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Abstract

This thesis manuscript deals with the study of near-field radiation thermophotovoltaic (TPV) sys-
tems. TPV systems convert thermal energy from a hot radiator into electricity in a photovoltaic
cell via. The advantage of those systems compared to conventional solar PV systems is that it
is possible to control the emission properties of the radiator to increase the performances of the
system. One way to control the radiative heat transfer between two bodies is near-field thermal
radiation. It is a regime that occurs when two bodies are separated by a distance smaller than
the thermal wavelength (10 um at 300 K). In this case, the radiative heat flux between the two
bodies is significantly enhanced, and the spectrum of emission can be tuned using surface polari-
tons. In the far field, interference effects occurring in multilayer structures also allow controlling
the thermal radiation emitted.

The fundamentals of thermal radiation and photovoltaics are first reminded. Results of numerical
simulations of the thermal emission of few-layer structures supporting interference phenomena
are then presented. These phenomena allow tuning the spectrum of emission, and therefore make
possible the optimal design of a selective emitter for TPV applications. The impact of temperature
on the spectral and total hemispherical emissivities of the same type of structure is then investi-
gated. The importance of the temperature dependence of the optical properties of the materials
constituting the emitters is highlighted. It is demonstrated that the control of interferences using
few-layer structures allow increasing the total hemispherical emissivity by a factor 20 compared
to a single metallic substrate.

The following chapter focuses on near-field thermal radiation between a semi-infinite emitter and
a flat film. This configuration was chosen because it is close to the configuration of a near-field
TPV system, where the semi-infinite emitter can be considered as a radiator and the film as a
PV cell. The behavior of the resonances between two silicon carbide bodies is studied. Spatial
absorption of near-field radiative power inside the film is analyzed. This chapter is concluded by
the analysis of interferences that appear in the near-to-far field transition regime.

Results of numerical simulations of TPV systems with near field interactions between the radiator
and the PV cell (NFR-TPV) are presented in the last chapter. NFR-TPV systems performances are
evaluated by means of a coupled model taking into account their radiative, electric and thermal
behavior. A focus is made on the models based on the low-injection approximation generally
used to simplify the electrical charge transport problem in the PV cells. The validity of these
approximations is assessed in details with a specifically developed physical and numerical model
that is able to account for high-injection phenomena. Eventually different cell architectures that
optimize the performances of the system are proposed.
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All these results shed new light on thermal radiation of multilayers and their application to ther-

mophotovoltaic conversion.

Keywords: Nanoscale heat transfer, Near-field thermal radiation, Thermophotovoltaic energy con-
version, Interferences, Few-layer structures.
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Résumeé

Ce manuscrit aborde I'étude de systemes thermophotovoltaiques (TPV). Un systeme TPV sert a
convertir de ’énergie thermique provenant d'un corps rayonnant en énergie électrique, a 'aide
d’une cellule photovoltaique. Comparé au PV solaire classique, ’'avantage de ces systemes est qu’il
est possible de controler les propriétés d’émission du radiateur pour augmenter les performances
de conversion énergétique du systeme. Il est également possible de controéler le transfert radiatif
entre deux corps en utilisant le régime de rayonnement en champ proche, qui apparait lorsque
que deux corps sont séparés par une distance inférieure a la longueur d’onde du rayonnement
thermique (10 um a 300 K). Dans cette situation, le flux radiatif entre les deux objets est gran-
dement augmenté, et le spectre d’émission peut étre contrélé en impliquant des polaritons de
surface. En champ lointain, les phénomeénes d’interférence dans des structures multicouches per-
mettent aussi de contrdler le rayonnement thermique émis.

Les bases du rayonnement thermique et de la conversion photovoltaique sont tout d’abord rappe-
lées. Les flux rayonnés par des émetteurs multicouches supportant des phénomenes d’interférence
sont ensuite calculés numériquement. Les phénomenes d’interférence permettent de controler le
spectre d’émission et donc 'optimisation d’un émetteur sélectif pour des applications TPV, L'im-
pact de la température sur 'émissivité totale hémisphérique du méme type de structure est en-
suite analysé. Il s’avere important de prendre en compte I'évolution en température des propriétés
optiques des matériaux constituant '’émetteur. Il est ensuite démontré que le controle des phé-
nomenes d’interférences au sein des structures multicouches permet d’augmenter les émissivités
spectrale et totale hémisphérique de ces structures d’un facteur 20 par rapport a un simple sub-
strat métallique.

La partie suivante du manuscrit est dédiée au rayonnement thermique en champ proche entre
un émetteur semi-infini et une couche mince. Cette configuration est proche d’un systéme TPV,
ol I'émetteur semi-infini peut étre assimilé au corps rayonnant, et le film & une cellule PV. Le
comportement des résonances de polaritons de surface est étudié dans le cas du carbure de sili-
cium. L'absorption spatiale de la puissance radiative en champ proche au sein du film est ensuite
analysée. Une analyse des phénomeénes d’interférence apparaissant dans le régime de transition
champ proche-champ lointain conclut ce chapitre.

Dans le dernier chapitre, des résultats des simulations numériques des performances de systemes
TPV en champ proche (TPV-CP) sont présentés. Les performances des systemes TPV-CP sont éva-
luées grace a un modele couplé prenant en compte leurs comportements radiatif, électrique et
thermique. Les modeles basés sur I’hypothese de faible injection utilisés généralement pour sim-
plifier le probleme du transport des charges électriques dans la cellule PV sont évalués en détails.
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Leur validité est étudiée en développant et mettant en oeuvre un modele physique et numérique
qui prend en compte les phénomeénes de forte injection. Pour finir, nous proposons différentes ar-
chitectures de cellules permettant d’optimiser les performances du systéme. Ces travaux offrent un
nouvel éclairage sur le rayonnement des structures multicouches et leur application a la conver-
sion thermophotovoltaique.

Mots clés : Nanothermique, Rayonnement en champ proche, Conversion thermophotovoltaique,
Interférences, Structures multicouches.
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Introduction

The way of life of a modern human being is based on the consumption of energy under various
forms (electrical, mechanical, thermal...). This is why the control of energy has a paramount
importance for the future. The energy flow chart of United States released by the Lawrence
Livermore National Laboratory in 2015 [9] highlights two alarming facts. First, 35% of the en-
ergy produced in 2014 came from petroleum, a non-renewable and non-environmentally friendly
source of energy, while less than 1% came from the renewable and more environmentally friendly
solar energy. Second, 60% of the energy produced this year was rejected, leaving only 40% avail-
able for consumption. In this context, it is absolutely crucial to find new sources of green and

renewable energy, and to increase the efficiency of energy converters.

The fast advances of nanotechnologies in the past decades introduced new concepts to control
energy. Heat transfer at the nanoscale can be involved in these new concepts. This led over the
past decades to the conception of promising energy conversion nanodevices, such as nanostruc-
tured thermoelectric materials based on the Seebeck effect [10], or PV cells with nanotextured

surfaces [11].

In this manuscript, we investigate the possibilities of tailoring radiative heat transfer between bod-
ies using nanostructures, in order to increase the energy conversion performances of thermopho-
tovoltaic (TPV) systems. The latter convert thermal energy (thermo) into electricity (voltaic) via
its radiative form (photo). They consist in a hot source (radiator) emitting thermal radiation
toward a PV cell. Thermal power is supplied to the radiator by waste heat sources (coming for
instance from an engine), or from absorbing sun’s radiation for solar thermophotovoltaic (STPV)
systems. The advantage of thermophotovoltaic converters is that it is possible to control the
spectral distribution of the emission of the hot source in order to increase the energy conversion
performances of the system [12]. The theoretical limit for the efficiency of STPV systems has
been evaluated at 85% [13], which is more than twice larger than the Shockley—-Queisser limit
[14] (33%) for a monojunction solar cell illuminated by the AM1.5 solar spectrum [15]. STPV
systems constitute therefore a potential alternative to classical solar PV. However, the maximum
efficiency obtained experimentally for a STPV system remains very low (6.2%) [16]. A deeper
understanding of the phenomena involved in TPV converters, new concepts and breakthroughs
are needed to reach high-efficiency TPV systems.

In this thesis, phenomena occurring at the nanoscale will be under consideration to control radia-
tive heat transfer from the hot source to the PV cell. It is possible to tailor the far-field emission
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Introduction

of few-layer structures using interference phenomena. Another way to tune the emission of a
body is near-field thermal radiation, a radiative heat transfer regime arising when two bodies
are separated by a distance much smaller than the characteristic wavelength of thermal radiation
[17]. Several effects occurring in the near field can be potentially used to increase the efficiency
of TPV systems, such as the increase of the radiative heat flux between the two bodies [17] and
the spectral tuning due to surface polaritons [18]. The concept of TPV systems where the radiator
and the photovoltaic cell are separated by a subwavelength distance was introduced in 2002 [19].
By decreasing the distance between the hot source and the PV cell to a subwavelength distance, it
is in theory possible to enhance the energy conversion performances of TPV systems due to near-
field effects. These systems are referred to as near-field radiation mediated thermophotovoltaic
(NFR-TPV devices). Despite the realization of two experimental works on this topic [20, 21], the
experimental proof of the concept of NFR-TPV systems has not been performed yet: the increase
of the performances of the system due to near-field effects reported in both studies was marginal.
In addition to the technological challenge that is the control of a subwavelength distance between
the radiator and the cell, there is obviously a need for optimizations of NFR-TPV systems through
numerical simulations of their physical behavior.

The fundamentals of thermal radiation at nanoscale are presented in Chapter I. We recall the
basics of the classical model for thermal radiation between bodies based on Planck’s law. After
showing that this model is insufficient to describe accurately the radiative heat transfer between
closely-spaced bodies, we detail the Fluctuational Electrodynamics (FE) approach in particular
configurations involving layered materials. The FE model allows taking into account near-field
and interference effects, and thus will be used to simulate radiative heat transfer between bodies
along this manuscript.

In Chapter II, we recall the working principles of a photovoltaic cell under illumination, and
present the different equations that model its electrical behavior. This chapter constitutes a the-
oretical basis for the modeling of charge transport in NFR-TPV cells, that will be used to simulate
the performances of NFR-TPV systems in Chapter V.

The far-field emission of few-layer structures supporting interference phenomena is investigated
in Chapter III. The great potential for this kind of structure as spectral selective radiator for TPV
applications was already been highlighted. However, if Fabry-Pérot interferences inside a single
cavity are very well understood [22], it is not fully the case yet when multiple layers are involved.
We thus focus on this topic. Extending the understanding of interferences inside few-layer struc-
tures, the optimization of the spectral hemispherical emissivity of few-layer structures for a TPV
application is performed thereafter.

Calculation of the emission of high-temperature emitters for TPV requires the optical properties
of the emitting material: the values of the dielectric function are needed for the frequency range
where the spectrum of emission extends. Generally, these values are measured or modeled at
ambient temperature, which is obviously much lower than the operating temperature of a TPV
radiator. In the following section, we thus study the impact of the variations with temperature of
the optical properties of the emitting material by analyzing the dependence on temperature of the
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spectral and total emissivities of few-layer structures. This study is performed in a temperature
between 0 and 500 K, which is in principle lower than that required for TPV, but provides already
an example of the importance of the temperature dependence of the optical properties. Another
application of this study is thermal rectification between two bodies, a phenomena that takes
place when a thermal diode behavior can be observed, i.e. when different heat fluxes are trans-
ferred when the temperatures of the two bodies are inverted. Indeed, the key point to evaluate
and control radiative rectification phenomena between two bodies is the variation with temper-
ature of the radiative heat transfer between them. We end this chapter by studying the impact of
interferences on the total hemispherical emissivty of these structures.

One of the major phenomena that needs to be fully understood to optimize the performances
of NFR-TPV systems is near-field radiative heat transfer between the emitter and the PV cell.
The spectral tuning of the thermal radiation exchanged between planar bodies was extensively
studied in the past years [17, 18, 23, 24], but several important effects that have a large impact
of the performances of NFR-TPV systems have been neglected. One of these phenomena is the
spatial distribution of the absorption of radiative power [25]. Furthermore, it was recently shown
that spectral modifications of the radiative heat flux exchanged between two planar bodies due to
interferences could also occur in the near-to-far field transition regime [26]. Chapter IV thus deals
with near-field thermal radiation in a configuration close to a TPV system: a semi-infinite radiator
emitting toward a flat film. We focus on the spatial distribution of the near-field radiative power
inside the film. Then, we investigate interferences in the near-to-far field transition regime and

explore the possibilities of tuning the spectrum of emission using interference phenomena.

To solve numerically the charge transport problem inside NFR-TPV systems, the low-injection
approximation is usually assumed [27, 4, 25, 28]. One of the main reason is that applying the
low-injection approximation drastically simplifies the numerical resolution of the charge transport
problem in PV cells. However, no one ever questioned the validity of this approximation in the
case of NFR-TPV systems, despite the fact that the radiative energy absorbed by the PV devices
in the near field can be orders of magnitude larger than in the case non-concentrated solar cells.
The uncertainty on the validity of this model is a barrier for a realistic optimization of NFR-
TPV systems. Furthermore, the low-injection approximation model does not allow simulating the
electrical behaviors of PIN cells, because of the presence of an intrinsic region where high-injection
phenomena are very likely to occur. We present in Chapter V a numerical model that solves
the charge transport problem inside PV cells without applying the low-injection approximation.
We use this model to assess the validity of the low-injection approximation in the case of NFR-
TPV systems. Optimizations of the doping levels and the thicknesses of the doped regions are
performed thereafter. Eventually, we present the first results of a NFR-TPV system close to an
experimental configuration, with an InSb PV cell based on a PIN architecture, illuminated by a

source at relatively low temperature (800 K).

The manuscript ends with the main conclusions and provides some prospects for the future.
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Chapter I

Fundamentals of nanoscale thermal
radiation
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In this chapter, a brief summary of the fundamentals of thermal radiation is presented. The classi-
cal model of thermal radiation between bodies is recalled first. Then, the physical, mathematical
and numerical models used to calculate the radiative heat transfer between bodies at nanoscale
is introduced. These models will be used along this thesis to calculate the radiative heat transfer
including nanoscale effects.

Heat transfer between two bodies is an exchange of energy due to a temperature difference be-
tween them. There are three main processes of heat transfer. Conduction involves solids. In
metals, the heat is mainly carried by the free electrons, while in semiconductors and dielectrics, it
is transferred by the phonons, the elementary vibrations of the crystalline lattice. In convection,
heat is carried by fluid put in motion, either by a external mechanical source (forced convection)
or by a self-induced process due to variations of the density of the fluid when the spatial distribu-
tion of the temperature is non-uniform (natural convection). The last heat transfer mechanism
between bodies is thermal radiation.
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Chap.I: Fundamentals of thermal radiation

I.1 Classical model of thermal radiation between bodies

When a body is at a temperature larger than 0 K, the electrical charges (like the partial charges
on the atoms or ions in polar materials, or the free electrons for metals) inside it oscillate under
thermal agitation. It induces the oscillation of electromagnetic dipoles, that radiate electromag-
netic waves and therefore dissipate energy. If the waves are propagating, they are sent into space
and travel until they are absorbed by a lossy medium. The fundamental base model for thermal

radiation emission is the blackbody radiation.

I.1.1 Wavelength and angular frequency distributions of the blackbody intensity

Assuming that the radiating body is the perfect emitter and absorber, Planck’s law gives the spec-

Ibb

tral distribution of the blackbody intensity at a temperature T per unit projected area. It can

be expressed as a function of wavelength in vacuum A, and the temperature T [29]

2hc? 1
(1, 7) = —= ,
A, ehe/(kT) — 1

(I1.1)

where h is the Planck constant, k;, is the Boltzmann constant, c,, is the speed of light (in vacuum)
and the subscript v refers to vacuum. Electromagnetic waves can be described as being waves or
particles. The quantum of energy carried by light is the photon. In photovoltaics, it is convenient
to have access to the energy carried by a photon. The energy E carried by a photon is directly
proportional to its angular frequency w, following the Planck-Einstein relation [30]

2mc,

E=hw=h (1.2)

v

where F is the reduced Planck’s constant (h = % .

It is sometimes more convenient to express Planck’s law as a function of the angular frequency,
such that [29]

fiew® 1
4m3c2 efiw/(kpT) — 7"

1"(w,T) = (L.3)
Furthermore, unlike the wavelength, the frequency of a photon remains constant when traveling
through different media.

Eq. 1.3 can be reformulated as

k2
1"(0, T) =6(w, T) 5, 1.4)
4m3
where k,, = 2 is the magnitude of the wavevector in vacuum, and ©(w, T) is the mean energy of
a Planck oscillator

how

O, 1) = Foten —1

=E x n(w), (1.5)
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I.1. Classical model of thermal radiation between bodies

where n(w) is the Bose-Einstein distribution.

I.1.2 Spectral hemispherical emissive power

The spectral hemispherical emissive power of a blackbody can be obtained by integrating the
blackbody intensity over the solid angle in a half space, giving

2
4o (1) =8(e, T) 5. (L6)

Fig. 1.1 depicts the spectral hemispherical emissive power of a blackbody as a function of the angu-
lar frequency for several temperatures. It is worth noticing that the spectra are broadband.
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Figure I.1: Spectral hemispherical emissive power of the blackbody qfob as a function of the an-
gular frequency w for several temperatures.

I.1.3 Wien’s law

By calculating the derivative of Eq. 1.1 and 1.3 with respect to A,, and w respectively, and equal-
izing the result to 0, Wien’s law that links the wavelength (or angular frequency) where the
blackbody intensity is maximum and the temperature can be derived. When considering the
wavelength distribution of the blackbody intensity (Eq. I.1), it is written as

C
Awien(T) = 7, 1.7)

where C, is a constant of value 2.898 x 10~2 m.K. For an angular frequency distribution (Eq. 1.3),

Wien’s law is:

Wwien(T)=C,, % T, (1.8)
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Chap.I: Fundamentals of thermal radiation

where C,, is a constant of value 3.697 x 10! m.K™!.

I.1.4 Total hemispherical radiative heat flux

The total hemispherical radiative heat flux emitted by a blackbody is obtained by integrating Eq.
1.6 over all frequencies to give the Stefan-Boltzmann law

(1) =0T?, (1.9)

where o is the Stefan-Boltzmann constant, equal to 5.670x 1078 W.m™2.K™*. In reality, bodies are
neither perfect absorbers nor perfect emitters. To describe the emission of real bodies, another
quantity must be introduced. As the blackbody is the perfect emitter, the ratio of the radiative heat
flux emitted by a real body to the radiative heat flux from a blackbody at the same temperature
gives a quantity between 0 and 1 called emissivity. The spectral hemispherical emissivity ¢,, of
a real body can therefore be written as its spectral hemispherical radiative power q,, divided by
the one of the blackbody at the same temperature (Eq. 1.6)

_ qu(w,T)

£ - >
© gb(w,T)

(I1.10)

and the total hemispherical emissivity ¢ of a real body is expressed as its total hemispherical emit-

ted radiative power divided by the one emitted by the blackbody at the same temperature

R (C))
qbb(T)

(I.11)

.2 Limitations of the classical model: near-field and interference
effects

The classical model of thermal radiation is not always valid: it describes properly thermal radia-
tion between two bodies separated by a distance much larger than the thermal wavelength given
by Wien’s law in Eq. 1.8 (far-field regime). Indeed, it takes into account only the participation
of the so-called propagating waves to the radiative heat transfer. When the distance between
bodies becomes much smaller than the thermal wavelength (near-field regime), the contribution
of evanescent waves to the radiative heat transfer has to be accounted for. In addition, at such
distances, wave effects occur, such as diffraction and interferences due to coherence effects.

Evanescent waves propagate along the surface of the emitting body. Their amplitude decreases
exponentially when moving away from the surface. Their penetration depth is of the same order
of magnitude as the thermal wavelength. Therefore, when two bodies are separated by a vacuum
gap size larger than the thermal wavelength, they do not participate to radiative heat transfer.
When two absorbing bodies are separated by a vacuum gap size smaller than the thermal wave-
length, evanescent waves are transferred from the emitting body to the other through a process
called "tunneling", and start participating to heat transfer. At a body-vacuum interface, some of

8
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[.2. Limitations of the classical model: near-field and interference effects

them are surface modes, i.e. they are evanescent in the emitter and the vacuum. Surface modes
can be generated by hybrid modes of a mechanical oscillation and the electric field, called polari-
tons. For polar and dielectric materials, the mechanical oscillations are the optical phonons, and
the surface modes associated are called surface phonon-polaritons (SPhP). In metals, the collec-
tive oscillations of the electron cloud are called plasmons, and their interaction with the electric
field are called surface plasmon-polaritons (SPP). Evanescent waves can also appear when prop-
agative modes in the body reach the interface between the emitter and vacuum with an incident
angle larger than the critical angle for reflection. In this case, propagating waves are totally inter-
nally reflected in the body, and become evanescent waves in vacuum. These modes are referred
to as "frustrated modes". Fig. 1.2 summarizes schematically the three types of modes.

Vacuum

Figure 1.2: Schematic of the different modes at a body-vacuum interface.

(a): waves are propagative in the emitter and in vacuum (propagating modes).

(b): waves are propagative in the emitter and evanescent in the vacuum due to total internal
reflection (frustrated modes).

(c): these evanescent waves are coupled in the body and in vacuum (surface modes).

The first calculation of near-field radiative heat transfer between two plane-parallel bodies was
performed by Polder and Van Hove [17]. They reported an exponential increase of the radiative
heat flux between the two bodies when the distance separating them decreases. Later, the im-
pact of surface polaritons on the spectral distribution of the radiative heat flux was underlined
in [18, 23]: large peaks in the local density of states were observed due to polariton resonances.
Another phenomenon occurring for bodies separated by a small distance or inside thin layers is
the coherence of thermal radiation, leading to interference effects [26, 6]. When the distance
between two plane-parallel bodies or the thickness of a flat film is of the same order of magni-
tude as the thermal wavelength, constructive and destructive interferences occur, and can lead to
significant modifications of the spectral and total heat flux transferred between them.

As a consequence, neither Planck’s nor Stefan-Boltzmann’s laws can describe accurately radiative
heat transfer between closely-spaced bodies. In the next section, we present the physical, math-
ematical and numerical models that were used during this thesis to calculate the radiative heat
flux between planar bodies, that take into account near-field and interference effects.
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Chap.I: Fundamentals of thermal radiation

1.3 Physical, mathematical and numerical models

I.3.1 Description of the generic problem

In this manuscript, only one-dimensional geometries will be considered: in Chapter III, the ther-
mal emission of few-layer structures will be calculated. In Chapter IV, the radiative heat transfer
between a semi-infinite emitter and a flat film separated by a vacuum gap will be studied. Even-
tually in Chapter V, the radiator of the NFR-TPV system will be considered as a plane semi-infinite
body, and the PV cell as a few-layer structure, each layer corresponding to a doped region. In the
following, we present the physical, mathematical and numerical models, as well as the methodol-
ogy to calculate the radiative heat transfer inside a one-dimensional medium. The Fluctuational
Electrodynamics approach will be introduced. This approach allows taking into account near-field

and interference effects.

Vacuum gap
2 |eneeeeed FAL L] [ N-2 | N-1
€2 €11 €/ ]€ 1+1 € N2l € Nt
z
T, T | T | Tig Trn-z2 | Taeq
Y Y
Radiator for TPV applications Receiver on a substrate: TPV cell

Figure 1.3: Schematic representation of the generic system under consideration.

The method we present allows considering the generic configuration depicted in Fig. 1.3: N —1
layers of finite thickness are sandwiched between two semi-infinite half-spaces labeled 0 and N.
Each layer is characterized by its temperature Tj, its optical properties (dielectric function) €,
its position z; and its thickness z;,; —2;. Among them, emitting layers are designated with the
subscript ss, while z corresponds to the position where the radiative heat flux is calculated.

I.3.2 The Fluctuational Electrodynamics approach

To take near-field and interference effects into account, the Fluctuational Electrodynamics (FE)
approach is used when solving the thermal radiation problem [17, 18]. Maxwell’s equations are
considered with the linear response theory of the Green’s tensors and the Fluctuation-Dissipation
Theorem (FDT) [31].

1.3.2.1 Theory of the linear response - Green’s tensors

Maxwell’s equations are the fundamental equations governing the electromagnetic field in a
medium with electrical charges and currents: they describe the propagation of electromagnetic

10
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_ Electromagnetic field

E(F,a)) E(F,a))
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a7
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tay
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Figure 1.4: The Green’s tensor G provides the link between the sources at position 7/ with the
electromagnetic field at position 7 .

waves inside a medium. The Green’s tensors provide the relation between the electromagnetic
fields at a position 7 and the sources of the electromagnetic waves generated at position 7’
(Fig. 1.4). Due to the linearity of Maxwell’s equations, a linear relation is considered between the

electric and magnetic fields at position 7 and the sources at position 7, such that [32]

(T, w)=iwu, J GE(P, 7 w)- T (7, w)dV, 1.12)
\%
H(T,w)= f GH(T, 7 w)- T (T, w)dV, (1.13)
14

where E and H are respectively the electric and the magnetic fields at position 7 and angular
frequency w, 7 the currents of the excitation at position 7/ and angular frequency  and .,
is the magnetic permeability in vacuum. GE and G are the electric and magnetic Green’s ten-
sors, respectively. The integral over V represent a summation over the volume of the emitting
medium. The only unknowns left are the currents 7 for thermal radiation by a given material at
temperature T.

1.3.2.2 Fluctuation-Dissipation Theorem

The source of thermal radiation is the electromagnetic energy dissipated by the electrical charges
due to thermal motion. At a non-zero temperature, the spatial position of the electrical charges
fluctuates under thermal agitation. The relation that provides the ensemble average of the spatial
correlation function of the random currents J is given by the Fluctuation-Dissipation Theorem

11
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Chap.I: Fundamentals of thermal radiation

(FDT), that can be written as [31]

HS( w)

(Jo(7, )(F", ) = —2—6(w, T)5(T' = T")6(w— )5 4p, (1.14)

where €/ is the imaginary part of the dielectric function in the source medium ss at 7. & is the
Dirac delta function, and €, is the permittivity of free space. The subscripts a and f3 refer to the

orthogonal components of the Cartesian system.

1.3.3 Expression of the monochromatic heat flux

The monochromatic radiative heat flux at position z along the e, direction (Fig. 1.3) is given by

the time-averaged z-component of the Poynting vector FeoH [18]

Go(2) = 4 x %Re [(E.H: —E,HD) | (7, 0) (1.15)

where the superscript * denotes the complex conjugate number. The factor 4 comes from the fact

that we only consider positive frequencies [18].

The two terms E, H ;‘, and E, H} of the Poynting vector can be derived by combining Eq. 1.12 and
I.13

(EH:) (7, 0) =
. E — —y — 3./ E — —>y/ —>// 3 /%
<(1wquv/ G, (1, 7,0, (7", w)dr J;/” Gyg(r, 17, (17, w)d’r™) > (1.16)

=iwuvf J GE (r co)GH*(_) i w)(J (7’ w)Jﬁ(_)” w)>d3r’d3r”

where here the subscripts a and 8 indicate a summation over the three coordinates x, y and z.
Using the FDT relation (Eq. 1.14) gives

(—) —>/

GE w)GH*(—’ 7 w)d*T! (1.17)

—> . we, 4,
<EXH;>( r,w)=1wl, €5

The same calculation can be applied for E,H, using the relations €,u, = % and @ =
Eventually, the monochromatic heat flux can be written as [18]

2k?0(w, T)
qo(2) = ————x
TT
Re {ie;;(w) J [GE (7.7, )G, 7, 0)— GE (7, 7, )G (T, 7, )]}d37"
V/
(1.18)
12
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I.3. Physical, mathematical and numerical models

1.3.4 Application to the case of one-dimensional layered media

1.3.4.1 Weyl development of the Green’s tensor

The Green’s tensors can be expressed as a function of their Weyl components g by applying a two

dimensional Fourier transform (plane wave decomposition) [2]

—_ - —
ik, ( R

EH—>—>/ e dky, =EH / —ik,(R—R")
G>(r ,w) = @n )Zg (k 2,2, w)e R (1.19)
0

ﬁ
where k =k,e, +ky ey,and R = xe,+ ya,). Eq. 1.19 is then used to express the monochromatic
heat ﬂux (Eq. 1.18) as a function of the Weyl components of the Green’s tensors. Using the two-

dimensional Fourier transform, the products of the Green’s tensors can be written as

f PGE Gl = ”*“’ dk, dk, &' @
xa - ya 2 2
v (2m)2 (2m) (1.20)

—

J gxa(kp,z z w)gy*(k’,z 2’ w)dz’ JJ dzR’ (=K, VR’

—_ —

where [ d?R eko k' = 4725 (E))—E)’) according to a well known identity [ 18], giving

(27)?

