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Abstract

Theoretical and numerical analysis of near-field thermophotonic energy
harvesters

With 70% of the world’s primary energy consumption being lost as heat during conversion, finding
ways to make use of this waste heat is a key challenge. One way is to convert it back into useful
energy with heat engines, for instance by using solid-state heat engines to directly convert heat
into electricity. In this context, the field of near-field thermophotonics has recently attracted
increasing interest. In such an engine, a light-emitting diode heated by the waste heat is placed in
the immediate vicinity of a photovoltaic cell at room temperature. The radiation emitted by the
light-emitting diode, which displays high intensity due to both electroluminescence and near-field
effects, allows the photovoltaic cell to generate a significant amount of electrical power even for
low heat source temperatures. Although the light-emitting diode consumes some of this electrical
power to run, the complete device is still capable of generating substantial electrical power as
long as the two components are efficient enough.

In this thesis, we aim to analyse the operation of near-field thermophotonic engines by theoretical
and numerical means. To deepen the understanding of thermophotonic devices, the light-to-
electricity and electricity-to-light conversions occurring in the light-emitting diode and the
photovoltaic cell are first modelled using detailed-balance approaches. This notably allows
developing an analytical upper limit for the efficiency at maximum power for both monochromatic
and broadband radiation. We study the influence of several key quantities, such as the bandgap
energy or the conductance with the thermal reservoirs, and pinpoint the importance of achieving
a high quantum efficiency for the device to reach high power output and efficiency. In a second
step, the charge transport in semiconductors is simulated thanks to an in-house one-dimensional
drift-diffusion solver including thermionic emission and charge carrier tunnelling at interfaces,
enabling the investigation of complete structures. The first system considered is composed
of AlGaAs and GaAs homostructures, and is found to be capable of generating a maximum
power output of the order of 1 W.cm−2 for an LED heated at 600 K. By analysing the charge
transport in the two components, we highlight the importance of operating in the near field, the
increase in quantum efficiency it causes being essential to achieve satisfactory operation. Because
accounting for a significant surface recombination rate or including temperature and composition
dependencies in the non-radiative recombination coefficients would make this device inoperable,
we propose a new architecture based on heterostructures composed of InGaP confinement layers
and InGaAs active layers. This allows reducing non-radiative losses and thus mitigates the power
drop when the previously mentioned phenomena are included, with a reduction factor of 4 only.
While several idealising assumptions still remains, this shall open a path for the design and
optimisation of near-field thermophotonic engines.

Keywords: Thermophotonics, Near-field radiation, Solid-state heat engine, Thermodynamics
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Abstract vii

Étude théorique et numérique de systèmes thermophotoniques en champ
proche appliqués à la récupération d’énergie

En moyenne, on estime que 70% de l’énergie primaire consommée mondialement est perdue sous
forme de chaleur durant sa conversion : il est donc nécessaire de trouver des moyens de valoriser
cette chaleur fatale. L’une d’elles consiste à la convertir en énergie utile à l’aide de machines ther-
miques, par exemple grâce à des dispositifs électroniques ou photoniques permettant de convertir
directement la chaleur en électricité. Dans ce contexte, le concept de conversion thermophotonique
en champ proche a récemment émergé. Dans un tel système, une diode électroluminescente chauf-
fée par la chaleur fatale est placée à très faible distance d’une cellule photovoltaïque maintenue
à température ambiante. Le rayonnement émis par la diode électroluminescente, qui présente
une intensité élevée grâce aux phénomènes d’électroluminescence et d’effet tunnel de photons,
permet à la cellule photovoltaïque de produire une quantité importante d’énergie électrique.
Malgré la consommation d’une partie de cette énergie par la diode électroluminescente, le système
thermophotonique reste capable de générer une puissance électrique conséquente dès lors que les
deux composants présentent une efficacité suffisante.

Dans cette thèse, on analyse le fonctionnement de systèmes thermophotoniques en champ proche
par des approches théoriques et numériques. Afin d’approfondir la compréhension de tels systèmes,
la conversion de rayonnement en électricité (et vice-versa) ayant lieu dans la diode électrolumi-
nescente et la cellule photovoltaïque est d’abord modélisée à l’aide d’équations de conservation.
Cela permet notamment de développer une expression analytique de la valeur maximale que peut
prendre l’efficacité au maximum de puissance dans un système thermophotonique, dans le cas d’un
rayonnement monochromatique ou à large spectre. On étudie l’influence de plusieurs paramètres
clés, tel que la largeur de la bande interdite ou la conductance avec les réservoirs thermiques ; on
remarque notamment l’importance d’atteindre des efficacités quantiques élevées pour rendre la
puissance de sortie et l’efficacité compétitives. Dans un second temps, le transport de charges
dans les semi-conducteurs est simulé grâce à un code développé en interne résolvant les équations
de dérive-diffusion en une dimension et incluant les phénomènes d’émission thermoïonique et
d’effet tunnel aux interfaces, permettant l’étude de structures complètes. L’optimisation de
systèmes composés d’homostructures permet d’obtenir un dispositif capable de générer une
puissance maximale de l’ordre du W.cm−2 pour une diode électroluminescente maintenue à 600
K. L’analyse du transport de charge dans les deux composants révèle par ailleurs l’importance
du fonctionnement en champ proche, l’augmentation de l’efficacité quantique qu’il induit étant
essentiel au bon fonctionnement du système. On propose enfin un dispositif plus robuste, basé
sur des hétérostructures composées de couches de confinement en InGaP et de couches actives
en InGaAs limitant les pertes non-radiatives. Une telle architecture permet de conserver de
bonnes performances même lorsque des pertes non-radiatives auparavant négligées sont ajoutées
au modèle, la puissance maximale ne diminuant que d’un facteur 4 lorsque ces pertes sont incluses.
Bien que plusieurs hypothèses restent présentes dans les simulations effectuées, ces études ouvrent
la voie à la conception et à l’optimisation de systèmes thermophotoniques en champ proche.

Mots-clés: Thermophotonique, Rayonnement en champ proche, Machine thermique à semi-
conducteurs, Thermodynamique
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Nomenclature
Fundamental constants

Symbol Signification Unit
c Light velocity m.s−1

e Elementary charge C
kB Boltzmann constant J.K−1

m0 Electron mass kg
~ Reduced Planck constant J.s
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Symbol Signification Unit
A∗ Effective Richardson constant A.m−2.K−2

B Radiative recombination coefficient m3.s−1

C Auger recombination coefficient m6.s−1
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d Gap (or separation) distance m
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EF Fermi level J
Eg Bandgap energy J
E Electric field V.m−1
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fBE Bose-Einstein distribution -
G Generation rate m−3

Gth Thermal conductance W.m−2.K−1

¯̄G Green tensor m−1 (E) / m−2 (H)
H Magnetic field A.m−1

J Electrical current density A.m−2

k Wavevector rad.m−1

m∗ Carrier effective mass kg
Na/d Acceptor/donor doping level m−3

Nc/v Conduction/valence band effective density of states m−3

Ṅ Photon flux density m−2.s−1

n Electron concentration m−3

ni Intrinsic carrier concentration m−3

P Electrical power W.m−2

p Hole concentration m−3

q Heat flux density W.m−2

R Recombination rate m−3

S Surface recombination velocity m.s−1

s Entropy flux density W.m−2.K−1

T Temperature K
t Thickness m
T Transmission coefficient -
U Voltage V
V Electrostatic potential V
w Weighting factor -
x, y, z Cartesian coordinates m
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Greek symbols

Symbol Signification Unit
α Absorptivity m−1

ε Dielectric function -
ζ Tolerance NA
η Efficiency -
ηC Carnot efficiency -
ηCA Curzon-Ahlborn efficiency -
λ Wavelength m
µ Chemical potential J
ξ Correction term for heterostructure -
ρ, θ, z Cylindrical coordinates m (ρ, z)/ rad (θ)
τ Carrier lifetime s
Φ Slotboom variable -
χ Electron affinity J
Ψ Normalised electrostatic potential -
Ω̇ Grand potential flux density W.m−2

ω Angular frequency rad.s−1

Subscripts

Symbol Signification
Xabs Absorbed
Xc Cold
Xel Electroluminescent
Xem Emitted
Xh Hot
Xin Incoming
Xnonrad Non-radiative
Xoc Open-circuit
Xout Outgoing
Xrad Radiative
Xsc Short-circuit

Acronyms
LED light-emitting diode
LIA low-injection approximation
MPP maximum power point
NF near field
PPR power production region
PV photovoltaic
QE quantum efficiency
SRH Shockley-Read-Hall
TE thermoelectrics
TPV thermophotovoltaics
TPX thermophotonics
TR thermoradiative
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General introduction

In 2019, approximately 160,000 TWh of energy was consumed worldwide [IEA 2023]. However,
only 30% of this was estimated to be useful energy: the remaining was lost as heat, either carried
away by effluents or exhaust gases or directly released into the close environment through heat
transfer [Forman et al. 2016]. In the current context of a global warming mostly caused by our
energy consumption, making use of this waste heat to increase the efficiency of the primary energy
conversion - and thus to reduce the need for energy production - becomes increasingly necessary.
Consequently, many researchers and institutions have started to investigate the potential of waste
heat recovery in industrial sites, incineration plants but also data centres [ADEME 2017], whose
share of energy consumption became significant in the last few years.

Many possibilities are available to harvest this waste heat [Jouhara et al. 2018]. If the heat cannot
be directly reused, for instance for preheating or in heat networks, heat engines can allow to
convert a fraction of it into mechanical or electrical energy; this has for instance been investigated
for increasing the efficiency of motorised vehicles [Wang et al. 2011]. When talking about heat
engines, we generally think about mechanical engines based on the compression, expansion and
phase transition of fluids, such as internal combustion engines but also Carnot, Stirling or Rankine
engines. Such engines however face three major drawbacks, which are mainly related to the
presence of mechanical parts:

• a lack of scalability, their performance dropping for small-scale applications due to decreased
efficiency of the mechanical parts along with increased pressure drop occurring during the
circulation of the working fluid;

• a significant need for maintenance;

• the presence of vibrations, which can be too detrimental in some applications (e.g. space
probes).

In addition, if the mechanical energy they produce cannot be directly used, it must be further
converted to another form of energy (typically electrical energy) which decreases the overall
efficiency. To avoid such drawbacks, solid-state heat engines, which are based on electronics, can
be used instead. One example of such an engine is the thermoelectric generator, which is based on
the Seebeck effect. It is probably one of the most commonly used solid-state heat engine thanks
to it satisfactory performance for low-grade heat recovery, which is interesting as the majority of
waste heat is released at temperature below 100 °C [Forman et al. 2016, ADEME 2017]. Still,
its efficiency remains significantly lower than that of usual engines [Melnick & Kaviany 2019],
and research has been performed to develop solid-state waste heat harvesters with competitive
performance even for low heat source temperature.

Recently, the concept of near-field thermophotonics have shown growing interest. This engine
is closely related to thermophotovoltaics, in which a hot passive body - which is kept at high
temperature thanks to the available heat - radiates towards a photovoltaic cell at room temperature,
allowing to produce electrical power. In near-field thermophotonic heat engines, two main
modifications are made:

• the passive emitter is replaced by a light-emitting diode, which allows increasing the amount
of energy radiated by means of electroluminescence;

• the light-emitting diode and the photovoltaic cell are placed at a distance of the order
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2 General introduction

of tens to hundreds of nanometres to reach near-field operation, further improving the
radiative transfer thanks to photon tunnelling.

While thermophotovoltaic operation is often limited to heat source temperature above 1000 °C,
these two changes are expected to allow near-field thermophotonic devices to be suitable for
low-grade heat recovery. However, only very limited research has been conducted on such devices.
In this context, an international collaboration has been established between Aalto University,
VTT, CNRS (through the CETHIL laboratory at INSA Lyon), Radboud University and Tf2
Devices to drive research on near-field thermophotonics forward. The work carried out in this
manuscript is part of this common effort, and aims at developing the understanding of the
physics and the thermodynamics of such engines and at giving pathways for their development
based on theoretical and numerical analyses. It is divided into two distinct parts. In Part I, we
introduce the concept of near-field thermophotonic energy harvesting and explore its operation
through thermodynamics and detailed-balance approaches. In Part II, we aim at studying the
performance of complete structures. To do so, the charge transport in semiconductors is simulated
in one-dimension using the drift-diffusion equations.

In the first chapter, we start by describing the basic principle of thermophotonic engine operation,
along with the different phenomena occurring in optoelectronic devices. Since we aim at extending
classical thermophotonic heat engine to near-field operation, we also discuss the physics behind
the radiative transfer enhancement obtained between two close bodies, which is related to the
coupling of evanescent waves in the intermediate medium. The numerical model used to simulate
one-dimensional near-field radiative heat transfer is also quickly described. We finish the chapter
by reviewing the work performed in the literature on far-field and near-field thermophotonics and
on closely-related engines, such as thermophotovoltaic and thermoelectric ones.

Chapter 2 focuses on the analytical development of fundamental efficiency limits for thermopho-
tonic conversion, which differ from the usual limits due to the specific thermodynamics of radiation.
We start by studying how the use of an active emitter modifies the maximum efficiency of a
reversible radiative heat engine. This allows to highlight fundamental differences between ther-
mophotovoltaics and thermophotonics. Then, we examine the efficiency at maximum power
of irreversible thermophotonic engines, for which we derive an analytical expression in both
monochromatic and broadband limits.

In Chapter 3, we perform the numerical analysis of thermophotonic engines operating in the near
field based on detailed balance, in the idea of extending existing studies from the literature. We
study the impact of bandgap energy and quantum efficiency, and pinpoint significant differences
with thermophotovoltaics. For two different values of quantum efficiency, we analyse how power
output and efficiency vary with the voltage applied on both components, and determine for which
set of voltages the device is capable of operating as a heat engine. We also analyse the impact of
having a finite thermal conductance with the reservoirs on the maximum power output.

Chapter 4 aims to introduce all the information necessary for the developments carried out in Part
II. Namely, we describe briefly the key phenomena related to charge transport in semiconductors,
along with the set of equations considered to simulate it.

After a short description of the model, Chapter 5 focuses on the analysis of PIN thin-film
homostructures. Through an optimisation process, we are able to obtain a structure with
promising performance. We however notice several differences with the results obtained from
detailed-balance modelling, the cause of such deviations being investigated in regard to the non-
radiative losses occurring during charge transport. Thereafter, we analyse how the performance
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3

of such a structure is impacted by the inclusion of Urbach tails in the dielectric function, which
reflects the possibility for interband transition to occur with photons of energy lower than the
bandgap energy.

Chapter 6 covers the study of heterostructures, in which the use of confinement layers allows
improving carrier separation. Different models being available for the charge transport through
heterointerfaces, we analyse the sensitivity of the results to the model. By relaxing some of the
idealising approximations assumed in the previous chapters, we then design and analyse a robust
architecture which mitigates the drop of performance caused by non-radiative recombinations.
Such studies shall pave the way to the numerical development of promising structures.

Finally, we provide a summary of this work and highlight interesting perspectives for future
studies.
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Part I

Thermodynamics and detailed-balance
analyses of thermophotonic devices

down to the nanoscale
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Chapter 1

Concepts, key questions and state of
the art
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1.1.2 Basics of optoelectronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.1.3 Application to photovoltaics and electroluminescent cooling . . . . . . . . . 13

1.1.4 Thermophotonics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.2 Extension to near field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.2.1 Physics of near-field radiation . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.2.2 Model for the simulation of near-field radiation . . . . . . . . . . . . . . . . 19

1.2.3 Main contributions to the dielectric function . . . . . . . . . . . . . . . . . 22

1.2.4 Gap distance in near-field thermophotonic engines . . . . . . . . . . . . . . 26

1.3 State-of-the-art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

1.3.1 Material for solar photovoltaics and other optoelectronic applications . . . . 28

1.3.2 Thermophotovoltaics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

1.3.3 Electroluminescent cooling and related photonic cooling . . . . . . . . . . . 30

1.3.4 Thermophotonic heat engine . . . . . . . . . . . . . . . . . . . . . . . . . . 31

1.3.5 Comparison of the different engines . . . . . . . . . . . . . . . . . . . . . . . 33

1.4 To sum up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

1.1 What is a thermophotonic device?

A thermophotonic device shows numerous similarities with thermophotovoltaic and thermora-
diative engines. Globally, it is a heat engine based on radiation and its conversion through
optoelectronic components. This first section will focus on the description of these main notions,
allowing for a proper introduction of the concept of thermophotonics.

1.1.1 Thermodynamics and conversion of radiation

1.1.1.1 Wave and particle

Radiation corresponds to the transmission of energy through electromagnetic waves. Such waves
emanate from the oscillation of electromagnetic dipoles related to the thermal agitation of charges
in a medium at non-zero temperature. Energetically, this can be understood as the conversion of
internal energy (the thermal agitation) into radiation. Symmetrically, radiation can be absorbed
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8 Chapter 1. Concepts, key questions and state of the art

and generates then thermal agitation. As a combination of waves, radiation will be exchanged in
a given spectrum, i.e. in a range of wavelengths λ (or frequencies ν).

Wave formulation does not give a complete description of radiation. The work of Planck and
Einstein shined a light on the wave-particle duality of electromagnetic radiation, which can also
be seen as a flux of elementary particles called photons. These particles are elementary as the
energy they carry is indivisible, which represents therefore the quantum of energy E of radiation.
Using Planck-Einstein relation, E can simply be expressed as a function of its frequency ν or
angular frequency ω = 2πν through

E = hν = ~ω,

where h is the Planck constant and ~ the reduced Planck constant. This quantised vision of
radiation was the key for Planck to derive its famous law of radiation.

1.1.1.2 Planck’s law of radiation

In the end of the XIXth century, intensive research was conducted on the derivation of the
maximum radiation emitted by a body at temperature T , called blackbody radiation (since such
a body would absorb all the incoming light as a black body would do in the visible range of the
spectrum). Such work has been carried out considering either the complete spectrum (Stefan
& Boltzmann [Boltzmann 1884]) or any frequency (Wien, Rayleigh & Jeans). In 1901, Planck
[Planck 1901] expresses the spectral radiance (i.e. the heat flux density per unit frequency and
solid angle) as

Bω(T ) =
~ω3

4π3c2

1

exp
(

~ω
kBT

)
− 1

, (1.1)

where c is the speed of light and kB is the Boltzmann constant. Integrating over all the directions
allows to obtain the spectral radiative heat flux density emitted; writing [exp(~ω/kBT )− 1]−1 as
the Bose-Einstein distribution fBE(ω, T ), we have

qω(T ) =
~ω3

4π2c2
fBE(ω, T ). (1.2)

This expression is represented in Figure 1.1 for different blackbody temperatures. Its further
integration over the spectrum finally gives

q = σT 4, (1.3)

the Stefan-Boltzmann law.

1.1.1.3 Entropy of radiation

Up to now, we have discussed the energy of radiation. However, what ultimately limits the
conversion of heat into useful work is the entropy carried by this heat. Generally, we can state
that a heat flux q leaving a body at temperature T carries an entropy s = q/T . This is different
for radiation; to understand why, we should study its thermodynamics. Instead of thinking of
radiation just as a flux of energy leaving an emitter, we apply the laws of thermodynamics directly
on radiation. Apart from its own energy (related to σT 4), it exchanges energy as heat with the
emitter; but it also applies a pressure (called radiation pressure) on the interface of the emitter
due to the change in momentum of photons when they get reflected or refracted. Taking into
account this pressure allows to show that the entropy carried by radiation in equilibrium with a
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1.1. What is a thermophotonic device? 9

Figure 1.1: Blackbody spectrum obtained with Planck’s law of radiation for different temperatures.

blackbody at temperature T is [Planck 1914]

s =
4

3
σT 3 =

4

3

q

T
, (1.4)

hence larger by 1/3 than the entropy carried by the same amount of "usual" heat (e.g. conduction).
Note that the factor 4/3 arises from the use of a blackbody spectrum, and would change for
a different spectrum; still, except in some very specific cases, we have s 6= q/T . This has a
significant impact on the conversion of radiation into work.

1.1.1.4 Conversion efficiency of radiative heat engines

A machine capable of converting heat into useful work is called a heat engine. Since entropy
cannot be destroyed, only a fraction of the incoming heat qin can be converted into work P , while
the remaining must carry all the entropy - both incoming sin and produced during conversion
sprod - towards a heat sink (i.e. a body at lower temperature). This is represented in Figure 1.2.
In order to maximise the efficiency η = P/qin, one should reduce as much as possible the outgoing
heat flux qout, thus the outgoing entropy flux sout. The optimum case is therefore sprod = 0, i.e.
a reversible engine. If heat is exchanged with the engine through conduction or convection, then
s = q/T and the engine is a Carnot engine with efficiency

η =
P

qin
= 1− qout

qin
= 1− Tcsin

Thsin
= 1− Tc

Th
= ηC, (1.5)

ηC being the Carnot efficiency. Now, if we assume that the incoming heat is transferred through
radiation, and that both heat source and engine behave as blackbodies, we have qin = qh − qe
and sin = sh − se where qi and si are respectively obtained from Eq. (1.3) and (1.4) at the
temperature of the heat source (subscript h) or of the engine (subscript e). The maximum
efficiency is reached when the engine temperature Te equals the heat sink temperature Tc; then,
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Heat source (Th)

Engine

Heat sink (Tc)

qin, sin

qout, sout = sin + sprod

P = qin − qout

Figure 1.2: Representation of a heat engine.

the maximum efficiency is

η = 1− qout

qin
= 1− Tc(sh − se)

qh − qe
= 1− 4

3
Tc
T 3

h − T 3
c

T 4
h − T 4

c

=
1− 4

3
Tc
Th

+ 1
3

(
Tc
Th

)4

1−
(
Tc
Th

)4 =
ηL

1−
(
Tc
Th

)4 , (1.6)

which is closely related to the so-called Landsberg limit ηL [Landsberg & Tonge 1980] and
definitely different from the Carnot efficiency. This makes clear that the usual thermodynamical
limits derived for usual heat engines do not hold for radiative heat engines, which will require a
specific treatment. This will be especially addressed in Chapter 2.

1.1.2 Basics of optoelectronics

In a broad sense, optoelectronics corresponds to the study of electronic devices capable of detecting,
converting or controlling radiation; it includes devices like photodetectors, photovoltaic cells,
or light-emitting diodes. All these devices are based on common physical phenomena which
allow for the conversion of electricity into radiation (or the reverse). In all the manuscript, only
optoelectronic devices based on inorganic semiconductors will be considered as they represent
by far the most common solutions and allow to reach the best efficiencies, in comparison to
organic devices for instance (see Section 1.3.1). Hereafter are presented the basics of the physical
phenomena occurring in semiconductors, whose description is based on the very enlightening
book on solar cells written by Würfel and Würfel [Würfel & Würfel 2016].

In any material, the available levels of energy of electrons can be described as an electronic band
structure, in which alternate available and forbidden bands of energy. There is still a finite amount
of energy levels in each of these available bands, which can therefore be more or less filled by
electrons. In this band structure, two are of interest: the valence band and the conduction band.
The valence band is defined as the last band (in terms of energy) being completely filled at 0 K.
The next available band is the conduction band, in which electrons are freed from the coulombic
attraction of the atom nucleus and can move inside the whole material. A semiconductor is
defined as a material:

• whose conduction band is completely empty at 0 K (else, it is a metal);
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Figure 1.3: Main physical phenomena occurring in semiconductors.

• whose energy gap between valence and conduction bands (called bandgap) remains moderate1

(else, it is an insulator).

If such a material is at a non-zero temperature, thermal agitation (i.e., the energy contained within
the material lattice) can provide enough energy to promote electrons from the valence band to
the conduction band, which can then help to conduct electricity (hence the name semiconductor).
This energy can also come from other sources, e.g. from photons: any photon with energy E = ~ω
greater than the bandgap energy Eg can promote electrons to the conduction band - this is the
basic principle of the photovoltaic effect.

By moving to the conduction band, the electron leaves a hole in the valence band. At a non-zero
temperature, this band is almost filled and other electrons of the valence band can quickly
recombine with the hole due to thermal agitation - letting another hole behind. Instead of
following the movement of electrons in the valence band, it is also possible to follow that of the
holes instead; such holes in the valence band can be understood as particles with positive charges
able to move in the material, similarly to electrons (with negative charge) in the conduction
band. Thus, photons (or thermal agitation) not only promote an electron to the conduction
band, but generates what is called an electron-hole pair. The energy provided to generate the
electron-hole pair then corresponds to the sum of these particles’ internal energy, and is stored
inside the charges until they are collected at the boundaries of the system or recombine with a
charge of opposite sign. In the latter case, it either gives rise to a photon (radiative process) or
causes the release of the electron-hole pair energy into heat (non-radiative process).

Of course, it is also possible to supply the semiconductor with charge carriers by feeding it
with an electrical current. By doing so, we largely increase the amount of both radiative and
non-radiative recombinations. This especially means that much more photons are emitted above
the bandgap energy Eg than in the standard case of thermal emission: this phenomenon is called
electroluminescence. A similar effect can occur if the electron-hole pair supply is performed

1This definition is deliberately vague, as the delimitation between semiconductors and insulators is not strict
and moves with temperature. For the temperature considered, materials with bandgaps larger than 5 eV can
generally be considered to be insulators, although sometimes labelled as ultra-wide bandgap semiconductors (as
for diamond).
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Figure 1.4: Basic principle of conversion in light-emitting diodes and photovoltaic cells. The two
rectangles at the ends of the band diagram correspond to electrical contacts.

through the illumination of the semiconductor with photons of energy greater than Eg. The
increase of emission due to electron-hole pair recombinations can be obtained from the sum of
both charge carrier electrochemical potentials: by recombining, the electrochemical potential of
charges is converted into a chemical potential of photons. The Bose-Einstein distribution then
takes the following generalised form for ~ω ≥ Eg [Würfel 1982]:

fBE(ω, µ, T ) =


fBE(ω, T ) if ~ω < Eg,

1

exp
(
~ω−µ
kBT

)
− 1

if ~ω ≥ Eg, (1.7)

where µ represents the chemical potential of radiation. To make the impact of µ clearer, we can
use the Boltzmann approximation, which holds if ~ω − µ� kBT . In this case, the exponential
term is much greater than 1 and fBE(ω, µ, T ) ≈ exp(µ/kBT )fBE(ω, 0, T ): the above-bandgap
heat flux increases exponentially with µ (while the below-bandgap heat flux remains unchanged).
µ should be different from Eg to avoid the divergence of the Bose-Einstein distribution; this
is always satisfied, as an entropy analysis allows to show that µ < Eg should hold to avoid
destruction of entropy [Würfel 1982].

The different processes discussed above are represented in Figure 1.3. Along with radiative
generation, non-radiative generation occurs in semiconductors due to thermal agitation and it
should balance non-radiative recombination at equilibrium. It is however almost always negligible
since the mean thermal energy of heat carriers in the lattice (around kBT , equal to 26 meV at
room temperature) is much smaller than the bandgap energy (commonly greater than 0.3 eV).
One process which was not yet mentioned is thermalisation: it corresponds to the exchange of
heat between the charge carriers and the lattice. In most cases, this reduces the energy of the
carriers, hence making the electron move towards the minimum energy level in the conduction
band EC and the hole towards the maximum energy level in the valence band EV (since this
decreases the energy of electrons in the valence band). Still, note that thermalisation can also
increase the energy of the carriers, making the electron-hole pair mean energy equal to Eg + 3kBT

[Würfel & Würfel 2016] rather than Eg.
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Figure 1.5: Current-voltage (I-V) characteristic of optoelectronic devices. In terms of sign
convention, U · J > 0 means that electrical power is produced.

1.1.3 Application to photovoltaics and electroluminescent cooling

These different phenomena form the basis of light-emitting diode (LED) and photovoltaic (PV)
cell operation: we show in Figure 1.4 the principle of conversion of these two optoelectronic
devices. Note that all the aforementioned processes occur for both components - we only show
here the ones which allow the required conversion.

• An LED (Figure 1.4a) emits electroluminescent radiation above Eg thanks to the radiative
recombination of electron-hole pairs supplied by an external circuit with a voltage bias U ;

• a PV cell (Figure 1.4b) produces electrical power from the collection of electron-hole pairs
generated by the absorption of photons with energy ~ω ≥ Eg.

From this description, it is clear that the photovoltaic cell is a radiative heat engine as it is able
to convert radiation (which should come from a heat source for the net photon flux coming on
the PV cell to be positive) into electricity, the remaining energy being lost as heat given to the
lattice and ultimately to the environment. Since an LED can be understood as a PV cell working
in the opposite fashion, it means that an LED can ideally be the opposite of a heat engine, hence
a heat pump: it is able to pump heat from the lattice to emit electroluminescent radiation. The
heat flux emitted exceeding the thermal radiation coming from the environment, this allows the
LED and its surroundings to cool down: this phenomenon is called electroluminescent cooling.
However, contrary to the PV cell, the LED is capable of working as a heat pump only if it is
efficient enough: if part of the supplied electrical energy is lost into heat, less heat is pumped
from the lattice, up to the point where the LED must reject heat to operate properly and does
therefore not work as a heat pump any more.

The electrical behaviour of LEDs and PV cells is characterised by current-voltage (I-V) curves,
which are strongly related to the different physical phenomena discussed above. Typical I-V
characteristics are shown in Figure 1.5. At ambient temperature, no net radiation is observed
for zero applied voltage and current is equal to zero: the device is at equilibrium. By increasing
the applied voltage, both radiative and non-radiative recombination rates increase, making the
power consumption rise along with the intensity of the emitted electroluminescent radiation
("Dark I-V"): this is typically the behaviour of an LED used for lighting applications. If the
device is illuminated, electron-hole pairs are generated and a current consequently rises at zero
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14 Chapter 1. Concepts, key questions and state of the art

voltage, named short-circuit current Jsc. A non-zero voltage is then required to convert part of
the incoming radiation into electricity as P = U · J ("Illuminated I-V"), which corresponds to PV
operation. Similarly to the LED, the recombination rate increases in the same time, such that the
current goes to zero for a given voltage called open-circuit voltage Uoc. For voltages larger than
Uoc, the PV cell consumes electrical power and emits electroluminescent radiation, thus working
as an LED. These different notions (I-V curve, Jsc, Uoc) will be regularly used throughout the
manuscript.

One may have noticed that the band structure shown in Figure 1.4 is more complex than the one
given in Figure 1.3. This is because using semiconductors for optoelectronic applications requires
asymmetry: indeed, a homogeneous semiconductor cannot operate as an LED or a PV cell2. To
illustrate this, imagine such a semiconductor with perfect (i.e. ohmic) electrical contacts at room
temperature. If a difference of potential is applied at its contacts, a homogeneous electric field
will rise. This makes electrons and holes move in opposite directions, but their local charge carrier
densities remain constant, the carriers circulating through the layer at a steady rate. While the
electrochemical potentials of electrons and holes vary spatially due to the field, they are locally
opposite to each other. Thus the chemical potential of radiation, which is the sum of the carrier
electrochemical potentials, is zero. The emitted radiation is therefore thermal, making this device
unsuitable for LED applications. Similarly, if the semiconductor is illuminated, electrons and
holes are generated but have the same probability to go to any of the two electrical contacts.
Electron and hole currents cancel each other out and the short-circuit current is thus zero: such a
device cannot properly operate as a PV cell.

In order to obtain a good conversion of charge carrier electrochemical potential into electrical
energy (and vice-versa), it is therefore necessary to make the preferable paths of electrons and
holes in the device opposite. This can be done by joining together semiconductors with different
conductivities for electrons and holes. The conductivity is generally adjusted through the doping
of semiconductors with impurity atoms, which allows to locally control the charge carrier density
and hence the related conductivity. If the impurity atom can easily release electrons in the
conduction band, the doped material is said to be n-doped; if conversely the atom can easily
capture electrons from the valence band and create holes there, the material is p-doped. The
study of semiconductor junctions will be performed in Part II of the manuscript, and will therefore
be further described in Chapter 4 (see Section 4.1).

1.1.4 Thermophotonics

We now have all the building blocks to define thermophotonics. But the first question we should
answer is: what is the motivation for developing such a device?

To do so, it is important to have in mind what thermophotovoltaics (TPV) is and what its
limitations are. In contrast to solar photovoltaics, the radiation received by the PV cell is no
longer emitted by the Sun, but rather by a hot emitter in TPV. This gives numerous advantages,
among which:

• the radiation emitted by the PV cell, instead of being lost towards the sky, can be reabsorbed
by the emitter and thus recycled, increasing the efficiency;

• the radiation comes from a much larger solid angle, thus increasing the power generation
(see [Hirst & Ekins-Daukes 2011]);

2To be comprehensive, it can in fact function as an optoelectronic device, but requires then the asymmetry to
be provided by the electrical contacts. This solution will not be considered here.
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1.1. What is a thermophotonic device? 15

• the emitter can be designed as desired to tailor the emission spectrum; this allows transferring
only above-bandgap radiation (being the only one useful for optoelectronic conversion) from
the hot emitter to the PV cell.

Another strong advantage is that TPV devices can theoretically be used as a heat engine for
any application, not only for solar energy conversion as with PV. While the heat source should
be radiating towards the cell in PV, it can exchange heat in any form (conduction, convection,
radiation) with the TPV emitter, which then converts this heat into radiation. In its recent
industrial developments, TPV was for instance studied for large-scale electricity storage [Antora
Energy 2023, Thermophoton 2023] or for mobile power generation [Mesodyne 2023] (see Section
1.3.2 for more details).

In all these applications however, the emitter must be kept at high temperature, usually above
1000 °C. There are two reasons for that. First, as the emitter temperature decreases, the
peak wavelength of emission move towards mid-infrared: it then becomes more difficult to find
semiconductors with adequate bandgap (which should remain close to the peak of emission to
maximise the power generation [Shockley & Queisser 1961]) and good properties for photovoltaic
conversion. Second, the PV cell power output is bounded by the incoming radiation, thus by
Planck’s law in the case of propagating radiation. Because thermal emission quickly increases
with temperature (∝ T 4 for a blackbody), the output power is small at low emitter temperature.
Consequently, TPV is not appropriate for moderate heat source temperature, e.g. for low-grade
heat recovery. In order to make an optoelectronic device suitable for energy harvesting, it is
therefore recommended to ensure that the emitter emission:

• exceeds Planck’s law of radiation;

• is in the visible or near-infrared independently of its temperature, as bandgaps of most
efficient semiconductors for PV conversion lie in this spectral region.

This perfectly fits the emission of an LED, which can largely exceed thermal radiation and be
spectrally close to its bandgap thanks to electroluminescence. Having as the system emitter an
LED with a bandgap close to that of the PV cell could therefore allow the PV cell to convert the
radiation very efficiently. Since an LED consumes electrical power to emit electroluminescent
radiation, a fraction of the electrical power generated by the PV cell should be redirected towards
the LED. Such a device is called a thermophotonics (TPX) heat engine; it is represented in Figure
1.6. Even if we restrict our study to the analysis of the heat engine configuration in the frame of
this manuscript, note that it can also work as a heat pump, the LED pumping the heat from the
heat sink towards the PV cell and the heat source.

Often, one thinks that the LED should consume more electrical power than what produces the
PV cell, preventing the device to produce electrical power. Such reasoning forgets that the LED
pumps energy from the heat source: therefore, the LED can consume in total more energy, but
electrically less, than what is produced by the PV cell. Its wall-plug efficiency, defined as the ratio
of the radiation emitted and the electrical power consumed and written as ηLED in the following,
can thus be greater than 13. In fact, we can easily give a condition on ηLED to ensure that the
thermophotonic engine generates power. Defining respectively PLED and PPV as the electrical
power consumed by the LED and produced by the PV cell, q as the radiation exchanged between

3Note that in a TPX heat engine, the LED does not operate as a heat pump as it pumps heat from the hot
side to the cold side. Still, because an LED is fundamentally a heat pump, it can function as an emitter with
above-unity efficiency.
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Figure 1.6: Representation of the thermophotonic heat engine.

the LED and the PV cell, and ηPV = PPV/q as the PV cell efficiency, we get

P ≥ 0⇔ PPV ≥ PLED ⇔
PPV

q

q

PLED
≥ 1⇔ ηLEDηPV ≥ 1. (1.8)

The most important challenge for the development of thermophotonic devices lies on the LED
side. In TPV, the emitter is passive, which facilitates its assembly in complete devices and makes
it doable to achieve good thermal stability. An LED, on the other hand, is connected to an
external circuit and is generally composed of many layers to make it as efficient as possible. The
increase of temperature can deteriorate the quality of the different contacts (e.g. because of
thermal expansion mismatch) - even melt some materials if the temperature is really high. It can
also cause the inter-diffusion of atoms between layers, reducing the purity of the LED and thus
its efficiency. Even apart from its deterioration, the main physical properties of an LED change
with temperature, making its performance vary. These different issues are the main reasons no
experimental proof-of-concept has been elaborated to this date, the development of LED capable
of electroluminescent cooling being already challenging at room temperature. More information
on the impact of temperature can be found in the review by [Vaillon et al. 2020] for PV cells;
in general, it has been sparsely studied above 100 °C as most of PV and LED applications are
around room temperature.

For all these reasons, TPX heat engines can only be considered for moderate heat source
temperature, most probably for low- to medium-grade energy harvesting applications, which
include [Forman et al. 2016, ADEME 2017]

• industrial processes occurring for instance in food-processing industry, chemical industry
or metallurgy, and in which large quantities of heat are available from various effluents
(coolants, hot air, fumes) or directly from hot machines and equipments;

• data centres;

• personal equipment, from electronic equipments (phones, computers) to vehicles.
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Quantitatively, the heat source temperature should most probably remain below 400 °C to
avoid the aforementioned issues, this temperature being close to the maximum considered in
the experiments gathered in [Vaillon et al. 2020] for PV cells. In most of the manuscript, the
calculations will be performed for a temperature of 600 K (327 °C). While this may already be
challenging to realise, it will give an idea of the best possible power output and efficiency that
could be achieved by this device, these quantities increasing with the temperature difference. It
will also facilitate comparison with literature, in which this temperature has been largely favoured
[Zhao et al. 2018, McSherry et al. 2019, Zhao et al. 2019, Yang et al. 2022].

Lastly, we would like to discuss the question of the figure of merit of thermophotonic devices.
The two most evident figures of merit are the maximum power and the maximum efficiency; in
general, the operating point lies between these two, as the power at maximum efficiency is zero
for irreversible engines. But in our specific case, the heat coming from the source is waste heat
and is thus free. This basically means that efficiency is secondary, as long as heat is available
in quantity. To illustrate this, imagine that 100 W of heat are available; then, it is preferable
to recover 10 W from the whole 100 W (10% efficiency) than to recover 1 W from the use of 2
W of heat (50% efficiency), because these 100 W would be there anyway. This has been nicely
discussed in [De Vos 1992]. Consequently, the power (and the related efficiency at maximum
power) will be the main figure of merit of the thermophotonic heat engine.

1.2 Extension to near field

The use of an electroluminescent emitter is one solution, but not the only one, that can allow
exceeding Planck’s law. It has in fact been more common to do it by making use of near-field
radiation. This section will focus on the physical ground of such radiation, the numerical methods
used to compute it, along with its interest for TPV and TPX heat engines.

1.2.1 Physics of near-field radiation

Up to now, when mentioning radiation, we were in fact talking about propagating radiation,
i.e. photons capable of travelling infinitely far in non-absorptive media. Planck’s law typically
correspond to the upper bound of emission of propagating radiation. If this holds perfectly
for most everyday applications, it breaks down when the distance separating the two bodies
exchanging radiation comes close to the characteristic wavelength λ of this radiation4. We review
here how such distance modifies the radiation.

If the distance is much larger than λ, the amplitude of radiation emitted by a surface - which is
exclusively propagating - remains constant. This corresponds to the usual macroscopic radiation,
called far-field radiation. The first effects that arise from diminishing the distance are coherence
effects such as interferences. As the distance varies, waves successively show constructive and
destructive interferences and the energy carried by radiation thus oscillates. Such effects are
caused by propagating waves; consequently, the heat flux remains bounded by Planck’s law.

If the distance is further decreased, we reach the near field (NF) where evanescent waves come
into play along with propagating waves. Such waves are localised at an interface and exhibit
an exponentially decaying amplitude in the direction perpendicular to the interface, with a
decay length of the order of λ. Generally, an evanescent wave carries no energy in the direction
perpendicular to the surface (in average). But if an absorber is placed at a distance lower than

4This also happens when the size of the bodies are of the order of λ, but this will not be discussed here.
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Figure 1.7: Typical variation of the heat flux with the gap distance, given with respect to the
far-field value.

the decay length from the emitter, the evanescent wave will reflect or transmit across this second
interface. The coupled standing wave, comprised of the original wave and its reflection, is capable
to transfer energy from the emitter to the absorber (see e.g. [Tervo et al. 2018]). This new
channel of energy transmission causes an increase of the radiative heat transfer in the near field
as the distance decreases (as shown for example in Figure 1.7); for devices such as TPV and TPX,
this allows to generate more electrical power.

Evanescent waves are generally subdivided into two different modes:

• frustrated modes, when the field is evanescent on one side of an interface and propagating
on the other side;

• surface modes, when the field is evanescent on both sides of the interface.

These different modes of radiation are shown in Figure 1.8, considering an interface between
vacuum and a body with higher refractive index. Physically, frustrated modes arise from the
total internal reflection of propagating waves inside the body. Geometrical optics tells us that
radiation coming from a high-refractive-index material onto an interface should undergo total
internal reflection if its incidence angle is larger than the critical angle θc; in reality, evanescent
waves should exist on the vacuum side to satisfy Maxwell equations. Regarding surface modes
(also called surface waves), they are the consequence of the strong coupling of light with surface
mechanical oscillations, under the form of quasi-particles called polaritons. Such couplings occur
around the frequency of the mechanical oscillations, which can be caused by phonons in polar or
dielectric materials (we then have surface phonon polaritons), or by the plasma formed by free
electrons in metals or highly-doped semiconductors (surface plasmon polaritons).

The way to properly handle the contributions of such polaritons (or of electron-hole pair recombi-
nations) to the near-field radiative heat transfer will be discussed in Section 1.2.3; we present
first the basics of the model used to obtain the near-field radiative heat transfer.
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λ

Propagating Evanescent
Frustrated Surface

Figure 1.8: Radiation modes occurring around an interface between vacuum and a body with
higher refractive index.

1.2.2 Model for the simulation of near-field radiation

Throughout this manuscript, near-field radiative heat transfer will be computed for 1D multilayered
structures (shown in Figure 1.9), using the fluctuational electrodynamics framework first developed
in [Rytov 1959] and applied in [Polder & Van Hove 1971] for thermal radiation. It is based on the
simultaneous resolution of Maxwell’s equations and fluctuation-dissipation theorem. The precise
numerical method considered is presented in [Francoeur et al. 2009], and was extensively used
and described in literature (see for instance [Blandre 2016]); for this reason, its description will
be kept relatively short here. Fundamentally, the heat flux carried by radiation in the direction z
(perpendicular to the interfaces) corresponds to the z-component of the time-averaged Poynting
vector:

qω(z) = 〈Sz(ω, z)〉 = 2Re
{〈
ExH∗y − EyH∗x

〉}
, (1.9)

where E is the electric field and H∗ is the complex conjugate of the magnetic field5. Such heat
originates from the energy released by dipoles within the emitter: thermal agitation causes dipoles
to move stochastically, making them generate an electromagnetic field and dissipate some of their
energy. The fluctuation-dissipation theorem allows to express the time average of the spatial
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ñ0
ω/
c

kz0

kρ

z

ρ

θ

Figure 1.9: 1D multilayered structure considered in the simulation of near-field radiative heat
transfer in the z direction. Schematic inspired by [Francoeur et al. 2009].

5The expression of the time-averaged Poynting vector provided here is four times larger than the commonly-
known expression since only positive frequencies are considered [Zhang 2007].
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correlation function of the stochastic current density J induced by the movement of dipoles:

〈
Jα(r′, ω)Jβ(r′′, ω′)

〉
=
εvε
′′

π
ω · ~ωfBE(ω, µ, T )δ(r′ − r′′)δ(ω − ω′)δαβ. (1.10)

Here, α and β correspond to directions (x, y or z) and εv is the vacuum permittivity. ε′′ is
the imaginary part of the dielectric function of the material considered which quantifies the
rate of energy dissipated by dipoles, thus the ability of a material to emit or absorb radiation.
δ represents either the Dirac delta function or the Kroenecker delta; these δ mean that the
fluctuations are correlated only locally (for r′ = r′′), for a common frequency (ω = ω′) and
direction (α = β). Last, we need to relate the current fluctuations at the point of emission r′ to
the electromagnetic field at any point r; this can be done with dyadic Green’s tensors ¯̄G:

E(r, ω) = iωµv

∫
V

¯̄GE(r, r′, ω) · J(r′, ω)d3r′, (1.11a)

H(r, ω) =

∫
V

¯̄GH(r, r′, ω) · J(r′, ω)d3r′, (1.11b)

µv being the permeability of vacuum. These four equations allow expressing the monochromatic
heat flux as

qω(z) =
2ε′′(ω)

π
k2

v~ωfBE(ω, µ, T )

· Re
{
i

∫
V

[
GExα(z, r′, ω)GH

∗
yα (z, r′, ω)−GEyα(z, r′, ω)GH

∗
xα (z, r′, ω)

]
d3r′

}
, (1.12)

where kv = ω/c = ω
√
εvµv is the angular wavenumber of radiation in vacuum, z is the position

where the heat flux is estimated and r′ corresponds to one point of emission inside the emitting
volume V . Einstein summation convention has been used for the product of the Green’s tensor
components. These components are the only remaining unknowns; since the system studied is
one-dimensional, it is convenient to decompose Green’s tensors in terms of plane waves, through
a two-dimensional Fourier transform:

¯̄G(z, r′, ω) =
1

(2π)2

∫ +∞

−∞
¯̄g(kρ, z, z

′, ω)eikρ(R−R′)dkρ. (1.13)

x̂ and ŷ being unit vectors, R = xx̂ + yŷ the in-plane position and ¯̄g the Weyl representation
of Green’s tensor. It is a function of the in-plane (also called parallel) component of the
wavevector kρ = kxx̂ + kyŷ (see Figure 1.9), which is always real and remains constant for
a given electromagnetic wave moving from one material to another. This quantity is directly
related to the radiation mode: in a medium whose real part of the refractive index is n, kρ ≤ nkv

means that radiation is propagating, kρ > nkv that it is evanescent. In the case of propagating
radiation, we in fact have kρ = n sin(θ)kv (which must remain constant between materials due to
Snell-Descartes law).

The next steps required to derive the complete expression of qω are the following:

1. switch to polar coordinates to simplify the expression, since the system is symmetric around
the z-axis;

2. express the components of the Weyl representation of Green’s tensors in terms of forward
and backward travelling waves using Sipe’s formalism [Sipe 1987] (developed analytically
for simple cases in [Mulet 2004]);
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3. express the spatial variation of amplitude of such waves as a function of the reflection at
the interfaces and absorption in the different layers, using the scattering-matrix method.

