that seems to be in-between those of the cells with 
optimized growth parameters, and that of the cell with non-optimal growth parameters. Therefore, 
this characteristics with a significantly smaller VOC might be caused by an issue during the 
fabrication process. For the cells with optimal growth parameters, the I-V curves are very similar 
considering the same ISC, with differences in VOC smaller than 7 mV. However, a trend may appear 
with thick substrates and low doping levels increasing VOC. It has to be mentioned that only three 
different batches of TPV cell samples were fabricated. This small number of samples is not 
sufficient to ensure full stability and repeatability of the measurements. Therefore, the comparison 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2020LYSEI053/these.pdf 
© [C. Lucchesi], [2020], INSA Lyon, tous droits réservés



Chapter VI: Near-field thermophotovoltaic measurements with InSb TPV cells

202

of I-V curves among cells with different parameters has to be considered with care, having in mind 
that the fabrication process appears to have a large impact on the TPV cell characteristics.

VI.4.1 Cell diameter

InSb TPV cells were fabricated with an active area ranging from 20 to 160 µm in diameter (see 
Figure VI.3). NF-TPV measurements were performed with cells having active area diameters of
20, 80 and 160 µm in diameter, in order to find the best size maximizing the generated electrical 
power density. Figure VI.18 shows the output thermophotovoltaic power at the maximum power 
point 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥 as a function of distance for the three cells at 77 K, with an emitter at 732 K. The 
minimum z-piezo position is 10 nm, which corresponds to the step between two measurements. No
distance correction was applied because the method for estimating the minimum distance used in 
Chapter IV (see IV.3.1) provides a qualitative estimation only. Furthermore, the uncertainty on 
near-field radiative conductance measurements observed when the cooling system is operating 
should strongly impact the estimation of the minimum distance. Based on the study reported in
Sec. III.4.2, the distance determination close to contact during NF-TPV experiments should be 
considered with high uncertainties below 100 nm. Measurements were performed using the method 
with approaches at different cell voltages. During these experiments, cells with the same p-doping 
level NA = 1017 cm-3 and substrate thickness tS = 500 µm were studied. The total generated power 
𝑃𝑇𝑃𝑉,𝑚𝑎𝑥 is represented, along with theoretical predictions from the view factor.

Figure VI.18: Output thermophotovoltaic power at the maximum power point as a function of 
distance between a 732 K graphite emitter and InSb cell at 77 K (NA=1017 cm-3, tS = 500 µm,
batch n°1) having active areas of 20, 80 and 160 µm in diameter
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At the largest distance, which may slightly vary from one experiment to another, a larger electrical 
power is measured for larger cells. This is explained by the large area illuminated by the emitter 
with the contribution of propagative waves in the far field. As expected from calculations (see 
Figure II.29), small cells are collecting and converting only a small fraction of far-field thermal 
radiation. However, a larger share of the exchanged power comes from the near field for the 
smallest cell. This results in a larger near-field enhancement factor EF, above 2, for the smallest 
cell. In Figure VI.18 for the cell having an active area diameter of 80 µm, view factor predictions 
were based on the value of 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥 at the largest distance of ~3 µm, which is smaller than that for 
the two other cells. At such a distance, evanescent waves contribute to 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥. Therefore, the 
view factor might overestimate the evolution of the contribution of propagative waves for the cell 
having an active area diameter of 80 µm, thus underestimating the enhancement factor.
Figure VI.19 shows the maximum electrical power and power density as a function of the active 
area diameter. Areas with a darker color on the top are representative of the evanescent wave 
contribution to 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥 while areas with a lighter color show the propagative wave contribution. 
The electrical power decreases with the cell diameter, from 5.45 down to 0.55 µW, because less 
illumination especially from propagative waves is collected, resulting in a larger ratio of the 
evanescent wave contribution. However, electrical power density increases from 0.27 up to 
1.80 kW.m-2, because the area where near-field radiative heat transfer takes place is localized close 
to the point where the emitter-cell distance is the smallest. Away from this point, the increasing 
distance between the sphere and the active area of the cell leads to a decrease of the evanescent 
wave contribution to radiative heat transfer.
For instance, Figure VI.20 shows calculations of the fraction of the near-field radiative 
power exchanged between the sphere and the active area of the cell
𝑄𝑁𝐹

𝑠𝑝ℎ𝑒𝑟𝑒→𝐴𝐴
𝑄𝑁𝐹

𝑠𝑝ℎ𝑒𝑟𝑒→𝑠𝑒𝑚𝑖−𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑒 𝑝𝑙𝑎𝑛𝑒
⁄ . It is observed that an active area diameter of 20 µm 

allows to collect 93 % of the total available radiative power considering the contribution of
evanescent waves. Because evanescent waves are considered to interact only with the closest parts 
of the other body, all near-field radiative power coming from the sphere would be received by an 
active area of the size equal to that of the sphere (see details in Sec. II.3.2).

Figure VI.19: Maximum electrical power and power density generated by InSb TPV cells at 77 K
from batch n°1 having different active area diameters, illuminated by a 732 K graphite emitter 
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Figure VI.20: Fraction of the near-field radiative power exchanged between the sphere and a plane 
substrate, exchanged with the active area of the cell as a function of the active area diameter of 
the cell

The study of the effect of the cell active area diameter has demonstrated that the smallest cell 
generates the lowest electrical power but the highest electrical power density. Reducing the size of 
the active area increases the share of radiative power from the contribution of evanescent waves, 
over that from the contribution of propagative waves. Therefore in the next sections, the other
parameters will be investigated using cells having active areas with a diameter of 20 µm.

VI.4.2 Substrate thickness and p-doping level

Cells with substrate thicknesses of 200 and 500 µm were fabricated in order to measure the impact 
of the substrate thickness on the electrical power density generated by the cell. By reducing the 
thickness from 500 to 200 µm, part of the parasitic absorption of photons in the substrate is 
mitigated, and an additional passage of these photons across the p-n junction is possible after 
reflection by the bottom gold contact layer which acts as a mirror171. Note that the near-field 
contribution in the sphere-plane geometry is mostly related to frustrated modes (see Figure II.27),
which are evanescent in the gap but propagative in the substrate. In addition, two doping levels of
the p-doped layer (NA = 1017 and 1018 cm-3) were investigated, knowing that they have an influence 
on the potential barrier of the p-n junction74. When the p-doping level increases from 1017 to 
1018 cm-3 the absorption coefficient at energies larger than the energy bandgap of the cell is not 
modified but the potential barrier is increased leading to a larger VOC for the same photocurrent, 
thus enhancing the electrical power generation and the conversion efficiency. However, the 
absorption coefficient for energies below the energy bandgap is larger with NA = 1018 cm-3 and 
negatively impact the efficiency. In the end the photogenerated electrical power should be 
enhanced by increasing the p-doping level, which is not necessarily the case for the efficiency.
Because the cells were fabricated from three different batches (see Figure VI.17), comparison of 
the performances among the cells may be possible only between cells fabricated from the same 
batch. For instance, Figure VI.21 shows the electrical power generated by two cells from different 
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batches having the same parameters (NA = 1018 cm-3 and tS = 500 µm) and illuminated by a graphite 
emitter at 732 K. Two very disparate behaviors appear, with differences of generated electrical 
power at small as well as at large distances. The behaviors appear also very different with a 
logarithmic scale in inset of the figure. These differences may be expected because the I-V
characteristics of these two cells measured under ambient illumination are different (see Figure 
VI.17). This comparative analysis is based only on the output electrical power because near-field 
radiative heat transfer could not be measured for the cell fabricated from the batch n°1, due to a
strong random noise on the temperature signal of the emitter during the experiments. The noise 
may indicate that the emitter was polluted and that its temperature was not stable during the 
experiment. As a consequence, determination of the near-field efficiency is not possible. This 
comparative study shows that the measurements performed during this work should be compared 
for cells fabricated from the same batch only. Comparisons with cells from different batches might 
be possible if a better characterization of the cells was provided, for instance by measuring the I-V
characteristics under dark conditions as well as under illumination for all cells. In addition, 
assessing the spectral response of the cells by means of external quantum efficiency (EQE) 
measurements should also provide key information for determining the characteristics of the cells.