As there is an azimuthal symmetry in the problem, it is possible to switch from a Cartesian coordi-

+00
dk N
3=/ ~E ~Hk _ H
J d /GxaGy;‘—f f gxa(k z,z’,w)gy;(kp,z,z',w) (I1.21)
V/

nate system (x, y, z) to a polar coordinate system (p, 8, z), and use the following transformation

5
on the integration variable k,:

+00 +00o oo
JJ f J dk,dk, J J k,dk,d6 —27rf k,dk, (1.22)
—o0 k,=0 J 6=0 0

where k,, is the component of the wavevector parallel to the interface. The component of the
wavevector perpendicular to the interface k, is also introduced. The two components of the
wavevector are logically linked with the magnitude of the wavevector k, through the relation

k, = /k2—k2. (1.23)

The final expression of the monochromatic heat flux as a function of the Weyl components is
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Chap.I: Fundamentals of thermal radiation

[2,1]

k20(w, T) gk (ky 2,2, w)gh (k,, 2,2, w) ,
Wl =T { @ [t | ( 6 (b2, )51k, z,z’,m)dz}’
(I.24)

where the integration over the variable 2’ corresponds to the integration over the volume of the

emitter V, while the integration over k, corresponds to the integral over all directions.

1.3.4.2 Expression of the Weyl components of the Green’s tensor

Green’s tensors can be calculated using Sipe’s formalism [33]. Results can be found in the article
of Francoeur et al. [2], where the expressions of the Weyl component of the Green’s tensors are
given. The electric and magnetic tensors can be written as follows

E E
_ 8p O gpz\
g8(ky,z,2,w)=| 0 0 |, (1.25)
E E
&, 0 &)

0 g 0)

=H / _| .= H

g (ky,2,2", w) = op 0 g |- (1.26)
0 g o0

In Eq. 1.24, the summation over a = p, 6,z can be performed, leaving only the non-zero products
of the Weyl components of the Green’s tensors. The monochromatic heat flux emitted by a layer

ss reduces to [2]

E / H* /

kze(w’ T) o0 Zss+1 gpp(kp,Z,Z ,C())ge*p(kp,z,z ,O))

q,(z) = v—zRe ie;;(co)J‘ kodk, f +g52(kp,z, w)gy (ky,2,2, w)

i .
° B\ —ggelky, 2,2, w)gly(kp, 2,2, w)dz’

1.27)
The emitting layer ss is a distribution along the z-axis of multiple source points z’ located be-
tween the two interfaces of the source layer z,, and z,,;. This source layer can emit a field in
both forward and backward directions (i.e. in the z-positive and z-negative directions), and this
field is then multireflected in each layer of the system. The emitted field can be divided in four

contributions, each one corresponding to waves that have been emitted:

o in the g-positive direction, and travelling after multireflections in the z-positive direction,
with a corresponding amplitude A,

o in the z-positive direction, and travelling after multireflections in the z-negative direction,

with a corresponding amplitude B,

o in the z-negative direction, and travelling after multireflections in the z-positive direction,
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I.3. Physical, mathematical and numerical models

with a corresponding amplitude C,

o in the z-negative direction, and travelling after multireflections in the z-negative direction,
with a corresponding amplitude D.

The remaining Weyl components of the Green’s tensors in layer [ where the heat flux is calculated

can be written as [2]

Apelkz{(Z Zz) kg /_BPe lkzz(z_zl) kegs
(1.28)

E /
gpp(kp,Z,Z ,CO)— stskl Cpelkzl(z zl) ik, 2’ +DPe” ik; (z zl) ik, 2’
Ape—ikzl (z—=) ikZ 2! _Bpeikzl (z—21) ikZ 2’
H / _
ge;)k(kp:z;z ,CO) Zk* {(+ ikzl(z_zl) —ik, =’ +Dpelkzl(z ZZ) k2 (1.29)
lk k _Ape—ikzl(z—zl) lkzssz —Bpeikzl(z_zl) lstsZ
E / _ AP
8psllp, 2%, ) = 2k, ksky {(+Cpe_ikzz(z_zl)e_lk25sz DP otke =21) p—iks 2" (1.30)
k*kp —APe~ ikzl(z_zl) lstsZ BpeikZl(z—zZ) lstsZ
gg;(kp)zzzl> (1)) = ik ( ik (1.31)
55 z +CPe™ k(2 Zl) lkzssz Dpel ZZ(Z Zl) k%
i 1kzl(z 27) 1kzssz Bseikzl(z_zl) 1kzs§z
80 (kp, 2,5, @) = 2k, |\ +coe lkzl(z—zl)e—lkzssz’ + DS etka G2 ik %' (1.32)
k* Ae —ikZl(z—zl) lkzssz _Bs lkZl(Z 21) lkzss
H* / _ 2]
gpe(kp;Z,Z ,CO) = 2 {(+CS lkzl(z Zl) Zss _De lkzl(z Zl) ks, 2 (133)
ZSS

where the superscripts s and p denote the transverse electric and transverse magnetic polariza-
tions, respectively. As the Weyl components of the Green’s tensor are calculated in layer [, only
the shift between the position of the layer z; and the position where the heat flux is calculated 2’

is taken into account.

The integration over the volume of the emitter can be performed analytically to save computation
time. If a semi-infinite layer of surface z,, = O is emitting, the integral must be performed from
—oo to 0. In this case the development is rather simple, and leads to the following expression for
the monochromatic heat flux [2]

K26(w,T) % ) d g% (ko2 0)gh (ky,2, @)
qw(z) = VZTRe ( )J i +g§z(kp,z, C())ggz (kp,Z, w) (1.34)
_ggG(kP’z’ co)gg; (kp’Z, w)

ZSS

where the term k! denotes the imaginary part of the component of the wavevector perpendicular
SS
to the interface, and results from the integration over the volume of the emitter.

If the emitting layer has a finite thickness t, the integration is still straightforward, but cumber-
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some. In the end, the different factors inside the integral are found as

E _Hx E _Hx lksz;(
+ = X
Sop80p T 8o:80: = gk Pk, 12k, K K

[ K (P e e
SS

+Ap*Bpe—2ik;l (z—2p) +|BP |262k;’1 (z—zl)]
+k; (1— e—2k;’,;st)[_lcp|ze—2k;’l(z—zl) . Cpr*ezik;l(z—zl)
55 4 pPCpre 2k @20 |Dplzezk;; (z—zl)] 1.35)
+ik;;(1 _ e2ike, f)[CpAp*e—ZkZ (=20 | opgp o2k, (=)
_pPapre 2 G _ pppp 2k (o)
+ik;:s(e—2ik;55t _ 1)[APCP*e_2k;/1 (z—2) +APDP*e2ik;1 (z—2)
\ _Bp Cp*e—zik;l (z—z) Bpr*CZk;/l (z—zl)]
and
g gf* = ik y
00500 8k, |2k! k!
( k;ss(eZkgs—l)[IAslze—zk;; (z—2) _ASBs*ezl'k;l (z—2) \
+A5*Bse—2ik;l (z—2) _ llegezk;; (z—zl)]
K, (1—e 2t [|coPe a7 — copsreP ) 056

DGt HR ) | pp 22K, (550
i k;:s(l _ 2K e A5t 2K0 G51) _ s o 20K, (521)
DS A e 2K 5 _ s pon 2K 5)1
+ik;;(e_2ik;ss L_1)[A° e 2k G2 _ ps pw 21K (=21)
\ +B* v 2tky (G20 _ ps psx 2Ky (Z_Zl)] j

Injecting expressions 1.35 and .36 into 1.27 results in the expression of the monochromatic heat
flux for an emitting layer with finite thickness. The only remaining unknowns to compute the
monochromatic radiative heat flux are the coefficients A, B, C and D in the layer(s) where the
flux is calculated. Calculation of the coefficients is performed using a S-matrix approach [1, 2],
presented in Appendix A.

The FE approach and the S-matrix algorithm to calculate the Green’s tensor were implemented
in a simulation code. Its validity was checked for two cases: with a semi-infinite emitter and
with an emitter of finite thickness. We first computed the net monochromatic and total heat flux
between two semi-infinite media made of a fictitious material, and reproduced the results given
in [32]. For an emitting film, we validated our code with the results given in [24], that consider
the radiative heat transfer between two SiC films. The relative error between the results never
exceeded 1%.

16

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI103/these.pdf
© [E. Blandre], [2016], INSA Lyon, tous droits réservés



I.4. Conclusions

I.4 Conclusions

We have presented the Planck’s law of thermal radiation, that constitutes the basis of the clas-
sical blackbody model for the thermal radiation between bodies. We have then introduced the
near-field regime, that appears when two bodies are separated by a distance smaller than the ther-
mal wavelength. Several near-field effects have been introduced, and will be detailed in Chapter
IV. The impact of interference phenomena will also be considered in the following: on the far-
field thermal emission of few-layer structures (Chapter III), and on the radiative heat transfer in
the near-to-far field transition regime (Chapter IV). Eventually, the mathematical and numerical
models based on the Fluctuational Electrodynamics approach and the calculation of the Green’s
functions with a S-matrix algorithm have been presented. This model will be used for the calcula-
tion of the radiative heat transfer along this manuscript, in order to take into account interference
and near-field effects.
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Chapter II

Basics of photovoltaics
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In this chapter, we recall the basics of the operation of a photovoltaic (PV) cell under illumination
and applied voltage. We gather the different equations that will be used to model the electrical
behavior of NFR-TPV cells in Chapter V.

Photovoltaics refers to conversion of radiation energy into electricity. Photons can generate free
electrical charges inside a semi-conductor. If these free charges are allowed to flow, they can
generate an electrical current, and if a voltage is applied to the medium supporting the electrical
current, an electrical power can be provided by the system. The basic principles and equations of
PV device operations given in the following are taken from textbooks [34, 35, 36, 37].

II.1 Absorption of light and generation of free charges

In a semiconductor, the minimum energy to move an electron out the valence band and promote
it to the conduction band is called bandgap energy (noted E,). It is the energy difference between
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Chap.II: Fundamentals of photovoltaics

the lowest energy of the conduction band E. and the highest energy of the valence band E,,

E,=E.—E,. (IL.1)

If a photon enters a semiconductor with an energy E smaller than the bandgap (E < E,), it is
likely to be absorbed by the heat carriers (i.e. by the crystalline lattice or by the free electrical
charges). This absorption will generate only heat inside the semiconductor. However, if the
photon has an energy larger than the bandgap of the semiconductor (E > E,), an electron can
possibly be extracted from the valence band to the conduction band, generating a negative free
electrical charge. The free electron will also leave a hole in the valence band. This hole can
be considered as being a positively charged free electrical carrier, and like an electron, can flow
through the semiconductor. The pair of positively and negatively electrical charges generated by
the absorption of a photon with sufficient energy is called electron-hole pair (EHP). A photon
with an energy larger than the bandgap (E > E,;) will yield its energy to an electron that will
reach an energy level greater than the conduction band. The excess of energy of the electron will
then be transferred to the lattice and the free carriers by a process called thermalization, leading
to the generation of heat.

I1.2 Doping

Building a PV cell requires the doping of a semiconductor with positive or negative charges (see
section 11.4). In the following, we give the example of the doping process of group IV semicon-
ductors (e.g. silicon), but the same principle can be applied to III-V semiconductors (e.g. InSb,
GaSb). To dope a semiconductor negatively (n-type), pentavalent (group V) atoms (e.g. phos-
phorous) are inserted inside the semiconductor lattice. As the atoms of the lattice of group IV
semiconductors are tetravalent, the presence of the group V atoms will lead to an excess of one
electron per atom. To dope a semiconductor with holes (p-type), the same principle is used with
trivalent (group III) atoms (e.g. boron). A schematic of the doping process is depicted in Fig.
II.1.

As a result, a n-type semiconductor will present an excess of electrons (negatively charged elec-
trical charges) due to a concentration of donors N;, while a p-type material will have a default
of electrons due to a concentration of acceptors N, (or an excess of holes, positively charged
electrical charges).
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Figure II.1: Schematic representation of the p-type and n-type dopings for group IV semiconduc-
tors.

I1.3 Intrinsic carrier concentration and carrier density at equilib-

rium

Electrical carriers can be thermally excited from the valence band to the conduction band. There-
fore, at a given temperature T, the concentration of free carriers is nonzero even for an intrinsic
material. This charge concentration, called the intrinsic carrier concentration, is a function of

temperature, and also of the band structures of the semiconductor

—Eg(T)

ni(T) = /N(TIN,(T)e 5T, (I1.2)

where N, and N, are the effective densities of states in the conduction and valence bands, re-
spectively. The intrinsic concentration depends on temperature: first, the band structure (thus
N, N, and E,) is affected by the variations of temperature. Second, when the temperature rises,
more free carriers are likely to be thermally excited. It is also important to underline that the in-
trinsic carrier concentration depends on the bandgap E,. For low-bandgap semiconductors, such
as some III-V compounds (GaSb, InSb), the intrinsic carrier concentration will be larger than
for semiconductors with larger bandgaps. For a doped material, the concentration of electrons
and holes at equilibrium (without illumination or applied voltage), ny and p,, are related to the
doping level and the intrinsic carrier concentration, such that

no = (I.3)

2
n
Na
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Chap.II: Fundamentals of photovoltaics

in a p-doped material, and

n?

=L II.
Do N, (IL.4)

in a n-doped material. Here, N, and N, are the donor and acceptor concentrations.

I1.4 pn-junction

To collect electrical energy from photogeneration, it is necessary to use a junction, formed by the
contact of two regions with a different doping. A pn-junction is constituted of a p-doped and a
n-doped region. When the two regions are put in contact (as depicted in Fig. II.2), the holes
(or electrons) in excess in the p-region (n-region) diffuse to the n-region (p-region) where their
concentration is less. As a result, the acceptors and donors are concentrated near the junction,
leaving a zone depleted of free electrical charges, called depletion region. The variation of the
spatial charge density near the junction leads to a variation of the electrostatic potential, and the
creation of an electric field. The electric field induces a drift current that balances the diffusion

current at equilibrium.

The spatial distribution of the electric field E or the electrostatic potential V is linked to the spatial
distribution of the electrical charges through Poisson’s equation

2
dZ(z) __d ng) =~ (n(2) = p(z) + N,(2) — Ny(2)}, (IL.5)
z dz €,

where z is the position inside the pn-junction, e is the elementary charge of the electron, €, is
the relative permittivity of the semiconductor. The terms inside the brackets correspond to the
spatial distribution of the electrical charge density: n is the density of free electrons, p is the
density of free holes, N, and N, are the densities of positive and negative electrical charges due
to the doping, respectively. The motion of electron and holes is ruled by transport equations.
They state that the current density for both electrons and holes is the sum of two currents: the
drift current corresponds to the motion of the free charges when they are pushed by the electric
field. The diffusion current implies that carriers tend to diffuse inside the medium toward the

region where their concentration is less. The transport equations are written in 1D and steady

state as
d
J,(2) = en(2)u,E(z) +eD, Z(Z) (11.6)
Z
for the electrons, and
dp(z)
Jp(2) = ep(z)u,E(z) —eD, Zz (I1.7)

for the holes. In the transport equations, J,, and J, are the electron and hole current densities,
respectively. u, and u, are the mobilities of electrons and holes, D, and D, are their diffusion
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Figure I1.2: Schematic representation of the formation of a pn-junction.
coefficients. The diffusion coefficients are linked to the mobilities of the electrons and holes
following Einstein’s relation

_ kb T:un,p

np — . (11.8)

I.5 Generation and recombination in a pn-junction

II.5.1 Generation rate of EHPs

Under illumination, EHPs are generated inside a pn-junction. For a given frequency w, the spec-
tral distribution of the local generation rate of EHPs (G,,) corresponds to the number of EHPs
generated per unit volume and per unit time. It is the product of the interband absorption coeffi-
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Chap.II: Fundamentals of photovoltaics

cient (x'B(z)) and the incident radiation power q,,°, divided by the energy of a photon [4]

mc
G,(2)= q‘%—f)xf. (I1.9)
The interband absorption coefficient corresponds to the absorption coefficient for frequencies
above the bandgap and for the mechanism that pulls an electron from the valence band to the
conduction band. The incident radiative power can be determined by means of radiative heat
transfer simulations (see Chapter I). The integration over all frequencies of the spectral distribu-
tion of the local generation rate allows obtaining the total local generation rate.

I1.5.2 Band-to-band (radiative) recombination

Once EHPs are generated, they have to flow to generate an electrical current. While they flow,
they can fall from the conduction to the valence band through different recombination process.
The first recombination process is the band-to-band recombination. In this process, a free electron
meeting a free hole falls directly from the conduction band to the valence band while generating
a photon. As the energy yield by the charge is equal to the bandgap of the semiconductor, the
photon emitted carries the bandgap energy. The band-to-band recombination process corresponds
to the spontaneous emission process opposite to the interband absorption process and thus is
called radiative recombination (Fig. II.3). The radiative recombination rate can be modeled as
the product of the density of electron and holes, multiplied by a coefficient of proportionality B
called bimolecular recombination coefficient

Raa(z) = B(n(z)p(z) —n?). (1..10)
@ celectron () hole

Emission of a phOtOI"I
E -
(-

Figure I1.3: Schematic representation of band-to-band (radiative) recombination.

The determination of the value of the bimolecular recombination coefficient is a complex topic,
even for silicon which is the most used semiconductor for solar cells. Indeed, its value depends on
the chances that an emitted photon leaves the pn-junction or is re-absorbed by the cell (photon
recycling). Measurement of the radiative behavior of PV cells were performed to quantify this
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II.5. Generation and recombination in a pn-junction

coefficient [38, 39, 40], but the comparison of the data of different studies exhibited a difference
of orders of magnitude [38]. The problem is even more complex in near-field, where evanescent
modes have to be accounted for. An accurate determination of the bimolecular radiative recom-
bination coefficient therefore requires the calculation of the emission of the PV cell toward its
environment.

The expression of the radiative recombination rate can be simplified if the density of excess of
photogenerated carriers is low compared to the doping (low-injection regime). If the density of
electron is lower than the doping concentration in the p-region (N; >> p), the radiative recom-

bination rate reads

An(z)

rad °
Th

Ryad(2) = B (N, (2)An(z)) = (IL.11)
Similarly in the n-region if the density of holes is lower than the doping concentration (N, >> n),

the recombination rate can be written as

Ap(z)
—
5

Rad(2) = B(N4(2)Ap(2)) = (I1.12)

In Eq. I1.11 and I1.12, An and Ap are the density in excess of electrons and holes, respectively.
They are the difference between the charge density and the charge density at equilibrium:

An =n-—ny,

(I1.13)
Ap =p—Po-
Tflag are the radiative lifetime of the free electrical carriers, who are expressed as:
1
grad = — (IL.14)
n " BN,
1
grad = — (I.15)
P BN,

Is is important to note that with this model, it is implicitly assumed that the lifetimes do not
depend on location in the cell, which is obviously debatable.

I1.5.3 Shockley-Read-Hall (SRH) recombination

The second recombination process is called Shockley-Read-Hall (SRH) recombination. In this
case, an electron falls into the valence band, but indirectly via a trap level (Fig. I1.4). As a
consequence, there is no emission of a photon, but the energy released is absorbed by the lattice,
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generating heat. The SRH recombination rate can be expressed as

n(z)p(z) —n?

Repu(z) = ot (I.16)

E¢—E;
Tor(n(z) + ne BT )+ TRRA(p(2) + e T

@ clectron () hole

E.

[ =

E, ====mmmmmmcee-@=mmmmmmmmm e

E, 0O

Figure I1.4: Schematic representation of SRH recombination.

SRH and TSRH

- are the lifetimes of electrons and holes due to the SRH recombination

where T
process. E, is the energy of the trap, and E; is the intrinsic energy level. It is often considered
that the traps lie in the intrinsic level in the middle of the bandgap. Therefore, E, — E; = 0
[41]. Similarly to the radiative recombination case, a simpler expression can be extracted at

low-injection levels. In a n-doped region:

Ap(2)

Rspu(z) = —SRH’ (11.17)
T
p
while in a p-doped material (N, >> n):
An(z
Repu(2) = TSIEH). (11.18)

n

I1.5.4 Auger recombination

The last recombination process is called Auger recombination. It involves three electrical charges,
either two electrons and one hole, or two holes and one electron. In an Auger process, an electron
falls from the valence band to the conduction band, like in a band-to-band recombination. How-
ever, instead of the emission of a photon, the energy is yielded to another electron. The excited
electron then releases its excess of energy through a thermalization process (Fig. I1.5). The Auger

recombination rate can be written as

Rpuger(%) = Cun(2)(p(2)n(z) — nf) + C,p(2)(p(2)n(z) — n). (I1.19)

The sum of the two terms corresponds to the two possible processes (two holes and one electron,
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Figure I1.5: Schematic representation of Auger recombination.

or two electrons and one hole). C, and C, are the Auger coefficients for electrons and holes. In

low-injection, the Auger recombination rate reads

An(z)

RAuger(Z) = CnAn(Z)Nf = “Auger (I1.20)
Tn

for a p-doped region, and

Ap(z)

Rauger() = CAp(2ING = — = (IL.21)
T

p

Auge

for a n-doped region. T, ,

" are the lifetimes of electrons and holes due to Auger recombina-
tion

1

Auger __

T = , 11.22
N (11.22)
phuger — 1 (I1.23)
P CNY

The total recombination rate R is the sum of the recombination rates of the three different pro-
cesses. If the low-injection approximation is assumed, it takes the form

R= Rrad + RSRH + RAuger

E
T;ad TERH Tl:;uger (I1.24)
__An
= .
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in the p-region, and:

_af 1 1
R= p rrad + 7 SRH + TAuger

p p p (I1.25)

_Aap

Tp

in the n-region. 7, and 7, are the total lifetimes due to the three types of recombination. One can
note that they are linked to the lifetimes of the different processes by a Matthiessen’s rule.

Another set of equations results from the generation and recombination inside the pn-junction.
The continuity equations state that any spatial variation of the electron and hole current densities

is due to the spatial distribution of the generation and recombination rate

dJ
_140(3) oy —Re (11.26)
e dgz
for electrons, and
dJ, (z
14 ):G(z)—R(z) (I1.27)
e dg

for holes. The term G—R is the net generation-recombination rate. Poisson’s equation, continuity
equations and transport equations for electrons and holes form the basic equations for modeling
the transport of electrical charges inside a semiconductor, and have to be solved to determine the
performances of a PV cell. The whole model is called Drift-Diffusion (DD) model.

I1.6 J-V characteristic of a pn-junction

The photogeneration in a pn-junction leads to an electrical current. An electrical power P can be
generated if the pn-junction is connected to a load with voltage V. The electrical power is for a
constant intensity

P=JxVj, (11.28)

J is the sum of the electron and hole currents

J=J,+J,. (I1.29)

When a forward bias (i.e. a positive difference of potential from the n-region to the p-region) is
applied to the pn-junction, the level of carrier densities rises, inducing a recombination current
that will decrease the electrical current J. At Ve =0, the electrical current is called short-circuit
current (Jgc). At a given voltage Vi (open-circuit voltage), the recombination current will even-
tually balance the current due to the photogenerated electrical carriers. The trade-off between
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the decrease of the electric current and the increase of the voltage leads to a maximum of the
electrical power output P,,,, at the so-called maximum power point (MPP). Fig. II.6 shows an
example of J-V characteristic of a PV cell and the associated evolution of the electrical power
output when voltage increases.

JSC ' /Pmax &
T s E
S I———— 5 2
= s ; ; Q
= max MPP Py
= : [
2 ; o
o) ' °
o : 5
1= : =
o : 5
5 Vmax VOCE 8
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Figure I1.6: Example of J-V and P-V characteristics of a PV cell.

I1.7 Thermal impact on the performances of photovoltaic cells

It is known that when the temperature of PV cells increases, their performances decrease. This
decay is quantified by a temperature coefficient. As in general, the decay of the maximum power
output (P,,,,) With T is linear, it corresponds to the slope of the P,,.,(T) curve (see Fig. 11.7(a))
[3].

The increase of the temperature of a PV cell is mostly due to the different heat sources, coming for
instance from the absorbed radiative energy that has not been converted into collected EHPs. One
of the major consequence is the increase of the intrinsic carrier concentrations (Eq. II.1), and thus
of the equilibrium carrier concentration (Eq. II.2 and II1.3). It induces a stronger recombination
current, which leads to a decrease of the open-circuit voltage (V,.) (Fig. I1.7(b)). An increase of
the short-circuit current (Jgc) also occur when the temperature rises since the bandgap decreases
with temperature, but the variations of the maximum power output are dominated by the varia-
tions of the open-circuit voltage. In the end, there is a decrease of the maximum power output
of the cell. A design of TPV systems that optimizes its energy conversion performances thus re-
quires minimizing the thermal losses in order to mitigate the cell temperature, together with the
minimization of the radiative and electrical losses, or to cool the PV cell in order to decrease the
temperature coefficient.
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Figure I1.7: (a): Relative maximum power output of different types of solar PV cell as a function
of their working temperature. From [3]. (b): J-V characteristics of a InGaSb cell working under
near-field regime (radiator-cell distance of 20 nm) at different cell temperatures. The radiator is
made of tungsten. From [4].

I1.8 Conclusions

Basics of the electrical behavior of PV cells have been presented in this chapter. The DD model
will be used in Chapter V to assess the performances of selected NFR-TPV systems. In addition
to simplifying the expression of the recombination rates, the low-injection approximation also
allows simplifying the resolution of the DD equations (see section V.2.1). However, the validity
of this approximation is questionable in the case of NFR-TPV systems, as it will be discussed in
section V.2.2. By using a numerical model that solves the full DD equations (section V.2.3), the
validity of the low-injection approximation will be assessed in section V.3.
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Chap.III: Far-field thermal emission of few-layer structures supporting interferences

II1.1 Introduction

The efficiency of a single p-n junction solar cell illuminated by the AM1.5 solar spectrum [15]
is limited by the so-called Shockley—Queisser limit [14]. It evaluates the maximum conversion
efficiency at 33% when considering a PV cell made of a material of bandgap equal to 1.34 eV. The
main reason of the existence of this limit comes from the fact that the solar spectrum is broad-
band. Photons of energy lower than the bandgap are not harvested, and high-energy photons
yield their excess of energy to the lattice and the free carriers through thermalization, generating
heat. To overcome this problem, the idea to substitute the sun by another body as the source of
emission of thermal radiation was introduced [42].

In solar thermophotovoltaic (STPV) systems, the sunlight radiation is converted into heat by an
absorber, juxtaposed to a radiator. The radiator then re-emits thermal radiation toward a PV cell
[42]. As the temperature of the emitter is much lower than the temperature of the surface of
the sun (& 5800 K), low-bandgap cells offer great potentials. According to Wiirfel et al. [43],
STPV systems using low-bandgap cells can reach efficiencies up to 65%. Furthermore, the optical
properties of the material constituting the radiator can be modified to tune its emission spectrum.
Thus, the radiative losses due to absorption of sub-bandgap photons and thermalization of high-
energy photons can be mitigated. A spectral filter can also be placed between the radiator and
the cell to enhance the spectral selectivity of the radiative energy absorbed by the PV cell [44].
With the addition of a selective emitter and a spectral filter, the maximum conversion efficiency
of STPV system was evaluated at 85% [45, 13].

To maximize the conversion of sunlight radiation into heat energy, the absorber must absorb
broadband solar radiation, while mitigating its re-emission at high temperature [3]. Absorb-
ing media made of multiwalled carbon nanotubes were considered [46]: the radiation energy is
trapped inside the structure, preventing it from being reflected back to the environment. Metallo-
dielectric composites [47] and one-dimensional aperiodic structures [48] were considered as well.
The optical properties of rare earth materials (such as erbium and ytterbium) were used to design
selective emitter [49, 50, 51]. Refractory metals (such as tungsten and molybdenum) were also
considered [52]. It was shown that the spectral selectivity can be enhanced using, 1D [53, 54, 55],
2D [56], and 3D [57] photonic crystals. Especially, Nefzaoui et al. [53] emphasized the high-
potential of one-dimensional multilayered structures supporting interference phenomena for se-
lective emitter applications. Fabry-Pérot interferences occur in structures made of a periodic stack-
ing of transparent and reflective layers, deposited on a metallic substrate. Interferences allow tai-
loring the spectrum of thermal radiation emitted by the radiator. Experimental demonstrations of
this phenomenon were performed by the group of Zhuomin Zhang [58, 59, 60]: measurements
of the spectral reflectance of a resonant layer between two metallic layer exhibits peaks due to
interference phenomena.

In the first section of this Chapter, we study the spectral hemispherical emissivity of few-layers
structures supporting interference phenomena, in order to design a selective radiator for TPV ap-
plications. A refractory metal with interesting intrinsic optical properties in the infrared for the
TPV case under consideration constitutes the reflective layers of the radiator. The spectral selec-
tivity of the structure is enhanced by the addition of transparent semiconductor layers inducing
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II1.2. Design of a radiator for thermophotovoltaic applications

interference phenomena.

First, we analyze the Fabry-Pérot interferences occurring inside the different layers of the system.
Then, we use the understanding of the interference phenomena to design a selective radiator for
TPV applications. We quantify the efficiency of the structures by defining a figure of merit.

In the following section, we investigate the dependence on temperature of the total hemispherical
emissivity of the same type of structure. Celanovic et al. [61] studied the emissivity of a simple
structure composed of a Fabry-Pérot layer deposited on a substrate, and reported the increase
of the spectral hemispherical emissive power of the emitter when interferences occur inside the
layer. It is therefore possible to increase the total hemispherical emissivity of structures using
interference phenomena. We investigate how to maximize this effect. As for the dependence
on temperature of the hemispherical emissivity, it was shown that variations with temperature
of the dielectric function of SiC modifies the spectral hemispherical emissivity of 2D selective
emitter when the temperature varies. Especially, the broadening and the shift in frequency of
the polariton resonance when temperature increases were reported, showing that calculation
using the dielectric function of SiC at ambient temperature leads to inaccurate evaluation of
the thermal emission. The total hemispherical emissivity of diamond-like carbon [62], copper
surfaces [63] and other materials used in cryogenics [64] were experimentally investigated. A
variation of the total hemispherical emissivity of the different materials when their temperature
increases was reported. In our study, we calculate the temperature-dependent dielectric function
of the metallic material constituting the emitter to account for the evolution with temperature
of its optical properties when the temperature rises. We highlight the importance of taking into
account this phenomena.