These steps being not of primary importance for the understanding of the work presented in this
manuscript, they are not developed here but rather in Appendix A; note that some corrections
were made compared to the method presented in [Francoeur et al. 2009] regarding the emission
location. Eventually, it allows obtaining an expression of qω(z) along with the related spectral
photon flux density Ṅω(z) in the form of

Ṅω(z) =
1

4π2
fBE(ω, µ, T )

∫ +∞

0
T (ω, kρ, z)kρdkρ, (1.14a)

qω(z) = ~ωṄω(z). (1.14b)

T (ω, kρ, z) is the total transmission coefficient between the emitter and the point z, obtained
from integration over the thickness of the emitter. It varies between 0 (no transmission) and 2
(complete transmission), being equal to the sum of the transmission coefficients for both transverse
electric (TE) and transverse magnetic (TM) polarisations of light (ranging between 0 and 1).
These expressions only give the flux received at one point from one body ; if one rather wants the
net heat flux received in a layer j from a layer i (which will be extensively used in the frame of
this manuscript), it is expressed as

qω,ij =
~ω
4π2

(fBE,i − fBE,j)

∫ +∞

0
Tij(ω, kρ)kρdkρ = ~ω(fBE,i − fBE,j)Fij(ω). (1.15)

Tij(ω, kρ) is the slab-slab transmission coefficient and Fij is the related transmission function. The
notation fBE,i = fBE(ω, µi, Ti) has been used for brevity. Considering that i is the emitting layer,
Tij can be computed as T (ω, kρ, zj)− T (ω, kρ, zj+1): what is absorbed by slab j is simply the
difference between the incoming and outgoing radiation. Of course, the transmission coefficient
should be reciprocal, and should therefore be unchanged if the layer j is considered to be emitting
instead: Tij(ω, kρ) = Tji(ω, kρ).

We should mention that this model is subject to numerical instabilities due to the bulk absorption
term exp(−k′′zi∆z), where k′′zi is the imaginary part of the out-of-plane component of the wavevector
in layer i6; this was already discussed in [Francoeur et al. 2009]. For large k′′zi - typically reached for
surface waves - the exponential term can become tiny and cause numerical errors in calculations.
Even worse, it could go strictly to zero if k′′zi∆z is too large. Of course, it is k′′zi∆z, rather than
k′′zi only, which impacts the value of the exponential; if these instabilities do not occur for thin
layers, one should be cautious when considering thick layers (of the order of several micrometres
for absorptive media). This is especially true for the emitter layer.

One way to circumvent such issues is to use analytical solutions when available; this will be done
in particular in Chapter 3, where we will consider semi-infinite LED and PV cell separated by a
vacuum gap. In this case, the transmission coefficient of γ-polarised radiation (either TM or TE)
between the two semi-infinite media, denoted with indices 0 and 2, is [Mulet et al. 2002]

T γ02(ω, kρ) =


(1− |rγ10|2)(1− |rγ12|2)

|1− rγ10r
γ
12e
−2k′z1d|2

if kρ ≤ k0,

4e−2k′′z1d
Im(rγ10)Im(rγ12)

|1− rγ10r
γ
12e
−2k′′z1d|2

if kρ > k0.

(1.16)

6Since the angular wavenumber in a medium of complex refractive index ñ is ñkv, kzi =
√
ñ2k2v − k2ρ.
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rij corresponds to the reflection coefficient at the interface between layers i and j, while k′zi is
the real part of kzi. In this case, index 1 denotes vacuum.

In the end, the only material property on which the transmission coefficient depends on is
the dielectric function ε of the different layers (related to the refractive index by ε =

√
ñ for

non-magnetic media), the reflection and transmission coefficients being functions of ε. This
appears clearly in the analytical solution given above, but holds also in the more general case. It
is thus essential to have precise expressions for the dielectric function.

1.2.3 Main contributions to the dielectric function

The phenomena impacting the behaviour of light in a material are various, and depends on
the material considered. In a metal, the free electrons (in the form of plasmons, the quantum
oscillation of plasma) are the particles with the largest impact, while it is optical phonons in a
dielectric material. In a semiconductor, the recombination of electrons and holes (also called
interband transitions) will affect the dielectric function, but plasmons and optical phonons can
also play a role, depending on the charge carrier concentration and the polarity of the material.
We will review these different contributions here. It has been shown in literature that such
contributions could couple to one another [Kukharskii 1973]; still, we will neglect such coupling,
allowing to study each contribution independently. We can then write the total dielectric function
as

ε = ε∞ + χ̃ = ε∞ +
∑

χ̃i (1.17)

for each contribution i. ε∞ is the high-frequency dielectric constant, i.e. the limit of ε as ω →∞,
and is the same whatever the number of contributions included. The effective susceptibility χ̃i,
defined as χ̃i = εi − ε∞, therefore goes to zero as ω →∞. If practical examples are to be given,
aluminium gallium arsenide (AlGaAs) will be considered as this material will be regularly used
in this manuscript.

1.2.3.1 Plasmonic contribution

As soon as free charge carriers are present in a medium, the formed plasma will contribute to
radiative heat transfer. While we are mostly used to plasmas made of free electrons in metal,
note that hole plasmas are also achievable in heavily p-doped semiconductors. The associated
dielectric function is (see e.g. [Adachi 1994])

ε = ε∞

(
1−

ω2
p

ω(ω + iΓ)

)
. (1.18)

ωp is the plasmon frequency given by

ωp =

√
Ne2

m∗ε∞ε0
, (1.19)

N being the charge carrier density (which will be approximated by the doping concentration for
semiconductors), e the elementary charge and m∗ the effective mass of the charge carriers (whose
physical meaning is thoroughly explained in classical textbooks on PV, see e.g. [Nelson 2003,
Würfel & Würfel 2016, Kitai 2018]). Last, Γ is the damping coefficient expressed as (see e.g.
[Losego et al. 2009])

Γ =
e

m∗µ
, (1.20)
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Figure 1.10: Typical dielectric function obtained with a Drude model for the plasmonic contribu-
tion.

µ being the mobility of the charge carrier, which links the velocity of charge carriers to the electric
field magnitude and is directly related to the conductivity σ through σ = eNµ. We show in
Figure 1.10 a typical dielectric function obtained with this model (called Drude model) with
arbitrarily chosen values for the different parameters. Clearly, plasmons impact the behaviour of
radiation only around and below the plasmon frequency, ε going quickly to ε∞ for frequencies
larger than ωp. Considering non-magnetic materials, the condition of resonance of the surface
plasmon polariton (SPP) between layers 1 and 2 is ε1 + ε2 = 0. For an interface with vacuum, it
is equivalent to ε = −1 which is reached for ωSPP = ωp/

√
1 + 1/ε∞ (considering ε′′ = 0). This

means one can expect significant radiative heat transfer in the near field around this frequency,
which increases as the square root of N .

1.2.3.2 Phononic contribution

The contribution of optical phonons is generally modelled with a damped Lorentz oscillator:

ε = ε∞

(
1 +

ω2
LO − ω2

TO

ω2
TO − ω2 − iωγ

)
, (1.21)

where ωLO and ωTO are respectively the longitudinal-optical (LO) and transverse-optical (TO)
phonon frequencies, and γ is the damping coefficient. An example of dielectric function obtained
with such Lorentzian oscillator is shown in Figure 1.11. The resonance condition of the surface
phonon polariton (SPhP) is the same as for the SPP (ε = −1 for an interface with vacuum).
Notice how the real part of ε equals -1 twice; SPhP resonance however occurs when the imaginary
part is close to 0, and the resonance frequency at a vacuum interface is therefore ωSPhP =√

(ε∞ω2
LO + ω2

TO)/(ε∞ + 1).

As mentioned previously, optical phonons will contribute to the dielectric function only for
dielectrics and polar materials such as III-V semiconductors (semiconductors made of group
III and group V elements, GaAs for instance): the related increase of the near-field radiative
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Figure 1.11: Typical dielectric function obtained with a Lorentz oscillator for the optical phonon
contribution.

heat transfer due to SPhP can therefore only be observed in such materials. When several polar
materials are alloyed (such as AlAs and GaAs into AlGaAs), the resulting material generally
supports the optical phonons of each of the base components and one Lorentz oscillator should
be considered for each, these oscillators being coupled to each other.

1.2.3.3 Electron-hole contribution

Properly taking into account the contribution of interband transitions for semiconductors is a
bit more complex. In Section 1.1, we have discussed the bandgap energy, which represents the
smallest energy required to go from the valence band to the conduction band. However, there
are several extrema in these bands (for varying wavevectors): Eg represents the fundamental
transition energy, but not the sole, and each of these transition energies will contribute differently
to the dielectric function.

Since most of the radiation is generally emitted/absorbed close to Eg, a first-hand approximation
is to consider only the contribution of this fundamental transition. This has been done for instance
in [Lin et al. 2018] with the following expression:

ε =


B +

A

x2
(2−

√
1 + x−

√
1− x) if x < 0

B +
A

x2
(2−

√
1 + x) + i · A

x2

√
x− 1 if x ≥ 0,

(1.22)

with x = ~ω/Eg (A and B being two parameters). Such an expression can be obtained from
Fermi’s golden rule and Kramers-Kronig relations. In our case, we will work with a broader model
based on the work of Adachi [Adachi 1987], in which similar expressions are derived for up to six
different transitions and combined to obtain the complete interband contribution, which involves
about ten different fitting parameters. The exact model used is the one given in [Gonzalez-Cuevas
et al. 2007]; the resulting dielectric function for GaAs is given in Figure 1.12. We only show
here the variations on the first eV since most of the transitions happen there, but the impact of
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Figure 1.12: Dielectric function obtained for GaAs at room temperature with the model and
parameters given in [Gonzalez-Cuevas et al. 2007].

interband transitions continues for larger photon energy. In comparison, simple models such as
the one presented above can only depict accurately the dielectric function on the first tenths of
eV above Eg.

1.2.3.4 Note on the accuracy and availability of data

As we will discuss at the beginning of Chapter 3, the devices considered throughout this work
will be made of III-V (hence polar) semiconductors, and all three contributions mentioned above
should be taken into account. The different material properties required to obtain the complete
dielectric function are given in Appendix B.

Ideally, we would like to have properties with dependency on temperature (since the LED is at high
temperature) and alloy composition when applicable. In reality, such data are seldom available.
Most of them are given at room temperature only (e.g. in [Adachi 1989]), and the only alloy
fractions studied are generally those allowing lattice-matching with pure III-V semiconductors
(e.g. In0.49Ga0.51P lattice-matched with GaAs, In0.53Ga0.47As lattice-matched with InP). For this
reason, several material properties used for the LED were obtained at room temperature (e.g.
effective masses, optical phonon frequencies) - we have tried as much as possible to limit this
to quantities we don’t expect to vary dramatically with temperature. Similarly, in Chapter 6,
some alloy properties will be taken from well-studied alloy fractions even if those are not the ones
considered (since the alloy fraction required to ensure lattice-matching changes with temperature);
we suppose that the change in properties will remain moderate as a first-hand approximation.

Still, some temperature- and alloy-fraction-dependent data are available, for instance for the
electron-hole contribution to the dielectric function in many III-V semiconductors [Gonzalez-
Cuevas et al. 2007]. However, we would like to mention that this source is not perfect. We cite
here some detected issues:

• the fit with experimental results has variable quality, e.g. in comparison to the fit obtained
in [Adachi 1989] for binary components; it is (at least partially) caused by the large number
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of cases covered, studying quaternary III-V with arbitrary composition and temperature;

• the real part of the dielectric function obtained for GaAs with their model is different in
their Figure 3 and 5, which makes us question the way these results were obtained;

• the obtained dielectric function does not satisfy Kramers-Kronig relations (which is actually
an issue shared with [Adachi 1989])7.

Even with such issues we choose to use the data from [Gonzalez-Cuevas et al. 2007], simply because
the loss of accuracy would be even worse if the variations with temperature and composition are
not taken into account in any way.

The lack of data (sometimes associated to their limited precision) strongly limits how accurate
the numerical results can be. To illustrate this, we can quickly analyse the sensitivity of the
maximum power generation to the dielectric function. If we increase by 18 the dielectric function
given in [Gonzalez-Cuevas et al. 2007], then the maximum power output obtained in Section
3.3.1.2 varies by 5%. This gives an order of magnitude of the uncertainty we can expect for the
end results, which can only be reduced through the further experimental study of semiconductors
for different temperatures and compositions.

1.2.4 Gap distance in near-field thermophotonic engines

As we have seen previously, the radiative heat transfer between the LED and the PV cell in a
thermophotonic device depends on the thickness of the gap (supposed to be made of vacuum to
prevent heat transfer through conduction) separating the two elements. This thickness, called
gap distance in the following, is chosen to be equal to 10 nm. Such particularly low value
allows to emphasise the potential of near-field radiation for power generation enhancements,
and was for this reason regularly used for different near-field radiative heat engines [Blandre
et al. 2017, Zhao et al. 2018, Callahan et al. 2021, Papadakis et al. 2021]. It is however very
hard to reach experimentally: in the state-of-the-art of his thesis9, Lucchesi [Lucchesi 2020] has
shown that the lowest distance achieved with plane-plane experiment is around 25 nm, while
most of them are performed above 100 nm. Therefore, we will also give some insights about the
performance of near-field thermophotonic devices at larger gap distances.

1.3 State-of-the-art

Now that the basic principle and motivation of the near-field thermophotonic heat engine has
been explained, we should review the work performed on such devices. It will be preceded by a
state-of-the-art of related technologies for context, which are summarised in Figure 1.13.

7Kramers-Kronig equations give a direct relation between the real and imaginary part of the susceptibility
χ = ε− 1; to be physical, a dielectric function ε should be defined such that the related susceptibility satisfies
these relations. Often, to help to fit experimental data, we rather expect ε− ε∞ to satisfy these relations (as in
[Adachi 1989]). In [Gonzalez-Cuevas et al. 2007], it is directly ε which satisfies them, and it is not clear if ε∞ is
deliberately omitted or not.

8An absolute error of 1 on ε may seem large, but it is actually plausible and roughly corresponds to the
difference that can be found between different models.

9A briefer version of it can be found in [Lucchesi et al. 2021b], although the figure relating the experiments
with the achieved gap distance is not shown there.
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Figure 1.14: Best research-cell efficiency chart [NREL 2023].

1.3.1 Material for solar photovoltaics and other optoelectronic applications

We start this review with solar photovoltaics. While being relatively far from near-field ther-
mophotonics in terms of operation and application, it is the domain with the most abundant
literature. Monitoring of most efficient solar cells has been done since tens of years, e.g. in [Green
et al. 2023] or in [NREL 2023]; the data gathered in the latter are given in Figure 1.14. As shown
there, III-V-based junctions offer the best performance with efficiencies around 29% for GaAs
single-junctions and above 40% for multijunctions. In comparison, monocrystalline silicon can
achieve 26% efficiency, whereas polycrystalline silicon can only reach 23% efficiency.

But for terrestrial applications, cost - rather than efficiency - is generally the main metric of
solar cells. While having the lowest efficiency, polycrystalline silicon solar cells represent a large
majority of the installed power [IEA 2022], due to a historically much lower cost per unit electrical
power. Nowadays, new solar cells are generally made of monocrystalline silicon, mainly because
they are now cost-competitive with polycristalline ones. III-V-based solar cells, even with their
higher efficiency, are almost never used due to their prohibitive cost per unit power which is more
than two orders of magnitude larger than that of silicon cells [Horowitz et al. 2018]. They are
consequently limited to applications where high efficiency is required (e.g. space applications).

Another important parameter for solar cells, although insufficiently considered, is the scarcity
of raw materials and their subsequent supply risk. Apart from its impact on the cost, it is
essential to take into account the criticality of materials per se: availability is key to ensure that
a technology can be developed at a large scale and in the long term. We show in Figure 1.15 the
supply risk and economic importance of most commonly used elements obtained from [European
Commission et al. 2023], with a focus on the materials used in optoelectronic applications. It
makes clear that III-V cells (based on gallium, arsenic, indium or aluminium for instance) could
face a shortage in the coming years at the current rate of material consumption. Apart from
semiconductors specifically, other elements used in optoelectronics - such as boron for doping,
or silver for metallic contacts and mirrors - are already critical or close to becoming so. The
long-term use of materials providing the best performance will therefore require finding ways to
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Figure 1.15: Criticality of raw materials for the European Union (adapted from [European
Commission et al. 2023]).

efficiently recycle them.

In this manuscript, all the optoelectronic devices studied are made of III-V semiconductors (as
in a large majority of the related literature, which will be shown in the following). While this
may seem contradictory with the shortage issues mentioned above, it has to be kept in mind
that the work performed here aims to present the potential of near-field thermophotonic devices
in a best-case scenario, one of its goals being to help the development of a first experimental
proof-of-concept. Such an experiment can hardly be performed without using the best possible
materials due to the number of scientific and technical bottlenecks which need to be addressed.
But if the first experiments with TPX were to be successful, and led to the further development of
this technology, it would then be crucial to integrate the cost and scarcity issues to the research,
the latter being dependent on the development of semiconductor recycling.

1.3.2 Thermophotovoltaics

A significant part of the research recently conducted on TPV focused on the development of
efficient cells at high temperature, with [LaPotin et al. 2022, Tervo et al. 2022] having designed
cells with 40% efficiency for an emitter temperature close to 2000 °C. Other teams have also
worked on the improvement of the back-surface reflector to increase light absorption [Omair
et al. 2019, Fan et al. 2020]. In all these works, the cells were made of different III-V semiconductors,
as their bandgap energy can be controlled to decently match the energy of the incoming radiation.
If the passive emitters considered in these examples were relatively simple (e.g. bulk silicon
carbide, tungsten halogen bulb), they have been studied quite extensively in the past [Sakakibara
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et al. 2019] and metamaterials are still under numerical [Wang et al. 2023b] and experimental
investigation [Dyachenko et al. 2016, Shimizu et al. 2018]. Apart from this, the thermodynamical
study of thermophotovoltaic devices has also recently regained interest [Giteau et al. 2023].
Complementary information on far-field TPV can be found in the review by [Burger et al. 2020].

Numerous articles have also examined the possibility to extend thermophotovoltaics, for instance
with bifacial TPV [Datas 2023], hybrid thermionic-photovoltaic converters [Datas 2016] or
thermoradiative-photovoltaic converters [Tervo et al. 2020] (thermoradiative (TR) systems being
closely related to thermophotovoltaics [Tervo et al. 2018, Pusch et al. 2019, Callahan et al. 2021, Li
et al. 2021b], see Figure 1.13). The most common extension is near-field thermophotovoltaics,
which has been widely studied and reviewed in the past few years [Song et al. 2022, Mittapally
et al. 2023] and even coupled to other concepts [Datas & Vaillon 2019, Choi et al. 2023, Wang
et al. 2023a]. Experimentally, several teams successfully measured a near-field enhancement
of the TPV cell power output by a factor 5 to 10 for gap distances varying between 60 and
140 nm [Fiorino et al. 2018, Inoue et al. 2019, Bhatt et al. 2020, Inoue et al. 2021, Lucchesi
et al. 2021a, Mittapally et al. 2021], the maximum power output coming close to 1 W.cm−2. In
terms of efficiency, several of the devices designed in these papers achieved efficiencies above 10%,
one of the devices from [Lucchesi 2020] even exceeding 20%. Numerically, [DeSutter et al. 2017]
and [Papadakis et al. 2021] have analysed how entering the near field changes the cell luminescence
and luminescence efficiency, while [Feng et al. 2022] investigated how geometry and doping change
the performance of a near-field TPV device, all with a detailed-balance (i.e. 0D) approach.
Several papers also focused on the design and performance of devices, either with detailed balance
[Zhao et al. 2017], with a 1D resolution of the drift-diffusion equations in the low-injection
approximation [Milovich et al. 2020], or more recently with a 2D resolution of these equations
[Forcade et al. 2022]. In this last article, a TPV cell made of InAsSbP achieved a 14% efficiency
and a maximum power output close to 1 W.cm−2 for a heat source temperature of 900 K and a
100 nm gap distance. The impact of common approximations used in the literature were also
analysed, such as that of the low-injection approximation [Blandre et al. 2017] or that of the
assumption that the chemical potential of emitted photons µ is related to the applied voltage
through µ = eU [Callahan et al. 2021, Feng et al. 2021].

We discuss last the applications of thermophotovoltaics, which were already briefly mentioned
previously. Because of its more complex structure (due to the additional emitter) and its greater
cost (due to the use of III-V semiconductors), thermophotovoltaics cannot compete with silicon
photovoltaics for solar energy conversion. The driving idea for TPV is rather to make use of its
capability to generate electrical power on demand. Antora Energy [Antora Energy 2023] and
Thermophoton [Thermophoton 2023] for instance work on the development of thermal batteries
based on thermophotovoltaics: Joule effect is used to convert electricity into heat stored in
materials (e.g. carbon blocks, molten silicon), which can be converted back to electricity when
desired by placing a TPV cell in front. In both cases, the cell should even be capable of doing
cogeneration, the fraction of heat not converted being sent to industry or heat networks. Another
application, proposed by Mesodyne [Mesodyne 2023], is to couple the thermophotovoltaic device
with a burner (used to heat up the emitter) into a mobile and scalable power generator - in this
case TPV is not necessarily carbon-free.

1.3.3 Electroluminescent cooling and related photonic cooling

Electroluminescent cooling, in comparison to thermophotovoltaics, is a much narrower field. The
first mention of such phenomenon can be found in [Lehovec et al. 1953], an experimental paper
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studying silicon carbide LEDs. In the following years, EL cooling was mainly investigated in the
frame of thermodynamics [Weinstein 1960, Landsberg & Evans 1968, Landsberg & Tonge 1980],
sometimes compared to experimental results [Dousmanis et al. 1964], allowing to bring to light the
heat pump behaviour of LEDs through the introduction of the concept of effective temperature of
light (which takes into account the difference of entropy-to-energy ratio of radiation in comparison
to conduction or convection). But this effective temperature has no physical meaning; this led
Würfel to define the notion of chemical potential of radiation to handle non-thermal radiation
[Würfel 1982], as explained in Section 1.1.2. Following this new paradigm, numerical results
on EL cooling were quickly published [Berdahl 1985]. At this time however, the experimental
proof of EL cooling was unachievable due to the limited efficiency of the LEDs. In the following
years, the modelling of LEDs for EL cooling purposes continued to be improved (e.g. [Heikkilä
et al. 2009]).

The first experimental proof of electroluminescent cooling came in the beginning of the 2010s
thanks to the quick development of efficient III-V-based LEDs. It was initially performed at
temperature higher than ambient [Santhanam et al. 2012], then at room temperature [Santhanam
et al. 2013]. In these papers, cooling regime was achieved by applying very low voltage; this
however means that the cooling rate also remained low. If some theoretical works were still
performed regarding EL cooling [Xue et al. 2017], a large fraction of the related research has gone
into different directions to achieve EL cooling with larger cooling rate. [Oksanen & Tulkki 2010]
proposed to use a thermophotonic engine in a heat pump configuration, in which the radiation
emitted by the cooled LED can be recycled into the PV cell. Near-field EL cooling was also
investigated [Chen et al. 2015, Liu & Zhang 2016, Li et al. 2021a] and logically extended to
near-field thermophotonic heat pump [Chen et al. 2017], in one case based on Schottky diodes
[Song et al. 2020]. As of now, the only related device which achieved high-power EL cooling is a
Double-Diode Structure (DDS) [Radevici et al. 2019], in which the PV cell is grown directly on the
LED. While largely improving the radiation transmission, it is however limited by the significant
conduction between the two components; as explained by the authors, "the DDS structure is
designed to act as an intermediate research prototype [...], providing the necessary additional
insight and evidence on the feasibility of both conventional EL cooling and thermophotonic
cooling". A review on the advances on EL cooling can be found in [Sadi et al. 2020].

We should lastly mention that EL cooling is not the only way to obtain photonic cooling. Negative
EL cooling, in which a photodiode is negatively biased to reduce emission and consequently cool
a facing body, has also been recently studied [Chen et al. 2016] and experimentally demonstrated
in the near field [Zhu et al. 2019]. We have also excluded here from the term "photonic cooling"
the much broader research field of laser cooling [Nemova & Kashyap 2010, Seletskiy et al. 2016].

1.3.4 Thermophotonic heat engine

The thermophotonic heat engine was first mentioned at the beginning of the century [Harder
et al. 2001, Tobias & Luque 2002, Harder & Green 2003], and was then meant to be used for
solar applications, as an improvement of solar TPV. In parallel, highly efficient LEDs made
once more of III-V materials (in this case, InGaP/GaAs heterostructures) were investigated for
thermophotonic purposes [Lin et al. 2004].

After these first studies however, research was paused for several years, and started again
only in the end of the 2010s owing to the good development of both thermophotovoltaics and
electroluminescent/thermophotonic cooling devices. The new results published were essentially
numerical and based on a detailed-balance approach, apart from a paper in which a thermophotonic
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TPV

NF-TR
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TPX

NF-TPV &
extended TPV concepts

Figure 1.16: State-of-the-art of the performance of radiative heat engines. Connected points
come from the same source. Stefan-Boltzmann law is expressed as σ(T 4

h − T 4
c ), while Landsberg’s

limit corresponds to the power output P = ηLσT
4
h of a radiative engine receiving radiation

from a blackbody and operating with Landsberg’s efficiency (assuming a heat sink at ambient
temperature).

device is used for DC voltage conversion [Zhao et al. 2021]. The impact of classical losses were
analysed, such as the power loss due to imperfect connections with the thermal reservoirs
[Yang et al. 2020] or due to non-radiative recombinations and series resistance [Sadi et al. 2022].
[McSherry et al. 2019] also studied how the radiation bandwidth (i.e. the spectral width of
radiation) affects the efficiency of TPV and TPX systems, both in the far and near field. Several
papers focused on the performance of specific devices, either made of AlGaAs alloys [Zhao
et al. 2018], CdTe and InP [Yang et al. 2022] or black phosphorus [Matsuno et al. 2022]. All
these devices are made of LEDs and PV cells with similar sizes. However, such devices cannot be
self-sustaining as neither voltage nor current are similar in the two components, as explained in
[Zhao et al. 2019]; they propose in this article a self-sustaining circuit based on multiple LEDs
and PV cells (whose respective number should be different).

We should here make clear that the study of thermophotonic heat engines is an even smaller field
of research than photonic cooling, therefore much smaller than thermophotovoltaics: while most
of the TPX literature has been reviewed here, more than a thousand articles whose title include
thermophotovoltaic/thermophotovoltaics can be found on the Web Of Science database. For this
reason, it seems essential to draw inspiration from TPV for the development of TPX, for instance
on:

• the development of the thermodynamical ground of TPX ([Landsberg & Tonge 1980] for
PV, [Giteau et al. 2023] for TPV);

• the resolution of the drift-diffusion equations [Blandre et al. 2017, Forcade et al. 2022];
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Figure 1.17: Basic models for the variation of power generated with heat source temperature,
obtained for different radiative heat engines. Full and dashed line represent ideal and more
realistic scenarios. For the data from [Zhao et al. 2018], several markers are used to denote the
difference of hypothesis considered (O: ideal case, C: with non-radiative recombinations, M: with
non-radiative recombinations and imperfect back mirrors).

• the study and the correction of usual approximations [Callahan et al. 2021].

Many of these points will be addressed throughout the manuscript.

1.3.5 Comparison of the different engines

We summarise in Figure 1.16 the performance of many of the devices cited throughout the review,
differentiating experimental results from calculations made with a detailed-balance approach or
with the resolution of the drift-diffusion equations. The power output is given as a function of
the temperature difference between the heat source and the heat sink rather than heat source
temperature, since in the experiment of [Lucchesi et al. 2021a], the cell is kept at cryogenic
temperature. The connected points correspond to results obtained from the same source. This
figure should make clear that the development of extended TPV concepts aims to decrease the
operating temperature difference, more than to increase the power density - mainly since it gets
harder and harder to ensure the good operation of a device as the power density increases, e.g.
because of thermal management issues. Indeed, increasing the power output causes the heat flux
densities supplied from the heat source and released to the heat sink to rise. Eventually, such
high heat flux densities become impossible to sustain for the heating and cooling systems, causing
a decrease of the overall temperature difference and limiting the achievable power output. The
impact of such thermal management issues in NF-TPX devices will be investigated in Section 3.4.

To compare the results obtained throughout the manuscript for NF-TPX with the performance
of other devices, it seemed interesting to have a common and simple modelling framework for
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the aforementioned technologies, in a manner similar to [Okanimba Tedah et al. 2019]. This
framework is described in Appendix C, and is based on a detailed-balance approach; the results
are shown in Figure 1.17. The main difference with [Okanimba Tedah et al. 2019] is that all
bodies are considered to be at constant temperature, so that thermal management issues arising
at high heat source temperature are not observed. This means that the accuracy of these models
are significantly degraded at high temperature, but this is not too much of an issue since NF-TPX
devices operate at moderate heat source temperature. For each of the technologies considered
(thermoelectrics (TE), thermophotovoltaics and near-field thermophotovoltaics), the dashed line
roughly corresponds to current achievable performance, while the full line corresponds to ideal
(or almost) operation. While NF-TPV can reach performances similar to TE only for heat source
temperatures above 900 K, the first numerical results on NF-TPX tend to demonstrate that it
can compete with TE at least for heat source temperatures above 500 K. To verify this, we will
work in Chapter 3 to develop similar limits for NF-TPX.

1.4 To sum up

In this chapter, we introduced the basic principle of the near-field thermophotonic heat engine:
it can simply be understood as the coupling of a radiative heat pump (the LED, pumping heat
from the heat source to emit electroluminescent radiation) and a radiative heat engine (the PV
cell, converting the incoming radiation into electrical power fed to the LED and extracted from
the device). We motivated the interest of such devices for low-grade heat (300-700 K) recovery.
The review of the related literature shined a light on the youth of the research of the subject,
especially compared to similar technologies such as TPV. We have seen that all the TPX studies
were performed numerically with a detailed-balance approach; still, due to the sparse published
results, there is still room for gaining new insights on the capabilities of TPX devices through
a more thorough analysis. The exclusive use of detailed-balance analysis in the literature also
pinpoints the lack of a solid thermodynamical and analytical description of TPX devices, along
with the absence of more refined analyses of charge transport and its impact on performance.
The following chapters will aim at carrying out the aforementioned developments, from the ones
based on the simplest models (thermodynamics and detailed balance, see Chapters 2 and 3) to
the most complete ones (solution of the drift-diffusion equations, see Part II).
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Because solar energy conversion is based on radiative heat transfer, which is highly non-linear with
temperature (varying as T 4 for blackbodies), the usual Carnot efficiency limit is not necessarily
a proper metric, as mentioned in Section 1.1.1.4. For this reason, a great deal of work has
been performed to estimate the ultimate efficiency of such conversion. Landsberg [Landsberg
& Tonge 1980] and Shockley-Queisser [Shockley & Queisser 1961] limits are probably the most
known derivations, obtained respectively for any reversible solar energy converter and for a
single-junction solar cell. But many others have been developed throughout the years [De
Vos 1992, Green 2006], and some of them have been extended to other radiative heat engines
[Buddhiraju et al. 2018, Pusch et al. 2019, Park et al. 2022, Giteau et al. 2023]. This chapter
focuses on the derivation of similar upper-bound efficiencies for TPV and TPX, based on the
following remarks:

• most of these efficiencies are derived for solar PV, for which maximum efficiency and
efficiency at maximum power are the same since the incoming radiation is constant; this
is not the case for TPV and TPX as radiation can be recycled, and these two efficiencies
should this be considered separately (resp. in Section 2.1 and 2.2);

• electroluminescent radiation emitted by the PV cell is generally not taken into account
since it represents a loss; on the contrary, it is mandatory to consider it for TPX since its
operation is based on LED electroluminescent radiation, and such radiation will thus be
integrated into the developments.

2.1 Maximum efficiency of luminescent heat engines

The maximum efficiency of TPV and TPX devices is derived similarly to that of thermoradiative
cells in [Pusch et al. 2019]. The device under consideration is shown in Figure 2.1 (named
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Heat source (Th)

Hot emitter (µh, Tc)

Cold absorber (µc, Tc)

Heat sink (Tc)

(qh, sh) (qc, sc)

qin

qout

P

Ph

Pc

Figure 2.1: Representation of the luminescent heat engine.

Luminescent Heat Engine (LHE) thereafter). The way luminescent radiation is converted into
electricity (or vice versa) is not of interest: it can be done with optoelectronic devices (as in TPX
devices) or not. Rather, the LHE is considered to always operate in reversible regime, which
means that any active component will not produce entropy - this is how most of the efficiencies
cited at the beginning of the chapter were derived.

We consider that far-field luminescent radiation is only exchanged between a given cut-off energy
Eg and Eg + ∆E. In this range of frequency, the transmission coefficient of radiation from one
semi-infinite body to the other is assumed to be maximum, the spectral heat flux density thus
following Planck’s law without luminescence. The main physical quantities related to radiation
are defined as [Würfel 1982, Luque & Martí 1997]

qi =
1

4π2c2~3

∫ Eg+∆E

Eg

E3

e(E−µi)/kBTi − 1
dE,

Ṅi =
1

4π2c2~3

∫ Eg+∆E

Eg

E2

e(E−µi)/kBTi − 1
dE,

Ω̇i =
kBT

4π2c2~3

∫ Eg+∆E

Eg

E2 ln
(

1− e−(E−µi)/kBTi
)
dE.

(2.1)

qi represents the heat flux density1 emitted through luminescent radiation (i being either h or
c) and Ṅi the related photon flux density. µi is the chemical potential of radiation, which must
satisfy µi < Eg. Ω̇i, the grand potential flux density, can also be written as qi − Tisi − µiṄi

and allows to obtain the related entropy flux density si. In this chapter, we will mainly study
complete above-Eg radiation (∆E = +∞), even if monochromatic radiation2 (∆E = δE) will be
briefly addressed.

1Strictly speaking, qi represents the internal energy flux density of radiation. It is said to be a heat flux density
to make the understanding easier.

2The term monochromatic radiation is an abuse of language, as true monochromatic radiation carries no
energy. Rather, it refers to radiation with infinitely narrow bandwidth.
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2.1.1 Luminescent engine with passive emitter: from Landsberg to Carnot

Assuming reversible operation, application of the first and second principles of thermodynamics
on the absorber gives

qh = qc + qout + Pc, (2.2a)

sh = sc +
qout

Tc
. (2.2b)

Since the emitter is passive, the radiation it emits must be thermal which means that µh = 0. If
the radiation sent back by the absorber can be recycled in the emitter, the efficiency is

ηpassive =
Pc

qh − qc
= 1− Tc

sh − sc

qh − qc
= 1−

Tc
Th

(
qh − Ω̇h

)
−
(
qc − µcṄc − Ω̇c

)
qh − qc

. (2.3)

In comparison, if emission by the absorber cannot be recycled and is lost (as for solar PV), we get

ηpassive,w/o rec =
Pc

qh
= 1− qc + Tc(sh − sc)

qh
= 1−

Tc
Th

(
qh − Ω̇h

)
−
(
−µcṄc − Ω̇c

)
qh

. (2.4)

The variation of both efficiencies with the chemical potential of radiation emitted by the absorber
is depicted in Figure 2.2, for different cut-off energies and considering complete above-Eg radiation.
The emitter and absorber temperatures are respectively equal to 600 and 300 K. In reversible
operation, efficiency decreases with chemical potential if the emission from the absorber cannot
be recycled, as the heat flux emitted increases with the chemical potential. This result can easily
be obtained analytically by using ∂Ω̇i/∂µi = −Ṅi:

∂ηpassive,w/o rec

∂µc
(µc) = −µc

qh

∂Ṅc

∂µc
(µc) ≤ 0, (2.5)

the equality holding only for µc = 0. By recycling the absorber emission, the maximum efficiency
can be significantly increased and is reached for a non-zero chemical potential. The variations
are however quite different according to the cut-off energy considered. To understand how this
quantity impacts the efficiency, two limiting cases will be studied: Eg → 0 and Eg →∞.

If Eg → 0, the chemical potential must also go to zero, since µ < Eg should hold (see Section
1.1.2). Then, the radiation considered approaches that of blackbodies, and using si = 4/3σT 3

i ,
we get back Landsberg limit [Landsberg & Tonge 1980] without absorber emission recycling:

ηpassive,w/o rec = ηL ≡ 1− 4

3

Tc

Th
+

1

3

(
Tc

Th

)4

. (2.6)

Similarly, the efficiency with emission recycling can be expressed as

ηpassive =
ηL

1−
(
Tc
Th

)4 . (2.7)

Such expressions correspond well to the results obtained for Eg = 0.1 kBTh. Even if the chemical
potential can indeed be non-zero, it is too small to have a significant impact on the energy transfer,
and the efficiency remains almost constant.

We now move on to the Eg →∞ case. Looking for the chemical potential at maximum efficiency
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Figure 2.2: Variation of efficiency with chemical potential of radiation emitted by the cold
absorber, obtained for Th = 600 K and Tc = 300 K and for complete above-Eg radiation.

µc,opt, we get

∂ηpassive

∂µc
(µc,opt) = 0⇔ ηpassive,max = µc,opt

∂Ṅc
∂µc

(µc,opt)

∂qc
∂µc

(µc,opt)
(2.8)

This expression cannot be easily developed due to the integrals on both sides of the fraction. Gen-
erally, Boltzmann’s approximation is used to simplify such an expression [Pusch et al. 2019], and
the results that will be presented in this section can be similarly obtained with this approximation.
However, it will be necessary to avoid it later in the chapter. Hence, a more general framework
based on polylogarithm functions will be used instead of Boltzmann’s approximation. A similar
framework was used in [Green 2012a]. The different radiative quantities can be expressed as

qi = Λ3,4(Eg, µi, Ti), (2.9a)

Ṅi = Λ2,3(Eg, µi, Ti), (2.9b)

Ω̇i = Λ2,4(Eg, µi, Ti), (2.9c)

Λn,m being a function defined as

Λn,m(Eg, µ, T ) =
1

4π2c2~3

n∑
k=0

n!

k!
(kBT )m−kEkg · Lim−k

(
exp

{(
µ− Eg
kBT

)})
. (2.10)

Lim is the polylogarithm of order m. These expressions of the radiative quantities are quite
heavy and cannot be used to derive any efficiency as of now. However, we can use the fact that
the polylogarithm function Lim(x) increases as its order m decreases. Since the lowest order
polylogarithm (Lim−n) is associated with the largest power of xg = Eg/kBT (xng ) in the last
term of the sum, it becomes dominant in Λm for large enough cut-off energies. Then, Eq. (2.8)
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becomes

ηpassive,max = µc,opt

E2
g Li0

(
exp
{(

µc,opt−Eg
kBTc

)})
E3
g Li0

(
exp
{(

µc,opt−Eg
kBTc

)}) =
µc,opt

Eg
. (2.11)

This expression can be inserted in Eq. (2.3) to obtain the maximum efficiency and the related
chemical potential. Neglecting the grand potential (which is only proportional to E2

g , against E3
g

for qi and µiE2
g for µiṄi) and defining ζ as Th

Tc

Li1
(

exp
{(
− Eg
kBTh

)})
Li1
(

exp
{(

µc,opt−Eg
kBTc

)}) (ζ > 0) gives

ηpassive,max = ηC −
µc,optṄc − ηCqc

qh − qc

= ηC −
µc,optkBTcE

2
g − ηCkBTcE

3
g

kBThE3
g

Li1
(

exp
{(
− Eg
kBTh

)})
Li1
(

exp
{(

µc,opt−Eg
kBTc

)}) − kBTcE3
g

= ηC −
µc,opt
Eg
− ηC

ζ − 1

= ηC −
ηpassive,max − ηC

ζ − 1

⇔(ηC − ηpassive,max)
ζ

1− ζ
= 0

⇔ηpassive,max = ηC. (2.12)

Hence, if the cut-off energy is large enough, the maximum efficiency comes close to the Carnot limit
and is reached for a chemical potential µc,opt = ηCEg. In comparison, the maximum efficiencies
obtained numerically and presented in Figure 2.2 approaches the Carnot limit quite slowly, but
the chemical potential at maximum efficiency is already close to ηCEg for Eg = 10kBTc. We can
in fact show that for very high cut-off energies, maximum efficiency is reached when both power
output and net heat flux equal zero: by using Lin(x) ∼ x as x approaches 0,

qh = qc ⇔ kBThE
3
g Li1

(
exp

{(
− Eg
kBTh

)})
= kBTcE

3
g Li1

(
exp

{(
µc − Eg
kBTc

)})
⇔ exp

{(
Eg
kBTh

+
µc − Eg
kBTc

)}
=
Th

Tc

⇔ µc = ηCEg + kBTc ln

(
Th

Tc

)
≈ ηCEg, (2.13)

the last term being equal to µc,opt following Eqs. (2.11) and (2.12). By using Eq. (2.3) and a
similar expansion of Lin, we can also prove that for any chemical potential between 0 and ηCEg,
the efficiency tends towards the Carnot limit as the cut-off energy goes to infinity, which means
that the efficiency will ultimately look like a step function around ηCEg.

In the end, the LHE goes from the Landsberg to the Carnot efficiency as Eg increases. To
understand why this happens, we have to identify why, even if the absorber is in reversible
operation, the LHE does not always operate at the Carnot limit. As discussed in Section 1.1.1.3,
radiation carries in general more entropy per unit energy than any other kind of heat transfer.
Therefore, the only way to ensure both energy and entropy balance in the emitter is to have
entropy produced there: the irreversibilities causing a decrease in efficiency comes from the
conversion of the heat supplied to the hot emitter (through conduction or convection) into
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40 Chapter 2. Far-field performance of ideal thermophotonic engines

Figure 2.3: Entropy production in the passive emitter, normalised by the entropy flux coming
from the heat source, as a function of the cut-off energy. The results are obtained for Th = 600 K
and Tc = 300 K.

radiation. This is also what makes Landsberg limit different from Carnot limit. However, as
the cut-off energy increases, the entropy of radiation exchanged between the emitter and the
absorber decreases, to come close to qin/Th. The entropy production in the emitter gets lower3,
as depicted in Figure 2.3, and the efficiency approaches the Carnot limit. However, the energy
transferred through radiation simultaneously decreases, and the power output goes to zero for
high cut-off energies, as expected.

The variation of efficiency with chemical potential in the monochromatic case is shown in Figure
2.4. If the results are quite different for low cut-off energies, they are mostly similar for Eg larger
than kBTc. The ultimate values of µc,opt and ηpassive,max as cut-off energy goes to infinity can
be derived in the same way and give the same result (µc,opt = ηCEg, ηpassive,max = ηC). These
ultimate values are in fact reached faster than for the complete above-Eg radiation, being almost
correct for Eg = kBTc.

2.1.2 Luminescent engine with active emitter: a standard Carnot heat engine

If the emitter is now actively controlled, a set of equations similar to Eq. (2.2) should be
considered for the emitter, along with the equation P = Pc − Ph. Defining q = qh − qc and

3For Eg → 0 and Th � Tc, the entropy production can analytically be obtained using the Stefan-Boltzmann
law. First, sh − sc = 4/3σ(T 3

h − T 3
c ) ≈ 4/3σT 3

h which is approximately equal to 4/3 · qin/Th since qin ≈ σT 4
h . Thus

the entropy production is sprod = sh − sc − qin/Th ≈ 1/3 · qin/Th. If Tc is not negligible compared to Th, the
entropy production will be between 0 and 1/3 · qin/Th, as in the case considered here.
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Figure 2.4: Variation of efficiency with chemical potential of radiation emitted by the cold
absorber, obtained for Th = 600 K and Tc = 300 K and for monochromatic radiation.

s = sh − sc, the efficiency of the system is:

ηactive =
P

qin

=
Pc − Ph

q − Ph

=
(q − Tcs)− (q − Ths)

q − (q − Ths)

=
Th − Tc

Th

= ηC. (2.14)

For any cut-off frequency4, chemical potential and temperature, the efficiency of this device is thus
strictly equal to the Carnot efficiency. Such a result could in fact be expected. In the previous
section, we have shown that the difference with the Carnot limit was due to the conversion of
heat to radiation in the passive emitter; as the emitter is now active, we can ensure that it works
at the reversible limit, hence reaching the Carnot limit. The expressions of q and s were not even
necessary to obtain this result, which thus holds for any kind of radiation exchanged between the
emitter and the absorber. In this configuration, the LHE is thus a standard Carnot heat engine,
and reaches consequently higher efficiencies than with a passive emitter.

It is interesting to notice that the net power output of the LHE with an active emitter is simply
expressed as P = ∆T (sh − sc). Therefore, it is not directly related to the energy carried by
radiation, but rather to its entropy. This is important because while the heat flux density can

4In fact, this result even holds if the cut-off frequencies of the emitter and the absorber are different.
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be infinitely large as the chemical potential of radiation comes close to Eg, the entropy flux
density is actually bounded for any cut-off energy because q − µṄ remains bounded - this can be
shown using the polylogarithmic expressions5. Consequently, the power output remains finite
even for µ→ Eg and reaches its maximum for µh → Eg and µc = 0 (as we can prove from the
polylogarithmic expression of si that it increases with µi).

2.2 Efficiency at maximum power of thermophotonic devices

We now come back to the specific case of TPX conversion. In comparison to the previous section,
we don’t force the entropy production to be zero any more, and the device hence operates
irreversibly. Since we consider perfect connections with the thermal reservoirs, the engine is
said to operate in an exoreversible configuration. As discussed in Section 1.1.4, the maximum
efficiency point loses interest for irreversible engines as power output is zero - this is even truer in
the case of TPX heat engines as their aim is to be used as energy harvesters. Therefore, we focus
on the study of the efficiency at maximum power.

The most known efficiency at maximum power for standard heat engines (i.e. not based on
radiative heat transfer) is the Curzon-Ahlborn limit, expressed simply as

ηCA = 1−
√
Tc

Th
. (2.15)

It is derived for a reversible (i.e. Carnot) engine with imperfect thermal connections. Irreversibili-
ties arising only from these connections, the engine is endoreversible. This expression can already
give some insights about the efficiency at maximum power of TPX devices. We have established
that a LHE with an active emitter is in fact a Carnot heat engine: this means that its efficiency
at maximum power in endoreversible configuration must equals the Curzon-Ahlborn efficiency,
which must represent an upper limit for TPX. On the contrary, [Giteau et al. 2023] have recently
demonstrated that LHEs with passive emitter can have efficiencies at maximum power exceeding
the Curzon-Ahlborn limit. This would mean that using an active emitter decreases the efficiency
at maximum power, i.e. that TPX would be less efficient than TPV at maximum power. We
will show in the next chapter that this is indeed correct, but that power output is increased in
parallel. Intuitively, we would in fact say that efficiency decreases because power increases: as
the energy flow through the device gets larger, the device must operate further from equilibrium,
leading to a larger rate of entropy creation.