Figure VI.22 shows the electrical power generated at the maximum power point 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥 by InSb 
TPV cells at 77 K, the near-field radiative heat flux QNF, and the near-field conversion efficiency 
𝜂𝑇𝑃𝑉

𝑁𝐹 . Experiments were performed with the method involving measurements at different voltages.
All the cells of the figure have the same active area diameter of 20 µm, but different substrate 
thicknesses and p-doping levels. Plots on top of the figure are representative of cells having a 
substrate thickness tS = 500 µm, while bottom plots are for cells having tS = 200 µm. For cells with 
a p-doping level of 1018 cm-3, measurements were performed with the emitter at 732 and 900 K.
Efficiency measurements exhibit large uncertainties when QNF is close to 0. In addition, large 
variations of the efficiency may appear as a function of distance due to the small number of curves 
averaged for determining QNF, resulting in irrelevant high efficiency values above a distance of 
1 µm.

Figure VI.21: Electrical power generated by InSb TPV cells at 77 K, fabricated from two different 
batches, having NA = 1018 cm-3, tS = 500 µm and an active area diameter of 20 µm, illuminated by 
a 732 K graphite emitter
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Figure VI.22: Generated electrical power, near-field radiative heat flux and near-field conversion 
efficiency as a function of distance between a graphite emitter at 732 or 900 K and InSb TPV cells 
at 77 K, having an active area diameter of 20 µm, for different substrate thicknesses and p-doping 
levels.
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Table VI.3: Summary of the performances of the cells 

Temitter 
Batch 

n° 

Cell 
𝐦𝐚𝐱 (𝑷𝑻𝑷𝑽,𝐦𝐚𝐱) 
[µW | kW.m-2] 

𝒎𝒂𝒙(𝑷𝑻𝑷𝑽,𝒎𝒂𝒙
𝑵𝑭 ) 

[µW | kW.m-2] 
𝒎𝒂𝒙(𝑸𝑵𝑭) 

[µW] 
𝜼𝑻𝑷𝑽

𝑵𝑭   
[%] NA [cm-3] tS [µm] 

732 K 

1 

1017  500 0.55 | 1.80 0.31 | 0.99 5.3 ± 1.0 6.0 ± 1.3 

1017  200 1.25 | 3.97 1.04 | 3.31 7.4 ± 1.4 14.1 ± 2.9 

1018  500 2.36 | 7.50 1.79 | 5.70 - 

2 1018  500 1.41 | 4.49 0.90 | 2.87 6.6 ± 1.2 13.6 ± 2.9 

3 1018  200 0.83 | 2.65 0.69 | 2.21 6.4 ± 1.2 10.8 ± 2.3 

900 K 
2 1018  500 1.89 | 6.02 1.27 | 4.03 11.0 ± 1.8 11.6 ± 2.1 

3 1018  200 1.57 | 5.00 0.92 | 2.92 12.9 ± 2.0 7.1 ± 2.0 
 
However, a stable evolution of the efficiency as a function of distance is observed when the number 
of averaged curve is large. In order to compare efficiencies between experiments, the last point 
before contact is considered where the signal-to-noise ratio is the highest. However, this point may 
not represent the same emitter-cell distance from one experiment to another. Indeed the large 
uncertainty on distance determination close to contact probably affects the measurements because 
the electrical power generated by the cell is expected to strongly vary in the sub-100 nm distance 
range. Because of the different fabrication batches, only a limited number of meaningful 
comparisons can be made between the experiments: 
 

• The two cells from the batch n°1 having a p-doping level NA = 1017 cm-3 are represented in the 
left column in Figure VI.22. For these cells, thinning the substrate from 500 down to 200 µm 
increases the near-field enhancement factor EF by a factor of ~2. The maximum values of 
𝑃𝑇𝑃𝑉,𝑚𝑎𝑥 and 𝜂𝑇𝑃𝑉

𝑁𝐹  increase from 1.80 up to 3.97 kW.m-2, and from 6.0 up to 14.1 % (see Table 
VI.3 for a summary of performances). The best efficiency measured for this cell is explained 
by the increase in power conversion for photon energies above the bandgap when the substrate 
is thinned down, and by the reflection of near-field thermal photons below the bandgap, 
reducing the parasitic absorption that does not lead to photoconversion74,172. 
 

 

• The cells having NA = 1018 cm-3 were fabricated from two different batches. Figure VI.21 shows 
that cells having the same p-doping and substrate thickness, but fabricated in two different 
batches (1 and 2) don't have the same performances. As a consequence, comparison of 
performances between these cells when the substrate is thinned down has to be made with 
caution, since the cells are from two different batches (2 & 3). As a matter of fact, thinning 
down the substrate does not provide the expected results because the cell having tS = 200 µm 
has lower performances than the cell having tS = 500 µm. This observation can be made on 
measurements with an emitter temperature of 732 and 900 K. 
 

• The influence of the p-doping level can be estimated by comparing the output electrical power 
measured with the cells fabricated from the batch n°1 (see Figure VI.23) with tS = 500 µm. It 
appears that increasing the p-doping level from 1017 to 1018 cm-3 leads to a large enhancement 
of the output electrical power at the last distance before contact from 1.80 up to 7.50 kW.m-2, 
which is the highest value measured for all cells. At d = 3.7 µm, the electrical power generated 
by the cell having NA = 1018 cm-3 is twice that generated by the other cell, meaning that the 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2020LYSEI053/these.pdf 
© [C. Lucchesi], [2020], INSA Lyon, tous droits réservés



Chapter VI: Near-field thermophotovoltaic measurements with InSb TPV cells

208

conversion of photons is enhanced in the near field and in the far field. Observing the I-V curve 
of the cell having NA= 1018 cm-3, we conclude that the characteristics of this cell probably differs 
from those of other cells. Thus, the high electrical power density may be induced by other 
parameters than the p-doping level. As mentioned previously, the near-field radiative power, 
and the near-field efficiency as a consequence, could not be measured for the cell with the 
highest doping level.

The impact of the substrate thickness and p-doping level may be observed by studying the cells 
fabricated from the first batch, with better performances measured with tS = 200 µm or 
NA = 1018 cm-3. However, more cells from a same batch should be fabricated and studied in order 
to conclude with assurance on the effect of the doping level and the substrate thickness.
For a better visualization, the performances summarized in Table VI.3 are plotted in Figure VI.24
for the cells where 𝑄𝑁𝐹 and 𝜂𝑇𝑃𝑉

𝑁𝐹 could be measured. It is observed that rising the emitter 
temperature from 732 up to 900 K increases the electrical power density generated by the cell. This 
is expected because of the increase in radiative power density received by the cell induced by a 
higher emitter temperature.  However, increasing 𝑇𝑒𝑚𝑖𝑡𝑡𝑒𝑟 leads to a lower near-field conversion 
efficiency. It was suggested in Figure V.10 that TPV cells may perform better when paired with an 
emitter heated at a certain temperature, providing spectral matching between the emitter and the 
cell. For InSb at 77 K, Eg = 0.234 eV corresponds to the energy of a photon emitted at the maximum 
of the emission spectrum of a blackbody at 𝑇𝑊𝑖𝑒𝑛 = 547 K (Eq. (V.15)). Therefore, InSb TPV cells 
at 77 K may be more efficient with an emitter heated at 732 K than one at 900 K, because it 
corresponds to a temperature closer to 𝑇𝑊𝑖𝑒𝑛. The variations of near-field radiative power absorbed 
by cells having different parameters are smaller than the measurement uncertainty. Therefore, it 
cannot be established if the substrate thickness and the p-doping level have any influence on the 
power absorbed by the cell.

