N
N

N

HAL

open science

Integration of a nanostructured photothermal interface
in photovoltaic-thermoelectric energy devices

Sébastien Hanauer

» To cite this version:

Sébastien Hanauer. Integration of a nanostructured photothermal interface in photovoltaic-
thermoelectric energy devices. Optics / Photonic. UPS Toulouse - Université Toulouse 3 Paul Sabatier,

2023. English. NNT': . tel-04569700

HAL Id: tel-04569700
https://laas.hal.science/tel-04569700

Submitted on 6 May 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://laas.hal.science/tel-04569700
https://hal.archives-ouvertes.fr

Université Fédérale

THESE

En vue de I'obtention du
DOCTORAT DE IUNIVERSITE DE TOULOUSE

Délivré par I'Université Toulouse 3 - Paul Sabatier

Toulouse Midi-Pyrénées

Présentée et soutenue par
Sébastien HANAUER

Le 16 octobre 2023

Intégration d'une interface photothermique nanostructurée dans
des systemes de cogénération photovoltaique-thermoélectrique

Ecole doctorale: GEETS - Génie Electrique Electronique,Télécommunications et
Santé : du systeme au nanosystéeme

Spécialité : Photonique et Systemes Optoélectroniques

Unité de recherche :
LAAS - Laboratoire d'Analyse et d'Architecture des Systemes

These dirigée par
Ines REVOL et Alexandre Dmitriev

Jury
M. Rodolphe VAILLON, Rapporteur
Mme Zhuoying CHEN, Rapporteure
M. Arnaud ARBOUET, Examinateur
M. Soufiane EL OUALID, Examinateur
Mme Inés REVOL, Co-directrice de thése
M. Alexandre DMITRIEV, Co-directeur de thése







Integration of a nanostructured photothermal interface in
photovoltaic-thermoelectric energy devices

Abstract

As the conversion efficiencies of industrially mature photovoltaic technologies
continue to increase, they are approaching the theoretical limit of 33 % for single-
junction solar cells. In practice, up to 50 % of the incident solar energy is still lost
or dissipated as heat within the photovoltaic (PV) cell. An innovative approach
to recover this lost energy and ultimately surpass the efficiency limit of the single-
junction cell is to combine the solar cell with a thermoelectric generator (TEG), a
device capable of converting heat flux into energy. However, the energy conversion
efficiency of these photovoltaic-thermoelectric (PV-TE) systems remains currently
limited.

To demonstrate a breakthrough in the efficiency of PV-TE systems, we propose
a new approach based on the integration of a nanostructured photothermal interface
between the solar cell and the thermoelectric generator. This interface is meant to
absorb the energy of infrared photons transmitted through the solar cell and convert
it into thermal energy to increase the electrical power produced by the thermoelectric
generator. The objective of this thesis is to design a photothermal interface made
of thermoplasmonic nanoantennas for solar infrared absorption and to study the
impact of its integration on the performance of a PV-TE device.

The first part of this thesis focuses on the design and fabrication of isolated
nanoantennas. Numerical simulations are used to calculate the optical properties
of nanoantennas with different shapes, dimensions, and compositions, in order to
identify the optimal structures for solar infrared absorption. Nanofabrication tech-
niques are employed to realize these structures, and their topography is then char-
acterized to assess the impact of manufacturing defects on their optical properties.

The second part of the thesis concentrates on the experimental realization of
photothermal interfaces. Samples covered with nanoantennas are fabricated us-
ing colloidal lithography to demonstrate the heating resulting from an ensemble of
interacting particles. The temperature of these interfaces under solar infrared illu-
mination is measured using an infrared camera. The influence of the substrate and
encapsulation layer on the photothermal properties of the interfaces is also discussed.

At last, the development of a multiphysics model of a PV-TE system incorpor-
ating a nanostructured photothermal interface is presented. This numerical tool
allows to simulate the coupling of optical, thermal, and electrical phenomena oc-
curring within a PV-TE device. In particular, it is used to calculate the heating of
isolated photothermal interfaces under solar illumination, which is compared to the
experimental results measured in the previous part. Finally, this model, validated
by comparison to the literature, will be used to calculate the impact of the integ-
ration of a photothermal interface on the electrical power generated by a PV-TE
device.



Intégration d’une interface photothermique nanostructurée dans des
systemes de cogénération photovoltaique-thermoélectrique

Résumé

Alors que les rendements de conversion des filieres photovoltaiques continuent
d’augmenter, ils se rapprochent de la limite théorique de 33 % pour une cellule
solaire & simple jonction. En pratique, jusqu’a 50 % de I’énergie solaire incidente
est encore perdue ou dissipée sous forme de chaleur dans la cellule photovoltaique
(PV). Une approche originale pour récupérer cette énergie perdue, et ainsi dépasser
le rendement de conversion limite de la cellule a simple jonction, consiste a combiner
la cellule solaire avec un générateur thermoélectrique (TEG), un dispositif capable
de convertir un flux de chaleur en énergie. Cependant, le rendement de conversion
énergétique de ces systemes de cogénération photovoltaique-thermoélectrique (PV-
TE) reste actuellement limité.

Afin de démontrer une rupture dans l'efficacité du systeme PV-TE, nous propo-
sons une nouvelle approche basée sur I'intégration d’une interface photothermique
nanostructurée entre la cellule solaire et le générateur thermoélectrique. Cette in-
terface est destinée a absorber 1’énergie des photons infrarouges transmis a travers
la cellule solaire et a la convertir en énergie thermique pour augmenter la puissance
électrique produite par le générateur thermoélectrique. L’objectif de cette these est
de concevoir une interface photothermique a base de nanoantennes thermoplasmo-
niques pour l'absorption infrarouge solaire, et d’étudier I'impact de son intégration
sur les performances d'un systeme PV-TE.

La premiere partie de cette these porte sur la conception et fabrication de
nanoantennes isolées. Des simulations numériques sont utilisées pour calculer les
propriétés optiques de nanoantennes de différentes formes, dimensions et composi-
tions, afin d’identifier les structures optimales pour ’absorption infrarouge solaire.
Des techniques de nanofabrication sont employées pour réaliser ces structures, dont
la topographie est ensuite caractérisée afin d’analyser I'impact des défauts de fab-
rication sur leurs propriétés optiques.

La deuxieme partie de la theése se concentre sur la réalisation expérimentale
d’interfaces photothermiques. Des échantillons recouverts de nanoantennes sont fab-
riqués par lithographie colloidale, afin de démontrer I’échauffement résultant d’un
ensemble de particules en interaction. La température de ces interfaces sous illu-
mination infrarouge solaire est mesurée a ’aide d'une caméra infrarouge. L’impact
du substrat et de la couche d’encapsulation sur les propriétés photothermiques des
interfaces est également discuté.

Enfin, le développement d’un modele multiphysique de systeme PV-TE intégrant
une interface photothermique nanostructurée est présenté. Cet outil numérique per-
met de simuler le couplage des phénomeénes optiques, thermiques et électriques ayant
lieu dans un dispositif PV-TE. Il est notamment utilisé pour calculer I’échauffement
d’interfaces isolées sous illumination solaire, pour comparaison aux résultats expéri-
mentaux de la partie précédente. Finalement, ce modele, validé par comparaison
a la littérature, sera utilisé pour calculer I'impact de l'intégration d’une interface
photothermique sur la puissance électrique générée par un dispositif PV-TE.
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General Introduction

As the global energy demand is rising, the pursuit of self-sustaining energy sys-
tems is of paramount importance. A compelling strategy involves harnessing am-
bient energy sources, with solar energy standing as the most abundant and readily
available. Solar photovoltaics (PV) has emerged as a cornerstone of electricity gener-
ation due to its cost-effectiveness (0.2 $/W in 2020 for silicon modules [1]). However,
the conversion efficiency of solar cells is inherently limited by intrinsic losses (record
efficiency for silicon solar cell: 26.7 % [2]), which necessitates innovative approaches
to optimize their performance.

The efficiency of single-junction PV cells is impeded by two primary sources
of losses: the thermalization of high-energy photons, which leads to temperature
elevation and reduction of the overall efficiency, and the lack of absorption of low-
energy photons. Addressing these challenges has stimulated diverse strategies aimed
at enhancing the utilization of solar spectrum by PV cells, including the development
of multi-junction architectures.

A novel strategy that has recently been explored for augmenting the efficiency
of single-junction solar cells involves combining photovoltaic conversion with ther-
moelectric generation. While experimental photovoltaic-thermoelectric (PV-TE)
systems have demonstrated increased power generation as compared to standalone
PV cells, the potential efficiency gains remain low, largely due to the limited conver-
sion efficiency of thermoelectric generators (TEGs), typically below 8 % at ambient
temperatures.

Surprisingly, the pivotal role of the interface connecting the PV cell and the
TEG has been relatively overlooked until recently. This interface can be tailored to
facilitate efficient heat extraction from the solar cell towards the TEG. Furthermore,
introducing a photothermal conversion layer capable of absorbing solar infrared radi-
ation and transforming it into heat offers a way to enhance the TEG’s power output
through controlled heating of the contact interface. Although a handful of stud-
ies have explored photothermal interfaces in PV-TE systems, none have addressed
the specific spectral design of such interfaces to optimally match the solar infrared
spectrum for efficient light harvesting.

In light of these gaps in research, this thesis proposes the conceptualization of
a photothermal interface made of thermoplasmonic nanoantennas for integration in
PV-TE cogeneration system, as represented in Figure 1. The overall objective is to
investigate the impact of integrating such an interface within a PV-TE system, with

11



General Introduction

Brje

Figure 1: Schematics of a hybrid photovoltaic-thermoelectric device, including a nano-
structured photothermal interface to convert solar infrared radiation into heat. In the
actual device, the three components are in physical contact. Reprinted with permission
from ACS Appl. Energy Mater. 2023, 6, 4, 2128-2133. Copyright 2023 American Chem-
ical Society.

a focus on its influence on system performance. The use of nanoantennas offers a
unique path to tailor the absorption spectrum of the interface to match with the
solar spectrum transmitted through the PV cell. It simultaneously allows to reduce

the thickness of the interface, which in turn translates to reduced thermal resistance
between the PV cell and the TEG.

The difficulties with this strategy lie in creating an efficient nanostructured pho-
tothermal interface. In order to identify the optimal nanoantennas, it is necessary to
characterize or simulate their photothermal properties. Moreover, optical, thermal
and electrical effects occurring within a PV-TE device should also be taken into
account when designing the interface. Fabrication of nanoantennas can also prove
to be a difficult task, often introducing design limitations and structural defects.

Thesis outline

The first chapter of this thesis introduces the limits of PV cell and how they
can be overcome by PV-TE cogeneration devices. Fundamentals and applications
of thermoplasmonic nanoantennas are also presented.

Chapter 2 describes the numerical and experimental methods used in the frame-
work of this thesis.

The third chapter is dedicated to the numerical study of isolated nanoantennas
for solar infrared absorption. The optical properties of nanoantennas with various
shapes, sizes and compositions are simulated to identify the structures best suited for
the application. The impact of fabrication defects is also discussed in this chapter.

12



General Introduction

In chapter 4, we tackle the fabrication and characterization of large scale nano-
structured photothermal interfaces. A home-made experimental setup is used to
measure the heating of these interfaces under solar infrared illumination, and the
results pave the way for optimizing their temperature increase.

The last chapter presents the multiphysics model we propose to study PV-TE
device integrating a nanostructured photothermal interface. This model is aimed at
quantifying the impact of the PTI on the power output of the global device.

Contribution

The work presented in this thesis results from the fruitful collaboration of several
individuals from LAAS, my host laboratory, and Gothenburg University, where I
spent 2 months in 2022.

The fabrication of nanoantennas was made either at the LAAS cleanroom, or at
the Nanofabrication Laboratory, at Chalmers University of Technology in Sweden,
depending on the technique used.

At LAAS, Franck Carcenac, cleanroom engineer, developed an electron-beam
lithography process according to the specific needs of the project. He taught me how
to use the electron-beam writer so that I could fabricate the samples presented in
Chapter 3. The metal covering these samples was deposited by Ludovic Salvagnac
using Physical Vapor Deposition.

Ali Msahazi Ahamada, during his Master 2 internship, developed a Nanolm-
print Lithography process to replicate 150 nm-high nanoantennas, under the super-
vision of Jean-Baptiste Doucet, cleanroom engineer and technical coordinator of
the thesis.

The photothermal interfaces presented in Chapter 4 were made in the Nanofab-
rication Laboratory cleanroom. Dr. Ihar Faniayeu, from Gothenburg University,
taught me the Hole-mask Colloidal Lithography process, which I used to fabric-
ate the samples. The optical characterization of these samples was done using a
spectroscopy setup made by Dr. Rafael Cichelero.

The other measurements were done at LAAS, where I made all the Scanning
Electron Microscopy and Atomic Force Microscopy images available in this manu-
script.

I supervised the Master 1 internship of Sélyan Beldjoudi, which focused on
the photothermal characterization setup described in Section 2.3.3. After developing
the measurement protocol, he determined the emissivity of the samples by FTIR
spectroscopy, and used the setup to record their heating under solar illumination.
His results are discussed in Section 4.4.