II1.2 Design of a radiator for thermophotovoltaic applications

The work reported in this section was done in collaboration with Dr. Makoto Shimizu from To-
hoku University in Sendai, Japan, who is working in the research group of Prof. Hiroo Yugami.
Prof. Yugami’s team is investigating solar thermophotovoltaic (STPV) systems by means of an
experimental setup [65, 66]. During the presence of Dr. Shimizu in our research group as an
invited Professor, we focused on the selective emitter of the STPV system.

II1.2.1 Description of the problem

The cell used in Dr. Shimizu’s experimental setup is made of gallium antimonide (GaSb) [66].
The bandgap energy of GaSb is E, = 0.726 eV, which corresponds to a photon wavelength in
vacuum of A, = 1.7 um. Therefore, the spectrum of thermal radiation emitted by the radiator
should be maximized in a spectral range between 0 and A,, and as low as possible above A,. It
means that the spectral hemispherical emissivity (as defined in Chapter I) of the emitter should
be a step function of value 1 below A, and 0 above. This defines the ideal spectral hemispherical

emissivity of the perfect emitter (PE) that will be our objective (see Fig. III.1).

In the following section, it is assumed that the the optical properties of the materials under con-
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Figure II1.1: Ideal spectral hemispherical emissivity for a PV cell of bandgap A,.

sideration are constant when temperature varies. Therefore, the spectral hemispherical emissivity

of the structure will be independent of temperature.

I11.2.2 Methodology for the calculation of the spectral hemispherical emissivity

The Fluctuational Electrodynamics (FE) approach presented in Chapter I is used to compute the
spectral hemispherical emissivity of the structures. A schematic representation of the system is
depicted in Fig. II1.2. In each structure, medium O is the substrate and considered as semi-infinite.
The far-field monochromatic radiative heat flux is computed by considering vacuum in front of the
emitter, and by calculating the Poynting vector after the interface of the last layer of the system,

o, . +
at position ZN+1‘

Figure II1.2: Schematic representation of the one-dimensional system under consideration. Each
layer [ is characterized by its dielectric function €, its temperature T; (considered constant in
section I11.2) and its boundaries z; and 2.

Each layer is characterized by its optical properties (complex dielectric function €). If an emitter
constituted of several layers is considered, the total heat flux emitted by this structure is the sum-
mation of the heat fluxes emitted by each layer. This approach allows separating and analyzing the
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contributions of each layer to the emission. In contrast to many works, [60, 53, 67, 58, 68, 69], the
Fluctuational Electrodynamics method does not rely on Kirchhoff’s law, i.e. we do not compute
the reflectivity to determine the absorptivity, and hence the emissivity. However, the equivalence
of the two methods was emphasized in a previous work [70]. Both of them allow considering tem-
perature profiles in the emitting layers when the multilayer structure is not at equilibrium.

In the following, we restrict ourselves to the equilibrium case: the temperature is uniform in the
radiator. For simple systems, we can calculate analytically the Weyl components of the Green’s
tensors using the S-matrix approach (see Appendix A). In the following, we will give the example
of the spectral hemispherical emissivity of a substrate and of a thin layer deposited on a substrate.
The spectral hemispherical emissivity of a substrate in the absence of any other layer can be
written as [71, 5]

k
1 v
Siubstrate alone _ J kpdkp E (1— |r{0|2)’ (IT1.1)
0

2
k" Y=Ss,p

where s and p are respectively the transverse electric and the transverse magnetic polarizations,
and rly0 is the reflection coefficient of the interface between medium 0 and 1. As only propagative
modes participate to radiative emission in the far field, the integration over the parallel component
of the wavevector k,, is performed from O to k, = C—“: To determinate the spectral hemispherical
emissivity of a single monolayer deposited on a substrate, we have to calculate the emission of the
substrate in presence of the layer, and the emission of the layer in the presence of the substrate.
The spectral hemispherical emissivity associated to the substrate taking into account the presence

of the layer is given by [71, 5]

ks AT 12y — 1T |2
8Substrate — if k dk Z (1 |r10| )(1 |r12| ) (IH 2)
p“fp T Y L2 ’ :
® k3 Jo o [T rygripe?at?
where r{o and r{z are the Fresnel reflection coefficients of the interfaces 10 and 12, respectively.

k,, is the component of the wavevector perpendicular to the interface in the layer, and t is the
thickness of the layer. Taking into account the presence of the substrate, the spectral hemispherical

emissivity of the layer is [71, 5]

k

1 v

gi}ayer = — f kpdkp E (1 - |R){|2 - |T1Y|2): (IHB)
v JO Y=S,p

where Rg and le are the reflection and transmission coefficients of the film, and are functions of
the Fresnel reflection and transmission coefficients [24, 71]

T oo T 2kt
gl = fotraem (I1L.4)
Va4l p, eikat’ '
01712
YooY ikt
TV = M (111.5)
Vool ) e2ikat” ’
01712
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Chap.III: Far-field thermal emission of few-layer structures supporting interferences

Note that the terms 1 + rgl rlyzezikzlf are characteristic of a Fabry-Pérot cavity, i.e. they stand

for multireflections between two interfaces. Eventually, the total hemispherical emissivity of the

. Layer
structure is the sum gSubstrate g e,

I11.2.3 Optical properties of the materials under consideration

Two different materials are considered in this section: a refractory metal, molybdenum (Mo), and
a dielectric, hafnium oxide (HfO,). The spectral values of the real part n and the imaginary part
k of the complex refractive index of both materials, taken from [72], are represented in Fig. III.3.

Note that the complex refractive index N is related to the complex dielectric function e

e=€+ie” =N? = (n+ik)? (111.6)

T T T n
2 N
(2] [%2]
ke 8
© ©
£ £ 4t ]
8 i
S § | HfO,
L 1 1 1 0 i 1 1
2 4 6 8 2 4 6 8
Wavelength (um) Wavelength (um)
(a) (b)

Figure II1.3: Real and imaginary parts of the complex refractive index as a function of wavelength
in vacuum. (a): Mo, (b): HfO,.

Mo is a refractory metal: its fusion temperature is large (2600 K) and is thus a good candidate for
constituting high-temperature radiators. For wavelengths smaller than 1 um, its optical indices
take values of the order of 3. It is rather different form classical metals (aluminum, gold or silver),
that have much larger optical indices. For wavelengths larger than 1 um the optical indices rises,
and tends to these more usual metal. HfO, is a dielectric, and thus is very transparent in the
infrared (x is close to 0). The real part of the refractive index of HfO, is almost constant with
wavelength. A key point to highlight is the spectral variations of the spectral reflection coefficients
due to the spectral variations of the optical indices. Three types of interfaces are considered in
this study:

o Mo-HfO,

o Mo-vacuum

o HfO,-vacuum

In Fig. Il1.4(a), the reflection coefficients in normal incidence for the s polarization are repre-
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Figure II1.4: (a): Reflection coefficients of the different interfaces in the complex space for a
wavelength (in vacuum) range between 0.3 and 10 um, (b): Spectral variations of the squared
modulus of the reflection coefficients.

sented in the complex space. The HfO,-vacuum reflection coefficient has small variations and it
is worth noticing that the phase (represented by the argument of the complex reflection coeffi-
cient) is close to 0 for all wavelengths. Interfaces involving Mo have large spectral variations of
their reflection coefficients, due to the spectral variations of the optical indices of Mo. One can
note that the phase of the reflection coefficient tends to O for large wavelengths, in the spectral
region where Mo has a metallic behavior. In Fig. 111.4(b), the squared modulus of the reflection
coefficient (normal incidence, s polarization) is represented as a function of wavelength in vac-
uum. The HfO,-vacuum reflection coefficient takes values of around 0.1 on the whole spectral
range, which is due to the small refractive index contrast between the two media. The Mo-vacuum
and Mo-HfO, reflection coefficients exhibits two behaviors in accordance with the spectral vari-
ations of Mo. Below 1 um, the reflectivity of the interfaces are moderate, and become close to 1

at larger wavelengths.

II1.2.4 Emission of a Mo substrate

The emission of a single Mo substrate, computed using Eq. III.1, is represented in Fig. III.5. We
observe that the spectral hemispherical emissivity of the Mo substrate alone exhibits two regimes.
Below A =1 pum, the spectral hemispherical emissivity takes values around 0.5. Above A =1 um
the spectral emissivity drops to 0. The two regimes are due to the spectral variations of the op-
tical indices of Mo. It was shown in a previous work [71] that dielectric substrates have a large
emissvity as they are transparent, while metallic substrates have a low emissivity. As a conse-
quence, the spectral variations of the optical indices of Mo induce a broadband spectrum in the
spectral region where we want the flux to be maximum, and a spectral hemispherical emissiv-
ity close to O in the spectral range where no emission is desired. Therefore, Mo has interesting
intrinsic properties for the selective emitter application under consideration. However the spec-
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Figure II1.5: Spectral hemispherical emissivity of the Mo substrate compared to the perfect emitter
for the TPV application under consideration.

trum of the Mo substrate alone is still far from the ideal one (see Fig. III.5), which should emit
photons that can be converted into electron-hole pairs (EHPs) and avoid low-energy photons that
would potentially lead to cell heating. In the following section, we will show that it is possible to

increase the spectral selectivity using structures supporting interference phenomena.

III.2.5 Emission of a HfO, monolayer on a Mo substrate

We now consider a structure made of a layer of HfO, (medium 1) of finite thickness t deposited
on a Mo substrate (medium 0) and emitting towards vacuum (medium 2). The structure is re-
ferred to as monolayer on susbtrate (MOS) in the following. Fig. II1.6(a) represents a schematic
of the system. In Fig. III.6(b), the spectral hemispherical emissivity of the system is plotted as
a function of the thickness of the oxide layer (t). Resonance branches are observed in the spec-
tral hemispherical emissivity. They correspond to Fabry-Pérot interferences, that shift to smaller
wavelengths when the thickness of the layer decreases.

Interference phenomena appear when multireflections occur in the system. In this case, multire-
flections can take place because HfO, is transparent. Therefore, waves can be reflected multiple
times between the two interfaces at the boundaries of the layer before being absorbed.

A phase lag between two waves occur if their optical path is different (Fig. III.7(b)). When the
phase lag between two waves is a multiple of 27 (i.e. the waves are in phase), constructive inter-
ference occurs, while waves with a phase lag that is a multiple of 7 interfere destructively (Fig.
I11.7(a)) [22]. In the following, we will derive the relation between the geometrical parameters
of the systems and the wavelengths where constructive interferences occur, referred here to as
conditions for constructive interference. The first approach to find them consist in analyzing the
phase lags that occur for waves with different optical paths (i.e. between case 1 and 2 in Fig.
1.7(b)). Phase lag can occur because of a difference of optical path length between two waves.
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Figure II1.6: (a): Schematic representation of the Mo substrate (medium 0) and the HfO, layer
(medium 1) of thickness t emitting towards vacuum (medium 2). (b): Spectral hemispherical
emissivity of the structure as a function of t.
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Figure III.7: (a): Schematic of interference phenomena inside a layer. (b): Schematic repre-
sentation of the phase lag between two waves due to different optical paths. The green crosses
represent transmissions, the orange circles represent reflections.

This phase lag § can be written as

5 = Ak,, (111.7)

where k, is still the magnitude of the wavevector in vacuum. A is the optical path length, which is
expressed as the distance traveled by the waves multiplied by the real part of refractive index n;
in the layer. The phase lag due to the difference of optical path length is also the distance traveled
by the wave multiplied by the magnitude of the wavevector k; inside the medium i

ki = nikv. (1118)

The distance traveled by the waves between two multireflections can easily be calculated, and
the optical path length is

A =2ntcosy, (I11.9)
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where ¢ is the angle of incidence inside the layer where the waves are multireflected (Fig.
II1.7(a)). Using the fact that

k,=2=2" (I11.10)
C'V

the phase lag due to the difference of optical path length between two waves can thus be written
as

_2ntcosy X 21

1111
7, (II1.11)

The second type of phase lag is that due to reflections and transmissions through interfaces be-
tween different media. The phase lags due to reflection and transmission are given by the argu-
ment of the complex reflection and transmission coefficients:

¢re = arg(r), (111.12)

@irans = arg(t). (I11.13)

In the end, constructive interferences occur when the phase lag difference between the two waves
is a multiple of 27t

o+ ¢ref + ¢trans = 2m7'c, (11114)

where m is an integer. Applying this formula to the system depicted in (Fig. I11.8(b)), the reso-

nance conditions thus become

10 12
2nt cos 14 + ref + ¢ref —

II1.15
A, 2n ( )

The relation between the thickness of the film t and the wavelength where constructive interfer-

ences occur is given by

10+ 12
:(m_ ref ¢ref) )'v (II1.16)

27 2ncos

The conditions for constructive interference depend on the angle of incidence inside the layer ¢.
In reality, the interference peaks in the emission spectrum are isotropic: they do not depend much
on the direction [53]. To understand this phenomenon, we depicted in Fig III.8 the generic case
of waves incident in a layer of refractive index n; and crossing an interface to a medium with a
refractive index n, < n;. The green arrow represent the normal incidence. Blue arrows corre-
sponds to the waves that cross the interface, and therefore participate to the emission. However,
above a critical angle (represented by an orange arrow), total internal reflection occur and the

waves are not transmitted (red arrows).
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Figure II1.8: Schematic representation of waves traveling from a medium of refrative index n; to
a medium of refractive index n, < n;. The green arrow represents the normal incidence. Blue
arrows correspond to the waves that participate to the emission. The orange arrow represents
the critical angle of reflection. Red arrows correspond to totally internally reflected waves.

As a result, the waves transmitted from medium 1 to medium 2 are collimated around the nor-
mal incidence. Furthermore, the cosine function has low variations close to incident angles. In
conclusion, conditions for constructive interference for normal incidence is sufficient to describe
the behavior of the spectral hemispherical emissivity, as following

10 4 412

A
— m— ref ref 14 (III 1 7)

2m 2n
This constructive interference condition can also be found by analyzing the formula of the emis-

sivity (Egs. III.2 and II1.3). The oxide layer is transparent and thin, and therefore its participation

to the emission can be neglected. The emission of the substrate, given by Eq. III.2, is maxi-

mal when the denominator |1 — rlyorlyzez’kzltl |2

complex reflection coefficients, it can be rewritten as

is minimal. Using the trigonometric form of the

Y T 2ik,tq)2
|1—r10rlze 21t

_ Y ,id0 T il 2ik,qtq)2
= |1—|r],le!Pret|r] e Prereikaty |2, (111.18)
— Y 17 1,12kt +00+012) 12
= |1—|r10||r12|el( z1°1 ¢ref ¢ref)|
The argument of the exponential is a phase term, and the denominator is minimal when it is equal
to i2nmm. As before the normal incidence is sufficient to describe the contructive interference

behavior and k, can reduce to k,. In the end, the same resonance conditions appear.

To check the validity of these constructive interference conditions, the spectral hemispherical
emissivity of the MOS, superimposed with the theoretical results obtained for ¢t with Eq. III.16
are plotted in Fig. IIL.9.

We observe that the theoretical conditions for constructive interference at normal incidence matches
well the calculations of the spectral hemispherical emissivity. It is therefore possible to predict

for a structure at which frequency the interferences will occur.

Eventually, the spectral hemispherical emissivity of the MOS is plotted in Fig. I11.10. The spectral
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Figure I11.9: Spectral hemispherical emissivity of the structure as a function of the thickness of
the film t. The black lines represent the theoretical conditions for constructive interference at
normal indidence.
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Figure II1.10: Spectral hemispherical emissivity of the MOS for t = 70 nm, compared with the
spectral hemispherical emissivity of the Mo substrate alone. The dashed line represents the cutoff
wavelength A..

hemispherical emissivity of the Mo substrate alone is also plotted for comparison. It is observed
that with using a non-emitting oxide layer acting like a Fabry-Pérot resonator, the spectral hemi-
spherical emissivity has been enhanced below the cutoff wavelength A,, while keeping low values

above the cutoff.

I11.2.6 Impact of a thin Mo layer on the emission of the MOS structure

To further enhance the spectral selectivity, additional layers can be considered. In this section, for
the sake of simplicity, only two materials are considered. It means that a Mo layer has to be added
to the system. However, as Mo is an absorbing media, the thickness of this layer has the be small,
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or the Mo thin film will absorb the waves that have been multireflected inside the oxide layer,
and as a consequence screen the interference effects. Another issue is the dielectric function of
the Mo thin layer whose values may depart from the bulk one due to spatial dispersion [73] and
electron collisions with boundaries [ 74], that could increase the energy dissipation in the thin Mo
layer. in the following, we assume that for a thickness of 10 nm, the dielectric function of Mo is
not affected by the size of the layer. The bilayer on substrate (BOS) structure is depicted in Fig.
II1.11 (a). Its calculated spectral hemispherical emissivity as a function of the thickness of the

oxide layer t; is shown in Fig. I11.11(b).

0
1
2
3 Vacuum ! - 8
Wavelength (um)
(a) (b)

Figure III.11: (a): Schematic representation of the bilayer on substrate structure under consid-
eration. (b): Spectral hemispherical emissivity of the structure as a function of the thickness of
the oxide layer ¢;.

One can notice than the conditions for constructive interference of the BOS are different to those
of the MOS. First, the substitution of an oxide-vacuum interface by a Mo-vacuum interface will
induce a different phase lag due to the reflections. The other factor to take into account is the
optical path length of the waves when they are multireflected in both the oxide and the Mo layers.
Unlike the case of the monolayer structure, a large variety of optical paths can be taken by the
waves before being transmitted to vacuum. Moreover, the Mo layer and the Mo substrate are
both emitting in this case. We first consider the emission of the substrate inside the structure.
The amplitude of the waves emitted by the substrate (medium 0) in vacuum (medium 3) can be

calculated analytically using the S-matrix formulation (see Appendix I)

toy TzeikZl t
2tk ty

Az = (111.19)

1+ T'Olee

In Eq. 1I1.19, A3 is the amplitude of the forward emitted waves inside medium 3, T, and R, are

the global transmission and reflection coefficients of the Mo layer, defined as [24]

2ik,od

o1 + rig€
5=

R (I11.20)

top + type2d
Ty=—2 " 127" (I11.21)
1+ o1 r1262lkzzd
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As shown before, the denominator of Eq. II1.19 can be rearranged to exhibit the phase lag differ-
ence between two reflections

tr T eikz1f1
Ay = 01 2-(2k oS (I11.22)
1+ |roy||Ry|e/ e it drert®

Here, ¢, is the argument of R, and corresponds to the phase lag induced by the infinite sum
of multireflections inside the Mo layer. It means that the reflections in both the oxide and the
Mo layers contribute to the final interference pattern. Conditions for constructive interferences
can be determined by equalizing the argument of the exponential term to 2mm. In Fig. II1.12,
the participation of the substrate to the emission of the BOS is plotted, and superimposed with
the theoretical conditions for constructive interference at normal incidence. A good match of the
interference conditions with the interference conditions and the calculated emissivity map can be
observed.

&)

1 2 3
Wavelength (um)

Figure II1.12: Participation of the substrate to the spectral hemispherical emissivity of the BOS
structure. The dashed lines represent the theoretical conditions for constructive interference at
normal incidence.

The contribution of the Mo film to the overall emission is not negligible. Two types of waves have
to be considered for the film emission: the forward emitted waves (i.e. emitted toward medium
3), and the backward emitted waves (i.e. emitted toward medium 1). The question we will try
to answer in the following is if whether or not these waves interfere. To do this, we analyze
the contributions of the forward and backward emitted waves to the emission. To estimate the
contribution of the forward emitted waves, we set the value of the C and D coefficients in the
S-matrix formulation to 0, while for the backward emitted waves, the coefficients A and B are set
to O (see section 1.3 and Appendix A). The contributions of the forward and backward emitted
waves are plotted in Fig. II1.13. For wavelengths below A = 1 um, forward and backward emit-
ted waves have different interference patterns. This can be explained by the fact that the optical
path of forward and backward emitted waves required to reach vacuum are different: backward
emitted waves have to be reflected in the forward direction at least one time to reach vacuum.
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FigureIll.13: Contribution of the Mo thin film to the spectral hemispherical emissivity of the BOS.
(a): considering only forward emitted waves, (b): considering only backward emitted waves.
Note the difference of scale between the two figures.

On the other hand, the interference patterns are the same for large wavelengths. In this case, the
reflectivity of the interfaces are large, meaning that waves are more likely to be reflected multiple
times before being transmitted to vacuum. The phase lag difference is therefore guided by the
reflections.

To analyze the interference between forward and backward emitted waves, we compare on Fig.
I11.14 the incoherent addition of the spectral hemispherical emissivity of the forward and back-
ward emitted waves with the spectral hemispherical emissivity of the structure taking into account
both forward and backward emitted waves coherently. It is observed that the values of the spec-
tral hemispherical emissivity of the structure considering the incoherent addition of the forward
and backward emitted waves are much lower than the actual values of the spectral hemispherical
emissivity of the structure. It means that forward and backward emitted waves actually inter-
fere. Analytically, this can also be explained by the crossed terms (i.e. multiplications of terms
corresponding to the amplitude of the forward emitted waves with terms corresponding to the
backward emitted waves) in the expressions of the Green’s tensors (Eq. 1.35 and 1.36).

We now analyze the multireflections inside the structure for two spectral regions: below A, =
1 um, where the reflectivity of the interfaces are moderate, and above A = 1 um where the reflec-
tivity of the interfaces are close to 1. To do this, we analyze the partial reflectivity of the structure.
The partial reflectivity r;, function of the number of secondary waves [, is defined as

o :Rz

, (111.23)
r=Tyxrlg xRS x Ty x ekt 1=1, 2, 3, 4...

The infinite sum of r; corresponds to the total reflectivity of the structure. In Fig. III.15, the
partial reflectivity of a BOS structure with an oxide layer thickness t; = 100 nm is plotted as a
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Figure I11.14: (a): Incoherent addition of the spectral hemispherical emissivities of the forward
and backward emitted waves for the BOS structure. (b): Spectral hemispherical emissivity of
the BOS considering every types of interferences. Note the difference of scale between the two
figures
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Figure II1.15: Partial reflectivity r; as a function of the number of secondary waves [ for t; = 100
nm. (a): A, = 0.3 um, (b): A, = 10 um. The inserts represent the partial reflectivity in the
complex plane.

function of the number of secondary waves included. Fig. II1.15(a) is for a wavelength A, =
0.3 um. It is observed that the partial reflectivity of the structure converges to its final value after
a small number of reflections. The inserts represent the values of the partial reflectivity in the
complex plane. The phase difference between two reflections is large, due to the large value of the
argument of the reflection coefficients in this spectral region (Fig. I11.4(a)). In Fig. II1.15(b), the
partial reflectivity is plotted for a wavelength A, = 10 um. In this spectral region, the reflectivities
of the interfaces are close to 1. Due to this fact, the partial reflectivity converges to its final value
after a large number of reflections. However, the phase lag between two reflections is close to 0
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in this spectral region. It means that a large number of reflections does not necessarily induce a
large reflectivity due to interferences. This phenomenon was analyzed in [68, 69], where it was
demonstrated that a quarter-wavelength layer with both optical indices of the order of unity (i.e.
that induces significant phase lags due to reflections) can generate so-called "perfect absorption"

modes.

The spectral emissivity of the BOS structure is plotted for t; = 70 nm in Fig. III. 16, and compared
with the one of the MOS obtained previously for t = 70 nm.

——MOS, =70 nm
—BOS, £,=70 nm

0.0—

Spectral hemispherical emissivity

0.5 1t0 1:5 210 25 3.0
Wavelength (um)

FigureII1.16: Spectral hemispherical emissivity of the BOS structure (t; = 70 nm), superimposed
with the one of the MOS (t = 70 nm).

It can be observed that the addition of the thin Mo layer does not enhance the spectral hemispher-
ical emissivity. Additional layers have to be added to the system to further modify the emission

spectrum of the radiator.

II1.2.7 Spectral hemispherical emissivity of trilayer on substrate structures

A second oxide layer of thickness t, is added to form a trilayer on substrate (TOS) structure (see
Fig. I11.17(a)). The spectral hemispherical emissivity of the trilayer structure, considering that the
thicknesses of the two oxide layers t; and t, are equal, is depicted in Fig. II1.17(b). The number
of resonant branches is increased by the addition of the second oxide layer. It worth noticing that
for thicknesses lower than 100 nm, the addition of a the second interference branch generates a
broad and large emission with a steep cutoff. This type of structure has therefore a high potential
for tailoring the spectrum of emission close to the objective defined earlier. The origin of the
different resonant branches is now analyzed. In Fig. III.17(b), the interference branches are
grouped by pairs. A first reasoning would be to consider that the two branches in each pair
correspond to Fabry-Pérot interferences inside each oxide layer. However, as shown in the case
of the BOS structure, multireflections of waves in several layers involve complex mechanisms.
We thus make an analysis on the spectral region above A, = 1 um, where the absorption of Mo
and the reflection coefficients of the interfaces are large. In this spectral region, waves cannot
cross the Mo layer multiple times without being absorbed. We thus consider that the structure
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Figure I11.17: (a): Schematic representation of the TOS structure. (b): Spectral hemispherical
emissivity of the TOS as a function of the thicknesses of the oxide layers, considering t; = t.

contains two different Fabry-Pérot cavities. The first one is composed of the substrate (medium 0),
the first oxide layer (medium 1) and the Mo layer (medium 2). The second cavity is composed

0 -
Cavity 1 “ d
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Figure I11.18: Spectral hemispherical emissivity of the TOS structure. The dashed and full lines
represent the constructive interference conditions at normal incidence of the two Fabry-Pérot
cavities highlighted above.

of the Mo layer (medium 2) and the front oxide layer (medium 3). A schematic of the two
cavities is depicted in Fig. II1.18. The spectral hemispherical emissivity of the full structure and
the calculated interference conditions of the two different cavities at normal incidence are also
plotted. A good agreement between the calculated emissivity map and the theoretical conditions
for constructive interference at normal incidence can be observed. However, it was not possible
to retrieve the correct interference conditions for wavelengths smaller than A, = 1 um using
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this method. The interpretation is the following: for wavelengths smaller than A, = 1 um, the
reflectivity of the interfaces are moderate, and the absorption coefficient of the thin Mo layer is
low. In this case, waves can cross multiple times the Mo layer, inducing multireflections, and thus
complex patterns inside the three layers of the structure. Therefore, for small thicknesses of the
oxide layers, a broad emission is generated. For wavelengths larger than A, = 1 um, the interfaces
have a reflectivity close to 1, and the absorption coefficient of the Mo layer is large. It means that
waves are more likely to be reflected inside the oxide layers without crossing multiple times the
Mo layer. In this case, the decomposition in two cavities is consistent. To validate this hypothesis,
we plot in Fig. II1.19 the emission of the film inside the structure considering only forward emitted
waves (Fig. I11.19(a)) and only backward emitted waves (Fig. I11.19(b)). For forward emitted
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Figure I11.19:  Contribution of the Mo film to the spectral hemispherical emissivity of the TOS
structure considering t; = t,. (a): considering only forward emitted waves. (b): considering
only backward emitted waves.

waves, the lower branch has a larger intensity. The resonance conditions of the lower branch
correspond to cavity 2, which is directly in the path of emission of the waves. The opposite
happens for the case of the backward emitted waves: the branches whose resonance conditions
correspond to cavity 1 have a larger intensity. Again, this is due to the fact that the cavity is in the
path of the emitted waves. Thus, we can conclude that the two branches corresponds to one cavity.
The spectral hemispherical emissivity of the TOS structure for t; = t, = 70 nm is plotted in Fig.
III. 20. It is observed that the addition of the second oxide layer allows increasing significantly
the spectral hemispherical emissivity of the structure below the wavelength corresponding to the
bandgap energy of GaSb, while keeping low values above it.

As a conclusion for this part, the addition of a second transparent oxide layer allowed increasing
the number of interfering modes. It results in a broadband emission with a steep cutoff, which is
the kind of spectrum needed for the TPV application under consideration.
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Figure I11.20: Spectral hemispherical emissivity of the MOS structure (t = 70 nm), BOS (¢t; = 70
nm) and TOS (t; = t, = 70 nm) structures.