Figure VI.23: Electrical power generated by InSb TPV cells at 77 K, fabricated from the same 
batch, having NA = 1018 or 1017 cm-3and tS = 500 µm with an active area diameter of 20 µm, 
illuminated by a 732 K graphite emitter
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Figure VI.24: Maximum electrical power density, maximum near-field radiative power and near-
field conversion efficiency measured for the different configurations

For energy harvesting applications it is useful to study the electrical power generated by the cell 
normalized by the surface of the active area and the temperature difference between the emitter 
and the cell 𝐺𝑇𝑃𝑉,𝑚𝑎𝑥 expressed as

𝐺𝑇𝑃𝑉,𝑚𝑎𝑥 =
𝑃𝑇𝑃𝑉,𝑚𝑎𝑥

𝑆𝑎𝑐𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎(𝑇𝑒𝑚𝑖𝑡𝑡𝑒𝑟 − 𝑇𝑐𝑒𝑙𝑙)
 . (VI.4)

Figure VI.25 shows the maximum value of 𝐺𝑇𝑃𝑉,𝑚𝑎𝑥 for the different cells. It is interesting to 
compare the cells having a p-doping level of 1018 cm-3 because measurements were performed with
the emitter at 732 and 900 K. For the cell having NA = 1018 cm-3 and tS = 200 µm, 𝐺𝑇𝑃𝑉,𝑚𝑎𝑥 increases 
with the emitter temperature but mainly because of the enhancement of the contribution of the 
propagative waves. This may be due to the temperature power law of the exchange power having 
a higher exponent in the far field than in the near field as predicted in Figure II.27. This hypothesis 
cannot be verified because significantly more measurements should be performed in order to rely 
on a sufficient amount of experimental data. In addition, the cell having NA = 1018 cm-3 and 
tS = 500 µm keeps almost the same value of 𝐺𝑇𝑃𝑉,𝑚𝑎𝑥 = 7.32 W.m-2.K-1 whether the emitter 
temperature is 732 or 900 K.
This study of the thickness and p-doping level shows that the measured performances of TPV cells 
are better with cells fabricated from batch n°1 either having NA = 1018 cm-3 and tS = 500 µm or 
NA = 1017 cm-3 with tS = 200 µm. The best measured near-field efficiency is 14.1 %, while the best 
power density reached 7.50 kW.m-2. A larger number of experiments with cells from the same 
batch in addition of a more reliable process for determining the minimum distance should be 
performed in order to fully conclude on the effect of the doping level and substrate thickness on 
the performances of the cells. A summary of all of the NF-TPV experiments, including estimations 
of the total conversion efficiency (considering the evanescent and propagative wave contributions),
is provided in Appendix 5. Considering uncertainties, measured near-field 𝜂𝑇𝑃𝑉

𝑁𝐹 and estimated total 
efficiency 𝜂𝑇𝑃𝑉 have similar values for a given cell, implying that the conversion efficiency does 
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not depend on whether absorbed photons are coming from the propagative or the evanescent 
contribution. This may be in agreement with the fact that most of thermal radiation from the 
contribution of evanescent waves are supported by frustrated modes, which are propagative in the 
cell.  

Figure VI.25: Maximum electrical power density normalized by the temperature difference 
between the emitter and the cell for the different configurations

VI.4.3 Growth parameters

An InSb TPV cell was fabricated from the first batch using non-optimized MBE growth parameters 
(see Sec. VI.2.2.1 for details on the MBE growth process). The aim was to study the influence of 
the growth parameters on the performances of a cell. In Figure VI.17, this cell has an I-V
characteristic very different from that of the other cell with the same p-doping level and substrate 
thickness. For the same photogenerated current, the non-optimized cell has a VOC of 15 mV, 
compared to 69 mV for the one with optimized growth parameters. A lower VOC is expected 
because non-optimized growth parameters may impact the crystalline structure of the cell, creating 
defects and leading to electron-hole pair recombinations. However, the X-ray diffraction analysis 
did not reveal any issue compared with the observations for the other cells, implying that the 
crystalline structure was not significantly affected by the non-optimized growth parameters (Figure 
VI.26).
In order to investigate the performances of this cell in the near field, NF-TPV experiments were 
performed with a graphite emitter at 732 K, using the method requiring approaches at different cell 
voltages. In Figure VI.27, measurements are compared with those of cells having the same p-
doping level and substrate thickness fabricated from batches n°1 and 2, and illuminated by an 
emitter at the same temperature. At the largest distance, the cell with non-optimized growth 
parameters generates less than half of the electrical power produced by the other cell which is 
mainly due to the lower voltage. However at the last point before contact, the current is larger for 
cell with non-optimal growth parameters (24.9 compared with 12.6 and 20.5 µA), compensating 
the lower voltage.
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Figure VI.26: X-ray diffraction spectra performed on a cell with optimal growth parameters (left) 
and non-optimal parameters (right) for a 30 K lower growth temperature. Spectra provided by 
Jean-Philippe Perez (IES, Montpellier)

This cell generates a maximum electrical power of 5.70 kW.m-2, leading to the largest enhancement 
factor of 7.4. In terms of near-field efficiency, this cell reached a record value of 21.5 %. Such a 
high efficiency is surprising because its non-optimized growth parameters are expected to 
negatively impact performances of the cell.

Figure VI.27: Generated electrical power, near-field radiative heat flux and near-field conversion 
efficiency as a function of distance for a graphite emitter at 732 K and InSb TPV cells at 77 K, 
having active areas of 20 µm in diameter, NA = 1018 cm-3and tS = 500 µm, with optimal or non-
optimal growth parameters

negatively impact performances of the cell.
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Good performances may agree with the X-ray diffraction analysis suggesting that the structure of 
the cell was not impacted by the non-optimized growth temperature. These unexpected results may
be provided by the uncertainty on distance determination close to contact which could be different 
between the two experiments especially in the sub-100 nm regime. However, larger electrical 
currents generated for smaller voltages remain unexplained. Further analyses, for instance with 
external (EQE) and internal quantum efficiency (IQE), would be necessary to better characterize 
this cell and understand the causes of its peculiar I-V curve and performances. Unfortunately, such 
analyses were not possible to perform in the timeframe of this thesis.

VI.4.4 Emitter material

Experiments were performed with a SiO2 emitter at 732 K in order to verify if graphite is a better 
choice for the emitting material according to calculations (see Sec. II.4.1). NF-TPV measurements 
using the cell having NA = 1017 cm-3 and tS = 200 µm are reported in Figure VI.28. For the graphite 
emitter, results are the same as those already shown in Figure VI.22. Measurements with the SiO2
emitter were performed using a sphere having a diameter of 44 µm, which is slightly larger than 
the graphite sphere. Because of differences of diameter and optical properties between graphite and 
SiO2, calculations of the contribution of propagative waves give 3.2 µW for graphite, and 5.2 µW 
for SiO2, corresponding to a difference of a factor of 1.63. Measured electrical power generated by 
the cell at the largest distance are 0.18 µW for graphite, and 0.30 µW for SiO2, representing a 
difference of a factor of 1.66, close to the one obtained by calculations.