On the computing side, I personally conducted the numerical simulations using
the Discrete Dipole Approximation, after being trained by Prof. Adnen Mlayah,

13
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and I also developed the multiphysics model described in Chapter 5.
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Chapter 1

Context, motivations and
objectives

In this first chapter, we describe how photovoltaic-thermoelectric devices integ-
rating a nanoantenna-based photothermal interface can be used to overcome in-
trinsic limitations of mono-junction photovoltaic cells. The first part of this chapter
presents the fundamentals of photovoltaic conversion and highlights intrinsic limit-
ations of mono-junction cells, before listing some strategies used to overcome these
limitations. The working principle of thermoelectric generator is also described.
Then, we conduct a literature review on photovoltaic-thermoelectric cogeneration,
introducing the history of the concept and discussing the controversy on its viability,
before focusing on the physical interface between the photovoltaic cell and the ther-
moelectric generator. Finally, we describe how thermoplasmonic nanoantennas are
efficient photothermal converters used in a variety of applications, including solar
energy harvesting.
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Chapter 1. Context, motivations and objectives

1.1 Working principle of mono-junction photovol-
taic cells

In the last decades, the growing demand for renewable energy sources has pro-
pelled the development of photovoltaic (PV) technology as a viable solution for
sustainable power generation. Among the various types of PV cells, mono-junction
photovoltaic cells have been the first to be developed and are widely spread due to
their simplicity and cost-effectiveness. This section aims to provide a comprehens-
ive understanding of the working principle of mono-junction PV cells and elucidate
their intrinsic limitations, including the bandgap of the semiconductors used, the
thermalization mechanism, and the effects of heat on cell performance.

1.1.1 Limitations of mono-junction PV cells

The fundamental working principle of mono-junction PV cells relies on the photo-
voltaic effect, which is the generation of a voltage difference or electrical potential
across a material in response to incident light. Mono-junction PV cells, also known
as single-junction PV cells, consist of a single semiconductor material that serves
as both the optical absorber and the energy converter. The most commonly used
semiconductor materials for mono-junction PV cells are silicon (Si), gallium arsenide
(GaAs), copper indium gallium selenide (CIGS) and cadmium telluride (CdTe).

In semiconductors, electrons are confined to two electronic bands: the valence
band and the conduction band, which are separated by an energy range devoid
of allowed electronic states. In order for an electron from the valence band to be
promoted to the conduction band, it needs to gain an amount of energy at least
equal to the difference between the highest energy level of the valence band and the
lowest energy level of the conduction band. This energy difference between the top
of the valence band and the bottom of the conduction band is called the bandgap,
and is noted E,;. The value of the bandgap is an intrinsic characteristic of the
semiconductor, typically ranging from 0 eV to 6 eV [3, 4].

The bandgap of the semiconductor material used in a mono-junction PV cell
plays a crucial role in determining the cell’s efficiency and spectral response. Any
incident photon with an energy lower than the bandgap will not be absorbed by
the cell (red arrow in the inset of Figure 1.1), meaning that it can not contribute
to electricity generation. As represented in red in Figure 1.1, for a GaAs PV cell,
which bandgap is 1.42 eV, under standard solar illumination (AM1.5G spectrum),
these non-absorption losses account for more than 30 % of the incoming power.

On the other hand, when photons with energy greater than the bandgap of
the semiconductor material reach the cell, they transfer energy to the electrons in
the material, causing them to be excited from the valence band to the conduction
band (see inset of Figure 1.1). This creates electron-hole pairs, which can then be
separated by the electric field within the material and collected, resulting in the
generation of a current. However, the excess energy of the excited electron, meaning
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1.1. Working principle of mono-junction photovoltaic cells

the difference between the energy of the incoming photon and the bandgap (blue
part of the arrow, in the inset of Figure 1.1), is rapidly lost by interaction with
the lattice vibrations (phonons) of the semiconductor material. This process, called
thermalization and represented in blue in Figure 1.1, results in energy dissipation
as heat within the cell, increasing its temperature.

Solar irradiance

Vi A .Y N

Ag  Wavelength (nm) 2500

300

Figure 1.1: Intrinsic limitations of mono-junction photovoltaic cells. Spectrum of the
AM1.5G solar irradiance showing the maximum energy converted by a GaAs solar cell
with E; = 1.42 eV according to the Shockley-Queisser limit (green) and the intrinsic
losses of the cell (thermalization, blue; non-absorption, red) with the corresponding loss
processes schematized in the inset. Reprinted with permission from ACS Appl. Energy
Mater. 2023, 6, 4, 2128-2133. Copyright 2023 American Chemical Society.

The Shockley-Queisser limit [6] describes the maximum theoretical efficiency of
mono-junction solar cells at 25 °C, with respect to their bandgap, under illumination
by the standard AM1.5G solar spectrum. For a GaAs solar cell, the photovoltaic
conversion efficiency is limited to 33 %, which corresponds to the power available in
the green zone in Figure 1.1. The Shockley-Queisser limit is represented in black in
Figure 1.2 for bandgaps between 0.5 eV and 2 eV. In the same figure, it can be seen
that state-of-the art PV cells are close to reach the Shockley-Queisser limit, leaving
little room for further enhancement.

An other issue faced by PV cells is the heat generated by thermalization, due to
its significant impact on the performance of most inorganic mono-junction PV cells.
As the temperature of the cell increases, the open-circuit voltage tends to decrease
due to an increase in the intrinsic carrier concentration and the recombination rate
of electron-hole pairs [7, 8]. This phenomenon leads to a decrease in cell efficiency
with rising temperatures (around -0.08 %/°C for GaAs [9]). Moreover, elevated
temperatures can also accelerate degradation mechanisms within the cell, reducing
its lifespan and long-term stability.

Thus, selecting an appropriate bandgap to make the most efficient solar cell
is a trade-off. A smaller bandgap enables efficient absorption of a broader range
of photons but may also lead to increased thermalization losses, as excess energy
carried by high-energy photons is dissipated as heat. On the other hand, a larger
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Figure 1.2: Maximum conversion efficiency of mono-junction solar cells with respect to
their gap, according to the Shockley-Queisser limit (black line), and record efficiency in
2020 for several materials, adapted from [5].

bandgap reduces thermalization losses but limits the cell’s ability to utilize low-
energy photons. Therefore, there exists an optimal bandgap for each specific applic-
ation, which balances absorption and thermalization losses.

1.1.2 Strategies for photovoltaic conversion enhancement

To overcome the limitations associated with the bandgap of semiconductor ma-
terials, thermalization losses, and the effects of heat on performance, researchers
have explored various strategies in the literature. These strategies aim to improve
the efficiency, spectral response, and long-term reliability of mono-junction PV cells.
This section presents some of the notable approaches that have been investigated:

Bandgap engineering involves tailoring the bandgap of the semiconductor
material to optimize its absorption characteristics. This can be achieved through
techniques such as alloying [10, 11, 12], doping [13, 14, 15|, or strain engineering
[16, 17]. By carefully selecting the composition or modifying the lattice structure of
the material, it is possible to fine-tune the bandgap, allowing for improved absorption
of photons across the solar spectrum. Bandgap engineering strategies aim to strike
a balance between absorption and thermalization losses, thereby maximizing the
efficiency of the mono-junction PV cell.

Tandem and multi-junction cells [18, 19, 20, 21, 22] involve the stacking
of multiple semiconductor materials with varying bandgaps into a single PV cell.
By placing materials with high bandgaps on top of the stack and low bandgaps at
the bottom, each subcell can efficiently absorb a specific range of photons, thereby
enhancing the overall spectral response of the device. Additionally, multi-junction
cells can mitigate thermalization losses by reducing the excess energy of high-energy
photons, as the energy cascades through the different subcells, increasing the overall
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1.1. Working principle of mono-junction photovoltaic cells

voltage and efficiency of the device. Multi-junction photovoltaics is a mature tech-
nology, which currently achieves the highest conversion efficiency, with a record of
47.6 % for a 4-junction GalnP/AlGaAs/GalnAsP/GalnAs cell [2].

Intermediate band materials (IBMs) [23, 24, 25, 26] have attracted con-
siderable attention as a mean to improve the efficiency of mono-junction PV cells.
IBMs possess an energy level within the bandgap of the semiconductor material,
allowing for additional absorption of photons that would otherwise be sub-bandgap.
This approach enables more efficient utilization of a broader range of photon ener-
gies, thereby reducing thermalization losses and enhancing the overall performance
of the cell.

Nanostructured materials [27, 28] have shown potential in enhancing the
performance of mono-junction PV cells. Nanostructured surfaces can be used as
efficient antireflection coatings, allowing more light to reach the active layer of the
PV cell [29], or for advanced light trapping within the cell, drastically increasing its
absorption [30].

Light management techniques have been explored to enhance the light ab-
sorption and utilization in mono-junction PV cells. These techniques include the in-
corporation of antireflection coatings [31, 32|, textured surfaces [33, 34], and photonic
structures [35, 30]. Antireflection coatings minimize the reflection losses at the cell
surface, allowing for increased photon absorption. Textured surfaces or nanostruc-
tures can trap light within the cell, prolonging its interaction with the absorber
material. Photonic structures, such as photonic crystals or plasmonic structures,
can manipulate the propagation and absorption of light, enabling improved spectral
response and light trapping.

Thermal management strategies [36, 37, 38, 39] have been explored to ad-
dress the effects of heat on the performance of mono-junction PV cells. These include
the incorporation of passive cooling techniques, active cooling systems, and thermal
interface materials. Passive cooling techniques, such as natural convection or radi-
ation, exploit thermal gradients to remove heat. Active cooling systems, such as
fans or liquid cooling, actively circulate a coolant to extract heat. Thermal interface
materials, such as liquid metal [40] or graphene-charged mineral oil [41], enhance
the thermal coupling between the cell and the heat sink, improving heat dissipation.

Advanced device architectures have been developed to enhance the perform-
ance of mono-junction PV cells. These include concentrator systems, where optical
elements focus sunlight onto a smaller area, increasing the photon flux and improv-
ing rentability [42]. Furthermore, novel cell designs, such as cells with a rear surface
mirror [43], back-contact cells [44], which include the promising interdigitated back-
contact cells [45], or passivated emitter and rear-contact (PERC) cells [46], offer
improved light trapping, reduced recombination, and enhanced electrical properties,
leading to higher overall performance.

In conclusion, the literature provides a wide array of strategies aimed at over-
coming the limitations of mono-junction PV cells. By leveraging these approaches,
researchers aim to achieve higher efficiency, improved spectral response, and in-
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creased long-term reliability for mono-junction photovoltaic cells.

1.2 Working principle of thermoelectric generat-
ors

Thermoelectric generators rely on the Seebeck effect, which states that a temper-
ature gradient across a thermocouple, i.e. a junction of dissimilar materials A and
B, can induce an electric voltage [47]. If the extremity of two wires made of different
electrically conductive materials are connected at a hot point with temperature T,
while the other end of each wire is kept at a cold temperature T, then a difference
of electric potential AV arises between the wires at the cold point. The link between
AV and AT = Ty — T depends on the couple A — B, and is expressed as:

AV = a AT (1.1)

where a4 is the Seebeck coefficient of the A — B couple in V/K, defined as the
difference between ap, the Seebeck coefficient of material B, and a4, the Seebeck
coefficient of material A:

QAB = QB — Qg (1.2)

The reciprocal of the Seebeck effect is the Peltier effect, which corresponds to a
heat transfer from one junction of a thermocouple to the other in the presence of an
electric current I. The heat () removed at one junction, which is equal to the heat
generated at the other, is expressed as

Q = (T4 — T1p)1 (13)

where I14 and I1g are the Peltier coefficients of materials A and B respectively.

Thus, for a thermocouple connected to a load and exposed to a temperature
difference between the two junctions, an electric current will be generated through
Seebeck effect. Due to the Peltier effect, this current will in turn extract heat from
the hot junction to the cold one, reducing the temperature gradient.

As represented in Figure 1.3, a thermoelectric generator involves multiple ther-
mocouples connected electrically in series and thermally in parallel. Each thermo-
couple consists of two dissimilar thermoelectric elements, a p-type semiconductor
and an n-type semiconductor. When a temperature gradient is applied across the
thermocouples, it induces a potential difference or voltage due to the Seebeck effect,
as expressed in Equation 1.1. This voltage drives an electric current Irpg through
an external load Ry, producing electrical power [48].
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Figure 1.3: Schematic representation of a TEG delivering the current ITgg to a load
Ry, when a temperature difference (T — T¢) is applied.

The core component of a thermoelectric generator is a thermoelectric mater-
ial, typically a semiconductor, which possesses a high Seebeck coefficient. Com-
monly used thermoelectric materials include bismuth telluride (BigTes), lead tellur-
ide (PbTe), and silicon-germanium (SiGe) alloys.

One of the primary limitations of thermoelectric generators is their relatively
low energy conversion efficiency. The efficiency of a thermoelectric generator is de-
termined by the dimensionless figure of merit 27", which depends on the Seebeck
coefficient «, electrical conductivity p, and thermal conductivity s of the thermo-
electric material at temperature 7', according to Equation 1.4. A high 2T value
indicates efficient conversion of heat into electrical energy [49].

oca?T

K

2T =

(1.4)

However, achieving high 27T values is challenging due to the interdependence of
these material properties. For instance, materials with high electrical conductivity
often exhibit high thermal conductivity as well, leading to reduced efficiency. Addi-
tionally, the Seebeck coefficient of many high-performance thermoelectric materials
is relatively low, limiting the voltage output and thus the efficiency of energy conver-
sion. Therefore, improving the figure of merit and overall efficiency of thermoelectric
generators remains an active area of research.