Along with the Curzon-Ahlborn efficiency, many other expressions were derived for different
engines in the past [Schmiedl & Seifert 2008, Tu 2008], and related to each other by Apertet
[Apertet et al. 2012b, Apertet 2014, Apertet et al. 2017]. The question is now to understand how
the efficiency at maximum power of exoreversible TPX devices compares with these limits.

5The polylogarithmic expression of si can be obtained from

4π2c2~3 · Tisi =(Eg − µi)E2
gkBTi Li1

(
exp

(
µi − Eg
kBTi

))
+ (4Eg − 2µi)Eg(kBTi)

2 Li2

(
exp

(
µi − Eg
kBTi

))
+(8Eg − 2µi)(kBTi)

3 Li3

(
exp

(
µi − Eg
kBTi

))
+ 8(kBTi)

4 Li4

(
exp

(
µi − Eg
kBTi

))
,

coherent with the expression derived for thermal radiation in [Delgado-Bonal 2017].
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2.2.1 Detailed-balance modelling of thermophotonic conversion

In this section, radiative heat and photon flux densities remain expressed similarly as in the
previous section (see Eq. (2.1)), with the cut-off energy representing now the bandgap of both
LED and PV cell. We consider in the following that Eg,LED = Eg,PV as it should allow to reach
the best performance:

• if Eg,LED > Eg,PV, all the energy above Eg,PV carried by photons coming from the LED is
lost to the heat sink through thermalisation of the electron-hole pairs in the PV cell;

• if Eg,LED < Eg,PV, electrical power is consumed to make the LED emit electroluminescent
radiation between Eg,LED and Eg,PV, but this radiation cannot generate electron-hole pairs
in the PV cell and directly goes to the heat sink (or worse, heat the PV cell).

This also helps with the derivation of analytical expressions. The impact of bandgap mismatch
will be further discussed in Section 3.2.2.

The conversion of radiation into electricity (and vice-versa) is modelled through detailed balance
in the radiative limit, in a manner mostly similar to [Harder & Green 2003]. This means we
assume that

1. the absorption of one photon generates one electron-hole pair;

2. the recombination of one electron-hole pair causes the emission of one photon (i.e. there is
no bulk non-radiative recombinations);

3. the transport of charge carriers towards the electrical contacts is ideal (i.e. there is no
resistive losses);

4. the contacts are perfectly selective (i.e. there is no surface non-radiative recombinations).

In the general case, the electrical current density can be obtained from the electron-hole pair
generation and recombination rates G and R:

J = e
(
Ḡ− R̄

)
, (2.16)

where e is the elementary charge and X̄ =
∫
X(z)dz. The above assumptions imply that only

radiative events occur; since radiative generation and recombination are directly related to
above-bandgap photon absorption and emission, it means that the net flow of charges inside
a component is exactly the opposite of the net flow of above-bandgap photons. Radiative and
electrical quantities are then linked through the simple relation

J = e
(
Ṅabs − Ṅem

)
= eṄnet, (2.17)

where subscripts "abs" and "em" correspond respectively to absorbed and emitted radiation
(J > 0 means that an electrical current is generated). With an applied voltage U , the electrical
power is expressed as

P = UJ = eUṄnet. (2.18)

This expression is a function of the chemical potential of absorbed and emitted radiation µabs

and µem, and of the applied voltage U . However, µem and U should not be considered as two
independent degrees of freedom, as they are strongly correlated. As explained in Section 1.1.2,
µem is equal to the sum of electron and hole electrochemical potentials, and is often approximated
by eU [Würfel 1982] (this will be further developed in Section 4.1.2). In this section and in
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44 Chapter 2. Far-field performance of ideal thermophotonic engines

Chapter 3, we will assume that µem = eU , this approximation being widely used in the literature
(especially in detailed-balance analyses [DeSutter et al. 2017, Zhao et al. 2018, Sadi et al. 2020]).
Its validity will be discussed in Part II of the manuscript (see Section 4.1.4), where charge carrier
electrochemical potentials can be calculated.

Naturally, the net heat flux density exchanged between the LED and the PV cell q is different
from the different electrical powers, and heat should be pumped from the heat source or released
to the heat sink for the heat engine to work. However, it is important to understand that this
heat is related to different physical phenomena, which impact differently the efficiency of the
device. Taking the example of the LED (being mostly similar for the PV cell6), we have

• emission of below-bandgap radiation: as electron-hole pairs cannot generate below-bandgap
photons, all the energy carried must be pumped from the heat source;

• charge supply: the electrons have a mean energy eU inside the electrical circuit, but that of
electron-hole pairs in the semiconductor is close to Eg, and the difference of energy comes
from the heat source;

• thermalisation: electroluminescent radiation is not only emitted at Eg, but also at higher
energies, which means that some electron-hole pairs have an energy larger than Eg before
recombining; the difference of energy with Eg is also provided by the heat source.

All these elements are gathered in Figure 2.5, in which Ṅ = Ṅh − Ṅc represents the net
above-bandgap photon flux density. It illustrates that both qbelow and qabove −EgṄ (related to
thermalisation) go completely from heat source to heat sink, and can therefore be considered
as heat leakage: they have no impact on the power output, but decrease the efficiency as they
increase the heat pumped from the heat source. Inversely, it means that the only energy that
should be exchanged between the LED and the PV cell to reach the best efficiency is EgṄ . This
analysis will guide the developments made in this section:

• the only way to satisfy q = EgṄ with radiation is to consider monochromatic radiation at
E = Eg (Section 2.2.2); this allows to reach the largest efficiency, but comes at the cost of
power which goes to zero as the spectral bandwidth goes to zero (since no energy is carried
by purely monochromatic radiation);

• in order to have the largest power output, Ṅ should be as large as possible, and complete
above-bandgap radiation should be considered (Section 2.2.3); then, some heat pumped
from the heat source leaks to the heat sink (qabove − EgṄ) and the efficiency is decreased;

• the worst case scenario is to consider radiation over the complete spectrum (Section 2.2.4),
which gives the same power output as the previous case but with lessened efficiency.

In the following of the chapter, the use of the chemical potential will be preferred to that of the
voltage, expressing thus the net electrical power as P = (µc − µh)Ṅ . This will allow to make
the analytical derivations and the comparison with other energies (Eg,kBT ) easier. Also, µ will

6For the PV cell, we have:

• absorption of below-bandgap radiation: as it cannot be converted to charges, all the energy carried must go
to the heat sink;

• charge collection: while electron-hole pairs have an energy close to Eg inside the component, the electron
energy is the electrical circuit is only eU , and the difference of energy goes to the heat sink;

• thermalisation: after the absorption of a photon with energy E > Eg, the electron-hole pair has an energy
E, but the surplus E − Eg is quickly lost as heat to the heat sink.
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Light-emitting diode

Ev

Eg

eU ≈ µ

Photovoltaic cell

Ev

Eg

eU ≈ µ

Heat source

Heat sink

qbelow

qbelow

qbelow

qabove − EgṄ(Eg − eULED)Ṅ

qabove − EgṄ(Eg − eUPV)Ṅ

+ qabove

Ṅ

= q

PLED = eULEDṄ

PPV = eUPVṄ

Figure 2.5: Schematic of the energy flow through a thermophotonic heat engine at the radiative
limit.
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46 Chapter 2. Far-field performance of ideal thermophotonic engines

simply be designated as the LED (resp. PV cell) chemical potential for the sake of brevity, even
if it is strictly speaking the chemical potential of radiation emitted by the LED (resp. PV cell).
Subscripts c and h will be used (while subscripts LED and PV could have been suitable and will
often be used in the remaining of the manuscript) to improve the readability of the analytical
developments.

2.2.2 Monochromatic radiation

We first consider monochromatic radiation exchanged at the bandgap energy Eg between the
LED and the PV cell. The monochromatic efficiency of a TPX device is given by

ηλ =
Pc − Ph

q − Ph

=
(µc − µh)Ṅ

q − µhṄ

=
µc − µh

Eg − µh
, (2.19)

since q = EgṄ . The key to obtain the efficiency at maximum power is to determine the chemical
potentials which satisfy

∂P

∂µh
(µh, µc) =

∂P

∂µc
(µh, µc) = 0. (2.20)

We focus on ∂P/∂µh. Assuming that chemical potentials are uncorrelated (dµh/dµc = 0), we get
from Eq. (2.18) that

∂P

∂µh
(µh, µc) = −

(
Ṅh − Ṅc

)
+ (µc − µh)

∂Ṅh

∂µh
(µh, µc)

=
1

4π2c2~3
E2
gδE

(
fBE,c − fBE,h

(
1− (fBE,h + 1)

µc − µh

kBTh

))
, (2.21)

where fBE,i = (exp{((Eg − µi)/kBTi)} − 1)−1 is the Bose-Einstein distribution of photons and
δE the spectral bandwidth. Clearly, Eq. (2.21) is not easy to work with, mainly because of
Bose-Einstein distributions. We can simplify these terms in two different ways:

• if Eg − µ� kBT , the exponential term is much larger than 1 and fBE can be written as
exp{((µ− Eg)/kBT )} (Boltzmann’s approximation);

• if Eg−µ� kBT , the Taylor expansion around 0 of (exp{(x)} − 1)−1 gives fBE = kBT/(Eg−
µ).

There is no straightforward way to know which one of these two approximations is more correct;
consequently, numerical results are used to discriminate them. We show in Figure 2.6 the
maximum power output obtained for each LED chemical potential, for Th = 301 K and Th = 3000

K to consider a wide range of heat source temperatures. It appears that the maximum power
is reached for Eg − µh � kBTc. Since Th > Tc, it means that Eg − µh � kBTh and Taylor’s
expansion should allow obtaining accurate results. Partial derivatives of the electrical power with
respect to chemical potential using fBE ≈ kBT/(Eg − µ) gives

∂P

∂µh
(µh, µc) =

1

4π2c2~3
E2
gδE

(
− kBTh

Eg − µh
+

kBTc

Eg − µc
+
µc − µh

Eg − µh

kBTh

Eg − µh

)
(2.22a)
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Figure 2.6: Variation of power output with LED chemical potential, for an LED temperature
of 301 and 3000 K. Different scales are used for the two temperatures considered to improve
readability.

Then,

∂P

∂µh
(µh, µc) = 0⇔ − kBTh

Eg − µh
+

kBTc

Eg − µc
+
µc − µh

Eg − µh

kBTh

Eg − µh
= 0

⇔ kBTc

Eg − µc
=

kBTh

Eg − µh

Eg − µc

Eg − µh

⇔ Eg − µc

Eg − µh
=

√
Tc

Th

⇔ ηλ = 1−
√
Tc

Th
= ηCA, (2.23)

exactly the Curzon-Ahlborn efficiency. This was obtained using only one partial derivative in
Eq. (2.20), but the second provides exactly the same result. The system of equations is thus
underdetermined, and the maximum generated power is reached for an infinite number of chemical
potential couples: using the Taylor expansion of fBE allows obtaining a maximum power line
rather than a maximum power point. While such a maximum power line cannot be observed when
looking at the whole range of LED chemical potential in Figure 2.6 (since the maximum power
output should be constant with the LED chemical potential to satisfy it), it is for Eg−µh � kBTc,
which is where the maximum power point is located. The maximum power output can then be
written as

Pmax =
kBTh

4π2c2~3
η2

CAE
2
gδE. (2.24)

The efficiency at maximum power obtained numerically with the complete expression of fBE

is shown in Figure 2.7, and matches perfectly the Curzon-Ahlborn efficiency. While derived
for a monochromatic radiation with complete transmission of propagative waves (i.e. satisfying
Planck’s law), the same result can be obtained with any other value of transmission (partial
transmission of propagative modes, participation of evanescent modes, etc.) since the transmission
function anyway cancels out between the second and the third line of Eq. (2.19). This is an
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48 Chapter 2. Far-field performance of ideal thermophotonic engines

Figure 2.7: Variation of the efficiency at maximum power as a function of the temperature ratio
Th/Tc for the monochromatic TPX device (obtained for a 1 eV bandgap).

important result for TPX energy harvesting as it sets Curzon-Ahlborn efficiency as the upper
limit for the conversion efficiency at maximum power, since monochromatic radiation shall lead to
the best achievable efficiencies. This result is consistent with the qualitative discussion provided
at the beginning of this section. It is interesting to notice that while the monochromatic TPX
efficiency is (almost) equal to the Curzon-Ahlborn limit, the source of irreversilibities in the TPX
devices (the conversion of heat into radiation) is completely different from the one considered in
the original paper (imperfect connections with thermal reservoirs) [Curzon & Ahlborn 1975]. We
should lastly mention that the efficiency at maximum power is in fact only weakly affected by the
exact expression of fBE. Indeed, if Boltzmann’s approximation is considered (which is incorrect,
as shown previously) the efficiency at maximum power point (MPP) obtained is

ηλ,MPP =
η2

C

ηC − (1− ηC) ln (1− ηC)
, (2.25)

which is exactly the result obtained in [Tu 2008] for a Feynman ratchet heat engine, and deviates
from ηCA by only 5 percent points at most for Tc/Th close to 0. The details of calculations are
shown in Appendix D.1.

2.2.3 Above-bandgap radiation

We now consider the complete above-bandgap radiation (∆E → ∞). Even more than with
monochromatic radiation, assumptions will be required to be able to derive an efficiency at
maximum power. To understand which ones could be accurate, we show in Figure 2.8 the
efficiency at maximum power along with the LED and PV cell chemical potentials for different
bandgap energies. Regarding the efficiency (Figure 2.8a), only the data obtained for Th = 600 K
is shown, since the variations with bandgap energy are mostly similar for other heat source
temperatures. The efficiency at maximum power increases at a rapid rate roughly up to a
bandgap of 1 eV, and seems to approach a plateau as the bandgap gets larger. This echoes the
maximum efficiency obtained for the LHE with passive emitter in the first section of this chapter,
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(a) (b)

Figure 2.8: (a) Variation of efficiency at maximum power with bandgap for Th = 600 K. (b) LED
and PV cell chemical potentials at maximum power point given relatively to the bandgap and
the energy kBT (resp. kBTh and kBTc) for various heat source temperatures.

which was increasing with bandgap energy as the net entropy carried by radiation was reduced.
Apropos the optimum chemical potential (Figure 2.8b), much information are represented. We
should just gather those of interest for the development of an expression of the efficiency at
maximum power. For any of the two chemical potentials and the three temperatures considered:

• the ratio (Eg − µMPP)/kBT remains in a narrow interval (between 0.6 and 0.8) for all
bandgaps except the smallest - in comparison to the monochromatic case, we have Eg −
µMPP < kBT but not Eg − µMPP � kBT ;

• (Eg − µMPP)/kBT tends towards a value close to 0.7 as the bandgap gets larger.

Clearly, since Eg − µMPP is close to kBT , neither of the two approximations of the Bose-Einstein
distribution proposed for monochromatic radiation (Boltzmann’s approximation or Taylor’s
expansion) can work for complete above-bandgap radiation. We will need therefore to use the
complete expression based on polylogarithm shown in Eq. (2.9). As the main objective is to obtain
an upper-bound efficiency for this broadband radiation, we can focus on large bandgaps where
the largest efficiencies are reached; this should allow to simplify the polylogarithmic expression.

We first want to prove that in the limit of infinite bandgaps, (Eg − µh,MPP)/kBTh = (Eg −
µc,MPP)/kBTc = x, where x is a value which remains to be found and should be close to 0.7
according to numerical results. To do so, we use the polylogarithmic expression but consider only
the first-order polylogarithm to express the power output, this term being dominant for large
bandgaps as long as Eg − µ does not go to infinity. We get

P = (µc − µh)
(
Ṅh − Ṅc

)
=

E2
g

4π2c2~3
(µc − µh)

[
Li1

(
exp

(
µh − Eg
kBTh

))
kBTh − Li1

(
exp

(
µc − Eg
kBTc

))
kBTc

]
. (2.26)

Defining xi as (Eg − µi)/kBTi and Xi as exp(−xi) (i being either h or c) and using Li1(x) =
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− ln(1− x) gives

P =
E2
g

4π2c2~3
(µc − Eg + Eg − µh)

(
kBTh Li1

(
e−xh

)
− kBTc Li1

(
e−xc

))
=

E2
g

4π2c2~3
(xhkBTh − xckBTc)

(
kBTh Li1

(
e−xh

)
− kBTc Li1

(
e−xc

))
=
E2
gk

2
BT

2
h

4π2c2~3

(
xh −

Tc

Th
xc

)(
Li1
(
e−xh

)
− Tc

Th
Li1
(
e−xc

))
=
E2
gk

2
BT

2
h

4π2c2~3

(
ln(Xh)− Tc

Th
ln(Xc)

)(
ln(1−Xh)− Tc

Th
ln(1−Xc)

)
. (2.27)

Using this last expression, we can show that the power output reaches a maximum for Xh =

Xc = 1/2; the details can be found in Appendix D.2. This means that the maximum is reached
for x = ln(2): ln(2) being approximatively equal to 0.693, x is in perfect agreement with the
numerical results shown in Figure 2.8b. The maximum power is then expressed as

Pmax =
(ln(2)EgkBThηC)2

4π2c2~3
(2.28)

and tends to infinity as the bandgap increases; of course, this holds only because no other
additional losses are considered (this will be further studied in the next chapter). Interestingly,
the radiation exchanged between the LED and the PV cell at the maximum power point
(and for infinitely large bandgaps) has some specific features. The main one is probably that
(Eg − µh,MPP)/kBTh = (Eg − µc,MPP)/kBTc, which means that no radiation is exchanged at the
bandgap energy. This is somewhat counterintuitive as the total radiative heat flux is then far
from its maximum. Also, we can notice that for x = ln(2), fBE(x) exactly equals 1. Still, we miss
a physical explanation of why fBE(xh) = fBE(xc) = 1 gives maximum power - this could be an
interesting development of the current work.

Anyway, we can now derive the efficiency at maximum power for above-bandgap radiation. The
efficiency for any couple of chemical potentials can be expressed as:

η =
(µc − µh)Ṅ

q − µhṄ
=
µc − µh
Eg
ρ − µh

, (2.29)

where ρ = EgṄ/q corresponds to the fraction of energy carried by photons which is useful to
conversion. Then, using (Eg − µh,MPP)/kBTh = (Eg − µc,MPP)/kBTc = x, we find that

Eg − µh,MPP

kBTh
=
Eg − µc,MPP

kBTc
⇔

µc,MPP − µh,MPP

Eg − µh,MPP
= ηC (2.30a)

⇔ Eg − µh,MPP = x · kBTh =
x · kBTc

1− ηC

⇔ Eg
Eg − µh,MPP

= (1− ηC)
Eg

x · kBTc
. (2.30b)

Dividing by Eg − µh,MPP at the numerator and denominator of the expression given in Eq. (2.29)
allows obtaining

ηMPP =
ηC

1 +
(

1
ρ − 1

)
(1− ηC) 1

x
Eg
kBTc

, (2.31)
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in which the only remaining unknown is ρ, which should now be estimated. Since we work in the
limit case of bandgaps much larger than the reference energy kBT , the terms with the largest
powers of Eg should dominate the polylogarithmic expression. However, if only one term is kept
for Ṅi and qi, it gives

ρ =
EgṄ

q
=
Eg · (kBTh − kBTc)E

2
g Li1(e−x)

(kBTh − kBTc)E3
g Li1(e−x)

= 1⇒ ηMPP = ηC, (2.32)

which cannot be correct as power output is zero when operating at the Carnot efficiency. Conse-
quently, we use both first and second order polylogarithm to express Ṅi and qi:

ρ = Eg
(kBTh − kBTc)E

2
g Li1(e−x) + 2(k2

BT
2
h − k2

BT
2
c )Eg Li2(e−x)

(kBTh − kBTc)E3
g Li1(e−x) + 3(k2

BT
2
h − k2

BT
2
c )E2

g Li2(e−x)

=
Eg Li1(e−x) + 2(kBTh + kBTc) Li2(e−x)

Eg Li1(e−x) + 3(kBTh + kBTc) Li2(e−x)
. (2.33)

Then,

1

ρ
− 1 =

(kBTh + kBTc) Li2(e−x)

Eg Li1(e−x) + 2(kBTh + kBTc) Li2(e−x)

∼ kBTh + kBTc

Eg

Li2(e−x)

Li1(e−x)
, (2.34)

and thus (
1

ρ
− 1

)
(1− ηC)

1

x

Eg
kBTc

∼ Tc

Th

(
1 +

Th

Tc

)
1

x

Li2(e−x)

Li1(e−x)

∼ (2− ηC)
1

x

Li2(e−x)

Li1(e−x)
. (2.35)

x = ln(2) is in fact one of the few values for which we have an analytical expression of the
polylogarithmic terms, which gives

χ =
1

x

Li2(e−x)

Li1(e−x)
=

1

ln(2)

π2

12 −
1
2 ln2(2)

ln(2)
=

1

2

(
1

6

(
π

ln(2)

)2

− 1

)
≈ 1.21. (2.36)

Therefore, the highest efficiency at maximum power is

ηMPP =
ηC

1 + (2− ηC)χ
≡ ηEg→∞. (2.37)

This analytical expression is compared to numerical results in Figure 2.9, obtained respectively
for Eg = 1 eV and Eg = 100 keV (labelled Eg → ∞ in the figure). This last value may seem
unnecessarily large, but is in fact required to reach the aimed precision, especially for the highest
heat source temperature. The expression given in Eq. (2.37) shows a perfect agreement with
the data obtained for Eg →∞. In comparison, the efficiency at maximum power obtained for a
bandgap of 1 eV fits quite well the analytical result for low heat source temperature (i.e. Tc/Th

close to 1) but gets further and further off as Th increases, the approximation Eg � kBT being
less and less true. This is not a surprise, as we could already see in Figure 2.8a that the efficiency
at Eg = 1 eV was notably lower than the maximum. The absolute difference with the expression
of Eq. (2.37) is slightly lower than 1 percent point for Tc/Th = 0.5 (at which ηEg→∞ = 17.7%),
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Figure 2.9: Variation of the efficiency at maximum power of a TPX device as a function of the
temperature ratio Th/Tc with complete above-bandgap radiation.

but goes up to 6% for Tc/Th = 0.1.

In comparison to the Curzon-Ahlborn limit obtained for monochromatic radiation, ηEg→∞ is
significantly lower. Considering that Tc/Th is close to one for instance, we can show that

ηCA ∼
ηC

2
, (2.38a)

ηEg→∞ ∼
ηC

1 + 2χ
, (2.38b)

which means that in this range of temperature ratio ηEg→∞ is only 2/(1 + 2χ) ≈ 60% of the
Curzon-Ahlborn efficiency. This gets even more important as Th increases, since ηEg→∞ does not
reach 1 for Th →∞ (contrary to usual efficiencies) but rather goes to 1/(1 + χ) ≈ 45%. Since
ηEg→∞ is so far from the result obtained with monochromatic radiation, does this mean that
the radiation exchanged is far from monochromatic? To answer this question, the spectrum of
the radiation exchanged is shown in Figure 2.10 using (Eg − µ)/kBT = ln(2) for both the LED
and the PV cell. We can notice that the normalised spectra obtained for a 1 eV bandgap or an
infinite (100 keV) bandgap are mostly similar, the former being slightly broadened towards large
energy. Even in this case, 99% of the heat flux is exchanged within a 0.3 eV bandwidth, with
Epeak = 1.03 eV; in comparison, the radiation of a blackbody at temperature 6000 K peaks at
1.5 eV and has a bandwidth of 5 eV, while typical lasers have a bandwidth (called linewidth for
this application) much smaller than 1 meV. These bandwidths are gathered in Table 2.1 along

Table 2.1: Bandwidth and quality factor of radiation emitted by common sources.

Visible laser Light-emitting
diode

Blackbody
(6000 K)

Bandwidth (eV) � 10−3 0.3 5
Quality factor (-) � 103 3.4 0.3
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Figure 2.10: Spectrum of the radiative heat flux exchanged between the LED and the PV cell for
(Eg − µ)/kBT = ln(2) and for Th = 600 K.

with the associated quality factors Epeak/δE. It is clear that the electroluminescent radiation
exchanged is not as broadband as thermal radiation, but far from the monochromatic radiation
of a laser.

We finish this section by connecting the two analytical limits derived for monochromatic and
complete above-bandgap radiation. We show in Figure 2.11 how the maximum power output and
the related efficiency change with the transmission bandwidth ∆E used in Eq. (2.1) (as a reminder,
assuming no radiation is exchanged above Eg + ∆E), in a manner similar to the work done in
[McSherry et al. 2019] for the maximum efficiency. The transition from ηCA (monochromatic) to
ηEg→∞ (complete above-bandgap radiation) appears clearly. This figure also allows to understand
that the monochromatic approximation breaks down for bandwidths greater than 1 meV, while
the complete spectrum limit is reached for bandwidths greater than 0.3, which is consistent with
the spectra provided in Figure 2.10.

2.2.4 Addition of below-bandgap losses

A last question we could ask ourselves is: what is the impact of photons exchanged below the
bandgap on efficiency? In the limit of infinitely large bandgaps, we can in fact assume that the
thermal below-bandgap radiation corresponds to the complete thermal radiation, i.e. using the
Stefan-Boltzmann law:

qb = σ
(
T 4

h − T 4
c

)
. (2.39)

The efficiency is then, keeping the same notation as before (i.e. q, Ṅ for above-bandgap quantities)

η =
P

q − µhṄ + qb

=
ηC

1 + (2− ηC)χ+ qb
ṄxkBTh

. (2.40)
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Figure 2.11: Variation of the maximum power output and the related efficiency with radiation
bandwidth.

In the limit of large bandgaps, we have Ṅ ∝ kB(Th − Tc)E
2
g Li1(exp(−x)) → ∞ as Eg goes to

infinity; therefore, even with below-bandgap losses

ηMPP ∼ ηEg→∞. (2.41)

Therefore, the efficiency at maximum power point should not be significantly changed by the
addition of below-bandgap photons, as the electroluminescent radiation exchanged far exceeds the
energy carried by below-bandgap radiation. This holds as long as the bandgap is large enough
and no other losses are considered - we will see in the next chapter how additional conversion
losses can change this result.

2.3 To sum up

This chapter helped to deepen the understanding of the thermodynamics of thermophotonic
heat engines. First, we showed that radiative heat engines with an active emitter can ideally
(i.e. without entropy generation) work at the Carnot limit. To reach such an efficiency with
TPX would require to either work at the monochromatic limit, or with a multicolour converter
[Green 2006] (i.e. an infinite stack of monochromatic converters) to prevent thermalisation losses
if the complete above-bandgap heat flux is considered. Anyway, this holds for any bandgap for
TPX, which means that a TPX device is simply a Carnot engine at the reversible limit. In
contrast, the maximum efficiency of TPV systems goes from Landsberg limit to the Carnot limit
as the bandgap increases. In this regard, a thermophotonic device can ultimately be a more
efficient heat engine than a thermophotovoltaic device - even if a monochromatic/multicolour
converter is more difficult to make for TPX than for TPV as both the absorber and the emitter
should be properly designed.

Second, we highlighted that if the efficiency at maximum power for a monochromatic TPX device
can reach the Curzon-Ahlborn limit, it decreases significantly (relatively by 40 to 55%) when
considering the complete above-bandgap radiation because of thermalisation losses. Of course, it
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is necessary to consider a non-monochromatic radiation to be able to generate any power: there
is thus a trade-off between power and efficiency, and a limited bandwidth can be considered if the
efficiency at maximum power obtained for broadband radiation is too low for a given application.

Note that the way the efficiency at maximum power was derived for TPX in the case of broadband
radiation cannot be directly applied to TPV. In our case, both power and efficiency increases
with the bandgap energy, and we could directly study the limiting case of Eg →∞. For TPV
however, since the radiation coming from the emitter is inherently limited by Planck’s law, it will
go to zero as Eg →∞ - and so will do the power output. If one wants to study a TPV device
around the true maximum power point, it is thus necessary to search for the optimum bandgap
first. This is typically what has been done for PV in [Shockley & Queisser 1961], and derived
analytically in [Green 2012a] - even if no complete analytical expression has been derived, since
the optimum bandgap has only been expressed numerically in the literature.

Up to now, every component of the device was assumed to work at the radiative limit - i.e.,
that the energy carried by electron-hole pairs is ultimately converted to radiation or to electrical
power. In the next chapter, we will see how non-radiative recombinations, which convert this
energy into heat, impacts the performance - this will be done along with the consideration of
near-field radiation.
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Chapter 3

Detailed-balance analysis of
GaAs-based devices in the near field
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3.1 A small discussion on modelling

3.1.1 Near-field radiation calculations: phenomenological vs. numerical

We now aim to derive the ideal performance of devices in the near field, and study how the main
loss channels will impact the performance. In the far-field developments shown in the previous
chapter, the modified Planck law sets an upper bound to absorption and emission. There is no
such straightforward limit in the near field, as frustrated and surface modes participate to the
heat transfer (see Section 1.2.1). The simplest way to account for them is to multiply the standard
blackbody spectrum by a near-field enhancement factor fNF, as done in [McSherry et al. 2019].
In general, such a factor lacks any physical basis, and is used to fit the enhancement at a given
gap distance. Still, there is one value of interest for this parameter. Recall the expression of the
near-field radiative heat transfer given in Eq. (1.15). If the transmission coefficient is assumed to
be maximum (thus equal to 2), we get:

qω = ~ω∆f0
BE

k2
ρ,max

4π2
(3.1)
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58 Chapter 3. Detailed-balance analysis of GaAs-based devices in the near field

For far-field radiation, we should only account for propagative modes and kρ,max = ω/c: we then
get Planck’s law back. If we now consider both propagative and frustrated modes, kρ,max = nω/c

and thus qω = n2qBBω , n being the refractive index of the emitter/absorber. Thus, fNF = n2

corresponds to the perfect transmission of these two modes, surface modes being neglected1.
Such a high transmission can only be reached for distance much smaller than the characteristic
wavelength and for weakly absorbing materials, as discussed in [Zhang 2007]. Notice that the use
of such near-field factors (independent of the wavelength) in the expressions derived in Chapter 2
will not change the efficiencies obtained, since it can directly be simplified (through factorisation
in numerator and denominator).

Anyway, to avoid being limiting by these rather strong assumptions, we choose to compute
numerically the integral over kρ of the transmission coefficient required to obtain the near-field
radiative heat transfer between the LED and the PV cell. Both components are assumed to be
semi-infinite, and the analytical expression of the transmission coefficient presented in Section
1.2.2 can be used to compute the heat flux density q and the photon flux density Ṅ (see Eq.
(1.16)).

3.1.2 On non-radiative recombinations and the vagueness of the quantum
efficiency definition

In this chapter, we will move away from the radiative limit and consider non-radiative recom-
binations. As explained in Section 1.1.2, when such recombinations occur, the energy carried
by electron-hole pair is lost into heat rather than converted to radiation. To keep the model
simple, we will not try to compute each contribution individually, but will simply express the
total non-radiative recombination rate as a function of the radiative recombination rate and the
fraction of recombinations being radiative (which will be manually set). One question is then:
how to name this last parameter? In [Harder & Green 2003], it is called the external quantum
efficiency; however, since the quantum efficiency has different definitions, we first review them.

Generally, two different quantum efficiencies can be considered: the Internal Quantum Efficiency
(IQE) and the External Quantum Efficiency (EQE). In an LED, these two quantities describe the
efficiency in converting electron-hole pairs into photons and are expressed as

IQE =
R̄rad

R̄
=

R̄rad

R̄rad + R̄nonrad
, (3.2a)

EQE =
R̄rad,ext

R̄
=
R̄rad,ext

R̄rad
IQE. (3.2b)

As in the previous chapter, R̄ represents the total recombination rate obtained after integration
over the whole thickness. The two definitions are quite close, the difference being that the IQE is
computed from all the radiative recombinations happening inside the component R̄rad, while the
EQE focuses on the photons emitted by radiative recombinations which can escape the component
R̄rad,ext (i.e. not being reabsorbed inside the component, which corresponds to photon recycling).
These two quantities are related through the extraction efficiency R̄rad,ext/R̄rad. It is also possible

1A near-field radiative heat transfer model which can properly handle surface modes has actually been recently
proposed [Papadakis et al. 2021], and is based on the parametrisation of the transmission coefficient. This model
is however mainly made to model surface modes-dominated radiation, and remains phenomenological.
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to find the EQE expressed as

EQE =
eṄ

J
=
R̄rad,ext − Ḡrad

R̄− Ḡ
, (3.3)

Since an LED emits much more light than it absorbs, R̄� Ḡ and this expression is approximately
equal to the previous one - this definition is sometimes preferred as it is based on physical
quantities which are much easier to measure.

In a PV cell, the quantum efficiency is defined differently2, and is given by

IQE =
J

eṄabs

=
Ḡ− R̄
Ḡrad

, (3.4a)

EQE =
J

eṄincident

= A · IQE, (3.4b)

These definitions focuses on the conversion efficiency of photons into charges, either taking the
photons absorbed in the cell (IQE) or coming from outside the cell (EQE) as a reference. The
absorptance of the cell A links these two quantities.

Coming back to the parameter we want to use to express the non-radiative recombinations (the
fraction of recombinations being radiative), it is clear that it fits well the definition of the LED
quantum efficiency. Since the radiative recombination rate is computed from the photon flux
density emitted towards the opposite component, they correspond to R̄rad,ext and the LED EQE
definition can be a suitable choice (done e.g. in [Harder & Green 2003]). But at the same time,
assuming µ = eU leads the photon chemical potential to be constant throughout a component,
therefore the net photon flux density between any couple of points inside the component to be
zero. Since we suppose that all reabsorption occurs through interband transitions, it means that
photon recycling - corresponding to the reabsorption of photons emitted inside a component - has
no effect overall: Ḡrec − R̄rec = 0. Consequently, we only need to compute external quantities, so
that the total radiative recombination rate R̄rad we obtain equals R̄rad,ext, and thus IQE = EQE:
using the LED IQE definition is also a valid choice (and was used in our previous work [Legendre
& Chapuis 2022a, Legendre & Chapuis 2022b]). To make clear that both definitions can equally
work, this parameter will simply be referred to as the quantum efficiency (QE) in the following
as long as there is no net contribution of photon recycling.

Now that this is settled, we can go back to the electrical modelling. The non-radiative recombina-
tions are expressed from the QE:

QE =
R̄rad

R̄rad + R̄nonrad
⇔ R̄nonrad =

1−QE
QE

R̄rad. (3.5)

As briefly discussed previously, non-radiative recombination comes along with non-radiative
generation, which should remain constant with the applied voltage and cancel non-radiative
recombination at zero voltage [Harder & Green 2003]. Therefore

Ḡnonrad =
1−QE
QE

R̄rad(U = 0). (3.6)

2Actually, the radiative efficiency (IRE or ERE) is the PV quantity which has the same definition as the LED
quantum efficiency [Green 2012b].
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Using Ḡrad = Ṅabs and R̄rad = Ṅem, the current density can then be expressed as

J = e(Ḡ− R̄) = e

(
Ḡrad − R̄rad −

1−QE
QE

(R̄rad − R̄rad(U = 0))

)
= Jrad − e

1−QE
QE

(
Ṅem − Ṅem(U = 0)

)
, (3.7)

where Jrad = e(Ṅabs− Ṅem) corresponds to the expression of the current obtained at the radiative
limit. The above expression will be used in the following of the chapter to compute the electrical
current density/power of the LED and the PV cell. Notice that neither the current nor the voltage
of the LED and PV cell are matched: this means the overall device would require additional
electronics to operate. The study of self-sustaining TPX devices has been notably performed in
[Zhao et al. 2019], but will not be further investigated in the frame of this manuscript.

3.2 Why GaAs-based structures?

3.2.1 Required properties for performant thermophotonics

The main input needed to compute the near-field radiative heat transfer is the dielectric function
of the material considered. But as of now, the material which would lead to the best results is
unknown. To tackle this issue, a basic model of dielectric function can be defined, which should
be applicable to any of the materials of interest. Since this section will focus on the power output
of TPX devices, only above-bandgap properties are needed, and the model can be restricted to
interband contributions. A flat dielectric function ε = 10 + 1i is chosen as a first estimation, the
real and imaginary parts of most usual semiconductors being in this order or magnitude above

TPV-like

True TPX

Figure 3.1: Maximum power production of NF-TPX devices with constant interband dielectric
function 10 + 1i, with respect to the bandgap and the quantum efficiency. The gap distance is set
to 10 nm, the LED and PV cell temperatures to 600 K and 300 K respectively.
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(a) (b)

Figure 3.2: (a) Variation of the power output with respect to the LED voltage, for TPV-like (QE
= 0.1, Eg = 0.2 eV) and true TPX (QE = 0.95, Eg = 1 eV) behaviour. For each LED voltage,
the power output shown corresponds to the maximum obtained by varying the PV cell voltage.
In both cases, power output is normalised by the maximum power. (b) Bandgap energy leading
to maximum power output, computed for high quantum efficiencies.

the bandgap. The model defined in [Lin et al. 2018] and provided in Eq. (1.22) has been used for
verification, and gave almost the same results3.

This being set, Eg and QE can be varied in Eq. (3.7) to examine their influence on the performance.
In fact, the impact of each of these parameters has already been investigated individually for
far-field TPX in [Sadi et al. 2022]. In Figure 3.1, we show the coupled effect of Eg and QE
on maximum power output, obtained at a gap distance of 10 nm and for TLED = 600 K and
TPV = 300 K. Two main regions of power production can be spotted. The first one is located at
low bandgap (Eg ≤ 0.5 eV) and for QE up to 0.8: this is a TPV-like region. Thermal radiation
emitted by the LED peak at around 3kBTLED ≈ 0.15 eV photon energy, following Wien’s law.
With such small bandgaps, a significant fraction of thermal radiation can be converted by the
PV cell, enabling efficient TPV conversion - for low QEs, the optimum bandgap is between
2 and 3kBTLED, close to Shockley-Queisser limit for PV conversion (2.2kBTLED) [Shockley &
Queisser 1961]. However, the LED is not efficient enough in this range of quantum efficiency
and the maximum power point is reached for zero (or almost) LED voltage, hence the name
"TPV-like". This is depicted in Figure 3.2a, where the variation of power output with the LED
voltage is shown for a QE of 0.1 and a bandgap of 0.2 eV.

The second region can be found at high quantum efficiencies (QE ≥ 0.9). This would correspond
to the "true TPX" region, as a significant LED voltage is required to generate substantial power
(see Figure 3.2a, obtained with QE = 0.95 and Eg = 1 eV). The improvement of electrical power
production with QE is dramatic there, especially at high bandgap: the order of magnitude of
its increase rate from a QE of 0.9 to 1 is 102 and 107 for bandgaps of 1 and 4 eV, respectively.

3Note that since the components are supposed to be semi-infinite, the transmission coefficient is directly related
to the reflection and transmission coefficients at the interfaces, and is thus mainly directed by the real part of the
dielectric function as ε′ � ε′′.

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0094/these.pdf 
© [J. Legendre], [2023], INSA Lyon, tous droits réservés



62 Chapter 3. Detailed-balance analysis of GaAs-based devices in the near field

While going towards higher QEs always helps to reach higher performance, there is actually an
optimal bandgap energy for a given quantum efficiency: this optimum is shown in Figure 3.2b.
Originally between 2 and 3kBTLED, it first increases smoothly (reaching Eg = 0.68 eV for a QE of
0.96) before diverging when getting close to the ideal case - this divergence being consistent with
results from the previous chapter (see Figure 2.8). Such an increase comes from the fact that for
high quantum efficiencies, the LED can be strongly biased: the emitted radiation is then highly
electroluminescent, and spectrally centred around the bandgap energy, so that it doesn’t matter
that thermal radiation at such high photon energy is negligible for the temperature considered.

In the end, what conclusions can be drawn from these results about the required materials
properties? Regarding the bandgap energy, while it is constrained by the emitter temperature
in TPV, it is not the case in TPX thanks to the electroluminescent radiation. But in order to
have a true TPX behaviour, the QE must be high - at least 0.8, or even 0.9. This parameter
should thus guide the decision. GaAs was selected among the plausible semiconductors, for
several reasons. In terms of quantum efficiency, [Bender et al. 2013] reported an EQE larger
than 0.99 for a GaAs-based cooling structure, and electroluminescent cooling was demonstrated
with a GaAs-based LED [Radevici et al. 2019]. Furthermore, GaAs is a widely used material for
high-efficiency solar PV, thanks to its high QE and 1.42 eV bandgap at room temperature. It
has been used either in thin-films [Kayes et al. 2011] or in multijunctions, directly [Takamoto
et al. 2014] or in alloys [France et al. 2022] (see Figure 1.14 for more details). Its properties were
thus intensely studied and available for simulations. Note of course that other materials could be
of interest for TPX applications (e.g., GaN) but will not be studied here.

3.2.2 Aligning bandgaps for optimal conversion

In the previous subsection, we only talked about choosing one material which has the required
QE and bandgap. But GaAs, as other semiconductors, sees its bandgap energy decrease with
temperature following Varshni’s equation [Varshni 1967]:

Eg(T ) = Eg(0 K)− αT 2

T + β
, (3.8)

where α and β are two positive constants for a given material. For GaAs, Eg(0 K) = 1.52 eV,
α = 0.55 meV.K−1 and β=225 K [Gonzalez-Cuevas et al. 2006], which means the bandgap goes
down to 1.28 eV at 600 K. In the previous chapter, we assumed the LED and PV cell bandgaps to
be equal so that electroluminescent emission from the LED could generate as much electron-hole
pairs as possible, but did not show what is the effect of bandgap mismatch. Using as a base
scenario the "true TPX" example given in Figure 3.2a, we show in Figure 3.3 how abrupt the
decrease of power produced is when the LED bandgap gets further from that of the PV cell. To
generate at least 1% of the maximum achievable power, the LED bandgap should range from
0.99 to 1.09 eV considering a PV cell bandgap of 1 eV.

Of course, such narrowness also comes from the assumption that the absorption tail is abrupt at
the bandgap (i.e. that there is no absorption due to interband transitions below the bandgap).
In reality, this is not strictly correct as some states can be available inside the bandgap, causing
some interband transitions to occur even with photons whose energy is tens or even hundreds
of meV lower than Eg. Such effects, which will be analysed in Section 5.3, may smoothen the
electrical power peak in Figure 3.3. Still, the abrupt-bandgap approximation being mostly correct,
the LED and the PV cell shall not be made of the same material.

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0094/these.pdf 
© [J. Legendre], [2023], INSA Lyon, tous droits réservés



3.3. Performance of an AlGaAs-GaAs device in the near field 63

Figure 3.3: Variation of maximum power with the bandgap mismatch, for materials with dielectric
function ε = 10 + 1i and for a PV cell bandgap of Eg = 1 eV.

Surprisingly, the need for bandgap matching is not systematically considered in TPX literature.
While [Zhao et al. 2018] takes it into account, [Matsuno et al. 2022] uses black phosphorus for
both LED and PV cell; this might partly explain why the maximum power output obtained are
much lower than other results. In the case of [Yang et al. 2022], two different materials are used
but their bandgaps match only for a 520 K heat source temperature. However, they consider
different heat source temperatures and bandgaps are therefore unmatched; to prevent excessive
power drop, they assume that no electroluminescent radiation is exchanged below the highest
bandgap (which in their case is the PV cell bandgap), which is a rather strong assumption.

In most of this manuscript, we choose to work with AlGaAs on the LED side. Alloying GaAs
with AlAs increases the bandgap, which allows to counter its natural decrease with temperature
on the LED side. Bandgaps can thus be matched for any LED temperature by carefully setting
the alloy fraction. While other materials can show similar behaviour, using AlGaAs for the LED
ensures that its properties are close to those of GaAs, which are those of interest to obtain highly
efficient conversion. Moreover, AlGaAs lattice constant does not change with Al fraction, which
makes growth on GaAs substrate easier. A similar choice was made in [Zhao et al. 2018], with
the difference that the PV cell was also made of AlGaAs.

Other alloys could be attractive, for instance InGaAs on the PV cell side (since its bandgap is
lower than that of GaAs at room temperature): with an InGaAs PV cell, the LED can be made
of pure GaAs, and lower bandgaps can be reached. However, the careful selection of material for
each component is not of major interest prior to the complete device design and analysis, and
will thus be further discussed in Chapter 6.

3.3 Performance of an AlGaAs-GaAs device in the near field

The aim now is to study, for a given device, how electrical power output and efficiency vary with
LED and PV cell voltages. Many studies on TPX (for energy harvesting or cooling purposes) show
the variation of these quantities with LED voltage [Harder & Green 2003, Chen et al. 2017, Zhao
et al. 2018, Matsuno et al. 2022, Yang et al. 2022], but the impact of the PV cell voltage is
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always missing. In some articles, the QE is computed from material properties and thin-films
are considered, but this is done to design devices. As in [Harder & Green 2003], we rather want
to understand what the role of the different parameters in the model is and to keep the results
general, so the QE is set manually in Eq. (3.7) and the same QE is considered for the LED and
the PV cell. Also, both components are considered to be semi-infinite. Many of the results shown
here were published in [Legendre & Chapuis 2022a], except Figure 3.8 which was published in
[Legendre & Chapuis 2022b].

3.3.1 Power-voltage characteristics

3.3.1.1 Power production region and equivalent Raveau diagram

Instead of looking directly at the numerical results, we can first try to understand what are
the range of LED and PV cell voltages in which power is generated, i.e. where is the power
production region (PPR) in a (ULED, UPV) map. To do so, we derive analytically the solution to
P = 0 and look for a relation between ULED and UPV, in order to delimit the PPR.

First, the electrical power circulating through each component should be compared. Eq. (3.7)
gives JLED = −e

(
Ṅ + (1−QE)/QE · Ṅem,LED

)
and JPV = e

(
Ṅ − (1−QE)/QE · Ṅem,PV

)
. In

order to generate power, the LED should consume less than what the PV cell produces:

P ≥ 0⇔ PPV ≥ −PLED

⇔ UPV ≥ ULED
−JLED

JPV

⇔ UPV ≥ ULED
QE · Ṅ + (1−QE) · Ṅem,LED

QE · Ṅ − (1−QE) · Ṅem,PV

.

Now, if the temperature difference between the LED and the PV cell is large enough, and if the
applied voltage on the PV cell is not much larger than that of the LED, Ṅem,LED � Ṅem,PV

and thus Ṅ ≈ Ṅem,LED. If the QE is not too low, we have QE · Ṅ � (1−QE) · Ṅem,PV and the
previous inequation transforms into

P ≥ 0⇔ UPV ≥
ULED

QE
. (3.9)

This condition, approximative for QE < 1 because of the assumptions presented above, is strictly
correct for QE = 1. For a given LED voltage, ULED/QE is therefore the minimum PV cell voltage
for which power can be generated.

There is also a maximum PV cell voltage for a given LED voltage, which arises from the condition
Ṅ ≥ 0. Indeed, if UPV gets too large, the PV cell emission is sufficiently electroluminescent to
surpass thermal (or slightly electroluminescent) radiation coming from the LED. Then, the PV
works as an LED, the LED as a PV cell, and heat (at least above the bandgap) goes from cold to
hot: the device has switched to a heat pump configuration. Note that Ṅ = 0 is strictly equivalent
to P = 0 only for QE = 1: for QE < 1, if Ṅ = 0, both LED and PV cell consumes electrical
power, and the device does not work as a heat engine nor as a heat pump. Still, the variation of
current with voltage in this area is sufficiently sharp so that the line representing Ṅ = 0 remains
close to P = 0.