Figure VI.28: Generated electrical power, near-field radiative heat flux and near-field conversion 
efficiency as a function of distance for a graphite or SiO2 emitter at 732 K and an InSb TPV cell at 
77 K, having an active area diameter of 20 µm, NA = 1017 cm-3and tS = 200 µm.
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In the near field, electrical power generated by the cell is significantly larger with the graphite 
emitter, corresponding to a larger enhancement (EF = 4.6) than with SiO2 (EF=1.4). In terms of 
near-field efficiency, 14.1 % is reached with a graphite emitter, compared to 3.9 % with one made 
of SiO2. This is explained because most of the radiative power exchanged between the SiO2 emitter 
and the cell in the near field occurs at wavelengths larger than the gap wavelength of InSb at 77 K 
(see Figure II.16). Therefore, most of the radiative power absorbed by the cell cannot be potentially 
converted into electrical power.
This study demonstrates the importance of the selection of the emitter material for near-field 
thermophotvoltaics. For instance, choosing graphite over SiO2 as emitter material leads to a 
maximum generated electrical power larger by a factor of ~2.2, and a better near-field conversion 
efficiency by a factor of ~3.6.

Electrical power as a function of temperature

This section reports on a study of the evolution of the electrical power generated by a TPV cell as 
a function of emitter temperature. The graphite emitter was placed at a fixed distance d ~ 5 µm 
above a cell at 77 K having an active area diameter of 20 µm. A reference I-V curve is measured 
under ambient illumination. Then, the emitter is heated from room temperature up to ~1100 K, 
while the short-circuit current of the cell is measured. The electrical power generated by the cell is 
determined using the superposition principle (see Sec VI.3.1.1). Figure VI.29a shows the electrical 
power generated by an InSb TPV cell at 77 K as a function of emitter temperature, compared with
Monte Carlo calculations of far-field radiative power absorbed by the cell (see Sec. II.3.3). At low 
emitter temperature, thermal radiation coming from the environment considered at 300 K is taken 
into account. The estimation is made considering that the sphere, located at 5 µm above the cell, is 
screening a part of thermal radiation coming from the environment. The cell-environment view 
factor 𝐹𝑐→𝑒𝑛𝑣 was estimated using the reciprocity of view factors30 (𝑆𝑖𝐹𝑖→𝑗 = 𝑆𝑗𝐹𝑗→𝑖) as:

𝐹𝑐𝑒𝑙𝑙→𝑠𝑝ℎ𝑒𝑟𝑒 =
𝑆𝑠𝑝ℎ𝑒𝑟𝑒

𝑆𝑐𝑒𝑙𝑙
𝐹𝑠𝑝ℎ𝑒𝑟𝑒→𝑐𝑒𝑙𝑙 , (VI.5)

𝐹𝑐𝑒𝑙𝑙→𝑒𝑛𝑣 = 1 − 𝐹𝑐𝑒𝑙𝑙→𝑠𝑝ℎ𝑒𝑟𝑒 , (VI.6)

based on the sphere-cell analytical view factor 𝐹𝑠𝑝ℎ𝑒𝑟𝑒→𝑐𝑒𝑙𝑙 (Eq. (II.11)), and Ssphere and Scell

respectively the sphere and the cell active area. Estimation of the radiative power coming from the 
environment is considered to be that of a blackbody and is written as:

𝑄𝑒𝑛𝑣 = 𝜎𝑆𝑐𝑒𝑙𝑙𝑇𝑒𝑛𝑣
4 𝐹𝑐𝑒𝑙𝑙→𝑒𝑛𝑣 , (VI.7)

with 𝜎 the Stefan-Boltzmann constant and 𝑇𝑒𝑛𝑣 the environment temperature. At d = 5 µm, 
𝐹𝑠𝑝ℎ𝑒𝑟𝑒→𝑐𝑒𝑙𝑙= 0.0392 so 𝐹𝑐𝑒𝑙𝑙→𝑠𝑝ℎ𝑒𝑟𝑒= 0.551 and 𝐹𝑐𝑒𝑙𝑙→𝑒𝑛𝑣= 0.449, giving an estimated power from 
the 300 K environment Qenv = 64 nW including 1.2 nW at 𝜆 < 𝜆𝑔𝑎𝑝

𝐼𝑛𝑆𝑏, 77 𝐾. Considering the 
blackbody spectrum for the radiative power from the environment corresponds to an upper bound 
of the thermal radiative power received by the cell without being illuminated by an external source.
In the figure, different contributions of the radiative power absorbed by the cell are calculated and 
represented:
• The black curve represents the total radiative power absorbed by the cell. 
• The grey dashed curve represents the share of the radiative power absorbed at 

𝜆 > 𝜆𝑔𝑎𝑝
𝐼𝑛𝑆𝑏, 77 𝐾 which cannot be photoconverted into electrical power by the cell.
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• The yellow-dotted curve represents the radiative power absorbed at 𝜆 < 𝜆𝑔𝑎𝑝
𝐼𝑛𝑆𝑏, 77 𝐾 of interest 

for the conversion into electrical power. 
• In Figure VI.29c, the purple curve represents the electrical charge generation and collection 

ratio per absorbed photon at 𝜆 < 𝜆𝑔𝑎𝑝
𝐼𝑛𝑆𝑏, 77 𝐾 for an InSb TPV cell at 77 K. The number of 

electrical charges generated and collected by the cell 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥

𝑞𝑉𝑚𝑎𝑥
is divided by the number of 

photons absorbed at 𝜆 < 𝜆𝑔𝑎𝑝
𝐼𝑛𝑆𝑏, 77 𝐾 calculated as ∫

𝑞(𝜆)

ℏ𝜔
𝑑𝜆

𝜆𝑔𝑎𝑝
𝐼𝑛𝑆𝑏, 77 𝐾

0
.

In the linear scale plot, the measured electrical power is very small compared to estimations of 
absorbed radiative power. In the logarithmic scale plot, it is observed that 𝑃𝑇𝑃𝑉,𝑚𝑎𝑥 increases 
steeply up to 700 K, then at a slower rate above 700 K.

Figure VI.29: Electrical power generated by an InSb TPV cell at 77 K as a function of emitter 
temperature. 
(a) Linear and (b) logarithmic scale plot of the measured electrical power generated by the cell, 
compared to calculations of far-field radiative power absorbed by the cell. (c) Estimated 
efficiencies of the InSb TPV cell
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The measured photogenerated and calculated radiative powers have all different behaviors. By 
dividing the electrical power generated by the cell by the absorbed radiative power, one can 
estimate the efficiency of the cell (Figure VI.29b). For the total efficiency, the curve increases and 
reaches a maximum of 6.4 % at 755 K, which is closer to efficiencies reported in Table VI.1.
Considering thermal radiation at 𝜆 < 𝜆𝑔𝑎𝑝

𝐼𝑛𝑆𝑏, 77 𝐾, the efficiency reaches 11.7 % at 739 K and 
41.8 % at 745 K considering the charge generation and collection ratio. Below 400 K, large
uncertainties are expected given the very low electrical power and the approximate estimation of 
Qenv. Above 739-755 K, the efficiency decreases, which agrees with the lower efficiencies 
measured at Temitter = 900 K compared to those at Temitter = 732 K (Figure VI.22). However, this is 
not at the cost of the output power, which still increases with temperature.
This experiment demonstrates the ability of the experimental setup to maintain large temperature 
differences (> 1000 K) across a small gap distance. Therefore, NF-TPV measurements were 
attempted with an emitter at 1200 K. It is reminded that, despite InSb having a melting temperature
of 800 K, NF-TPV experiments were possible to perform using an emitter at 900 K, most probably 
because the thermal contact resistance between the emitter and the cell limits the cell heating at 
contact. However, the attempt with the emitter heated at 1200 K resulted in the destruction of the 
cell. Figure VI.30 shows I-V characteristics under ambient illumination, and optical microscope 
images of a clean active area (no NF-TPV experiments) and the damaged active area of the cell 
brought into contact with the emitter heated at 1200 K. The surface of the damaged active area 
exhibits a lot of dark spots, which may represent partially melted areas. After contact with the hot 
emitter, the I-V curve under ambient illumination changed drastically, exhibiting a VOC of ~1 mV, 
compared with 66 mV before contact.