Furthermore, thermoelectric generators have a limited operating temperature
range, which restricts their applicability to specific heat sources. The efficiency of
thermoelectric generators is highly dependent on the temperature difference between
the hot and cold sides of the device. Higher temperature differences result in greater
voltage outputs and improved performance. However, some thermoelectric materials
may exhibit a significant drop in performance at high temperatures due to increased
thermal conductivity or reduced Seebeck coefficient. On the other hand, operating
at lower temperatures may lead to reduced voltage outputs and lower efficiency.
Therefore, matching the temperature range of the thermoelectric generator to the
heat source is crucial for optimal performance.

Thermoelectric generators typically have lower power densities (< 200 mW /cm?
[50, 51]) compared to other energy conversion technologies [52], such as combustion
engines or solar cells. The power density of a thermoelectric generator is limited by
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their relatively low thermal-to-electric conversion efficiency. As a result, they are
best suited for low-power applications or situations where waste heat recovery is the
primary objective rather than high-power electricity generation.

In summary, thermoelectric generators offer the potential to convert waste heat
into usable electrical energy. However, they face intrinsic limitations related to
energy conversion efficiency, material selection, operating temperature range, power
density, cost, and scalability.

1.3 State-of-the-art of PV-TE cogeneration

Photovoltaic (PV) and thermoelectric (TE) technologies have emerged as prom-
ising avenues to harness renewable energy and convert it into electricity. Each tech-
nology has its advantages and limitations, but combining them in a cogeneration
system offers the potential to synergistically enhance overall energy efficiency. This
section presents a comprehensive overview of the state-of-the-art in photovoltaic-
thermoelectric cogeneration, exploring the historic development, fundamental prin-
ciples, and recent advancements in these devices.

1.3.1 Principle of PV-TE cogeneration

The concept of photovoltaic-thermoelectric cogeneration can be traced back to
the early 21th century when researchers began exploring the potential benefits of
combining PV and TE technologies in order to overcome intrinsic limitations of
photovoltaic conversion [53]. As discussed in Section 1.1.1, mono-junction PV cells
are unable to efficiently exploit the whole solar spectrum, due to thermalization
and non-absorption of sub-bandgap photons. The advantages of combining a PV
cell and a TEG in a hybrid device is to enhance the output electrical power by
taking advantage of these losses. Indeed, the waste heat generated in the PV cell
by thermalization, and the photothermal conversion of infrared solar photons, can
be used to increase the temperature of the hot side of a TEG, thus generating an
electrical current.

Two different types of coupling are studied in the literature: direct coupling
and spectrum splitting.

In the spectrum splitting configuration, the PV cell and the TEG are physically
separated, and a spectral splitter is used to direct the incident optical power toward
one or the other, according to the cutoff wavelength of the splitter. Many designs
are described in the literature, but a general example is presented in Figure 1.4A.
This approach allows to make sure that only photons with an energy superior to
the bandgap reach the PV cell. On the other hand, the sub-bandgap photons are
directed toward the TEG, generally coated with an absorber to allow the absorption
and photothermal conversion of these photons. The advantage of this configuration
is that both the PV cell and the TEG can be equipped with a heat sink. Thus, in
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spectral splitting, the PV cell operates at lower temperature, ensuring maximized
performances. The drawback is that the heat power generated in the PV cell is lost,
as it cannot be converted by the TEG.

In the direct coupling configuration, the TEG is placed in physical contact behind
the PV cell, as illustrated in Figure 1.4B. The waste heat generated by the operating
PV cell can thus be exploited by the TEG to create additional electrical power. An
absorbing layer can be placed at the interface between the two devices to absorb
radiation transmitted by the PV cell and increase the temperature at the hot side
of the TEG. This configuration maximizes the temperature at the interface between
the PV cell and the TEG, which is beneficial to the TEG as it increases its power
output, but detrimental to most PV cells, which conversion efficiency decreases with
increased temperature.

A Spectrum splitting B Direct coupling

Absorber
T v v
Q .
o < Spectral splitter
=

PV cell

%V - T

Heat sink Heat sink

— Absorber

Figure 1.4: Scheme of two configurations of PV-TE coupling: (A) spectrum splitting
and (B) direct coupling.

Spectrum splitting PV-TE allows to work under highly concentrated solar power,
where the operating temperature limit of both the PV cell and the TEG would be
exceeded in direct coupling. However, direct coupling in a monolithic device is the
most compact of the two configurations, and the one we will focus on in this thesis.

1.3.2 1Is PV-TE hybridization actually viable 7

Prof. Dario Narducci and his team at the University of Milano-Bicocca produced
prolific work on PV-TE hybridization. In 2015, Lorenzi et al. [54] used a theoretical
model to estimate the amount of thermal power recoverable from four different
mono-junction PV cells (crystalline silicon (c-Si), amorphous silicon (a-Si), CIGS
and CdTe) when coupled with a TEG. Their results showed that the benefits of
hybridization strongly depend on the optical properties of the PV cell, and mainly
of its bandgap. According to them, low bandgap PV cells are more favorable to
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PV-TE coupling due to the increased thermalization losses. It is however important
to note that they did not use an absorbing interface, instead supposing that the
energy of non-absorbed sub-bandgap photons was not recoverable by the system.

In parellel, Bjork et al. [55] studied the theoretical performances of the same four
PV cells when combined with a commercial bismuth telluride TEG. They concluded
that the PV-TE coupling is detrimental to the overall electrical power output for
the ¢-Si, CIGS and CdTe cells, because the loss of power from the PV cell due to the
increased temperature is not compensated by the low conversion efficiency of the
TEG. However, they highlighted a small gain in efficiency when combining the TEG
with the a-Si PV cell. Once again, it is assumed that all the energy corresponding
to non-absorbed photons is lost.

In 2015, the team of Prof. Narducci investigated the effect of adding an ab-
sorbing layer at the bottom of the PV cell for partial photothermal conversion of
sub-bandgap photons [56]. The simulation results were encouraging, as the hybrid
system was more efficient than the PV cell alone, exceeding its Shockley-Queisser
limit. In 2017, the same team published another computational study on PV-TE hy-
bridization, this time including a configuration for which the sub-bandgap photons
are absorbed at the bottom of the PV cell by a highly absorbing and thermally con-
ductive back-contact [57]. In this case, they evidenced that hybrid PV-TE system
exhibits increased efficiency with respect to the PV cell alone, for a wide range of
ambient conditions (i.e. ambient temperature, incident solar power, wind speed).

Bjork et al. later published another study on the maximum theoretical perform-
ance of unconcentrated PV-TE systems [58]. Their model included a PV cell oper-
ating at the Shockley-Queisser limit and a TEG with varying zT. In this case, the
sub-bandgap photons were assumed to be fully converted to heat. They concluded
that an increase in conversion efficiency for a combined PV-TE device compared to
the PV cell alone would only occur for TEGs having unrealistically high 27" values,
and would still be insignificant (<1 %).

In 2011, Wang et al. reported the first experimental PV-TE device [59]. It
was made of a dye-sensitized solar cell (DSSC) and a commercial TEG, between
which was inserted a solar selective absorber (SSA) able to convert the radiation
transmitted through the PV cell into heat. The hybrid device was tested under
standard solar illumination and showed a conversion efficiency of 13.8 %, which is
significantly higher than the DSSC alone (9.26 %) and the hybrid device without
SSA (12.8 %). The use of a DSSC is interesting here, as this type of PV cell
usually reaches its maximum efficiency at around 30-40 °C [60], which means that
the addition of the TEG and subsequent temperature increase of the PV cell is
actually beneficial to its performances.

Since then, several teams have fabricated and characterized PV-TE hybrid
devices, showing efficiency gains with respect to the PV cell alone in various condi-
tions [61, 62, 63, 64, 65, 66].

The strong differences in conversion enhancement resulting from PV-TE coup-
ling between experimental and theoretical works can be explained by the fact that
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theoretical models usually assume that the PV cell is operating at the Shockley-
Queisser limit, which is not the case of commercial PV cells. Indeed, the power
available for thermoelectric conversion is higher in the case of inefficient PV cells,
for which PV-TE hybridization is thus more beneficial.

Another bias arises when the PV-TE device is compared to the PV cell alone
in standard conditions. Standard conditions imply that the temperature of the PV
cell is kept constantly at 25 °C, canceling the detrimental impact of heat genera-
tion, which would reduce the performance of the cell in real operating conditions.
Rather, the two system should be compared within the same environment (same
illumination, ambient temperature, wind speed, and eventually same heat sink or
heat extraction power).

1.3.3 Work on the physical interface between the photovol-
taic cell and the thermoelectric generator

As mentioned in the previous section, a critical aspect of PV-TE viability lies in
the physical interface between the PV cell and the TEG, as it plays a pivotal role in
dictating the device’s performance. A well-engineered interface has the potential to
significantly enhance the overall efficiency of the integrated system. This enhance-
ment arises from two primary factors: improved thermal conduction and increased
availability of thermal energy.

Efficient thermal conduction across the photovoltaic-thermoelectric interface is
paramount for maintaining optimal operating temperatures of both components, by
enabling the efficient transfer of heat between the photovoltaic cell to the thermo-
electric generator. It has been experimentally proven that reducing the thermal
resistance at the PV-TEG interface can lead to significant increases in the power
output of the device [67]. This reduction in thermal resistance allows better heat
extraction from the PV cell, reducing its temperature, while increasing the tem-
perature at the hot side of the TEG, both effects being generally beneficial to the
PV-TE device’s performance.

Utilizing the maximum amount of energy from the solar spectrum is another
way to improve the conversion efficiency of a PV-TE system. Most PV cells are
transparent to sub-bandgap photons and generate heat mostly through thermaliz-
ation, which limits the amount of thermal energy available for thermoelectric con-
version by the TEG. Through judicious interface engineering, an augmented supply
of thermal energy can be achieved. This is primarily facilitated by the introduction
of photothermal conversion mechanisms at the interface. Photothermal interfaces
can effectively capture a broader spectrum of incident light, converting a portion
of it into thermal energy that can then be efficiently channeled to the thermoelec-
tric generator. This additional thermal energy bolsters the temperature gradient
across the generator, consequently enhancing the generated voltage (Equation 1.1).
A downside of this approach is that a temperature increase at the hot side of the
TEG will also give rise to a temperature increase of the PV cell, which is often
detrimental to its performances. However, several studies showed that the addition
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of a photothermal interface in PV-TE hybrid devices enhances the power output of
the global system.

For example, Kim et al. proposed a PV-TE design integrating en exothermic
reactive layer between the PV cell and the TEG [68]. This layer was made of an
acrylic film died with black colored AZO dye, exhibiting an optical absorptivity of
around 50 % in the solar infrared wavelengths and an efficient photothermal con-
version. To further increase the performances of the PV-TE device, the TEG’s top
ceramic substrate was removed, enhancing heat conduction from the photothermal
layer to the thermoelectric elements. This optimized design was compared to a PV
cell alone, and two PV-TE devices with different interfaces: a normal acrylic film
and an acrylic film coated with common black dye. The results show that all 3 PV-
TE devices are able to generate more power than the PV cell alone under standard
solar illumination, when the cold side is kept constant at 25 °C. The device with the
AZO dyed acrylic exhibited the best performance due to its higher photothermal
conversion, resulting in a temperature gradient of 18 °C through the TEG and a
conversion efficiency of 20.1 %, when the conversion efficiency of the PV cell alone
was only 16.4 %.

Furthermore, Park et al. compared a PV-TE hybrid devices without interface to
PV-TE devices with interfaces made of pure boron nitride (BN) with high thermal
conductivity, or boron nitride loaded with reduced graphen oxide (BN-rGO), which
exhibits high thermal conductivity and absorptivity [69]. The authors showed that
the high thermal conductivity of the BN interfaces allowed to increase the temper-
ature gradient through the TEG, and thus the electrical power generated by the
hybrid device. However, this effect was even more significant in the case of the BN-
rGO interface, due to the combination of thermal conductivity and photothermal
conversion.

In summary, the interface between the photovoltaic cell and the thermoelec-
tric generator represents a critical focal point for improving the performance of
photovoltaic-thermoelectric cogeneration devices. The ability to manipulate thermal
conduction and augment available thermal energy through interface engineering of-
fers a pathway towards achieving higher overall energy conversion efficiencies. As
such, a comprehensive exploration of interface design and its impact on the integ-
rated system is essential for realizing the full potential of this promising technology
fusion.

1.4 Thermoplasmonic nanoantennas

Plasmonics is a field of research that explores the unique properties and inter-
actions of surface plasmons, which are collective oscillations of electrons in metallic
nanostructures or at metal-dielectric interfaces. These plasmonic phenomena have
garnered significant interest due to their unique ability to manipulate and control
light at the nanoscale. These peculiar properties have led to exciting advancements
in various areas of science and technology, including sensing [70], imaging [71], en-
ergy conversion [72], and information processing [73]. This section aims to provide
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an overview of the field of plasmonics, emphasizing the fundamental principles, key
concepts, and applications, with a specific focus on thermoplasmonic nanoantennas
and their applications to solar energy harvesting.