This limit can be derived similarly to Eq. (2.13) (obtained with a passive emitter). We assume
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Figure 3.4: Equivalent Raveau diagram for TPX heat engines at the radiative limit (QE = 1).

that the transmission function varies as (~ω)n (n being an integer greater or equal to -2), so that
the photon flux density can be expressed in terms of polylogarithms. Then, we suppose that
Eg is much larger than kBT and eU , allowing to reduce the expression of Ṅ to one simple term
(similarly to Boltzmann’s approximation). Writing (Eg − eUi)/kBTi = xi for simplicity, it gives

Ṅ ≥ 0⇔ q ≥ 0⇔ kBTLED exp(−xLED) ≥ kBTPV exp(−xPV)

⇔ −xPV ≤ −xLED + ln

(
TLED

TPV

)
⇔ eUPV ≤ (1− ηC)eULED + ηCEg + kBTPV ln

(
TLED

TPV

)
(3.10a)

⇔ eUPV . (1− ηC)eULED + ηCEg. (3.10b)

Eq. (3.10a) can be simplified into Eq. (3.10b) since the last term is in general negligible: for
TLED = 600 K, TPV = 300 K and Eg = 1.42 eV, ηCEg = 0.71 eV and kBTPV ln(TLED/TPV) = 0.02

eV. If the applied voltage comes close to the bandgap energy, the second approximation is not
correct any more and the polylogarithmic expression should be used to obtain a non-linear relation
between the two voltages. Anyway, the maximum admissible PV cell voltage is a function of the
LED voltage, the ratio of temperature and the bandgap energy.

The results obtained in the derivations presented above are summarised in Figure 3.4, given for
a QE of 1. Since the LED and the PV cell exchange their operation when crossing the isoline
Ṅ = 0 (Eq. (3.10)), these results are shown as functions of Uc and Uh, rather than UPV and
ULED. Such figure can be understood as an equivalent Raveau diagram for TPX devices, giving
the region where the device works as a heat engine or as a heat pump as a function of the cold
and hot bodies voltages (in a usual Raveau diagram, these regions are given as a function of heat
flux exchanged with heat source and sink). Notice how neither of the two limiting equations for
the PPR depend on the photonic transmission function: the shape of this region should thus
remain quite unaffected by the gap distance.
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(a) (b)

Figure 3.5: P-VV characteristic of an AlGaAs-GaAs NF-TPX device, for a 10 nm gap distance
(TLED = 600 K, TPV = 300 K), respectively for (a) QE = 1, (b) QE = 0.9. The full line
corresponds to Eq. (3.9), the dashed line to Eq. (3.10a).

3.3.1.2 P-VV characteristic of AlGaAs-GaAs devices

We can now have a look at the power generated by an AlGaAs-GaAs device as a function of the
voltage, and compare the PPR with the one presented in the previous section. As a reminder,
all the material properties used can be found in Appendix B; the data related to the phononic
contribution having no dependency with temperature, they are taken at 300 K. For an LED
heated at 600 K, the alloy fraction should be set to 12.1% to match bandgaps. The performance
of such a device is simulated at a 10 nm gap distance, for a QE of 0.9 (supposedly achievable
scenario) and 1 (ideal scenario). These results are shown in Figure 3.5, where the power output
of the device is given as a function of both LED and PV cell voltages. Such figure will later
be called "P-VV characteristic", similarly to "I-V" (current-voltage) or "P-V" (power-voltage)
characteristics in PV and LED applications.

The first element which can be noticed is that the PPR delimited in the previous section matches
well the numerical results, except maybe when the two limiting lines come close to each other for
QE = 0.9. Actually, the maximum power point is in both cases close to the point where these two
lines cross each other: if any voltage is increased from there, the power output abruptly drops to
zero. The LED voltage at maximum power point is thus close but slightly smaller than the LED
voltage at the line crossing, expressed using Eq. (3.9) and Eq. (3.10b) as

eULED

Eg
=

ηCQE
1− (1− ηC)QE

. (3.11)

Comparison of the two figures also reveals that power output at moderate voltages is similar for
QE = 0.9 and 1, and significantly differs only under high voltage (ULED & 1 V). This is better
seen in Figure 3.6, in which the maximum power output obtained for each LED voltage is given
(named in the following of the manuscript "P-VLED characteristic"). In both cases, the power
output starts by increasing almost proportionally to exp(eULED/kBTLED): this is due to P being
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Figure 3.6: P-VLED characteristic of an AlGaAs NF-TPX device.

strongly correlated to the above-bandgap heat flux, which itself roughly increases as such using
Boltzmann’s approximation and assuming the PV cell emission to be negligible compared to
that of the LED. Following this exponential increase, power output reaches a maximum - for a
given voltage varying with QE - before quickly dropping to zero. The respective maximum power
output for QEs of 0.9 and 1 are 0.13 and 99 W.cm−2, obtained for couples (ULED,UPV) equal to
(1 V,1.17 V) and (1.39 V, 1.41 V).

3.3.1.3 Additional losses due to series resistance

Apart from non-radiative losses taken into account through the QE, other losses could drive
the maximum power output away from the QE = 1 optimum. One such loss source is series
resistance, which consumes an electrical power density RsJ

2 in each component (Rs being the
series resistance in Ω.cm2 and J the current density in the component). Series resistance can for
instance arise from the semiconductors forming the components or from the metallic contacts
delivering/extracting the charge carriers.

The impact of series resistance on power output is illustrated in Figure 3.7 for QEs of 1 and 0.9.
In both cases, power output starts to decrease towards zero above a given threshold of series
resistance. Since higher electrical powers, and thus higher currents, are flowing through the device
in the QE = 1 case, it is more sensitive to series resistance. Defining Rs,50% as the series resistance
at which 50% of power has been lost, we find it to be equal respectively to 4× 10−6 Ω.cm2 and
to 6× 10−3 Ω.cm2 for QEs of 1 and 0.9. This comes from the inverse variation of Rs,50% with
respect to the maximum power output, which appears clearly when computing Rs,50% for different
QEs (dashed line in the figure). As a result, the power output enhancement observed at a given
series resistance when QE increases from 0.9 to 1 becomes more modest: originally close to 750,
it goes down to 8 for Rs = 10−2 Ω.cm2 and to 3 for Rs = 1 Ω.cm2.

To give meaning to these results, one of the lowest values of series resistance achieved for TPV
cells is 6× 10−3 Ω.cm2 and was obtained in [Tervo et al. 2022], while some other devices cited in
this paper reached values in the order of tens of mΩ.cm2. It will therefore be a technical challenge
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Figure 3.7: Impact of series resistance on maximum power output in the two cases considered in
Section 3.3.1.2.

to reach sufficiently low series resistance to prevent significant Joule heating, and the interest of
going towards unity QE is largely mitigated if series resistance is not simultaneously decreased.

In the remaining of the chapter, no series resistance will be considered with the aim of studying
the most optimistic cases.

3.3.1.4 Comparison to other solid-state heat engines

To put the performance of NF-TPX devices into perspective, we show in Figure 3.8 a new version
of Figure 1.17 completed with the variations of power output of NF-TPX devices with heat source
temperature. As a reminder, two scenarios are considered for each of these technologies, one ideal
(full line) and the other more realistic (dashed line). For NF-TPX, these two scenarios correspond
to the QE = 1 and QE = 0.9 cases respectively, still with the AlGaAs-GaAs device and for a 10
nm gap distance.

As discussed previously, NF-TPX performance is highly sensitive to QE: compared to the ideal
case, the power output drops by a factor 107 at 400 K, 104 at 500 K and 103 at 600 K in the more
realistic scenario, even if the QE considered is much higher than that of TPV in the equivalent
scenario (6 × 10−5). NF-TPX is therefore the technology with the largest difference between
the two scenarios. Nonetheless, the use of an LED as the active emitter allows to significantly
increase power output for low heat source temperatures, NF-TPX surpassing NF-TPV around
400 K considering the realistic case. Interestingly, the upper limit of maximum power output
obtained for NF-TPX almost matches that of TE. This means that NF-TPX can be competitive
with TE for low-grade heat recovery; however, very high quantum efficiencies will be required to
compete.

The comparison with literature results is not straightforward, as different bandgaps are considered
for the PV cell (0.34 eV in [Matsuno et al. 2022], 1.34 eV in [Yang et al. 2022], 1.64 eV in [Zhao
et al. 2018]) or even different gap distances (50 nm in [Matsuno et al. 2022]). But as shown in
Section 3.2.1, the variation of performance with bandgap is not dramatic between 1.3 and 1.7 eV,
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Figure 3.8: Variation of power output for different solid-state heat engines, as a function of the
heat source temperature. Full and dashed lines represent ideal and more realistic scenarios (for
NF-TPX, corresponding to the QE = 1 and QE = 0.9 cases).

so quantitative comparison with [Zhao et al. 2018] and [Yang et al. 2022] should make sense. The
power output obtained at the radiative limit in [Zhao et al. 2018] (downward-pointing triangle)
matches well our own result. In these two articles, QE was computed from material properties
rather than set manually and can change with temperature: this explains why one result obtained in
[Yang et al. 2022] is above the QE = 0.9 line, while the other is below. Apart from this last point,
all the other results from literature are between the two limiting cases considered.

3.3.2 Radiation in the near field

3.3.2.1 From far to near field

Since the beginning of the chapter, the gap distance was fixed at 10 nm, but it is important
to bear in mind how the performance of a TPX device varies with the gap distance. This can
be analysed more precisely by studying how each type of electromagnetic mode impacts this
performance, e.g. as done in [Bernardi et al. 2015] for NF-TPV.

The influence of the gap distance is shown in Figure 3.9. The variations of the different electrical
power densities are drawn in Figure 3.9a along with those of the above-bandgap heat flux density
(both total and per mode) exchanged between the LED and the PV cell, obtained at maximum
power point for QE = 0.9. Globally, the different electrical quantities vary similarly to the
above-bandgap heat flux. Note how close PV cell power production and LED consumption are,
and how much larger they are compared to the net production: both PLED and PPV are around
35 times larger than P , for any gap distance. This means that most of the energy produced by
the PV cell is directly used to power the LED.

If we now look at the variation of the heat transferred with the gap distance, four main regimes
can be identified:

1. Above a few micrometres, only propagative modes participate to the heat transfer and
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remain constant: this is far-field radiation. As a result, power output does not depend on
distance.

2. Between hundreds of nanometres and a few micrometres, propagative modes are still
dominant but oscillate due to interferences: this is a far-field coherent regime [Tsurimaki
et al. 2017].

3. Between 30 nm and 200 nm, the heat transfer increase rate is at its highest. This happens
mainly thanks to frustrated modes, which now dominate heat transfer through the nanogap.
Consequently, this is also where the gain of power output is the largest.

4. Below 30 nm, the increase is much slower as transmission comes close to maximum for these
two modes. At 1 nm gap distance, transmission through surface modes is significant but
still lower than through frustrated modes.

The maximum heat transferred through propagative and frustrated modes can in fact be computed
using the expression given in Eq. (3.1). The following assumptions are used:

• the heat flux is dominated by LED emission, so that every term related to the PV cell can
be neglected;

• the Boltzmann approximation holds for the LED, so that electroluminescent enhancement
can be taken into account independently of the integral over frequency;

• the LED refractive index is almost constant close to Eg, so that it can be taken out of the
integral;

• the LED voltage at maximum power does not change with the gap distance.

Defining FEg(T ) as the fraction of blackbody radiation emitted above the bandgap by a body at
temperature T , we get:

qmax,prop = exp

(
eULED

kBTLED

)
· FEg(TLED)σT 4

LED, (3.12a)

qmax,frus = (n2 − 1)qmax,prop. (3.12b)

This gives qmax,prop = 0.75 W.cm−2 and qmax,frus = 8.9 W.cm−2 for an LED temperature of 600
K and an LED voltage of 1 V (the optimum voltage for QE = 0.9), close to the numerical results
obtained at 1 nm.

The variation of below-bandgap heat transferred through the different modes as a function of the
gap distance is depicted in Figure 3.9b, for undoped materials. Globally, the same regimes can
be found, but the transition between them occurs at larger distance. As shown in Section 1.2.1,
near-field enhancements appear for ratios d/λ close to or lower than 1, λ being the wavelength.
Since below-bandgap photons have larger wavelength, it is logical to reach the near field at
larger gap distance. Contrary to above-bandgap heat transfer, surface modes have a significant
role in below-bandgap heat transfer: already significant at a 100 nm gap distance, they are
largely dominant at 10 nm where they increase as 1/d2, which is a standard result for extreme
near-field heat transfer between semi-infinite materials [Loomis & Maris 1994, Pascale et al. 2023].
Consequently, the below-bandgap heat flux goes from 0.4 to 50 W.cm−2 from far field to a 10 nm
gap distance. In comparison, above-bandgap heat flux obtained with ULED = 1 V increases from
0.4 to 6 W.cm−2 only, which means that the fraction of radiation exchanged above the bandgap
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(a) (b)

Figure 3.9: Influence of the gap distance on the different energy flows circulating through the
device, at maximum power point and for a QE of 0.9. The different electrical powers and the
above-bandgap heat transfer are provided in (a), while below-bandgap heat transfer is provided
in (b).

goes down from 50% to 10%; without electroluminescence from the LED, it represents a negligible
fraction of both far- and near-field heat transfer.

3.3.2.2 Radiation spectrum in the near field

When going in the near field, the total heat transferred not only increases but also changes
spectrally. This is shown in Figure 3.10a, where the spectrum of heat transferred between undoped
LED and PV cell is given in the far field and for a 10 nm nanogap. In the far field, the spectrum
is mostly smooth (except around 40 meV photon energy) and the maximum spectral heat flux
density is reached around 0.14 eV, close to the value dictated by Wien’s law (∼ 3kBTLED ≈ 0.15
eV). In contrast, the maximum is reached at only 36 meV in the near field, in the same range of
energy where far-field heat flux quickly varies. This is due to surface phonon-polariton resonances,
which give rise to huge heat transfer through surface modes at the resonance frequency. Actually,
two separate resonances are visible (the second one being at 46 meV) due to GaAs-like modes
and AlAs-like modes [Adachi 1994]. At these resonances, the near-field enhancement factor can
be as high as 105, while it goes down to 10 for larger photon energy (coming close to the n2 limit
discussed previously). This explains the large impact of surface modes presented in the previous
section.

Figure 3.10b depicts how doping modifies the heat transfer, both LED and PV cell being n-doped
with a concentration of 5× 1018 cm−3. While largely decreased in the far field, it increases the
below-bandgap heat flux to 1200 W.cm−2 for a 10 nm nanogap, caused by surface plasmon-
polaritons showing a wide resonance around 0.1 eV. The resonance frequency increasing as the
square root of the doping level (see Section 1.2.3), the effect is particularly visible in the case
considered as the doping level is high. It is interesting to notice that due to this large plasmonic
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(a) (b)

Figure 3.10: Spectral thermal heat flux density exchanged between the LED and the PV cell for
different gap distances and for (a) undoped and (b) n-doped materials (5× 1018 cm−3). For the
electroluminescent (EL) case, the voltages obtained at maximum power point for QE = 0.9 are
taken. In panel (a), the value of the thermal (th.) heat flux density is also provided.

resonance, the surface phonon-polariton resonance is much weaker than in the undoped case.

Such a large below-bandgap heat flux could have a dramatic effect on power output and efficiency,
as will be shown subsequently in this chapter. However, the scenario considered here is a worst-
case scenario: with symmetrical and high doping levels in the LED and the PV cell, the resonance
is maximum and reached at large photon energy. In order to study an intermediate between this
worst-case scenario and the "no below-bandgap radiation" scenario, we will consider undoped
materials for the remaining of the chapter.

3.3.3 Efficiency and below-bandgap photons

3.3.3.1 Above-bandgap efficiency

Along with power output, it is useful to understand how efficiency varies with voltage. We show
in Figure 3.11 the η-VV and η-V characteristics of TPX devices, considering only above-bandgap
photons to quantify how efficient the conversion is. We therefore neglect below-bandgap losses.
Regarding the η-V characteristic, for a given LED voltage, we provide both the maximum
achievable efficiency (in full line) and the efficiency at maximum power (in dashed line).

Looking first at the Figures 3.11a and 3.11b, it appears that the largest efficiencies are reached
close to the line where the net photon flux density equals zero (dashed line), especially in the
QE = 1 case. This means that maximum efficiency is reached when no current circulates in the
components, i.e. at open-circuit voltage: this is where reversible operation can be approached,
as discussed in Section 2.1. In the QE = 0.9 case, the maximum efficiencies move away from
the Ṅ = 0 limit as voltages increase, mainly since it is not strictly equivalent to open-circuit
operation due to non-radiative losses. Regarding the minimum efficiencies, they are reached in
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(a) (b)

(c)

Figure 3.11: η-VV characteristic of an AlGaAs-GaAs NF-TPX device, for a 10 nm gap distance
(TLED = 600 K, TPV = 300 K), respectively for (a) QE = 1, (b) QE = 0.9. The full line
corresponds to Eq. (3.9), the dashed line to Eq. (3.10a). (c) η-V characteristics of AlGaAs-GaAs
NF-TPX devices. In all these figures, only above-bandgap photons are considered.
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both cases close to the P = 0 limit set by Eq. (3.9), since heat should be supplied to the LED to
keep it at high temperature while no electrical power is generated. The variations of LED and
PV cell efficiency with voltages are not shown here for the sake of brevity, but remains globally
similar to those obtained for monochromatic radiation (ηLED = Eg/ULED, ηPV = UPV/Eg).

Results presented in Figure 3.11c clearly show that for a given LED voltage, maximum efficiency
and efficiency at maximum power are close to each other: the maximum absolute difference
between these two is close to 5 percent points for QE = 1 (around ULED = 1.05 V) and to 2%
for QE = 0.9 (at ULED = 0 V). Globally, the maximum efficiency and efficiency at maximum
power are respectively equal to 47% and 17% for QE = 1, and to 45% and 9% for QE = 0.9. In
both cases, maximum efficiency is not far from the Carnot limit, but will not reach it due to
thermalisation process happening for photons with energy higher than Eg. These maxima are
reached at zero LED voltage, and are almost the same for the two QEs considered. However,
achieving high QEs allows maintaining high efficiency for a wider range of LED voltage, the
efficiency at maximum power for QE = 1 being thus twice larger than its QE = 0.9 counterpart.
The value obtained at QE = 1 (17.3% with more precision) can also be compared to the limit
derived for an ideal far-field spectrum in Section 2.2.3: with TLED = 600 K and TPV = 300 K,
Eq. (2.37) gives 17.7%. While the case considered here (realistic emission/absorption profile in
the near field) is pretty different from the assumptions taken in the previous chapter, the result
obtained for QE = 1 matches well the analytical expression with only 2% relative error. This
pinpoints the interest of using this equation as an upper bound for efficiency at maximum power.

To wrap up information about power output and efficiency, the TPX performance can be presented
in an η-P diagram, as shown in Figure 3.12. The full line corresponds to the convex envelope of
the set of achievable (η,P) couples, so that every couple inside (filled in colour) can be reached by
properly setting the two voltages. Such representation allows to quickly obtain the power output
and related efficiency at maximum power (on the right) and maximum efficiency (in the upper
left corner), as well as the optimum performance in between these two points (along the full line).

Figure 3.12: η-P characteristic of an AlGaAs NF-TPX device considering only above-bandgap
photons, for a 10 nm gap distance (TLED = 600 K, TPV = 300 K). The full line represents the
convex envelope in which any point can be reached by setting the voltages properly.
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Figure 3.13: η-V characteristic of an AlGaAs NF-TPX device considering only above-bandgap
photons or complete spectrum, for a 10 nm gap distance (TLED = 600 K, TPV = 300 K).

3.3.3.2 Total efficiency

As shown in Section 3.3.2.2, a large amount of heat is exchanged below the bandgap. Such heat
is useless for conversion and will therefore decrease the efficiency. This total efficiency can be
expressed as a function of the above-bandgap efficiency ηa as follows:

η =
P

q − PLED

=
qa − PLED

q − PLED

P

qa − PLED

=
1− PLED

qa
q
qa
− PLED

qa

ηa

= FEg
ηLED − 1

ηLED − FEg
ηa, (3.13)

where FEg represents the fraction of heat flux exchanged above the bandgap, and ηLED the LED
wall-plug efficiency considering only above-bandgap photons. FEg is the factor with the largest
impact: initially close to 0, it quickly increases with LED voltage thanks to electroluminescence,
with a rate close to exp(eULED/kBTLED), before saturating to 1 for high LED voltage. Such an
increase rate comes from the fact that under moderate voltage, FEg ∼ qa/qb (qb representing
below-bandgap heat flux), qa roughly varying as exp(eULED/kBTLED) as discussed in Section
3.3.1.2. In comparison, the variations of the central ratio in Eq. (3.13) are much less significant,
smoothly decreasing with LED voltage as 1-1/ηLED (FEg being negligible for most voltages)
before eventually going back up to 1 for FEg approaching 1.

The efficiency at maximum power obtained for complete spectrum is shown in Figure 3.13,
assuming undoped materials. We clearly see there how the maximum efficiency corresponds to
a trade-off between high above-bandgap efficiency (reached under low LED voltage) and high
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Table 3.1: Performance of a NF-TPX AlGaAs-GaAs device. q is given at maximum power.

QE (-) Spectrum P (W.cm−2) q (W.cm−2) ηMPP (%) ηmax (%)

0.9 Above Eg 0.13 6.0 9.0 45
Complete 57 0.25 0.25

1 Above Eg 99 8.2×103 17 47
Complete 8.2×103 16 23

fraction of above-bandgap radiation (reached under high LED voltage). In the end, since FEg is
much smaller than 1 at the maximum power point of the QE = 0.9 case, the efficiency decreases
from 0.09 to 2.5×10−3. Interestingly, the effect of FEg is so strong that the maximum efficiency
obtained with the complete spectrum actually equals the efficiency at maximum power. In
contrast, for the QE = 1 scenario, FEg is close to one at the maximum power point, and the
efficiency at maximum power only goes down from 0.17 to 0.16.

If below-bandgap heat flux may not be an issue for the ideal scenario, it will most probably be one
for any realistic device, even with electroluminescence largely increasing above-bandgap heat flux
and with plasmonic resonance being neglected. It is thus necessary to limit below-bandgap heat
flux. One solution is to go to the far field, or at least to a moderate near field, as we have shown
in Section 3.3.2 that FEg decreases when going to the near field - this would be done however at
the cost of power. Another solution, which could allow to keep high generation, would be to add
at the front of each component a layer which do not support such resonances and is transparent
in the above-bandgap range. This was done for instance for NF-TPV based on an InGaAs cell
using a thick undoped silicon layer [Inoue et al. 2021]. This however will not be further studied
in the course of the manuscript.

All the data obtained for this AlGaAs-GaAs device are summarised in Table 3.1.

3.4 Beyond the exoreversible limit

3.4.1 Introduction

Up to now, four loss phenomena have been considered:

• thermalisation, which arises from the non-monochromaticity of the radiation exchanged
above the bandgap;

• below-bandgap heat transfer, which does not contribute to the production of electrical
power;

• non-radiative recombinations, taken into account with the QE;

• series resistance.

All of these loss channels are related to the operation of the components, and are thus a source
of irreversibilities inside the device: the NF-TPX heat engine operates in exoreversible regime.
But losses could also arise from the thermal conductances between the device and the thermal
reservoirs, as in the case of endoreversible engines [Curzon & Ahlborn 1975]. Any heat flow
through these conductances leads to a difference of temperature with those of the reservoirs and
thus worsens the performance, the difference of temperature between the LED and the PV cell
being decreased (TLED decreases while TPV increases). By assuming that both LED and PV cell
temperatures are respectively equal to heat source and heat sink temperatures, we implicitly
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Heat source (Th)

AlGaAs LED (TLED)

GaAs
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Heat sink (Tc)

qradd
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qparkpar

qoutGth,PV

P

Figure 3.14: Schematic of the AlGaAs-GaAs device considered, with exo-irreversibilities taken
into account.

neglected these losses, as in most of the literature about TPX. In [Yang et al. 2020], finite thermal
conductances were actually considered, but were fixed for the whole study and not compared to
the ideal contact scenario; additionally, the study was performed only in the far field. In this
section, we aim to analyse in detail how the quality of the reservoir thermal conductances impact
the performance of a NF-TPX device.

A schematic representation of the device considered is shown in Figure 3.14. The heat source is
kept at 600 K and the heat sink at 300 K, but the temperature of the LED and the PV cell are
now unknown - they are however still considered spatially constant. They are related to the heat
source and heat sink temperatures through the following expressions:

qin = Gth,LED(Th − TLED), (3.14a)

qout = Gth,PV(TPV − Tc), (3.14b)

where Gth,LED (resp. Gth,PV) corresponds to the thermal conductance with the heat source (resp.
heat sink), and Th (resp. Tc) is the heat source (resp. heat sink) temperature. qin is the heat
flowing from the heat source, qout the one flowing towards the heat sink. In all this section,
Gth,LED and Gth,PV will be considered equal and written Gth (the reservoir thermal conductance).
To complete the thermal study, a parasitic heat flux qpar is considered between the LED and
the PV cell, and could physically correspond to conduction through air or nanopillars (placed
between the two components to maintain distance) in the nanogap. The parasitic heat flux is
obtained as a function of the parasitic thermal conductance Gth,par:

qpar = Gth,par(TLED − TPV). (3.15)

LED and PV cell temperatures can be obtained from energy balance considerations:

PLED + qin = qrad + qpar, (3.16a)

PPV + qout = qrad + qpar, (3.16b)
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the computation of the radiative heat flux qrad and of the different electrical powers being done
similarly to the previous section, for the same AlGaAs-GaAs device.

3.4.2 Numerical resolution

3.4.2.1 Core algorithm: energy balance

This system of coupled and non-linear equations is solved using Broyden’s method [Broyden 1965],
which corresponds to the extension of the secant method to multidimensional problems. Let fLED

and fPV be two functions defined as

fLED(TLED, TPV) = qrad + qpar − PLED − qin, (3.17a)

fPV(TLED, TPV) = qrad + qpar − PPV − qout. (3.17b)

Using vector forms (T = (TLED, TPV), f = (fLED, fPV)), this means that the equation which
should be solved is simply f(T ) = 0. Under the finite-difference approximation Jk∆Tk = ∆fk,
where k represents the iteration index, Jk is the system Jacobian, and ∆Tk and ∆fk are
respectively equal to Tk+1 − Tk and fk+1 − fk = f(Tk+1)− f(Tk). Then,

fk+1 = 0⇔ Jk(Tk+1 − Tk) = −fk,
⇔ Tk+1 = Tk − J−1

k fk. (3.18)

In order to obtain a new estimation of the equilibrium temperatures, the inverse of the Jacobian
at current iteration is required. Instead of computing at each iteration the Jacobian and its
inverse, the Jacobian inverse is updated based on the previous iteration:

J−1
k = J−1

k−1 +
∆Tk−1 − J−1

k−1∆fk−1

∆T T
k−1J

−1
k−1∆fk−1

∆T T
k−1J

−1
k−1. (3.19)

The iterative process should also be initialised. Initialisation of T0 will be discussed in the next
section. As for J0, it is obtained from f computed in three different cases: f(T0) ("reference"),
f(max(T0),max(T0)) ("hot") and f(min(T0),min(T0)) ("cold"). This allows to get the variation
of both fLED and fPV as any of the two temperatures vary between min(T0) and max(T0).
Defining ∆T0 = max(T0)−min(T0), each component of J0 can then be calculated using finite
difference:

J0 =

(
∂fLED
∂TLED

∂fLED
∂TPV

∂fPV
∂TLED

∂fPV
∂TPV

)
TLED,TPV

≈ 1

∆T0

(
fLED,ref − fLED,cold fLED,hot − fLED,ref

fPV,ref − fPV,cold fPV,hot − fPV,ref

)
. (3.20)

After initialisation has been done, iterations can be performed and will stop once the stopping
criterion is reached, which here is that ||Tk+1 − Tk||∞ (i.e. the maximum of the difference) is
lower than the tolerance ζ set by the user. The summarised flowchart (named "core algorithm"
thereafter) is provided in Figure 3.15. Of course, since electrical and radiative quantities are
functions of the voltage vector U = (ULED, UPV), the equilibrium temperature will also depend
on U and the iterative process described above should thus be performed for all the U considered.

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0094/these.pdf 
© [J. Legendre], [2023], INSA Lyon, tous droits réservés



3.4. Beyond the exoreversible limit 79

Initialisation
T0, U

Compute f in the
three initial cases

First guess
T1 = T0 − J−1

0 fref
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electrical quantities at Tk

New temperature
Tk+1 = Tk − J−1

k fk

||Tk+1 − Tk||∞ < ζ

Start again for next U

Compute J−1
0 (Eq. (3.20))

k = 1

Compute fk (Eq. (3.17)), J−1
k (Eq. (3.19))

yes

no

k = k + 1

Figure 3.15: Flowchart of the Broyden’s method based algorithm used to obtain the temperatures
of both components at thermal equilibrium.
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Initialisation
T 0 = (Th, Tc)

Material properties, transmis-
sion coeff. computed at T i

Core algorithm used for all U ,
initialised at T i

T i+1 = TMPP

||T i+1 − T i||∞ < ζ

End calculation

i = 0

extract MPP data

yes

no

i = i+ 1

Figure 3.16: Flowchart of the secondary iterative process for self-consistent calculation of temper-
ature and performance at maximum power point.

3.4.2.2 Secondary iterative process: material properties

As shown in Figure 3.15, the radiative and electrical quantities should be computed at each
iteration to obtain fk. But since material properties depend on temperature (e.g. bandgap,
dielectric function, etc.), it means that the complete calculation (near-field transmission coefficient,
photon and heat flux density, electrical characteristics) should be performed for each U and at
each iteration. The complexity of the calculation increases therefore at a rapid rate. To prevent
this, we choose to focus, not on the full TPX characteristic, but rather on the MPP only. More
precisely, a new iterative process is set in which the computation of the material properties
and transmission coefficients (performed only at one given couple of temperatures) and the core
algorithm alternates, using the temperatures at MPP obtained by the latter (noted T i at iteration
i) to update the former. The initial temperature T0 in the core algorithm at iteration i is simply
T i−1 (or (Th,Tc) if it is the first iteration). This allows to obtain self-consistent results at MPP.
The corresponding flowchart is shown in Figure 3.16.

As discussed in Section 3.2.2, the temperature changes considered here will most probably cause
the LED and PV cell bandgaps to deviate from their initially-matched value, causing a further
decrease of performance. To properly separate the impact of the reduction of ∆T and of bandgap
mismatch on the performance, two limiting cases are considered:

• the fraction of Al in the LED is set to match the bandgaps when both components are resp.
at the heat source and heat sink temperatures; this is the worst-case scenario, in which both
the reduction of ∆T and bandgap mismatch will worsen the performance ("Set bandgap"
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scenario);

• the fraction of Al in the LED is set to match the bandgaps at the exact temperatures of the
components; this is the best-case scenario since bandgaps are always matched ("Matched
bandgap" scenario). Such scenario can be practically approached if the reduction of ∆T is
properly anticipated.

Unless otherwise specified, the following results are obtained for heat source and heat sink
temperatures of 600 and 300 K respectively, a QE of 0.95 (chosen as an intermediate between
the two values previously considered), a zero parasitic conductance and a reservoir thermal
conductance of 1 W.cm−2.K−1. Such value corresponds to a high-quality thermal connection,
typically reached for convective boiling or conduction through few centimetres of aluminium, and
of the order of usual thermal contact conductances. As for the efficiency in the previous section,
the study will be first restricted to above-bandgap quantities, before addressing the impact of
using the complete spectrum.

3.4.3 Performance for above-bandgap radiation

In Figure 3.17a, we compare the power output obtained for ideal contacts (i.e. with infinitely
large reservoir thermal conductances, as in Section 3.3) and for the two limiting cases described
above, as a function of the QE. In Figure 3.17b is given the related difference of temperature
between the LED and the PV cell at thermal equilibrium. As the reservoir thermal conductances
are symmetrical, the temperature shift of the LED and the PV cell (compared to the heat source
and heat sink temperatures) are almost equal.

Without electroluminescence, the above-bandgap heat transfer is almost zero and no temperature
shift is expected. But as discussed in Section 3.3.1.2, the different energy fluxes rise exponentially
with LED voltage (since only above-bandgap photons are considered): there is thus a threshold
value above which temperature shifts start to be significant (e.g. greater than 1 K). Since LED

(a) (b)

Figure 3.17: Impact of the QE on (a) the device performance, (b) the difference of temperature in
the device for various reservoir thermal conductances, considering only above-bandgap photons.
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(a) (b)

Figure 3.18: Impact of (a) reservoir and (b) parasitic thermal conductance on the performance of
the NF-TPX device, with only above-bandgap photons considered.

voltage at MPP increases with QE, this threshold can instead be defined in terms of QE and
is located slightly above 0.9 for a 10 nm nanogap and slightly below 0.9 for a 100 nm nanogap,
corresponding to a power output of 0.1 W.cm−2. These values only hold for a reservoir thermal
conductance of 1 W.cm−2.K−1, the threshold value increasing as the thermal conductance gets
larger (since more energy can flow for the same temperature shift).

For QE > 0.9, the three scenarios start to diverge. In the 10 nm nanogap case, the reduction of
power output solely due to the decrease of ∆T between LED and PV cell (matched bandgaps
scenario) is of the order of one third for QE = 0.95 and reaches almost 90% for QE = 1. For
this last case, ∆T is decreased by almost one half, to 170 K: despite the large reduction of ∆T

caused by the exchange of highly electroluminescent radiation, it remains beneficial in terms of
power to operate at high voltage. The situation is actually opposite if bandgap mismatch is taken
into account: the power reduction it could cause is so large that ∆T should remains as close to
300 K as possible, and voltages thus stay moderate. This translates into a further decrease of
the maximum power output compared to the matched bandgap scenario, globally similar to the
decrease from ideal to matched bandgap scenario.

In comparison, the 100 nm nanogap case is more weakly affected by these thermal management
issues, since the transmission of photons between the LED and the PV cell is lower: while the
power output is more than five times larger for the 10 nm nanogap than for the 100 nm nanogap
for any QE in the ideal scenario, it is only 65% larger in the matched bandgap scenario for QE
= 1. The interest of going to extreme near-field for highly efficient devices is thus mitigated if
thermal management is not properly performed.

In Figure 3.18 is presented the impact of the reservoir and parasitic thermal conductances. The
variation of power output with these quantities is slow: taking the example of a 10 nm nanogap,
the increase over four decades of reservoir thermal conductance is not sufficient to reach ideal
power output (around 1.6 W.cm−2). If the trend of the different curves shown in this figure
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Table 3.2: Conductance at half power, given for the different cases studied in Figure 3.18.

Conductance Gap distance (nm) Scenario G50% (W.cm−2.K−1)

Contact
10 Matched 0.5

Set 3

100 Matched 0.09
Set 0.5

Parasitic
10 Matched 0.06

Set 0.02

100 Matched 0.06
Set 0.02

are mostly similar, they are slightly shifted in terms of conductance: ideal power output is
approached quicker for matched bandgaps than for set bandgaps for instance. We quantify this
by computing the conductance for which 50% of the maximum power is reached (noted G50%)
through interpolation. The results are summarised in Table 3.2. Consistently with the previous
results, the 100 nm nanogap case requires lower reservoir thermal conductances to operate close
to the ideal contact limit, G50% being five to six times smaller. The parasitic conductance has
similar impact for the two nanogaps considered, and should be lower than 0.01 W.cm−2.K−1 (i.e.
one hundred times smaller than the reservoir conductances) for power output to approach its
upper limit. Taking the example of parasitic heat transfer through conduction, such value of
conductance will still be easier to reach for a 100 nm gap distance as Gth,par = kpar/d, where d is
the gap distance (and kpar is the thermal conductivity of the medium conducting the heat).

3.4.4 Impact of below-bandgap photons

In Section 3.3, we have demonstrated that most of the heat flux is in fact exchanged below the
bandgap, especially in the near field where polaritonic resonances occur. If the effect on efficiency
was already discussed in Section 3.3.3, we show in Figure 3.19a that these below-bandgap photons
have a considerable impact on power output when imperfect thermal contacts are considered.
These data are obtained with below-bandgap spectra similar to those considered in the efficiency
analysis.

The device with a 100 nm gap distance actually performs better for any QE (the difference
with the 10 nm nanogap being larger at small QE). The reason behind appears clearly when
looking at the related ∆T in Figure 3.19b. At low QE, above-bandgap heat flux is negligible and
below-bandgap heat flux is thus the sole cause of temperature variation. As the gap distance
decreases, below-bandgap heat flux rises quickly because of the phonon-polariton resonance. For
a 100 nm nanogap, it is still small enough to change ∆T by a few kelvins only. However, it
becomes very large for the reservoir conductance considered when the gap is only 10 nm thick.
∆T drops then by 75 to 100 K for QE = 0.8 (depending on the scenario), and it gets even worse
for larger QE, causing a dramatic reduction in power output. For a QE of 1 and in the matched
bandgap scenario, the device generates respectively 7 and 8 W.cm−2 of electrical power for a
10 and 100 nm gap distance (for comparison, P = 14 and 8 W.cm−2 with only above-bandgap
photons, and 99 and 19 W.cm−2 with ideal contacts).

Of course, the performance obtained at 10 nm can be largely improved if the reservoir thermal
conductance becomes large enough to properly handle all the energy flowing through the device.
This is represented in Figure 3.20a: while the device performs better with a gap distance of
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(a) (b)

Figure 3.19: Impact of the QE (a) on the device performance, (b) on the difference of temperature
in the devicefor various reservoir thermal conductance, considering the complete spectrum.

(a) (b)

Figure 3.20: (a) Impact of reservoir conductance on the performance of the NF-TPX device,
considering the complete spectrum. (b) Gap distance optimising the maximum power output as
a function of the reservoir thermal conductance.
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100 nm for low conductances, a 10 nm gap distance becomes better for conductances exceeding
approx. 2 W.cm−2.K−1. This means that for a given reservoir conductance, there is an optimum
gap distance allowing to obtain as much above-bandgap photons as possible, while keeping the
total heat flux in a range in which ∆T remains close to Th − Tc. The optimum gap distance
obtained in the matched-bandgap scenario and for a QE of 0.95 is displayed in Figure 3.20b, while
the power output at the optimum is shown in Figure 3.20a. It indicates that when the complete
spectrum is considered and nothing is done to reduce the polaritonic resonance, there is simply no
interest in going to the near field if the reservoir conductance is too low. Once a certain threshold
is reached (between 0.1 and 0.2 W.cm−2.K−1 for a QE of 0.95), entering the near field becomes
beneficial and the optimum gap distance decreases like G−0.4

th with the reservoir conductance.
Above this threshold, the power output increases faster, power varying logarithmically with Gth.

3.5 To sum up

This chapter focused on the fine study of a thermophotonic device in the near field. The first
step was to set the materials used in the device. If the bandgap energy is probably the most
important parameter for (thermo-)photovoltaic energy conversion and for LED lighting, it is not
the case for thermophotonics thanks to the electroluminescent enhancement of above-bandgap
heat transfer. Instead, since the LED should pump heat with wall-plug efficiencies larger than
1, the quantum efficiency should be as large as possible and at least greater than 0.8. For this
reason, the device studied is made of a GaAs PV cell and an AlGaAs LED, which ensure bandgap
matching between the two components.

This device was analysed for a heat source temperature of 600 K and for two different quantum
efficiencies: 1, i.e. an ideal case corresponding to the radiative limit, and 0.9, i.e. a supposedly
achievable case. After demonstrating that energy harvesting could take place only in a specific
region of the voltage space, we thoroughly studied the variation of power output and efficiency
with voltage. Power output roughly increases exponentially with LED voltage, and the maxima
are thus found at highest voltages: the maximum power for QE = 0.9 and QE = 1 are resp.
equal to 0.13 and 99 W.cm−2, and are reached for LED voltages of 1 and 1.39 V. Even for a
QE of 0.9, such a device theoretically already outperforms far-field and near-field TPV, and
should be competitive with TE for sufficiently high QE. Regarding the radiation in the near field,
we shined a light on the fundamental difference between above- and below-bandgap radiation:
while the first is dominated by frustrated modes - thus inherently limited by the n2 limit - the
second is dominated by surface modes due to polaritonic resonances and will thus increase much
more in the near field. This causes the efficiency to drop considerably when accounting for these
below-bandgap photons when operating in the extreme near field.

We have also studied how other kind of losses could impact the performance, e.g. series resistance
or imperfect thermal contacts. Regarding the latter, near-field enhancements are mitigated or
even shattered if the thermal conductances are not good enough, causing a large drop of power
output - once more, especially when below-bandgap photons are considered. In this case, an
optimum gap distance can be found for each reservoir conductance. While the relation between
these two quantities has only been found numerically, it would be interesting for a future work to
check if such an optimum comes from the matching of reservoir thermal conductances with the
radiative conductance between the LED and the PV cell, as demonstrated for thermoelectrics in
[Apertet et al. 2012a]. The additional difficulty would then be that near-field radiation is highly
non-linear with ∆T .
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Part II

Physics and design of GaAs-based
near-field thermophotonic devices
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Chapter 4

Charge transport in semiconductors
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Thanks to their simplicity, detailed-balance approaches are useful to quickly understand how
energy flows through the device and what is the impact of the main physical parameters on
power generation. However, this simplicity makes them unsuitable for the fine analysis and
optimisation of specific structures which we aim to perform in Part II of this manuscript, the
losses related to the transport of charge carriers to the contacts being very approximately taken
into account. Regarding non-radiative recombinations for instance, we either neglected them
(Chapter 2) or indirectly set them through the quantum efficiency (Chapter 3) in Part I. In
reality, they are caused by different physical phenomena and are directly related to the local
charge carrier densities, which are highly variable with position1. To properly estimate such
losses, we should therefore compute the spatial variation of the charge carrier densities; we do so
in the following using the drift-diffusion equations, which is the standard method for such kind of
devices (see Section 1.3.5). The study will be restricted to one-dimensional simulations, as there
is already a lot of physics to explore in 1D; this however means that some inherently 2D effects,
for instance sidewall recombination or current crowding close to the front metallic grid, will be
neglected. The current chapter reviews the main phenomena occurring during charge transport
together with a presentation of the drift-diffusion equations, with the aim of providing all the
information necessary to understand the developments presented in Chapters 5 and 6.

1In some articles on TPX based on detailed balance [Zhao et al. 2018, Yang et al. 2022], the precise expressions
of non-radiative recombination rate were used. However, the charge carrier densities were assumed to be constant
throughout the device, which is a strong approximation and makes the interest of using the precise expressions
questionable - especially since the way these densities are obtained is not explained.
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4.1 Charge carriers in semiconductors

4.1.1 Charge distribution at equilibrium

The charge carrier density in a semiconductor can be obtained from two different quantities:

• the density of states at a given energy in the corresponding band DC/V;

• the carrier distribution function f which gives the probability of a state at a given energy to
be occupied, depending on the thermal agitation of the carriers; this function corresponds
to a Fermi-Dirac distribution for charge carriers.

For electrons for instance, the distribution function at equilibrium is expressed as fn(E) =

[exp((E − EF)/kBT ) + 1]−1 where EF is the Fermi level, which corresponds to the energy at
which half of the available states are occupied. Using the Boltzmann approximation of the
Fermi-Dirac distribution (exp((E − EF)/kBT )� 1) leads the electron density in the conduction
band to be expressed as [Würfel & Würfel 2016]

n =

∫
E
DC(E′)fn(E′)dE′ = NC exp

(
−EC − EF

kBT

)
. (4.1)

NC corresponds to the effective density of states in the conduction band and is equal to
2(m∗nkBT/2π~2)3/2. Similarly, we get for the hole density in the valence band

p = NV exp

(
−EF − EV

kBT

)
, (4.2)

with the effective density of states in the valence band NV being equal to 2(m∗pkBT/2π~2)3/2.
Since EC − EV = Eg, we get that at equilibrium np is constant and equal to

np = NCNV exp

(
− Eg
kBT

)
. (4.3)

Intrinsic semiconductors

The case of a pure (i.e. without any impurity atom) semiconductor at equilibrium corresponds to
the simplest scenario. Since each electron in the conduction band should be related to a hole in
the valence band, n = p and thus

n = p = ni =
√
NCNV exp

(
− Eg

2kBT

)
, (4.4)

ni being the intrinsic carrier concentration. The Fermi level is equal to the intrinsic energy level
Ei and is given by

EF = Ei =
EV + EC

2
− kBT

2
ln

(
NC

NV

)
(4.5)

and is therefore close to the middle of the bandgap (EV + EC)/2 for moderate temperatures.

Doped semiconductors

In order to break the condition n = p, one must find a way to add electrons to the conduction
band without adding holes in the valence band (or the opposite). This can be done by doping
the material, i.e. through the addition of impurity atoms. For instance, let us replace one atom
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Figure 4.1: Impact of doping on the charge distribution (left: donor atom, right: acceptor atom).

from the crystal lattice by another having one more valence electron. This last electron cannot be
shared with surrounding atoms, since their valence band is already full, and is thus very weakly
bound to the atom. Thus, the energy of this valence electron is close to EC, and thermal agitation
is sufficient to promote the electron to the conduction band. The hole left behind cannot be
defined as a particle in the valence band since its energy is much larger than EV. Rather, it
should be understood as a shallow trap, i.e. a new available level of energy in which free electrons
are easily captured or conversely sent back to the conduction band. As they don’t capture charge
carriers for long, the degradation of charge transport due to these traps is negligible. The overall
concept is represented in Figure 4.1. Since the impurity atom adds an electron to the conduction
band, it is called a donor. Of course, we could instead add an atom with one less valence electron;
it would then very easily capture an electron from the valence band (thus called an acceptor
atom), leaving behind a hole in the valence band.

If the dopant concentration (either in donor Nd or acceptor Na) is large enough, the charge carrier
density can be significantly changed. For Nd � ni for instance, we obtain n ≈ Nd; in the same
time, np = n2

i should still hold since the semiconductor is still at equilibrium, so that p ≈ n2
i /Nd.

The Fermi level is then

EF = Ei + kBT ln

(
n

ni

)
≈ Ei + kBT ln

(
Nd

ni

)
(4.6)

and comes closer to the conduction band as the donor density is increased. Similar expressions
can be derived considering acceptor doping instead.