Figure VI.30: I-V curves under ambient illumination and optical microscope images of an InSb 
TPV cell having an active area diameter of 20 µm, before and after contact with a graphite emitter 
at 1200 K. Color differences between the images come from the parameters of the optical 
microscope
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Such a low VOC indicates that the cell was severely damaged due to the contact with the emitter at 
1200 K. Performing NF-TPV experiments with InSb cells at such high emitter temperature would 
require thermal protection of the active area, with a layer of a material stable at high temperature 
and transparent in the infrared region. Moreover, this material should be able to transfer near-field 
thermal radiation, from frustrated mode contribution, to the InSb TPV cell in order to keep a near-
field enhancement of the photogenerated power. Such intermediate substrate has been 
experimentally tested in an NF-TPV device in the work of Inoue et al.21, where they used a 50 µm-
thick undoped Si substrate placed between the emitter and the cell (see Sec.V.6.2 for more details).

Conclusion

In this chapter, near-field thermophotovoltaic experiments between a spherical emitter and InSb 
TPV cells have been performed (see Appendix 5 for a summary of the performances). In order to 
maximize the electrical power generated by the cell, both the emitter and the cell have been
specifically designed. Optimum cell characteristics, such as doping levels and substrate thickness, 
previously established with calculations have been applied in the fabrication process. Performances 
of the TPV cells fabricated for this work have been measured without and with infrared illumination
as a function of the active area diameter, substrate thickness, p-doping level, operating temperature 
of the cell and emitter material. The cells have been found to be fully functional at cryogenic 
temperatures below 77 K, with remarkably good I-V characteristics, even generating electrical 
power under ambient-temperature illumination. This study has demonstrated that near-field 
thermal energy can be exploited efficiently, when optical properties of the emitter are best matching 
those of the cell. Thermophotovoltaic conversion of thermal photons in the near field was measured
using a graphite emitter with efficiency reaching 20% and electrical power density reaching 
7.50 kW.m-2, orders of magnitude larger than previous works20–22. Such an electrical power density 
is close to the ~1 W.cm-2 threshold typical for powerful thermoelectric energy harvesting 
devices102, and close to the best far-field thermophotovoltaic performances despite much lower 
emitter temperatures116,153. However, the limited statistics from the experiments has not allowed to 
conclude fully on the parametric study. The reliability of the measurement setup should be 
improved in terms of distance uncertainty. In addition, further characterizations with e.g. EQE 
measurements could provide a better understanding of the characteristics of the cells.
This proof of principle for efficient near-field thermophotovoltaic conversion paves the way for 
fabrication of devices in different fields. For energy harvesting it is also required to upscale the 
sizes, implying flat surfaces, and to avoid cooling the cell. Recent strategies for designing efficient 
cells illuminated in the far field with narrow energy bandgap III-V materials operating at room 
temperature173 could also be applied in the near field, with frustrated photon modes and would be 
particularly useful for harnessing energy of medium-grade heat sources. For high-grade heat 
sources, this study has demonstrated the possibility to maintain a temperature difference larger than 
1000 K across a small gap distance, so larger energy gap materials used in cells operating at room 
temperature could also be considered with a careful design for the near field following the 
highlighted paths. Finally, it is reminded that further enhancement of the performances is predicted 
for materials with polariton resonances above the energy bandgap163,174.
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General conclusion and prospects 
Radiative heat transfer at the nanoscale is very different from that at the macroscale, in terms of 
spectral distribution and power amplitude. In this work, experimental demonstrations of the 
contribution of evanescent waves to radiative heat transfer at the nanoscale between two bodies 
have been achieved. A review of the state of the art based on experimental works of many research 
groups has been made and some trends have been highlighted. We have found that all of the 
published experimental works could be classified into three categories with respect to their near-
field radiative exchange area. Each category has advantages and drawbacks in terms of minimum 
emitter-sample distance and radiative conductance level and accuracy. Uninvestigated fields of 
study have emerged, in particular concerning the influence of materials and temperature differences 
larger than 420 K. Large temperature differences are essential in order to use near-field radiative 
heat transfer in energy harvesting applications such as TPV systems. This review has led to the 
definition of some of the objectives of this work. It has appeared that using a microsphere as the 
radiative emitter, instead of a planar or tip-shaped one, is the best compromise between large 
radiative heat fluxes and a small emitter-sample distance. 
Numerical calculations have allowed to calculate radiative heat transfer between several pairs of 
materials made of either SiO2, graphite or InSb at different temperatures. The evolution of the near-
field radiative conductance as a function of temperature has been observed to be very different 
from one pair of materials to the other because of the differences of optical properties. In addition, 
the exponent of the temperature power law of the exchanged radiative power has appeared to be 
different from that calculated in the far field due to the modification of the spectrum when 
evanescent waves contribute. Furthermore, calculations have shown that graphite was a promising 
emitter material to be paired with an InSb TPV cell. The aim has been to maximize radiative heat 
transfer in the near field for photons having energies larger than the energy bandgap of the cell. 
The optimization of the dimensions of the emitter-cell system has shown that the smallest cell 
available, having an active area diameter of 20 µm, should be paired with a graphite sphere having 
a diameter 1.5 times larger.  
The design and development of an experimental setup has permitted near-field radiative heat 
transfer and near-field TPV measurements between a microsphere and a planar substrate. A key 
advance of our experimental setup has been the integration of a liquid helium cryostat for cryogenic 
cooling of the substrate especially needed for our near-field TPV measurements. Large emitter-
substrate temperature differences above 900 K, more than twice the maximum reported in the 
literature for near-field radiative heat transfer measurements, have been reached by fabricating the 
emitters based on SThM doped-silicon probes. The minimum distance between the emitter and the 
substrate has been determined to be around 30-40 nm without the cooling system and 100 nm with 
it because of larger mechanical vibrations. The typical accuracy of the near-field radiative 
conductance measurements has been found to be a relative uncertainty of 20 % with a 30 pW.K-1 
(0.67 pW.K-1/√𝐻𝑧) sensitivity by considering the random electrical noise and the systematic error 
from the emitter calibration. The performances of the setup in terms of minimum distance and 
measurement accuracy have been found to be of the same order as similar published experimental 
works. 
During near-field radiative heat transfer experiments, the emitter has been heated up to 1200 K 
representing a significant advance compared to the state of the art. The cantilever and the tip of the 
SThM probe have been found to have a negligible contribution to near-field radiative heat transfer 
with conductances below ~ 200 pW.K-1. Such conductances are one to two orders of magnitude 
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lower than those measured during sphere-plane experiments. With a spherical emitter, a near-field 
radiative conductance of 68.9 nW.K-1 has been measured for the graphite-graphite configuration 
with the emitter at 1200 K, which is the highest reported to date for the sphere-plane 
configuration16,24,40,41,44,47,67,68. The temperature dependence of the near-field conductance has been 
characterized as a function of distance for six pairs of materials by determining the exponent of the 
temperature power law of the measured conductance. The exponent has been found to be lower 
than the values above 4 in the far field and to vary as a function of distance and materials, from 
2.58 ± 0.22 for the SiO2-InSb configuration up to 3.58 ± 0.34 for the graphite-InSb configuration 
at a distance of 100 nm. These values are higher than the ∝ 𝑇2 behavior expected in the near field 
for a greybody. This result demonstrates that the radiative power exchanged in the near field 
increases with temperature but differently according to the materials. Therefore, material pairs 
presenting a temperature power law with a large exponent may be expected to be more suitable for 
applications where a large radiative heat flux is needed at high temperatures, such as TPV energy 
harvesting. 
A theoretical study has suggested that good performances could be achieved for a near-field TPV 
device coupling a cooled InSb TPV cell matching the emission spectrum of a graphite infrared 
thermal emitter. This strategy is based on the idea of using a low-energy bandgap material, but 
therefore requires to cool down the cell. The TPV cells, designed and fabricated specifically for 
this work, have appeared to be functioning well at cryogenic temperatures near 77 K, even 
generating power under ambient-temperature illumination. Good performances have been 
observed with a fill factor up to 0.75 and an open-circuit voltage above 130 mV for cells generating 
an electrical power of a few microwatts. The best results with a near-field illumination have been 
obtained with cells having the same active areas of 20 µm in diameter but different characteristics. 
An electrical power density of 7.5 kW.m-2 (or 11.5 W.m-2.K-1 considering the temperature 
difference between the emitter and the cell) and near-field conversion efficiencies up to ~20 % 
have been measured, representing a remarkable performance improvement compared to state-of-
the-art devices (Table VI.4). The near-field conversion efficiency has been measured for the first 
time, with a 20-fold enhancement compared to the previous best estimated total efficiency reported 
in the literature. The electrical power density measured during this work is three orders of 
magnitude larger that the best one previously reported. The large electrical power densities in the 
near field are due to an electrical power enhancement up to a factor of 6 compared to a far field 
illumination. Such good performances prove that NF-TPV devices may compete with 
thermoelectric generators reaching power densities of 1 W.cm-2 for a similar medium-grade hot 
body temperature8. 
This work has also demonstrated the possibility of maintaining temperature differences above  
1100 K between the emitter and the substrate, opening the door to near-field energy harvesting 
from high-grade heat sources. The main contribution of this work is the experimental 
demonstration of the near-field enhancement of the electrical power generated by a TPV cell, 
achieved with large output electrical power densities and measured near-field conversion 
efficiencies. However, the influence of the parameters of the cell has not been well established 
because of the limited number of cells that were fabricated. Further study should be performed with 
more TPV cells in order to observe the expected influence of the different cell designs, 
independently from the repeatability issues of the fabrication-measurement process. This work 
suggests that further near-field radiative heat transfer experiments should be performed with 
various configurations, especially with materials interesting for energy harvesting applications. 
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Table VI.4: Comparison of performances between state-of-the-art NF-TPV experiments and 
measurements performed during this work 