1.4.1 Plasmonics
Introduction

Plasmonics is the study of the interaction between light and free electrons in
metallic nanostructures. Light, or electromagnetic waves, consist of oscillating elec-
tric and magnetic fields that propagate through space at the speed of light. The
interaction between light and materials is fundamental in plasmonics, where the
incident electromagnetic waves can dramatically affect the behavior of electrons in
metals, resulting to interesting phenomena.

When light interacts with metallic nanoparticles or nanostructures, the free elec-
trons at the metal’s surface can oscillate collectively, resonating at specific frequen-
cies, resulting in the formation of surface plasmons [74, 75]. The plasmonic resonance
frequency can be tuned by adjusting the size, shape, and material properties of the
nanostructures.

These surface plasmons are characterized by their localized or propagating
nature, depending on the geometry and arrangement of the metallic nanostructures.
Two fundamental types of plasmons are localized surface plasmons (LSPs) and sur-
face plasmon polaritons (SPPs) [76]. LSPs occur in small metallic nanostructures,
such as nanoparticles, where the plasmonic resonance is confined to a localized region
[77, 78]. SPPs, on the other hand, are propagating plasmons that can be excited
at metal-dielectric interfaces [79, 80]. These surface waves can guide light along the
interface, confining it to subwavelength dimensions and enabling novel waveguiding
[81] and nanofocusing capabilities [82].

The choice of materials is crucial in plasmonics, as different metals exhibit dis-
tinct plasmonic properties. Noble metals such as gold, silver, and copper are widely
used due to their excellent plasmonic behavior in the visible and near-infrared re-
gions [83, 84]. Transition metals like aluminum also show promise in the ultraviolet
region [85]. Additionally, alternative plasmonic materials, such as doped semicon-
ductors [86] and graphene [87], are also being explored.

Surface plasmons exhibit unique properties that can be exploited for various
applications. One key property is the strong confinement of electromagnetic fields
at the nanoscale [88], which allows for efficient light manipulation and enhancement
of local electromagnetic fields. Another crucial characteristic is the dependence of
surface plasmons on the material and geometry of the nanostructures, enabling the
engineering of plasmonic resonances and the tailoring of their spectral response.

Plasmonic nanostructures are designed to exploit the unique properties of surface
plasmons. These nanostructures can take various forms, such as nanocavities [89,
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90], nanoantennas [91, 92|, nanostructured surfaces [93, 94] and metamaterials [95,
96], among others. The choice of nanostructure geometry depends on the desired
plasmonic properties and specific applications.

Localized Surface Plasmon Resonance

Localized surface plasmon resonance (LSPR) is a fundamental phenomenon in
plasmonics that occurs when metallic nanoparticles or nanostructures support col-
lective oscillations of free electrons at their surfaces. Unlike propagating surface
plasmons, which involve the coherent motion of electrons along extended interfaces,
LSPR is confined to and localized around individual metallic nanostructures.

The LSPR phenomenon arises from the interaction between incident electromag-
netic waves and the plasmonic nanostructures. When the frequency of the incident
light matches the resonant frequency of the localized surface plasmons, a strong
coupling occurs, leading to the excitation of the LSPR mode. The free-electron
cloud resonantly oscillates with the incident electric field, resulting in an induced
oscillating dipole, as presented in Figure 1.5. This interaction leads to a strong
enhancement of the electromagnetic field in the vicinity of the nanoparticle. The
resonant frequency depends on various factors, including the size, shape, and com-
position of the nanostructures, as well as the surrounding medium [97].

A Electric field

Induced oscillating
dipole

Metal nanoparticle Electron cloud T

Figure 1.5: Schematic representation of the excitation of Localized Surface Plasmon
Resonances in metallic nanosphere by an incident electric field.

As an example, a metallic sphere with a radius R, illuminated by a wavelength

A > R, can be considered as an electromagnetic dipole. Thus, its polarizability «
can be calculated at the frequency w as:

(1.5)

where e(w) is the complex relative permittivity of the metal and €, the real
permittivity of the surrounding medium, at frequency w. It can be seen from
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Equation 1.5 that the polarizability of a metallic sphere exhibits a resonance when
e(w) = —2€pm,.

For larger spheres and more complex geometries, other models should be used
to calculate the polarizability. However, for any metallic nanoparticle, the absorp-
tion and scattering cross-section at a wavelength \ can be expressed based on the
polarizability:

7T3
7ass() = KIm(a(0)) — 5 la(V)P? (1.6a)
873
Tseat(N) = w|04(A)\2 (1.6b)

LSPR is accompanied by enhanced near-field electromagnetic effects, such as
increased electric field intensity and electromagnetic energy confinement, within the
vicinity of the nanostructures. These enhanced fields enable the manipulation and
control of light at the nanoscale, opening up possibilities for applications in sensing,
imaging, and light-matter interactions. For example, in surface-enhanced Raman
spectroscopy (SERS), the strong electromagnetic fields in the vicinity of plasmonic
nanostructures are used to enhance the Raman scattering of molecules [98].

1.4.2 Nanoantennas for photothermal conversion

Nanoantennas have emerged as a captivating approach for photothermal conver-
sion. The fundamental principle underlying the photothermal conversion effect in
nanoantennas involves the excitation of LSPRs, which efficiently convert incident
light into heat through non-radiative processes.

Nanoantennas, and more generally metallic nanostructures, can be tailored to
resonate at specific wavelengths. When exposed to light, these nanoantennas experi-
ence resonant oscillations of conduction electrons in response to the incident electro-
magnetic field. Through this phenomenon, photons are absorbed and their energy is
transferred to oscillating electrons. These so-called "hot carriers" will dissipate their
energy through electron-electron scattering, followed by emission of phonons, thus
increasing the temperature of the metallic lattice [99]. The heat power Q(\) gen-
erated in a nanoantenna, under illumination at a wavelength A and irradiance I(\)
(power per unit surface), is directly linked to its spectral absorption cross-section
g abs()‘) as:

Q(A) = gaps(A) - 1(A) (1.7)

For a polychromatic incident illumination, the total heat () generated in the
nanoantenna can simply be derived from Q(\):
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Q= [ Q) -dx= [~ aus () - 10N -dA (18)

This heat power will increase the temperature of the nanoantenna and its sur-
roundings. However, in order to calculate the steady-state temperature distribution
around the antenna, the heat diffusion equations need to be solved. It is a complex
problem that requires to take into account the thermal conductivity and emissivity
of the materials at play, the ambient conditions such as temperature and convect-
ive heat transfer, as well as the shape of the nanoantenna [100]. When several
nanoantennas are placed in proximity, collective thermal effects can occur, further
complexifying the computation of temperature distribution [101, 102].

Thermoplasmonic nanoantennas are often compared to their thin film solar ab-
sorbers counterpart. The choice between one or the other hinges on specific ap-
plication requirements and desired outcomes. While both approaches offer distinct
advantages, thermoplasmonic nanoantennas exhibit unique features that make them
particularly advantageous in certain scenarios.

Thermoplasmonic nanoantennas offer the ability to precisely engineer their op-
tical properties, including shape, size, and composition, to achieve resonances at
specific wavelengths. This spectral tunability enables selective absorption of light
within narrow bandwidths, which is valuable for applications demanding precise
wavelength matching. Unlike conventional thin film absorbers with broad absorp-
tion profiles, thermoplasmonic nanoantennas excel in situations where targeted ab-
sorption and enhanced efficiency within specific spectral regions are essential.

One of the standout advantages of thermoplasmonic nanoantennas lies in their
ability to generate localized heating at nanoscale hotspots. This feature is particu-
larly advantageous in applications where controlled and highly localized heating is
required. In contrast, thin film absorbers distribute absorbed energy more uniformly
across their entire volume, which may not be as effective for applications reliant on
localized heating effects. The nanoscale nature of thermoplasmonic nanoantennas
provides inherent advantages in miniaturization and precise control. Thin film ab-
sorbers are often limited by thickness considerations and can lack the spatial preci-
sion achievable with nanoantennas. This attribute is especially relevant in emerging
nanoscale technologies, such as on-chip energy harvesting and nanoscale sensing
platforms, where compactness and precise energy localization are critical.

The application of thermoplasmonic nanoantennas spans various disciplines and
technologies [103]. One of the most exciting is in photothermal therapy, as nanoan-
tennas can be used to selectively target and heat cancer cells, inducing controlled
cell death and offering a potential avenue for cancer therapy. Other applications
include sensing [104, 105], imaging [106] or catalysis [107, 108].
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1.4.3 Applications to solar energy harvesting

Thermoplasmonic nanoantennas have garnered substantial attention in the realm
of solar energy harvesting due to their distinctive capability to convert incident
sunlight into localized heat. Researchers have identified several applications for
which solar harvesting by thermoplasmonic nanoantennas could prove useful:

Water desalination. Water scarcity is a global challenge, and solar-powered
desalination holds promise for addressing this issue sustainably. Thermoplasmonic
nanoantennas have shown potential in enhancing solar-driven water desalination
processes. When integrated into desalination systems, nanoantennas can efficiently
concentrate solar energy to induce rapid vaporization of saline water. The localized
heating effect at the nanoantenna hotspots facilitates the separation of fresh water
vapor from saline solutions, enabling efficient and energy-saving water desalination
with reduced reliance on external heating sources [109, 110, 111].

Solar water splitting. Thermoplasmonic nanoantennas play a pivotal role in
advancing solar water splitting, a critical process for sustainable hydrogen produc-
tion. By integrating nanoantennas into photocatalytic systems, solar water splitting
reactions can be accelerated through localized heating. The absorbed sunlight gen-
erates intense thermal gradients at the nanoantenna surface, enhancing the rates
of catalytic reactions involved in water splitting. This localized heating effect pro-
motes the dissociation of water molecules into hydrogen and oxygen gases, thereby
increasing overall solar-to-fuel conversion efficiency and facilitating the production
of clean and renewable hydrogen fuel. The precise spatial control of heat generation
provided by thermoplasmonic nanoantennas is of paramount importance in this pro-
cess, where efficient reaction kinetics and localized temperature gradients are crucial
(112, 113, 114].

Smart windows. Thermoplasmonic nanoantennas can be strategically integ-
rated into window coatings or films. By exploiting their distinctive plasmonic char-
acteristics, these nanoantennas can selectively modulate the transmission and re-
flection of solar radiation in response to external stimuli, such as temperature or
sunlight intensity. This tunable light control capability allows the dynamic tun-
ing of smart windows optical properties, enabling efficient management of indoor
temperature, light levels, and energy consumption [115, 116, 117, 118].

While the utilization of thermoplasmonic nanoantennas in solar energy har-
vesting presents exciting opportunities, challenges remain in optimizing the design,
scalability, and stability of these nanostructures for practical applications. Further
research is needed to explore novel materials, enhance heat management strategies,
and advance fabrication techniques to unlock the full potential of thermoplasmonic
nanoantennas.
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1.5 Objective of the thesis

The primary objective of this PhD thesis is to investigate the feasibility and po-
tential benefits of incorporating photothermal interfaces based on thermoplasmonic
nanoantennas into photovoltaic-thermoelectric cogeneration systems, in order to en-
hance their conversion efficiency. Such a system is represented in Figure 1. The
fundamental aim is to harness the capabilities of nanoantennas to efficiently absorb
infrared radiation traversing photovoltaic cells, converting it into heat that can be
utilized to enhance the efficiency of thermoelectric generators.

To achieve this objective, a comprehensive research approach has been adopted,
which encompasses both computational simulations and experimental characteriza-
tions.

In the initial phase of this research, extensive numerical simulations were con-
ducted to calculate the optical properties of nanoantennas of varying shapes and
dimensions. This computational exploration enabled the identification of nanoan-
tenna configurations that exhibit optimal efficiency for infrared solar absorption. Im-
portantly, the simulations also considered the influence of manufacturing defects to
ensure that these imperfections do not compromise the performance of the nanoan-
tennas.

Following the computational investigations, nanostructured interfaces were fab-
ricated over large surfaces to facilitate practical characterization. The measurement
of the thermal heating induced by these nanostructured interfaces under infrared
solar illumination provided insights into the strategies for maximizing their temper-
ature elevation. This experimental aspect sheds light on the practical implications
of employing these photothermal interfaces in real-world photovoltaic-thermoelectric
devices.

Last but not least, a significant advancement of this research involves the devel-
opment of a multiphysics model. This model was specifically designed to simulate
the behavior of a photovoltaic-thermoelectric system incorporating a nanostructured
photothermal interface. By combining various physical phenomena such as optical
absorption, heat generation, electrical power generation, and thermal transport, this
model enables a comprehensive assessment of the impact of the photothermal inter-
face on the electrical power output of the system. This computational framework
ultimately aims at providing valuable insights to optimize the performance of the
integrated energy system.