4.1.2 Quasi Fermi levels and out-of-equilibrium conditions

When an optoelectronic device is illuminated (PV cell) or supplied with electricity (LED),
additional carriers are present in the semiconductor and the different expressions of n and p

given above do not hold any more, the device being out of equilibrium. Especially, the notion of
Fermi level is no longer relevant, as having both more electrons and holes than in equilibrium
would mean that EF comes simultaneously closer to the conduction band and to the valence
band, which is obviously impossible. Instead, we should now use different levels for the two kinds
of charge carriers, called quasi Fermi levels. They represent an extension of the Fermi level which
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Figure 4.2: Schematics of the main types of non-radiative recombinations.

works also in out-of-equilibrium conditions:

n = NC exp

(
−EC − EFn

kBT

)
, (4.7a)

p = NV exp

(
−
EFp − EV

kBT

)
, (4.7b)

while at equilibrium EFn = EFp = EF. These quasi Fermi levels are directly related to the
electrochemical potential η of the charge carrier (ηn = EFn, ηp = −EFp). Notice that now, the
product np is a function of the difference of quasi Fermi levels, thus of the local chemical potential
of the emitted photons since µ = ηn + ηp = EFn − EFp:

np = n2
i exp

(
EFn − EFp

kBT

)
= n2

i exp

(
µ

kBT

)
. (4.8)

Thus, the larger EFn − EFp (or µ) gets, the further away the device is from equilibrium.

4.1.3 Sources of non-radiative recombinations

As stated at the beginning of this chapter, different physical phenomena can cause the non-
radiative recombination of electron-hole pairs. In the following, we review these phenomena which
are represented in Figure 4.2.

Auger recombination

Auger recombination (Figure 4.2a) is a three-particle phenomenon, which can occur with two
electrons and a hole or one electron and two holes; we describe here only the former case for brevity.
The energy released by the recombination of an electron and a hole, instead of being converted
into a photon, is transferred to another electron in the conduction band (step 1). Being far from
the lowest energy level in the conduction band, this second electron will quickly thermalise, the
initial energy being lost as heat to the lattice (step 2). Of course, such a process will take place
more often when more particles are present. In the case of an electron-electron-hole (eeh) Auger
recombination, the recombination rate is simply given by Rn = Cnn

2p, where Cn is the eeh Auger
recombination coefficient. As stated in Section 1.1.2, any non-radiative recombination should
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be accompanied by a non-radiative generation that cancels it at equilibrium. Since np = n2
i at

equilibrium, the net recombination rate (still written Rn for simplicity) is Rn = Cnn(np− n2
i ).

Considering also electron-hole-hole recombination, it gives finally

RAuger = (Cnn+ Cpp)(np− n2
i ). (4.9)

Shockley-Read-Hall recombination

The notion of a bandgap in which no energy levels are available holds only for perfect crystals. In
reality, some energy levels will be present due to the presence of defects in the crystalline lattice
(e.g. vacancy, dislocation); such levels represent traps just as the shallow traps introduced through
doping. During a Shockley-Read-Hall (SRH) recombination, the electron in the conduction band
will move to these traps instead of directly recombining with the hole, releasing the difference of
energy as heat. The net SRH recombination rate can be expressed as

RSRH =
np− n2

i

τn(p+ pt) + τp(n+ nt)
, (4.10)

where τ corresponds to the SRH lifetime of each charge carrier, and nt and pt are the charge
carrier densities obtained when their quasi Fermi level equals the trap energy. The traps with the
most important impact are those located in the middle of the bandgap [Grundmann 2016]2, as
thermal agitation is insufficient to free carriers from there. Such traps are called deep traps. In
consequence, we will assume in the following that nt = pt = ni (since for an intrinsic semiconductor
at equilibrium, the Fermi level is close to the middle of the bandgap, as shown in Section 4.1.1).

When the doping level is large enough, the majority carrier density is mostly insensitive to
illumination or voltage bias and remains close to the doping level. In such situations, the low-
injection approximation (LIA) can be used to simplify RSRH: assuming n = neq ≈ Nd � p (neq

being the electron carrier density at equilibrium) we get that in highly n-doped layers

RSRH =
p− peq

τp
. (4.11)

The implication of using such an approximation has been analysed in [Blandre et al. 2017], and
will be quickly investigated in Section 5.2.4. In the remaining of the manuscript, the complete
expression provided in Eq. (4.10) will be used.

Surface recombination

Surface recombinations are similar to SRH recombinations, the only difference being that the
defects are caused by dangling bonds at the interface between two media. Their net rate is
expressed as

Rsurf =
np− n2

i
1
Sn

(p+ pt) + 1
Sp

(n+ nt)
, (4.12)

where S corresponds to the surface recombination velocity. Under the LIA, Rsurf becomes simply
expressed as Sn(n− neq) (considering a p-doped layer); in the frame of this thesis however, the
complete expression provided above will be retained. As for SRH recombinations, we will assume
in the following that nt = pt = ni.

2The exact expression of the trap energy level with the largest impact is provided in page 373 of [Grund-
mann 2016], and is in fact slightly shifted compared to the Fermi level of an intrinsic semiconductor.
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4.1.4 Radiative recombinations: radiative vs. electrical framework

In Part I of the manuscript, the radiative recombination rate was computed directly from the
photon emission rate. Without precising it, we in fact supposed that the quasi Fermi levels were
constant which implied that µ = eU . In the case of drift-diffusion simulations, quasi Fermi levels
can be computed but are available only at the end of the simulation, while µ is needed before the
use of the drift-diffusion solver to have the correct radiative quantities. To circumvent this issue,
the radiative recombination rate is often expressed from electrical quantities instead of radiative
quantities, allowing to use the correct value of µ:

Rrad = Brad(np− n2
i ) = Bradn

2
i

(
exp

(
µ

kBT

)
− 1

)
. (4.13)

This expression requires Boltzmann’s approximation in order to be obtained, and thus holds
only if Eg − µ � kBT . The radiative recombination coefficient Brad directly depends on the
local thermal emission rate of a device at equilibrium Ṅem through Brad = Ṅem/n

2
i . It should

therefore depend on the position of emission, on the structure itself (material, thickness) and
on its surroundings if they modify the emission rate (as in the case of near-field radiation). In
practice, it is almost always considered to be constant as the use of a local coefficient complicates
the study. Most of the time, it is taken as a material property (e.g. [Blandre et al. 2017, Milovich
et al. 2020]). Occasionally, it is calculated from the van Roosbroeck-Shockley relation (e.g. in
[Forcade et al. 2022]) which partially allows the geometry to be taken into account and takes the
form:

Brad =
1

n2
i ~3c2

∫ ∞
0

n(E)2αIB(E)
E2

exp
(

E
kBT

)
− 1

dE, (4.14)

n being here the layer refractive index and αIB representing the absorption coefficient relative
to interband transitions. If the use of such a coefficient Brad is convenient, it however has
several drawbacks. One first issue is related to photon recycling: while it allows including the
complete photon emission (whether they escape the component or get eventually reabsorbed), it
however does not include the subsequent increase in radiative generation rate caused by photon
recycling. Therefore, it fails to satisfy detailed balance and cause the generation-recombination
rate to be underestimated. In addition, it has recently been shown that neither of these two
approaches allows including interference effects [Feng et al. 2022] or the surroundings influence
[DeSutter et al. 2017]. This reduces the interest of Eq. (4.13) as the precision gained on the
electroluminescence enhancement factor exp(µ/kBT ) is offset by the precision lost on the spatial
variation of thermal emission Ṅem. For far-field applications, and especially if the different layers
are thick enough, it may still be a satisfactory approximation. It is also mostly valid for structures
in which the rate of radiative recombination events is small or even negligible in comparison to
generation or non-radiative recombination. However, with our device working in the near field
and with radiative recombinations expected to be dominant at least in the LED, this method
would be highly erroneous and must therefore be avoided in NF-TPX applications.

A numerical method has been recently proposed to relax the µ = eU approximation while still
using radiative quantities to express Rrad [Callahan et al. 2021]; it is summarised in Figure 4.3. In
this model, radiative calculations are coupled to drift-diffusion simulations: the chemical potential
µ obtained from charge transport (µ = EFn − EFp) is used to update photon absorption and
emission rates. Drift-diffusion equations can then be solved once more. These two steps are
iterated up until a stopping criterion is reached, which can be either on µ or on Rrad. Such a
model allows to obtain the correct expression for radiation, both in terms of electroluminescent
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Figure 4.3: Flowchart of the coupled radiative-electrical iterative solver proposed in [Callahan
et al. 2021].

enhancement and of spatial variation. On paper, we may want to use this method systematically;
however, we should keep in mind that it increases the solver complexity and may give rise to
convergence issues. As NF-TPX simulations will already be relatively complex due to the LED-PV
cell coupling, we decided to keep the µ = eU approximation for the first 1D simulations performed
in this Part3. The accuracy of this approximation will be examined in subsequent chapters, and
the iterative process implemented if necessary.

Ultimately, the net and local generation-recombination rate in a component is expressed as
follows:

G(z)−R(z) =
dṄnet

dz
(µ, z)−RAuger(z)−RSRH(z). (4.15)

4.1.5 Joining semiconductors for charge carrier separation

As explained in Chapter 1, a homogenous semiconductor cannot be directly used for optoelectronic
applications but should rather be joined with semiconductors with different properties to obtain
components with good performance (see Section 1.1.3). We finish this section by reviewing the
different kind of junctions that are generally used along with the physical phenomena occurring
at the junction.

4.1.5.1 Types of junctions

The simplest structure, presented in many solar cell textbooks ([Nelson 2003, Würfel &Würfel 2016,
Kitai 2018]), is the PN junction (Figure 4.4a). It simply corresponds to the junction of a p-doped

3Since the temperature is supposed to be constant throughout a component, this also means that the net
photon flux exchanged between two layers of a component is supposed to be equal to zero (as Ṅ ∝ ∆fBE).
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Figure 4.4: Basic semiconductor junctions.

material (hence having an improved hole conductivity) and an n-doped layer (improved electron
conductivity). The difference of conductivity gives opposite preferable paths for electrons and
holes, electrons being more likely to go to the contact on the n-doped layer side and holes to the
one on the p-doped layer side. A slightly more complex structure is the PIN junction (Figure
4.4b), in which two thin and highly-doped layers (the P and N layers) are placed around a thick
layer (layer I ). Even if I stands for intrinsic, this layer is always at least slightly doped, due to
unintentional doping by impurities4. Contrary to the PN junction, in which the thicker layer is
limited in terms of doping level to prevent excessive non-radiative recombinations, both P and N
layers can be highly doped in the PIN structure. They have thus very different electron and hole
conductivity, which gives them good selectivity and sets the preferable path of charge carriers
more efficiently than in the case of the PN junction.

Along with the structure itself, the choice of the materials composing the different layers will
obviously have a significant impact. The use of a unique material for the different layers
corresponds to the simplest case both in terms of simulation and manufacture. Such a component
is called a homostructure (or homojunction). Often, materials with higher bandgaps are used
for the highly doped layers, as their reduced intrinsic carrier concentration (see Eq. (4.4)) along
with the potential barrier created at the junction (see Figure 4.5b) largely reduce the minority
charge carrier density: it therefore improves their selectivity. Such a component made of different
materials is called a heterostructure (or heterojunction).

In this Part, we will study PIN homostructures (Chapter 5) and heterostructures (Chapter
6), which correspond to the structures currently considered for NF-TPV applications [Forcade
et al. 2022]. Note that more complex (thus more efficient) structures have been examined for LEDs
and PV cells, such as multijunction cells in which several cells are stacked [LaPotin et al. 2022]
(see also Figure 1.14) or multiple quantum well structures [Green 2006]; such structures will not
be considered in the frame of this work as the physical understanding of TPX structure should
first be developed on simpler architectures.

4.1.5.2 Physical phenomena occurring at junctions

The junction of semiconductors gives rise to specific physical phenomena in the region close
to the interface (the space-charge region). As the density of free charge carriers is different on
either side of the interface, carriers will diffuse towards the regions of lower density, electrons for
instance diffusing in the p-doped layer. Initially neutral, the space-charge region becomes charged

4In the following chapters, we will sometimes intentionally dope this layer to minimise non-radiative recombi-
nations. Nonetheless, we will keep the denomination PIN for simplicity.
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Figure 4.5: Band diagram for different abrupt junctions at equilibrium.

(hence the name), giving rise to an electric field which exerts a force in the direction opposite to
diffusion; equilibrium is reached once diffusion and drift caused by the built-in electric field cancel
each other out. Because of the electric field, the conduction and valence bands bend inside the
space-charge region. Their exact variations can be obtained from the electrostatic potential V 5,
related to the electric field through E = −dV/dz, and from the electron affinity χ = −eV − EC,
which is a material property independent of the doping level. The resulting band diagram is
shown in Figure 4.5a.

Furthermore, if the two materials forming the junction are different, potential barriers will appear
due to the energy band misalignment. EC and EV are discontinuous at an abrupt junction and
must satisfy ∆EC = −∆χ and ∆EV = −∆χ − ∆Eg. This causes also a discontinuity in the
charge carrier density at the interface. The only two quantities which remain continuous are the
electrostatic potential, since the interface is supposed to be uncharged, and the Fermi level which
is always constant at equilibrium. The corresponding band diagram is represented in Figure 4.5b.
Out of equilibrium, these barriers give rise to specific charge transport phenomena (thermionic
emission, tunnelling), which will be detailed in Chapter 6.

4.2 Drift-diffusion modelling

4.2.1 The drift-diffusion equations

We now introduce the set of equations which will be used to model both the LED and the PV
cell, centred on the drift-diffusion equations. Note that while it is by far the most common
way to model charge transport in optoelectronic devices, it is not the only way. For instance,

5The electrostatic potential V , which spatially varies within a junction and is directly related to the electric
field, should not be confused with the applied voltage U , which corresponds to the difference of the electron and
hole quasi Fermi levels at the boundary of the components. In Figure 4.5 for instance, V varies spatially due to
the built-in electric field whereas U is zero.
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the Boltzmann transport equation (BTE), from which drift-diffusion equations can be derived,
describes with much more precision the different physical phenomena involved and the statistical
behaviour of charge carriers [Kivisaari et al. 2015]. In our case, the additional precision it can
provide is outweighed by the increase in model complexity, which is why the drift-diffusion model
is preferred.

The first two equations of the set are continuity equations, which were in fact already used in
the previous chapters, although not in their local form. They ensure the conservation of charge
carriers, whose density can only be changed during transport due to generation or recombination
events:

dJn
dz

(z) = −e(G(z)−R(z)), (4.16a)

dJp
dz

(z) = e(G(z)−R(z)), (4.16b)

where Ji corresponds to the current density associated to carrier i, and G and R are respectively
the local generation and recombination rate. Surface recombinations, which are not taken into
account in the previous equations as they only happen at the electrical contacts, are included
through boundary conditions. For the minority carriers at the interface with the contact, the
current density is simply expressed as

Jmin = ±e ·Rsurf , (4.17)

the sign on the right side depending on the carrier type and on which boundary is considered -
the sign should be the same as the one in front of R(z) in the continuity equation. The total
current density is equal to Jn+Jp. Since the boundary condition is given at the opposite ends for
the two equations, the total current is expressed as

J(z) = Jn(z) + Jp(z) = e

(∫
z
(G(z)−R(z))dz −Rsurf,tot

)
= J, (4.18)

a constant in steady state. This integrated expression corresponds to the equation used in the
detailed-balance approaches of Part I.

To model charge transport, we must relate current density to the various phenomena contributing
to the movement of charges. Two different driving forces are considered:

• the electric field, which causes the drift of carriers;

• the gradient of carrier density, which causes their diffusion.

The resulting equations are the drift-diffusion equations:

Jn(z) = σnE(z) + eDn
dn

dz
(z), (4.19a)

Jp(z) = σpE(z)− eDp
dp

dz
(z), (4.19b)

where Di is the diffusion coefficient. Using σn = eµnn and σp = eµpp along with Einstein relation
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(Di = µi · kBT/e) gives

Jn(z) = µn

(
n(z)

d(−eV )

dz
(z) + kBT

dn

dz
(z)

)
, (4.20a)

Jp(z) = µp

(
p(z)

d(−eV )

dz
(z)− kBT

dp

dz
(z)

)
, (4.20b)

where the electrostatic potential V has been used to make the energy eV appear.

The last required equation is Poisson equation. Derived from Maxwell-Gauss equation, it connects
the variation of the electrostatic potential to the local charge, which can be due to free carriers or
to shallow traps remaining on dopant atoms:

d2V

dz2
(z) =

e

εsεv
(n(z)− p(z) +Na(z)−Nd(z)). (4.21)

εs is the static dielectric constant, which corresponds to the limit of ε as ω → 0. The modelling
of charge transport therefore requires to solve this set of five equations to obtain the electrostatic
potential along with the charge carrier densities and current densities. We still need two additional
hypotheses, which will bring the remaining boundary conditions:

• the majority charge carriers at an electrical contact are supposed to be at equilibrium
with the charges inside the contact. This means the quasi Fermi level remains constant
through the interface, i.e. that EFn,maj = eU and EFp,maj = 0 (the difference of these two
representing the applied voltage).

• the regions close to the contacts are supposed to be uncharged.

4.2.2 Why using our own drift-diffusion solver?

Numerous softwares are capable of solving these equations. They can be divided into three main
categories:

• commercial multiphysic softwares such as COMSOL;

• commercial softwares specialised on semiconductor physics such as Sentaurus or Silvaco
TCAD;

• specialised free softwares such as PC-1D [Basore 1990], SCAPS [Burgelman et al. 2000] or
Sesame [Gaury et al. 2019].

The pros and cons of these softwares are shown in Table 4.1. All the commercial softwares
have been grouped in a unique category as their characteristics are mostly similar; specialised
softwares may have more precise and robust models, but this is of limited interest for us in view
of the simplicity of the structures considered. In the end, no software is perfect. Commercial
softwares are the most complete ones but are quite heavy to handle and can be expensive.
Each of the specialised softwares, while sharing basic features with the others, have specific
capabilities (implementation of thermionic emission and tunnelling for SCAPS, 2D resolution and
easy coupling with external near-field radiation solver for Sesame). Furthermore, the capacity
of any of these softwares to properly handle the coupled modelling of the LED and PV cell is
unknown, and may not be straightforward; the few TPX calculations made with SCAPS were for
instance quite cumbersome.
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Table 4.1: Pros and cons of available drift-diffusion solvers (Xyes, ∼ depends on software, 7 no, ?
unknown).

Commercial
softwares

Specialised free
softwares Own algorithm

2D simulation X ∼ 7

3D simulation X 7 7

Complete physics
(thermionics, tunnelling) X ∼ X

Fermi-Dirac statistics X 7 7

Coupling with ext.
near-field code X ∼ X

Easy/quick to handle 7 X X
Free 7 X X
LED-PV coupling ? ? X

As an in-house drift-diffusion solver was already developed in the past at our lab for TPV [Blandre
et al. 2017], we chose to start from it to make our own drift-diffusion solver for TPX applications.
This guarantees the quality of the communication between the radiative and electrical solvers,
and simplifies the LED-PV cell coupled modelling. It also enables the model to be progressively
refined, for example with the implementation of thermionic emission and charge tunnelling carried
out in Chapter 6 - this might have proved difficult with external softwares. Furthermore, the
development of a solver enhances the understanding of the underlying physics. It however comes
at the cost of time, and requires validation - this will be done in the subsequent chapters.

4.2.3 Material properties

Since effective masses and carrier mobilities were already required for near-field radiation calcula-
tions, the drift-diffusion solver needs only few additional material properties, namely the electron
affinity and the different non-radiative recombination coefficients. Their respective value can be
found in Appendix B. As for radiative properties however, it proves difficult to find data which
are temperature- and composition-dependent. Regarding non-radiative recombination coefficients
for instance, no clear data was found for AlGaAs. Consequently, GaAs data was used instead - a
similar choice was done in [Oublon 2023]. Since there is no consensus on the variation of these
coefficients with temperature, we also take room temperature data as a first-hand approximation
in Chapter 5. The impact of including these two dependencies will be analysed in Chapter 6.
While it may seem that too many approximations are being used, we have to make clear that even
GaAs properties are not precisely known. Looking at the GaAs SRH lifetime at room temperature
for instance, a wide variety of values can be found in the literature:

• τSRH = 10 ns in [Maros et al. 2015];

• τSRH = 900 ns in [Perl et al. 2017];

• τSRH = 3 µs in [Sadi et al. 2019a];

• τSRH = 16.7 µs in [Zhao et al. 2018] (given for any AlGaAs alloy).

A significant uncertainty can therefore be expected due to this variability.
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4.3 To sum up

In this chapter, we reviewed the main mechanisms related to charge transport in semiconductors.
This provided the opportunity to introduce several important physical quantities - such as quasi
Fermi levels and charge carrier densities - along with their interrelations. We also presented the
expressions adopted to calculate the rates of radiative and non-radiative events, after discussing
the various possibilities available and commonly used in the literature. We then introduced the
set of equations that allows modelling charge transport in semiconductors in 1D, which gathers
the drift-diffusion equations, the continuity equations and the Poisson equation. Finally, and
although several commercial and free drift-diffusion solvers are available, we explained our decision
to develop our own solver: succinctly, it allows for much more flexibility in terms of modelling.
With the main equations and the associated material properties defined, we can proceed to the
simulation of realistic structures.
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Chapter 5

Study of AlGaAs-GaAs PIN
homostructures
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To study realistic TPX devices, we must first decide what kind of structure we want for each
component. Since no studies of this sort have been carried out previously in the literature, we
choose to start with relatively simple structures. The simplest is the PN junction; TPX devices
composed of such structures have been studied in [Legendre & Chapuis 2022a]. In this chapter,
we directly consider TPX devices made of PIN homostructures, whose additional complexity
compared to PN structures remains modest but which display significantly better performance,
as mentioned in the previous chapter.

5.1 Numerical methods

5.1.1 Details on the algorithm

While all the required equations have been presented in the previous chapter, they cannot be
easily solved in their current form. Rather, several modifications are required and are presented
thereafter. The first step is to relate the carrier density to the electrostatic potential. To do so,
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104 Chapter 5. Study of AlGaAs-GaAs PIN homostructures

we express the charge carrier densities as a function of the intrinsic concentration:

n = ni exp

(
EFn − Ei

kBT

)
, (5.1a)

p = ni exp

(
Ei − EFp

kBT

)
. (5.1b)

In Eq. (4.5), the intrinsic energy level Ei was given relatively to EC and EV. Following the
energy diagrams shown in Figure 4.5, these two levels can be expressed as EC = E0 − eV − χ
and EV = E0 − eV − χ− Eg. E0 is the reference energy, which corresponds to the energy of a
free electron in vacuum with no kinetic energy and at a zero electrostatic potential, taken equal
to zero in the energy diagrams. The complete expression of Ei is then

Ei = E0 − eV − χ−
Eg
2
− kBT

2
ln

(
NC

NV

)
, (5.2)

which varies with position. To simplify this expression, the zero energy level - and consequently
the value of E0 - is chosen so that Ei(z = 0, V = 0) = EF, which is possible because EF is
constant. This gives

Ei(z) = EF − eV (z)− (χ(z)− χ(0))− Eg(z)− Eg(0)

2
− kBT

2
ln

(
NC(z)

NC(0)

NV(0)

NV(z)

)
. (5.3)

In this chapter, we work with homostructures. Therefore χ, Eg, NC and NV are constant and

Ei(z) = EF − eV (z). (5.4)

Defining the normalised electrostatic potential Ψ as eV/kBT and using the Slotboom variables
Φn = exp((EFn − EF)/kBT ) and Φp = exp((EF − EFp)/kBT ) [Slotboom 1973] finally gives

n = nie
+ΨΦn, (5.5a)

p = nie
−ΨΦp. (5.5b)

To make the analysis easier, we will consider EF to be the zero reference level for quasi Fermi
levels, which means they have a different reference energy than −eV . This corresponds to the
standard approach [Blandre 2016, Vasileska et al. 2017], although rarely explicitly mentioned.

Looking at the aforementioned references, one may notice that the signs applied on the quasi Fermi
levels are actually the opposite of ours. We suspect this comes from a difference in the definition
of the quasi Fermi levels, as only our expression satisfies np/n2

i = exp((EFn − EFp)/kBT ). We
will show in Section 5.1.2 that this difference of definition does not impact the resolution as our
algorithm is capable of reproducing results from [Blandre 2016].

Using Eq. (5.5), the drift-diffusion equations can easily be simplified into [Blandre 2016]

Jn(z) = eDn(z)nie
+Ψ(z) dΦn

dz
(z), (5.6a)

Jp(z) = −eDp(z)nie
−Ψ(z) dΦp

dz
(z). (5.6b)

Similarly, Poisson equation can be expressed using normalised quantities. We define Ñdop =

(Na−Nd)/ni and z̃ = z/zD,i where zD,i is the intrinsic Debye length which equals
√
εsεvkBT/e2ni.

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0094/these.pdf 
© [J. Legendre], [2023], INSA Lyon, tous droits réservés
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We then get
d2Ψ

dz̃2
(z) =

(
eΨ(z)Φn(z)− e−Ψ(z)Φp(z) + Ñdop(z)

)
. (5.7)

The five unknowns of the system are therefore Ψ, Jn, Jp, Φn and Φp.

5.1.1.1 At equilibrium

At equilibrium, these equations can be simplified since EFn = EFp = EF, which means that
Φn = Φp = 1. The net electron and hole currents are zero, and only the Poisson equation
(Eq. (5.7)) has to be solved to obtain Ψ. This is done with an iterative process to handle its
non-linearity. At each iteration, the linearised Poisson equation is solved using a tridiagonal
matrix algorithm (TDMA), allowing Ψ to converge towards the correct solution. This process
has already been presented in the literature - although boundary conditions were either not given
[Vasileska et al. 2017] or incorrect [Blandre 2016] - and will consequently not be detailed here.
The complete development, holding for both equilibrium and out-of-equilibrium conditions as
well as for homostructures and heterostructures, can be found in Appendix E.

5.1.1.2 Out of equilibrium

The five equations being coupled, they have to be solved iteratively to make the different
physical quantities converge. The usual methodology for PV applications is as follows [Blandre
et al. 2017, Vasileska et al. 2017]:

1. the first guess taken for the different unknowns at an applied voltage Ui corresponds to the
converged solution obtained for the previous voltage Ui−1;

2. continuity and drift-diffusion equations are combined to obtain two second-order differential
equations of the Slotboom variables Φn and Φp, which no longer depend on the current
densities and are solved using a TDMA;

3. the normalised electrostatic potential Ψ is updated using the iterative solver of the Poisson
equation mentioned above, using the newly obtained Φn and Φp;

4. steps 2 and 3 are repeated until a given stopping criterion is reached.

This allows to reduce the system to three equations in the iterative process, current densities
being computed only once convergence is reached. However, when trying to implement it, we
noticed that the total current obtained was not spatially constant, especially around interfaces.
Consequently, we chose to solve the system differently. The exact value taken by current densities
and Slotboom variables are known at one boundary, being respectively related to the surface
recombination rate and to the applied voltage as explained in Section 4.2.1. The variations of
these quantities being given by first-order differential equations, they can in fact be obtained
from integration. The second step given above is therefore replaced by the following:

2a. charge carrier current densities are obtained from the integration of continuity equations,
using the minority carrier current density at the boundary of the component Ji(z0) which
is related to surface recombinations; for instance for electron current,

Jn(z) = Jn(z0)− e
∫ z

z0

(G(z′)−R(z′))dz′; (5.8)

2b. Slotboom variables are computed through the integration of the drift-diffusion equations;
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106 Chapter 5. Study of AlGaAs-GaAs PIN homostructures

the quasi-Fermi level of majority carriers at a boundary z0 being related to the applied
voltage, we for instance get for electrons

Φn(z) = exp

(
eU

kBT

)
+

∫ z

z0

e−Ψ(z′) Jn(z′)

eDn(z′)ni
dz′. (5.9)

In the expressions given above, the recombination rate R(z) and the diffusion coefficients Di(z)

depend on the charge carrier concentrations. Therefore, they must be updated at the beginning of
each iteration. The diffusion coefficient is obtained from the carrier mobility, which is expressed
using a Caughey-Thomas model:

µn/p = µmin +
µ300K

(
300
T

)θ1 − µmin

1 +
(

N
Nref,300 K

(
300
T

)θ2) (5.10)

The different parameters are taken from [Sotoodeh et al. 2000] and are different for electrons and
holes. Here, we consider that N corresponds to the total number of free carriers: N = n + p.
Indeed, the more carriers are present, the more they interact with each other, thus reducing their
mobility. In fact, the mobility of each carrier even depends on the nature of the carriers around,
but this will be neglected here. Often, N is simply supposed to be equal to the doping level
[Blandre 2016]; while this is mainly correct in highly-doped layers, it breaks down for low-doped
or intrinsic semiconductors and is therefore unsuitable for the study of PIN structures. We should
also mention that the above expression is correct only when carriers are in a low electric field.
If E becomes infinitely high, the carrier velocity must saturate and the related mobility should
thus go to zero. This makes the Caughey-Thomas model incorrect close to interfaces, where
the electric field is the highest. However, we show in Appendix F.1 that this error induces little
difference in the final electrical characteristic of the device, and we will consequently use the
low-field expression everywhere for simplicity.

Regarding the stopping criterion, we assume that convergence is reached once the maximum
relative variation ε of the local charge carrier concentrations between two consecutive iterations
k − 1 and k is lower than a given tolerance ζ (which is set to values of the order of 10−6). Given
as an equation, the stopping criterion is

ε = max
(∥∥∥∥nk − nk−1

nk−1

∥∥∥∥
∞
,

∥∥∥∥pk − pk−1

pk−1

∥∥∥∥
∞

)
< ζ. (5.11)

Everything mentioned above relates to the electrical modelling of one component. Of course,
in the case of a TPX device, the charge transport in both the LED and the PV cell should be
resolved. These two components are coupled through radiation; as long as the chemical potential
of emitted radiation µ is related to the applied voltage U through µ = eU , the different radiative
quantities are perfectly known for any couple of voltages before charge transport calculations.
Therefore, the electrical modelling of the LED and the PV cell can be performed independently.
The sole difference with PV simulation is that the current density must be computed on a 2D
voltage space, both voltages being between 0 and Eg (Eg excluded). The first guess taken for the
different quantities at (ULED, UPV) = (Ui, Uj) is chosen as follows:

• if Ui > 0, it corresponds to the solution obtained at (Ui−1, Uj);

• if Ui = 0 and Uj > 0, it corresponds to the solution obtained at (0, Uj−1).
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Figure 5.1: Flowchart of the drift-diffusion solver for homostructures at (ULED, UPV) = (Ui, Uj).

• if Ui = Uj = 0, it corresponds to the solution obtained at equilibrium.

The drift-diffusion algorithm is summarised in the flowchart shown in Figure 5.1.

5.1.2 Validation of the solver

To validate our solver, we try to reproduce the results obtained in [Blandre 2016] for an InSb PIN
homostructure. The structure considered is shown in Figure 5.2, the InSb cell being cooled down
to 100 K to limit non-radiative recombinations. This cell is used in a NF-TPV device, which
consequently allows to validate both radiative and electrical solvers along with their coupling.
Since the code used in [Blandre 2016] was available to us, the data shown below comes directly
from it rather than from the digitalisation of figures, and matches well the published results (see
e.g. Figure V.22 of [Blandre 2016] for the I-V characteristic). To complete the validation, we
compare our results with those obtained by SCAPS, using as an input the radiative generation
rate computed by our solver. To match the calculations made in [Blandre 2016], the PV cell
radiative recombination rate is computed using Eq. (4.13) with Brad = 5 × 10−11 cm−3.s−1

instead of using the photon emission rate.

We show in Figure 5.3a the I-V characteristic computed by the different algorithms. All three
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SiC emitter (800 K)

Na = 4× 1017 cm−30.4 µm p InSb

Nd = 1014 cm−34 µm i InSb

Nd = 1017 cm−30.2 µm n InSb

PV cell (100 K)

InSb substrate

d = 10 nm

Figure 5.2: Structure used for the validation of the drift-diffusion solver.

are mostly similar, with a short-circuit current of the order of 15 A.cm−2 and an open-circuit
voltage close to 17.7 mV. The match is especially good between our algorithm and the one used
in [Blandre 2016], the small difference of Jsc coming from the generation rate obtained from the
radiative solver. The results obtained by SCAPS deviate slightly more from our results; however,
we noticed some unphysical phenomena in SCAPS. We show in Figure 5.3b the spatial variation of
the electron density under illumination and at zero voltage. While we expect n to be continuous
in a homostructure, which is satisfied for both our solver and Blandre’s solver, we noticed in
SCAPS a discontinuity at the P-I interface. We suspect this may be the cause of the larger
density found elsewhere in the cell, which leads to more frequent recombinations and therefore to
a lower Jsc. Increasing the cell temperature to 200 K makes the discontinuity disappear, and the
low temperature considered must therefore cause convergence issues in SCAPS.

5.2 Study of an optimised structure

Now that the drift-diffusion solver has been described and verified, we can move on to the study
of TPX homostructures. In the present section, we will analyse in detail the performance of an
optimised structure along with the charge transport in the two components, with the aim of
highlighting the major differences with detailed-balance results. Most of the following results
have been published in [Legendre & Chapuis 2022b]. Since the publication of this article, the
expression used for the hole effective mass has been changed, as it was supposed to be equal to
the heavy hole effective mass in [Legendre & Chapuis 2022b]. Quantitatively, this makes the hole
effective mass change from 0.51 to 0.53 for GaAs at room temperature. One may therefore notice
a small discrepancy between the published results and the data shown below, of the order of 10%
for the maximum power output for instance. Apart from these small numerical differences, all
the conclusions drawn in [Legendre & Chapuis 2022b] remain valid.

5.2.1 Description of the structure

As discussed in Chapter 3, a high quantum efficiency is required for TPX devices to reach
significant power output. This quantity being directly related to the non-radiative recombination
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(a) I-V characteristic (b) Electron density at zero voltage

Figure 5.3: Comparison of the results obtained by different 1D drift-diffusion solvers for the
reference device shown in Figure 5.2.

rate, it will consequently be highly dependent on the structure. For example, the thickness of the
two components should be precisely tuned to allow significant emission and absorption of photons
while limiting non-radiative recombinations. In order to obtain a promising structure with high
maximum power, the thickness and doping level of the different layers forming the components
are computed using the MATLAB optimisation function surrogateopt. Perfect mirrors are placed
at the back of the two components to prevent photon losses. To perform the optimisation, we
assume that both the LED and the PV cell are PIN homojunctions with the P layer in front.
The intermediate layer is assumed to be n-doped.

The optimisation is performed for a 10 nm gap distance, for a 600 K Al0.121Ga0.879As LED and
a 300 K GaAs PV cell, and for a surface recombination velocity S of 100 cm.s−1. This last
value is chosen arbitrarily, as it is not a material property but rather depends on the interface
quality. It is however quite low in comparison to the values found in the literature: in the
case of highly-doped layers, the surface recombination velocity at metallic contact is generally
equal to hundreds or thousands of m.s−1 [Blandre et al. 2017], decreasing only for lower doping
levels [Forcade et al. 2022] or in the case of partial surface covering by the metallic contacts
[Saint-Cast et al. 2010]. The reason we have chosen such a low value is simply to limit the
impact of surface recombinations on the performance: as we will see later (see Figure 5.21),
large surface recombination velocities can significantly worsen the performance as they cause a
reduction in quantum efficiency. This is due to the imperfect separation of charge carriers in
homostructures, and is one of the main reasons why heterojunctions are often preferred. By using
a low value of S, we therefore do not expect to catch the true performance of a TPX device
made of homostructures, but rather to analyse the different physical phenomena related to charge
transport in a relatively simple device, helping for the design and the physical understanding of
heterostructures in Chapter 6.

The resulting device is given in Figure 5.4, and consists of a 200 nm LED and a 1 µm PV cell.
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Perfect mirror
Nd = 5× 1018 cm−320 nm n AlGaAs

Nd = 1016 cm−3160 nm i AlGaAs

Na = 5× 1018 cm−320 nm p AlGaAs

LED (600 K)

Na = 5× 1018 cm−350 nm p GaAs

Nd = 1016 cm−3900 nm i GaAs

Nd = 5× 1018 cm−350 nm n GaAs

PV cell (300 K)

Perfect mirror

d = 10 nm

Figure 5.4: Schematic of the AlGaAs-GaAs homostructure under consideration, obtained from
optimisation algorithms.

The highly-doped layers have a doping level of 5× 1018 cm−3; for intermediate layers, it is equal
to 1016 cm−3, but these layers can be considered intrinsic as lowering the doping does not impact
noticeably the performance.

5.2.2 Radiative heat transfer

First, we study the local above-bandgap radiative heat transfer obtained in the LED and the
PV cell. Three cases are considered: far-field thermal radiation, near-field thermal radiation
and near-field electroluminescent radiation. The results can be found in Figure 5.5. Overall,
the different spatial profiles show the same trends, the difference being mainly the amplitude.
In all cases, q goes to zero at the back due to the presence of perfect mirrors. Far from them,
q roughly varies exponentially, either increasing in the LED due to emission or decreasing in
the PV cell due to absorption. The absence of a peak in heat flux density close to the front
surface highlights the negligible contribution of surface modes to the heat transferred above the
bandgap, in line with the results from Section 3.3.2. Reducing the gap distance to 10 nm allows
to increase the local heat flux density by a factor 10 to 15 in most of the components, the factor
being even larger close to the back surface. In comparison, the application of a 1 V bias on the
LED further increases the flux by a factor 2.5× 108, which corresponds to exp(eULED/kBTLED)

as Boltzmann’s approximation holds for such a voltage.

5.2.3 Maximum power and related efficiency

We start by investigating the electrical power production of the TPX device for a 10 nm gap
distance, its P-VV characteristic being displayed in Figure 5.6. The resulting power production
region (PPR) is within the one obtained for QE = 1 in Chapter 3, designated as the ideal case
in the following. This could be expected, as electrical power can only be produced in the heat
engine region of the equivalent Raveau diagram shown in Figure 3.4. The shape of the device
PPR is however quite different from previous results, being divided into a "TPV-like" region and
a "true TPX" region. This also appears clearly in the P − VLED characteristic shown in Figure
5.7, with a large zone without power production between 0.05 and 0.4 V. At higher voltage, the
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(a) (b)

Figure 5.5: Local heat flux density (a) in the LED, (b) the PV cell obtained in the near field
(d = 10 nm) or in the far field. In all cases, the PV cell voltage is zero.

Figure 5.6: P-VV characteristic of the AlGaAs-GaAs homostructure.
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112 Chapter 5. Study of AlGaAs-GaAs PIN homostructures

Figure 5.7: P-VLED characteristic of the AlGaAs-GaAs homostructure.

characteristic is mostly similar to detailed-balance results. The maximum power output is equal
to 1.9 W.cm−2 and is reached for ULED = 1.16 V and UPV = 1.27 V.

Along with its power output, the device efficiency should of course by studied; its η-VV character-
istic is shown in Figure 5.8. As in the case of detailed-balance calculations, the highest efficiency
at a given LED voltage is reached for large PV cell voltage, i.e. for voltages at which PV cell
electroluminescence starts to have a significant impact on the radiative heat flux. The associated
characteristic η-VLED is depicted in Figure 5.9. It clearly highlights the loss of efficiency in
comparison to the ideal case, which is mainly caused by non-radiative recombinations - although
the use of thin-film components may also play a role in this drop. One can also notice the very
tiny difference between maximum efficiency and efficiency at maximum power at a given LED
voltage, being at most one percent point apart from each other. This makes the efficiency "ridge"
visible in Figure 5.8 a pretty interesting region where both power and efficiency are maximised at
a given LED voltage. Globally, the maximum efficiency is still obtained for zero LED voltage
and is equal to 28%, reached for UPV = 0.47 V. The efficiency at maximum power equals 12%,
being thus five percent points lower than ηMPP obtained in the ideal case and with the far-field
analytical expression derived in Chapter 2.

By changing the gap distance, we obtain the variation of power output displayed in Figure 5.10a.
A large drop appears clearly around 78 nm, the maximum power output decreasing from 3× 10−4

to 2× 10−9 W.cm−2. This sudden drop delimits two different regions of operation:

• below 78 nm, the above-bandgap heat flux at maximum power qa,MPP is highly electrolumi-
nescent, being order of magnitude larger than the thermal above-bandgap heat flux qa,U=0,
and the device therefore operates as a true TPX device;

• above 78 nm, qa,MPP ≈ qa,U=0 as the LED is almost unbiased: the device operates in the
TPV-like region, explaining why the power output is significantly lower.

For the device considered, near-field enhancements are therefore mandatory to reach TPX
operation. This is a fundamental difference with TPV devices, in which power output always
varies smoothly with the gap distance [Milovich et al. 2020, Forcade et al. 2022], or even with TPX
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Figure 5.8: η-VV characteristic of the AlGaAs-GaAs homostructure.

Figure 5.9: η-VLED characteristic of the AlGaAs-GaAs homostructure.
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(a) (b)

Figure 5.10: Impact of the gap distance on (a) the maximum power output and the transmitted
radiative heat flux, (b) the efficiency of the AlGaAs-GaAs homostructure.

devices modelled with the detailed-balance approach of Chapter 3 (see Figure 3.9a). Understanding
the cause of this drop along with the absence of power production in the low LED voltage range
is a key element of this chapter, and will be explored in the following subsections.

We also show in Figure 5.10a the variation of total thermal radiative heat flux qU=0 with gap
distance. As discussed in Section 3.3.2, it is largely dominated by below-bandgap radiation and
varies roughly as 1/d2 for low gap distances as surface modes prevail. One can notice that the
above-bandgap electroluminescent heat flux becomes larger than qU=0 for gap distances between
20 and 55 nm. This means that the fraction of radiation exchanged above the bandgap FEg
must be relatively high in this distance range, and the total efficiency therefore be improved. To
confirm this, the variation of efficiency with gap distance is provided in Figure 5.10b. The small
oscillations which can be observed in the results are related to the large sensitivity of q with
voltage: while variations of P are almost negligible close to MPP, q still depends exponentially
on voltages and a small deviation from the MPP can lead to a noticeable change of q, hence of η.
For gap distances lower than 78 nm, the above-bandgap efficiency at maximum power rises as d
decreases - near-field effects therefore increase both power output and related efficiency when
restricted to above-bandgap radiation. In the same time, FEg reaches, as expected, a maximum
value of 0.59 for d between 30 and 40 nm. Consequently, the total efficiency at maximum power
peaks at 0.02 for a gap distance d = 30 nm: if below-bandgap photons are not filtered, it may be
more favourable to operate at such a gap distance than at 10 nm. If we now take a look at the
gap distance range above 80 nm, the above-bandgap efficiency jumps from 7× 10−3 to 0.25 at
d = 78 nm, which is simply caused by the higher efficiencies reached in TPV-like operation. But
simultaneously, FEg becomes very small and the total efficiency therefore remains close to 0, the
bandgap of GaAs being way too large for the device to properly work as a TPV device.
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(a) (b)

Figure 5.11: Charge carrier density at MPP (a) in the LED, (b) in the PV cell.

5.2.4 Local charge distribution at maximum power point

Thanks to the one-dimensional resolution of the drift-diffusion equations, we also have access to
the spatial variation of the charge carrier densities inside both components; the data obtained at
MPP can be found in Figure 5.11. The trends are mostly similar in the LED and the PV cell,
with n and p being almost symmetric with respect to the centre of each component. Still, charge
carrier concentrations are globally higher in the LED due to the quick increase of the intrinsic
concentration ni with temperature. In dashed line are represented the doping level in each layer.
While the density of majority carriers in highly-doped layers approaches the doping level, this is
untrue in the intermediate layer in which both carrier densities exceed the doping concentration.
This layer is therefore subject to high-injection conditions, which justifies the complete resolution
of the drift-diffusion equations over the use of the low-injection approximation (LIA) [Blandre
et al. 2017]. With the LIA, majority carrier density would be wrongly assumed to always remain
equal to the doping concentration. As mentioned in Chapter 4, the SRH recombination rate in
an n-doped layer is for instance expressed as

RSRH =
p− peq

τp,SRH
, (5.12)

peq being the hole concentration at equilibrium. We show in Figure 5.12 how such an expression
compares with the complete expression given in Chapter 4 under low voltage bias, where the
difference is maximum. While the error is relatively small in highly-doped levels - especially in
the PV cell - it becomes dramatic in I layers where the approximated expression can locally be
off by a factor as large as 1017 in the PV cell. This makes the total SRH recombination rate
obtained with the simplified expression larger than the correct rate by a factor 3× 1010 in the
PV cell and 5× 104 in the LED. At the MPP, the error is lower but still significant, this factor
decreasing to 2 in both components.

The band diagrams can bring complementary information to the local carrier densities, and the

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0094/these.pdf 
© [J. Legendre], [2023], INSA Lyon, tous droits réservés



116 Chapter 5. Study of AlGaAs-GaAs PIN homostructures

(a) (b)

Figure 5.12: Effect of using the low-injection approximation to compute the local SRH recom-
bination rate (a) in the LED, (b) in the PV cell at low voltage. The values of n and p used
correspond to those obtained with the drift-diffusion solver, i.e. without the LIA.

diagrams obtained at MPP are therefore represented in Figure 5.13. Since the applied voltage is
high in both components, the variation of electrostatic potential around junctions is relatively
low and EC and EV show little variations in space. Quasi Fermi levels in the LED and the PV
cell are almost flat, with variations of the order of the tenth of meV on the complete thickness.
Thus, the approximation µ = eU holds well at MPP. However, EFn goes into the conduction
band in the n-doped layers as the doping level is larger than NC, the difference between EFn and
EC being for instance of the order of 3kBT in the LED. In these layers, the semiconductor is
therefore degenerate. This has several implications:

• several physical phenomena, which occurs in degenerate (or very highly doped) semiconduc-
tors, are neglected; we can for instance mention two competing effects:

– the Moss-Burstein effect, which causes an increase in apparent bandgap as the en-
ergy levels in the bands which are closest to the band edges are completely filled
[Grundmann 2016];

– bandgap narrowing, which corresponds to a decrease of the apparent bandgap as the
impurity density is so large that their energy levels form a band that extends the
semiconductor band inside the bandgap [Sze 2006];

• the Boltzmann approximation used to simplify the Fermi-Dirac distribution is no longer
correct in the case of degenerate semiconductors, which makes our model imprecise in such
semiconductors.

The relaxation of Boltzmann’s approximation is not straightforward in drift-diffusion models
[Kantner 2020], especially since we work with the Slotboom variables, which naturally include
the Boltzmann approximation. Therefore, we could not analyse the impact of this assumption,
which might introduce non-negligible errors in the end results. This question shall be addressed
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(a) (b)

Figure 5.13: Band diagrams at MPP (a) in the LED, (b) in the PV cell.

in future work. Regarding the additional physical phenomena, we expect their impact to be
limited as both effects compete with each other; also, the bandgap energy of GaAs being already
quite large, the relative change in bandgap should remain limited. The impact should be even
less important in Chapter 6, in which the highly-doped layers will have a higher bandgap and
will not impact the above-bandgap radiative transfer (as they are transparent for photons with
energy close to Eg,GaAs).