Source Year 
Efficiency 

[%] 

max(PTPV,max) 

Cell 
Eg  

 [eV] Emitter 
Emitter T 

[K] 
T 
[K] FF 

dmin 
[nm] [W.cm-2] [W.m-2.K-1] 

Fiorino 
et al.20 2018 0.015 

estimated 3.4.10-5 9.7.10-4 InAsSb 0.35 
at 300 K Si 655 360 0.26 60 

Inoue 
et al.21 2019 0.98 

estimated 7.5 10-4 9.8.10-3 InGaAs 0.73 
at 300 K Si 1065 

(estimated) 765 0.56 140 

Bhatt 
et al.22 2019 0.003 

estimated 1.3 10-6 2.2.10-5 Ge 0.67 
at 300 K 

Cr-W-
Cr on a-

Si 
880 579 0.25 180 

This 
work175 2020 

21.5 ± 3.8 
measured  
(near-field 

contribution) 

7.5.10-1 1.2.101 InSb 0.23 
at 77 K Graphite 732- 

900 
655-
823 0.75 ~100 

 
Near-field radiative heat transfer experiments using microstructured substrates made of either SiO2 
or InSb were considered but could not be performed during the timeframe of this work. In addition, 
experiments using the tip-plane configuration could be made with various substrate materials and 
an analysis on the temperature dependence could be worth in order to compare to the measurements 
obtained with the sphere-plane configuration. The possibility of cooling the substrate down to  
10 K could offer the possibility of studying materials exhibiting changing properties at cryogenic 
temperatures such as superconductors176. For TPV energy harvesting applications, it would be 
worth studying innovative pairs of materials in order to find behaviors maximizing the radiative 
heat flux for photons with energies higher than the energy bandgap of the cell. For instance, a wide 
diversity of thermal emitters such as selective emitters, photonic crystals or multilayers have 
already been used experimentally for TPV conversion devices12 and may have an interest for NF-
TPV devices. Future research should focus on materials with polariton resonances above the energy 
bandgap of the cell163,174. During this work an emitter material supporting polariton resonances at 
an energy close to the energy bandgap of the cell (0.234 eV at 77 K) could not be found, resonances 
appearing at lower energies. However, promising materials such as zinc oxides177 or rare-earth 
alloys178 seem to have surface polariton resonance frequencies that can be tuned in the mid-infrared 
range.  Lanthanum-lutetium-arsenide (La1-xLuxAs) alloys seem promising with surface plasmon 
resonance frequencies corresponding to photon energies ranging from 0.146 up to 0.413 eV 
depending on the composition178. 
Following thermal energy harvesting applications, upscaling the sizes of the emitter and the cell 
appears essential in order to create NF-TPV devices that could supply valuable levels of electrical 
power. This could be achieved by replacing the spherical emitter by a planar one providing a larger 
area for radiative heat transfer in the near field. However, a large planar emitter leads to 
parallelization issues between the emitter and the cell. In addition, a practical NF-TPV device 
should involve an integrated TPV cell placed at a fixed position close to the emitter. The 
parallelization and fixed position requirements could be fulfilled by using an interface material 
between the emitter and the cell, providing durability and reliability to the device. The interface 
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material should be selected with care because it should reflect photons with energies lower than 
the bandgap of the cell while being transparent for photons having high energies. These 
characteristics could avoid excess heating of the cell due to sub-bandgap absorption simultaneously 
increasing the conversion efficiency. However, thermal conduction between the emitter and the 
substrate induced by the interface material could drastically lower the temperature difference and 
affects consequently the output power and conversion efficiency. Materials such as silicon were 
investigated experimentally21 but appeared to absorb a portion of photons with energies higher than 
the bandgap of the cell. It may also be possible to use an interface material with thermoelectric 
properties for fabricating a hybrid TPV-thermoelectric energy conversion device. In addition to the 
upscaling, a solution to avoid cooling the cell must be found. Recently, strategies have emerged 
for the design of TPV cells operating at room temperature with narrow energy bandgap III-V 
semiconductor materials. For instance, these strategies may involve multiple-stage absorbers173, or 
optimization of the characteristics of the cell and the front contact grid parameters179. Furthermore, 
the enhancement of the electrical power generated by a NF-TPV device could be achieved by 
coupling it with a thermionic energy conversion system168. 
There are still ways of improving the characterization and fabrication of the InSb TPV cells 
developed during this work. For instance, external quantum efficiency (EQE) measurements could 
not be performed but should provide key information on the spectral response of the cells. I-V 
characteristics under dark conditions have been performed for one cell only but should ideally be 
measured systematically for every cell, assessing dark current densities that should help evaluating 
the influence of the fabrication parameters. In addition, it may be worth fabricating a second 
generation of InSb TPV cells with an anti-reflection coating (ARC). Integrating an ARC in the 
design of a NF-TPV device has been suggested to enhance radiative heat transfer between the 
emitter and the cell for photons with energy higher than the energy bandgap of the cell, while 
decreasing the sub-bandgap transmission180. The minimum emitter-cell distance reached during 
NF-TPV experiments have been of the order of 100 nm but could be lower by further improving 
the experimental setup, thus allowing the cell to generate larger electrical power densities. 
Each of these improvement paths leads to exciting scientific challenges that should be overtaken 
in the future in order to create NF-TPV devices with performances competing, or even exceeding, 
those of thermoelectric generators for harvesting energy from medium-grade heat sources. 
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Appendices
1. List of the main parameters of the experimental works found in the literature
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2. Details on conductance uncertainties calculations 

In this section, details on the different steps for the calculation of the conductance uncertainty are 
provided.  
The relative uncertainty of the emitter current is expressed as a function of the total current Iheat 
and the electrical resistances of the circuit R1, R2, RV and R the resistance of the emitter: 