It is important to emphasize that the methodologies and findings of this research
are versatile and adaptable to diverse types of photovoltaic cells and thermoelec-
tric generators. The outcomes of this study have the potential to offer innovative
strategies for enhancing the efficiency of cogeneration systems through the integra-
tion of nanostructured photothermal interfaces.
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Numerical and experimental
methods

The aim of this chapter is to describe the different numerical and experimental
methods used to obtain the results presented in the manuscript, including electro-
magnetic simulations, nanofabrication processes and characterization techniques. In
each case, an overview of the technique is presented in order to give the reader a
general understanding of its advantages and drawbacks.
shared about the use of the technique in the specific scope of this work. The reader
is encouraged to refer to this chapter whenever information about a specific process

is needed in the rest of the manuscript.
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2.1 DDA electromagnetic simulations

2.1.1 Presentation of the DDA method

The Discrete Dipole Approximation (DDA) is a numerical method used in com-
putational electromagnetics to model light scattering by complex and irregularly
shaped objects. In the DDA method, an object is divided into an array of po-
larizable dipoles, and each dipole is treated as a point source of electromagnetic
radiation. Each dipole is defined by its position and complex refractive index or
dielectric function. The oscillating moment of a dipole depends on its polarizab-
ility and the local electric field, the latter resulting from the combination of the
incident electromagnetic wave and the electric field generated by the neighboring
dipoles. The interactions between the dipoles are computed using the electric and
magnetic fields generated by each dipole, and the total scattered field is obtained by
summing up the contributions of all the dipoles. Given a specific discretized target
and incident wave, the oscillating dipole moment can be exactly calculated at each
point. It is then possible to compute the absorption and scattering cross-sections
of the particle, as well as a cartography of the electromagnetic field in its vicinity
[119, 120, 121].

In practice, the object is first divided into a large number of small dipoles (see
Figure 2.1), with the electric dipole moment of each dipole calculated based on its
polarizability and local electric field. Then, the electric field generated by each dipole
at the positions of all other dipoles is calculated using numerical techniques such as
the Fast Fourier Transform (FFT), and the electric dipole moment of each dipole
is updated based on the interaction with the electric field generated by all other
dipoles. Finally, the scattered field is obtained by summing up the contributions of
all the dipoles. The process is repeated until convergence is achieved, meaning that
the scattered field does not change significantly between successive iterations.

X (nm)25

Figure 2.1: Cubic particle with 50x50x50 nm dimensions and the resulting simulation
target discretized with an interdipole distance of 10 nm.

The DDA method has several advantages, including its ability to handle com-
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plex and irregularly shaped objects, its ease of implementation, and its ability to
handle large numbers of dipoles. However, it also has some limitations, including
the difficulty in accurately modeling the interactions between closely spaced dipoles
and the need for a large number of dipoles to achieve convergence.

In our case, DDA simulations are mainly used to calculate absorption and scat-
tering spectra of isolated nanoantennas with a volume smaller than 0.1 pm?. Such
small simulation targets can be generated with a good resolution (interdipole dis-
tance of 10 nm) while limiting the number of dipoles to a maximum of 100 000, thus
ensuring acceptable calculation durations (around 30 minutes). We have also done
several simulations on systems made of a nanoantenna sitting on top of a thin sub-
strate. However, due to the high number of dipoles needed to simulate the substrate,
we limited the number of these time-consuming calculations.

2.1.2 Parameters of the DDA simulations

In the work presented in this thesis, the discretized targets are generated by
custom codes running on the software Octave, allowing for complete control over
the geometry of the simulated structures. In all cases, a cubic meshing with an
interdipole spacing between 2 and 10 nm is used. The dielectric function of each
dipole is attributed according to the material it represents, based on the data from
Raki¢ et al. [122]. The numerical simulations of the nanoantennas’ optical proper-
ties (namely absorption and scattering cross-sections) using the DDA method have
been performed with the open-source code DDSCAT [120]. A number of input para-
meters can be tuned to match virtually any illumination conditions. Typically, the
simulations are conducted in air (refractive index of 1), under illumination by two or-
thogonal linear polarizations (along the y and z axis) at normal incidence (along the
x axis). The resulting cross-sections are averaged over the two polarizations. This
process is repeated for a given number of incident wavelengths, linearly distributed
over the waverange of interest, to generate cross-section spectra. The following cal-
culation parameters are used: no torque calculation, BiConjugate Gradient with
Stabilization (PBCGS2) iterative algorithm, GPFA (GPFAFT) as the fast Fourier
transform algorithm and modified Lattice Dispersion Relation (GKDLDR) as the
DDA method. The error tolerance and the maximum number of iterations have
been set respectively to 0.001 and 10 000 in order to ensure convergence with a
satisfactory precision.

2.1.3 Processing the data to assess the performances of sim-
ulated nanoantennas

For each DDA simulation, the absorption o, and scattering og.q+ cross-sections
are calculated between the wavelengths A,,;, and \,,q:. The resulting spectra give
useful information about the optical response of the simulated structures, showing
the position and intensity of absorption.
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In the context of the design of an absorbing interface, these spectra need to
be compared to the incoming solar spectrum in order to identify the most effective
structures for solar light harvesting. Thus, we implemented two key figures of merit,
to better estimate the matching of the antennas properties to the solar spectrum.
First, the power absorbed by the structure under solar illumination, denoted P,
is determined by weighing o, by the AM1.5G solar spectral irradiance (¢) and
integrating across the wavelength range of interest:

Pups = /)\m‘” Uabs(A)¢(A)dA (2‘1>

min

P,ps represents the optical power that can be absorbed by the simulated struc-
ture when illuminated by the solar spectrum limited to the Ap;p - Anar range. In
particular, it can be used to calculate the power absorbed by a particle located below
a solar cell, that is supposed to absorb all radiation above its gap.

However, this absorbed power is not always relevant for estimating the perform-
ance of a photothermal interface. The essential aspect to take into account when
designing an absorbing interface is the absorption per unit surface. For the same ab-
sorbing surface, an array of small nanoparticles with low o, could actually gather
more power than one larger particle. Therefore, we define the absorbed solar power
normalized by the footprint of the particle Syp as the absorbed power per unit
surface, or P&gbs:

PS o Pabs

abs —

o (2.2)

As an example, the absorption cross-section of a 300x300x150 nm nickel pad is
shown in black in Figure 2.2, where it is compared to the irradiance of the AM1.5G
solar spectrum for wavelengths between 0.875 pm and 2.5 pm. These two spectra
are used to calculate the power absorbed by the pad over the wavelength range of
interest, which is Py, = 29 pW. This absorbed power is divided by the footprint
of the pad (Syp = 0.09 pm?) to get the power absorbed per unit surface (bes =
0.32 nW/um?). In Figure 2.2, the red curve, representing the spectral distribution
of bes, shows that around 10 % of the incoming solar irradiance is absorbed by the
simulated particle.

In the following chapters, these two figures of merit are used to compare the
absorption efficiency of simulated nanoantennas on the spectral range 0.875-2.5 nm.
This range was selected as it corresponds to the part of the solar spectrum with
an energy below the bandgap of a GaAs solar cell, which is the reference PV cell
used for this work. This way, it allows to estimate the power absorbed by a particle
located below said solar cell.

36



2.2. Nanopatterning techniques

0T T1T 17 T 1 71
| ‘ P.os = 29 pW 1
"t PS5, =0.32 nW/um? 9% &
| ‘ ‘ ‘ ‘ — ] c
< = oirlA N sz
O c ‘ N . O
5 O 1 O 00 s
el ! R 1 =
o O 1 o — E
g 104 £ =
< § 0.05 |- 777777777 NG Absorbed ] 8 ~
N " 1 o
5 T NN {02 »
| it | ;
i : TVt 1
0 | \ . /}} W# I U 0

08 1 12 14 16 18 2 22 24 26
Wavelength (um)

Figure 2.2: Illustration of the calculation of P, and Pas s, with the example of nickel
pad with a side length of 300 nm (footprint of 0.09 pm?) and a height of 150 nm. The
black curve represents the absorption cross-section of the pad, calculated by DDA between
0.875 pm and 2.5 pm wavelengths. It is weighted by the irradiance of the AM1.5G solar
spectrum (in yellow) and integrated to determine P, and then divided by the footprint
of the pad to determine bes. The red curve represents the absorbed spectral irradiance

(Pabs)-
2.2 Nanopatterning techniques

Many techniques can be used to fabricate nano- or microscopic structures on
a substrate. In this thesis, most samples were made using lithography of a resist,
followed by a lift-off. This section is dedicated to the description of these differ-
ent technological processes. First, the lift-off process, which allows to fabricate
patterns onto a substrate using a resist, is presented. Prior to the lift-off, it is neces-
sary to pattern the resist. For this purpose, two lithography techniques were used:
electron-beam lithography, offering a high precision and control over the patterned
structures; and hole-mask colloidal lithography, which enables quick patterning over
large surfaces.

2.2.1 Principle and challenges of the lift-off process

The lift-off technique is a widely used method in the field of micro- and nanofab-
rication for the creation of metal patterns on substrate materials. It first requires
the substrate to be coated with a resist, and the resist to be patterned using pho-
tolithography or other patterning techniques. Then, a metal layer is deposited on
the resist layer and on the substrate according to the pattern. The resist is finally
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dissolved, resulting in the unwanted metal being lifted off to leave behind the desired
pattern on the substrate. The detailed steps required prior to the lift-off technique
are:

1. Substrate preparation: The substrate material is cleaned and prepared to
ensure a smooth and uniform surface.

2. Resist coating: The substrate is coated with a positive or negative resist,
which is sensitive to light or other forms of radiation.

3. Photolithography or other patterning technique: The coated substrate
is exposed to light or other forms of radiation, thereby defining the desired
pattern. The exposed resist is then developed to remove the exposed areas in
the case of a positive resist, or the non-exposed areas in the case of a negative
resist, and leave behind a patterned resist.

4. Metal deposition: A layer of metal is then deposited over the patterned
resist. The metal deposition process can be performed using a variety of
techniques, including evaporation, sputtering, and electroplating.

As the final step, the metal is lifted off the substrate to leave behind the desired
metal pattern. This can be achieved by dissolving the remaining resist in a solvent,
which lifts off the undesired metal along with the resist, as presented in Figure 2.3A.

A With undercut
Vetal == Nel — irofr
. — — — — — . f—
Substrate deposition
B Without undercut
Metal )
e, T 2 W A s
— —
Substrate deposition

Figure 2.3: Scheme representing the lift-off process with (A) a patterned resist with
undercut, leading to a successful lift-off and (B) a patterned resist without undercut,
preventing the detachment of the undesired metal after dissolving the resist.

A key aspect of the lift-off technique is the undercut profile of the patterned
resist. This undercut profile is often induced by the lithography technique or the
etching process, and is necessary to create a discontinuous metal film by preventing
metal deposition on the sides of the patterned apertures (see Figure 2.3A). Without
undercut, the unwanted metal layer that should be lifted off would remain attached
to the substrate and could not be removed, as illustrated in Figure 2.3B.

In our case, the substrate is covered by a poly(methyl methacrylate) (PMMA)
layer, which is either exposed by electron-beam lithography and developed, or etched
through in the case of colloidal lithography, to create the patterned mask. In both
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cases, as discussed previously, it is important to make sure that lateral etching also
takes place, resulting in holes with undercut profiles. Physical vapor deposition
(PVD) is then used to cover the samples with metal. The lift-off is finally done
in anisole to dissolve the PMMA layer. During the PVD, metal is also deposited
on the edges of the holes, slowly closing them. Thus, the dimensions of the holes
decrease during the deposition. This leads to structures with tilted walls, as can be
seen on Figure 2.4, which shows the SEM image of a nickel pad fabricated through
a lift-off process, using electron-beam lithography as the patterning technique. The
slope of the walls, which is linked to the closing rate of the mask holes, is the same
for all structures. After a given amount of metal is deposited, the holes will be
completely closed, which happens sooner for small holes. There is thus a maximal
height achievable for a structure with given lateral dimensions. This limitation can
be overcome by using a different deposition technique, such as electroplating, in
which the metal layer is grown from the substrate in a bottom-up fashion.

Figure 2.4: SEM image of a 540x540x150 nm pad-shaped nickel nanoantenna on silicon
substrate fabricated through electron-beam lithography and lift-off process.

The lift-off technique is relatively simple and cost-effective compared to other
patterning techniques, and is compatible with a wide range of substrate materials,
including silicon, glass, and polymer films. Disadvantages of the lift-off technique
include the need for a cleanroom environment, the difficulty in creating high-aspect-
ratio structures, and the potential for metal residue or contamination of the substrate
during the lift-off process. In terms of important details, it is crucial to properly
control the metal deposition process to ensure an uniform thickness of the metal
layer. Additionally, it is important to carefully select the resist material and solvent
used for the lift-off process to ensure that the resist is easily removable and that the
solvent does not damage the substrate or the metal pattern.
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2.2.2 Electron-beam lithography
Description of the process

Electron-beam lithography (EBL) is a fabrication technique used to produce
structures and patterns at the nanometer scale. In EBL, a beam of electrons is
focused onto a substrate material, first coated with a layer of electrosensitive resist.
When the electron beam passes over the resist, it causes chemical changes that alter
the solubility of the resist. The resist is then developed to reveal the desired pattern,
which can be used to transfer the pattern onto the underlying substrate material
through a process such as etching or lift-off. EBL is a direct-write technique, as it
does not require the use of a mask to transfer patterns onto the substrate. Its main
advantage is its ability to create high-resolution and fine structures with feature
sizes in the nanometer range, making it a valuable tool for applications such as the
production of integrated circuits and the fabrication of nanoscale devices. However,
EBL is typically slower and more expensive than other forms of lithography. Addi-
tionally, it requires specialized equipment and a cleanroom environment, which can
increase the cost of fabrication.