I11.2.8 Optimization of the layer size of the few-layer structures for the TPV appli-
cation

This section is dedicated to the optimization of the few-layer structures for the TPV application
presented previously. To quantify the performance of the TPV emitter, we define a figure of merit
FM that assesses how close to the ideal emission the emissivity of the structure is. We recall that

the perfect emitter has a spectral hemispherical emissivity defined as

) lforA <2,
£, = (111.24)

0 forA > A,

A. is the cutoff wavelength corresponding the the bandgap of GaSb (0.726 eV at 300 K), and is
equal to 1.7 um. To define the figure of merit, we introduce the function 1(A) that represents
the deviation to the ideal emission, defined as

ng(T)(l —e€,) forA < A,

, II1.25
qib(T)ex forA > A, ( )

Y(A) = {
where qﬁb (T) is the spectral emissive power of a blackbody at temperature T (see Chapter I).
Experimentally, a temperature T = 1500 K for the emitter can be achieved [66]. At this tempera-
ture, the wavelength where the blackbody intensity is maximum (Ayy;e,) is close to the wavelength
corresponding to the bandgap of GaSb A4, at 300 K. In the following, we choose this value for the
temperature, knowing that the same procedure can of course be applied for other temperatures.
For a given wavelength A, the function E represents the fraction of energy that is below the ideal
emission for the wavelengths below the cutoff (1), and the fraction of energy that is above the
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ideal emission (0) for wavelengths above the cutoff

[ ap(A)dA

A’max ’
J\Amin ng(T)dl

FMy=1— (111.26)

This ratio provides a number between 0 and 1, that represents the deviation to ideality in terms
of energy integrated over the wavelengths. As a consequence, the figure of merit FM,,, takes its
highest values when the spectral hemispherical emissivity of the structure is close to the ideal
emitter. The subscript "tot" in Eq. III.26 means that the figure of merit is defined for the spectral
range between A_;, = 0.3 um and A, = 10 um. It is important to note that the values of
Amin and A,.. correspond to the boundaries of the spectral range where the optical indices are
tabulated in [72]. A second figure of merit is defined for wavelengths below A, to ensure that the
emitter still has a large emissivity in this spectral range, in order to maximize the energy yield by
the TPV system.

[ #1222

FMpelow =1— ———.
i ah

(d11.27)

In the same way, a figure of merit F M., could be defined. Using these definitions, we find
a figure of merit for the single Mo substrate of FM,,, = 0.82 for the whole spectrum, and
FMyeow = 0.19 below the cutoff. It means that the Mo substrate takes small values of spectral
hemispherical emissivity above the cutoff, which leads to a large total figure of merit. However,
in the wavelength range below the cutoff, the emissivity is also small. Therefore, the figure of
merit below the cutoff takes low values.

Is has been shown in the previous section that the spectral selectivity can be enhanced using in-
terferences. For the MOS structure (section II1.2.5), Fig. II1.21. depicts the figures of merit as
a function of the thickness of the oxide layer t. The figure of merit oscillates as a function of
the thickness of the oxide layer t. It is due the constructive interference peaks in the spectral
hemispherical emissivity that shift to larger wavelengths when the thickness of the oxide layer
(t) increases. Compared to the Mo substrate alone, the spectral selectivity of the monolayer on
substrate emitter significantly increases the figure of merit. For the optimal size of the oxide layer
thickness t = 148 nm, the total figure of merit reaches a value of FM,,, = 0.85, and the value of
the figure of merit for wavelengths below the the cutoff is F My, = 0.38. Since the BOS struc-
ture did not exhibit an enhancement of the spectral emissivity compared to the MOS strucutre,
performances of the TOS are investigated next. The size of the thin Mo layer is still set at 10 nm.
The figures of merit of this emitter are plotted in Fig. II1.22, as a function of the sizes of the two
oxide layers. The figures of merit exhibit peaks and dips for the same reasons as for the MOS:
since both cavities (as defined in the previous section) generate two different interference peaks,
local maxima can be found when varying both thicknesses. As for the values, the maximum figure
of merit for wavelengths below the cutoff is 0.60, while the maximum total figure of merit is 0.86.
One should note that the maxima of F M, and F Mg, Occur at different thicknesses. To compare
the figures of merit of the different structures, we gather the results in Table III.1. The addition of
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Figure I11.21: Figure of merit for the MOS structure as a function of the thickness of the oxide
layer t. (a): for wavelengths below the cutoff. (b): for the whole wavelength range.
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Figure I11.22: Figure of merit for the trilayer on substrate structure as a function of the thickness
of the oxide layers t; and t,. (a): for wavelengths below the cutoff. (b): for the whole wavelength
range. The thickness of the thin Mo layer is 10 nm.

the different layers and optimization of the thicknesses of the layers allows enhancing the figure
of merit for wavelengths below the cutoff by a factor 2 for the monolayer structure, and by a
factor 3 for the trilayer structure compared to the Mo substrate alone. This means that poten-
tially three times more photons could be converted into EHP. The optimal spectral hemispherical
emissivities of the different structures maximizing the figure of merit F My, are plotted in Fig.
I11.23 for comparison. The total figure of merit does not benefit much the addition of layers. This
is due to two facts: first, the Mo substrate has intrinsically a low spectral hemispherical emissivity
above the cutoff. Second, the Mo thin layer induces a small enhancement of the spectral hemi-
spherical emissivity in the wavelength range above the cutoff, as illustrated by the orange curve
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Table I11.1: Maximum values of the figures of merit for the different structures
Mo substrate | MOS | TOS
maximum F Myejow 0.19 0.38 | 0.60

maximum F M, 0.82 0.85 | 0.86

in Fig. II1.23. Here, the useful energy (below the cutoff) and the detrimental one are considered
on equal footing in F M,,,. Considering how detrimental energy could affect the TPV conversion

could allow introducing weights factors, and probably show strong variations of F M.
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Figure II1.23: Spectral hemispherical emissivity of the Mo substrate, the optimal bilayer and the
optimal trilayer structures, compared with the ideal emitter.

To conclude this section, we have studied interference phenomena in few-layer structures us-
ing numerical simulations. The spectral variations of the optical indices of Mo induce different
regimes of interference that we have analyzed in depth. The understanding of those phenomena
allows modifying the spectral hemispherical emissivity of the structure. We have then used this
analysis to design a TPV selective emitter. Mo has intrinsic optical properties that generate a spec-
tral hemispherical emissivity that fits with the TPV application under consideration. To enhance
spectral selectivity, interference phenomena have been used by adding different layers onto the
substrate. For a trilayer structure, the spectral hemispherical emissivity is broadband with large
values and a steep cutoff near the cutoff wavelength, which is close to the desired spectrum. For
the perspectives, it is important to mention that the spectral hemispherical emissivities were cal-
culated by using the optical properties of the materials at T = 300 K. In reality, the temperature of
the emitter is much higher for a TPV system, and the optical properties of the materials may vary.
However, because of a lack of data, it is difficult to quantify this variation. Note that the criterion
used to define the figure of merit is purely optical: we only take into account radiative losses,
and neglect the electrical and thermal losses. In reality, high-energy photons can be detrimental
to the PV conversion, because of their excess of energy generating heat through thermalization
and many other processes, that were studied in detail in [3]. Furthermore, low-energy photons
can be reflected back to the radiator, which can prove useful. Therefore, the ideal spectral hemi-
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spherical emissivity may not be a step-like function, but a band function [75], and the low cutoff
wavelength would depend on the thermal behavior of the TPV system. In the future, numer-
ical simulations of the coupled radiative heat transfer, electrical charge transport and thermal
phenomena in the whole TPV system should be considered.

II1.3 Temperature dependence of the spectral and total emissivities
of Al-Si few-layer structures

In TPV applications, the temperature of the radiator is obviously not the ambient temperature
and may vary. This will have an impact on the conversion efficiency of the system. Another
example is thermal rectification between two bodies. This phenomena takes place when a thermal
diode can be observed, i.e. when different heat fluxes are transferred when the temperatures
of the two bodies are inverted. The key point for making such systems is to have bodies with
strong variations of their total emissivity when their temperature changes [67]. In this section,
we study the temperature dependence of the emission properties of Al-Si few-layer structures
for lower temperatures than in section II1.2 (from 0 to 500 K), especially the total hemispherical
emissivity. We also analyze how interferences can enhance the total hemispherical emissivity of
these structures, and how to maximize it. The results and the text of this section are taken from

[5].

I11.3.1 Optical properties of Al and Si and their temperature dependence

Two materials are considered in this section: aluminum and silicon. Aluminum is a metal, and
will therefore act as a reflector (this time over the whole frequency range) inside the emitting
structures. Its optical properties are well described by a Drude model [73, 23]

2

1 _ p
e(w)=1 oot (111.28)

where w,, is the plasma frequency and I is the damping constant. To account for the variations of
the dielectric function of aluminum as a function of temperature, temperature-dependent Drude
parameters w, and I' are considered. The plasma frequency can be written as

2
2_ Ne

P m*eo’

w (II1.29)

where 7 is the density of electrons in aluminum, €, is the permittivity of vacuum, m* is the optical
effective mass of the electron, and e its electrical charge. The damping constant is related to the
electrical resistivity p through [76]
2
ne-p
m*

r= (I11.30)

The physical parameters that depend on temperature are the optical mass m* and the electrical
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resistivity p. Variations of the electrical resistivity as a function of temperature can be found
in [77], and those of the optical effective mass of the electron as a function of temperature are
taken from [78]. Using these values, we can fully take into account the effect of temperature
variation on the dielectric function of aluminum. Intrinsic silicon, or weakly doped silicon, has
a constant refractive index in the infrared, and is almost lossless (it never absorbs significantly).
Thus, it is a good material for building Fabry-Pérot layers, because waves can be multireflected
inside this material, thus maximizing interference effects. Its dielectric function is also calculated
with a Drude model, whose parameters are doping dependent [76, 79]. Pure intrinsic silicon
is difficult to obtain because there is always a residual doping. Therefore, we consider weakly
doped silicon (with 10'* dopants per cm™) with a corresponding dielectric function close to pure
intrinsic silicon. Silicon thin layers are almost non-emitting due to their high transparency in the
infrared. Moreover, variations of the refractive index of silicon with temperature are weak [80],
and thus are not taken into account. The optical indices of both materials are depicted in Fig.
I11.24.
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Figure II1.24: Optical indices of the two materials under consideration at room temperature. (a):
aluminum, (b): silicon.

I11.3.2 Variations with temperature of the total hemispherical emissivity of an Al
substrate

The importance of the temperature dependence of the optical properties of Al is in illustrated Fig.
I11.25. The total hemispherical emissivity of a single Al substrate alone is plotted as a function of
temperature. We compare the results when using the dielectric function of Al at ambient temper-
ature, and when accounting for the variations of the dielectric function of Al as a function of tem-
perature. We observe that the results are significantly different. When using a non-temperature
dependent dielectric function, the variations of emissivity as a function of temperature are only
due to the frequency shift of Planck’s blackbody spectrum. When temperature increases, it shifts
toward larger frequencies. It can be observed in Fig. I11.25(b) that the spectral emissivity of an Al
substrate increases with frequency. In reality, the dielectric function of Al is also modified when
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Figure II1.25: (a): Total hemispherical emissivity of an aluminum susbtrate as a function of tem-
perature. The green line represents the values calculated with the dielectric function of Al at am-
bient temperature. The red line represents the values calculated with the temperature-dependent
dielectric function for Al. (b): Spectral hemispherical emissivity of an Al susbtrate at T = 300 K
(green curve) and normalized blackbody spectra at different temperatures (blue curves). From

[5].

temperature varies. We observe that the dependence on temperature of the total hemispherical
emissivity becomes proportional to the electrical resistivity of Al. As the electrical resistivity varies
proportionally to temperature, a rise of temperature induces an increase of the damping coeffi-
cient, leading to an increase of the spectral and total hemispherical emissivities. Accounting for
the variations of the dielectric function of Al due to temperature is therefore crucial to study the
temperature dependence of the emissivity of metallic emitters.

I11.3.3 Spectral amplification of the emission of a substrate with interference phe-

nomena

— Monolayer

(MOS) — Bilayer .
(BOS) ¢ Trilayer

(TOS)

Figure II1.26: Schematic representation of the investigated structures.
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I11.3. Temperature dependence of the spectral and total emissivities of Al-Si few-layer structures

In the previous section, we have mentioned that interferences in a resonant layer strongly affect
the spectral hemispherical emissivity of the system over a large frequency range. Here, we are
interested in analyzing the total hemispherical emissivity of layered structures and its dependence
on temperature. When increasing the temperature of the system, the blackbody spectrum shifts
to larger frequencies. The dependence on temperature of the hemispherical emissivity of the
structure should be affected by interferences.
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Figure I11.27: (a): Spectral hemispherical emissivity of the monolayer structure as a function of
the thickness of the Si film t;. (b): Spectral amplification for different sizes of the Si layer.

As in the previous section, three types of structures are investigated: the monolayer, bilayer and

trilayer structures deposited on an Al substrate (Fig. I11.26).

The monolayer structure is first considered. In Fig. II11.27(a), its spectral hemispherical emissivity
is plotted as a function of the thickness of the Silayer t;. We observe the apparition of interference
modes, like in the case of the Mo-HfO, structures. However, as Al is a highly reflective material in
the whole frequency range under consideration, the interference peaks are much sharper. In Fig.
I11.27(b), the spectral amplification, as defined as the emission of the MOS divided by the emission
of the substrate, is plotted for different thicknesses of the Si layer. The spectral hemispherical
emissivity can be enhanced at specific frequencies by a factor up to 10 compared to that of the
single Al substrate.

I11.3.4 Dependence on temperature of the total hemispherical emissivity of a mono-
layer on substrate

In this section, we are also interested by the total hemispherical emissivity of the structures. Fig.
I11.28 depicts the variations the total hemispherical emissivity of the structure as a function of the
thickness of the Si layer for different temperatures. We compare the results when considering
a temperature-independent dielectric function for Al at room temperature (Fig. II1.28(a)) and
when accounting for the variations of the dielectric function of Al as a function of temperature
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Chap.III: Far-field thermal emission of few-layer structures supporting interferences
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Figure I11.28: Total hemispherical emissivity of a Si film coated on an Al substrate. (a): Consider-
ing the dielectric function of aluminum at room temperature. (b): Considering the temperature-
dependent dielectric function of aluminum. From [5].

(Fig. 111.28(b)). First, we observe that in both figures, the addition of a Si coating on an Al sub-
strate increases the total hemispherical emissivity of the substrate alone (Fig. I11.25(a)), despite
the fact that the Si layer is transparent and therefore non-emitting. The total hemispherical emis-
sivity exhibits several regimes: a plateau of low emissivity for low thicknesses, then a maximum
at a given thickness that shifts toward lower thicknesses when the temperature increases, and a
second plateau at larger thicknesses. If we now compare the results with and without the depen-
dence on temperature of the dielectric function of Al, we observe that the optimal thickness that
maximizes the emissivity at one temperature is the same for both cases. However, accounting for
the variations of the Drude parameters of Al when the temperature increases leads to a signifi-
cant increase of emissivity. The total hemispherical emissivity of the structures is thus strongly
affected by the temperature-dependence of the optical properties of the emitting layer. It is also
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Figure II1.29: Total hemispherical emissivity of the Si monolayer on substrate for T = 300 K. The
contributions of each layer to the emission are also plotted.
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I11.3. Temperature dependence of the spectral and total emissivities of Al-Si few-layer structures

interesting to analyze the total hemispherical emissivity of the structure for very large thicknesses
of the Si layer. In Fig. II1.29, the total hemispherical emissivity of the structure for T = 300 K is
plotted as a function of the thickness of the Si layer. The contributions of the different layers to
the emissions are also plotted. Several regimes are exhibited. For very low thicknesses of the Si
layer (t), the emission is driven by the Al substrate, with no impact of the Si layer, because the
thicknesses are too small for interference to occur in the frequency range where the blackbody
extends. For thicknesses of several dozens of nanometers, the interferences are modifying the
total hemispherical emissivity of the Al substrate, as described before. For thicknesses close to 1
mm, the contribution of the Si layer starts to increase. In between, the contribution of the Al layer
starts to decrease because the Si layer becomes progressively optically thick. Therefore, waves
emitted by the Al substrate are more likely to be absorbed inside the Si layer. For the largest
thicknesses, the emissivity reaches that of the bulk Si value.
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Figure I11.30: Spectral emissivity of the structures (blue lines) and blackbody spectrum at T = 300
K for different thicknesses of the Silayer. (a): t =10 nm (b): t =500 nm (c): t = 874 nm (d):
t=5 um. From [5].

The optimal thickness (t,,,,) that maximizes the total hemispherical emissivity can be determined
by analyzing the frequency of the first-order peak (smallest frequency) of interference and the fre-
quency of the maximum intensity of Planck’s blackbody spectrum at the considered temperature.
At a given temperature T, Planck’s blackbody intensity is maximum at a frequency w,,,,, = C x T,
according to Wien’s law, where C is a constant equal to 3.6971 x 10!'s7'K~! when Planck’s dis-
tribution function is expressed in terms of angular frequency (see Chapter I). In Fig. II1.30, the
spectral hemispherical emissivity of the structure under consideration (a Si film on an Al sub-
strate) is plotted for different Si film thicknesses. The normalized Planck blackbody spectrum at
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Chap.III: Far-field thermal emission of few-layer structures supporting interferences

T =300 K is also plotted. For t = 10 nm (Fig. II1.30(a)), the Si film is too thin for interferences
to occur in the spectral range where the blackbody spectrum at 300 K extends. Analyzing the

denominator of Eq. III.2 which includes the term that accounts for multireflections, we find that

C
NWmax

occur at the considered temperature. When the thickness of the film reaches t ~ —— the first

the argument of the exponential term is close to 0 when t << and interferences cannot

peak of interference in the spectral hemispherical emissivity starts to overlap with the Planck
blackbody spectrum (Fig. II1.30(b)), and the total hemispherical emissivity of the structure in-
creases. At the thickness where the total hemispherical emissivity is maximum, the first peak
of interference is close to the frequency w,,,, (Fig. II1.30(c)). For each temperature, the ratio
between the frequency wp,,, and the frequency of the first-order peak of interference ws, was
numerically found to have almost the same value (“’wa“p’( ~ 0.72 - 0.74). When the thickness of the
film increases even more, a larger number of interfering modes overlap the blackbody spectrum
(Fig. 111.30(d)), and the total hemispherical emissivity reaches a plateau. In Eq. III.2, we observe

C
NWmqax

that when t becomes much larger than , the factor that accounts for multireflections in the
Fabry-Pérot layer reduces to 1 meaning a lot of multireflections occur in the spectral range where

the blackbody extends, leading to a constant value of the total hemispherical emissivity.
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Figure I11.31: (a): Total hemispherical emissivity of the Si monolayer on Al substrate as a func-
tion of temperature for different Si layer thickesses. (b): Enhancement factor as a function of
temperature for different thicknesses. From [5].

We now focus on the temperature dependence of the emissivity of the structures under consid-
eration. Total hemispherical emissivities of the Si monolayer on the Al substrate are plotted as
a function of temperature in Fig. II1.31(a) for different Si layer thicknesses. Total hemispheri-
cal emissivities increase with temperature, but at different rates when considering different layer
thicknesses. Again, this increase is due to two separate effects: the frequency shift of the black-
body spectrum and the variations of the optical properties of Al with temperature. To separate
the two effects, we define the enhancement factor of a given structure as the total hemispherical
emissivity of the structure divided by the total hemispherical emissivity of a single Al substrate at
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I11.3. Temperature dependence of the spectral and total emissivities of Al-Si few-layer structures

a given temperature

€Substrate + 8Layer

E; = (I1.31)

gSubstrate

By doing this, we can analyze the impact of the frequency shift of the blackbody spectrum with-
out the impact of the variations of the optical properties of Al when temperature increases. In
Fig. II1.31(b), we plot the enhancement factor as a function of temperature for different layer
thicknesses. For each thickness, the enhancement factor reaches a maximum at a given temper-
ature, close to 3.3. Like previously, this temperature can be related to the spectral position of
the maximum intensity of Planck’s blackbody spectrum and of the first peak of interference. As
a conclusion, interferences affect the total hemispherical emissivity of the structure and also its
temperature dependence, and it is possible to determine the Si layer thickness that maximizes it
for each temperature. The enhancement factor depends on the real part of the refractive index
of the transparent layer. In Fig. III. 32, the maximum enhancement factors are reported as a
function of the real part of the refractive index of the transparent layer.

=1
N

-
o

Maximum amplification factor

Refractive index

Figure I11.32: Maximum enhancement factor of a monolayer on substrate as of function of the
refractive index of the transparent layer.

It is observed that the maximum enhancement factor depends linearly on the real part of the
refractive index of the transparent layer until it reaches a value around 10. Then, the maximum
amplification factor reaches a maximum before decreasing when the real part of the refractive in-
dex decreases. Note that the layer of refractive index n is assumed lossless. In reality, the real and
imaginary parts of the complex refractive index are linked by the Kramers-Kronig relation [30],
and therefore the material considered in this example may be unrealistic. However, it provides a
guideline to enhance the total hemispherical emissivity of this type of structure using interference

phenomena.
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Chap.III: Far-field thermal emission of few-layer structures supporting interferences

I11.3.5 Maximizing the total hemispherical emissivity of few-layer structures using
interference phenomena

A thin Al layer of thickness 5 nm is then added to the structure to enhance interference effects,
forming an asymmetric Fabry-Pérot cavity [58, 60, 59], also referred to as Salisbury screen in
the literature [81]. Unlike semiconductors, the hemispherical emissivity of metallic thin layers
increases exponentially below a critical thickness. This effect was described in [71], where the
threshold thickness was estimated to be a few dozens of nanometers. Using a thin metallic layer,
it is possible to both increase the emissivity and enhance interferences effects in the Si layer. In

Al thin layer

}(—AI substrate
1

13

Spectral hemispherical emissivity

|
{
|

BE et ]
0_2-101012 1013 10" 1015

Si layer

0.0
10"

107

16“

10"

10 10 10
Angular frequency (rad.s'1)

Angular frequency (rad.s'1 )

Figure II1.33: Spectral hemispherical emissivity of the bilayer on substrate. (a): as a function of
the thickness of the Si layer t;. (b): for t; = 1 um and d = 5 nm. The insert represents the
participation of each layer to the emissivity.

Fig. 111.33(a), the spectral hemispherical emissivity of the bilayer structure is reported as a func-
tion of the thickness of the silicon layer. It is observed that interferences have a larger amplitude,
and also that the overall hemispherical emissivity of the structure is larger than the hemispherical
emissivity of the monolayer. The spectral hemispherical emissivity of the structure for t; =1 um
is reported on Fig. I11.33(b). The shape of the interference peaks is now asymmetric. Further-
more, the spectral hemispherical emissivity of the structure reaches a minimum right after the
maximum. An explanation of this phenomenon can be found in [58], where the analytic function
of the reflectance of the structure was analyzed. Participation of each layer to the hemispherical
emissivity of the structure is plotted in the insert. It is worth noticing that most of the emission, as
well as the asymmetric shape of the interference peaks, comes now from the thin aluminum layer.
In summary, the Al thin layer is the main source of emission in this structure, and waves emitted
by this film are interfering inside the Si layer. This structure exhibits therefore larger values of
spectral hemispherical emissivity, and interference peaks with larger amplitudes.

Finally, a second silicon layer is added onto the aluminum thin film to build a trilayer structure.
We report in Fig. 111.34(a) the total hemispherical emissivity of the structure as a function of the
thicknesses t; and t, of the two Si layers. For a given thickness t;, there is a thickness t, that

maximizes the total hemispherical emissivity of the structure, and vice versa. The maximum of
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I11.3. Temperature dependence of the spectral and total emissivities of Al-Si few-layer structures
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Figure I11.34: (a): Total hemispherical emissivity of the trilayer on substrate structure for T = 300
K, as a function of t; and t,. (b): Spectral hemispherical emissivity of the structure maximizing
the total hemispherical, and normalized blackbody intensity at T = 300 K. From [5].

total hemispherical emissivity of the structure corresponds to the intersection of the optimal thick-
nesses for both t; and t,. On Fig. 111.34(a), the horizontal dashed line represents the thickness
that maximizes the total hemispherical emissivity of the MOS structure at the same temperature.
We observe that the optimal thickness t; is very close to this value, which is consistent after
noticing that the second layer of thickness t, of the trilayer structure is equivalent to the layer
of the monolayer structure in terms of interfaces, and therefore of conditions for constructive
interference. It can indeed be expected that the maximum of the total hemispherical emissivity of
the structure corresponds to the case where the first-order peaks of interference for both cavities
occur at the same frequency, to form a large peak of emission as described in [53]. Using the
constructive interference conditions (Eq. II1.16) for both cavities gives

_2tycosp  2tycosp
(m—%)  (m—£)

. (111.32)
where ¢, and ¢, are the phase lags due to reflections at the interfaces at the boundaries of the
layers, that take a value close to 0 and 7t respectively. Using this expression for m = 1, the first
peak of interference in each layer overlaps when the thickness of the first layer t; is twice larger
than the thickness of the second layer t,, as depicted in Fig. I11.34(b) (dotted line). In this case,
the spectral hemispherical emissivity exhibits a large peak, that reaches a value close to 0.9. But
according to Fig. II1.34(a), this is not the configuration that maximizes the total hemispherical
emissivity of the structure. In fact, the maximum of emissivity occurs when the first-order peaks
of interference of both layers do not occur at the exact same frequency, but still overlap with the
envelope of the blackbody at the considered temperature, as depicted in Fig. I11.34(b) (full blue
line), where the spectral hemispherical emissivity of the structure with the optimal architecture
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Chap.III: Far-field thermal emission of few-layer structures supporting interferences

Table II1.2: Maximum values of the spectral and total hemispherical emissivities at T = 300 K
for each structure. The values for a simple Al substrate and a single Al thin layer are given for
comparison.

Al substrate | Al thin layer | Monolayer | Bilayer | Trilayer
Spectral maxima 0.01 0.06 0.13 0.48 0.89
Total maxima 0.01 0.06 0.03 0.07 0.21
is plotted.

The addition of a second Fabry-Pérot layer can therefore enhance the emissivity even more, and
the successive addition of layers on the aluminum substrate increases the total hemispherical
emissivity of the structure by one order of magnitude when using the optimal parameters of the
system, as shown in Table III.2.

As a conclusion for this section, the influence of interferences on the spectral hemispherical emis-
sivity and on the total hemispherical emissivity of layered structures as a function of temperature
has been investigated. We have highlighted the impact of the variations with temperature of the
optical properties of metallic layers on the hemispherical emissivity. We have shown that when
interferences occur in an emitting layer, the spectral hemispherical emissivity of the structure ex-
hibits sharp peaks, whose frequencies depend on the size of the layer and its refractive index.
Hemispherical emissivities are increased, and an optimal film thickness that maximizes the hemi-
spherical emissivity has been highlighted. We have also investigated how multilayered structures
can enhance these effects, using an additional thin metallic film and a second layer to enhance
interference effects. In the end, we have been able to increase the total hemispherical emissivity
by a factor 20 in comparison to the bulk, and by a factor 6 in comparison to the thin metallic film.
With the understanding of these phenomena, we have demonstrated that it is possible to pro-
vide a method with physical bases for maximizing the total hemispherical emissivity of few-layer
structures.

II1.4 Conclusions

We have investigated the far-field thermal emission of few-layer structures supporting interference
phenomena. In the first section, dedicated to the design of a selective radiator for TPV applica-
tions, the spectral hemispherical emissivity of structures made of molybdenum and hafnium oxide
layers deposited on a molybdenum substrate has been analyzed. Because of spectral variations of
its optical properties, a Mo substrate exhibits a broadband emission in the spectral region below
the wavelength corresponding to the bandgap energy of GaSb, while keeping low values above
it. Mo is therefore a good candidate for building a selective TPV radiator to convert energy in a
GaSb PV cell. We have focused on the understanding of the interference phenomena occurring
in the radiator induced by the addition of transparent HfO, layer, in order to control the spectral
hemispherical emissivity using constructive interferences. By defining a figure of merit, the de-
sign of a TPV radiator has then been performed. The addition of layers has proven to increase
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I11.4. Conclusions

the figure of merit below the cutoff wavelength by a factor 4 compared to the Mo substrate alone,
and reach a figure of merit defined over the whole wavelength range under consideration of 0.86.
To sum up, we have demonstrated that using only three layers deposited on a substrate and the
understanding of interference phenomena, emission spectra close to the one wanted can be ob-
tained. The work in this section can be used as a guideline for designing TPV radiators.

In the second section, the variation with temperature of the same kind of structure has been inves-
tigated. By calculating the temperature-dependent dielectric function of Al, we have highlighted
the importance of taking into account the variations of the optical properties of the materials
constituting the radiator when calculating the thermal emission of structures. Eventually, the en-
hancement of the total hemispherical using interferences has been demonstrated. We have shown
how to use the understanding of the impact of interferences to maximize the total hemispherical
emissivity of few-layer structures, that can reach values up to 20 times larger than the one of a
single Al substrate.

The work in this chapter constitutes a solid theoretical basis for the control of thermal emission
of metallo-dielectric layered structures calculated from the Fluctuational Electrodynamics, and
paves the way for the optimization of systems which require controlling the total radiative heat
transfer between two bodies (for instance radiative rectification and radiative cooling) or the
spectral distribution of the radiative heat flux emitted by a body, such as radiator in thermopho-

tovoltaics.
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Chapter IV

Near-field thermal radiation between a
semi-infinite emitter and a film
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IV.1 Introduction

In this manuscript, the analysis of the performances of thermophotovoltaic (TPV) systems is split
into studies of three major phenomena that take place them: the radiative heat transfer from the
hot source (radiator) to the PV cell, the generation and transport of electrical charges leading
to an electrical current, and variations with temperature of the PV cell performances. We focus
here on the analysis of the radiative behavior of near-field radiation mediated thermophotovoltaic
(NFR-TPV) systems. In this frame, the near-field radiative heat transfer between a semi-infinite
body and a thin film of finite thickness is under consideration in this chapter. This configuration is
chosen because it is geometrically the closest to a NFR-TPV system. Indeed, the simplest radiator
is a semi-infinite medium, while PV cells are films. The numerical modeling of radiative heat
transfer in this configuration therefore allows analyzing the different phenomena that occur in
the near field, that can impact the performances of energy conversion of NFR-TPV systems. In
particular, we are interested on the phenomena that drive the spectral distribution of the radia-
tive heat flux such as SPhP and interferences. The spatial distribution of the absorbed radiative
power is also important. Indeed, the local absorption of radiative power is related to the local
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Chap.IV: Near-field thermal radiation between a semi-infinite emitter and a flat film

generation of electron-hole pairs (EHP) in a photovoltaic cell.