𝛿𝐼

𝐼
=

𝛿𝐼ℎ𝑒𝑎𝑡

𝐼ℎ𝑒𝑎𝑡
+

𝛿 [1 − (1 +
𝑅1 + 𝑅𝑉

𝑅2 + 𝑅 )
−1

]

1 − (1 +
𝑅1 + 𝑅𝑉

𝑅2 + 𝑅 )
−1   (1) 

 

The numerator of the second term of the previous equation can be written and developed as: 

𝛿 [1 − (1 +
𝑅1 + 𝑅𝑉

𝑅2 + 𝑅
)
−1

] = 𝛿
1

1 +
𝑅1 + 𝑅𝑉

𝑅2 + 𝑅

=
1

1 +
𝑅1 + 𝑅𝑉

𝑅2 + 𝑅

[
𝛿 (1 +

𝑅1 + 𝑅𝑉

𝑅2 + 𝑅
)

1 +
𝑅1 + 𝑅𝑉

𝑅2 + 𝑅

]  (2) 
 

𝛿 [1 − (1 +
𝑅1 + 𝑅𝑉

𝑅2 + 𝑅
)
−1

] =

𝑅1 + 𝑅𝑉

𝑅2 + 𝑅 [
𝛿𝑅1 + 𝛿𝑅𝑉

𝑅1 + 𝑅𝑉
+

𝛿𝑅2 + 𝛿𝑅
𝑅2 + 𝑅 ]

(1 +
𝑅1 + 𝑅𝑉

𝑅2 + 𝑅 )
2  (3) 

 

The final expression of the relative uncertainty of the emitter current is given in the main text by 
Eq. (III.16). 
Development of the second term of Eq. (III.12) is presented with the following equations: 

𝛿 [𝛥𝜃 (𝛼 −
1

𝜃
) + 2

𝛥𝐼

𝐼
] = 𝛿 [𝛥𝜃 (𝛼 −

1

𝜃
)] + 2𝛿 [

𝛥𝐼

𝐼
] (4) 
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𝜃
] (5) 

 

𝛿 [𝛼𝛥𝜃 −
𝛥𝜃
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𝜃
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𝛥𝐼

𝐼
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+

𝛿𝜃

𝜃
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𝛥𝐼
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(7) 
 

New terms appear as the difference of temperature elevation  and the current variation . 
They can all be expressed as the following equations considering that  = T - Tref : 

𝛿𝛥𝜃 = 𝑒𝑟𝑟𝑇𝛥𝜃 + 2𝛿𝑇 (8) 
 

𝛿 [
𝛥𝐼

𝐼
] =

𝛥𝐼

𝐼
[
𝛿𝛥𝐼

𝛥𝐼
+

𝛿𝐼

𝐼
] =

𝛥𝐼

𝐼
[
2𝛿𝐼

𝛥𝐼
+

𝛿𝐼

𝐼
] =

𝛿𝐼

𝐼
[2 +

𝛥𝐼

𝐼
] 

(9) 
 

Combination of Eq. (7) and (9) gives the final expression of the second term of Eq. (III.12), which 
is written in the main text as Eq. (III.19). 
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3. Microsphere semi-transparency coefficient calculation 

Microsphere have an emissivity different from that of the bulk material due to semi-transparency 
effect. A semi-transparency emissivity coefficient taking this effect into account can be calculated 
as a function of the frequency, sphere radius and emission angle30. One writes: 

𝑞𝜔
𝑖 = 𝑞𝜔

𝑖−1𝑇𝜔(𝑙) + ∫ 𝜅𝜔(𝑠)𝑞𝜔
𝐵𝐵(𝑇(𝑠))𝑇𝜔(𝑠, 𝑙)

𝑙

𝑠=0

 (10) 
 

𝑙 = 2𝑅𝑠𝑝ℎ𝑒𝑟𝑒cos 𝜃′ (11) 
 

sin 𝜃′ =  

(

 √2sin 𝜃

√𝑛2 − 𝜅2 + sin(𝜃)2 + √(𝑛2 − 𝜅2 − sin(𝜃)2)2 + 4𝑛2𝜅2
)

  (12) 
 

𝑙 = 2𝑅𝑠𝑝ℎ𝑒𝑟𝑒cos 

(

 sin−1

(

 
√2sin 𝜃

√𝑛2 − 𝜅2 + sin(𝜃)2 + √(𝑛2 − 𝜅2 − sin(𝜃)2)2 + 4𝑛2𝜅2
)

 

)

  (13) 
 

where, 𝑞𝜔
𝑖  is the spectral radiative hemispherical heat flux at point i (Figure A.1), 𝑞𝜔

𝑖−1 is the 
spectral radiative hemispherical heat flux at the point i-1, 𝑇𝜔(𝑙) is the transmittance of the path 
with a length l, 𝜅𝜔(𝑠)𝑞𝜔

𝐵𝐵(𝑇(𝑠)) is the local emission reinforcement term with the extinction index 
𝜅𝜔 =

2𝜔𝜅

𝑐
 ( is the extinction coefficient) and 𝑞𝜔

𝐵𝐵(𝑇(𝑠)) the blackbody radiative hemispherical 
heat flux at a temperature T(s). The last term 𝑇𝜔(𝑠, 𝑙) = 𝑒−𝜅𝜔𝑙 is the transmittance of the path from 
point s to point l.  
The length l is calculated using Eq. (11), depending on the angle ’ and the sphere radius Rsphere. 
’ is calculated using Eq. (12), corresponding to the Descartes-Snell’s law of refraction in an 
absorbing medium, reported from the work of Kovalenko et al.181. Finally, the length l (Eq. (13)) 
depends on Rsphere, the emission angle  and the complex refractive index of the media n+i The 
spectral radiative hemispherical heat flux at the point n of the sphere (Fig. A.1a) can be expressed 
as: 

𝑞𝜔
𝑛 = [𝑞𝜔

𝑛−1𝑇𝜔(𝑙) + ∫ 𝜅𝜔(𝑠)𝑞𝜔
𝐵𝐵(𝑇(𝑠))𝑇𝜔(𝑠, 𝑙)

𝑙

𝑠=0

] (1 − 𝑟𝑒𝜔) (14) 
 

Here, re is the reflection coefficient at the interface so the spectral radiative hemispherical heat 
flux at the point n is the spectral radiative hemispherical heat flux coming from the point n-1 
reinforced along the path l that is not internally reflected at the interface. Then, the spectral radiative 
hemispherical heat flux at the point n-1 can be expressed as: 

𝑞𝜔
𝑛−1 = [𝑞𝜔

𝑛−2𝑇𝜔(𝑙) + ∫ 𝜅𝜔(𝑠)𝑞𝜔
𝐵𝐵(𝑇(𝑠))𝑇𝜔(𝑠, 𝑙)

𝑙

𝑠=0

] 𝑟𝑒𝜔 (15) 
 

For point n-1, the spectral radiative hemispherical heat flux is the one coming from the point n-2 
that is not internally reflected at the interface. Eq. (15) can be used for the other points n-2, n-3 and 
so on. The spectral radiative hemispherical heat flux at the point n can be written as: 

𝑞𝜔
𝑛 = (1 − 𝑟𝑒𝜔)[1 + 𝑟𝑒𝜔𝑇𝜔(𝑑) + (𝑟𝑒𝜔𝑇𝜔(𝑑))2 + ⋯  ]∫ 𝜅𝜔(𝑠)𝑞𝜔

𝐵𝐵(𝑇(𝑠))𝑇𝜔(𝑠, 𝑙)
𝑙

𝑠=0

𝑑𝑠 (16) 
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𝑞𝜔
𝑛 = (1 − 𝑟𝑒𝜔)∑(𝑟𝑒𝜔𝑇𝜔(𝑑))

𝑗
∞

𝑗=0

∫ 𝜅𝜔(𝑠)𝑞𝜔
𝐵𝐵(𝑇(𝑠))𝑇𝜔(𝑠, 𝑙)