The process of EBL can be divided into several steps, that are presented on
Figure 2.5:

(a) Substrate preparation: The substrate material is carefully cleaned and
prepared to ensure a smooth and uniform surface. This step is important to
ensure that the resist coating is of high quality and that the patterns created
during the EBL process are accurate and well-defined.

(b) Resist coating: The substrate is coated with a layer of electrosensitive res-
ist. The resist coating thickness is typically in the range of a few hundred
nanometers to a few micrometers.

(c) Electron-beam exposure: The coated substrate is then placed in the
electron-beam lithography system and exposed to a focused beam of elec-
trons. The electron beam is scanned over the substrate in a pattern defined
by the user, causing chemical changes in the resist material. The formation
of an undercut profile results from the interaction of backscattered electrons
with the resist around the electron beam’s point of focus on the substrate.
The exposed areas of the resist are altered in a way that makes them more or
less soluble in the developing solution, allowing for the creation of the desired
pattern.

(d) Resist development: After exposure, the substrate is then treated with a
developing solution to remove either the exposed (positive resist, see Figure
2.5d1) or unexposed (negative resist, see Figure 2.5d2) portions of the resist.
The remaining resist acts as a mask, which can be used to transfer the pattern
onto the substrate through a process such as lift-off or etching.
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Figure 2.5: Scheme representing the patterning of an electrosensitive resist using
electron-beam lithography.

Process parameters

The important parameters in electron-beam lithography include:

Beam energy: The energy of the electron beam determines the depth of
penetration into the substrate material, which is important for creating high-
resolution patterns in a variety of materials.

Beam current: The current of the electron beam is proportional to the dose
of electrons delivered to the substrate per unit of time. The beam current
determines the rate of exposure of the substrate and can be adjusted to control
the thickness of the patterned layer.

Beam focus: The focus of the electron beam is critical for achieving high-
resolution patterns, as it determines the size of the electron beam spot on the
substrate. A well-focused beam can produce patterns with resolutions in the
sub-10 nm range.

Area dose: The quantity of electric charge delivered to the substrate per unit
area (1C/cm?) determines the thickness of the patterned layer and affects the
final pattern resolution. When exposing a new pattern or changing patterning
conditions (substrate, resist thickness, ...), it is often necessary to first conduct
a dose test in order to determine the optimal dose. An example of such a dose
test is presented in Figure 2.6, where five doses are used to fabricate nickel
pads with a nominal lateral side length of 540 nm. It can be seen that low
doses result in defective structures, while high doses generate pads with larger
dimensions. Finally, a dose of 120 1C/cm? would be selected in this case, as
it allow a faithful replication of the shape with lateral dimensions close to the
nominal ones.

Step size: The distance between two exposure points of the pattern plays
an important role in the final resolution. Increasing the step size results in a
better resolution, but also in an increase of the process’ time.
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o Pattern size: The size of the pattern to be fabricated is an important para-
meter in electron-beam lithography, as it affects the beam current, dose, and
focus required to achieve a desired resolution.

o Substrate properties: The properties of the substrate material, such as its
electrical and thermal conductivity, chemical stability, and crystal structure,
are important factors in electron-beam lithography. The substrate must be
carefully chosen to ensure that it is compatible with the electron beam and
the desired patterning process. For example, if using an electrically insulating
substrate, it is necessary to add a conductive layer on top of the electrosensitive
resist in order to prevent charging of the substrate that would result in a
deviation of the electron beam.

o Writing speed: the time T needed to pattern a given area A is determined
by the previous parameters. It depends on the beam current I and wanted
dose D, according to T'= D - A/I. Increased beam currents allow to increase
the writing speed but result in wider electron beam spots, thus reducing the
final resolution.

5400 nm (s)

120 pC/cm?

e Y
L

132 pC/cm?

| .:‘

Figure 2.6: SEM images of pad-shaped nickel nanoantennas, with nominal dimensions
540x504x150 nm, made by electron-beam lithography with various beam doses on silicon
substrate.

In this work, different substrates have been used to fabricate nanoantennas by
EBL in the LAAS cleanroom. In any case, the substrate is always washed in acetone
and water, and then dried. A 5-minute oxygen plasma treatment (0.8 mbar, 800
W) is then used as a last cleaning step to get rid of contaminants. A 300 nm thick
resist layer is produced by spin-coating a 70 g/L solution of PMMA (My, = 996000
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from Sigma-Aldrich) in anisole at 4000 rpm for 60 s, followed by a 60 s annealing at
180 °C on a hot plate. A final cleaning is then done by a 5 min long oxygen plasma
treatment (0.8 mb, 800 W) in order to remove impurities. For electrically insulating
substrates such as glass, a layer of Electra 92 conductive resist is spin-coated on top
of PMMA at 2000 rpm for 60 s and annealed at 90 °C for 2 min. The exposure is
carried out in a Raith150 E-beam writer at 20 kV, 30 pm of aperture, and 7 mm of
working distance. To ensure accurate pattern replication even for objects with acute
angles, the step size is set at 10 nm. The Electra 92 layer is removed with water
following the lithography step, and the sample is then dried. To reveal the pattern,
the resist is developed for 60 s in a MIBK:IPA (1:3) solution. After that, PVD is
used to deposit the metal layer. For the final lift-off stage, the sample is kept in
a beaker of anisole until the PMMA resist is completely dissolved, which typically
takes a few minutes.

2.2.3 Hole-mask colloidal lithography
Description of the process

Hole-mask colloidal lithography [123] is a patterning technique that utilizes the
self-assembly of charged colloidal particles to create micro- and nanostructures on a
substrate. The colloidal lithography technique has several key steps, illustrated in
Figure 2.7:

1. Preparation of the colloidal suspension: A suspension of spherical nan-
oparticles, in our case polystyrene beads, is prepared in a solvent, typically
with a diameter range of 10 to 1 000 nanometers. The choice of nanoparticle
material and size is important for controlling the final pattern resolution and
determining the pattern quality. The beads are negatively charged to allow
their self-assembly and prevent aggregation.

2. Substrate preparation: The substrate material is cleaned and prepared to
ensure a smooth and uniform surface.

3. Resist coating: The substrate is coated with a layer of resist or other sac-
rificial layer. The resist coating thickness is typically in the range of a few
hundred nanometers to a few micrometers. The resist often undergoes a quick
plasma treatment to ensure its hydrophilicity.

4. Charging of the resist: The resist is covered by a charged polymer solution
then rinsed, creating a positively charged monolayer on top of it. The role of
this charged layer is to attract and anchor the negatively charged beads on
the surface.

5. Self-assembly of nanoparticles: The colloidal suspension is then dropcas-
ted on the resist-covered substrate. The self-assembly process is driven by
interparticle electrostatic interactions and the surface energy of the substrate,
leading to the formation of a nanoparticle pattern with no long-range order.
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The conditions of the deposition process, such as the deposition time, need to
be carefully controlled to ensure that the final nanoparticle pattern is uniform
and well-defined. After a few minutes, when the surface is saturated with
nanoparticles, the suspension is rinsed away from the sample, which is then
carefully dried. At the end of this step, a disordered arrangement of particles
covers the surface, as shown in Figure 2.8A.

. Creation of the hole-mask: A thin layer of metal, typically chromium, is

deposited on top of the resist and the beads. Then, the beads are removed
using an adhesive tape or a solvent, leaving holes in the chromium layer.

. Etching: The resist is etched through the holes by a wet or dry approach.

This final step results in a patterned resist (visible in Figure 2.8B) that can
be used to make nanostructures on the substrate by a lift-off process.

Hole-mask colloidal lithography (HCL) is highly versatile, compatible with a wide

range of materials and substrates, and can be used to create large-area patterns with
high precision and uniformity. Additionally, HCL is a relatively simple and cost-
effective process that can be easily integrated into existing fabrication techniques.
Its main drawbacks are the limitation to circular or elliptical patterns, and the lack
of control over the long-range ordering.

Resist PS beads
Substrate spin-coating Substrate deposition
Cr
deposition
— —
etching removal

Figure 2.7: Scheme representing the patterning of a resist using hole-mask colloidal
lithography.
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Figure 2.8: SEM images taken with a 53° tilt, at different steps of the HCL process:
(A) After self-assembly of colloidal particles, and (B) after etching through the chromium
mask.

Process parameters

The important parameters in colloidal lithography are listed below:

« Particle size and size distribution: The size and size distribution of the
colloidal particles are important for determining the resolution and uniformity
of the final pattern. The size of the particles can be controlled using techniques
such as centrifugation or filtration to achieve a desired size range and size
distribution. In our case, we used commercial dispersions of polystyrene beads
in water, with a nominal diameter of 200, 300 or 500 nm and a size dispersion
of £ 5 %.

o Particle concentration: The concentration of the colloidal particles in the
solution affects the overall packing density of the particles and the final pattern
resolution. A higher concentration of particles leads to a higher packing density
and improved resolution, but also increases the risk of particle aggregation and
defects in the final pattern. Typically, the particle concentration is between
0.02 and 1 wt. %.

o Electrostatic interactions: The particles need to be charged to prevent
aggregation during the self-assembly. The force of the electrostatic interaction
determines the average inter-particular distance of the final pattern. It can be
tuned by adding ionic species in the solution to screen interparticle repulsion
[124, 125] or modifying the pH.

o Self-assembly time: it corresponds to the time during which the dispersion
is allowed to sit on the substrate before being rinsed. During that time, the
particles are pulled toward the substrate’s surface by gravity, and self-assemble
according to the electrostatic interactions. Longer self-assembly durations lead
to higher particle density on the substrate and higher short-range order, until
saturation of the substrate. Generally, the deposition time, which depends
on the particle size and the ionic strength of the solution, is chosen to reach
saturation.
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Moreover, the conditions under which the colloidal particles are deposited onto
the substrate, such as the solution flow rate or the substrate temperature and in-
clination, can affect the final pattern resolution and uniformity. These conditions
must be carefully controlled to achieve a high-quality pattern.

In the framework of this thesis, the fabrication of nanoantennas by hole-mask col-
loidal lithography was done in the Nanofabrication Laboratory, at Chalmers Univer-
sity of Technology. We first wash the substrates with acetone and isopropyl alcohol.
Then, PMMA resist (Microchem Corporation, 5 wt % PMMA diluted in anisole,
My = 950000) is spin-coated at 3000 rpm for 45 s before annealing the sample for 2
min on a hot plate heated at 180 °C. The sample is subsequently treated by oxygen
plasma for 20 s at 50 W to improve the hydrophilicity of the top interface. In order to
positively charge the surface, a 0.2 wt% solution of poly(diallyldimethylammonium
chloride) (Sigma-Aldrich, My, = 200000-350000) in water is drop-casted on the
sample and allowed to sit for 30 s before rinsing with deionized water and drying.
A few drops of a dispersion of polystyrene beads (Invitrogen, sulfate latex) in wa-
ter is then immediately deposited on the sample. The beads are adsorbed on the
sample for typically 2 min before gently rinsing under a flow of water and drying.
The following deposition of a 10 nm thick Cr layer and removal of the beads with
tape leads to the reveal of the patterning mask in the Cr layer. The PMMA layer
is finally etched through the holes in the Cr layer by oxygen plasma for 6 min at
50 W, before deposition of a metal layer by PVD and lift-off of the PMMA layer in
acetone.

2.3 Characterization of the nanoantennas’ photo-
thermal properties

This section is dedicated to the presentation of the tools used in this thesis for
the characterization of photothermal interfaces. Fourier Transform Infrared Spec-
troscopy is used to measure their optical properties, mainly absorption and reflection
spectra. We also describe an experimental setup based on infrared thermography to
estimate their temperature under solar illumination.

2.3.1 FTIR spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy is a type of spectroscopy tra-
ditionally used to study the molecular vibrations and chemical bonds of a sample.
The FTIR spectroscopy is based on the interaction between infrared radiation and
the sample molecules. Infrared radiation, with a wavelength longer than visible
light, has sufficient energy to cause vibrational transitions in the sample molecules,
leading to a change in their absorption or transmission properties. However, using
the right source and detector, the technique can also be used in other wavelength
ranges, such as visible or near-infrared.
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In all cases, radiation is generated by a light source and directed onto the sample
through an optical path. The radiation interacts with the sample and is either reflec-
ted, scattered, absorbed or transmitted, leading to a change in the beam intensity.
The interaction between the incident radiation and the sample depends on the en-
ergy levels of the molecular vibrations and electronic transitions and the frequency
of the radiation. The transmitted or reflected radiation is collected and passed
through a Fourier Transform (FT) analyzer, which converts the time-domain signal
into a frequency-domain signal, also known as the interferogram. The interferogram
is transformed using mathematical algorithms, such as the Fast Fourier Transform,
to obtain the FTIR spectrum, which represents the absorption or transmission prop-
erties of the sample as a function of frequency. The FTIR spectrum can be used to
identify the molecular vibrations and chemical bonds of the sample, and to obtain
information on the sample’s composition, structure, and properties. FTIR spectro-
scopy is a powerful and versatile tool for analyzing a wide range of samples, including
gases, liquids, solids, and polymers. It is widely used in fields such as chemistry,
biology, materials science, and environmental science, and provides information that
is not accessible by other analytical methods.