The first complete mathematical model for the calculation of near-field radiative heat transfer
between two parallel plates was developed by Polder and Van Hove [17], and is based on the
Fluctuational Electrodynamics approach [31] (see Chapter I). In the case of radiative heat trans-
fer between two plates, it was highlighted in [17, 32] that the radiative heat flux between the
two semi-infinite bodies increases when the distance between them decreases, due to the increas-
ing contribution of evanescent waves. The role of surface polaritons on the spectral distribution
of the radiative heat flux in the near-field was underlined in [23]. For very small vacuum gap
sizes between the two plates, the authors observed resonances in the spectrum of thermal radia-
tion, leading to the concentration of the energy exchanged by the two bodies in a narrow spectral
band. Near-field thermal radiation therefore allows to increase the radiative power absorbed by a
body, and to control the spectrum of the thermal radiation using surface polaritons. Both of those
properties are interesting for the main application under study in this thesis: thermophotovoltaics.

After these discoveries, many studies were conducted on the topic of near-field thermal radiation
between planar bodies, in order to characterize the near-field radiative heat transfer regime. It
was shown that because of their large momentum, evanescent modes have a very low penetration
depth, that was evaluated as approximately 0.2d in the case of two parallel plates separated by a
vacuum gap of size d [82]. Another group [83, 84] studied hyperbolic metamaterials, and their
ability to increase the penetration depth of near-field radiative heat flux. In those materials, the
impact of frustrated modes (see Chapter I) on the spatial absorption is significant. Furthermore,
these modes are propagating inside the absorber, so they are expected to have a larger penetration
depth than surface modes. Studies involving the radiative transfer between two thin films [85, 24]
showed that the hybridization of surface waves of the two interfaces of the film can impact the
spectral shape at the resonances, and increase the number of evanescent modes participating to
the radiative heat flux, therefore increasing the radiative heat flux at the resonances. The same
principle was applied to substrates coated with a dielectric [86] or a metallic [87] film, with the
same conclusions. More complex geometries were also studied. In [23], a sphere plane config-
uration is considered, while in [88], the near-field radiative heat transfer between two spheres
was calculated.

Experimental proofs of those phenomena were obtained over the years. The increase of the ra-
diative heat flux for a tip-plane geometry was demonstrated in [30, 89], and for a surface-sphere
configuration in [90, 91, 92, 93]. These configurations are based on the use of an atomic force
microscope (AFM), except for [30] that used a scanning tunneling microscope (STM). Experimen-
tal works considering a plane-plane configuration were also considered [94, 95, 96, 97]. Indeed,
building and controlling a good parallelism between two plates separated by a nanometer sized
vacuum gap is a technical challenge. However, it is interesting to note that for some sphere-
plane configuration, experimental values were confronted with theoretical calculations using the
Derjaguin approximation [98], which is an extrapolation of the calculation in the plane-plane

geometry. Theoretical and experimental results showed a good agreement, meaning that the
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IV.2. Description of the problem

simulation of the near-field radiative heat transfer between plane bodies is sufficient to describe
these specific cases of radiative heat transfer between a sphere and a plate. Possible spectral
resonance of the near-field radiation was also demonstrated in [99, 100, 101] using scanning
near-field optical microscopy in the scattering configurations.

In the first section of this chapter, we analyze the variations of the different modes (propagative,
frustrated and evanescent) as a function of the thickness of the film t and the size of the vacuum
gap d. We also pay a particular attention to the number and shapes of the resonance branches.
Then, we investigate the spatial distribution of the absorbed radiative power inside thin absorb-
ing films. We focus on the penetration depth of the different modes, and underline the role of
surface modes on the spatial absorption of very thin films. Eventually, we study the near-to-far
field transition regime, where interference phenomena can occur due to coherence effects, and
we emphasize on the impact of interferences on the spatial and spectral distributions of the radia-
tive heat flux inside the absorbing film. In the following figures and the text are partially taken
from [6].

IV2 Description of the problem

We consider the case of a semi-infinite body emitting towards a film of thickness t, as depicted
in Fig. IV.1. The emitter and the film are made of the same material. The depth inside the film is
called z and the origin of this axis is set such that the entrance of the film corresponds to z = 0.
In NFR-TPV systems, the radiator is usually at a much higher temperature than the PV cell, such
that the net radiative heat flux between the two bodies is close to the radiative heat flux emitted
by the radiator and absorbed by the PV cell. Therefore, to simplify the problem, we consider the
film to be non-emitting: its temperature is set to 0 K.

If ~[z=0

3 Vacuum

Figure IV.1: Case of a semi-infinite emitter separated by a vacuum gap of size d from a film of
thickness t. The film is considered as non-emitting.

The radiative heat flux between the semi-infinite emitter and the film is computed with the Fluc-
tuational Electrodynamics approach, and the Green’s functions are computed using the S-matrix
approach (section I.4). Since this case is rather simple, we can use the analytical formulation from
[24] to compare our results. The analytical calculation of the coefficients A, B, C and D leads to the
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Chap.IV: Near-field thermal radiation between a semi-infinite emitter and a flat film

following equation for the monochromatic heat flux at the entrance of the film (z = 0) [24]

O, Tomit) _ [ (1—Ir}, (1~ IR?)
g’"P(z=0)= —— x kpdkp E i , (V1)
N an? 0 f=p 11— rzlegeZIkzzdlz
O(w, Tomir) e vy Im(r) )Im(RY)
g5 (z =0) = —="—= X k dk, e “= : , (IV.2)
w 2 % P P P |1 o rzlegezlkzzd |2

where:

o v stands for to the polarization s or p,

o rl?/j are the reflection coefficients for the s and p polarizations for the interface between

media i and j,

° Rg represents the total reflection coefficient of the film, and its expression is given by [24]

PRIy g LN
Rl = 1272 (IV:3)
3 T Y Rkttt )
12°23

The red terms represent the transmission coefficient T,. The total monochromatic heat flux is

evan

the summation of the two components ¢, *” and ¢%

. In order to analyze the participations
of the propagative, frustrated and surface modes to the radiative heat transfer, we divide the
monochromatic heat flux into three components, by splitting the integration of k, into three
parts (Fig. IV.2):

o fromk, =0tok, = < for the purely propagative modes,

o from k, = ¢ to k, = %%, where n is the real part of the complex refractive index of the

material [102] for the frustrated modes,
o from kp = % to kp = oo for the surface (or purely evanescent) modes.

To analyze the distribution of absorption of the radiative heat flux, we discretize the film into N
control volumes (CV). The radiative heat flux at the boundaries of each CV is then calculated,
and the radiative power absorbed (g,,;) by a sublayer of size Az of the film located between 2
and z + Az is given by:

Q(Z) - q(Z + Az)
Az ’

qvol(z) = (IV4)

Silicon carbide, that supports SPhP in the infrared, will be the material under consideration. The
dielectric function of SiC can be approximated by a damped oscillator model (Lorentz model) as
[24]

w?— w%o +iTw ] (IV5)

e(w) =€ |:

2,42 H
w wTO—I—ll"co

70

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI103/these.pdf
© [E. Blandre], [2016], INSA Lyon, tous droits réservés



IV.3. Spectral and directional analyses

(a)

(b)

Figure IV.2: Schematic representation of the different components of the radiative heat flux:
(a): the modes are purely propagative,

(b): the modes are frustrated, i.e. propagative in the material and evanescent in vacuum,
(c): the modes are purely evanescent.

For SiC, €00 = 6.7, w1 = 1.827 x 10'* rad/s, wro = 1.495 x 10'* rad/s, and I' = 8.971 x 10*!
rad/s.

IV.3 Spectral and directional analyses

First, we analyze the values of the transmission coefficient T, as a function of k, and w. Fig. IV.3
represents these values in the case of a SiC emitter separated by a vacuum gap of size d = 100
nm from a SiC film of thickness t = 100 nm.

The (kp,
equation w = k,c. It means that the region on the left of this blue line represents the propagative

w) plane can be decomposed into three parts. The blue dashed line is the curve of

modes. The green dashed line is the curve of equation w = %, it means that the region on
the right of this line corresponds to the fully evanescent modes. Eventually, in-between the two
curves, the last region corresponds to the frustrated modes. We observe that there is a spectral
band where kpc > % In this case, the frustrated modes cannot exist. This means that frustrated
modes can only exist if n > 1.

For large k,,, the values of the transmission coefficients tend to 0. This is due to the exponential
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Chap.IV: Near-field thermal radiation between a semi-infinite emitter and a flat film
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Figure IV.3: Plot of the p and s polarized transmission coefficients T? and T?, as a function of
k, and w, in the case of SiC for d = t = 100 nm. The blue dashed line is the curve of equation

L . k
w = k,c and the green dashed line is the curve of equation w = %C

~1./1

factor e=2:4 in the expression of the transmission coefficient for evanescent modes. When k,
is large, k, is approximately equal to ik,, and the exponential term becomes e 2kpd When k,
becomes larger than %, the exponential factor becomes much smaller than 1. In summary, the
radiative heat flux becomes negligible when k, > 3, and in the following, the integration over

i = =3
k,, will be performed from k, =0 to k, = 5.
The spectral band where n > 1, between w = w;o and w = wr(, is the spectral region where
SPhPs can exist. The resonance branches of the surface modes clearly appear in this frequency
band. We are interested in the evolution of the strengths of the different modes when the film

thickness (t) varies.

In Fig. IV4, the size of the vacuum gap (d) is still set at 100 nm, and the thickness of the film
is varied. The most striking fact is that when the film thickness decreases, the values of T, for
the frustrated modes decrease. Variations of the resonance branches are also observed. The next

section focus on this phenomenon.

IV4 Behaviour of the SPhP resonances for SiC

The behaviors of the resonances are studied as a function of the parameters d and t. First, we
investigate the case of a semi-infinite SiC body emitting toward a thick layer.

In Fig. IV.5, we observe the dispersion relation of the SPhP for a single SiC-vacuum interface.
This dispersion relation can be analytically determined using the continuity relations of the elec-
tromagnetic field at the SiC-vacuum interface. Following the development made in [23], the

_w €sic(w)
k= c \J esic(w)—1" (ve)
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log(TeP+Te°)

(@) =100 nm

(b) =1 um

t=10 ym

t=100 ym

(e)
t=100 mm

Figure IV4: Sum of the p and s polarized transmission coefficients T and T?, as a function of k,
and w, in the case of SiC for d = 100 nm and several thicknesses t. (a): t =100 nm, (b): t =1
um, (c): t =10 um, (d): t =100 um and (e): t = 100 mm.
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Figure IV/5: p-polarized transmission coefficient T?, as a function of k, and w, in the case of a
semi-finite SiC emitter and a semi-infinite black absorber for d = 100 nm. Note the logarithmic
scale.

The case of two semi-infinite bodies of SiC is depicted next. In Fig. IV.6, the p-polarized transmis-
sion coefficient T? is plotted for the case of two semi-infinite SiC bodies separated by a vacuum

gap of size d = 100 nm.

We observe the splitting of the resonance branch of the single SiC-vacuum interface into two
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Chap.IV: Near-field thermal radiation between a semi-infinite emitter and a flat film

log(T.P)

By

k (m')

Figure IV.6: p-polarized transmission coefficient T/, as a function of k, and w, in the case of two
semi-finite SiC bodies for d = 100 nm. Note the logarithmic scale.

branches. It is known that the surface waves of two bodies that are close enough from each
other can couple inside the cavity between them. If their resonance branches match, they split
into symmetric and antisymmetric modes [23, 103, 104]. The upper branch corresponds to the
symmetric mode, and the lower branch to the antisymmetric mode. The two branches merge at
large k,, into the asymptotic value for the single SiC-vacuum interface case. When k, is large,
the denominator of T (|1 — rJ Rje**29|2) is equal to 1 because of the exponential term, and
as a consequence, T? becomes close to the single SiC-vacuum interface case. We can interpret
this using the penetration depth of evanescent waves §. It can be written as a function of k,

[82]

1
(Iv.7)
Im(2k,)
At large k,, k, = ik, thus
1
60=— V.8
2k (IV.8)

meaning that a surface wave cannot penetrate further than 2k . The penetration depth of sur-
face waves is therefore of the same order of magnitude as the size of the vacuum gap d. If the
penetration depth is smaller than the size of the vacuum gap (i.e. k, > %), the surface waves
cannot couple, and the two resonance branches merge into the single one associated to a single
SiC-vacuum interface.

Two surface waves can also couple inside a film if it is thin enough [87, 85, 24]. This is shown
in Fig. IV.7 where T? is plotted in the case of a blackbody half-space emitting on a thin SiC film.
Again, we observe the splitting of the coupled surface waves, but inside the thin film. The two
branches merge into the single branch associated to the case of the single SiC-vacuum interface.
Using the same analysis as before, we can physically interpret this using the penetration depth
of SPhPs, but this time inside the film. In addition, using the reflection coefficient of the film
R3, we notice again that when k, is large, we get back to the case of the single SiC-vacuum
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IV.4. Behaviour of the SPhP resonances for SiC

interface.
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Figure IV.7: p polarized transmission coefficient TZ, as a function of k, and w, in the case of
a blackbody emitting half space separated by a vacuum gap size d = 100 nm of a thin SiC film
t = 100 nm. Note the logarithmic scale.

To sum up, two surface waves from two close interfaces can couple, either in vacuum (case of a
cavity between two materials) or in a material (case of a thin film).

The case of a SiC half-space emitting on a SiC film is thus analyzed next. We first study the
influence of the film thickness on the resonances.

In Fig. IV8, the p-polarized transmission coefficient is plotted as a function of k, and w for
d = 100 nm and several thicknesses (t). When the film is thick (¢t = 10 um, (a)), the shape of
the resonances is close to the case of two semi-infinite SiC media. When the thickness of the film
decreases, we observe the apparition of a third resonance branch, due to the thermal excitation
of the interface at the rear of the film. We notice that this branch disappears when k,, reaches
approximately %, and that its dispersion relation is the same as in the case of a single SiC-vacuum
interface. The shapes of the upper and lower branches are also slightly modified.

We then calculate the dispersion relations of the three branches, following the reasoning used
in [24]. The condition for resonance is that for p-modes, the transmission coefficient becomes

large

(1=1r3, 1D~ IR}

- (IV.9)
|1—r] Rle* )2
It means that either
(1— ), P —R}*) >>1 (IV.10)
or that
1= ry R0 = 0 (IV11)

First, we search the couples (w, k,) that fulfill Eq. IV.11. To simplify the calculations, we use the
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Figure IV.8: p-polarized transmission coefficient T/ as a function of k, and w in the case of a
SiC emitting half space separated by a vacuum gap of size d = 100 nm from a film of different
thicknesses t. (a): t =10 um (b): t =1 um (c): t = 100 nm. Note the logarithmic scale.

approximation which assumes that for surface modes, k,, is large, such that:

kz = ‘[ ESiCkz _kfz) A ikp.
Using this approximation, the reflection coefficients r;; becomes

(v12)

€sic—1

rh =-S5 — (IV13)
€sict+1

Eventually, if the losses are neglected in the dielectric function of SiC, the reflection coefficients

become pure real numbers, and solving Eq. IV.11 becomes straightforward. Substituting Eq. IV.13
into Eq. IV.11 leads to two solutions for w(k,)

2 + 2 Aq1/2
EooWiny—P w
w:l: — L0 TO (IV14)
€oo — PF
where /i
h+1
ot = (IV.15)
vh—1
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IV.4. Behaviour of the SPhP resonances for SiC

and /R
h—1
T = (IV.16)
vh+1
h is a function of the geometric parameters of the system
h= e—kat + e—Zde _ e—ZkP(t+d) (IV.17)

w™ and w™ are the dispersion relations for the upper and lower branches, respectively. To find
the equation of the middle branch, Eq. IV.10 must be satisfied. This condition is the same as for
the case of a single SiC-vacuum interface, and so its dispersion relation is given by

w €sic
k, =Re| —\| ———— |. V18
P ( c ‘J €sic + 1) ( )

Figure IV9: p-polarized transmission coefficient T as a function of k, and w in the case of a
SiC emitting half space separated by a vacuum gap of size d = 100 nm from a film of thickness
t =100 nm. The black dashed line is the dispersion relation given by Eq. IV.18, and the blue and
green lines are the ones given by Eq. IV.14. Note the logarithmic scale.

In Fig. IV9, we plot the p-polarized transmission coefficients as a function of k, and w for
t =d = 100 nm. The curves representing the calculated dispersion relations are superimposed.
We observe that these curves fit pretty well the resonances, with just a little discrepancy at low k,,,
where the high-k, approximation is probably not valid. We conclude that the upper and lower
branches are the result of the coupling of the SPhPs of two interfaces of the system. They over-
lap and split into symmetric and antisymmetric modes. The middle branch comes from the last
interface. Its equation is the same as in the case of a single SiC-vacuum interface. For a deeper
analysis, the dispersion relations are plotted for d = 100 nm and several thicknesses t, with the
condition that d > t. Results are gathered in Fig. IV.10. First, we observe that all curves merges
into the case of the single SiC-vacuum interface at k, = %. Then, when the film thicknesses
increase, the dispersion relations merge into the bulk-bulk case at lower k,,.

We show that the limit k, where a curve for a film thickness t merge into the curve assciated to
the case of a semi-infinite absorber is approximately %, which again is related to the penetration
depth inside the film. Therefore, when k, < %, the evanescent waves have a sufficient penetra-
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Figure IV.10: Dispersion relations for d = 100 nm and several thicknesses t. The vertical lines
represent the abscissa k, = %, where t is the thickness of the film for the curve of the same color.

tion depth to excite the rear interface of the film. After this limit, the surface modes at the rear
of the film cannot be excited, so there is a coupling only between the interface of the emitter and
the top interface of the film: the case of two semi-infinite bodies is reached.

Because the resonance branches merge into each other at k, = %, and the values of the transmis-
sion coefficient become close to 0 at k, = %, a regime appears if t becomes smaller than d. In
this regime, the branches do not merge into the curve associated to a single SiC-vacuum interface

other before the cutoff value k, = % is reached. This phenomena is depicted in Fig. IV.11.

x 10" log(T,P)

8 '30

10" 10
k, ()

Figure IV11: p-polarized transmission coefficient T/, as a function of k, and w for t = 10 nm
and d = 100 nm. The dotted lines represent the dispersion relations of the SPhPs.

The dispersion relations merge into each other at about k, = %, but the values of k, in this

region are larger than g, and therefore the transmission coefficient becomes negligible. As a

consequence, two regimes are possible, defined by either g >1or g <1.
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Figure IV.12: p-polarized transmission coefficient T/, as a function of k, and w. (a): for t =10
nm and d = 100 nm. (b): for t = 100 nm and d = 100 nm. (¢) Monochromatic radiative heat
flux for d = 100 nm and for t = 10 nm and t = 100 nm.

The impact on the emission spectrum of the two regimes is depicted in Fig. IV.12. In Fig. IV.12(a)
and (b), the p-polarized transmission coefficient T? is depicted for d = 100 nm for the two
regimes: é < 1 (Fig. IV.12(a)), and 5 > 1 (Fig. IV.12(b)). In Fig. IV.12(c), the monochromatic
radiative heat flux in the two cases is depicted. It is observed that for the case 5 < 1, the peak
due to the surface phonon-polaritons is attenuated and split into two peaks. On the other hand
when 5 > 1, the spectrum of emission still exhibits a large peak.

As a conclusion for this section, we have investigated the SPhP resonances in the case of a semi-
infinite emitter and an absorbing film. Especially, the dispersion relations have been analyzed
when varying the size of the vacuum gap (d) and the thickness of the film (t). The coupling of
the surface modes of the different interfaces induces different dispersion relations, that have been
calculated. In particular, we have analyzed the impact of the dispersion relations on the spectrum
of emission. If the size of the film t is smaller than the size of the vacuum gap d, the peak of
emission due to SPhP resonances is attenuated.
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Chap.IV: Near-field thermal radiation between a semi-infinite emitter and a flat film

IV.5 Spatial absorption of the radiative power inside the film

In this section, we study the spatial distribution of the absorption of the radiative power inside the
film. The spatial distribution of the generation of electrical charges is impacting the performances
of the PV cell. Therefore, controlling where the radiative power is absorbed is an important topic
to control the performances of NFR-TPV systems. The case of a film of infinite thickness (i.e. the
near-field radiative heat transfer between two bulks) is considered first.
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Figure IV.13: Sum of the p and s polarized transmission coefficients T} and T? as a function of
k, and w at different depths inside the absorber z, in the case of two SiC bulks separated by a
vacuum gap of size d = 100 nm. (a): z=0nm, (b): g =1 um. (c): 2 =10 um, (d): z =10 cm.
The white color means that the numerical value was rounded to 0, and therefore not represented
on the logarithmic scaled figure.

In Fig. IV.13, we plot the transmission coefficient T/ + T} as a function of k, and w for two
SiC bulks separated by a vacuum gap of size d = 100 nm, for several depths inside the film. It
is observed that the evanescent modes with the largest values of k,, are absorbed close to the
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IV.5. Spatial absorption of the radiative power inside the film

surface. As mentioned before, these modes have the smallest penetration depth. When the depth
increases, evanescent modes are fully absorbed, and only the propagative and frustrated modes
are participating to the absorption.
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Figure IV.14: Absorbed volumetric radiative power as a function of depth inside the film z in the
case of two SiC bulks. (a): d =10 nm, (b): d = 100 nm, (c): d =500 nm, (d): d =1 um. The
contributions of the propagative, frustrated and evanescent modes are highlighted.

The spatial distribution of the absorbed radiative power is analyzed in Fig. IV.14. The contri-
butions of the propagative, frustrated and evanescent modes are separated. It is observed that
near the surface of the film, purely evanescent waves dominate the absorption. After they are
absorbed, a second regime appears where absorption is dominated by the frustrated modes. This
second regime occurs from at depths when the distance d decreases, due to the stronger contribu-
tion of the frustrated modes. Contribution of the propagative modes is negligible for the distances
d considered. It is also observed that when the distance between the two bodies d decreases, the
decay of the evanescent modes when z increases is stronger. This is due to the fact that for small
values of d, the large k, modes are excited, and therefore the purely evanescent modes have a
smaller penetration depth. On the other hand, the penetration depth of the frustrated modes

does not vary much when the distance d varies.

The case of an absorbing film of thickness t is now considered. In Fig. IV.15, the spatial distribu-
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Figure IV.15: Absorbed volumetric radiative power as a function of the depth inside the film 2
normalized by the size of the film t, for several thicknesses.

tion of the absorbed radiative power is plotted as a function of depth inside the film normalized
by its size, for several thicknesses t. In this figure, we observe that the absorbed radiative power
is exponentially decreasing as a function of depth in the film. However, for the smallest thick-
nesses, it re-increases near the rear interface of the film. This phenomenon is clear for t = 100
nm, and becomes hardly visible when the film thickness increases. The rise of the absorbed ra-
diative power is due to the excitation of the surface wave at the rear interface of the film. To
analyze this phenomenon, we define a term M(k,, w,2) which is a function of the p-polarized
transmission coefficient T? at locations z and z + Az, such as

M(k,,w,2)=TP(k,,w,2)—TF(k,, w,z + Az) (IV.19)

This term allows analyzing the absorption of the radiative power at location z.

We plot in Fig IV16 the values of M as a function of k, and w for several depths inside the film
of thickness t = 100 nm, and a distance separating the emitter and the absorber d = 100 nm. An
animated version of this figure can be found in the supplemental materials section of [6]. At the
entrance of the film (Fig IV.16(a)), absorption is dominated by the SPhP modes, especially the
upper and lower branches. Their contribution decreases when the depth increases. Near the rear
interface of the film, the absorption increases by means of the middle branch. The conclusion
is that the single-interface resonant mode comes from the rear interface of the film. The upper
and lower branches are the result of the splitting of the symmetric and antisymmetric modes of
the surface waves of the two interfaces of the cavity, and are slightly affected by the remaining
interface inside the film.

As a conclusion for this section, the spatial distribution of the near-field radiative power is dom-
inated by the purely evanescent modes with a low penetration depth, at the surface of the ab-
sorbing media. The frustrated modes have a larger penetration length, and therefore play an
important role away from the surface. It is important to mention here that because SiC is sup-
porting SPhPs, the contribution of the evanescent modes is large. For materials that do not support
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Figure IV16: Plot of M as a function of k, and w at several depths inside the film.

surface polaritons in the infrared, the impact of frustrated modes is expected be more important.
In the case of an absorbing film, the absorption can be modified for small thicknesses. The exci-
tation of the surface modes at the rear of the film can induce an increase of the absorption near
to it. This analysis allows understanding how the near-field radiative power inside the film is
absorbed.

IV.6 Interferences phenomena in the near-to-far field transition regime

The regime between the near field and the far field is now under consideration. We define the
transition regime by the zone of the vacuum gap size d where evanescent waves are not dominant
yet, but temporal coherence effects of thermal radiation start to appear, causing propagative
waves to interfere [105, 106]. This regime occurs when the size of a cavity is of the same order
of magnitude as the maximum wavelength of the Planck blackbody distribution Ay, given by
Wien’s law (see Chapter I). The conflict between constructive and destructive interferences results
in the presence of minima and maxima in the thermally radiated flux transferred between the
two bodies in this regime. For highly reflective materials, like metals, this effect is particularly
important [ 105, 26]. First, the transmission coefficient is plotted in the transition regime (d = 10
um) for two aluminum half-spaces (Fig. IV.17).
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Figure IV17: Transmission coefficient T, as a function of k, and w for d = 10 pm between two
aluminum half spaces. The blue dashed line represents the curve of equation w = kc and sets the
limit between propagative and evanescent modes.

In this figure, propagative modes are located before the blue dashed line of equation w = k,c. In
the propagative modes region, we observe peaks and dips due to interferences. As a result, the
spectrum of thermal radiation is strongly affected, as depicted in Fig. TV.18.
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Figure IV.18: Monochromatic emissive power emitted by an aluminum half-space at T = 300 K
and absorbed by another one at T = 0 K separated by a vacuum gap of size d.

In particular, interferences lead to a spectral selection on the radiative heat flux: a large peak
of emission occurs around a frequency. As this frequency depends on the size of the vacuum
gap, it is possible to enhance the radiative heat transfer between two planar bodies for a selected
wavelength. Tuning the spectrum of the thermal radiation may thus be possible using interference
phenomena.

Propagative waves can also interfere due to multireflections inside a film. Interferences inside
a film with a reflective index n should appear when the thickness of the film ¢ is of the same
order of magnitude as the dominant wavelength inside the film % In order to study this
phenomenon, the optical properties of the half-space and the film are modeled by a flat (non-
frequency dependent) dielectric function, such as € = 20 + 0.01i. Results are represented in Fig.
IV19.
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Figure IV.19: p-polarized component of the transmission factor T/ for a constant dielectric func-

tion, as a function of k, and w. The blue dashed line represents the curve of equation w = k,c
k
and the green dashed line represents the curve of equation w = 2 @d=10 um and t = 100

nm (b) d =10 um and t = 10 um. From [6].

In the propagative area of the (k,, w) plots (Figs. IV.19(a) and b), we observe the apparition of
fringes that are caused by interferences inside the vacuum cavity. In the second configuration
(Fig. TV.19(b)), the thickness of the film is set at 10 um as well as the size of the vacuum gap. As
the characteristic wavelength of thermal radiation inside the film % is close to the thickness of the
film, interferences can also occur in the film. In the T representation, we observe the apparition
of peaks and dips due to interferences in the component related to the frustrated modes.
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Figure IV20: p-polarized component of the transmission factor T? for SiC, as a function of k,
and w, d =10 um and t = 10 um. From [6].

The same phenomenon can of course occur with realistic materials. For instance, the real and
imaginary parts of the dielectric function of SiC is almost constant outside the reststrahlen band
(between w;, and w; ), and the values are of the same order as that of our example. We depict
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Chap.IV: Near-field thermal radiation between a semi-infinite emitter and a flat film

this for SiC in Fig. IV.20, where the transmission coefficient T? is plotted for t = d = 10 pm.
Interferences occur in the area of the frustrated modes, except in the reststrahlen band, where
the absorption coefficient of SiC is large.