𝑙

𝑠=0

𝑑𝑠 (17) 
 

Eq. (17) has a term being the infinite sum of a geometrical series. Such a term has an analytical 
solution so the final expression of the spectral radiative hemispherical heat flux at point n can be 
expressed as: 

𝑞𝜔
𝑛 =

1 − 𝑟𝑒𝜔

1 − 𝑟𝑒𝜔𝑇𝜔(𝑑)
 ∫ 𝜅𝜔(𝑠)𝑞𝜔

𝐵𝐵(𝑇(𝑠))𝑇𝜔(𝑠, 𝑙)
𝑙

𝑠=0

𝑑𝑠 (18) 
 

The semi-transparency coefficient is the ratio of 𝑞𝜔
𝑛  and the radiative hemispherical heat flux of 

the bulk material (here SiO2): 

𝑠𝑡 =
𝑞𝜔

𝑛

𝑞𝜔
𝐵𝐵𝜖𝑆𝑖𝑂2

𝑏𝑢𝑙𝑘(𝜔, 𝜃) 
 (19) 

 
Study of the influence of the sphere radius indicates that, for large spheres, 𝑠𝑡 tends to large values 
close to 1, corresponding to an opaque bulk material. In Figure A.1b, 𝑠𝑡 is plotted as a function of 
wavelength for different sphere radii and different emission angles. When  increases, the spectral 
radiative hemispherical heat flux decreases, leading to a smaller 𝑠𝑡. As expected, the spectral 
radiative heat flux calculated for a large sphere tends to that of the bulk material, as seen in Figure 
A.1c. For R = 10-3 m, the curves representative of the sphere and the bulk material are 
superimposed. It has to be noticed that for small spheres, when Rsphere is smaller or of the order of 
Wien, the accuracy of this calculation method is questionable because of coherence effects84. 
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Figure A.1: (a) Schematic of the emissivity of a semi-transparent sphere. (b) Semi-transparency 
coefficient calculations for a 20 µm radius SiO2 sphere at 300 K as a function of wavelength for 
three emission angles (top) and for three different sphere radii at a normal emission angle 
(bottom). (c) Spectral radiative heat flux at  = 0 and at 300 K for different sphere radii 
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4. Influence of air in emitter-substrate heat transfer 

The experimental setup allows to perform approach curves while measuring thermal conductance 
of the emitter in air. In this configuration, heat transfer through conduction in air between the 
emitter and the substrate is expected to be dominant over radiative heat transfer. Therefore, the 
temperature drop of the emitter as a function of distance is expected to be larger than that observed 
in vacuum. Experiments are performed in two steps, in order to study a larger distance range than 
the usual 5 µm. First, the z piezoelectric positioner is used in slip-stick mode (see Sec. III.3.1.2 for 
details) during an approach from ~ 2 mm until contact, with a step size of 300 nm. Then, another 
approach is made during the last 5 µm using the fine positioning mode. The two approach curves 
are gathered to obtain a complete approach curve, from ~ 2 mm down to a few nanometers close 
to contact.  
 
Sphere-plane configuration 
Figure A.2a shows the temperature of a SiO2 sphere, initially heated at 584 K, as a function of 
distance from 2 mm down to close to contact. In air, the observed temperature drop is of the order 
of tens of kelvins, which is much larger than ~ 0.1-1 K in vacuum.  
Thermal conductance of the emitter as a function of distance is deduced from temperature 
measurements and shown in Figure A.2b. The global conductance increase during the approach is 
1.894 µW.K-1, more than two orders of magnitude higher than previously measured near-field 
radiative thermal conductances (Table IV.1). The part of the curve where near-field radiative heat 
transfer occurs corresponds to the part measured using the z piezoelectric positioner in fine 
positioning mode. In the corresponding distance range, the conductance increase is 550 nW.K-1 
which is still one order of magnitude higher than the highest measured near-field conductance 
value. This large difference proves that heat transfer through conduction in air is largely dominant 
over near-field radiative heat transfer. Figure A.2c shows the thermal conductance as a function of 
distance using a semi-logarithmic scale. This representation allows clearly to observe the different 
regimes of heat transfer between the sphere and the substrate. At distances around one millimeter, 
the sphere and the substrate are out of thermal interaction. Therefore, heat dissipation from the 
sphere is driven by heat convection between the emitter and the air, which does not depend on 
distance. When the distance starts decreasing, heat transfer increases between the sphere and the 
substrate due to the contribution of heat conduction in the diffusive regime. In this regime, heat 
carriers are gas molecules interacting between each other. When distance decreases below a certain 
value, gas molecules do not interact between each other anymore. This distance range corresponds 
to the ballistic regime, where heat carriers interact directly between the hot and cold bodies areas. 
In this regime, heat transfer does not depend on distance. Transition from convective to diffusive, 
then to ballistic regime are clearly seen on Figure A.2c, near respectively d = 0.5 mm and d = 200 
nm. Studying heat transfer between a spherical emitter and a bulk substrate in air confirms that heat 
conduction is largely dominant over near-field radiative heat transfer. This work also shows that 
the experimental setup allows to study heat transfer in both air and vacuum. Performing 
experiments under atmospheric pressure with other gases than air can be easily considered, since 
no major modification of the experimental setup is needed. In addition, measuring heat transfer as 
a function of pressure might also be performed182. 
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Figure A.2: Heat transfer in air at atmospheric pressure between a heated 40µm SiO2 sphere and 
a flat bulk SiO2 substrate as a function of distance. 
(a) Emitter temperature as a function of distance. (b) Emitter thermal conductance as a function 
of distance. (c) Semi-logarithmic plot of emitter thermal conductance as a function of distance

Tip-plane configuration
Following the same experimental protocol as that for the sphere-plane configuration, measurements 
of heat transfer in air is performed for the tip-plane geometry, using a doped-Si SThM probe. Figure 
A.3a shows the temperature of a doped-Si tip, initially heated at 671 K, as a function of distance 
ranging from 2.3 mm to close to contact. The observed temperature drop of ~ 40 K is of the same 
order as the one measured for the sphere-plane configuration, despite using a tip hotter than the 
sphere. This may be due to the difference of heated area between the two geometrical 
configurations. The sphere represents a larger heated area compared to the area around the tip. 
Because of the higher temperature, the measured conductance enhancement at low distances for 
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the tip (Figure A.3b) is twice that measured with a sphere. In the semi-logarithmic scale plot (Figure 
A.3c), transitions between convective, diffusive and ballistic regimes are observed.
In order to compare measurements between sphere-plane and tip-plane geometries, normalized 
thermal conductance variations are plotted as a function of distance in Figure A.4. Thermal 
conductance for the sphere-plane configuration starts to increase at larger distances compared to 
the tip-plane configuration. However, the linear plot in inset shows that the increase occurs at a 
faster rate without sphere. At low distances, below 2 µm, behaviors become similar for the two 
configurations. Different observed general behaviors between the two configurations demonstrate 
that heat transfer in air depends on geometry, such as near-field radiative heat transfer. Further 
experiments and simulation of heat transfer between a SThM tip and a substrate are presented in 
the PhD thesis of E. Guen90.

Figure A.3: Heat transfer in air at atmospheric pressure between a heated doped-Si SThM tip and 
a flat bulk SiO2 substrate as a function of distance. 
(a) Emitter temperature as a function of distance. (b) Emitter thermal conductance as a function 
of distance. (c) Semi-logarithmic plot of emitter thermal conductance as a function of distance
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Figure A.4: Normalized thermal conductance variation for the sphere-plan and tip-plane
configurations
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5. Summary of NF-TPV measurements

In the table, “≠ V” refers to the NF-TPV measurement method requiring series of approaches at 
different cell voltages, while “Sup. pr.” refers to superposition principle.
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