5.2.5 Fundamental asymmetry between LED and PV operation

Several similarities were found between the LED and the PV cell at MPP, the band diagrams
and the charge carrier concentrations being for instance mostly similar. This however hides a
fundamental asymmetry in their behaviour at lower voltage. We show in Figure 5.14 the band
diagrams obtained for the LED and the PV cell at low voltage. More precisely, a voltage of 0.1 V
is applied to the component under consideration, while the other component remains unbiased.
The resulting band diagram obtained for the LED is mostly similar to the one obtained at MPP.
However, this is not the case for the PV cell as the quasi-Fermi levels vary significantly in space.
The approximation µ = eU is thus incorrect in this case, since µ > eU instead. Still, this is not
too much of an issue as we are mainly interested in the MPP. Furthermore, we do not expect this
larger chemical potential to significantly change the PV cell current or the net radiative heat flux,
and the resulting performance should thus remain mostly similar.

What happens in the PV cell is that the separation of quasi Fermi levels is caused by the
LED illumination rather than the application of a voltage bias. Thus, the PV cell operation
is strongly related to the LED voltage. This may be easily understood by looking at the I-V
characteristics displayed in Figure 5.15, which are obtained by varying one voltage while keeping
the other one at zero. If the LED voltage is varied (Figure 5.15a), both currents vary roughly
as exp(eULED/kBTLED), since radiative recombinations - and thus the related LED emission -
vary as such with the approximation µ = eU . Non-radiative recombinations cause the small
deviation from the exponential rate in the LED, but happen too sparsely in the PV cell to change
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(a) (b)

Figure 5.14: Band diagrams obtained (a) in the LED, (b) in the PV cell, with a voltage applied
to the component under consideration equal to 0.1 V while the opposite component remains
unbiased.

significantly its short-circuit current. In comparison, if we change the PV cell voltage instead
(Figure 5.15b), both currents remain constant at first as the increase of the recombination rate in
the PV cell is not sufficient to noticeably change the PV cell current or the radiative heat flux
exchanged between the component - and thus the LED current. Of course, if the PV voltage
becomes large enough, it will in fact operate as the LED, and then currents then increase as
exp(eUPV/kBTPV) - but this happens outside the TPX heat engine operation region. In this
region, most of the important quantities are therefore driven by the LED voltage rather than the
PV cell voltage.

From what we have written above, we can also notice the difference of impact of recombinations on
the two components. In the LED, they drive the current for any voltage. In contrast, they become
significant in the PV cell only close to the open-circuit voltage. This means both components
are very differently impacted by the rate of non-radiative recombinations, hence by their QE,
as discussed in [Würfel & Würfel 2016]. To illustrate this, we use again the detailed-balance
model of Chapter 3, but this time with different QEs for the LED and the PV cell - which are
supposed to be semi-infinite for this calculation. The result obtained is depicted in Figure 5.16.
If decreasing the QEPV while keeping QELED equal to one deteriorate the power output, it is
much worse if QELED is decreased instead: in comparison to the radiative limit QE = 1, power
output is reduced by a factor 40 if QEPV = 0.5, against 6 × 107 if QELED = 0.5 (keeping the
other QE equal to unity). The results obtained with symmetric QE are in fact close to those
obtained with QEPV = 1: the impact of QEPV is therefore moderate, and the power output is
mainly limited by QELED. We shall thus investigate the variation of QELED with voltage in the
studied homostructure.
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(a) (b)

Figure 5.15: I-V characteristics of the LED and the PV cell, obtained by varying (a) ULED, (b)
UPV.

Figure 5.16: Variation of power output with quantum efficiency obtained with the detailed-balance
model.
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5.2.6 Impact of non-radiative recombinations

We start by looking at the local radiative and non-radiative generation-recombination rates in
the LED and in the PV cell, which are represented in Figure 5.17. In any of the cases considered,
SRH events mostly occur in the intrinsic region while Auger recombination rate is maximised in
highly-doped layers. This is a standard result which comes from the difference of physics between
the two phenomena. Traps capture carriers more efficiently if both kinds of carriers are equally
available, while Auger recombination being a three-carrier phenomenon, it occurs more often
in regions where many carriers are available. This can easily be obtained from the governing
equations shown in Section 4.1.3 by using some simplifying approximations. Let us suppose that
τn,SRH = τp,SRH and Cn = Cp. If we assume that ni is small enough in comparison to n+ p and
that np is spatially constant and equal to n2

i e
eU/kBT , we can easily obtain that RAuger and RSRH

are respectively proportional and inversely proportional to n+ p:

RSRH ≈
1

n+ p

n2
i

(
e
eU
kBT − 1

)
τSRH

, (5.13a)

RAuger ≈ (n+ p) · Cn2
i

(
e
eU
kBT − 1

)
. (5.13b)

Since we assume that np is a constant, this leads to n+p being minimum for n = p and increasing
as the difference of carrier densities increases.

We can also notice the recombination rate of these two non-radiative phenomena vary differently
with voltage. SRH recombinations are the most common at low voltages (panels (a,b)), while
under large bias, Auger recombination rate becomes similar to (panel (d)) or greater than RSRH

(panel (c)). Using once more the above-mentioned approximations, we can in fact show that

RSRH ∝ e
eU

2kBT − 1, (5.14a)

RAuger ∝ e
eU
kBT − 1, (5.14b)

since in highly-doped layers n+p equals approximatively the doping concentration. This captures
the lower increase rate of RSRH, and is actually the basis for the two-diode model in which the I-V
characteristic is simply fitted using the expression J = Jsc + J01(eeU/kBT − 1) + J02(eeU/2kBT − 1)

[Würfel &Würfel 2016]. In comparison to radiative events, the rate of non-radiative recombinations
is quite low in most cases, except in the LED at low voltage (panel (a)) in which the SRH
recombination rate far exceeds the radiative recombination rate. The LED quantum efficiency
must therefore be significantly lower than one in this case.

To better quantify the QE, the generation-recombination rate is integrated over the whole
thickness. The resulting total rate is given in Figure 5.18, along with the resulting QE. Globally,
the dependency of non-radiative recombination rates with voltage found in Eq. (5.14) fits well
those obtained numerically. The main exception comes probably from the constancy of Auger
recombination rate at low voltage in the PV cell: this is due to the separation of the quasi-
Fermi levels being much larger than eU in highly-doped layers, because of the LED illumination.
Surface recombinations can also be displayed in such a figure, and show similar rates to Auger
recombinations. Therefore, they have a significant impact even for the low surface recombination
velocity considered. In the PV cell, the net radiative generation-recombination rate goes to 0 for
a voltage of 0.73 V as the PV cell emission perfectly counterbalances the LED illumination there;
radiative events are therefore dominated by generation for lower voltages, and by recombination
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(a) LED, low voltage (b) PV cell, low voltage

(c) LED, high voltage (d) PV cell, high voltage

Figure 5.17: Local generation-recombination rates obtained at different voltages (a) in the LED,
(b) in the PV cell. In all four panels, the rates are given in absolute value. Only for radiative
events in the weakly biased PV cell is the generation rate greater than the recombination rate.
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(a) (b)

Figure 5.18: Total generation-recombination rate (a) in the LED, (b) in the PV cell, given as a
function of the component voltage. The rates are given in absolute value.

for larger ones. This voltage corresponds to the maximum open-circuit voltage Uoc possible for the
PV cell. Since the SRH recombination rate equals the radiative generation rate for UPV = 0.58 V,
the PV cell Uoc is consequently close to 0.58 V and non-radiative recombinations cause a decrease
of Uoc of 0.15 V. This also implies that close to Uoc, QEPV is quite low - at least at ULED = 0 V.
In fact, the QE of the PV cell only starts to increase around 0.75 V.

In the LED, the QE is non-monotonic:

1. for a zero voltage, it is equal to unity, as the LED thermally radiates towards the PV cell
due to the temperature difference, the net non-radiative generation-recombination rate
being almost zero;

2. it reaches quickly its minimum for a voltage close to 0.07 V due to SRH recombinations;

3. then, it goes up to 0.957 for ULED = 1.09 V, at which all non-radiative recombinations
occur approximately at the same rate;

4. for very large voltage, the QE drops again, this time due to Auger and surface recombinations.

These two QE profiles were obtained with one voltage equal to zero; to extract more information
from the QE, the influence of both voltages should be investigated. We therefore show in Figure
5.19 how the QE profile of both LED and PV cell changes with the opposite component voltage
bias, the pale area corresponding to the superimposition of all the obtained QE profiles. These
profiles are only given in the range of voltage in which the component operates as expected: the
PV cell QE is only given up to Uoc, while for large PV cell voltages the LED QE is only given
above a certain voltage - the LED working as a PV cell at low bias. The results presented in
Figure 5.19 pinpoints that as long as the LED operates as expected, its QE shows no dependency
to the PV cell voltage. In comparison, QEPV decreases with ULED; however, Uoc increases with
ULED, and QEPV at Uoc comes thus closer to unity as ULED increases (black line in Figure 5.19).
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Figure 5.19: Variation of a component quantum efficiency as a function of its applied voltage,
given in the voltage range in which the component behaves as expected (i.e. below Uoc for the
PV cell and above Uoc for the LED). In the case of the PV cell, the QE profile varies with LED
voltage and is therefore plotted every 0.1 V of ULED. The value of the PV cell QE at Uoc is also
represented in dark grey.

Figure 5.20: Power production region obtained with the detailed-balance model, for different QEs.
The hatched region corresponds to the heat engine operating region obtained at the radiative
limit in 3.3.1.1.
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Figure 5.21: Impact of the surface recombination velocity on the maximum power output of the
AlGaAs-GaAs homostructure.

At the MPP, LED and PV QEs equal 0.955 and 0.97 respectively, and QELED is therefore close
to its maximum. In comparison, for ULED = 0.2 V and UPV = 0.5 V - which lies inside the power
gap - they are only equal to 0.174 and 6.1× 10−4. In Section 5.2.5, we showed that QELED leads
the variation of P . But as QEPV is much smaller than QELED, one may think that QEPV could
play a significant role. In order to discard this hypothesis, we display in Figure 5.20 the PPR
given by the detailed-balance model with the aforementioned QEs or with one of them equal to 1.
Increasing QEPV mainly allows to enhance the PV cell Uoc but does not increase significantly
the available LED voltage range, in contrast to the QELED = 1 case. Therefore, even if QEPV is
the lowest of the two QEs, QELED is the sole cause of the power drop in the low-voltage range.
Physically, it means that SRH recombinations are too frequent in the LED to allow the TPX
device to produce power at low voltage. Similarly, as QELED decreases in the high-voltage range,
we may expect a larger maximum power output if Auger recombination rate was reduced. As
shown in Figure 5.21, increasing the surface recombination velocity - which lowers the LED QE -
has a dramatic effect on the maximum power output. A power drop similar to the one obtained
by varying the gap distance (see Figure 5.10) can be observed for Sn/p ≈ 103 cm.s−1.

5.2.7 Quantum efficiency in the near field

We shall now investigate the cause of this power drop. This will be done with respect to the
gap distance, but the reasoning is similar if surface recombination velocity is considered instead.
Since we have highlighted how the LED quantum efficiency is a critical parameter for the TPX
power generation, we display in Figure 5.22a the profiles obtained at different gap distances.
For any voltage, decreasing the gap distance allows enhancing QELED. This effect was already
pinpointed for TPV cells, as it was shown that the radiative recombination rate increases more
quickly as d decreases than the non-radiative recombination rate [DeSutter et al. 2017, Papadakis
et al. 2021]. But in the case of the LED, lowering d has an even more important effect as the rate
of non-radiative recombinations varies negligibly with d [Chen et al. 2015]: by decreasing d from
100 to 10 nm, QELED roughly increases by 0.3 at 0.5 V and by 0.1 at 1 V.
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(a) (b)

Figure 5.22: Impact of the gap distance (a) on the LED quantum efficiency, (b) on the TPX
device power production region.

As discussed previously, the LED quantum efficiency profile determines the size of the PPR. Since
QELED diminishes as d increases, the PPR must shrink simultaneously: this is shown in Figure
5.22b. The effect is particularly significant in the true-TPX region: while at d = 10 nm this
region is still quite large, it becomes very narrow for d = 75 nm. As the gap distance further
increases, the true-TPX region continues to shrink up to the point where it completely disappears,
which happens around d = 78 nm. The MPP, initially in the true-TPX region, moves then
abruptly towards the TPV-like region as it is the only region where power can be generated -
causing the drop of power output as well as the increase in above-bandgap efficiency mentioned
in Section 5.2.3. Note that this drop, and especially its amplitude, is also related to the large
SRH recombination rate at low voltage: this is because the low-voltage quantum efficiency is so
small that the PPR is divided in two, causing ultimately the power drop as d is decreased.

5.3 Impact of bandgap misalignment in the case of non-abrupt
bandgaps

5.3.1 Urbach tails: definition and implementation

In the results provided above, the bandgaps of the LED and the PV cell were matched. Indeed,
we have shown in Section 3.2.2 that it allows to maximise the power output when considering an
abrupt bandgap, i.e. that the densities of states equal zero inside the bandgap. However, this
hypothesis of abrupt bandgap is strictly correct only for a perfect (i.e. without impurities) and
infinite lattice. In reality, densities of states are found to decay exponentially as energy moves away
from EC or EV due to tail states, as depicted in Figure 5.23. Consequently, interband transitions
can occur with photons with energy close to but lower than Eg, changing the electroluminescent
spectrum and possibly modifying the impact of bandgap misalignment on the power output of
the device; in this section, we aim at analysing this impact.
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Figure 5.23: Schematic of the tail states inside the bandgap and the subsequent densities of
states.

To account for these below-bandgap transitions, we should modify the interband contribution to
the dielectric function. As of now, the emission and absorption of photons below Eg are neglected,
i.e. the absorption coefficient is supposed to be zero for E < Eg

1. This corresponds to the most
common approach (see e.g. [Adachi 1988]). But if the tail states are considered, the absorption
coefficient below the bandgap is most commonly expressed as

α(E) ∝
(
−E − Eg

EU

)
, (5.15)

where EU is the Urbach energy, which does not have a particular physical meaning but is rather
chosen to fit experimental data - the increase of EU broadening the absorption tail. This tail is
associated with above-bandgap data through convolution [Katahara & Hillhouse 2014]:

α(E) =
1

2EU

∫ +∞

−∞
exp

(
−
∣∣∣∣E − E′EU

∣∣∣∣)αabrupt(E
′)dE′. (5.16)

Note that this expression does not perfectly correspond to the data from [Katahara & Hill-
house 2014], in which an additional Eg term is present in the exponential. This is because they
define αabrupt(E) as the absorption coefficient at E −Eg, while we consider it directly to be the
absorption coefficient at E. Anyway, we can easily verify that our expression works in the limit
of infinitely low Urbach energy: associated to the prefactor, the exponential term becomes then a
Dirac delta function δE(E′), and we therefore find back α(E) = αabrupt(E).

The question is then to understand how the Urbach tail changes the emission spectrum of an
LED. Since far-field spectroscopy measurements of the emission spectrum of an InGaP/GaAs
heterostructure were performed by Wissal Sghaier at room temperature at our lab, we can in
fact compare the measurements with numerical results obtained with or without an Urbach tail.

1In fact, the absorption coefficient obtained from [Gonzalez-Cuevas et al. 2007] is non-zero below the bandgap.
However, it decreases very slowly as E decreases, and would result in a significant change of near-field radiative
heat flux transferred from the LED to the PV cell. Since there is no mention of tail states, this slow decrease
could very well come from the numerical error related to data fitting, and we therefore preferred to cut interband
transitions at Eg.
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Figure 5.24: Comparison of the electroluminescent emission spectrum of an LED obtained from
measurements and from Eq. (5.17).

Following the developments from [Katahara & Hillhouse 2014], we assume that

Ṅ(E) ∝ (1− exp(−αt)) E2

exp
(
E−µ
kBT

) , (5.17)

t corresponding to an effective thickness. Note that this expression of Ṅ is much too simple in
regard to the complex heterostructure considered in the measurements - its only aim is to allow
a quick comparison with experiment. It is fitted with experimental data using EU, t and T as
degrees of freedom. We focus only on the variations of the spectrum, i.e. not to its amplitude;
under the Boltzmann approximation, the applied voltage therefore plays no role. The result
is given in Figure 5.24; clearly, an abrupt absorption coefficient cannot properly represent the
entirety of the LED spectrum, the measured photon flux density smoothly decreasing to zero
towards low photon energies. In contrary, the simple model described above captures quite well
the spectrum global variations, the values obtained for the different degrees of freedom being
plausible - although limited attention should be given to them as the model is once again very
simple. We can also notice that a significant fraction of electroluminescent radiation is in fact
exchanged in the below-bandgap energy range, being as large as 25% considering the numerical
results. We can therefore expect the TPX power output to potentially rise when considering
Urbach tails, but the efficiency to decrease as the bandwidth gets larger (see Section 2.2).

If Eq. (5.16) allows to include an absorption tail in the absorption coefficient, we still need to
modify the dielectric function accordingly to implement the tail in the near-field radiation solver.
These quantities are related through the following relations:

α = 2
ω

c

√
|ε| − ε′

2
. (5.18)

This sole equation does not allow to obtain both the real and imaginary part of ε from α, and
should be coupled with Kramers-Kronig relation to obtain them precisely. To avoid iterating
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between these two, we will rather assume that ε′ remains unchanged by the convolution, since α
depends mostly on ε′′ in the frequency range considered2, and Eq. (5.18) can then give ε′′ from
ε′ and α.

The addition of interband transitions with photons with energy lower than Eg can however give
rise to divergence in the modified Bose-Einstein distribution. As shown previously (see Eq. (1.7)),
it depends directly on ~ω − µ and goes to infinity as µ approaches ~ω. Without an absorption
tail, µ < Eg ≤ ~ω and fBE is always finite, but this is no longer true as interband transitions can
occur at ~ω < Eg. Some corrections are proposed in [Katahara & Hillhouse 2014] to prevent this
unphysical divergence to occur; however, they cannot be straightforwardly applied to thin-films
and to near-field radiation, and require further information about the occupation of the bands.
Instead, we simply limit the range of admissible Urbach energy so that the lowest photon energy
able to promote electrons to the conduction band ~ωmin satisfies µmax ≈ eUmax < ~ωmin - this
lowest photon energy corresponding to the energy at which ε′′ gets below an arbitrarily chosen
threshold. Considering a threshold of 10−3, the Urbach energy should for instance be lower than
13 meV in the PV cell to keep ~ωmin above 1.35 eV.

5.3.2 Influence of Urbach tails on TPX performance

Now that the whole framework has been introduced, we can come back to the effect of LED
and PV cell bandgap misalignment in the case of a non-abrupt bandgap. In fact, this question
has already been partially addressed in [Oehler 2022], in which the impact of the LED Urbach
energy on the PV cell efficiency was investigated, the LED being heated at 350 K. Using a
detailed-balance approach, they found out that the PV cell bandgap should in fact be around
0.1 eV lower than that of the LED to maximise the PV cell efficiency. Although the variations
of efficiency of the cell have been studied in depth and compared to in-house experiments, this
study lacks a global analysis of the variation of the TPX power output with Urbach energy.

The analysis is performed based on the optimised geometry presented in Figure 5.4, using the 1D
drift-diffusion solver. One could wonder why we do not do this with a detailed-balance approach
as in Section 3.2.2: this is mainly because the spectral heat flux density qω does not go to zero
as ε′′ goes to zero using the transmission coefficient given in Eq. (1.16), precisely because the
components are semi-infinite. While this is not an issue in the case of an abrupt bandgap, it
becomes one when considering an Urbach tail as qω does not go to zero as the photon energy
decreases below Eg: the resulting spectrum is therefore erroneous below Eg. In terms of Urbach
energy, that of the PV cell will be considered equal to 10 meV, roughly corresponding to the
value given in [Greeff & Glyde 1995]. For the hot LED, it is set at 15 meV. This last value is
chosen quite arbitrarily: while EU is known to increase with temperature, its exact variations
have been sparsely analysed [Greeff & Glyde 1995]. Also, note that these two values could in
reality be smaller or larger depending on the device quality as well as its doping level, values
between 5 and 40 meV being for instance reported in [Chen et al. 2021] for GaAs.

The variation of power output with LED bandgap is diplayed in Figure 5.25, the bandgap being
changed through the aluminium fraction in the AlGaAs alloy forming the LED. When no Urbach
tail is considered (blue curve), the trend is mostly similar with the one found in Chapter 3,
the maximum power output being reached exactly when bandgaps are matched and decreasing
quickly with bandgap mismatch - especially for LED bandgaps lower than the PV cell bandgap.
However, as long as an Urbach tail is implemented for the LED emission, the variations are

2Close to Eg - and especially below - we have ε′′ < ε′ (see Figure 1.12). In the limiting case ε′′ � ε′, we obtain
|ε| − ε′ ∼ ε′′/2, and α then depends only on ε′′.
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Figure 5.25: Variations of the maximum power output with the LED bandgap, controlled through
the aluminium fraction.

much slower around the maximum. For an abrupt PV cell bandgap (orange curve), maximum
power is reached for Eg,LED between 1.45 and 1.46 eV, hence for a 30 meV bandgap mismatch.
This value is significantly lower than the ∼100 meV given in [Oehler 2022], as the goal was in
their case to optimise the cell efficiency rather than the TPX power output. The temperature
of the LED, equal to 350 K in [Oehler 2022], can also impact the optimal bandgap mismatch.
As the PV cell bandgap is abrupt, the LED bandgap must be larger than Eg,PV to ensure that
the electroluminescent radiation emitted below the LED bandgap can still be converted by the
PV cell. However, if an Urbach tail is also implemented on the PV cell side (yellow curve),
it can absorb photons with energy below its bandgap and the need for a significant bandgap
mismatch is reduced. The LED bandgap at maximum power is consequently reduced to 1.44
eV, corresponding to a bandgap mismatch of approximately 15 meV. Variations of power output
are even slower around the maximum in this case, almost reaching a plateau between 1.425 and
1.46 eV. Considering realistic emission and absorption profiles, the condition of exact bandgap
matching is therefore relaxed. This shall be helpful for the experimental proof of concept of
thermophotonics, as matching the bandgaps would require to control the aluminium concentration
with a precision of the order of the tenth of percent, which is hardly achievable.

5.3.3 Analysis of the resonance modes close to Eg

One may notice the results shown above lack smoothness. This is due to the presence of resonant
modes below the bandgap, which can be observed in an ω− kρ plot of the transmission coefficient,
represented in Figure 5.26. Above the bandgap energy, the transmission coefficient varies smoothly
with kρ for a given photon energy. On the contrary, resonances appear for photon energy below
Eg at specific values of kρ, the transmission coefficient becoming locally much larger than for
most of the admissible kρ. This makes the integration over kρ very sensitive to the mesh, and
would require an adaptative mesh to ensure precision in the integration for any frequency. As it
is not the case of our mesh, there are some imprecision in the integration below the bandgap
which are causing the small variations observed in the results in Figure 5.25 - except for the case
EU = 0, in which no such variations can be observed as no interband transitions occur below the
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Figure 5.26: Transmission coefficient between the LED and the PV cell as a function of ω and kρ.

bandgap.

These resonances are mostly observed for frustrated modes, i.e. for ω/c < kρ < nω/c, n
corresponding to the refractive index of GaAs which is close to that of AlGaAs. In fact, we can
notice that these resonances are also visible above the bandgap, but are much less impactful
as the transmission coefficient is high even out of resonances due to the imaginary part of the
dielectric function being significant. To trace the cause of these resonances back, we consider
a simpler system composed only of the GaAs and AlGaAs layers facing each other, still with
perfect mirrors at the back (here considered to be semi-infinite). With this set of five layers,
the dependency of the transmission coefficient with ω and kρ is known analytically [Francoeur
et al. 2010]. Using this analytical expression, we found the different resonant branches to perfectly
coincide with the condition of resonance in the intermediate cavity:

Re
(
RγLEDR

γ
PVe

2ikz,gapd
)

= 1, (5.19)

where Rγi correspond to the global reflection coefficient of layer i for polarisation γ, whose
expression is given in [Francoeur et al. 2010]3 and depends on the reflection coefficients at the
interface along with the layer thickness and the value of kz in the layer. Therefore, these peaks in
the transmission coefficient come from the resonance of the electromagnetic field in the cavity.
The leftmost branch is of particular interest, as for low values of kρ the related frequency remains
constant. By meticulously designing the TPX device, this resonance could occur close to Eg,
enabling a significant increase of the transmission coefficient and thus of the radiative heat transfer
at a 10 nm gap distance.

3Note that in [Francoeur et al. 2010], the expression given for the global reflection coefficient RLED (corre-
sponding to R1 in the article) is correct only if the semi-infinite layers at both ends and the intermediate layer are
made of the same material. This is not the case here and RLED should thus be slightly modified in comparison to
the original expression.
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5.4 To sum up

In this chapter, we performed the first complete 1D analysis of the performance of a TPX device.
One aim of such an analysis is to obtain a better estimate of the achievable power output, which
was found here to be equal to 1.9 W.cm−2 with an AlGaAs LED and a GaAs PV cell, considering a
300 K temperature difference. This is made possible by the large LED QE achieved, which is close
to 0.955 at MPP and remains above 0.95 for LED voltages between 1 and 1.2 V. 1D analyses also
allow highlighting specific behaviours which are difficult to grasp with simpler detailed-balance
approaches. For instance, we studied how the presence of Urbach tails in the absorption and
emission profiles relaxes the bandgap-matching requirement. We have also investigated the strong
influence of the LED quantum efficiency on the overall TPX performance, which annihilates the
capacity of the component to generate power in the low-voltage range due to SRH recombinations.
In fact, this was also found to be one of the main phenomena hindering the development of
electroluminescent cooling [Sadi et al. 2019b].

If this power gap is not an issue when operating at a 10 nm gap distance, it becomes one when
going towards the far field: for a gap distance above 78 nm, we found that our device was not
capable of generating significant amount of power, the true-TPX power production region having
disappeared due to the global reduction of the LED quantum efficiency. The question could then
be: how can we avoid such power loss in the far field? One solution is quite straightforward: since
the low QE is mainly due to SRH recombinations, which occur mainly in the low-doped layers
as n ≈ p there, we may simply want to further dope the intermediate layer. This will reduce
the SRH recombination rate, at the cost of increased Auger recombination rate - and therefore
reduced power output at a 10 nm gap distance. We show for instance in Figure 5.27 the power
production region obtained if the intermediate layer doping level is equal to 1018 cm−3. While the
maximum power output is reduced to 1.7 W.cm−2 due to Auger recombination, no power gap is
found in the low-voltage range at a 10 nm gap distance, and the device is still able to operate in
the true-TPX region for a 100 nm gap distance - although the maximum power output is already

Figure 5.27: Power production region of a modified version of the structure shown in Figure 5.4,
in which the doping level of intermediate layers is increased to 1018 W.cm−3.
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largely reduced, being only equal to 4× 10−3 W.cm−2. Moreover, for larger gap distances, the
LED quantum efficiency continues to decrease such that this device is not capable of generating
power in the far field either.

One other solution, which is more complex, was recently proposed in [Santhanam et al. 2020].
By precisely tailoring the dopant profile close to a heterojunction, they were able to locally
control the carrier concentration and ensure that n = p (which maximises RSRH) occurs only
in the high-bandgap material in which the impact of recombination is greatly lowered. This
allowed them demonstrating a significant reduction of the total SRH recombination rate. However,
this requires to work with heterostructures, and thus cannot be applied directly to the device
considered in this chapter. In the following chapter however, heterostructures will be used and
this solution could be implemented if SRH recombinations were found to be limiting.
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Extension to heterostructures for
efficient charge transport
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6.1 Physics and modelling of heterojunctions

In Chapter 4, we have briefly mentioned that materials with high bandgaps are often used
for the highly-doped layers to form performant heterostructures. An important question we
should answer before working with such heterostructures is: why do they perform better than
homostructures? Or more precisely, why using high-bandgap materials for the highly-doped layers
improve the performance of a device? The main advantage of such layers is that they significantly
improve the separation of charge carriers, due to different phenomena which are detailed below
and summarised in Figure 6.1.

• As shown in Eq. (4.4), ni decays exponentially with Eg. np is proportional to n2
i , and since

the majority carrier concentration can be supposed to be constant in highly-doped layers,
the minority carrier density largely decreases with Eg (considering a constant quasi Fermi
level difference). Therefore, the difference of density between majority and minority carriers
is increased: their separation is improved, allowing for a significant reduction of Auger and
surface recombinations.
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Figure 6.1: Advantages of heterostructures over homostructures.

• These high-bandgap materials are almost transparent close to the bandgap energy of the
intermediate layer. This prevents the generation of minority carriers in highly-doped layers.

• In the case of abrupt junctions, the difference of Eg and χ at the interface causes the
formation of a potential barrier in the conduction and valence bands. If the high-bandgap
materials are chosen well, it can allow blocking the flow of carriers towards the wrong
contact. However, this requires to use different materials for p-doped and n-doped layers.
In our case, only InGaP layers will be considered, and the barriers will mainly be present in
the valence band, as we will show afterwards.

While displaying better performance, such heterostructures are more difficult to grow than
homostructures due to the abrupt variation in material properties at the junction and to the
simultaneous need for a high-quality interface, as the formation of dislocations around the interface
would significantly increase non-radiative events. They are also more complex to model, as the
transport of charge carriers is modified at the heterojunction.

6.1.1 Charge transport at heterojunctions

In the following, only abrupt heterojunctions will be considered. As shown in Figure 6.1, the
difference of bandgap energy and electron affinity causes the formation of potential barriers at
the interfaces. Such barriers cause asymmetry in charge carrier transport: looking at the P-I
interface for instance, it is clear that electrons in the P region can easily fall in the I region, while
electrons in the I regions are blocked by the barrier. Because of this asymmetry, quasi Fermi
levels are discontinuous at the heterointerface. Often, the variations of quasi Fermi levels are
sufficiently small to make the assumption of continuity through the interface valid; in the frame
of this work however, we will see that this approximation is not satisfactory. We review below
the two models generally considered to include this discontinuity.

6.1.1.1 Thermionic emission

The first possibility is to consider that a charge carrier in a band cannot travel through a barrier,
and thus can be transmitted only if states are available at the carrier energy on both sides of the
interface. In this case, nothing hinder the flow of carriers and their transmission coefficient is
equal to one. This is illustrated in Figure 6.2a, and corresponds to the phenomenon of thermionic
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Figure 6.2: Transmission coefficient of charge carriers (here, electrons) through a heterojunction.

emission. To implement such an effect in a drift-diffusion solver, the current flowing through
the interface shall be expressed from the quasi Fermi levels at both sides starting from the
general expression J = e · nv (n and v being the density and velocity of the charge carriers under
consideration). Following the developments of [Wu & Yang 1979, Grinberg & Luryi 1998], the
general expression of the current of charges from layer i to layer j flowing in the z-direction is:

Ji→j =
2e

(2π)3

∫
1

~
∂E

∂kz
(E(k))T (E(k))fi(E(k))(1− fj(E(k)))dk, (6.1)

T being here the transmission coefficient of charge carriers, k their angular wavevector and f
their distribution function. One can similarly express the current flowing from j to i, allowing to
compute the net flow from i to j as the difference between these two currents. Taking the example
of electrons in the conduction band, their energy can be decomposed as E = (Eρ +Ez) +EC, Eρ
and Ez representing respectively the kinetic energy in the direction parallel and perpendicular
to the interface and being equal to ~2k2

ρ/2m
∗
n and ~2k2

z/2m
∗
n. Expressing the net current flow

through the interface in terms of the normalised electronic energy Ẽ = E/kBT on the i-layer side
of the interface gives

Jn,ij = A∗iT
2

∫∫
T (Ẽ)

(
fj(Ẽ)− fi(Ẽ)

)
dẼρ,idẼz,i, (6.2)

where A∗i represents the effective Richardson constant, equal to em∗nk2
B/2π

2~3. Ẽ is given without
subscript as conservation of energy gives us Ẽi = Ẽj = Ẽ. Considering only thermionic emission,
the transmission coefficient is equal to one only if the electron energy is larger than ẼC,max; else,
it equals zero. The main difficulty here is therefore to determine the domain of integration for
Ẽρ,i and Ẽz,i. In the following, we only consider what happens at the interface, as in [Wu &
Yang 1979] and contrarily to [Grinberg & Luryi 1998] in which the maximum of the conduction
band is not forced to be at the interface. We can then make use of several equations:

• the conservation of momentum parallel to the interface m∗n,iẼρ,i = m∗n,jẼρ,j ;

• the conservation of energy Ẽi = Ẽj ;

• the condition that every kinetic term should be positive.

From these, we can obtain

Ẽz,i ≥
(

1

θ
− 1

)
Ẽρ,i + EB, (6.3)

where θ = m∗n,j/m
∗
n,i and EB = EC,j −EC,i represents the variation of energy through the barrier.

This equation gives different domains of integration depending on the value of θ and EB as kinetic
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terms must be positive:

• θ ≥ 1: Ẽz,i ≥ max(EB, 0) = α, 0 ≤ Ẽρ,i <∞ = β;

• θ < 1: Ẽz,i ≥ max(EB, 0) = α, 0 ≤ Ẽρ,i ≤ (Ẽz,i − EB)/(1/θ − 1) = β(Ẽz,i).

Regarding the distribution function, we use Boltzmann’s approximation to simplify the Fermi-
Dirac distribution. The net electron current is then expressed as

Jn,ij = A∗iT
2e−ẼC,i(eẼFn,j − eẼFn,i)

∫ ∞
α

e−Ẽz,idẼz,i

∫ β(Ẽz,i)

0
e−Ẽρ,idẼρ,i. (6.4)

The integration is straightforward and gives the general expression

Jn,ij = ηA∗iT
2 · e−ẼC,max(eẼFn,j − eẼFn,i), (6.5)

where η is a term including the effects related to effective mass asymmetry and expressed as1:

η =



θ − (θ − 1) exp
(
−|ẼB|/(θ − 1)

)
if EB ≥ 0 and θ > 1,

θ if EB ≥ 0 and θ ≤ 1,

1 if EB < 0 and θ ≥ 1,

1− (1− θ) exp
(
−|ẼB|/(1/θ − 1)

)
if EB < 0 and θ < 1.

(6.6)

As long as θ is close to one or |EB| is large, η remains respectively close to θ and 1 in the first and
the last case. Since θA∗i = A∗j , the effective Richardson constant ηA∗i is driven by the effective
mass of the material where the conduction band maximum is located, as stated in [Grinberg &
Luryi 1998]. While the term η is not particularly complicated to take into account in simulations,
note that it is not systematically implemented; in SCAPS for instance, the effective Richardson
constant is simply taken equal to the Richardson constant of the material with the lowest effective
mass.

Coming back to Eq. (6.5), the electron current at the interface depends on the difference in
electron Slotboom variable Φj − Φi: a current flowing through a heterojunction thus causes a
discontinuity in the quasi Fermi level, which grows with the current amplitude. The result is
similar if looking at the flow of holes in the valence band:

Jp,ij = ηA∗iT
2 · eẼV,min(e−ẼFp,j − e−ẼFp,i), (6.7)

A∗i and η being obviously expressed from the hole effective mass.

6.1.1.2 Charge tunnelling and thermionic-field emission

The physical phenomena taken into account in the thermionic emission model are purely classi-
cal. However, quantum effects can also modify the transport of charges through the interface.
Regarding heterojunctions, the main quantum effect is charge carrier tunnelling, which is the
phenomenon whereby charges with normally insufficient energy to cross the interface can pass
through a potential barrier if it is thin enough, and thus be transmitted to the next layer. This
is similar to the concept of photon tunnelling, photons being able to travel through a usually

1Note that the two last expressions can be directly derived from the first two by transposing indices i and j,
as explained in [Grinberg & Luryi 1998].
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forbidden intermediate region. To be precise, we only consider here intraband tunnelling, meaning
that charges which are tunnelling remain in the same band. As displayed in Figure 6.2b, this
opens a new channel of charge carrier transmission across the interface, modifying the relation
between current and quasi Fermi level. The current at the heterojunction can be once more
obtained from Eq. (6.2), however with different integration bounds. Integration can be done
separately for classical and quantum transmission, so that the current can be expressed as

J = Jthermionic + Jtunnel, (6.8)

Jthermionic corresponding to the expressions derived in the previous section. The combination of
these two effects is generally called thermionic-field emission. In the following, we take once more
the example of electrons in the conduction band, the development being similar for holes in the
valence band. In order to compute Jtunnel, the integral over energy should only be performed
below EC,max, as larger energies are already taken into account in Jthermionic. The value of the
lower bound Emin depends on the shape of the spike. It corresponds to the largest energy between

• the lower value of the conduction band at the interface EC,min (as electrons must be in the
conduction band);

• the value of EC far from the interface on the side of the spike EC,∞ (as electrons with lower
energy face a barrier with infinite thickness and thus cannot tunnel through it).

The transmission coefficient of charge carriers crossing a potential barrier is expressed using the
one-dimensional WKB approximation, following [Yang et al. 1993]:

Ttunnel(E) = exp

(
−2

~

∫ z(E)

0

√
2m∗n,t(EC(z′)− E)dz′

)
. (6.9)

m∗n,t corresponds to the effective mass of electrons in the layer in which they tunnel, and z(E) is
the first position in this layer where EC(z) = E, as represented in Figure 6.3. The transmission
coefficient at a given energy E logically depends on the shape of the conduction band between 0
and z(E), i.e. above E. If the lower bound of the integral over energy corresponds to EC,min,
z(EC,min) is generally few nanometres away from the interface and the integral can be easily
calculated. However, if Emin = EC,∞ - as represented in Figure 6.3 - the lower bound corresponds
to the asymptotic value of EC and z(E) can become large, making the integral over z time-
consuming. Since the transmission coefficient goes to zero as E approaches EC,∞, the integral
over depth is cut at an arbitrary distance zc from the interface, which means that integration only
starts at Emin = EC(zc). In the following, this distance is set to 50 nm, which allows including
most of the tunnelling as we will show afterwards. Also, if the layer in which carriers tunnel is
thinner than z(Emin), the integral is cut at the thickness of the layer. Reflection and transmission
at this second interface are neglected.

The integration over energy for computing tunnelling current is simpler than in case of thermionic
emission. Indeed, the condition of conservation of the momentum parallel to the interface no
longer holds as the kinetic energy of tunnelling charges is not properly defined in the barriers.
The only condition which must be satisfied is that the total energy E is between EC,min and
EC,max. Therefore, only one integral over energy remains. Using Eq. (6.2) to express the electron
current related to tunnelling in a form similar to (6.4) gives

Jn,tunnel = ηtA
∗
iT

2(eẼFn,j − eẼFn,i)

∫ ẼC,max

Ẽmin

e−ẼT (Ẽ)dẼ. (6.10)
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0
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E

z(E)

Figure 6.3: Representation of the different quantities useful for thermionic-field emission.

This expression can only be derived in the layer where EC,min is located, as the way we define
the energy of charge carriers does not work in the barrier. Therefore, the effective Richardson
constant ηtA∗i must be that of this layer2, which means that

ηt =

{
θ if EB < 0

1 else.
(6.11)

The total thermionic-field emission current of electrons can therefore be expressed as

Jn,ij = A∗iT
2(η + ϕ)e−ẼC,max(eẼFn,j − eẼFn,i) (6.12)

where

ϕ = ηt

∫ ẼC,max

Ẽmin

eẼC,max−ẼT (Ẽ)dẼ. (6.13)

Similarly, the current of holes in the valence band can be expressed as

Jp,ij = A∗iT
2(η + ϕ)eẼV,min(e−ẼFp,j − e−ẼFp,i), (6.14)

ϕ being equal to

ϕ = ηt

∫ Ẽmax

ẼV,min

eẼ−ẼV,minT (Ẽ)dẼ. (6.15)

In the layer in which the barrier minimum is located, this total current must correspond to drift
and diffusion currents. In the opposite layer however, part of the current is due to tunnelling and
only a fraction of the carrier current can be related to drift and diffusion. Close to the interface,
the drift-diffusion current corresponds to the current induced by charges in the band, i.e. to
thermionic emission; for electrons for instance,

Jn,drift−diff(0+) = Jn,thermionic. (6.16)

As z increases, more electrons come back to the conduction band and participate to drift-diffusion
current. It is then given as [Verschraegen & Burgelman 2007]

Jn,drift−diff(z) = Jn,thermionic +
ϕ(z)

ϕ
Jn,tunnel − e

∫ z

0
(G(z′)−R(z′))dz′, (6.17)

2Note that no reference has been found to support this statement, which only comes from our understanding
of the phenomenon.
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ϕ(z) being defined as

ϕ(z) =

ηt
∫ ẼC,max

ẼC(z)
eẼC,max−ẼT (Ẽ)dẼ if ẼC(z) > Ẽmin,

ϕ else.

(6.18)

A similar expression applies for holes.

6.1.2 Drift-diffusion solver for heterostructures

The study of heterostructures requires several modifications of the previously-presented drift-
diffusion solver. One is the change in the expression of the charge carrier densities. While the
expression of the intrinsic energy level provided in Eq. (5.2) could be simplified in the case
of homostructures, it cannot for heterostructures and an additional term shall be present to
account for the variations of material properties. Following the developments from [Lundstrom &
Schuelke 1982], we have:

n =ni(0)eξne+ΨΦn, (6.19a)

p =ni(0)eξpe−ΨΦp, (6.19b)

where

kBT · ξn = (χ(z)− χ(0)) +
kBT

2
ln

(
NC(z)

NC(0)

)
, (6.20a)

kBT · ξp = −(χ(z)− χ(0))− Eg(z)− Eg(0)

2
+
kBT

2
ln

(
NV(z)

NV(0)

)
. (6.20b)

Even if Ψ, Φn and Φp are continuous, charge carrier densities are thus discontinuous at heteroint-
erfaces.

Then, specific equations are required at the interfaces to relate the different quantities from one
layer to another. Using the equations developed above for thermionic emission or thermionic-field
emission, we get the variations of Φn and Φp from the related current, since J ∝ ∆Φ. The total
current related to a kind of charge carrier is supposed to be continuous at a heterointerface. The
drift-diffusion current can however be discontinuous at the interface due to tunnelling, as discussed
in the previous section: if tunnelling is considered, only a fraction η/(η+ϕ) of the current coming
onto a barrier is related to drift and diffusion after crossing the barrier, the remaining part of the
current being reinjected further away from the interface. Last, the component perpendicular to
the interface of the electric displacement field D = εE is considered to be continuous through
interfaces since they are considered to be electrically neutral, so that

εs(z
−)

dΨ

dz
(z−) = εs(z

+)
dΨ

dz
(z+). (6.21)

In the following, we consider exclusively the thermionic-field emission model as it is the most
complete, unless otherwise specified. Details on the numerical model can be found in Appendix E.

6.1.3 Numerical stability issues

In the previous chapter, the resolution of the different equations was performed iteratively to
obtain the spatial variations of various quantities. However, nothing guarantees that this iterative
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140 Chapter 6. Extension to heterostructures for efficient charge transport

process will converge; and while everything went well in the case of homostructures, convergence
issues were observed when trying to solve the set of equations for heterostructures, particularly for
high voltages. The first improvement that can be performed to help convergence is to smoothen
the iterative process by effectively slowing the variations of the different quantities from one
iteration to the next. Taking the example of the normalised electrostatic potential, let Ψ̃ be the
result obtained from Poisson equation and Ψ the result after damping, which is the end result of
the iteration. We express Ψk at iteration k as

Ψk = w · Ψ̃k + (1− w) ·Ψk−1, (6.22)

where w is the weighting factor associated to the current iteration and must be between 0 and 1
(0 excluded), w = 1 meaning that the process is not damped. A similar treatment is made on Φn

and Φp, but not for current densities as they will be the first to be computed in the next iteration
and will not change the calculations if damped. Since the relative variations of the different
quantities are proportional to the weighting factor, the tolerance is reduced by a factor w to
maintain the precision requirements similar. We initially take w equal to 1 for both components
as it allows attaining convergence faster. If for a given couple of voltages, the solver does not
converge, lower values of w are used: in our solver, w = 0.8 is tried first, then w = 0.1. If it
still does not converge, the iterative process is stopped. Considering that the calculation was
performed at (ULED, UPV) = (Ui, Uj), the solver moves directly to the resolution at (Ui+1, 0),
since calculations at (Ui, Uj+1) require the solution at (Ui, Uj). The weighting factor w is then
set back to 1 to increase convergence speed.

One challenging issue that could arise during the iterative procedure is that one of the Slotboom
variables becomes locally negative, which is forbidden as they represent exponential term. This
occurs especially in the case of heterostructures because of the potentially large discontinuities in
Φ at heterointerfaces. While limited to large voltages in the case of a hot LED or an illuminated
PV cell, it even arises at low voltages for LED at ambient temperature, making the issue important
to consider. To reach convergence in such a case, w needs to be very low because of the quick
variations of Φ between iterations: values as low as w = 10−5 may be required to obtain a
physically valid solution. In terms of computational time, such a low value of the damping
factor is excessive. However, when trying to damp the variations of the Slotboom variables, we
noticed that the maximum difference between two iterations εn/p seemed to converge towards
an almost constant value after a certain number of iterations. Once this is reached, this means
that the weighting factor could be increased. To make this clear, let k be the iteration index, p
a positive number and wn the weighting factor associated to Φn. If εn/p is perfectly constant,
then Φk+p

n − Φk
n = p(Φk+1

n − Φk
n), therefore Φk+p

n = pwnΦ̃k+1
n + (1 − pwn)Φk

n. By multiplying
the weighting factor by p, Φk+p

n could thus be obtained in 1 instead of p iterations. To prevent
getting negative Slotboom variables, we therefore adopt the following procedure:

• in any case, the use of a global damping factor w - as described above - is conserved, being
a simple solution to help convergence.

• if at a given iteration, one of the Slotboom variables obtained from the drift-diffusion
equations reaches a negative value, a secondary iterative process is started, in which only
drift-diffusion and continuity equations are solved to reduce computational time and help
convergence. Initially, the Slotboom weighting factors - which can be different for electrons
and holes - are very low to prevent divergence. Negative values of Φ are accepted during
this process to help convergence, but should become permanently positive at some point.
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6.1. Physics and modelling of heterojunctions 141

Figure 6.4: Typical variation of the error ε obtained at each iteration, defined as the relative
variation of the Slotboom variables. ζ denotes the tolerance.

When Φ is locally negative, the calculation is performed as usual except for the diffusion
coefficient which is not updated - we assume its variation with carrier concentration to be
sufficiently low to have no dramatic impact on the convergence.

• after some iterations in the secondary process, both εn and εp should get either below the
associated tolerance or close to constant, i.e. show relative variation between two iterations
smaller than a given threshold ζ∆. If any of the two ε is in the latter case, both Slotboom
weighting factors are largely increased, up to a value of the order of 0.1. This allows the
solver to quickly approach the solution.

• the new solution being far from the previous one, εn/p can become large and the low values
of the weighting factors should be used once more to prevent divergence, up until ε becomes
almost constant again - this constant value should be lower than the previous one thanks
to the quick approach.