As a conclusion for this section, the impact of interferences in the near-to-far field transition
regime can be enhanced with selected film thickness, and could improve the spectral control of the
radiative energy transferred between two bodies. The possibility of spectral control using film of
selected thickness could be a way to enhance those phenomena. If an absorbing film is considered,
frustrated modes can interfere because they are propagative inside it. The potential of frustrated
modes for NFR-TPV conversion was highlighted in [7]. Two radiators were considered. The first
one is a fictitious radiator supporting surface SPhPs, and optimized to generate a spectrum of
emission that maximizes the conversion of radiation into EHPs when the distance between the
radiator and the cell is 10 nm. As its optical properties are described by a Drude model, it is
referred to as optimized Drude radiator. The second one is made of tungsten and supports mostly
frustrated modes. The power output enhancement due to near-field effects as a function of the
vacuum gap thickness separating the radiator and the PV cell is plotted for the two radiators.
The contributions of the propagating, frustrated and surface modes are depicted. The power
output enhancements of the NFR-TPV system for the two radiators are plotted as a function of the
distance separating the radiator and the cell in Fig. IV.21. The contributions of the propagating,
evanescent and surface modes are depicted.
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Figure IV.21: Power output enhancement of NFR-TPV system as a function of the vacuum gap
thickness separating the radiator and the PV cell and the type of losses considered showing the
contributions of propagating, frustrated and surface modes. From [7].

It is observed that the power output enhancement is larger when considering the tungsten ra-
diator than when considering the optimized Drude radiator. The analysis of the different losses
performed in this study showed that the limiting factor in the case of the optimized Drude radi-
ator is surface recombination. Indeed, the small penetration depth of SPhP induces a generation
rate of EHPs localized at the top surface of the cell. Frustrated modes have a larger penetration,
and therefore when using the tungsten radiator, the impact of surface recombination is mitigated.
This emphasizes the fact that the spatial distribution of the absorption is a important factor that
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impacts the performances of NFR-TPV systems. Furthermore, it is observed that the power output
enhancement oscillates when the distance between the emitter and the cell varies, due to inter-
ference modes. This proves that interference phenomena are also impacting the performances of
NFR-TPV systems.

IV.7 Conclusions and prospects

Near-field and interference effects on the radiative heat transfer between a semi-infinite medium
and a flat film of finite thickness have been studied. Three important phenomena for NFR-TPV
have been analyzed. First, the behavior of the SPhP resonances when the geometrical parameters
t and d of the system vary, and especially the coupling of the surface waves of the different
interfaces of the system have been studied. The impact of the behavior of the SPhP resonances
on the emission spectrum has then been analyzed. It has been observed that when the thickness
of the film is smaller than the size of the vacuum gap, the peak due to SPhPs in the spectrum of
emission is attenuated.

The second phenomenon that has been investigated is the spatial distribution of the absorbed
radiative power inside the film. Control of the spatial distribution of absorption of radiative
power is key to enhance the performances of NFR-TPV systems. Indeed, the local generation rate
of electron-hole pairs is related to the amount of radiative power absorbed locally in the PV cell.
Besides, electron-hole pairs generated near the surface of the cell are likely to be lost by surface
recombination. In the near field, the evanescent waves dominate absorption for the first hundreds
nanometers after the interface. Frustrated modes are absorbed at larger depths. The penetration
depth of the radiative heat flux decreases when the vacuum gap size decreases because of the
excitation of modes with large k, values. These results have led to a better understanding of
the performances of NFR-TPV systems [7]. Indeed, the small penetration depth of SPhPs induces
large surface recombinations. As frustrated modes have a larger penetration depth, this problem
is mitigated when using a tungsten radiator that supports mostly frustrated modes. For very thin
films, the absorption can be enhanced near the rear interface of the film. Thus, localizing the
spatial absorption of the near-field radiative power away from the surface of the cell by means of
the excitation of the surface waves, could be a powerful tool to reduce surface recombination and
increase the performances of the NFR-TPV systems. This could be applied for example in the case
of heterojunctions, where the p and n-regions are made of different semiconductors. If the surface
modes at the interface between the two regions participate to the absorption of radiative power,
the generation of electron-hole pairs could be enhanced near the junction, where the electric field
extends. These photogenerated electrical charges would likely be collected directly after being
generated, leading to a decrease of the recombination rates.

Eventually, the near-to-far field transition regime has been analyzed. In the case of two metallic
plates, interferences allow selecting frequencies that can be modified by controlling the size of
the vacuum gap. For dielectrics, waves can interfere inside the cavity and inside the film. This
phenomenon occurs for propagating modes, but also for frustrated waves, that participate to
radiative heat transfer in the near field. Indeed, frustrated modes are propagating inside the film.
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Chap.IV: Near-field thermal radiation between a semi-infinite emitter and a flat film

Interferences of frustrated modes could thus be a way to enhance the performances of NFR-TPV
systems, and constitute an alternative to the spectral tuning using SPhPs. In the future, more
complex configurations should be investigated. Indeed, the spectral selectivity due to SPhPs can
be enhanced for example by using a thin film instead of a semi-infinite emitter as a radiator
[85, 24]. Studies like those investigated in Chapter III for far-field emitters may thus be useful for
NFR-TPV. The control of the penetration depth of the near-field thermal radiation can be achieved
with multilayer structures, known in the literature as hyperbolic metamaterials [83, 84]. It has
also been shown that multilayer structures can be used to enhance the spectral selectivity of
emitters supporting Fabry-Pérot interferences (see Chapter III) in the far-field [5, 53]. The same
principles should be applicable to the near-to-far field transition regime.

The results reported in this section have provided new understanding and shed new lights on the
radiative behavior on NFR-TPV systems. New tools and ideas have been provided to optimize
thermal radiation between the radiator and the cell, and could be a new step forward for the
design of high-efficiency NFR-TPV prototypes.
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Chap.V: High-injection effects on near-field radiation mediated thermophotovoltaics

V.1 Introduction

The concept that a TPV system could benefit from the modification of radiative heat transfer due
to near-field effects, by decreasing the distance between the radiator and the cell to a subwave-
length distance, was introduced by Whale and Cravalho [19]. These systems are referred to as
near-field radiation mediated thermophotovoltaic (NFR-TPV). The first experimental work on this
topic was conducted by the team of DiMatteo [20, 107, 108]. A silicon radiator and an InAs cell,
placed inside a vacuum chamber, were used. The distance between the radiator and the cell was
controlled by a piezoelectric device. Variations of the short-circuit current were observed when
varying the size of the vacuum gap. More precisely, the authors reported an increase of the short-
circuit current by a factor 5. A dynamic test was performed, where the vacuum gap size was
oscillating. In-phase variations of the short-circuit current with the gap size suggested that the
increase of the short-circuit current was due to near-field effects. The second experimental study
on this subject was conducted by Hanamura [21], and presented only in a scientific conference. A
marginal enhancement of the performances of the system when decreasing the distance between
the radiator and the cell was reported, and the size of the vacuum gap could not be controlled
below 10 um. Numerical studies of the performances of NFR-TPV systems began with Whale and
Cravalho’s work [19]. The radiator and the cell were considered semi-infinite. The optical prop-
erties of the radiator were described by a Drude model, while the cell was made of an alloy of
InAs and GaAs. Fluctuational Electrodynamics was used to model radiative heat transfer between
the radiator and the cell. A 100% quantum efficiency was considered to avoid modeling transport
of electrical charges inside the PV cell. No thermal effects were accounted for. They reported a
large increase of the electrical power output of the system due to near-field effects, but only a
marginal gain on conversion efficiency. Narayanaswamy and Chen [ 109] introduced the idea that
surface phonon-polaritons supported by a ¢cBN substrate could enhance the efficiency of NFR-TPV
systems, by considering a cell made a of a fictitious semiconductor, with a bandgap energy cor-
responding to the frequency of the SPhP resonance of cBN. Laroche et al. [110] analyzed the
performances of NFR-TPV systems using a tungsten radiator and a source with an emission spec-
trum concentrated in a narrow spectral band, referred to as "quasi-monochromatic" heat source.
They reported a maximum efficiency of the system of 35 % using the quasi-monochromatic heat
source, and also analyzed the impact of near-field effects on the dark current. Park et al. [27]
introduced in the modeling of NFR-TPV systems an electrical model with a spatial distribution of
the generation rate of electron-hole pairs inside the PV cell. With a tungsten radiator and a cell
made of an alloy of InSb and GaSb, they reported a maximum conversion efficiency of 23 %. The
most complete model to simulate the performances of NFR-TPV systems up to now was presented
by Francoeur et al. [4]. A thermal model was added, allowing the analysis of the performances
of the NFR-TPV systems while accounting for the thermal behavior of the PV device on the per-
formances of the system. By calculating the different heat sources inside the cell, the authors
calculated the temperature of the cell, and evaluated the impact on the maximum power output
of the systems. It was shown that to maintain the cell at ambient temperature, a convective heat
transfer coefficient up to 10° is required due to the important heat sources arising inside the PV
cell. With smaller values of the convective heat transfer coefficient, the cell temperature increases
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V1. Introduction

and the energy conversion performances drop significantly. Attemps of optimizations of NFR-TPV
systems were also performed. Bright et al. [25] studied the impact of a backside gold reflector to
increase the amount of radiative energy absorbed by the cell. They also reported the impact of
the small penetration depth of evanescent waves on the increase of surface recombinations. This
phenomenon was later studied in depth in [7]. The contributions of the propagating, frustrated
and surface modes were analyzed. It was shown that a radiator supporting mostly frustrated
modes generates a stronger electrical power output than a radiator supporting surface modes,
despite the fact that SPhPs were used to enhance radiative heat transfer from the radiator to the
cell in a narrow spectral range. This is mostly due to the fact that optical optimization is not suf-
ficient: electrical and thermal losses have to be taken into account to optimize the system. The
idea of a spectral filter to cut high-energy photons was also introduced: photons of energy much
larger than the bandgap generate electron-hole pairs (EHP) but also heat through thermalization.
Therefore, due to thermal impact, high-energy photons can be detrimental. Other optimizations
were performed using graphene [111, 112, 113, 28] in order to increase the near-field thermal
radiation between the radiator and the cell, or radiators supporting hyperbolic modes with large
penetration depth [114]. Eventually, more exploratory systems, such as solar NFR-TPV systems
were investigated [115], where the radiator is heated by the sunlight radiation.

Up to now, no convincing experimental demonstration proving the efficiency of the concept of
NFR-TPV systems could be performed. The only two experimental works exhibited marginal in-
creases of the energy conversion performances due to near-field effects. This is due to two facts.
First, the control of the distance between the radiator and the cell is a technological challenge.
Successful experiments on the measurement of thermal radiation between objects separated by
subwavelength distances were performed only recently (e.g. [91, 90, 96]). The second fact is
that without optimization of the PV cell, any increase of the performances due near-field effects
is likely to be marginal because of the impact of the radiative, electric and thermal losses in the
PV device. Understanding the different phenomena occurring in the PV cell and optimizations
of the full NFR-TPV system are thus required to design an efficient prototype, that could allow
demonstrating that a TPV system can benefit from near-field effects.

In this chapter, we first present the numerical model that allows simulating properly the trans-
port of the photogenerated electrical charges inside the PV cell. The usually applied low-injection
approximation will be introduced first. This model was already used in many theoretical works
on NFR-TPV systems [27, 4, 25, 7, 28]. However, no one ever questioned the validity of these
approximations in the case of NFR-TPV converters where the injection of carriers is high due to
the near-field radiation enhancement. Thus, we present the model we have implemented in our
simulation code that solves the transport of electrical charges problem in NFR-TPV cells without
taking into account the low-injection approximation. The domains of validity of the different
approximations are then assessed. The following section is dedicated to new optimizations us-
ing the appropriate charge transport model of two parameters of the PV cell, the doping levels
and the thicknesses of the p and n-regions, in order to increase the performances of the NFR-
TPV systems. Eventually, we end this chapter by analyzing the performances of InSb cells with
a PIN architecture, that are PV cell candidates for the conversion of thermal energy emitted by
relatively low-temperature (& 800K) sources, and for which a full Drift-Diffusion modeling is
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Chap.V: High-injection effects on near-field radiation mediated thermophotovoltaics

required.

V.2 Numerical solutions of the full and approximate Drift-Diffusion

equations

As mentioned in Chapter II, in order to evaluate the performances of a NFR-TPV system, its elec-
trical behavior under illumination and applied voltage has to be modeled. We recall the basic
equations of the Drift-Diffusion (DD) model, in the 1D and steady state. First, Poisson’s equation
relates the electric field (or the electrostatic potential profile) to the spatial distribution of the
electrical charges inside the PV cell writes

dE(z) _ _dZV(z) _
dz dz2

—g {n(z) — p(2) + No(z) — Ny(2)} V1)

The transport equations state that the electrical current is due to the motion of the electrical
charges that are either swept by the electric field or diffusing from high to low concentration

regions
dn
J, = en(2)u,E(z) + eD"E (V.2)
for the electrons, and
dp
Jp = ep(z),upE(z)—erd—z (V.3)

for the holes. Eventually, the continuity equations relate the spatial variations of the electrical
currents with the net generation-recombination rates

1dJ
_LldJ(2) _ G(z)—R(z), (V4)
e dz
for the electrons, and
dJ,(z
1456 o R@). (V5)
e dz

for the holes. The number of equations can be lowered from 5 to 3 by combining the continuity
and transport equations, thus eliminating the electrical currents J, and J,

Dnd2n(z) +.unE(Z)dn(Z) + dE(z) n(z) = R(z) — G(2), (V6)
dz2 dz dz
d?p(z) dp(z) dE(z)
D, dl;zz —kpE(2) Zzz T Hp dzz p(z) =R(z) — G(2). (V7)

In Eq. V6 and V.7, it is assumed that the mobilities u, and u, and the diffusion coefficient D,
and D, do not vary spatially in each region. Mobilities and diffusion coefficients depend on the
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V2. Numerical solutions of the full and approximate Drift-Diffusion equations

temperature and the doping levels. As the PV cell is thin, its spatial temperature distribution is
almost uniform. Furthermore, we consider abrupt doping profiles, which means that the number
of donors and acceptors are constant in each region of the PV cell. To solve the charge transport
problem, Egs. V.1, V.6 and V.7 have to be solved for the electric field E and the carrier densities
n and p. These three equations are non-linear, because the recombination terms are carrier-
density dependent (Eqs. II.16, 11.17, I1.19). Moreover, they are coupled by the fact that the
electric field depends on the carrier density and vice-versa. Two methods can be used to solve
the Drift-Diffusion equations. The simplest case is to assume a set of hypotheses, called under
the naming low-injection approximation, that simplifies the problem. However, the low-injection
approximation is questionable in the case of NFR-TPV systems. To solve the problem without
applying the low-injection approximation, an iterative method can be used. In the following, we
will present the two approaches, starting by the low-injection approximation.

V.2.1 The low-injection approximation and the separation of the minority and ma-
jority carriers (MCS model)

A schematic of the pn-junction under consideration is depicted in Fig. V.1.
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Figure V.1: Schematic representation of the pn-junction under consideration, assuming the low-
injection approximation.

In the p-region, the concentration of holes in larger than the concentration of electrons, due to
the doping. In this case, the electrons are the minority carriers in this region, and the holes are
the majority carriers. In the n-region, the electrons are the majority carriers and the holes are the
minority carriers. The low-injection approximation consists in assuming that the minority carrier
densities n and p are always much lower than the doping levels N, and N; in each region. It
means that these approximations are valid only under some level of illumination, or if the doping
level is high enough. The first impact of this approximation can be seen on Poisson’s equation,
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Chap.V: High-injection effects on near-field radiation mediated thermophotovoltaics

that becomes

dE(z) _ d?V(z) _e
dz  dz2 ¢

(Nq(2) —Nqa(2)) . (V8)

The dependence of the electric field on carrier densities is removed, meaning that it is now in-
dependent of the illumination and the applied voltage. The new Poisson’s equation can now be
solved for the electric field. As an abrupt doping profile in considered, N, and N; are constant
in each region. As a consequence, the electric field is nil outside the depletion region, in the

quasi-neutral regions. The size of the depletion region can be calculated as [34]

2¢ 1 1
Ldp:lp‘i‘ln:\J?Vo (N_a-’-]Td) (V9)

where V, is the built-in voltage

e T'li

ko T, [ NaN,
\6=—£—n(4%£). (V10)

The thickness of the depletion region in the p and n-regions [, and [, can be expressed as

N,

l -L, —< .
PN +N;

L, (V11)

—L,,—d
L PN, +Ny

When a forward bias V; is imposed on the PV cell, the thickness of the depletion is calculated as
[34]

2¢ 11
L@=5+5=Q2{%—WJGE+EJ. (V12)

The next approximation is the full depletion approximation: if an electrical charge reaches the
depletion region, the electric field sweeps it toward the region where it is a majority carrier and
no recombination occurs. The electrical carrier generates a current. As a consequence, Egs.
V.6 and V.7 need to be solved in the quasi-neutral regions, more specifically in the p-region for
electrons and in the n-region for holes. As E is nil outside the depletion region, Eqs V.6 and V.7

become
d?n(z)
D, =R(z)—G(2) (V13)
dz2
for the p-region, and
d*p(z)

for the n-region. As shown in Chapter II, when the low-injection approximation is considered,
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V2. Numerical solutions of the full and approximate Drift-Diffusion equations

the recombination rate can reduce to

A
rR==02 (V15)
TTl
for electrons in the p-region, and
A
r==L (V16)
Tp

for holes in the n-region.

Equations V.13 and V.14 can then be written as

D d’An(z) An

" 4g2 _Tn +G(z)=0 (V17)
for the p-region, and
d2A A
Dpﬂ——p+G(z)=O (V18)
dz? Tp

for the n-region. Eq. V18 and V.19 are two second-order non-coupled and linear differential
equations, that can easily be solved numerically using the finite element method and a tridiagonal
matrix algorithm (TDMA) [116], or even analytically if an analytic expression of the generation
rate of electron-hole pair (G) can be provided (as in [28]). Because Eqs. V.18 and V.19 are
decoupled, it is assumed that the behavior of the minority and majority carriers are independent
in each region. Boundary conditions are required to solve these equations. At the boundaries of
the depletion region, the excess of carriers An and Ap is assumed to be nil due to the electric
field

An(z = zgp) =Ap(z = zgp) =0, (V19)

p
dp

n-side, respectively (Fig. V.1).

where 2", and zgp are the spatial positions of the edges of the depletion region on the p-side and

At the boundaries of the cell, the electrical current is balanced by the surface recombinations

dAp(z =2,)
Dnd—P =S,An, (V.20)
Z
in the n-region, and
dAp(z = z,)
Dy~ =S5,Ap, (v21)

in the p-region. S, and S,, are the surface recombination velocities for holes and electrons, re-
spectively. z, is the position of the boundary of the cell in the n-region, and z, is the position of
the boundary of the cell in the p-region. Once the spatial distribution of the excess carrier concen-
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Chap.V: High-injection effects on near-field radiation mediated thermophotovoltaics

trations are found, the electrical currents can be derived. If electrical charges are photogenerated
in the depletion region, they are assumed to be collected. The corresponding electrical current

is:

Jap = eJ v G(2). (V.22)

As explained before, if charges are photogenerated in the quasi-neutral regions, they are assumed
to be collected if they reach the depletion region. The current of electron and holes can therefore
be written as proportional to the gradient of Ap and An at the edges of the depletion region

dAn(zZp)
J,=eD,———, (V23)
dz
dAp(zgp)
Jp = —erT. (V.24)
The photogenerated current is then the sum of the three components
Jph =Jp +Jp +Jgp- (V25)

To evaluate the performances of NFR-TPV devices, the problem has to be solved for different
applied voltages V. When the cell is under dark conditions (i.e. not illuminated), a current
appear when the voltage increases, called dark current (J4,4). To save computation time, only
the dark current is computed as a function of V. The dark current is obtained by solving the
transport equations (Egs. V17 and V.18) without illumination (G = 0). Once the J-V characteristic

under dark conditions is obtained, the total current is the calculated as

Jtot(vf) = Jph + L]dark(vf )- (V.26)

Here, it is assumed that the dark current does not depend on the level of illumination. This is

possible by means of the superposition principle.

V.2.2 Questioning the low-injection approximation for NFR-TPV devices

In the preceding section, several approximations have been made to simplify the resolution of the
Drift-Diffusion equations:

o The density of minority carriers is much smaller than the doping everywhere,
o The electric field is not dependent on the level of illumination,

o The expressions of the recombination rates can be simplified using a spatially constant

lifetime,

o The recombination current depends only on the applied voltage, and not on the level of

illumination.
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V2. Numerical solutions of the full and approximate Drift-Diffusion equations

In the case of non-concentrated solar PV, these approximations can been made because of the level
of illumination is relatively low. Furthermore, in the case of silicon solar cells (the most commonly
used type of solar cell), because of the large bandgap of silicon, the intrinsic carrier concentration
is small. It induces smaller carrier concentrations at equilibrium, and therefore smaller carrier
concentrations under illumination and applied voltage. However in NFR-TPV systems, the semi-
conductors under consideration (III-V compounds) have smaller bandgap energies. In addition,
the levels of illumination are larger than in non-concentrated solar PV, as depicted in Fig. V.2(a).
In this figure, the radiative power emitted by a radiator at 2000 K and absorbed by a GaSb cell as
a function of the distance between the two bodies is presented. One can observe that the values

i i 0.40 ' . : -IO“
—— Tungsten radiator d=20 nm -1
e — 0.35F A 10
o —se— Drude radiator E] § =2x10"ms’
o 5 — ¢ 1
s = 030F 5 10
= 10 4 i 3 10°
E g 025F y
= 182~ B B 10°
I 5 020 [ .
0 L e aeee, 2 > 10
Z Maximimum, = = 045k o L
2 ol | - \\‘\ . c 015 e Radiative flux
k] solar concentration E S (evy!
E % = 010F ] [ LN
= = N o C)
o b |3 =y
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10° ‘ = 0.00 I : :
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©—> Non-concentrated Solar PV (=1000 W.m™)
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Figure V.2: (a): Radiative power absorbed by a 10.4 um thick GaSb cell in the vicinity of a radiator
at 2000 K as a function of the distance separating them. From [7]. (b): Map of the radiative heat
flux as a function of the radiation energy and the depth inside p-region of a Gasb cell. The radiator
(2000 K) supporting surface polaritons is placed at 20 nm from the cell. From [8].

increase exponentially when the distance between the two bodies decreases, up to an absorbed
total radiative heat flux of ~ 3.10° Wm™2. In comparison, the value of the incident radiative
power from the sun at the sea is 10> W.m ™2 for the standard AM1.5 spectrum [15]. It means that
the amount of photogenerated electrical charges inside a PV cell is much larger in NFR-TPV de-
vices than in non-concentrated solar PV devices. Even in concentrated solar photovoltaics where
the illumination can reach 46000 suns, the radiative power absorbed by the cell is lower than in
TPV systems in the extreme near-field. Moreover, it can be observed in Fig. V.2(b) that absorption
is very local, especially when using radiators supporting SPhPs. It is observed that most of the
radiative power is absorbed in the first dozens of nanometers due to the small penetration depth
of evanescent waves. Because of this, the validity of the low-injection approximation has to be

verified.
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Chap.V: High-injection effects on near-field radiation mediated thermophotovoltaics

V.2.3 Numerical solution of the full Drift-Diffusion equations (FDD)

If the low-injection approximation is not used, the Drift-Diffusion equations cannot be solved
directly, but rather with an iterative method. In this section, we will present Gummel’s iterative
procedure [ 117] used to solve the problem. It consists in taking an initial guess on the electric field
(or the electrostatic potential) and the carrier densities. Using the values of the carrier densities,
Poisson’s equation can be solved for the electrostatic potential, and the electrostatic potential is
then used to solve the transport equation for the carrier densities. The process is repeated until
convergence.

V.2.3.1 Variables, normalization and scaling

The first step is to redefine a set of variables to solve the problem. The unknowns are the electric
field E and the carrier densities n and p. However these variables are not convenient to solve the
full Drift-Diffusion problem. Therefore, we solve the Drift-Diffusion equations for the electrostatic
potential V, and the quasi-Fermi levels for the electrons and holes ¢, and ¢,. The quasi-Fermi
levels describe the population of electrons and holes in the conduction and valence bands in non-
equilibrium (i.e. when a voltage is applied or under illumination). They represent the shift in
potential due to the excess of electrical carriers. They are related to the carrier concentrations

as
_ eV(z)\ [ —edn(z)
n(z)—niexp( kT )( kT ,), V.27)
= (512) (442,

The red terms in Egs. V.28 and V.29 correspond to the equilibrium carrier concentrations of the
electrons and holes inside the PV cell. To simplify the equations, normalized variables are intro-
duced. The electrostatic potential can be normalized by the thermal voltage V* = kl’TT to define a

new variable

- 1'%
V= 7o (V.29)
called normalized electrostatic potential. The quasi-Fermi levels can be written in the form of the

so-called Slotboom variables [118]

_ed)n
d = , V30
n = €xp KT (M30)
e
d =exp—bo, 131
p=expi (V31)
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V2. Numerical solutions of the full and approximate Drift-Diffusion equations

where &, and &, are the Slotboom variables for electrons and holes, respectively. Using these

notations, the carrier densities become

n(z) =n;exp(V)®,, (V32)
p(2) =n;exp (—V)ép. (V33)
The space variable can be normalized by the intrinsic Debye length z* = i’;l; T
F=2. (V34)
Z*

V.2.3.2 Solving the Poisson equation

Poisson’s equation can be rewritten using the variables introduced before

V*d?V  en; _ _ N.(2)—=N.(z
L = L eV Ee,e) - e TNe, @)+ L E) (s
z*2 dz € .
By noticing that the factor ;/7; is equal to %, Poisson’s equation takes the form
d*v 5 - N,(z)—Ny4(z
Tig = (exp(v(z))én(z) —exp(—V(2))®,(z) + M) _ (V36)
1

This differential equation is non-linear, meaning that an iterative method has to be used once
again. First, an initial guess on V is chosen. Then, at the next iteration, a new potential is written
as V™! = Vi + §V. Injecting this in Eq. I1.37, we have

d*V  dsv _
dz2 = dz2

) ] (V37)
(exp(f/(z))exp(éV(z))<1>n(z)—exp(—\‘/(z))exp(—éV(z))ép(z) +

)2

1

To linearize this equation, we can use the first order Taylor expansion exp(£6V) =146V

d2v  dsv
d2z2  dz2

_ _ (V38)
(eXP(V(Z))(l +6V(2))2,(z) —exp(—V (2))(1 — 5V (2))@,(2) +

)

1

The linearized Poisson’s equation can be solved for 6V using a TDMA procedure. The potential at
iteration i + 1 can then be calculated as a function of that at step i. The process is then repeated
until 5V reaches a value close to 0 at each spatial node of the system (i.e. lower than a prescribed

convergence criterion).
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Chap.V: High-injection effects on near-field radiation mediated thermophotovoltaics

Boundary conditions are required to solve Poisson’s equation. At the boundaries of the cell, we
assume that charge neutrality holds, meaning that the right hand side of Poisson’s equation is
equal to 0 [117]:

Ny(2) = Ny(2) _
n—) =0. (V39)

1

(exp(V(z))cbn(z)—exp(—f/(z))cbp(z) "

We need to solve this equation for V. Introducing the variable X = exp(V), Eq. V.39 becomes

Na(z)_Nd(Z) =0

n.
! 240
No(®) = Na@) _ (A0

X, (z)— %«pp(z) +

= X?®,(2) —®,(2) +X

1

Eq. V40 is a second order polynomial equation that can easily be solved for X. The potential at

the boundaries of the cell is therefore

_ Na 2 Na
V(z=zp)=—ln((<1>p(z=zp))—ln (Z_m) +<I>n(z=zp)<1>p(z=zp)—2—ni , (V41)
2
V(iz=2,)=—In(®,(z=2,)+1n \J(&) +<I>n(z=zn)<bp(z=zn)—& . (V42)

2Tli Zni

The electrostatic potential profile is then used in the next step, that consists in solving the conti-

nuity/transport equations.