In the scope of this thesis, FTIR spectroscopy has been used to measure the
absorption and reflection spectra of bare substrates and substrates covered with
nanoparticles or thin films. These spectra were usually acquired in the visible to near
infrared range from the front of the substrate, in order to analyze their interaction
with the solar spectrum. Spectra were also acquired from the back of the samples
in the mid-infrared range (between 5 and 20 pm), which corresponds to the window
of black body radiation for objects around ambient temperature.

2.3.2 Temperature measurement by infrared thermography

The goal of our photothermal interfaces is to generate heat under solar infrared
illumination. To measure the temperature of irradiated samples, we devised an
experimental setup based on infrared thermography, using a solar simulator and
an infrared camera. Prior to these measurements, it is necessary to determine the
emissivity of the samples, as it is of crucial importance in the operation of the
camera.

Emissivity

A black body is a perfect absorber, a theoretical system that absorbs 100 % of the
incoming radiation (A=1), at any wavelength. This absorbed power is converted into
heat, which results in an increase of the black body’s temperature. In vacuum, the
only way for this system to dissipate energy is through radiation. The Planck’s law
describes the radiance LB of a black body in thermal equilibrium at temperature
T and wavelength \:
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2hc? 1

LPB(\,T) = (2.3)

where h is the Planck constant, ¢ the speed of light, and kp the Boltzmann
constant. The Stefan-Boltzmann law, which describes the emittance (total power
radiated by unit surface) of a black body can be obtained by integrating the radiance
over all wavelengths:

0
MBB(T) = / LBB(AT) d\ = oT? (2.4)
0
Hence the definition of the Stefan-Boltzmann constant o:

_ 20K 5 670374 x 108 Wm 2 K (2.5)
T e2ns T '
In practice, real materials only emit a fraction of the black body’s power, which
is why they are called "gray bodies". For a wavelength A, the radiance of a gray
body L is that of a black body LBP weighted by the spectral emissivity e()), a
factor comprised between 0 and 1.

LNT) = e\ LPB(NT) = e(\) = L(\T)

") =0

A material with an emissivity of 1 is a black body, while an emissivity of 0 char-
acterizes a white body, a material that doesn’t absorb nor emit any electromagnetic
radiation. The Stefan-Boltzmann law can be rewritten in the general case of the
gray body:

M(T) = /OOO LOLT) d\ = /Oooe()\)LBB()\,T) A\ = e (T)oT*  (2.7)

Where € is the spectral emissivity weighted by the black body radiance over
the whole spectrum:

I (N LBB(X, T) dX
Joo LBPB(X,T) dA

em(T) = (2.8)

Infrared camera

Temperature measurements of photothermal interfaces were conducted using an
infrared camera. When pointing toward a sample at temperature T, the Focal Plane
Array (FPA) detectors matrix of the camera absorbs radiations with wavelengths
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between 7.5 and 14 pm, resulting in the heating of the detectors and a change of
their electrical resistance, which can be measured by the camera. The optical power
detected at a pixel Py, originates from external and internal sources. The general
relation between P4, the radiance of the combined external sources Leg(T,\) and
the radiance of the internal source L, () is:

14 um 14 pm
Py = A Leat(T, \) dX\+ B Lint(X) dA (2.9)
7.5 um 7.5 um

A and B are coefficients with dimensions m? related to the camera’s properties,
taking into account the area and transmittance of the lens, the area and field-of-view
of the pixel, and the detector’s responsivity. The internal source is the black body
emission of the lens in front of the detector.

External sources include the black body emission of the sample (LBB()\ T)),
which is the parameter of interest, as well as the radiation transmitted through and
reflected by the sample, as described in Equation 2.10.

Leat(T, A) = e\ LEENT) + (p(A) + 7(A) L5P (N, Tan) (2.10)

The ratio of emission to combined transmission and reflection depends on the
emissivity of the sample. Indeed, according to Kirchhoft’s law, emissivity is equal to
absorptivity. Equation 2.11 presents the relationship between emissivity, absorptiv-
ity a(), reflectivity p(A) and transmittance 7(\).

a(A)+pA\)+7(N) =1=pA)+7(N) =1—¢€(N) (2.11)

Thus, Lezt(T,A) can be expressed as:

Leat(T. ) = eV PPN T) 4+ (1= €(\) LPB (A, L) (2.12)

Where T is the temperature of the sample and T,,,;, the ambient temperature.
Finally, if the emissivity of the sample is constant over the 7.5-14 pm range, Equation
2.9 becomes:

14 um 14 um
Paw = Ave [ LIBT ) dA+ A (1=e) [ LI (T, N AN+ C (2.13)
7.5 pm 7.5 pym
With:
14 uym
C=n8 Lint(\) dX (2.14)
7.5 pm
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To sum up, when using an infrared camera to measure the temperature of a
sample, it is necessary to know the emissivity of the sample €(\), as well as the
ambient temperature Ty,,;. A lack of accuracy in the input of these parameters can
result in a significant error in the temperature displayed by the camera, especially
for materials with low emissivity.

2.3.3 Setup for photothermal characterization

An experimental setup was built in order to characterize the light-to-heat con-
version of samples, in which the idea is to illuminate the sample from the front side
while measuring its temperature on the back side (see photography of the setup in
Figure 2.9A). For this purpose, it is necessary to control the incident light intensity
and to be able to precisely measure temperature. Thus, a AAA class solar simu-
lator (Pico LED simulator, G2V Optics) was used for illumination, ensuring good
matching with the solar spectrum, as well as spatial and temporal uniformity. This
simulator, containing 30 LEDs, can emit from 350 to 1500 nm. The intensity of each
LED can be controlled independently, which allows to simulate a variety of different
spectra, from AMO to AM40, at any position on Earth, or to restrict the emission
to a specific spectral range.

Here, in the context of this PhD, in order to simulate the light power reaching a
photothermal interface placed below a PV cell with a 800 nm energy gap, the solar
simulator was set to deliver an AM1.5G spectrum restricted to the 800-1500 nm
range, which represents a power of 309 W/m?2. The incident spectrum delivered by
the solar simulator is presented in Figure 2.9B.

The temperature measurements were done with a Testo 885 IR camera. Using
infrared thermography instead of thermocouples allows for non-intrusive contactless
measurements. Furthermore, an IR image gives information about the 2D distribu-
tion of temperature.

FTIR spectroscopy (see Section 2.3.1) has been used to determine the emissivity
of the back side of the samples. Using a Bruker Vertex 70 Fourier Transform In-
frared spectrometer connected to a microscope with a 15x objective and a numerical
aperture of 0.4, reflection and transmission spectra of the backside of the samples
were recorded under normal incidence. The absorptivity a can be computed using
Equation 2.11, where 7 and p are the observed transmittance and reflectivity, re-
spectively. This formula works as long as the samples’ rear side does not show diffuse
reflectance, which is the case for smooth substrates. Rough substrates thus need to
be polish before measuring their absorptivity. The average emissivity ¢ was then
determined using Kirchhoft’s rule after averaging the absorptivity spectra across the
camera’s detection range (7.5-14 nm). A K-type thermocouple is used to measure
the room temperature.

The setup used for the photothermal measurements is presented in Figure 2.9A.
Each sample is positioned 3 cm away from the simulator, with the top side facing the
source, and separated from it by a 4-inch fused silica wafer. The fused silica wafer
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Figure 2.9: (A) Picture of the photothermal characterization setup showing the solar
simulator, infrared camera, fused silica filter and positioning of the sample. (B) Illumin-
ation spectrum generated by the solar simulator when limited to the 800-1500 nm range
(orange curve), compared to the standard AM1.5G solar spectrum (black curve).

is fully opaque to wavelengths between 5 and 20 pm, preventing thermal radiation
from the source from reaching the sample or the camera. The IR camera is placed
on the optical axis, 7 cm behind the sample. Thermal images are thus taken on the
back side of the sample. By acquiring several IR photos over a period of 1 hour,
ensuring temperature stabilization, the temperature increase under light for each
sample is dynamically measured.
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Chapter 3

Electromagnetic numerical
simulations of isolated
nanoantennas

In order to design an efficient nanostructured photothermal interface, we first
tried to identify the optimal nanoantenna for solar infrared absorption.
parameter space of possible geometries, sizes and compositions is virtually endless,
we used electromagnetic simulations to calculate the optical response of a large num-
ber of different isolated nanoantennas. Using relevant figures of merit that take into
account the incident solar spectrum, we were able to rank the structures according
to their efficiency for harvesting solar infrared power. We then fabricated nanoan-
tennas using electron-beam lithography, and studied the impact of the fabrication
defects on their optical properties, in order to assess the tolerance of nanoantennas

to the deviation related to technological fabrication.

Contents
3.1 Exploration of various shapes of nanoantenna for optical ab-
sorption . . . . ..o 54
3.1.1 Impact of the size for simple geometries . . . .. .. .. 55
3.1.2  Adding anisotropy: the rod geometry . . . . .. ... .. 56
3.1.3 Increasing complexity: the diabolo geometry . . . . . . . 58
3.2 Selection of the materials . . . . . ... ... ... ... ..., 61
3.3 Ranking antennas for solar infrared absorption . . . . .. .. .. 62
3.4  Reconstruction of realistic simulation targets based on topo-
graphical data . . . . . . .. ... Lo oo 66
3.4.1 Fabrication of nanodiabolos by electron-beam lithography 66
3.4.2 Reconstruction method . . . . . .. .. ... 67
3.4.3 Impact of the fabrication defects on the simulated optical
properties . . . .. ..o 68
3.5 Conclusion . . . ... .. ... 70

As the



Chapter 3. Electromagnetic numerical simulations of isolated nanoantennas

3.1 Exploration of various shapes of nanoantenna
for optical absorption

The study of nanoantennas has gained significant attention in recent years due
to their unique ability to manipulate and control light at the nanoscale. These struc-
tures exhibit strong interactions with incident electromagnetic waves, making them
promising candidates for applications in nanophotonics [126, 127, 128, 129], sensing
[130, 131], and energy harvesting [132, 133]. The size and shape of a nanoparticle
can strongly influence its optical properties. The variety of nanostructures already
fabricated for numerous applications is huge, ranging from rather simple spheres
and wires to more complex bow-tie geometries or nanostars [134, 135].

In this chapter, we present numerical simulations we have used to investigate
the optical properties of isolated nanoantennas and assess their potential for solar
infrared absorption. By systematically varying their geometric parameters, such as
dimensions and shapes, we aimed to gain insights into how these parameters affect
the absorption spectra of the nanoantennas. In our simulations, we considered the
five different shapes shown in Figure 3.1: disk, pad, rod, truncated cone and diabolo.
For each shape, the dimensions of the nanoantennas were systematically varied, and
their absorption spectra were calculated using the DDA method (see Section 2.1
for more details on this method). The height of these simulation targets was kept
constant at 150 nm in order to take into account the limitations introduced by the
lift-off process described in Section 2.2.1.

Figure 3.1: 3D representation of the models used for the DDA calculations: (A) pad,
(B) rod, (C) cone, (D) disk and (E) diabolo geometries, their varying parameters marked.
Reprinted with permission from ACS Appl. Energy Mater. 2023, 6, 4, 2128-2133. Copy-
right 2023 American Chemical Society.
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3.1. Exploration of various shapes of nanoantenna for optical absorption

3.1.1 Impact of the size for simple geometries

We first examined simple geometries such as disks (Figure 3.1D) and pads (Figure
3.1A), which only have one varying dimension: the diameter Dgy;s, and side length
Lyqq respectively. Several absorption spectra were calculated by varying the lateral
dimensions of these nanoantennas between 200 and 600 nm.

We started our investigation by simulating the optical properties of disk-shaped
nanoantennas with varying diameters. By altering the dimensions of the disks, we
observed distinct changes in their absorption spectra, as presented in Figure 3.2.
Specifically, we noted a redshift of the absorption peak towards longer wavelengths
and an increase in absorption intensity as the diameter of the disks increases.
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Figure 3.2: Absorption cross-section of nickel disks with varying diameter (D) and a
constant height of 150 nm, calculated using the DDA method.

Continuing our exploration, we shifted our focus to pad-like nanoantennas, which
possess equal length and width. We thus still consider only one varying parameter:
the side length of the pad. Pads are close in shape to disks, the main difference
being the presence of corners in the pad geometry. By modifying the side length
while keeping the thickness constant, we calculated the absorption spectra presented
in Figure 3.3. Similar to the disk simulations, increasing the side length of the pad
resulted in a redshift of the absorption peak towards longer wavelengths and an
increase of the absorption intensity.

The absorption spectra obtained from the simulations revealed important trends
in the behavior of the nanoantennas. In both the disk and pad cases, we observed a
shift of the absorption peak towards longer wavelengths with larger lateral dimen-
sions. This is expected and in accordance with the literature [97, 136, 137]. The
overall increase in absorption cross-section with increasing size is mostly attributable
to the increase in the antenna’s volume. Furthermore, the increase in absorption
cross-section and resonance wavelength observed when switching from disks to pads,
for a given size, is consistent with the fact that pads with a given side length exhibit
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Figure 3.3: Absorption cross-section of nickel pads with varying length (L) and a constant
height of 150 nm, calculated using the DDA method.

a larger volume compared to disks with the same diameter. Indeed, a pad with a
side length of 600 nm has more volume (0.054 pm?3)than a disk with a diameter of
600 nm (0.042 pm3).