• the secondary process is stopped once the error, defined as the maximum relative variation of
each of the Slotboom variables, is lower than a given tolerance. As for the global weighting
factor, the tolerance is corrected with the Slotboom weighting factors, and is therefore
different for electrons and holes. If convergence is not reached, lower values of the weighting
factors are tried. If this still not helps, the calculation is stopped and the solver moves to
the resolution at (Ui+1, 0).

We show in Figure 6.4 how the errors εn and εp typically vary following this procedure. This
was obtained considering an GaAs/InGaP LED at room temperature, for which the secondary
iterative process is required to obtain the full characteristic. After roughly 90 iterations performed
using low weighting factors, εn has got below the related tolerance ζn, but not εp. Continuing
the iterative procedure with these weighting factors does not allow reaching convergence since εp
remains almost constant, as denoted by the orange dotted line. Instead, the weighting factors
are punctually increased, which allow to further decrease the error - although more slowly than
initially. The complete flowchart of the drift-diffusion solver is provided in Figure 6.5.
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Figure 6.5: Flowchart of the drift-diffusion solver for heterostructures at (ULED, UPV) = (Ui, Uj).
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Figure 6.6: Typical deviation of the quasi Fermi level difference with respect to eU in a 600 K
LED. It is obtained considering the TPX device shown in Figure 6.8 with an unbiased PV cell.

6.1.4 Back to the chemical potential

Previously, we have shown that any current flowing through a heterointerface causes a discontinuity
in the related quasi Fermi level. Because there is no reason that the variation of quasi Fermi
level at the interface is the same for electrons and holes, the chemical radiation of photons
µ = EFn −EFp shall also vary. This can be observed in Figure 6.6, in which the spatial variation
of the quasi Fermi level difference in an LED is given for several biases. This LED comes from
the TPX device later considered for verifying the algorithm (see Figure 6.8), the PV cell being
unbiased. For any of the voltages, EFn − EFp varies abruptly at the P-I interface, being lower
than eULED in the I and N regions. At moderate voltages, electron and hole current densities
are relatively low, and so is the associated change in EFn − EFp: for ULED = 1 V, it deviates
at most by 0.35 meV from eULED. But for larger voltages, it becomes significant in comparison
to the thermal energy kBTLED = 52 meV. Consequently, it impacts significantly the emission of
the intermediate layer: compared to the case µ = eU , the reduction of the chemical potential of
photons by 11 meV for ULED = 1.2 V roughly reduces the photon and heat flux density emitted
by 20%, assuming Boltzmann’s approximation.

Since this deviation becomes significant in the LED voltage range in which the MPP typically lies,
it is important to take it into account to ensure precise calculation of the maximum power output.
Therefore, we implement in this section the iterative procedure presented in [Callahan et al. 2021]
and discussed in Section 4.1.4. For each couple of voltages, the difference of quasi Fermi levels
obtained with the drift-diffusion solver is used to update the electroluminescent radiative terms,
which are fed back to the solver in the next iteration if convergence is not reached. To simplify
the procedure, we consider only one effective photon chemical potential µ̃ per layer, which is
an acceptable hypothesis as most of the variations of EFn − EFp in the LED occur at interfaces.
This effective quantity is computed such that in layer i, exp(µ̃i/kBT ) = t−1

i

∫
exp(µ/kBT )dz, ti

being the layer thickness. This allows to roughly have the correct electroluminescent emission
rate for the whole layer. Since the LED and PV cell operation are coupled through radiation, the
drift-diffusion solver should be used for both components at each iteration. The iterative procedure
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stops once the maximum absolute variation εµ of the photon chemical potential associated to
each layer of both components becomes lower than a set tolerance ζµ.

6.1.5 Photon recycling and thoughts on the locality approximation

Since we now consider the chemical potential to be variable from one layer to another, the
difference of modified Bose-Einstein distributions fBE(µ, T ) between two layers of the same
components can be non-zero: a net photon flux therefore arises between them, which leads to
photon recycling. However, the transmission function of photons returned by the near-field
radiative solver when considering adjacent layers diverges. To ensure such a divergence does not
come from numerical instabilities but rather from the model itself, we develop analytically the
transmission coefficient obtained in the case of a simpler structure, composed of three adjacent
layers placed between two semi-infinite media. More precisely, the two extreme layers (numbered
respectively 0 and 2) are assumed to be made of the same material as the adjacent semi-infinite
layer. Following [Mulet 2004], the transmission coefficient between layer 0 and layer 2 can be
expressed as

T TM
02 (ω, kρ) =

1

|kz0|2
Re(ε0k

∗
z0)

|ε1|
Re(ε2k

∗
z2)

|ε2|
∣∣tTM02

∣∣ϑ0ϑ2, (6.23a)

T TE
02 (ω, kρ) =

k′z0k
′
z2

|kz0|2
∣∣tTE02

∣∣ϑ0ϑ2. (6.23b)

In these expressions, whose derivation is provided in Appendix A.2, tγ02 is defined as

tγ02 =
tγ01t

γ
12e

ikz1d

1 + rγ01r
γ
12e

2ikz2d
, (6.24)

d being the distance between layers 0 and 2. ϑi, defined as 1 − e−2k′′ziti , corresponds to the
exponential variation of the transmission coefficient related to the finite thickness of layer i. If
the intermediate layer is a lossless medium, these expressions can be further simplified to give
those provided in [Francoeur et al. 2010]. Here, we instead consider all layers (along with the
semi-infinite media) to be made of the same lossy material. The transmission coefficient obtained
at a photon energy of 1.42 eV and for a dielectric function ε = 10 + i is depicted in Figure
6.7. Several similarities can be found between TM and TE polarisations. Of course, radiation
transmitted in the far field is exclusively propagative and thus exchanged within the light cone,
i.e. for kρ < nω/c. Decreasing the gap distance leads to an increase in the transmission coefficient
for propagative modes - especially close to kρ = nω/c - and give rise to the transmission of energy
through evanescent modes. But while the TE transmission coefficient goes to zero as kρ →∞ for
d approaching 0, it goes to a constant non-zero value in the case of TM modes. Consequently, the
transmission function F obtained through integration over kρ converges for TE modes as d→ 0,
but not for TM modes - corresponding to the divergence observed in the more complex systems
when considering adjacent layers.

Such a divergence is expected to be caused by non-local effects [Chapuis et al. 2008]. In the present
work, as in most of the literature on near-field radiation, we have assumed optical properties
to be local, i.e. that the movement of dipoles at a given position has no impact at any other
position at the same time. While correct in most cases, this hypothesis definitely breaks down
when the gap distance goes below the nanometre, and may have a significant impact at larger
distances. To take non-local effects into account, the dielectric function must be modified to
include dependency on kρ [Chapuis et al. 2008]. [Joulain 2008] also proposed to replace the Dirac
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(a) (b)

Figure 6.7: Transmission coefficient between two layers separated by a distance d obtained for
~ω = 1.42 eV, in an infinite medium with dielectric function ε = 10 + i.

function δ(r′ − r′′) in the fluctuation-dissipation theorem (see Eq. (1.10)) by a Gaussian function
depending on a local distance l. While being a promising solution due to its simplicity, some
discrepancies where found in the article, some expressions leading for instance to non-zero heat
flux between two media at the same temperature. Additional work would thus be required.

In the studies performed on photon recycling in near-field radiative heat engines, such non-local
effects were not taken into account3. In the TPV device analysed in [DeSutter et al. 2017]
for instance, only the emission of the cell towards the emitter is computed from fluctuational
electrodynamics, being compared to the internal emission of an isolated cell. In [Callahan
et al. 2021], only photons which are propagating in the semiconductor (i.e. with kρ < nω/c) are
included in the calculations of photon recycling, as they are assumed to gather most of the energy
transfer. The paper closest to the aforementioned issues is probably [Aeberhard et al. 2021];
however, if they observe the divergence as kρ → ∞ and discuss the need for non-local optical
properties at large kρ, the methodology used to prevent divergence - based on the modification of
the Green function and seemingly not related to non-local effects - is to be further analysed.

Unfortunately, we could not further explore the impact of non-local effects on photon recycling;
preventing divergence in the transmission function therefore requires setting evanescent modes
aside, similarly to [Callahan et al. 2021]. Since in the following, we consider only PIN heterostruc-
tures in which the two highly-doped barriers are almost transparent to the radiation emitted
by the intermediate layer, the net photon flux density occurring inside a component due to the
difference of photon chemical potential is weak and therefore has a negligible influence on the
performance, as demonstrated in Appendix F.2. Consequently, we still consider the net photon
flux density inside a component to be zero in the remaining of the chapter. Nonetheless, the
inclusion of non-local effects appears as an interesting development of photon-recycling analyses

3In fact, while non-local mechanisms have been dealt with below the bandgap, they do not seem to have been
addressed yet for interband transitions.
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Figure 6.8: Non-optimised heterostructure-based TPX device used to compare the in-house solver
with SCAPS.

in near-field radiative heat engines. Also, the exact physical cause of the significant amount of
heat transferred through evanescent modes above the bandgap which are observed for TM modes,
and which happen in a large bandwidth above the bandgap energy, should be investigated.

6.1.6 Comparison to SCAPS

To conclude this section, we compare results obtained with our in-house algorithm with those
from SCAPS for heterostructures. The structure under consideration is shown in Figure 6.8. The
LED and the PV cell are supposed to have the same composition for simplicity, the device being
not optimised for TPX operation. Since SCAPS cannot take a negative generation rate as an
input, we cannot compare results relative to the LED, but studying the PV cell is sufficient to
ensure the solver works as expected. In this section, the iterative process on the chemical potential
presented in Section 6.1.4 is not applied to make the analysis easier. The radiative quantities
must be fed to SCAPS to allow comparison, and are computed from our radiative solver. The
generation rate can directly be used in SCAPS; to take the near-field electroluminescent emission
of the PV cell into account, the radiative recombination coefficient B is directly computed from
the photon emission rate as B = Ṅem(U = 0)/(n2

i tPV). The coefficients η and ηt - relative to the
change in effective mass at heterointerfaces - are defined as in SCAPS in this section to help
comparison. After verification, using our own definition of these parameters does not change
significantly the obtained results.

The PV cell I-V characteristic is first presented in Figure 6.9a for different LED voltages. The
results from our solver and from SCAPS match well for any of the LED voltage considered,
even for ULED = 1.15 V where JPV slowly decreases before reaching Uoc. Due to the large
current flowing through the device under such illumination, thermionic emission and charge
carrier tunnelling have a considerable impact on the charge transport (see Appendix F.3), and
the match of I-V characteristics can therefore give confidence in the implementation of these
phenomena. For ULED = 1.15 V however, our solver was not capable of converging close to Uoc

precisely because of the large currents and of the different phenomena occurring. Nevertheless,
this is not a significant issue for TPX devices as the PV cell performance is already too low at
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(a) (b)

Figure 6.9: Comparison of the PV cell (a) I-V characteristic, (b) total generation-recombination
rates obtained with the in-house algorithm and SCAPS considering the structure shown in Figure
6.8.

such voltages to allow efficient TPX operation.

For a more detailed comparison, the variation of the different PV cell generation and recombination
rates with PV cell voltage are represented in Figure 6.9b, considering an illumination obtained for
ULED = 1 V. The match with SCAPS results is almost perfect for all voltages and all phenomena
except for Auger recombinations at low voltage, whose rate obtained by our solver is slightly
larger than the one returned by SCAPS - the ratio being almost equal to 2 for UPV = 0 V. Under
such low biases, Auger recombinations are mostly present in the intermediate layer and close
to the interface. Since the charge carrier densities and currents vary rapidly there, the Auger
recombination rate is highly sensitive to small differences present between solvers (spatial grid,
numerical scheme, etc.), which can cause the observed difference.

6.2 Analysis of TPX devices based on AlGaAs/InGaP heterostruc-
tures

We now work on the optimisation and analysis of heterostructure-based TPX devices. As explained
previously, the use of heterostructures shall allow for a better separation of charge carriers and
therefore reduce the significant impact of surface recombinations. As denoted in Figure 5.21,
considering surface recombination velocity of the order of 104 cm.s−1 - in the range of values
found in the literature [Saint-Cast et al. 2010, Forcade et al. 2022] - completely shatters the
performance of the AlGaAs-GaAs TPX device. In this section, we investigate how having InGaP
confinement layers - called this way as they are able to confine carriers to specific regions - as
highly-doped layers modifies the performance and the charge transport in both components.
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6.2.1 Structure optimisation of AlGaAs/InGaP devices

Similarly to the previous chapter, the structure is optimised to obtain a promising architecture.
However, we have seen that a device optimised at a 10 nm gap distance may perform very poorly
at larger gap distance. On the contrary, since decreasing the gap distance allows to improve
the LED QE, we may expect that a device with good performance at 100 nm gap distance will
also perform well at lower distances. Therefore, the optimisation is performed at both 10 and
100 nm gap distance, allowing to compare the structures obtained along with the difference of
performance at various gap distances.

The device under consideration is illustrated in Figure 6.10a. Each component is supposed to be
a PIN heterostructure, the two highly-doped layers being made of InGaP. This material has been
chosen as it is the most common ternary III-V semiconductor considered for heterojunction with
GaAs. It is lattice-matched with GaAs for a Ga fraction of xGa = 0.51, at which its bandgap
equals approximately 1.9 eV. Since the lattice constant of AlGaAs is constant with the Al fraction,
the same Ga fraction is used for the InGaP layers in the LED and the PV cell. Its properties can
be found in Appendix B. In the following, we use the term "AlGaAs/InGaP device" to refer to
such a device for the sake of brevity, instead of the longer form AlGaAs/InGaP-GaAs/InGaP.

The optimisation is limited to the thickness of the intermediate layers - later named active layers
since this is where photons get emitted or absorbed - because it was found to have the most
critical role on the power output. The thickness of the highly-doped layers is set to 20 nm in both
components, which is the value found to be the optimum for the LED in the previous chapter. In
fact, these layers only need to be thicker than the depletion region to prevent the semiconductor
from being depleted at the metallic contact. Once this is ensured - which is the case for a 20 nm
thickness - there is nothing to gain by further increasing these layers, as it would just increase
parasitic absorption or non-radiative losses. Their doping level was increased to 1019 cm−3 as it
was found to improve the device performance. While such a high value would have caused Auger
recombinations to reduce the power output in the homostructure, it is no longer the case for
heterostructures thanks to the low value of ni and rather improves the carrier selectivity of the
confinement layers. In fact, larger doping levels could be beneficial, but 1019 cm−3 could already
be difficult to reach and we therefore prefer not further increasing it. In addition, the active layer
doping level is set to 1018 cm−3 in both components to limit SRH recombinations, as discussed
at the end of the previous chapter. Because these layers are now significantly doped, we refer to
the components as P+NN+ heterostructures rather than PIN for clarity, superscript + referring
to highly-doped layers.

The active layer thicknesses obtained from the optimisation process are provided in the table
of Figure 6.10b. While for an optimisation at a 10 nm gap distance, both thicknesses remain
somewhat close to those found with homostructures, we notice a clear decrease in the optimal
thicknesses for a 100 nm gap distance. Regarding the LED especially, the active layer is thinned
down by factor 4, becoming as narrow as 40 nm. To understand why an LED that small makes
the power output optimum, we show in Figure 6.11 the power output obtained for different
couples of active layer thicknesses at 10 and 100 nm, which correspond to the different nodes
tested during optimisation4. Since the optimisation is performed with rough meshes, the values
provided in this figure should only be regarded as estimates. Still, two distinct trends appear

4One may notice the different couples considered during optimisation are placed on straight lines in Figure
6.11. This is because we forced these thickness couples to be chosen in a provided grid to prevent unnecessary
refinement of the optimal thicknesses and improve the coverage of the thickness space. This allows to significantly
reduce the optimisation computational time.
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Figure 6.10: (a) Heterostructure-based AlGaAs/InGaP TPX device considered for optimisation.
(b) Result of the active layer thickness optimisation.

for the gap distances. At 10 nm (Figure 6.11a), the power output mainly depends on the LED
thickness, being maximum at 180 nm. Looking at the variation of power output with LED active
layer thickness around the optimum in Figure 6.11c, we can observe some oscillations with a
period of the order of 100 nm, which are related to coherence effects. However, these effects
only impact moderately the power output, the global trend being that the maximum power
output increases up to an optimum LED active layer thickness, before starting to decrease. At
this active layer thickness, the LED quantum efficiency is maximised: this optimum thus comes
from a trade-off between radiative and non-radiative recombinations. In contrast, Pmax is almost
constant with ti,PV, showing for instance only 10% variations for ti,PV between 0.3 and 1 µm
considering ti,LED = 180 nm. In fact, both (ti,LED, ti,PV)=(180 nm, 360 nm) and (180 nm, 750
nm) can be regarded as global maxima as the maximum power output is almost similar. We have
chosen the latter as it led to the best performance at 100 nm.

In comparison, the region of maximised power is very localised for a 100 nm gap distance (Figure
6.11b), power being decreased by a factor 2 or 3 as thicknesses deviate from the optimum. Such
a precise requirement on the thicknesses is typically the sign of a radiative resonance caused
by coherence effects, a change in thickness of a few nanometres greatly modifying the heat
transferred between the LED and the PV cell. To verify this, we show in Figure 6.12 how the
radiative transmission coefficient between the LED and the PV cell in normal incidence varies
with the photon energy. For a 100 nm gap distance (Figure 6.12b), we can indeed observe a
resonance close to the bandgap energy of the active layers for the 100-nm-optimised device,
while resonances occur at larger photon energies for the 10-nm-optimised device. Because of this
difference of transmission, and although the LED of the latter device is much thicker, the thermal
above-bandgap radiation exchanged between the components is in fact similar in both devices.
In the previous chapter, we have highlighted the importance of near-field effects for reaching
QEs enabling the performant operation of TPX devices. Here, we also notice that coherence
effects have a strong impact on the TPX performance in the moderate near field. While these
coherence effects allow for a significant increase in power output at 100 nm gap distance, we shall

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0094/these.pdf 
© [J. Legendre], [2023], INSA Lyon, tous droits réservés



150 Chapter 6. Extension to heterostructures for efficient charge transport

(a) (b)

(c)

Figure 6.11: Power output estimate for different couples of active layer thicknesses, given by
the optimisation process (a) at 10 nm, (b) at 100 nm. In (c) is given the variations of power
output with active layer thicknesses at a 10 nm gap distance, around the optimum denoted by
the markers.
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(a) (b)

Figure 6.12: Transmission coefficient of radiation between the LED and the PV cell at normal
incidence and for a gap distance of (a) 10 nm, (b) 100 nm. Since we consider unpolarised light,
the transmission coefficient is equal to the sum of TM and TE transmission coefficients and is
therefore bounded by 2.

however mention that the high thickness dependency along with the thinness of the LED may
make the 100-nm-optimised device difficult to develop experimentally - at least, more than the
10-nm-optimised device.

6.2.2 Performance of optimised AlGaAs/InGaP heterostructures

We show in Figure 6.13 the P-VLED characteristic of the two optimised devices, which are mostly
similar to one another. For a 10 nm gap distance, both are capable of generating electrical power
for the whole range of LED voltage - although a local minimum is reached in the low-voltage
range for the 100-nm-optimised device. Even if this device can operate as a TPX engine for larger
LED voltages than the 10-nm-optimised device, the energy transferred through radiation between
the LED and the PV cell remains limited due to the low LED thickness and the power output
is therefore lower than that of the other device for most voltages. Its maximum power output
equals 1.1 W.cm−2 (reached for ULED = 1.16 V and UPV = 1.26 V), against 1.8 W.cm−2 for the
10-nm-optimised device (ULED = 1.14 V, UPV = 1.24 V). We can also observe that the change in
characteristic from 10 to 100 nm is quite different for both devices. While the LED voltage at
maximum power remains almost the same for the 100-nm-optimised device, it is reduced by almost
0.1 V for the 10-nm-optimised device. Consequently, the decrease in power output observed in
the latter device at 100 nm, caused by the combined reduction of the thermal above-bandgap
heat flux density and of the LED voltage at maximum power, is much more important, dropping
by a factor 35 down to Pmax = 4.7 × 10−2 W.cm−2. In comparison, Pmax only decreases by a
factor 3.5 for the 100-nm-optimised device, being equal to 0.32 W.cm−2. However, neither of
the two devices are capable of generating power in the low-voltage range for d = 100 nm, once
more because of SRH recombinations. As in the case of homostructures, they become eventually
unable to operate as a TPX engine as we move towards far-field conditions.
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Figure 6.13: P-VLED characteristic of the two optimised TPX devices, at 10 and 100 nm gap
distance.

The maximum power output obtained for these two devices at 10 nm are of the same order of those
from Chapter 5. However, these new results were obtained with surface recombination velocity
100 times larger, for which the optimum device of Chapter 5 was not working. This highlights the
performant charge separation operated by the two confinement layers, which limits the surface
recombination rate. Of course, such layers only reduce the effect of surface recombinations, but
do not cancel it. For surface recombination velocities of 105 cm.s−1 for instance, the maximum
power output of the 10-nm-optimised device at 10 nm decreases to 1 W.cm−2 - the reduction
being therefore significant, but reasonable.

6.2.3 Impact of the heterojunction model on TPX performance

To obtain the different results mentioned above, the thermionic-field emission model was considered,
and an iterative procedure was implemented for the chemical potential of each layer. We analyse
in Figure 6.14a how the P-VLED characteristic of the 10-nm-optimised device changes if, instead
of considering a thermionic-field emission model (hence both thermionic emission and charge
carrier tunnelling), we only include thermionic emission (TE) or even assume that quasi Fermi
levels are continuous at heterointerfaces. For low or even moderate LED voltages, we have seen in
Figure 6.6 that the variations of the difference of quasi Fermi levels at interfaces remains limited;
therefore, all three models are mostly identical and provide similar power output. But around
ULED = 0.9 V, the curve relative to thermionic emission suddenly stops, caused by a lack of
convergence for larger LED voltages. In fact, this occurs also with the continuity approximation,
this time for ULED = 1.13 V. While the thermionic-field emission model is the most complex of
all three, it is in fact the one achieving the best convergence. We suspect the convergence issues
in the two other models to come from the following reason:

• the use of the continuity approximation forces the variation of quasi Fermi levels at the
interface to be zero, and therefore locks a degree of freedom, making the convergence more
difficult to reach;

• if the current flowing at a heterointerface is written as Ji = Gi∆Φi, the term Gi is much
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(a) (b)

Figure 6.14: Influence of (a) the heterojunction model, (b) the iterative resolution of the photon
chemical potential on the P-VLED characteristic of the 10-nm-optimised TPX device.

lower in the case of thermionic emission than for thermionic-field emission (see Eq. (6.12));
therefore, a similar current will give rise to a larger change in Φi, which can eventually make
it negative and cause a divergence which sometimes cannot be solved by the secondary
iterative process introduced in Section 6.1.3.

With the continuity approximation, a maximum is reached before divergence and can therefore
be compared to the one obtained with the complete resolution. We observe a reduction of 12% of
the maximum power output when considering the continuity approximation. Therefore, such an
approximation can be used to get qualitative results, but deviates too much from the full model
to be considered quantitative.

We also provide in Figure 6.14b the influence of the chemical potential iterative process on the
TPX characteristic. As for the previous study, the change of power output at moderate voltage
is negligible at low voltage, the spatial variation of EFn − EFp being mostly negligible. But for
large voltages, the discontinuities at interfaces become significant and cause a large diminution of
the power output when included in the radiative calculations. Indeed, we find out that using
the µ = eU approximation causes the maximum power output to be overestimated by 50%. As
for the continuity approximation, assuming µ = eU may allow to obtain an idea of the order of
magnitude of the maximum power output, but is not quantitative.

6.2.4 Charge transport at maximum power point

We end this section by investigating how the use of heterostructures changes various spatially-
resolved quantities in the LED in the PV cell. In Figure 6.15 is provided the band diagrams
obtained at MPP for both components. They appear to be mostly similar to those obtained in
the previous chapter for homostructures. However, by looking in detail, we can notice the slight
changes of the quasi Fermi levels in the PV cell confinement layers, which are not as constant as
for homostructures. The discontinuities at heterointerfaces are only faintly distinguishable, being
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(a) (b)

(c) (d)

Figure 6.15: Band diagrams at maximum power point (a) in the LED, (b) in the PV cell. Panels
(c) and (d) display a zoom of the band diagrams around the P+ −N interface, respectively in the
LED (for electrons) and the PV cell (for holes).

at most of the order of a few tens of meV.

We also show in Figure 6.16 the variation of electron and hole current densities in both components
at MPP. At the electrical contact at which carriers are in minority, the related current density are
directly related to the surface recombination rate, and are therefore close to 0 for this device thanks
to the efficient carrier separation. As we get away from the contact, current densities increase in
absolute value, either because of the cumulated generation or recombination of charge carriers. In
any device, the total current must remain spatially constant. Here, the total drift-diffusion current
varies close to interfaces, where it is even discontinuous. In these regions, a fraction of the charges
tunnels through the potential barriers caused by the heterointerface, and the corresponding part
of the drift-diffusion current becomes a tunnelling current - up until the charges emerge from the
barrier. Summing drift-diffusion and tunnelling current gives as expected a constant total current
density.

Looking specifically to the tunnelling current, we can notice several differences between electron
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(a) (b)

(c) (d)

Figure 6.16: Spatially-resolved electron and hole current densities related to drift and diffusion
(subscript dd) or to tunnelling (subscript t) at maximum power point (a) in the LED, (b) in
the PV cell. Panels (c) and (d) correspond to a zoom of panels (a) and (b) around the interface
where hole tunnelling occurs.

and holes. The first difference is related to the influence of tunnelling in the charge flow, which is
much more important for holes as most of the charges tunnel through the P-I interface: this is
visible by the preponderant share of the tunnelling current in the total hole current. In comparison,
tunnelling plays a lesser role for electrons, especially in the PV cell in which it cannot be observed.
This is a consequence of the potential barrier height. As this quantity increases (in absolute value),
the classical flow of charges in the bands is more and more disturbed, and the transmission of
charges through the interface must therefore increasingly rely on tunnelling effects. For electrons,
the barrier height equals ∆χ, which is around 15 meV for the GaAs/InGaP interface and around
0.15 eV for the AlGaAs/InGaP interfaces. In comparison, it is equal to ∆χ + ∆Eg for holes,
corresponding to an almost 0.5 eV barrier height at GaAs/InGaP and AlGaAs/InGaP interfaces,
therefore greatly impacting the hole flow.

The second difference is related to the penetration depth of charges in potential barriers. Indeed,
we can observe that the hole tunnelling current decays much more quickly than the electron
tunnelling current as we move away from the interface: most of the hole tunnelling occurs within
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a few nanometres, against 10 to 20 nm for electrons5. This is related to the effective mass of
the carriers: holes being much heavier than electrons, their transmission coefficient (given in Eq.
(6.9)) decreases faster with the distance. This makes tunnelling less effective for holes than for
electrons.

6.3 Towards more realistic and performant TPX devices

6.3.1 Temperature and alloy fraction dependency of non-radiative recombi-
nation coefficients

As we have seen, the use of InGaP for confinement layers allows improving carrier separation
and therefore enables to relax the assumption of low surface recombination velocity made with
homostructures. However, this is not the sole idealising assumption made in the previous chapter
regarding non-radiative recombinations. Indeed, we assumed up until now the SRH and Auger
recombination coefficients of AlGaAs to be independent of the temperature and the Al fraction,
thus equal to those of GaAs at room temperature - as in the existing literature on thermophotonics
(see e.g. [Zhao et al. 2018]). This was done for several reasons. As with the assumption of
low surface recombination velocity, it limits non-radiative recombinations and make it easier to
obtain a performant device for preliminary studies. But it is also very difficult to find precise and
trustworthy data which include these different dependencies. LEDs and PV cells have been almost
exclusively studied at room temperature, and the few studies at high temperature made for PV
cells [Vaillon et al. 2020] have focused on their performance rather than on the material properties
of the semiconductors. Regarding composition dependency, it is already difficult to obtain data for
common alloys at room temperature (e.g. InGaP lattice-matched to GaAs), and becomes almost
impossible for alloys with unusual composition (such as AlGaAs with 12.1% Al). Nonetheless,
these dependencies are mostly detrimental to the performance, and we shall therefore try to
implement a simple model to include them. Since we expect the non-radiative recombinations in
the confinement layers to be limited, we suppose for simplicity that the non-radiative coefficients
in InGaP remain independent of the temperature and the Ga fraction.

By mixing aluminium and gallium to obtain AlGaAs, the density of traps inside the bandgap
increases in comparison to pure GaAs, as it makes the lattice more imperfect. Therefore, SRH
recombination lifetime should be largely impacted by semiconductor alloying. Taking the data
provided in [Quay 2001] for instance, we found the SRH lifetime for electrons to be equal to few µs
for GaAs but only to few tenths of ns for AlGaAs - no dependency on the aluminium fraction being
given. In comparison, we expect the Auger recombination coefficient to be relatively unaffected by
these new traps, hence by alloying; we assume in the following that they are perfectly independent
of the aluminium fraction6. Since the data given in [Quay 2001] is not precise, we prefer in the
following to manually try out different values for the SRH recombination lifetime in AlGaAs.

We show in Figure 6.17a how the TPX power output and the LED QE changes when the SRH
recombination lifetime in AlGaAs is set to 100 ns instead of the value in GaAs (∼ 3 µs). As
expected, the LED QE drops mainly in the low-voltage range, in which SRH recombinations
are expected to significantly impact the charge flow. Consequently, no electrical power can be
extracted there. But while the effect on the LED QE is less pronounced at higher voltage, it is

5With these penetration depths in mind, the use of a distance cut-off of 50 nm in integration is more than
enough to include almost all the carriers tunnelling.

6In fact, looking at the data given in [Levinshtein et al. 1999] for AlGaAs, the Auger recombination coefficients
may slightly decrease for increasing Al fraction, changing favourably the component performance.
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(a) (b)

Figure 6.17: Influence of the SRH lifetime in AlGaAs (a) on the P-VLED TPX characteristic, (b)
on the maximum power output.

enough to significantly reduce the TPX device power output. Consequently, the maximum power
output drops by a factor 180 down to 9× 10−2 W.cm−2, the LED voltage at maximum power
having decreased by 0.2 V. Of course, this reduction becomes larger and larger as the AlGaAs
lifetime gets lower, up to the point were the device cannot operate as a TPX heat engine any
more and works instead as a TPV device. This can be observed in Figure 6.17b: for τSRH,AlGaAs

between 50 and 100 ns, the power output drops and becomes constant as the lifetime is further
decreased, τSRH,AlGaAs having no longer any impact since the LED is now passive. Even if the
data given in [Quay 2001] are rough and could lead to an underestimated value of AlGaAs SRH
lifetime, the value of τSRH,AlGaAs it provides is orders of magnitude lower than the threshold value
of Figure 6.17b, and this low value of the SRH lifetime in the LED active layer may very well
prevent the device to operate properly.

We now study the influence of temperature dependency. Regarding SRH recombinations, two
different models can be found in the literature. The SRH lifetime related to carrier i can be
expressed as τSRH,i = [Ntσivi]

−1, where Nt is the trap density, σi is the capture cross-section
associated to carrier i and vi its thermal velocity. Since vi =

√
3kBT/m∗i , one possibility is to

assume that τSRH,i ∝ T−1/2. This is for instance what is done in SCAPS or in [Gonzalez-Cuevas
et al. 2006]. It is also possible to find that τSRH,i ∝ T−3/2 in the literature [Schenk 1992, Quay 2001].
In the following, we use the latter model to maximise the potential effect of temperature. For
Auger recombinations, we have not found any promising model for the dependency. In [Quay 2001],
it is mentioned that the temperature dependency of the Auger recombination coefficient of silicon
can be fitted with a simple power law, typically as Cn/p ∝ T 0.5. As a first guess, we will
therefore use a similar power law for the GaAs alloys considered in this section, however with
a different exponent as it varies from one material to another. Using the estimates provided in
[Levinshtein et al. 1996] for GaAs (Cn/p ∼ 10−30 cm−6 and ∼ 10−29 cm−6 for T = 300 K and 500

K respectively), we obtain a variation close to T 5 assuming monomial dependency. In contrast,
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(a) (b)

Figure 6.18: Impact of the inclusion of temperature dependency for non-radiative recombination
coefficients on (a) the P-VLED TPX characteristic, (b) the local generation and recombination
rate in the PV cell at MPP.

data presented on AlGaAs in [Takeshima 1985]7 lead to Cn ∝ T 2.5 and Cp ∝ T 1.5. Therefore,
there is a significant variability of the data found in the literature. In the following, we assume
that both Cn and Cp vary as T 3, the exponent being an estimate chosen as a compromise between
the various values mentioned above. It would be instructive to analyse the sensitivity of the TPX
figures of merit to this exponent in future work.

The effect of the temperature dependency of non-radiative recombination coefficients on the
TPX device performance is illustrated in Figure 6.18a. Clearly, the change of τn/p,SRH and of
Cn/p with temperature causes a sizeable drop of the LED QE, which is of the order of 0.1 for
most voltage but increases up to almost 0.3 for largest voltages. This decrease is mostly due
to Auger recombinations, whose rate becomes of the order of the radiative recombination rate
for any LED voltage. This can for instance be observed at MPP: as illustrated in Figure 6.18b,
the Auger recombination rate, which is already globally high in the active region, peaks at the
P+-N interface on the active layer side. It is caused by the large hole barrier present at the
interface, which causes the hole concentration there to be orders of magnitude larger than in the
P+ confinement layer. Eventually, this leads to a decrease of the maximum power output by a
factor 20, down to 8× 10−2 W.cm−2.

6.3.2 InGaAs/InGaP heterostructures for robust TPX devices

Taken individually, both temperature and composition dependencies impact drastically the power
output. When coupled, we can therefore expect the AlGaAs/InGaP device to be hardly capable
of operating as a TPX engine: a more robust device shall therefore be developed. To mitigate

7In [Takeshima 1985], the Auger recombination coefficients are fitted with C ∝ exp
(
αT + βT 2

)
. However, the

origin of such a model was not found.
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Figure 6.19: Proposed InGaAs/InGaP TPX structure for the reduction of non-radiative recombi-
nations.

the effect of non-radiative recombinations, we propose a new structure which is shown in Figure
6.19. Two main adjustments are made.

• To prevent excessive SRH recombinations in the LED due to the low SRH lifetime in
AlGaAs, the active layer is now made of GaAs. To ensure bandgap matching, the PV cell
is consequently made of InGaAs. While this will cause a decrease of the PV cell quantum
efficiency, we have seen that the influence of the PV cell QE on the power output is less
dramatic than that of the LED QE. This change should thus improve the overall TPX
performance. Regarding the active layer bandgap energy, it is no longer equal to 1.42 eV
and even becomes dependent on the heat source temperature. For TLED = 600 K, it is
equal to 1.28 eV, the fraction of In in the PV cell active layer being close to 9%.

• Two thin low-doped InGaP layers were added in the LED between the active layer and the
highly-doped layers. These layers allow decreasing the rate of Auger recombinations by
greatly reducing the majority carrier concentration in the active layer at the interface with
InGaP. Figure 6.18b clearly points out that this is especially important at the interface with
p-doped InGaP, and the low-p-doped InGaP is indeed the most beneficial of the two. Still,
adding the low-n-doped layer slightly improves the overall performance, and is therefore
conserved in the structure. Their thickness is set to 15 nm, which allows covering most of
the depletion region around MPP. The addition of such layers in the PV cell was however
found to be detrimental to the performance, and the PV cell thus remains a three-layer
structure.

In the LED, the doping level of the active layer and of the low-doped InGaP layers is set to
1016 cm−3, these layers being thus almost intrinsic: for this component, doping them do not
improve the performance of the device as SRH recombinations are not the main limiting factor.
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On the contrary, the InGaAs active layer of the PV cell is significantly doped to limit SRH
recombinations: the doping level is equal to 5× 1017 cm−3, except if the decrease of τSRH related
to the non-zero In fraction is included, in which case it is further increased to 5× 1018 cm−3. In
the latter case, τSRH is supposed to be equal to 10 ns which is of the order of the values obtained
for InGaAs using the data from [Quay 2001]. Since a peak of local SRH recombination rate is
observed in the active layer close to the N+ − P interface, the solution proposed in [Santhanam
et al. 2020] and briefly discussed in the end of Chapter 5 - based on the control of the dopant
profile close to the heterointerface - could help to further improve the PV cell performance.
However, this peak only represents a minor share of the total SRH rate, and the QE improvement
would therefore be limited. Consequently, this solution will not be included here for the sake of
simplicity. One can also notice that the n-doped layer is now in front of both components. While
this change does not significantly improve the maximum power output, it is done preventively as
having the n-doped layer in front shall allow limiting resistive losses related to the lateral flow of
charges towards the electrical contact (which must be a thin grid at the front to prevent excessive
shadowing).

To choose the thickness of the active layers, an optimisation process similar to the one used
previously for the AlGaAs/InGaP device is used. However, to ensure the reliability of the device,
the optimisation is performed both at 10 and 50 nm gap distances, and both with and without the
temperature and composition dependencies of the non-radiative recombination coefficients. The
active layer thicknesses are then set arbitrarily to the values which lead to the best compromise
in terms of maximum power output in these different operating conditions. This resulted in
an active layer thickness of 170 nm in the LED and 370 nm in the PV cell. The LED active
layer thickness is close to the one found for the AlGaAs/InGaP device. While a 70 nm thick
active layer leads to quite similar performance, we expect an LED that thin to be more sensitive
to losses that are not included here (e.g. parasitic absorption) and therefore stand to the 170
nm thick layer. The PV cell active layer is however twice thinner than in the previous case,
as a consequence of the excessive rate of SRH recombinations occurring for thicker layer when
τSRH,InGaAs = 10 ns is considered.

The characteristic of the InGaAs/InGaP device is displayed in Figure 6.20, along with the LED
quantum efficiency at zero PV cell voltage. When none of the dependencies mentioned above are
included, the characteristic is mostly similar to that of the AlGaAs/InGaP device, the maximum
power output being equal to 1.7 W.cm−2. Because of the smaller active layer bandgap energy in
the InGaAs/InGaP device, voltages at MPP are lower than in the case of the AlGaAs layer, with
ULED,MPP = 1.01 V and UPV,MPP = 1.11 V. However, Eg − eULED,MPP and Eg − eUPV,MPP are
almost the same in the AlGaAs/InGaP and InGaAs/InGaP devices, and are respectively close to
0.28 eV and 0.18 eV. This was partly expected, as the power output is directly related to the
electroluminescent radiation exchanged between the LED and the PV cell, which itself depends
on exp((Eg − eULED)/kBTLED) and exp((Eg − eUPV)/kBTPV) under Boltzmann’s approximation.
Since maximum power output is similar in both devices, it is not a surprise that the terms
Eg − eUMPP also are.

As in the case of the AlGaAs/InGaP device, including the temperature dependency of the
non-radiative recombination coefficients causes a significant decrease of the LED QE at low
LED voltage. However, the drop at larger voltage - especially close to the maximum QE - is
mitigated thanks to the intermediate InGaP layers, QE dropping only by few percent points
around MPP. Consequently, the maximum power output is only reduced by half - instead of 95%
for the AlGaAs/InGaP device - and equals 0.77 W.cm−2. The further addition of composition
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Figure 6.20: P-VLED characteristic of the structure illustrated in Figure 6.19 for different scenarios,
along with the LED QE at zero PV cell voltage.

dependency does not change the LED QE, since it only modifies the SRH recombination lifetime in
InGaAs. While such a low value of τSRH caused the AlGaAs/InGaP device to be inoperable - even
without temperature dependency - the InGaAs/InGaP device is still able to reach a maximum
power output of 0.4 W.cm−2, representing approximately 25% of the maximum power obtained
when no dependencies are included.

To complete the analysis of the device, the variations of maximum power output with the gap
distance and the heat source temperature are presented in Figure 6.21. Looking first at the
influence of the gap distance (Figure 6.21a), the trends obtained with the different scenarios
are mostly similar. The lower QEs obtained when including temperature and/or composition
dependencies, which cause a decrease in maximum power output at a given gap distance, also
lower the gap distance at which power output drops due to the disappearance of the true-TPX
PPR: initially close to d = 180 nm, it goes down to 70 nm with both dependencies included.
Incidentally, we can notice that thanks to the different modifications made in the device, it
remains quite performant even in the moderate near field (d = 100 nm) when no dependency is
included, with a maximum power output of 0.2 W.cm−2.

The variations of maximum power output with heat source temperature are however quite different
between the scenarios. When no dependencies are included, the maximum power output increases
smoothly, although the increase rate becomes lower as the heat source temperature increases. In
fact, it reaches an inflection point for TLED close to 525 K. This happens also when temperature
dependency is considered, but at an LED temperature of 500 K only. Roughly speaking, it means
that it becomes more interesting to increase the surface than the heat source temperature above
these temperatures: to make the most out of the temperature difference in these two scenarios,
the device should probably operate with a heat source temperature between 500 and 550 K.
While the influence of temperature dependency is reduced in this range of temperatures, the
effect of considering a low SRH recombination lifetime in InGaAs however becomes dramatic: at
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(a) (b)

Figure 6.21: Influence of (a) the gap distance, (b) the heat source temperature on the maximum
power output of the InGaAs/InGaP device. In the figures, x represent the indium fraction.

TLED = 500 K, maximum power output decreases by a factor 12 in comparison to the best-case
scenario, while at 450 K and below the device cannot operate as a TPX heat engine any more.
In fact, this also happens in the intermediate scenario for temperatures slightly below 400 K,
and we can already notice that the maximum power output starts to drop slightly above 400 K.
This is partly due to the reduction of the region of the voltage space in which the device can
operate as a heat engine, as discussed in Section 3.3.1.1. Of course, the thicknesses and doping
levels of the device may no longer be optimised at these temperatures. Still, this highlights the
need for developing efficient devices for moderate-temperature operation. The temperature and
composition dependencies considered here being only rough estimates, experimental studies will
also be required to make them more precise and allow models to identify more accurately the
limiting factors.

6.4 To sum up

To improve carrier separation and therefore the quantum efficiencies of the two components,
we focused in the chapter on the operation of TPX devices based on heterostructures. Specific
physical phenomena occur at heterointerfaces due to the potential barrier placed on the path
of charge carriers. If some approximations are available to make the model simpler, the high
voltages and related current densities in the LED and the PV cell around MPP makes them
somewhat inaccurate, and the full thermionic-field emission model should be implemented along
with an iterative process for handling the spatial variation of photon chemical potential.

Thanks to the improved efficiency of heterostructures, idealising assumptions - which were
previously mandatory to make the device able to operate properly - can now be relaxed, allowing
to come closer to the operation of realistic devices. This is for instance the case for surface
recombinations: while the surface recombination velocity is one hundred times larger in this
chapter, the use of InGaP confinement layers allow the TPX device to reach a maximum power
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output of the order of the one obtained by the homostructure of Chapter 5. The dependency of
non-radiative recombination coefficients on temperature and composition could also be included.
Their impact has been mitigated in the improved device based on GaAs and InGaAs active layers
(resp. in the LED and the PV cell), although such studies are hampered by the lack of precise
data regarding these dependencies. By doing these analyses, we aimed to pinpoint the significant
effect that common approximations can have, and to provide guidelines to adapt the device to
various losses. The InGaAs/InGaP device, which is the most performant device proposed in this
manuscript, remains however somewhat idealistic, several idealising assumptions being still used.
Among those, we can notably cite:

• resistive losses, related to the heat released by current flow8;

• shading of the LED and PV cell front surfaces by metallic grid, which reduces the radiative
transfer between the components;

• parasitic absorption of radiation in the back mirrors;

• increase of non-radiative recombination rate due to 2D (or even 3D) transport of charge
(which increase the distance travelled by charge carriers), either in the bulk or on the
perimeter9.

Some of these losses are coupled to one another: for instance, decreasing the grid coverage on the
front surface reduces shading but increases resistive losses in the grid, and a trade-off shall thus
be found. While all these losses are directly related to the physics of the semiconductor device,
some other could arise from fabrication imperatives: several etch stop layers are for instance
necessary to develop a component, which can further increase radiative and electrical losses. All
these different elements shall at some point be implemented for the precise modelling of TPX
devices.

To conclude, we compare in Figure 6.22 the variation of maximum power output with heat
source temperature obtained in this chapter with those derived for thermoelectrics and NF-
TPX in Chapter 3. Even with the dependencies included, the maximum power output of the
InGaAs/InGaP device remains between the two limiting cases obtained from detailed-balance
- at least between 475 and 650 K. However, its performance remains below that of realistic
thermoelectric generators even with some remaining idealising assumptions. While this is not
entirely surprising given the difference in maturity between these two technologies - our work being
the first to focus on the performance of TPX structures - it does highlight the need for further
study and optimisation of complete devices to determine whether TPX can become competitive
with TE; and doing so will require to deepen our knowledge on the material properties of promising
materials and on their dependency on temperature.

8A simple way to model resistive losses in 1D is to use the model considered in [Milovich et al. 2020] for
NF-TPV.

9Current spreading layers are often used in real thin-film devices to prevent excessive losses due to lateral
transport.

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0094/these.pdf 
© [J. Legendre], [2023], INSA Lyon, tous droits réservés
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Figure 6.22: Performance of NF-TPX devices obtained from detailed balance (Chapter 3) and
from the drift-diffusion modelling of charge transport in the InGaAs/InGaP device (Chapter 6),
compared to thermoelectrics.
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Conclusion

In this thesis, we have analysed thermophotonic energy harvesters operating in the near field
by theoretical and numerical means. As revealed by the literature review, thermophotonics is a
fairly young topic in comparison to other solid-state heat engines, with only few detailed-balance
analyses performed to estimate their potential as energy harvesters or to study the influence of
key parameters [Harder & Green 2003, Zhao et al. 2018], and with no thorough physical and
thermodynamical description of their operation. Therefore, we have started by providing one, and
have discussed the electricity-to-light and light-to-electricity conversion occurring in the LED and
the PV cell. This has highlighted that TPX devices rely on the operation of LEDs as heat pumps,
since above-unity LED wall-plug efficiencies are required to produce electrical power. Because
of the limited temperature an LED can withstand, the use of TPX engines shall be limited to
low-grade heat recovery, and a heat source temperature of 600 K has been selected for this study.

We started by developing efficiency bounds for thermophotonic heat engines operating at the
radiative limit. In reversible operation, we have highlighted that the active electrical control of
the emitter makes it possible to ensure that no entropy is created in the whole device. Reversible
thermophotonics can thus reach the Carnot efficiency, which is a fundamental difference to
thermophotovoltaics. In irreversible operation, we have found that the efficiency at maximum
power is maximised in the limit of monochromatic radiation, where it equals the classical Curzon-
Ahlborn efficiency. For a 600 K LED and a 300 K PV cell, this means that while the maximum
efficiency theoretically achievable is equal to 50%, the optimal efficiency at maximum power is
only 29%. It further decreases as the radiation bandwidth increases, down to around 17% for
a bandgap energy of 1 eV when considering a bandwidth of few tenths of eV (which is typical
for electroluminescent spectrum). Therefore, thermalisation losses have a significant impact on
the overall performance. In the limit of infinite bandgap energy, we have derived a closed-form
expression of the efficiency at maximum power that depends only on the heat source and heat
sink temperatures: it represents an upper bound of the achievable efficiency at maximum power
for broadband radiation.