V.2.3.3 Solving the continuity/transport equations

Once the potential and the electric field are known, they can be injected in the expression of the

electron current density

dv kyT d [ (e(v—cbe))]
J,=— — +eu,——— | njexp | ————< ||. 43
n = —epnn(2) 7 + ey = — | mexp T (V43)
where the Einstein’s relation for the diffusion coefficients D, and D, was inserted. The derivative
term is
dn(z) d [ (e(V—an))] en(z) (dV dd)n)
=—|n; = ———. 44
dz dz P\ T T kT \dz  dz (V44)
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V2. Numerical solutions of the full and approximate Drift-Diffusion equations

The electron current density becomes

d¢,
= —epn(a)?
Z
e(V—¢,)]d¢
= —eunniexp[ T L ] dz” (V45)
qv epn | d¢
= —eU,Nn;exp (kb_T) exp (—kb;) d_zn
By noticing that
e¢n d¢n ka d |: ( e¢n):|
— =— — — , 146
eXp( ka) dz e dz | P\ kT (V:46)
we can then write
eV d e
Jp = tpnik, T — | = - “)} 147
n = MUnMiKp eXP(ka)dz [exp( kT (V47)
Finally
de
J, =a,(z)—=, (V48)
dz
where
\%
) =ik Texp ()
kyT (V49)
= upniky Texp(V).
For holes, the transport equation is:
dv kT d e(¢p,—V)
Jp= —e,upp(z)d—Z — e'upTd_z |:niexp (kb—T . (V50)
Similarly, one finds
do,
Jp :ap(z)d_z) (VS]-)
where
eV -
ap(z) = —upnik, Texp (_ﬁ) = —upnik, Texp(=V). (V52)
b
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Chap.V: High-injection effects on near-field radiation mediated thermophotovoltaics

Now we can inject the current density into the continuity equations, which gives

O EHCORE®) (u53)
dz dz
for the electrons, and
d de,
I [ap(z)g] =—e(R(z)—G(2)) (V.54)

for the holes. Equations V.57 and V.58 are now linear and non-coupled and can be solved for the
quasi-Fermi levels ¢, and &, using a TDMA procedure. Once they are known, equations V.27
and V.28 are used to compute the carrier density profiles. Then, the carrier dependent terms, like
those for the recombinations, are updated. The process is iterated until convergence, i.e. when
the relative difference between the quasi-Fermi levels and the electrostatic potential between two
iterations is close to zero. Boundary conditions are required to solve the continuity/transport
equations. At the boundaries of the cell, if the carriers are the majority ones, the quasi-Fermi
levels are equal to the potential applied at each side of the PV cell

—eV,
®,(z,) = exp (kb_T) , (V.55)
eV,
®,(z,) = exp (kb_;) . (V.56)

Here V,, is the potential applied at the boundary of the n-region, and V), is the potential applied at
the boundary of the p-region. The applied voltage is the potential difference between the edges
of the cell. To apply a forward bias on the cell in the following, we consider the potential on the
p-side of the cell to be zero, and the potential on the n-side of the cell to be —V, such that the
voltage applied on the cell is V;. For the region where the carriers are the minority ones, the
current of electrical charges is balanced by a surface recombination current at the boundaries of
the cell

B SnSp(n(z =2,)p(z =zp)—nl.2)
eSn(n(z =z,)+n;)+S,(pz =2,)+n;)’

J,(z =zp) = (V57)

.S = =1z,)—n?
Iz =) = nSp(n(z = 2,)p(z = 2,) — ;) V58)

a Sn(n(z = Zn) + ni) +Sp(P(Z :Zn) + ni)-

The algorithm used to solve the Drift-Diffusion equations with the Gummel iteration method is
depicted in Fig. V.3.
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Figure V.3: Algorithm used to solve the Drift-Diffusion equations with Gummel’s iteration method.
The green frame represents the algorithm to solve Poisson’s equation.

V.2.3.4 Algorithm for the computation of the J-V characteristic of the PV cell

Poisson’s equation is first solved at equilibrium (¢, and ¢, equal to 0, ¢, and ¢, equal to 1),
i.e. in absence of illumination (G = 0) and applied voltage (V; = 0). The carrier density profiles
at equilibrium are retrieved. When an illumination is applied, the values of V, &, and $, at
equilibrium are used as initial guess. Once the algorithm has converged, the applied voltage
is gradually increased by a step AV that is much smaller than the built-in voltage (Eq. V.10),
avoiding numerical issues. Again, it is very important to use the values of V, ®, and &, that have
been calculated at the previous step for the bias AVy as the initial guesses for the next step, or the
algorithm may not converge. The process is repeated until the open-circuit voltage V,, is reached.
The algorithm used to compute the J-V characteristic of the cell is depicted in Fig. V4.

Once the J-V characteristic is calculated, the analysis of the product J x V; allows finding the
maximum power output P, of the system. The validation of the FDD model implemented in
our simulation code can be found in Appendix C.
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Figure V/4: Algorithm used to compute the J-V characteristic of the cell. The blue frame represents
the resolution of the Drift-Diffusion equations with Gummel’s iteration method (Fig. V.3).

V.3 Analysis of low and high-injection regimes in NFR-TPV

Radiator T=2000 K

d —
—— [ep— zp_

t, p-region N,
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(Gasb)
¢ n-region Ny
P T.e;=300 K
- antcell

Figure V.5: Schematic representation of the NFR-TPV system under consideration.

In this section, we analyze the low-injection approximation in different cases. We study the same
system as in [7]: the radiator is at 2000 K, and emits thermal radiation toward a GaSb cell,
composed of a pn-junction (p over n) of size t;. The p-region of size t, has a doping N, while
the n-region of size t,, has a doping N;. The radiator and the cell are separated by a distance d.
The cell is assumed to be at ambient temperature (T, = 300) K. A schematic of that NFR-TPV
system is depicted in Fig. V.5.

The optical properties of the radiator are described by a Drude model. The Drude parameters have
been chosen such that at d = 10 nm, the polariton resonance generates a peak in the radiation
heat flux spectrum at a frequency which is a little bit larger than the frequency corresponding to
the bandgap energy of GaSb [111, 7]. To start with, the size of the p-region is set at t, = 400 nm,
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the size of the n-region at t, = 10 um, and the doping of the n-region at N; = 10*” cm™3. High-
injection phenomena are likely to occur when the density of excess minority carriers is of the same
order as the level of majority carriers (or the doping). Therefore it may happen either when the
local generation rate is large, or when the doping level is low. In the following, unless specified
otherwise, we consider an extreme case where the distance d is fixed at 10 nm, such that the
generation rate in the PV cell is large (&~ 10°®* m—3s™! near to the top surface). Furthermore, as
the radiator supports surface polaritons, the generation rate of EHPs is localized near the surface
of the PV cell (Fig. Vi2(b)). It is worth noticing that a distance of 10 nm between the radiator
and the cell is experimentally difficult to achieve in a plane-plane configuration. However, as the
radiator is optically optimized for this distance, it constitutes a interesting study case. Two doping
levels are considered for the p-region: N, = 10'° em™ and N, = 10'® em™3.

V.3.1 Carrier concentrations under illumination

The spatial distribution of the excess electron and hole densities are plotted in Fig. V6.
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Figure V.6: Spatial distribution of excess electron and hole densities inside the cell. (a): the doping
of the p-region is high (N, = 10'° cm™3). (b): the doping of the p-region is low (N, = 10'> cm ™).
d =10 nm

When the doping level is N, is equal to 10'” em™ (Fig. V.6(a)), it is observed that the excess of
carriers is three orders of magnitude larger in the p-region than in the n-region. This is due to
the extremely localized spatial distribution of the generation rate. However, the values (10%° at
maximum) never exceed the doping level. It is worth noticing that except in the depletion region
(represented by a black frame in the figure), the excess eletron and hole densities are equal.
This fact is taken as an hypothesis in the "Ambipolar Transport Equations" model [35], that is
another way to simplify the Drift-Diffusion equations. As the density of photogenerated carriers

is smaller than the doping, the low-injection regime prevails when the doping of the p-region is
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N, = 10* ecm™3. In Fig. V.6(b), a lower doping level for the p-region is considered. It can be
observed that in the p-region, the values of the excess carrier densities are close to the doping
level, but only in the p-region. It is also worth noticing that in the p-region, the excess of electron
and holes densities are no longer equal. For a doping level of N, = 10> cm™3, the p-region is
therefore in high injection. In the following, we will test the validity of the approximations listed
in section V.2.2., in the cases of high and low injection.

V.3.2 Spatial distribution of the electric field

The electric field variations are analyzed first. In Fig. V.7, the electric field at V; = 0 for the two
different values of N, is plotted. We compare the electric field under dark conditions and under il-
lumination. In both cases, the electric field spatial distribution is the same for both configurations.
It is interesting to observe that that in Fig. V.7(b), the electric field extends to the top boundary of
the p-region z,,. It is due to the fact that, according to Eq. V.11, the electric field extends toward
the region with the lowest doping. As the doping level of the p-region is low compared to the one
in the n-region, the electric field extends to the top boundary of the cell.
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Figure V.7: Spatial distribution of the electric field. (a): N, = 10*° em™3. (b): N, = 10*®> cm™3.
d =10 nm.

V.3.3 Recombination rate and lifetimes of electrial carriers

Next, we analyze the lifetime approximation for the recombinations. According to Eq. II. 25, the
recombination rate can be approximated as being proportional to the excess of minority carriers.
The coefficient of proportionality is the inverse of the lifetime % of the electrical carriers, and is
spatially constant. The calculated recombination rates of the Auger, SRH and radiative processes
inside the p-region are plotted in Fig. V.8 as a function of the excess electron density An at the

same position.
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Figure V.8: Recombination rates of the different processes as a function of the carrier minority
carrier (electron) density in the p-region. (a): N, = 10 em™3. (b): N, = 10" em™3. d = 10
nm.

In Fig. 1.8(a), we observe a linear relationship between the recombination rates and the excess
carrier density. Furthermore, we perform a linear interpolation on the three curves: the slopes
are equal to the lifetimes calculated using the low-injection approximation, whose expressions are
given in Egs. I1.15, I1.18 and I1.23. We conclude that the hypothesis of the spatially constant life-
time to describe the recombination rates is valid in this case. In high-injection (Fig. 1.8(b)), there
is no linear relationship between the excess electron density and the recombination rates: the life-
time approximation is not valid anymore. Furthermore, the curves are not bijective, which means
that the recombination rates depend not only on the excess of minority carrier (electrons), but
also on the excess of majority carrier (holes). It is also interesting to note that this phenomenon
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Figure V9: Recombination rates of the different processes as a function of the minority carrier
(holes) density in the n-region. (a): N, = 10'° em™3. (b): N, = 10" em™3. d = 10 nm.
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Chap.V: High-injection effects on near-field radiation mediated thermophotovoltaics

occurs only in the p-region (compare Fig. V.9 with Fig. V.8), which means that high-injection
phenomena can be localized in a single region of the PV cell.

V.3.4 Superposition principle

Next, we analyze the validity of the superposition principle. The recombination currents are
plotted as a function of the applied voltage for the two doping levels under consideration, under
illumination and dark conditions. The recombination current under dark conditions is calculated
by simply computing the J-V characteristic of the cell with a nil generation rate (G = 0). Under
illumination, the recombination current is calculated as J(V;) —Jgc. Under low-injection (Fig.
1.10(a)), the recombination currents under illumination and dark conditions are almost equal,
which means that the superposition principle is applicable. However, it is observed that in high-
injection (Fig. 1.10(b)), the recombinations currents are not the same under illumination and

under dark conditions. In this case, the superposition principle is not valid anymore.
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Figure V.10: Recombination current under illumination and under dark conditions as a function
of the applied voltage. (a): N, = 10'° em™3. (b): N, =10® em™3. d = 10 nm. d = 10 nm.

V.3.5 Maximum power output

Ultimately, to prove the necessity of taking care of high-injection phenomena in NFR-TPV, we
compare in the two cases the results obtained using the MCS model (low-injection approximation)
and the FDD model (all injections). In Fig. V.11(a), the current-voltage (J-V) and power-voltage

(P-V) characteristics are plotted in the case of low-injection.

A good agreement between the two models is observed, leading to a relative error on P, less
than 2%. In the case of high-injection (Fig. V.11(b)), we observe a significant difference between
the results obtained with the two models (relative difference of 15%). Furthermore, the maximum
power output is largely underestimated when using the MCS mode. This emphasizes the fact that
the MCS model can be used only if no high-injection phenomena occur. As mentioned before, the
case where the distance separating the radiator and the cell is equal to 10 nm is an extreme
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Figure V11: Comparaison of the J-V and P-V characteristics obtained with the FDD model with
the one obtained using the MCS. (a): N, = 10 em™3. (b): N, = 10 em™3. d =10 nm

case, hardly feasible experimentally. In Fig. V.12, the current-voltage (J-V) and power-voltage
(P-V) characteristics are plotted in the same configurations as before, except that the distance
between the radiator and the cell is fixed at 200 nm. In this case, the difference between the
results obtained with the FDD and MCS models are relatively low (~ 1.8%), even for low a
doping level of the p-region (N, = 10'® cm™2), meaning that high-injection effects are negligible
on the performances of the NFR-TPV system. This emphasizes that high-injection effects of course
depend also on the level on illumination.
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Figure V.12: Comparaison of the J-V and P-V characteristics obtained with the FDD model with
the one obtained using the MCS. (a): N, = 10 em™3. (b): N, = 10" em™3. The distance d
between the radiator and the cell is 200 nm.
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Chap.V: High-injection effects on near-field radiation mediated thermophotovoltaics

V.3.6 Spatial variations of the quasi-Fermi levels

To end this section, we analyze another approximation that relates the local difference of the
quasi-Fermi levels of electrons and holes. As mentioned in section V.2, the difference of the quasi-
Fermi levels at the boundaries of the cell should be equal to the applied voltage on the cell V.
However, it is often assumed that the local difference of the quasi-Fermi levels at any position 2
inside is constant and equal to the applied voltage:

Pn(z) — Pp(2) =y, (V59)

meaning that the shift of potential due to the excess of electrical carriers is always negligible
compared to the one due to the increase of the applied voltage.

This approximation is commonly assumed to describe the emission of a body in the presence of
a non-zero chemical potential [36]. The Planck function in the presence a non-zero chemical
potential in the emitting body can be used to calculate emission from radiative recombination of
a PV cell in a system in order to evaluate the bimolecular recombination coefficient B. Recently,
this approximation has also been assumed for the calculation of the radiative emission of bodies
for radiative cooling applications [119]. The fact that the quasi-Fermi levels are solved in the FDD
model to compute the performances of the system offers the opportunity to check the validity of
this approximation.

The differences of the quasi-Fermi levels for electrons and holes are depicted in Fig. V.13, for
different applied voltages V;, represented on the plots by a black dashed line. On the left, we
considered the extreme near-field regime (d = 10 nm), while on the right, the far-field regime
(d = 1 mm) is considered. It is observed that the difference of the quasi-Fermi levels is always
equal to the applied voltage in the depletion region (around z = 400 nm): in this region, due to
the electric field, the excess carrier densities are low. Outside the depletion region, ¢, — ¢, is
almost never equal to the applied voltage V;. The two values get however closer when the applied
voltage increases, or when the carrier densities are decreased (i.e. when the doping becomes
lower or when the distance between the radiator and the cell d decreases). The important case
is at the maximum power point (MPP) of the J-V characteristics of the pn-junction. The MPP
is around 0.5 V for the cell under consideration: at this applied voltage, the local difference of
the quasi-Fermi levels are approximately equal to the applied voltage in far-field, but not in the
extreme near-field. This emphasizes the fact that to compute the emission of a body under high
illumination, the use of a model that allows calculating the local values of the quasi-Fermi levels
for electrons and holes might be required.

As a conclusion for this section, we studied two cases, one where the cell is under low-injection
regime, and one where high-injection phenomena occur inside the p-region. The hypotheses
made in the low-injection approximation have been confronted in both cases. When the injection
is large, except for the electric field, they are not valid anymore. This leads to a significant
difference between the results obtained with the FDD model and the MCS model.
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V4. Optimization of the doping levels and the thickness of the doped regions for NFR-TPV
systems
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Figure V.13: Local difference of the quasi-Fermi level for electrons and holes ¢, — ¢, for different
doping levels of the p-region N, and different applied voltages V; (represented by the dashed
horizontal lines). An extreme near-field case (left figures, d = 10 nm) and a far-field case (right
figures, d = 1 mm) are depicted. The black lines represent the edges of the depletion region.

V4 Optimization of the doping levels and the thickness of the doped
regions for NFR-TPV systems

V4.1 Optimization of the doping levels of the doped regions

As mentioned in the introductory section of this chapter, an experimental setup that would allow
to prove that a TPV system can benefit greatly of near-field effects requires an optimization of
the PV device. For example, [7, 25] showed that surface-phonon polariton mediated NFR-TPV
systems exhibit large electrical losses due to surface recombinations. In this section, we propose
to analyze the impact of the doping levels and the thicknesses of the doped regions, to optimize
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Chap.V: High-injection effects on near-field radiation mediated thermophotovoltaics

the performances of the NFR-TPV cell. The analysis of the doping levels could not be made before
because of the validity of the MCS modeling could be questioned. Here, we use the full solution
of the DD equations.

The same radiator as before is consired. The distance between the radiator and the cell d is
set at 10 nm. The impact of the doping levels is investigated first. By setting the doping of the
n-region (N;) at 107 em™3, we plot in Fig. V.14 the J-V (Fig. V.14(a)) and PV (Fig. V.14(b))
characteristics of the NFR-TPV system. In Fig. V.14(a), it is observed that varying the doping
level of the p-region makes the maximum power output of the PV cell vary. The maximum power
output of the cell reaches a maximum at a value close to N, = 10!7 cm™. Two phenomena occur
when decreasing the doping level. First, the mobility of the electrons and holes depends on the
doping level: the mobility decreases with the number of impurities brought by the doping (Fig.
V.15). The effect is the strongest for electrons (minority carriers in the p-region). The increase
of the mobility induces an increase of the short-circuit current (Jgc), as observed in Fig. V.14(b).
This tends to increase the performances of the system. However, when the doping decreases,
the equilibrium carrier concentration of electrons and holes increases (according to Egs. 11.3 and
11.4). The increase of the equilibrium carrier concentrations induces a larger carrier concentration
under illumination and applied voltage, and therefore larger recombination rates. The stronger
recombination current leads to a decrease of the open-circuit voltage (Vc), which results in a
decrease of the performance of the NFR-TPV system. The maximum of the maximum power
output when the doping varies is the result of the trade-off induced by these two phenomena.
The results obtained with the FDD and MCS models are compared in this Fig. V.14. For the larger
values of the doping level, a good agreement is observed between the MCS and the FDD models.
For the smallest doping levels, the values are departing from each others. This emphasizes that
the optimization of the doping level may need to be performed using the resolution of the full
Drift-Diffusion equations, especially in the extreme near-field.
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Figure V.14: (a): J-V characteristics for different doping levels of the p-region. (b): Power output
as a function of the applied voltage for different doping levels of the p-region. d = 10 nm. d = 10
nm.

To emphasize the gain of performances due to the optimization of doping, the values of P,
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V4. Optimization of the doping levels and the thickness of the doped regions for NFR-TPV
systems

are plotted in Fig. V.16(a) as a function of the doping level of the p-region. An increase of the
values of P, is observed, up to 30% compared with the initial doping level. In order to analyze
this increase, the excess electron densities are plotted for different doping levels of the p-region
are depicted in Fig. V.16(b). For each case, the surface recombination rates at the front surface
of the cell are provided. It is observed that the electron density is decreasing when the doping
level decreases. This leads to a decrease of the surface recombination rates. As mentioned in
[7], surface recombinations are the most limiting factor for SPhP mediated NFR-TPV systems.
Therefore, the choice of an optimal doping to reduce this phenomenon is key to optimize the
performances of the system.

—— Electrons mobility )
— Holes mobility

0.6
0.5

0.4
0.3
0.2
0.1

Mobilities (m*V's™)

O'?o“ 1615 1616 16” 1618 1619 10%
Doping (cm™)

Figure V.15: Mobility of the electrons and holes as a function of the doping level, for T = 300 K.
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Figure V16: (a): Maximum power output P, as a function of the doping level of the p-region
N,. (b): Spatial distribution of the excess electron density in the p-region for different doping
levels N,. d =10 nm.

The doping level of the n-region is now under consideration. The values of the power output
(Ppax) as a function of the doping level of the n-region are reported in Fig. V.17, with a doping
level of the p-region set at N, = 10'7 ecm™3. Unlike the case of the p-region, the maximum power
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output reaches a constant value at a doping level of N; ~ 107 cm™. Since the size of the n-
region is large (10 wm), the surface recombination rate at the back of the cell is small, and the
system does not benefit from the increase of the mobility of holes. Moreover, the hole mobility is
not very sensitive to the doping level (Fig. V.15).
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Figure V.17: Maximum power output of the cell as a function of the doping level of the n-region.
d =10 nm.

V.4.2 Optimization of the thickness of the doped regions

Eventually, the impact of the sizes of the p and n-region is analyzed. The thickness of the p-region
is varied first (Fig. V.18).
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Figure V.18: (a): Maximum power output of the cell as a function of the size of the p-region ¢,
(t, = 10 um). (b): Maximum power output of the cell as a function of the size of the n-region t,,
(tp =400 nm).

When the thickness of the p-region decreases, the maximum power output of the cell increases
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V5. Toward an experimental configuration: simulations of the performances of an InSb PIN
photodiode in the near field

until it reaches a plateau at a given value of t, (around 50 nm as depicted in Fig. V.18(a)). The
same phenomenon occurs for the thickness of the n-region, for a thickness ¢, around 200 nm
(Fig. V.18(b)), but the increase of the power output is smaller. Reducing the size of the a region
allows decreasing the distance between the region where the carriers are photogenerated and
the depletion region. Therefore, it decreases the bulk recombination rates. Indeed, in NFR-TPV
systems, due to the small penetration depth of the SPhPs, the majority of the radiation is absorbed
by the PV cell if its thickness is larger than the penetration depth of the thermal radiation (~~ g).
Therefore, reducing the thickness of the PV cell should be a way to improve the performances of
NFR-TPV systems. One should however pay attention to additional phenomena that could play a

role when the sizes become too small.

V.5 Toward an experimental configuration: simulations of the per-
formances of an InSb PIN photodiode in the near field

In this last section, we have presented an idealistic configuration for NFR-TPV. Experimentally, a
temperature of 2000 K is difficult to achieve for the radiator. Instead, a temperature around 800
K is reasonable. At this temperature, a low bandgap semiconductor has to be used. InSb has a
bandgap in the mid-infrared (0.17 €V). Therefore, we will consider the cell to be made of InSb.
To collect radiative energy and convert it into electricity, InSb PIN junctions are used as infrared
photodectectors. A PIN photodiode is constituted of an intentionally undoped region (i-region)
sandwiched between a p and a n-region. The principle of the PIN photodiode is that because of
the large doping difference between the intrinsic region and the two doped region, the electric
field extends inside the i-region, forming a large depletion region [34, 35]. The p and n-region
are generally very thin and the i-region thick, such as the radiative heat flux from the radiator to
the far field is mostly absorbed inside the i-region, where the EHPs are separated and swept by
the electric field toward the regions where they are in minority.

The configuration studied is based on the architecture of a standard InSb photodetector, and is
depicted in Fig. V.19. The radiator is made of SiC, and its working temperature is 800 K. Note
that we did not consider SiC because it supports SPhPs in the infrared, but because it has a large
emissivity (unlike metals for example). Indeed, as the radiator is at a temperature of only 800
K, the radiative power emitted by a metal could have been too small to generate a significant
photocurrent. The PIN diode is constituted of a top p-region of thickness t, = 400 nm, and of
doping N, = 4 x 10'7 cm ™. The i-region is 4 um thick. A semiconductor in never fully intrinsic:
defects inside its crystalline lattice induce a residual doping. In this case, the doping of the i-region
is a n-doping of value N; = 5 x 10'* ecm™3. The bottom n-region is 200 nm thick, and its doping
level is set as N; = 5 x 10'* cm™. As InSb has a low bandgap, large levels of equilibrium carrier
concentrations will appear (Egs. I1.2, I1.3 and 11.4), leading to a large thermal noise that will affect
the performances of the system. As a consequence, cooling the cell may be required to observe an
electrical photocurrent. We consider a temperature range from 300 K (ambient temperature) to
77 K (temperature of liquid nitrogen). We underline that because of the presence of the i-region,
high-injection phenomena are very likely to take place inside the PIN diode. In this framework,
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Figure V.19: Schematic representation of the NFR-TPV system with a generic PIN photodiode.

the low-injection approximation cannot be applied, and the full resolution of the Drift-Diffusion
equations is required.
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Figure V.20: (a): Spatial distribution of the electric field inside the PIN diode for different temper-
atures. (b): Spatial distribution carrier densities. The dashed vertical lines represent the spatial
position of the interfaces between the different regions.

The spatial distribution of the electric field within the InSb cell in considered first. In Fig. V.
20(a) the electric field inside the PIN photodiode is depicted at equilibrium (no illumination nor
applied voltage) for different temperatures of the cell. It is observed that at a temperature of 300
K, the electric field does not extend far into the i-region. When the cell temperature decreases,
the electric field starts to extend in the i-region, especially near the interface between the p and
the i-region, where the difference of doping is large. In Fig. V.20(b), the carrier concentrations
are plotted inside the PIN cell, for two temperatures (300 K and 77 K). The relative difference
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V5. Toward an experimental configuration: simulations of the performances of an InSb PIN
photodiode in the near field

between the carrier densities and the doping is rather large when the cell is at 77 K, but at ambient
temperature (300 K), the carrier concentrations at equilibrium are only between one and two
orders of magnitude smaller than the doping levels. As the spatial variations of the charge density
are small, the electric field is not extending far inside the i-region. With the present configuration,
the PIN photodiode is not expected to produce large photocurrents at 300 K. Doping levels and
thicknesses of the different regions should be optimized for allowing the operation of the cell at
300 K.

.2)
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Figure V.21: Maximum power output of the PIN photodiode as a function of the distance separat-
ing the radiator and the cell d.

The observation of the near-field enhancement is analyzed in Fig. V.21. The maximum power
output of the system is plotted as a function of the distance between the radiator and the cell (d),
for several temperatures of the PV cell. The enhancement of the energy conversion performances
due to near-field effects is observed when the distance decreases. When the cell temperature
decreases, the maximum power output also increases, up to 2 orders of magnitude larger than
that at ambient temperature. It emphasizes the fact that the design of the PIN photodiode is not
relevant for an operating temperatures close to ambient. Is is worth noticing that the maximum
power output does not follow the same behavior than the absorbed radiative power absorbed
by the PV device, which is generally a power law. In order to make a deeper analysis of the
performances for the different operating temperatures, Fig. V.21 depicts the J-V (Fig. V.22(a))
and P-V (Fig. V.22(b)) characteristics of the PIN cell (d = 10 nm).

It is observed that the open-circuit voltage (Vy) of the cell at ambient temperature is extremely
small, due to the small bandgap energy of InSb (large thermal recombination current). The
short-circuit current also increases between 300 and 200 K, until it stabilizes at a value of around
1.5 x 10° W.m™2 for low temperatures. Eventually, the impact of the decrease of the short-circuit
currents on the energy conversion performances can be observed in the P-V characteristic. Al-
though, the short-circuit current are of the same order of magnitude for the different tempera-
tures, the decrease of the open-circuit voltage induces a large drop of maximum power output
(Ppax)- As explained before, the case where the distance d separating the radiator and the cell is
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Figure V.22: (a): J-V characteristics of the PIN photodiode for d = 10 nm and different cell
temperatures. (b): Power outputs of the PIN diode as a function of the applied voltage for several
temperatures. For T = 300 K, the value of P, is indicated in red.

10 nm may be difficult the achieve experimentally. Therefore, we report in Fig. V.23 the J-V (Fig.
V.23(a)) and P-V (Fig. V.23(b)) characteristics of the PIN cell for d = 200 nm.
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Figure V.23: (a): J-V characteristics of the PIN photodiode for d = 200 nm and different cell
temperatures. (b): Power outputs of the PIN diode as a function of the applied voltage for several
temperatures. For T = 300 K, the value of P_,., is indicated in red.

The same behaviors as before are observed. The values of current and power output are lower
than the previous case, due to the lower illumination induced by the larger distance between the
radiator and the PV cell.

As a conclusion for this section, we have introduced an architecture of a NFR-TPV system for
making the experimental demonstration of near-field radiation enhancement using a radiator at
moderate temperature (800 K). The initial choice of an InSb PIN photodiode used for infrared
photodetection has been presented. The preliminary results have shown that the PIN diode is
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V6. Conclusions and prospects on the simulations of NFR-TPV devices

efficient at low temperature (77 K), but in order to work at ambient temperature, its parameters
have to be optimized. In particular, we have shown in the previous section that the doping levels
of the different regions could enhance the performances of the NFR-TPV system.

V.6 Conclusions and prospects on the simulations of NFR-TPV de-

vices

In this chapter, we have presented original numerical simulations of NFR-TPV systems. Our first
objective has been to point out the impact of high-injection phenomena inside PV cells illumi-
nated by a body in the near field. The development of a numerical model has allowed analyzing
if high-injection phenomena could occur inside PV cells in the near field. Results have shown
that high-injection phenomena can take place in the extreme near-field, depending on the doping
level or the level of illumination of the PV cell. The impact of this phenomenon on the different
approximations used to simplify the resolution of the Drift-Diffusion equations has then been ana-
lyzed. The final result has shown that the MCS model is not appropriate for calculating accurately
the electrical performances of the PV cell when high-injection phenomena occur.

The second topic under consideration has been the optimization of the doping levels and the
thicknesses of the doped region. We have demonstrated that with appropriate values of the dop-
ing levels and the region thicknesses, the maximum power output can be enhanced by about 30%
compared to the configuration presented in [7].

Eventually, simulations of an InSb PIN photodiode designed initially for infrared photodetectors
have been presented. We have highlighted that the parameters of the PIN junction have to be
optimized in order to enhance the energy conversion performances of the system at ambient tem-
perature.

In the future, several improvements of the modeling should be considered, in order to take into ac-
count different effects neglected until now. First, in our simulations, the cell temperature has not
been allowed to vary. The impact of the different heat sources was studied previously in [4, 7].
The model used by the authors was in the meantime improved in [3]. The improved thermal
model should be implemented in the future. The dependences on carrier concentrations and on
temperature of several parameters are currently neglected because of a lack of data. For example,
the dependence on temperature of the optical properties (dielectric functions) of the different ma-
terials is difficult to evaluate. As for the dependence on carrier concentration, bandgap narrowing
effects due to large doping levels [120] are currently neglected. It affects optical properties of the
semiconductor, by shifting the interband transition, and also the electrical properties, such as the
intrinsic carrier concentration that depends on the bandgap of the semiconductor. Until now only
doping-dependent mobilities were used. Carrier-carrier scattering effects could be accounted for
by using mobility models that account for the carrier concentrations, but again, the lack of data
for III-V semiconductors are limiting the advances in this topic.

Eventually, a proper calculation of the radiative recombination rate should be implemented. Un-
til now, we used tabulated values of the bimolecular recombinations coefficients for GaSb and
InSb. As mentioned in Chapter II, the calculation of this coefficient requires the calculation of the
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emission of the PV cell toward its environment.

There is room for improvements of the performances of the NFR-TPV systems: only basic con-
figurations have been studied. Other PV cells, such as multijunctions and heterojunctions, could
be explored in the future. Especially, the use of a semiconductor transparent in the infrared and
dopable for the top region of the cell like CIGS solar cells are for Sun light, that would let the
thermal radiation penetrate deeper into the cell to avoid surface recombination, could be a way to
reach high efficiency NFR-TPV systems with radiators supporting surface polaritons. To conclude,
this work paves a way to the conception of an experimental setup, that could demonstrate the
efficiency of the concept of NFR-TPV energy converters.
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General conclusions

This manuscript has dealt with the tailoring of the thermal emission of few-layer structures using
interference phenomena, and the dependence on temperature of the spectral and total hemispher-
ical emissivities of these structures. The near-field thermal radiation between a semi-infinite emit-
ter and a flat film as then been analyzed. In the last chapter, we have focused on high-injection
phenomena in NFR-TPV systems. Optimizations of the doping levels and of the thicknesses of the
doped regions have been performed in order to increase the performances of NFR-TPV systems.
Eventually, a NFR-TPV system close to an experimental configuration using an InSb PV cell based
on a PIN architecture has been proposed, and the first results of the performances of such sys-
tems have been presented. This conclusion section summarizes the main results presented in this
thesis, and provides prospects for future works in this field.

We have first analyzed the interference phenomena inside few-layers structures. We have con-
sidered structures made of a refractory metal, molybdenum, and a transparent semiconductor,
hafnium oxide. The addition of hafnium oxide layers induces the appearance of interference phe-
nomena that allows enhancing the spectral hemispherical emissivity for selected wavelengths.
We have provided a detailed analysis of interference phenomena occurring inside multiple layers.
By means of the comprehension of these phenomena, the optimization of a selective radiator for
a TPV system using a gallium antimonide cell has been performed. We have defined a criterion
that maximizes the conversion of radiation power into electrical power, by maximizing the spec-
tral hemispherical emissivity for photons with energy larger than the bandgap energy of GaSb,
and minimizing the emission of the radiator for photons with energy lower than the bandgap. We
have presented two figures of merit based on this criterion. The figure of merit defined over the
whole frequency range under consideration reaches a rather high value, 0.82, for a molybdenum
substrate. This emphasizes the large potential of molybdenum (and other refractory metals as
well) for building selective radiator for TPV applications. The same figure of merit reaches a value
of 86 when considering a trilayer structure deposited on a substrate for the optimal architecture.
The second figure of merit, defined over the wavelength range below the wavelength correspond-
ing to the bandgap of GaSb is only 0.19 for a single molybdenum substrate because of its rather
low spectral hemispherical emissivity in this wavelength range. However, with the optimal ar-
chitecture of the trilayer structure deposited on a substrate, this value is tripled (0.60). We have
provided a methodology to design radiators for TPV systems that can be used as a guideline for
future optimizations.

The impact of variations of the optical properties with temperature of the materials constituting an
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emitter on its thermal emission is often omitted in the literature. We have analyzed this phenom-
ena by calculating the thermal emission of aluminum-silicon few-layer structures as a function of
temperature. Comparison of the results obtained using dielectric function of aluminum with the
temperature-dependent one that with have calculated shows significant differences. The relative
difference between the two reaches 60% at 500 K. This emphasizes the fact that the calculation
of the emission of thermal emitters should be performed using the dielectric function at the corre-
sponding temperature. Even if the maximum temperature considered was 500 K, which is much
lower than the operation temperature of a TPV radiator, this work highlight that variations with
temperature of the optical properties of a materials constituting this emitter should be accounted
for, especially in the case of metallic materials.

We have also investigated the total hemispherical emissivity of few-layer structures supporting
interference phenomena. An enhancement of the total hemispherical emissivity of a trilayer on
substrate structure by a factor 20 has been found for the optimal architecture. The results gath-
ered in this section can be used for applications which require controlling the total radiative heat
flux between two bodies, for example radiative rectification [67].

The performance of TPV systems using the optimized radiator designed in this chapter should be
evaluated in the future using the coupled radiative, electrical and thermal model presented for
example in [4]. The impact of heat sources due to thermalization of high-energy photons should
be analyzed as well. According to [75], the optimal spectral hemispherical emissivity that max-
imizes the energy yield by TPV systems is a step function only when the temperature of the cell
is not allowed to vary. The criterion used to optimize the emission spectrum of the radiator may
thus be modified.

The next chapter has been dedicated to the analysis of near-field radiative heat transfer between
a semi-infinite emitter and a flat film. The polariton resonances have been analyzed in the case
of silicon carbide. We have shown that to conserve a large peak in the emission spectrum due to
surface phonon-polaritons, the size of the thin film should be always larger than the size of the
vacuum gap. The spatial distribution of the near-field radiative power has then been analyzed.
Frustrated modes have a larger penetration depth than surface modes, and therefore are absorbed
deeper in the film. However if the film is thin enough, the excitation of the surface waves at the
rear of the film induces a raise of the absorption at this location. This phenomenon could be
interesting in the case of heterojunction cells, where the p- and n-regions are made with differ-
ent materials. If the surface wave at the interface between the two regions can be excited, the
absorption would be increased inside the depletion region, leading to the generation of electron-
hole pairs that would be collected right after being generated, thus mitigating the recombination
processes.

Eventually, interference phenomena occurring in the near-to-far field transition regime have been
under consideration. As they are propagating inside the film, frustrated modes can interfere.
Therefore, as demonstrated in Chapter III, it is possible to spectrally tune the radiative heat trans-
fer between the emitter and the film in the near-to-far field transition regime. Furthermore,
frustrated waves are propagative inside the film, and therefore have a larger penetration depth
than surface modes. This induces a mitigation of the surface recombination problems, that are
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currently the limiting factor for SPhP mediated NFR-TPV system. This emphasizes the fact that
frustrated modes mediated NFR-TPV systems have a great potential [7].

The work in this section has brought a deeper understanding near-field thermal radiation be-
tween bodies, and has shed new light on the radiative behavior of NFR-TPV systems, that will
allow analyzing and optimizing the radiative heat transfer between the radiator and the cell in
NFR-TPV devices.

In the last chapter, we have focused on high-injection phenomena in NFR-TPV systems. After hav-
ing recalled the charge transport model commonly used to evaluate the performances of NFR-TPV
systems that assumes the low-injection approximation (MCS model), we have presented a model
that accounts for high-injection phenomena (FDD model). By means of this model, we have as-
sessed the validity of the low-injection approximation in the case of NFR-TPV systems. We have
demonstrated that high-injection phenomena can occur in the extreme near field for low doping
levels of the top region of the PV cell. In this case, the MCS model can not describe accurately the
performances of the NFR-TPV system: a relative difference of 15% between the results obtained
with the two models have been highlighted. This emphasizes that the validity of the low-injection
approximations should be tested extensively in future works. One of the future goal will be to
define a criterion on the level of illumination and the doping level that assesses if whether or not
the low-injection approximation is valid.

Using the FDD model, we have then performed numerical optimizations of two parameters: the
size and the doping level of the p and n-regions. The doping level of the top p-region is a crucial
parameter for SPhP mediated NFR-TPV systems: decreasing the doping allows mitigating the im-
pact of surface recombinations. We also have shown that the size of the PV device should be as
small as possible to maximize its efficiency. In the extreme near field, an increase of the power
density yield by 30% is possible with optimal parameters (i.e. for the smallest sizes of the p and
n-regions, and a doping level of the p-region equal to 10'7 cm™).

Finally, we have introduced a new kind of NFR-TPV system with a cell made of an InSb PIN junc-
tion, designed initially for infrared photodetectors. The simulations of the electrical behavior of
PIN junctions have been possible with the development of the FDD model, because of the presence
of the intrinsic region where high-injection phenomena are likely to occur. We have presented
our very first results on the simulations of such NFR-TPV systems. We have demonstrated that
the PIN cell is not efficient at ambient temperature, but rather at low temperature: a maximum
power output of 88 W.m™2 at ambient temperature, and of 24000 W.m ™2 at at 77 K have been
found for a distance separating the radiator and the cell of 10 nm. This may be due to the spatial
distribution of the electric field, supposed to extend inside the i-region in the case of PIN junc-
tions, that is restricted near the interfaces between the different regions. Further optimizations
using the results obtained in the previous sections should be performed in the future to design a
high-efficiency prototype.

Numerous parameters impacting the performances of NFR-TPV systems are yet to analyze. For
example, only one temperature of the radiator for each semiconductor constituting the PV cell
has been considered. For GaSb, the temperature of the radiator (2000 K) may be difficult to reach
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experimentally. Evaluation of the performances of NFR-TPV systems with lower radiator temper-
ature should be performed. The comparison between metallic and dielectric radiators should also
be done. At a longer term, the contacts at the sides of the PV cell should be accounted for to get
closer from experimental PV devices. Eventually, moving from 1D to 2D simulations would allow
considering different geometries of the PV cells, and accounting for side effects.

All the results presented in this manuscript have shed new light on thermal radiation at nanoscale
inside multilayers, and their application to thermophotovoltaic energy conversion, as well as the
electrical behavior of PV cells under near-field illumination. This report provides new tools and
understanding for the analysis of the performances of NFR-TPV systems. We believe this could
lead to the first convincing experimental demonstration of the efficiency of the concept of NFR-

TPV energy converters.
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Appendices

A Determination of the amplitudes of the field: the scattering matrix
method

A.1 From the T-matrix method to the S-matrix method [1, 2]

In this appendix, the S-matrix for the calculation of the Green’s functions is presented.

To determine the Weyl components of the Green’s tensor, the coefficients A, B, C and D must be
determined for the two polarizations s and p in each layer. An efficient way to determine those
coefficients is the transfer matrix method (T-matrix). The amplitudes of the fields in layer [ at a
location 2 just after the interface [,1 + 1 (denoted z = zl+ ) are linked with the amplitudes in layer

+

[ + 1 at location z = z;" . with the transfer matrix U;

I+1
Al fwa uwpae [|Am (A.60)
| Bi| w21 w22 ]| B
G| _ |win wai||Cw (A61)
| Di| w21 uoo || D]

where u; ;; are the components of the T-matrix U;. The T-matrix in layer [ can be expressed as the
product of the transmission matrix Vl,l+1 at the interface [,[ + 1 and the propagation matrix P; in
layer [ (Fig. A.1)

= 1 1 T'l 1
Vi = o (A.62)
ter |+ 1
- e_ikzl (z141—21) 0
L= 0 ik Grar—21) (A.63)

>

iky, (2141—21) RUACT )

i} 1 otk (Z11a—21) r o ke (Z11a—21)
[ Li+l (A.64)

;=
ti+1 [T 1418

where r;;,; and t;;,, are respectively the Fresnel reflection and transmission coefficients at the
interface separating layers [ and [ + 1. It is important to mention here that the s and p polarized
field amplitudes are calculated by using respectively the s and p polarizations of the Fresnel
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Figure A.1: Schematic representation of the T-matrix between a layer [ and a layer [ + 1.

reflection and transmission coefficients.

The transmission matrix \=/u+1 links the amplitude of the field just before and just after the inter-

face [,1 + 1. The propagation matrix 1:31 represents the wave propagation in layer [. The transfer

+ +
[ +1

layer [ + 1, a wave must propagate in the medium of layer [ from zl+ to z;_ ,, and then cross the

matrix U; describes the fact that to propagate from a position z;" in layer [ to a position 2} . in

1+1°

~ _toz'  (as depicted in Fig. 1.5). The relation between the amplitudes

[+1 [+1
in layer O and layer L where the flux is calculated becomes

interface [, + 1 from 2

AT 12 4]
O = = = L
= (l_[ l,l+1PZ+1) Vi1 (A.65)
| Bo | 1=0 | Br |
o Ly .
CO = = = CL
= (l_[ l,l+1PZ+1) Vi (A.66)
[ Do | 1=0 | D1 |

This relation shows that the calculation of the coefficients in layer O and layer L where the flux is
calculated requires multiple products of the elements of the transfer matrix U, and therefore of

. . . . +i .
the complex increasing and decreasing exponential terms e ths (11 —-20)

, which can be very small
or very large depending of the value of k,, and of the thickness of the layer z;,; —2;. This leads to
numerical difficulties when k, is large (case of evanescent waves), and when the number of layers
between layers s and [ or when the film thicknesses are too large. This is why the T-matrix method
is not appropriate for numerical calculations of near-field thermal radiation in one-dimensional
layered media.

To solve the problem of numerical instabilities, we use a modified version of the T-matrix method,
called scattering matrix method (S-matrix). This method was applied by Drevillon [1] and Fran-
coeur [2] for the calculation of near-field thermal radiation in 1D-layered media. The S-matrix

method consists in expressing the coefficient in layer [ directly as a function of the coefficient in
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layer O

Al s Ao
4]-s00[%]

The relations linking the S-matrix between 0 and [, 5(0, 1), and between O and [ + 1, S (0,1 +1),
need to be determined. The matrix relation between A,, By, A; and B; can be written as the

following system

A =511(0,1)Ag + 512(0, 1)B; (A68)
By =851(0,1)Aq + S2,(0,1)B;
The T-matrix relation between coefficients in layer [ and [ + 1 (Eq. A.41) gives
A =up 1A Hug10Br (A.69)
By =y 01A141 T U 22B111

Substituting A; and B; from Eq. A.45 into Eq. A.46 gives a system that links the coefficients in
layer [ with the coefficients in layer [ + 1 and the elements of the S-matrix S(0,1)

U 114141 Uy 12Br41 = S11(0,1DAg + S12(0, D (ug 214141 +Up 22B141) (A70)
By = 851(0,1)A¢ + S22(0, 1)(uy 214111 +Up 22B141)

u; 114141 — 51200, (1 114A141) = $11(0, DAg + By41(S12(0, Duy 95 — g 21)
= (A.71)

By —S22(0, Dy 214141 = S21(0,1)A¢g + S22(0, Dty 92By 41

Equation A.48 can be written as a matrix system
A || w21 —821(0,1) 0 _ 511(0,1)  S51(0,Duy 50 —uy 01 || Ao (A.72)
By || =S22(0,Duyp 1 S51(0,1) S52(0,1) Bii1

-1
N A | _ | Wwn —551(0,1) 0 511(0,1)  S51(0, Dy 00—y 01 || Ao (A.73)
By —S95(0,Duy 97 1 521(0,1) S22(0,1) B

where the product of the two matrices

-1
uj11 —S2100,1) 0 $11(0,1)  S91(0, Duy 90 —up 1 (A.74)
—S22(0, Dy 1 S21(0,1) S92(0,1)
can be identified as the scattering matrix between layer 0 and [ + 1.
The inversion of the first matrix is straightforward, and gives
—1 _
w1 —Sn(0,0) 0 _ (w11 —S12(0, Dy 1) 7" 0 (A.75)
—S92(0, Dy 1 82200, Dy 21 (g 11— S21(0, Dug )™ 1
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Multiplying the two matrices in Eq. A.51 gives the expression of the S-matrix between layer 0
and [ + 1 as a function of the elements of the S-matrix between 0 and [ and the elements of the
transfer matrix U,

_ S11(0,1+1) Sp5(0,1+1
S(0,l+1)= n( ) Sial ) (A.76)
S51(0,1+1) S55(0,1+1)

where:

511(07 Z)
U1 — 551(0, Z)ul,ll

S51(0,Duy 90 —u
S15(0,1+1) = 2L L22” 7121 (A.78)
U 11 — S21(0, Dup 99

~511(0,1)852(0, Duy
Uy 11 —S21(0, Dy o

S,1(0,141) +55,(0,1) (A.79)

 (821(0, Dty 25 — 117 21)(S22(0, Dy 1)

u;11 —S21(0, Duy 91

S22(0,1+1) + S22(0, Dy 22 (A.80)

Substituting the elements of the transfer matrix lle given by Eq. A.41, the elements of the S-matrix
between 0 and [ + 1, S(0,1 + 1), become

$11(0, l)tl,l+1 eikzl (z141—21)

511(0,1 + 1) = .
1—S1,(0, l)rl’l+1621kzl (z111—21)

(A.81)

S12(0, Z)eZikZl =) Ii+1
S1,(0,1+1) = e (A.82)
1—812(0, Dy gyqe” ™

S (031)5 r eikzl(ZlJrl_Zl)
551(0,1+1)= 1 227,141

(A.83)
L1141

S (O, l)[S r + 1]eikzl (z141—21)
S92(0,1+1) = = 22 L

(A.84)
tr 141

where only etka @172 tarmg appear, which demonstrates that the S-matrix algorithm is stable
regardless of the values of k,, and z;,, —2;. Indeed, no product of factors in required.

The S-matrix can be initialized in any layer [ using the relation

[Sll(l,l) 512(1,1)]:[1 0] A85)
Sz]_(l,l) Szz(l,l) O 1
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A. Determination of the amplitudes of the field: the scattering matrix method

A.2 Algorithm for the determination of the coefficients

The general case of an emitting layer of finite thickness is under consideration. Coefficients A, B,
C and D must be determined. Given the fact that layers 0 and N are semi-infinite, there cannot be
z-negative and z-positive traveling waves respectively in layers O and N. It results that coefficients
Ay, Cy, By and Cy are equal to 0, regardless of the emitting layer. We start with coefficients A
and B related to the field emitting in the z-positive direction.

For the coefficients between layer 0 and the emitting layer ss (I < ss), the S-matrix relation

gives

Ayl s A,
|:Bo:| = 5(0,ss) |:Bss:| (A.86)

As Ay = 0, this gives the following system:

A, = S15(0,ss)B
PN { SS 12 ss (A.87)

BO = 522(0, ‘SS)BSS

Note that here, the S-matrix between 0 and [ for [ < ss must be initialized in layer 0.

For the coefficients between the emitting layer ss and layer N (I > ss), the S-matrix relation
must account for the source for the forward (z-positive) traveling waves. The S-matrix relation

gives

ss N

_ +
[‘;}N} — 3(ss.N) [A“; S ] (A.88)

where S* is the unit amplitude (ST = 1) of the field related to the forward traveling waves. As

By is equal to zero, this gives the following system

Ay = Sq1(ss,N)(A, +S*
<:>{ N 11088, N)( ) (A.89)

Bss = 521(0,35)(1455 + S+)

Note that here, the S-matrix between ss and [ for | > ss must be initialized in layer ss.

Substituting A,, from Eq. A.64 into Eq. A.66, we are able to determine the expression of B,

Sy1(ss,N)S™
B, = 21055, V) (A.90)
1—851(ss,N)S21(0,ss)
and the expression of A is given by
$12(0,85)S51(ss,N)S*
_ 512(0,55)S(s5,N) Aon)

T 1—851(55,N)S51(0,55)

The relation that gives the expression of coefficients A; and B; in layer [ can now be determined.
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A. Determination of the amplitudes of the field: the scattering matrix method

For the layers located before the emitting layer (I < ss), the S-matrix relation gives

A s Ay
(4 -s00(%)

_ B
S55(0,1) (A.93)
A; = S9,(0,1)B;

providing the following system

By

where By, = S95(0,ss)B,,. For layers located after the emitting layer ss (I > ss), the S-matrix

A\ s A, +St
(4)-s0(*:%)

Bss _521(55; Z)(Ass + S+)
Sgo(ss, 1) (A.95)
Ap = S11(s8, D)(Ags +ST) + S15(ss,1)B;

relation gives

leading to the following system

Bl:

Using this algorithm, coefficients A and B can now be determined in each layer [. For coefficients
C and D related to the field emitted in the backward (z-negative) direction, the process is similar.
For layers located between layer O and layer ss (I < ss), the S-matrix relation must account for
the source related to the backward traveling waves

Css _ & C0
|:Do] =5(0,ss) |:Dss N S_] (A.96)

where S~ is the unit amplitude (S~ = 1) of the field related to the backward traveling waves. As
Cy is equal to zero, this provides the following system

Cys = S12(0,55)(Dys + S~
o { 120, 55)( ) Ao

Dy = S51(0,ss)(Dss +S7)

For the layers located after the emitting layer (I > ss), the S-matrix relation can be written

CN _ G Css
(%) =s00(%)

as
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A. Determination of the amplitudes of the field: the scattering matrix method

so that it reduces the following system

Cy=S ,N)Cy,
{ N 11(5,N) (A.99)

Dss = 822(0> Ss)css

Substituting D,, from Eq. A.74 into Eq. A.76, we are able to determine the expression of C

S51(0,s8)S™
C, = 21(0,55) (A.100)
1—S515(0,55)S51(ss,N)
and the expression of D, is given by
S92(0,55)S51S™
D, = (A.101)

 1—515(0,55)S5;(ss,N)

The relation that gives the expressions of coefficient C; and D, in layer [ can now be determined.

For the layers located before the emitting layer (I < ss), the S-matrix relation brings
C = C
Fl=5c0,n ° (A.102)
Dy Dy

C; = 512(0,1)D;
Dy (A.103)

~ 52(0,)
where Dy = S,5(0,ss)(D,, + S™). For the layers located after the emitting layer ss (I > ss), the

Cl - ASS
(Dss) =S(ss,1) (Bz ) (A.104)

Cp = Sqa(ss, Z)Css + S15(ss, Z)Dz
Dy — Sp1(ss,1)Cys (A.105)
Saa(s,1)

Using this algorithm, coefficients C and D can now be determined in each layer [. The problem

leading to the following system

Dy

S-matrix relation reads

providing the following system

Dl:

is simplified for the case of an emitting half space. Since the emitting layer is semi-infinite, the
amplitude of the waves emitted in the backward direction is 0, implying that C; = D; = 0. The
S-matrix relation between layer 0 and N writes:

Ay)\ = Ag+S*
(BO)—S(SS,Z)( B, ) (A.106)
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A. Determination of the amplitudes of the field: the scattering matrix method

As Ay = By =0, it provides the following system

{AN =511(0,N) (A.107)

By =S551(0,N)

The S-matrix relation between layer 0 and [ gives

AN s Ay
(Bo) =5(0,1) (Bz) (A.108)

Finally the expression of A; and B; in each layer [ can be determined

A; =511(0,1) +515(0,1)B;
B — By —59(0,1) (A.109)
: SZZ(O)Z)

With the values of coefficients A, B, C and D, the Weyl components of the Green’s tensors can

now be determined, and the radiative heat flux can be calculated.
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B. Validation of the full Drift-Diffusion resolution model

B Validation of the full Drift-Diffusion resolution model

vAg
One sun illumination <O>

204 4

p-region N, =10"cm3

t,=0.5 ym
Silicon

T=300 K

£,=0.5 pm
n-region N,=10'7 cm3

Figure B.1: Schematic representation of the test case used for the validation.

To validate the numerical model that solves the full Drift-Diffusion equations, we used the well-
known PC-1D software [121] that is usually used to solve charge transport problems in solar
cells. We compared the results obtained with PC-1D and our simulation code on a test case (Fig.

B.1).
E 1020
[= N S —
9 — —— Electrons (FDD)
o i 15 [| — Holes (FDD)
3 E 10" ez Electrons (PC-1D)| ]
L = [asese Holes (PC-1D)
s 3]
2 = 10" ]
£ 2
3 - [—
) = 107t
0]
3 £ e
N @©
= ] O 0 A
= " 5 100,0 5.0x107 1.0x10°
g 0.0 5.0x10 1.0x10
= z (m) z(m)
(a) (b)

Figure B.2: (a): Spatial distribution of the normalized electrostatic potential. (b): Spatial distri-
bution of the electron and hole densities. V; = 0V, no illumination.

We considered a silicon pn-junction, where the thicknesses of the p and n-regions are both equal
to 0.5 um. The doping level of the p-region is N, = 10!° ecm™2 and the doping level of the n-
region is N; = 107 cm™3. The electrical parameters of silicon have been extracted from PC-1D
and implemented in our simulation code. We considered a one sun illumination. The spatial
distribution of the generation rate was calculated with PC-1D and imported in our simulation
code. The calculated spatial distribution of the carrier densities (n and p), and of the normalized
electrostatic potential (V) are depicted in the following figures: at equilibrium (no applied voltage
and illumination) in Fig. B.2, with applied voltage and no illumination in Fig. B.3, and with
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B. Validation of the full Drift-Diffusion resolution model

illumination and applied voltage in Fig. B.4.
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Figure B.3: (a): Spatial distribution of the normalized electrostatic potential. (b): Spatial distri-
bution of the electron and hole densities. V; = 0.5V, no illumination.

Normalized electrostatic potential

5.0x107 1.0x10°

z (m)

(@)

Carrier densities (cm™)

10%
10"
10"+
10"+
107}

1010

10°

—— Electrons (FDD)

—— Holes (FDD)

------ Electrons (PC-1D)
[eneees Holes (PC-1D)

0.0

5.0x107
z (m)

(b)

Figure B.4: (a): Spatial distribution of the normalized electrostatic potential. (b): Spatial distri-
bution of the electron and hole densities. V; = 0.3 V] one sun illumination.

The J-V characteristics of the cell obtained with the two simulation tools are compared in Fig.

B.5. The slight difference between the two J-V characteristics represents a relative error of only

2%, and the relative difference on the maximum power output is less than 1%.
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Figure B.5: (a): J-V characteristics of the PV cell. (b): Relative error between the currents ob-
tained with the FDD model and PC-1D as a function of the applied voltage.

C Physical properties of GaSb and InSb

In this section, the physical properties of InSb and GaSb used for the calculations performed in

Chapter V are detailed.

C.1 Dielectric function

For E < Eg, the absorption is dominated by the absorption of the lattice and free carriers while
for E > E,, it is the interband process that dominates the absorption. The interband absorption
coefficient is calculated with the model proposed in [122]. The lattice and free carriers absorption
is calculated using a Lorentz-Drude model, and the parameters for GaSb can be found in [123],
and in [124] for InSb. It is worth noticing that the dielectric functions of GaSb and InSb depend
on the bandgap E,.

C.2 Dependence on temperature of the bandgap

The temperature dependent bandgap energy for InSb and GaSb are calculated using Varshni’s
equation [125]. The parameters for InSb and GaSb are taken from [126].

C.3 Mobility of electrons and holes

The doping and temperature-dependent mobility of the electrons and holes is calculated with
the Caughey-Thomas model [127]. The parameters for InSb and GaSb are provided in [126].
It is important to note that in [126], the parameters related to the temperature dependence for
InSb are not provided. Therefore, we did not account for the variations with temperature of the
mobility of InSb.
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C. Physical properties of GaSb and InSb

C.4 Recombination coefficients

The SRH recombination parameters T58H are calculated using the model provided in [126]. The

np

bimolecular recombination coefficients B are taken from [127]. Auger coefficients C, and C,
are given in [128]. As for the surface recombination velocities S,, and S, their value is diffi-
cult to evaluate, because it depends on the surface treatment of the PV cell. For the purpose of

simulations, we chose to set S, and S, at 5.10° m.s7L.
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D. Numerical details

D Numerical details

D.1 Radiative heat transfer calculations

Integrations over the frequencies or the wavelengths are performed using the trapezoidal inte-
gration algorithm. The frequency mesh is uniform, and 1000 frequencies are considered in each
calculations to obtain well defined spectra and avoid numerical error on the integrations, es-
pecially in the case of materials supporting SPhPs that induce a large peak of emission in the
spectrum of the energy exchanged. Integrations over the parallel wavevectors k, are performed
using the Simpson method. Indeed, near the light line (k, ~ C—“i), the values of the radiative heat
flux can be highly oscillatory.
To compute the spatial distribution of absorption, the absorbing medium is divided into control
volumes. The incident heat flux at node j, which is required to compute the generation rate of
electron hole pairs is calculated as [4]
. q]

T = Ao (D.1)

where k is the absorption coefficient, Az is the distance between two nodes, and q, is the

radiative power absorbed by a control volume (see Chapter 2).

D.2 Charge transport calculations

The resolution of the linear differential equations are performed using the TDMA approach [116].
The system is discretized into control volumes. We considered a uniform mesh for both the MCS
and FDD models. However in the future, an exponential mesh should be implemented in the
FDD model to reduce the number of nodes required to ensure numerical stability because of the
strong exponential decay of the generation rate when the depth inside the PV cell increases. The

derivative are approximated with a central differencing scheme.

The generation rate at node j is written as

kP Qs

G = P (m) (D.2)
where the terms in bracket correspond to the incident heat flux on a control volume. For the MCS
model, the radiative heat transfer grid corresponds to the electrical grid. 1200 nodes are consid-
ered. However for the FDD model, the number of nodes required to obtain accurate results has to
be much larger. To ensure numerical stability, we considered 25000 nodes in all our calculations.
In terms of calculation time, computing the near-field radiative heat flux for 25000 nodes would
require a large computation time. This is why we considered a less refined grid for the radiative

heat transfer calculations. The spatial distribution of the generation rate is then interpolated on
the electric grid.
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D. Numerical details

The solution of the charge transport model using Gummel’s iteration procedure is much larger
than when using the MCS model. However, it still represents only a few minutes. Radiative heat
transfer calculation are much longer, especially in the near field. In the end, the two coupled
NFR-TPV model have almost the same computation times.
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