In Chapter 3, we have studied numerically the performance of thermophotonic energy harvesters
in the near field. The quantum efficiency has been found to be a key parameter, which needs
to exceed 0.95 to make TPX competitive with thermoelectrics. For this reason, we have chosen
to work with GaAs-based devices, more precisely with an AlGaAs LED and a GaAs PV cell,
different materials being used for the two components to ensure bandgap matching. We have
then investigated in detail how both voltages impact the overall performance of the device. In
the voltage space, we have delimited the region in which the TPX device operates as a heat
engine or a heat pump, in the form of an equivalent Raveau diagram. We have also underlined
that increasing the LED voltage allows enhancing the power output by orders of magnitude,
reaching 100 W.cm−2 at the radiative limit for a 300 K temperature difference. Such a high
power output could only be reached because of near-field enhancements, which increases the
maximum power output by a factor of 15. However, we have also shined a light on the possible
drawbacks of near-field operation. Indeed, the intensity of below-bandgap radiation - which is
a loss - increases quickly in the extreme near field due to polaritonic resonances. This causes
the overall efficiency to drop in comparison to the above-bandgap efficiency. Worse, if the losses
occurring during the heat transfer with the reservoirs are taken into account, going to the near
field can even be detrimental to the power output. It will therefore be necessary to find ways to
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168 Conclusion

limit below-bandgap radiative heat transfer.

In the second part of the manuscript, the charge transport in the semiconductors has been
modelled in one-dimension, based on the drift-diffusion equations. This model has been first
used to study PIN homostructures, which display better performance than simpler PN junctions
[Legendre & Chapuis 2022a]. By optimising the thickness and doping level of the various layers, a
maximum power output of 1.9 W.cm−2 has been achieved with a 600 K LED and for a moderate
recombination velocity of 100 cm.s−1. The LED has been found to be the driving component
of the TPX device, the power output being closely related to the LED QE. The lack of power
production observed in the low LED voltage region could therefore be associated to the significant
SRH recombination rate in the LED at such voltage. In parallel, we have underlined the significant
QE improvement obtained in the near field, which is another benefit of operating with nanogaps.
However, this means that the power output rapidly drops as the gap distance increases. We have
observed that the TPX device was no longer able to operate properly above 80 nm. This is a
fundamental difference with TPV: in TPX devices, QE enhancements obtained in the near field
can be mandatory to reach proper operation. Along with the performance analysis of this device,
we have also investigated the influence of accounting for Urbach tails on the maximum power
output. If its value does not change significantly when including such tails, we have however
underlined that it relaxes the bandgap matching condition, the maximum power output being
almost constant for Eg,LED − Eg,PV between 0 and 50 meV. This shall help for experimental
developments.

Last, we have studied heterostructures composed of InGaP confinement layers to improve charge
separation in the components. Simulating such components has however required to further
develop our model. Both thermionic emission and charge carrier tunnelling have been included
to model accurately the charge transport through heterointerfaces. We have also implemented
an iterative process between radiative and electrical solvers in order to associate the correct
photon chemical potential to radiation. With this complete model, we have optimised the PIN
heterostructures and have obtained a device displaying a maximum power output of 1.8 W.cm−2

for a more realistic surface recombination velocity of 104 cm.s−1. Finally, we have investigated
the influence of the dependency of non-radiative recombination coefficients on temperature and
composition, which has been previously neglected. After demonstrating that such dependency
had a dramatic effect on the performance of the AlGaAs/InGaP device, we have proposed a more
robust device with an LED active layer made of GaAs to maximise LED QE, using an InGaAs
PV cell active layer to ensure bandgap matching. Intermediate low-doped InGaP layers have also
been added in the PV cell to limit Auger recombinations. If the maximum power output obtained
without any of the dependencies is similar to that of the previous device, this has allowed largely
mitigating the power drop caused by them, down to a reduction factor of 4.

Throughout this manuscript, we have identified several key elements that shall be addressed to
refine the device modelling. First, some inherent electrical losses, such as resistive losses, shading
losses or parasitic absorption in the back mirrors shall for instance be included. In addition,
extending the simulations to 2D or even 3D systems will at some point be necessary. Indeed,
some specific phenomena such as current crowding close to the front electrical contact - which
takes the form of a metallic grid - cannot be observed in 1D simulations. Regarding electrical
contacts, they were supposed to be almost ohmic in Chapter 6 but could also be modelled as
Schottky junctions with few modifications of our model. Investigating the impact of using either
of these models would be an interesting development of the current work. Moreover, the use of
Boltzmann’s approximation for the Fermi-Dirac distribution, which is incorrect for degenerate
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semiconductors, could have a significant impact on the results we have obtained since our devices
are composed of highly-doped layers. Therefore, it seems important to perform a fine study of
the influence of using Boltzmann’s approximation in future work.

Regarding radiation, the transition from 1D to 2D will also be important: only 2D or 3D
modelling can allow including the front electrical contact, whose radiative properties are definitely
different from those of the semiconductors considered. Because the front contact is on top of the
semiconductor, the gap distance between the front layers of the LED and the PV cell is limited
by the front contact thickness, which is an issue to reach near-field operation. To prevent this, an
aperture layer can be placed on the front layer of each component. To ensure good near-field
radiative heat transfer between the LED and the PV cell, the aperture layers must be transparent
for photons with energy close to the bandgap energy of the active layers, and their refractive
index must match that of the two components. High-bandgap III-V semiconductors such as
InGaP or AlGaAs fit this description. However, transfer of energy through surfaces modes will be
driven by these layers. Since III-V semiconductors are polar, they will cause large below-bandgap
transfer of energy because of the phonon-polariton resonance. To avoid this, it would be worth
looking for non-polar materials which fit the above definition. More generally, because of the
harm below-bandgap radiation causes to the performance, it seems important to look for ways to
mitigate this heat transfer as much as possible.

Some interesting phenomena which were mentioned in the current work could also be further
investigated. One example is photon recycling, whose impact becomes significant as thick
layers, such as current spreading layers or aperture layers, are added to the component. This is
particularly true when Urbach tails are considered, as they increase the absorption coefficient of
normally transparent layers. In addition, we have seen that photon recycling is always calculated
considering only the propagating radiation. Therefore, it would be instructive to study the impact
of evanescent radiation on this phenomenon. Since the distance between emission and absorption
can be infinitely small, this will require a non-local treatment of the radiative transfer, thus
a better understanding of the non-local mechanisms related to interband transitions. Another
example is related to the study performed in Chapter 3 about the influence of the thermal
conductance with the thermal reservoirs. When considering the complete spectrum, we have
found that for a given reservoir conductance, there was a gap distance maximising the power
output. Because this shares many similarities with the condition of impedance matching discussed
for thermoelectrics in [Apertet et al. 2012a], further analyses shall be performed on the matter
to understand if a similar condition exists for TPX, which may be possible to extend to other
radiative heat engines. We shall finally mention that throughout this thesis, we have limited
our studies to TPX operation, thus to positive LED and PV cell voltages. However, it has
been demonstrated that the device efficiency increases when moving towards negative voltages
[Tervo et al. 2022]. Therefore, exploring how performance varies in the entire voltage space could
complete the analysis and form an interesting extension of our work.
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Appendix A

Methodology for near-field radiative
heat transfer simulations

A.1 Complete expression of the near-field radiative heat transfer

In Chapter 1, we have obtained the expression of the near-field radiative heat transfer under the
form (Eq. 1.12)

qω(z) =
2ε′′(ω)

π
k2

v~ωfBE(ω, µ, T )

· Re
{
i

∫
V

[
GExα(z, r′, ω)GH

∗
yα (z, r′, ω)−GEyα(z, r′, ω)GH

∗
xα (z, r′, ω)

]
d3r′

}
, (A.1)

and we have expressed Green’s tensors using two-dimensional Fourier transform as (Eq. 1.13)

¯̄G(z, r′, ω) =
1

(2π)2

∫ +∞

−∞
¯̄g(kρ, z, z

′, ω)eikρ(R−R′)dkρ, (A.2)

¯̄g being the Weyl representation of Green’s tensor. This section aims to give the complete
development of the near-field radiative heat transfer, following the methodology provided in
[Francoeur et al. 2009].

A.1.1 Switch to polar coordinates

The first thing to do is to simplify the integral on dkρ by switching to polar coordinates. Then,∫ +∞

−∞
dkρ = 2π

∫ ∞
0

kρdkρ. (A.3)

Using the fact that kρ(R−R′) = kρ(R−R′) is real, then exp(ikρ(R−R′))(exp(ikρ(R−R′)))∗ = 1

and∫
V
GEρα(z, r′, ω)GH

∗
θα (z, r′, ω)d3r′ =

1

2π

∫ ∞
0

∫
z
gEρα(kρ, z, z

′, ω)gH
∗

θα (kρ, z, z
′, ω)dz′ · kρdkρ, (A.4)

and similarly for
∫
GEθα(z, r′, ω)GH

∗
ρα (z, r′, ω)d3r′.

A.1.2 Decomposition in terms of forward and backward travelling waves

The different Weyl components can then be expressed using the Sipe formalism [Sipe 1987]. The
main idea is to decompose each component into forward- and backward-travelling waves for each
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polarisation. Defining the TE and TM polarisation unit vectors as

ŝ = k̂ρ × ẑ =

 0

−1

0

, (A.5a)

p̂±i =
1

kv
√
εi

(
kρẑ∓ kzik̂ρ

)
=

1

kv
√
εi

∓kzi0

kρ

, (A.5b)

the electric Weyl representation of Green’s tensor considering an emitting layer m and receiving
layer n is for instance

¯̄gEmn(kρ, z, z
′, ω) =

i

2kzm


(ATE

n ŝŝ +ATM
n p̂+

n p̂
+
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+(BTE
n ŝŝ +BTM
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m)ei(−kzn(z−zn)−kzm(z′−zm))

+(CTE
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+(DTE
n ŝŝ +DTM

n p̂−n p̂
−
m)ei(−kzn(z−zn)+kzm(z′−zm))

. (A.6)

Four different contributions are obtained as radiation must be segregated according to the travelling
direction in both the emitting and receiving layers: for instance, the first line corresponds to
waves which are travelling forward in both layers. Coefficients A, B, C and D correspond to
the amplitude of the corresponding wave at the entrance of layer j (position zn) considering an
emission with unit amplitude at the entrance of layer i (position zm). The exponential terms
therefore allow to correct the emitting and receiving positions to z and z′ exactly. Note that in
[Francoeur et al. 2009], zm is not present in the equation, which we suspect is a misprint.

Because some of the Weyl components equal zero, the heat flux density emitted by layer i can be
reduced to

qω(z) = ~ω
k2

v

4π2
fBE(ω, µ, T ) ·

∫ ∞
0
T (ω, kρ, z)kρdkρ, (A.7)

T (ω, kρ, z) being the transmission coefficient written as

T (ω, kρ, z) = 4ε′′(ω)Re
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dz′
. (A.8)

In this expression, the two first lines are related to TM modes while the last corresponds to TE
modes.

A.1.3 S-matrix method

The last step is to express the coefficients A to D. This is done by means of the scattering-matrix
method - more commonly called S-matrix method. This matrix allows relating the value of
coefficients at different interfaces, for instance[

An
Bm

]
= S(m,n)

[
Am
Bn

]
, (A.9)

S(m,n) being the scattering matrix between layers m and n. A similar expression can be found for
C and D. In comparison to the transfer-matrix method, it allows reducing numerical instabilities.
However, obtaining the coefficients at a given interface is less straightforward as they are on both
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Figure A.1: Reproduction of the results provided in [Francoeur et al. 2010], obtained for slabs of
thickness 10 nm and for a 10 nm gap distance.

sides of the equation. Each component of S must therefore be computed individually, and depends
on the reflection and transmission coefficients at interfaces along with the attenuation factor
eikz∆z obtained in the different layers. The detailed expression of S will not be shown here and
can be found in [Francoeur et al. 2009]. We would however like to highlight that we performed
some corrections regarding the source term S± in comparison to [Francoeur et al. 2009]. More
precisely, we took them equal to 1 instead of e∓ikzm(z′−zm). Indeed, based on our understanding,
such an exponential term would account for the attenuation between the point of emission z′ and
the entrance of the emitting layer zm. Since this is already included with the exponential in Eq.
(A.6), the coefficients should only be related to the exchange of radiation from one interface to
another, and S should be equal to 1. By doing these corrections, we are able to reproduce the
data given in [Francoeur et al. 2010], as shown in Figure A.1.

A.2 Transmission coefficient for an arbitrary stack of three media

In the literature, it is possible to find an analytical expression of the transmission coefficient
between two semi-infinite layers separated by an arbitrary medium [Mulet 2004, Francoeur
et al. 2009]. In the following, we aim at demonstrating this expression, and at extending it to the
study of the transmission between two thin slabs of the semi-infinite bodies. A schematic of the
system is shown in Figure A.2.

To derive the transmission coefficient, we mostly follow the method provided in [Mulet 2004] (in
French). Using the polarisation unit vectors introduced in the previous section, the analytical
expression of Green’s tensors between media 0 and 2 is

¯̄gE02(kρ, z, z
′) =

i

2kz0

(
ŝtTE

02 ŝ + p̂+
2 t

TM
02 p̂+

1

)
exp
[
i
(
kz2(z − d)− kz0z′

)]
, (A.10a)

¯̄gH02(kρ, z, z
′) =
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√
ε1

2kz0

(
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2 t
TE
02 ŝ + ŝtTM

02 p̂+
1

)
exp
[
i
(
kz2(z − d)− kz0z′

)]
, (A.10b)
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Figure A.2: Schematic of the system considered, the transmission coefficient being derived between
the two coloured layers.

z′ being the point of emission and z the point of reception. The transmission factor between
layers 0 and 2 is

tγ02 =
tγ01t

γ
12e

ikz2d

1 + rγ01r
γ
12e

2ikz1d
. (A.11)

Using Eq. (A.8), the transmission coefficient between the emitting layer and a point z in the
absorber is expressed as

T γ(ω, kρ, z) =

∫ −d0
−t0−d0

τγ(ω, kρ, z, z
′)dz′, (A.12)

where τγ is the equivalent point-point transmission coefficient which, for TM and TE polarisations
respectively, equals

τTM(ω, kρ, z, z
′) =

2k′′z0
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∗
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∗
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′) (A.13a)
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′) =

2k′′z0
|kz0|2

k′z0k
′
z2

∣∣tTE
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′) (A.13b)

The slab-slab transmission coefficient is obtained as T γ(ω, kρ) = T γ(ω, kρ, d+ d2)−T γ(ω, kρ, d+

d2 + t2). After integration, we therefore get

T TM(ω, kρ) =
1

|kz0|2
Re(ε0k

∗
z0)Re(ε2k

∗
z2)

|ε0||ε2|
∣∣tTM

02

∣∣2ϑ0ϑ2, (A.14a)

T TE(ω, kρ) =
1

|kz0|2
k′z0k

′
z2

∣∣tTE
02

∣∣2 ϑ0ϑ2, (A.14b)

where ϑi = exp(−2k′′zidi)[1− exp(−2k′′ziti)] accounts for the fact that the emitter and absorber
represent only a fraction of the semi-infinite media. In the limit of media 0 and 2 being respectively
the emitter and the absorber, ϑ = 1 and we find back the expressions from [Mulet 2004, Francoeur
et al. 2009]. The analytical transmission coefficient is often expressed as a function of Fresnel
coefficients instead of kz and ε, but this requires the intermediate medium to be lossless and
therefore cannot be applied here.
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Appendix B

Material properties

We show below the material properties used in this manuscript. The data used for near-field
radiative heat transfer and for drift-diffusion modelling have been separated to help the reading.
For each property, we indicate if it was obtained at room temperature (written RT in the tables)
and provide other information when necessary. To give a better idea of the value taken by each,
we also specify the value obtained for a specific composition, indicated in parentheses.

B.1 Properties for near-field radiative heat transfer simulations

For all materials, the effective mass is obtained from [Levinshtein et al. 1999]. The electron
effective mass is directly provided in it, while the hole effective mass (also called density-of-states
hole effective mass) is obtained from the effective masses of light holes m∗lh and heavy holes m∗hh

[Rosencher 2002]:

m∗p =
(
m
∗3/2
lh +m

∗3/2
hh

)2/3
. (B.1)

Since the charge carrier mobilities µ and the dielectric function related to interband transitions
εIB vary (respectively with the charge carrier densities and the frequency), we don’t provide any
value for these parameters.

B.1.1 AlGaAs

Table B.1: Material properties used to obtain the dielectric function of AlxGa1−xAs alloys.

Parameter Symbol Value (GaAs) Reference Comments
High freq. dielectric cst ε∞ 10.9 [Adachi 1994] RT
Electron effective mass m∗n 0.063 m0 [Levinshtein et al. 1999] RT
Hole effective mass m∗p 0.53 m0 [Levinshtein et al. 1999] RT
Electron/hole mobility µ [Sotoodeh et al. 2000]
TO phonon frequency ωTO 36.2 meV [Adachi 1994] RT
LO phonon frequency ωLO 34.4 meV [Adachi 1994] RT,1
Lorentz damping coeff. γ 0.41 meV [Adachi 1994] RT
Interband contribution εIB [Gonzalez-Cuevas et al. 2007] 2

1. There is a mistake in the expression given in [Adachi 1994] for the LO phonon frequency
of the AlAs mode, which should be ωLO(AlAs) = 358.2 + 79.7x − 40.3x2 cm−1 [Lukeš
et al. 1989].

2. Even if there is no mention of ε∞ in [Gonzalez-Cuevas et al. 2007], we assume that it is
included in the expression εIB given in this article (since it fits experimental data which has
to be the total dielectric function, thus including ε∞). The complete dielectric function is
thus ε = εIB + (εplasmon − ε∞) + (εphonon − ε∞).
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178 Appendix B. Material properties

B.1.2 InGaP

Table B.2: Material properties used to obtain the dielectric function of In1−xGaxP alloys.

Parameter Symbol Value (In0.49Ga0.51P) Reference Comments
High freq. dielectric cst ε∞ 9.35 [Levinshtein et al. 1999] RT
Electron effective mass m∗n 0.088 m0 [Levinshtein et al. 1999] RT
Hole effective mass m∗p 0.73 m0 [Levinshtein et al. 1999] RT
Electron/hole mobility µ [Sotoodeh et al. 2000]
TO phonon frequency ωTO 41.3 meV (InP-like) [Ferrini et al. 2002] RT,1

45.9 meV (GaP-like) [Ferrini et al. 2002] RT,1
LO phonon frequency ωLO 48.3 meV (InP-like) [Ferrini et al. 2002] RT,1

47.4 meV (GaP-like) [Ferrini et al. 2002] RT,1
Lorentz damping coeff. γ 1.1 meV (InP-like) [Ferrini et al. 2002] RT,1

1.3 meV (GaP-like) [Ferrini et al. 2002] RT,1
Interband contribution εIB [Schubert et al. 1999] 2

1. Several values are given in [Ferrini et al. 2002] for the different parameters of the phononic
contribution. The values provided in the table are obtained by averaging the published
data. Note that the phononic contribution is only given for xGa = 0.51, and is assumed to
remain similar if the composition is changed, data lacking for xGa 6= 0.51.

2. The interband contribution given in [Schubert et al. 1999] lacks composition and temperature
dependency. These are included by gathering the variations of Eg with x and T from the
literature; we then assume that each transition energy E0 = Eg, E1 and E2 varies as Eg. For
the temperature dependency, we consider the linear variation given in [Steiner et al. 2011].
The composition-dependent bandgap is obtained from a second-order polynomial fit from
the data at xGa = 0 (Eg = 1.34 eV [Levinshtein et al. 1999]), xGa = 0.51 (Eg = 1.89 eV
[Schubert et al. 1999]) and xGa = 0.71 (Eg = 2.2 eV [Alberi et al. 2011]).

B.1.3 InGaAs

Table B.3: Material properties used to obtain the dielectric function of InxGa1−xAs alloys.

Parameter Symbol Value (GaAs) Reference Comments
High freq. dielectric cst ε∞ 10.9 [Adachi 1994, Adachi 1999a] RT
Electron effective mass m∗n 0.063 m0 [Levinshtein et al. 1999] RT
Hole effective mass m∗p 0.53 m0 [Levinshtein et al. 1999] RT
Electron/hole mobility µ [Sotoodeh et al. 2000]
TO phonon frequency ωTO 36.2 meV [Adachi 1994, Adachi 1999a] RT,1
LO phonon frequency ωLO 34.4 meV [Adachi 1994, Adachi 1999a] RT,1
Lorentz damping coeff. γ 0.41 meV [Adachi 1994, Adachi 1999b] RT,1
Interband contribution εIB [Gonzalez-Cuevas et al. 2007] 2

1. Less information are available for InGaAs in comparison to AlGaAs. In order to have a
composition-dependent phononic contribution, we simply write it in a simple additive form

εphonon,InGaAs = (1− xIn)εphonon,GaAs + xInεphonon,InAs, (B.2)

εphonon,GaAs and εphonon,InAs coming respectively from [Adachi 1994] and [Adachi 1999a].
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2. Even if there is no mention of ε∞ in [Gonzalez-Cuevas et al. 2007], we assume that it is
included in the expression εIB given in this article (since it fits experimental data which has
to be the total dielectric function, thus including ε∞). The complete dielectric function is
thus ε = εIB + (εplasmon − ε∞) + (εphonon − ε∞).

B.2 Properties for drift-diffusion simulations

Many of the properties required for charge transport simulations, such as effective masses or
bandgap, are already provided in the section above and will therefore not be repeated. The
remaining properties, which are gathered below, were only found at room temperature (indicated
with RT in the comments). No composition dependency was found for non-radiative recombination
coefficients, which are consequently supposed to remain constant around a given composition; we
give in the comment the corresponding alloy fraction x.

B.2.1 AlGaAs & InGaAs

Table B.4: Charge transport properties of AlxGa1−xAs and InxGa1−xAs alloys.

Parameter Symbol Value (GaAs) Reference Comments
Static dielectric cst εs 12.9 [Levinshtein et al. 1999] RT
Electron affinity χ 4.07 eV [Levinshtein et al. 1999] RT
Auger rec. coefficient Cn/p 10−30 cm−6.s−1 [Sadi et al. 2019b] RT,x = 0

SRH lifetime τn/p,SRH 3.3 µs [Sadi et al. 2019b] RT,x = 0

B.2.2 InGaP

Table B.5: Charge transport properties of In1−xGaxP alloys.

Parameter Symbol Value (In0.49Ga0.51P) Reference Comments
Static dielectric cst εs 11.8 [Levinshtein et al. 1999] RT
Electron affinity χ 4.1 eV [Levinshtein et al. 1999] RT
Auger rec. coefficient Cn/p 3× 10−30 cm−6.s−1 [Levinshtein et al. 1999] RT,x = 0.51

SRH lifetime τn/p,SRH 3.3 µs [Sadi et al. 2019b] RT,1

1. This SRH lifetime corresponds in fact to that of GaAs. We have kept this as we did not
find proper data for InGaP. Anyway, this parameter does not play a significant role in our
devices - especially since InGaP is highly doped. For instance, a decrease in maximum power
output of the order of tens of percents can be observed when reducing τSRH by three orders
of magnitude. While significant, it is much less impactful than non-radiative recombination
coefficients in the active layer - which can change Pmax by orders of magnitude - and we
can expect to further reduce the effect of τSRH,InGaP by optimising the device with such
properties.
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Appendix C

Modelling the performance of different
solid-state heat engines

C.1 Thermoelectrics

We use the expression of the maximum power given by Apertet et al. [Apertet et al. 2012a]:

Pmax =
(Gth,contact∆T )2

4(Gth,Σ +Gth,contact)T̄

ZT̄

1 + ZT̄ +Gth,contact/Gth,Σ
(C.1)

For the lower (resp. higher) limit, we choose ZT̄ = 0.5 (resp. 3), corresponding to available
and ambitious cases. The thermal contact conductance Gth,contact is respectively equal to 1 and
10 W.cm−2.K−1, and the device conductance Gth,Σ to 0.1 and 1 W.cm−2.K−1.

C.2 Thermophotovoltaics and near-field thermophotovoltaics

We consider that the PV cell is kept at constant temperature to be consistent with NF-TPX
calculations. We assume blackbody radiation between the emitter and the PV cell in the case of
far-field TPV. Without any non-radiative losses (upper limit) we have:

P = UPV · JPV(UPV) = eUPV · Ṅnet

= eUPV ·
~

4π2c2

∫ ∞
ωg

∆fBE(ω) · ω3dω
(C.2)

If non-radiative losses are added through a flat QE (as in Chapter 3), this becomes:

P = U · JPV(UPV) = eUPV ·
(
Ṅ − 1−QE

QE
(Ṅem(UPV)− Ṅem(0))

)
(C.3a)

Ṅem(UPV) =
~

4π2c2

∫ ∞
ωg

fBE,PV(ω, eUPV, TPV) · ω3dω (C.3b)

In this case, we have used Eg = 0.354 eV, corresponding to the bandgap of InAs. This low
bandgap allows to obtain good capabilities at moderate emitter temperature. For the lower bound,
we use a QE of 6× 10−5, which allows to obtain a power output similar to that of Milovich et al.
[Milovich et al. 2020] in the far field at 800 K.

For the near-field effects, we assume a simple enhancement factor equal to 50 compared to the
far-field value. This factor corresponds to a rough extrapolation of the power enhancement factor
given in [Milovich et al. 2020], which is equal to 30 for a 100 nm gap distance.
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Appendix D

Additional derivations of the efficiency
at maximum power

D.1 Efficiency at maximum power of a monochromatic TPX de-
vice derived with Boltzmann’s approximation

As a reminder, P = (µc−µh)Ṅ and η = (µc−µh)/(Eg−µh). To obtain the maximum power point,
we search for the couple of chemical potentials which cancels the different partial derivatives of
the power output. With the Boltzmann approximation, the Bose-Einstein distribution fBE(x) =

1/(exp(x)− 1) can be approximated by exp(−x) - this holds if x� 0. Using this approximation,
we obtain

∂Ṅi

∂µi
(µi) =

1

kBTi
Ṅi, (D.1)

and therefore

∂P

∂µh
(µh, µc) = −(Ṅh − Ṅc) +

µc − µh

kBTh
Ṅh, (D.2a)

∂P

∂µc
(µh, µc) = (Ṅh − Ṅc)−

µc − µh

kBTc
Ṅc. (D.2b)

Hence, we obtain at the maximum power point

∂P

∂µh
(µh,MPP, µc,MPP) =

∂P

∂µc
(µh,MPP, µc,MPP) = 0

⇔Ṅh − Ṅc =
µc,MPP − µh,MPP

kBTh
Ṅh =

µc,MPP − µh,MPP

kBTc
Ṅc. (D.3)

We can then obtain a relation between µc and µh at MPP:

Ṅc =

(
1−

µc,MPP − µh,MPP

kBTh

)
Ṅh =

(
1−

µc,MPP − µh,MPP

kBTh

)(
1 +

µc,MPP − µh,MPP

kBTc

)
Ṅc

⇔
(

1 +
µc,MPP − µh,MPP

kBTc

)(
1−

µc,MPP − µh,MPP

kBTh

)
= 1

⇔ (µc,MPP − µh,MPP)(kBTh − kBTc − µc,MPP + µh,MPP) = 0

⇔ µc,MPP − µh,MPP = kB(Th − Tc), (D.4)
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184 Appendix D. Additional derivations of the efficiency at maximum power

since µc,MPP 6= µh,MPP to generate any power. This simple expression obtained for the difference
of chemical potentials allows to simplify the first expression provided in Eq. (D.4):

Ṅc =

(
1−

µc,MPP − µh,MPP

kBTh

)
Ṅh

⇔Ṅc = (1− ηC)Ṅh

⇔ exp

(
µc,MPP − Eg

kBTc

)
= (1− ηC) exp

(
µh,MPP − Eg

kBTh

)
⇔ exp

(
kB(Th − Tc) + µh,MPP − Eg

kBTc

)
= (1− ηC) exp

(
µh,MPP − Eg

kBTh

)
⇔
µh,MPP − Eg

kBTh

(
1− Th

Tc

)
=
Th

Tc
− 1− ln(1− ηC)

⇔
µh,MPP − Eg

kBTh
= 1− 1− ηC

ηC
ln(1− ηC). (D.5)

The efficiency at maximum power is therefore expressed as

ηMPP =
µc,MPP − µh,MPP

Eg − µh,MPP

=
kB(Th − Tc)

kBTh

(
1− 1−ηC

ηC
ln(1− ηC)

)
=

η2
C

ηC − (1− ηC ln(1− ηC))
, (D.6)

which corresponds to the efficiency derived in [Tu 2008] for a Feynmann ratchet heat engine. As
a side note, we can show using Eqs. (D.4) and (D.5) that Eg − µopt is of the order of several kBT

(2kBT being the minimum reached for Tc/Th = 1): while this is quite different from the result
obtained with Taylor’s expansion in Section 2.1, the maximum efficiency remains very close (at
least for moderate heat source temperature).

D.2 Maximum power point for complete above-bandgap radia-
tion

As a reminder, setting Xi = exp((µi − Eg)/kBTi), the expression of the electrical power generation
is

P =
E2
gk

2
BT

2
h

4π2c2~3

(
ln(Xh)− ln(Xc)

Tc

Th

)(
ln(1−Xh)− ln(1−Xc)

Tc

Th

)
. (D.7)

Our goal is to determine the couple (Xh, Xc) which allows maximising P . The first thing to
verify is whether the maximum power is reached inside the domain (i.e. for 0 < Xi < 1) or at the
boundary. For instance, if Xh goes to 0, it gives

P ∼ −
E2
gk

2
BT

2
h

4π2c2~3
ln(Xh) ln(1−Xc)

Tc

Th
→ −∞, (D.8)

and the maximum power is therefore not reached at this boundary (the power being negative). A
similar treatment can be done at the three other boundaries to ensure that the maximum power
point is indeed located inside the domain. We should then find the couple (Xh, Xc) which makes
both partial derivatives equal to zero. If the couple found is unique, it is the maximum power
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point since P goes to −∞ at the boundaries (which means that a maximum power point must
exist).

The partial derivatives of P with respect to Xi are

∂P

∂Xh
(Xh, Xc) =

ln(1−Xh)− ln(1−Xc)
Tc
Th

Xh
−

ln(Xh)− ln(Xc)
Tc
Th

1−Xh
, (D.9a)

∂P

∂Xc
(Xh, Xc) = −Tc

Th

(
ln(1−Xh)− ln(1−Xc)

Tc
Th

Xc
−

ln(Xh)− ln(Xc)
Tc
Th

1−Xc

)
. (D.9b)

Then

∂P

∂Xh
(Xh, Xc) = 0⇔

ln(1−Xh)− ln(1−Xc)
Tc
Th

ln(Xh)− ln(Xc)
Tc
Th

=
Xh

1−Xh
, (D.10a)

∂P

∂Xc
(Xh, Xc) = 0⇔

ln(1−Xh)− ln(1−Xc)
Tc
Th

ln(Xh)− ln(Xc)
Tc
Th

=
Xc

1−Xc
. (D.10b)

Note that this holds only if ln(Xh)− ln(Xc)
Tc
Th

is non-zero at the maximum power point. If the
former term was equal to zero, then ln(1−Xh)− ln(1−Xc)

Tc
Th

should also be zero to satisfy that

partial derivatives are equal to zero, which would give the condition 1−XTc/Th
c = (1−Xc)

Tc/Th .
This equation being satisfied only for Xc equal to 0 or 1 (which are not inside the domain),
ln(Xh)− ln(Xc)

Tc
Th

is therefore non-zero at the maximum power point.

Combining the two expressions given in Eq. (D.10), we have

∂P

∂Xh
(Xh, Xc) =

∂P

∂Xc
(Xh, Xc) = 0⇒ Xh = Xc. (D.11)

We can now write X = Xh = Xc and x = xh = xc, which gives

P =
E2
gk

2
BT

2
h

4π2c2~3
η2

C ln(X) ln(1−X). (D.12)

Notice how P is symmetric around the axis X = 1/2 (since P (X) = P (1 − X)): the couple
(Xh = 1/2, Xc = 1/2) is therefore the only couple which allows making partial derivatives equal
to zero, and corresponds consequently to the maximum power point of P . Since X = exp(−x),
the maximum power point is reached for (xh = ln(2), xc = ln(2)).
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Appendix E

Detailed numerical methods for 1D
drift-diffusion resolution

This appendix aims to detail different equations and numerical schemes considered for the
resolution of the drift-diffusion equations. The different equations given correspond to those
obtained in non-equilibrium conditions and for heterostructures. They are given in the order of
resolution during an iteration.

The first element to mention is the spatial mesh implemented for the different electrical quantities.
In our case, we consider an almost uniform grid in each layer. More precisely, two nodes are
placed on each side of every interface, at a distance δz = 1 pm to help convergence in the case of
heterojunctions. The grid is uniform between these two nodes in a layer, the spatial step being
indirectly set by the user through the grid size in each layer1. The grid is represented in Figure
E.1.

E.1 Current densities and continuity equations

E.1.1 Total current

We start by computing the total electron and hole current densities in a component. Partially
following the Scharfetter-Gummel implementation [Scharfetter & Gummel 1969], current densities
are not resolved at the grid nodes, but in-between each grid nodes. In the following, we take the
example of the electron current, the resolution being similar for holes. Assuming that the leftmost
layer is p-doped, the electron current density at the interface (node 1) equals Jn,1 = e · Rsurf .

z

. . .. . .1 3/2 2 5/2 3

δz1 = 1 pm δz2 = δz

m− 2m− 3/2m− 1

δzm−2 = δz

In
te
rf
ac
e

m m+ 1

δzm = 1 pm

m+ 2

Figure E.1: Schematic of the spatial grid.

1Since large variations occur around interfaces, the implementation of adaptative mesh could help increase the
precision of the results and potentially reduce the computational time. It would be a useful improvement of the
current solver.
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188 Appendix E. Detailed numerical methods for 1D drift-diffusion resolution

Using a trapezoidal rule, the electron current at node 3/2 is then expressed as

Jn,3/2 = Jn,1 + e
δz1

4

(
R1 −G1 +

1

2
[R1 −G1 +R2 −G2]

)
= Jn,1 + e

δz1

2

(
3

4
(R1 −G1) +

1

4
(R2 −G2)

)
. (E.1)

Inside a layer, the current at node i+ 1/2 is then

Jn,i+1/2 = Jn,i−1/2 + e
δzi−1 + δzi

2

(
1

4
(Ri−1 −Gi−1) +

1

2
(Ri −Gi) +

1

4
(Ri+1 −Gi+1)

)
. (E.2)

In the next steps of the calculations, the current must be known at each interface. Therefore,
the current at the interface (at node m) is calculated in a similar fashion to Eq. (E.1) from the
current at node m− 1/2.

The equations provided above allow obtaining Jn if its value is originally known at node 1 (i.e.
if the leftmost layer is p-doped). On the contrary, if the leftmost layer is n-doped, then the
calculation of Jn shall be done in the opposite direction, from node N (where Jn is known) towards
node 1. In this case, the resolution is relatively similar, except that we shall take Jn,N = −e ·Rsurf .
This comes from the fact that we perform the resolution backwards. Indeed, we have

Jn(z) = Jn(t)− e
∫ t

z
(R(z′)−G(z′))dz′, (E.3)

and the only way to add the bulk recombination rate R(z) to the surface recombination rate
Rsurf (instead of subtract it) is to take Jn(t) = −e ·Rsurf . Doing the resolution in this manner
however has the undesired consequence that the total current has opposite sign whether the front
layer is n- or p-doped. To correct this, the total current density returned by the solver at the end
of the calculation is taken as the opposite of Jn + Jp in the case of a front p-doped layer, which
allows to have J > 0 for PV cells and J < 0 for LEDs.

E.1.2 Tunnelling and drift-diffusion current

The current expressed above corresponds to the total electron current. To obtain the drift-diffusion
current, one should subtract the tunnelling current from the total quantity. Eq. (6.16) can be
transformed into

Jn,drift−diff(z) =
η + ϕ(z)

η + ϕ
Jn(z0) + e

∫ z

z0

(R(z′)−G(z′))dz′

= Jn(z)− ϕ− ϕ(z)

η + ϕ
Jn(z0), (E.4)

where z0 corresponds to the position of the interface. The only unknown is ϕ(z) (along with its
limit ϕ), whose expression is provided in Eq. (6.18). Two successive trapezoidal rules are applied
to compute it: one first to obtain the electron transmission coefficient T (E) after integrating
on position, and a second to obtain ϕ(z) after integrating on energy. In the following Jn will
correspond to the drift-diffusion electron current to simplify the notation.
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E.2 Slotboom variables and drift-diffusion equations

Next, the Slotboom variables shall be expressed from the drift-diffusion current. To do so, we use
the drift-diffusion equations, and more precisely the discretisation method proposed in [Scharfetter
& Gummel 1969] and discussed in [Vasileska et al. 2017]. For electrons, it gives

Jn,i+1/2 =
eDn i+1/2

δzi
(ni+1B(Ψi+1 −Ψi)− niB(Ψi −Ψi+1)), (E.5)

where B is the Bernoulli function defined as B(x) = x/(exp(x) − 1); if x is too close to 0,
B(x) shall rather be computed from its Taylor expansion around 0 to prevent numerical errors:
B(x) ≈ 1− x/2 + x2/12. The equation above however relates the current to the charge carrier
density, not to the Slotboom variable. In a homogeneous material, it can be translated into

Jn,i+1/2 =
eDn,i+1/2

δzi
ni(0)eξn,i+1/2+Ψi+1B(Ψi+1 −Ψi)(Φn,i+1 − Φn,i)

= Gn,i+1/2(Φn,i+1 − Φn,i), (E.6)

G being a parameter relating J and Φ and being independent of these two quantities. At the
electrical contact where electrons are in majority, Φn is known and equal to exp(eU/kBT ). We
must last relate the current at an interface between two semiconductors to the drop of Φn at this
interface. This is done by using the expression of the total thermionic-field current of electrons at
the interface provided in Eq. (6.12), which gives

Jn,m = Gn,m(Φn,m,right − Φn,m,left), (E.7)

where Gn,m = A∗leftT
2(η + ϕ)e−ẼC,max . In the equations above, Jn,m is the drift-diffusion current

but equals the total current if taken on the right side of the interface (i.e. not on the barrier
side). With these different equations, Φn can be computed from the contact where electrons are
in majority towards the opposite contact.

E.3 Electrostatic potential and Poisson equation

Last, the Poisson equation must be solved to obtain the normalised electrostatic potential Ψ.
However, this equation is non-linear; we therefore linearise it and solve it iteratively. Let Ψj

be the value of Ψ at iteration j. Assuming the variation between two iterations steps is small
enough (δΨ = Ψj+1 −Ψj � 1), we can use Taylor’s expansion exp(±δΨ) = 1± δΨ. The Poisson
equation for heterostructure then becomes

d2δΨ

dz̃2
(z) = −d2Ψj

dz̃2
(z) + eξneΨj(z)(1 + δΨ(z))Φn(z)− eξpe−Ψj(z)(1− δΨ(z))Φp(z) + Ñdop(z)

= −d2Ψj

dz̃2
(z) + δΨ(z)

(
eξneΨj(z)Φn(z) + eξpe−Ψj(z)Φp(z)

)
+
(
eξneΨj(z)Φn(z)− eξpe−Ψj(z)Φp(z)

)
+ Ñdop(z), (E.8)

where z̃ and Ñdop must be defined relatively to the intrinsic carrier concentration in the first
layer ni(0), not to its value in the current layer ni.

Since the distance between two nodes is different close to the interfaces than in most of the layers,
we need to use a finite difference scheme that works with an irregular grid. The second-order
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190 Appendix E. Detailed numerical methods for 1D drift-diffusion resolution

central finite difference of the second derivative of Ψ can be written on an irregular mesh as

d2Ψ

dz2
(zi) ≈

Ki(1)Ψi−1 +Ki(2)Ψi +Ki(3)Ψi+1

δz2
i−1

, (E.9)

where
Ki = 2

[
1

ai+1 − 1
ai

1
ai(ai+1)

]
, ai =

δzi
δzi−1

. (E.10)

At the boundaries, we suppose that charge neutrality holds, which implies that at any iteration j

eξneΨj(z)Φn(z)− eξpe−Ψj(z)Φp(z) + Ñdop(z) = 0. (E.11)

Following [Blandre 2016], replacing eΨ by X allows to obtain a quadratic equation and thus to
derive the value of Ψ at the boundaries:

Ψ(zn) = −ξn(zn)− ln(Φn(zn))

+ ln


√√√√(Ñdop(zn)

2

)2

+ eξn(zn)+ξp(zn)Φn(zn)Φp(zn)−
Ñdop(zn)

2

, (E.12a)

Ψ(zp) = ξp(zp) + ln(Φp(zp))

− ln


√√√√(Ñdop(zp)

2

)2

+ eξn(zp)+ξp(zp)Φn(zp)Φp(zp) +
Ñdop(zp)

2

, (E.12b)

where zn and zp represent respectively the position of the n and p contacts. Since these expressions
do not depend on the value of Ψ in adjacent nodes, Ψ is perfectly known at the boundaries and
therefore δΨ = 0. Note that both of the equations above should theoretically work for any of the
two contacts. However, numerical errors become significant if the term inside the last logarithm is
close to zero, which depends on the sign of Ñdop = (Na −Nd)/ni(0): in Eq. (E.12a) for instance,
this term becomes small if Ñdop � 1, hence if the layer is p-doped. This is why two different
expressions are used for the boundary conditions. These expressions are also used to obtain a
first guess of Ψ in equilibrium equations. In subsequent calculations, the first guess corresponds
to the value of Ψ used in the previous equations (see the flowchart in Figure 6.5 for more details).

At the interfaces between semiconductors, the electric displacement field is supposed to be
continuous. This gives a condition on the electrostatic potential first derivative, as expressed in
Eq. (6.21):

εs(z
−)

dΨ

dz
(z−) = εs(z

+)
dΨ

dz
(z+). (E.13)

These two derivatives are expressed using respectively a backward and a forward finite difference.
The related second-order finite difference schemes on an irregular mesh are respectively

dΨ

dz
(zm) ≈ KB

m(1)Ψm−2 +KB
m(2)Ψm−1 +KB

m(3)Ψm

δz2
m−1

, (E.14a)

dΨ

dz
(zm) ≈ KF

m(1)Ψm +KF
m(2)Ψm+1 +KF

m(3)Ψm+2

δz2
m

, (E.14b)
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E.3. Electrostatic potential and Poisson equation 191

where

KB
m =

[
a2m
am+1 −(am + 1) 2am+1

am+1

]
,KF

m =
[
−am+2
am+1

am+1
am

− 1
am(am+1)

]
. (E.15)

To solve the Poisson equation, we use a tridiagonal matrix algorithm. This requires that the
equation at node i depends only on the value of δΨ at this node or at the adjacent ones. While it
is the case in the layers and at the boundaries, it is not at the interfaces between semiconductors,
where we also have a dependency on Ψm−2 and Ψm+2. To correct this, the equation at the
interface is combined with the Poisson equation obtained at node m− 1 and m+ 1 to cancel the
terms related to Ψm−2 and Ψm+2.
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Appendix F

Supplementary data on 1D charge
transport

F.1 Low-field vs. field-dependent mobility

In all Part II, the mobility was expressed using a low-field expression, making it independent of
the electric field. But the average drift velocity, equal to µE, saturates under a strong electric
field: therefore, mobility must decrease accordingly. To quantify the impact of the low-field
approximation, we analyse how using a field-dependent expression modifies the performance of
the optimised device composed of AlGaAs homostructures from Chapter 5. To do so, we use
the expression from [Xu & Shur 1987] for GaAs, and assume it to be valid for AlGaAs. The
change of mobility obtained in the PV cell at equilibrium is first displayed in Figure F.1a. Clearly,
mobility can drop significantly close to the junctions, with a decrease of more than an order of
magnitude for electron mobility. However, as voltage increases, the built-in field decreases in
amplitude, damping the mobility reduction. Eventually, mobility remains sufficiently high to
prevent significant change of power output, as revealed by Figure F.1b.

(a) (b)

Figure F.1: Impact of using low-field or field-dependent mobility (a) on the value of mobility
in the PV cell at equilibrium, (b) on the overall TPX performance. The device considered is
provided in Figure 5.4.
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194 Appendix F. Supplementary data on 1D charge transport

F.2 Effect of net internal photon flux on performance of AlGaAs/
InGaP device

The results gathered in Chapter 6 were obtained by assuming that the contribution of the net
photon transfer occurring inside a component to the overall photon flux density was negligible.
Such as assumption is made valid by the low thickness of the confinement layers and by their
transparency for photon energy close to the bandgap of the active layers. To ensure the validity
of the assumption, we show in Figure F.2 how the P-VLED characteristic of the AlGaAs/InGaP
device represented in Figure 6.10a is impacted by including this contribution1. Quantitatively, no
change can be observed. The power output actually decreases slightly due to this new contribution,
but is indeed negligible: the maximum power output, which is originally close to 1.8 W.cm−2,
decreases only by 20 mW.cm−2. This low impact can be attributed to the low transmission of
photons from active layers to adjacent confinement layers: the transmission function at the active
layer bandgap F(Eg), defined as

1

4π2

∫ ∞
0
T (Eg, kρ)kρdkρ =

ṄEg ,net

∆fBE
, (F.1)

equals 5 × 108 cm−2 between the two active layers, but only 3 × 105 cm−2 between an active
layer and the adjacent confinement layers (in the absence of evanescent contribution in the latter
case).

Figure F.2: P-VLED characteristic of the AlGaAs/InGaP device represented in Figure 6.10a,
either with or without the contribution of the photon flux internal to a component.

1Note that these results were obtained with a relatively rough mesh for simplicity.
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F.3. Impact of tunnelling under high illumination 195

F.3 Impact of tunnelling under high illumination

In Chapter 6, we showed that our in-house solver returned results similar to SCAPS for the
charge transport occurring in heterostructures. For these simulations, both thermionic emission
and charge carrier tunnelling were included. To quantify how much tunnelling impacts charge
transport, we show in Figure F.3 the I-V characteristic of the PV cell voltage obtained with
SCAPS with or without tunnelling, considering a 1.15 V LED voltage. The comparison is not done
with our solver as it does not converge for such a strong illumination when tunnelling is ignored.
The effect of ignoring tunnelling is large, with more than an order of magnitude of difference in
current for a given voltage: this highlights the importance of including it in calculations under
high illumination. Current being highly sensitive to tunnelling, the good match of the results
obtained with our solver and with SCAPS confirms that our implementation of charge carrier
tunnelling is correct - or at least, similar to SCAPS.

Figure F.3: I-V characteristic of the PV cell from Figure 5.2 with an LED voltage of 1.15 V.
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