In this section, we have presented the initial results of our numerical simulations
on the optical properties of isolated nanoantennas. By varying the lateral dimensions
of simple nanoantenna geometries such as disks and pads, we observed a redshift
in the absorption peak towards longer wavelengths and an increase in absorption
intensity with larger nanoantenna dimensions. Our objective is to absorb solar in-
frared radiation between 0.875 and 2.5 pm. Disks and pads need large dimensions
to achieve strong absorption in this wavelength range, meaning that the absorption
per unit surface is hindered. Thus, further investigations will be conducted to ex-
plore more complex geometries in order to find increased absorption properties for
nanoantennas with a limited footprint.

3.1.2 Adding anisotropy: the rod geometry

In order to further investigate the impact of lateral dimensions on the optical
properties of nanoantennas, we explored a new shape, the rod (see Figure 3.1B),
which is a variation of the pad. This geometry offers two degrees of freedom in
the lateral dimensions, specifically the length and width of the nanorods. We can
thus define the aspect ratio (AR) of a nanorod as the ratio between its length and
width. By systematically varying these parameters, we examined their effects on
the calculated absorption spectra.

The following nanorod dimensions were studied: 300x200 nm (AR=1.5), 300x50
nm (AR=6), 400x200 nm (AR=2), 400x50 nm (AR=8), 500x200 nm (AR=2.5),
500x50 nm (AR=10), 600x200 nm (AR=3), and 600x50 nm (AR=12). The obtained
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absorption spectra, presented in Figure 3.4, revealed interesting trends with respect
to the nanorod dimensions.
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Figure 3.4: Absorption cross-section of nickel rods with varying lateral dimensions and
a constant height of 150 nm, calculated using the DDA method.

By increasing the length of the nanorods while maintaining a constant width,
we observed a consistent shift towards longer wavelength, as well as an intensity
enhancement, of the absorption peak. This phenomenon is similar to what was
observed previously for the disks and pads, which exhibited increased absorption
cross-section and wavelength for particles with larger volumes.

Moreover, rods show higher absorption cross-section than disks or pads with
comparable volume V. For example, the disk with a 350 nm diameter (V' =0.0144
pm?) and the pad with a side length of 300 nm (V=0.0135 pm?) show a maximal
absorption cross-section of 0.12 pm? and 0.11 pm? respectively, while the rod with
dimensions 500x200 nm (V'=0.0150 pm?) reaches an absorption cross-section of 0.15
pm?2. Baffou et al. previously reported this behavior by comparing the heating,
which is directly linked to optical absorption, of gold nanorods with varying as-
pect ratio and identical volume [138]. Their results demonstrate that the elongated
geometry of rods is beneficial to their absorption-over-volume ratio.

In contrast to the length variation, increasing the width of the nanorods leads to a
blueshift of the absorption peak, combined with a decrease in absorption intensity.
This effect seems to be more impactful for nanorods having a high aspect ratio.
Interestingly, this means that the absorption intensity of a nanorod can be enhanced
by reducing its volume while increasing its aspect ratio, as can be seen in Figure
3.4, when switching from the 600x200 nm to the 600x50 nm rod for example. This
effect could be leverage to create highly absorbing structures with a limited amount
of material.

57
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3.1.3 Increasing complexity: the diabolo geometry

Expanding our investigation, we introduced a novel geometry called the di-
abolo, which, as presented in Figure 3.1E, possesses four variable dimensions: total
length (L), total width (W), neck length (I), and neck width (w). In the fol-
lowing paragraphs, the diabolos will be identified by their dimensions in the form
[W x L —w x []. This intricate geometry offers additional degrees of freedom for
exploring the optical properties of nanoantennas. The diabolo nanoantenna is the
complementary shape of the bow-tie geometry, commonly used to generate electric
hotspots in the gap between two prisms [139, 140, 141]. In the diabolo geometry,
the prisms are connected by a neck, resulting in a large enhancement of the current
density within the antenna under illumination [142]. Our motivation for the study
of this structure is that the strong current density in diabolo nanoantennas has been
shown to lead to efficient photothermal conversion [143].

To evaluate the optical behavior of diabolos, we first generated a nanoantenna
with dimensions 600 x 600 — 300 x 300 nm, and compared its optical response to
a pad having the same total dimensions (600 x 600 nm) and a pad having the
dimensions of its neck (300 x 300 nm). The calculated absorption cross-section
spectra of these three structures are presented in Figure 3.5A, where it can clearly
be seen that the diabolo exhibits a stronger absorption than the pads over a wide
range of wavelength.

In Figure 3.5B, the absorption spectrum of a second diabolo with comparable
total dimensions and a thinner neck (540 x 540 — 300 x 50 nm) was also simulated
and compared to a 540 x 540 nm pad and a 300 x 50 nm rod. Once again, the
absorption cross-section of the diabolo is larger than that of the pad or the rod for
wavelengths above 750 nm.

These results indicate that the unique geometry of the diabolo enhances its light-
matter interaction, resulting in improved absorption properties for the same volume,
as compared to simpler geometries.

To further unravel the impact of a diabolo’s dimensions on its optical absorption,
we conducted comprehensive simulations for a wide range of dimensions. Due to
the high number of degrees of freedom in the dimensions of the diabolo, we divided
this study into two categories:

1. Study of the impact of the total dimensions: Diabolos with constant
neck dimensions of 300 x 300 nm were simulated. The total length was varied
between 400 nm and 600 nm, for two different total width of 400 nm and
600 nm. The calculated absorption spectra and corresponding structures are
presented in Figure 3.6A-B.

2. Study of the impact of the neck’s dimensions: Diabolos with constant
total dimensions of 540 x 540 nm were simulated. The length of the neck was
varied between 50 nm and 300 nm, for two different neck width of 50 nm and
300 nm. The calculated absorption spectra and corresponding structures are
presented in Figure 3.6C-D.
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3.1. Exploration of various shapes of nanoantenna for optical absorption
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Figure 3.5: Absorption cross-sections of nickel nanoantennas with different lateral dimen-
sions and a constant height of 150 nm, calculated using the DDA method. (A) Comparison
between a 600 x 600 — 300 x 300 nm diabolo, and two pads with dimensions 300 x 300 nm
and 600 x 600 nm respectively. (B) Comparison between a 540 x 540 — 300 x 50 nm di-
abolo, a rod with dimensions 300 x 50 nm and a pad with dimensions 540 x 540 nm.

For diabolos with the same neck dimensions, we investigated the impact of vary-
ing the total length and width. Increasing the total length of the diabolo leads to
a redshift of the absorption peak towards longer wavelengths. On the other hand,
increasing the total width of the diabolo (i.e. switching from the blue to red curves
in Figure 3.6) enhances the absorption intensity, with a redshift of the absorption
peak. For our targeted application of solar infrared harvesting, we aim at maximiz-
ing the absorption between 800 nm and 2500 nm. Thus, according to these results,
it seems that diabolos with smaller total length should be favored to reach high
absorption in shorter wavelengths, while a trade-off needs to be made between the
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Figure 3.6: Absorption cross-sections of nickel diabolos with different lateral dimensions
and a constant height of 150 nm, calculated using the DDA method. (A) Diabolos with
identical neck dimensions of 300 x 300 nm and varying total dimensions. (B) Diabolos
with identical total dimensions of 540 x 540 nm and varying neck dimensions.

intensity and spectral position of the absorption peak to select the optimal total

width.

For diabolos with fixed total dimensions, two neck width values were studied
with various neck lengths. The absorption spectra of the four diabolos with a large
neck width of 300 nm (represented in blue in Figure 3.6C) show negligible change
when varying the neck length. On the other hand, for diabolos with a narrow neck
of 50 nm (represented in red in Figure 3.6C), increasing the neck length results in
a pronounced redshift of the absorption peak. Overall, diabolos with narrow necks
exhibit increased absorption cross-section as compared to diabolos with wide necks,
which are closer to the pad geometry.

In this section, we introduced the diabolo geometry, defined by four variable
dimensions and analyzed its optical properties through DDA calculations of absorp-
tion spectra. The results indicate that diabolos exhibit higher absorption compared
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to pads with the same total dimensions, emphasizing the advantages of this geo-
metry for light-matter interactions. By manipulating the total length, total width,
and neck dimensions of the diabolos, we observed shifts in the absorption peak and
enhancements in absorption intensity. These findings provide valuable insights for
the design and optimization of diabolo nanoantennas for solar infrared absorption.

Highlights of the section

We have conducted numerical simulations to explore the optical properties of
nanoantennas with different geometries. By investigating simple geometries
such as disks and rectangular prisms, we observed consistent trends of red-
shift in the absorption peak and increased absorption intensity with larger
dimensions. Furthermore, our exploration of nanorods revealed the impact of
anisotropy on the absorption spectra. Introducing the diabolo geometry, we
showcased its superior absorption compared to pads and rods and examined
the influence of total dimensions and neck dimensions on the absorption spec-
tra.

3.2 Selection of the materials

In the previous section, preliminary studies were conducted on the optical re-
sponse of nickel nanoantennas with various shapes and dimensions. However, the
optical behavior of metal nanoparticles can also vary drastically with their com-
position. In the field of plasmonics, noble metals such as gold or silver are widely
used due to their strong LSPR resonances [144, 145]. Moreover, a large variety of
materials [146] (non-noble metals [147], metal oxides [148, 149, 150], doped semi-
conductors [151, 152, 153, ...) or combinations of materials [154, 155, 156, 157, 158]
have been shown to exhibit localized surface plasmon resonances. For example, al-
loyed [159, 160], multimetallic [161, 162] or core-shell [163, 164, 165] nanoparticles
are all described in the literature. As a matter of fact, when it comes to the com-
position of a plasmonic structure, the possibilities are nearly endless. An important
step in the identification of efficient nanoparticles for solar infrared harvesting is the
selection of the particles’ material.

For this purpose, our approach consisted in calculating the optical absorption of
three geometries of nanoantennas with various compositions. In order to limit the
number of simulations, we decided to limit ourselves to the study of monometallic
nanoparticles. This choice was also made in order to simplify the further fabrication
of these structures. The screened materials, selected among the most common in
the literature, are aluminum (Al), chromium (Cr), copper (Cu), gold (Au), nickel
(Ni), silver (Ag), titanium (Ti) and titanium nitride (TiN). For all these materials,
three geometries of particles were tested: a 540x50 nm rod, a 540x540 nm pad and a
diabolo with total dimensions 540x540 nm and a 300x50 nm neck, all with a height
of 150 nm. These are representative of the typical geometries achievable using our
nanofabrication techniques.

The absorbed solar power over the range 0.875-2.5 nm (FPp,) was calculated,
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Figure 3.7: Comparison between the calculated absorbed solar power of nanoantennas
made of various materials, over the range 0.875-2.5 ym. The three studied geometries
are: rod (540x50 nm), pad (540x540 nm) and diabolo (total dimensions: 540x540 nm -
neck dimensions: 300x50 nm). All particles have a height of 150 nm. Reprinted with

permission from ACS Appl. Energy Mater. 2023, 6, 4, 2128-2133. Copyright 2023
American Chemical Society.

using Equation 2.1, for the 24 simulated structures, and the results are presented
in Figure 3.7. Al, Ag, Cu and Au, although very popular for creating nanoparticles
with resonances in the visible range, show poor solar infrared harvesting capabilities
as compared to Ni, TiN, Cr or Ti. The best materials to fabricate rods, pads or
diabolos for solar infrared absorption seem to be titanium and chromium. Finally,
we selected nickel as the nanoantenna material, because it presents good absorption
performances while being chemically and physically stable in ambient atmosphere.
It is also cheap and abundant.

3.3 Ranking antennas for solar infrared absorp-
tion

In Section 3.1, we conducted preliminary numerical studies to understand the
impact of shape and dimensions on the absorption spectrum of a variety of nanoan-
tennas. However, based on the results obtained, we are unable to straightforwardly
identify the optimal structure for solar infrared absorption. Indeed, the infrared
solar spectrum is complex and has a large bandwidth (0.875-2.5 nm), meaning that
we cannot simply aim at maximizing the absorption intensity of the nanoanten-
nas at a specific wavelength. Rather, we should target the best spectral matching
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3.3. Ranking antennas for solar infrared absorption

between the antenna absorption spectrum and solar infrared illumination. In order
to do so, we simulated a large number of nanoantennas with different shapes and
dimensions, and compared their performances for solar infrared absorption using a
figure-of-merit designed to take into account the spectral matching.

The disk (Figure 3.1D) and the pad (Figure 3.1A) are the most simple of the five
studied shapes, as they both only have one varying parameter, namely the diameter
Dgigr for the disk and the length L,qq (which is equal to the width) for the pad.
The rod shape (Figure 3.1B) is a variation of the pad in which the aspect ratio
between the length L,,; and width W,,4 is larger than five. The truncated cones
(Figure 3.1C) is also defined by two parameters: the base diameter (Deone) and the
top diameter (deone). The most complex shape studied here is the so-called diabolo
(Figure 3.1E), having four dimensional parameters: total length (L) and width (W),
and length (1) and width (w) of the neck.

15
M
- m Pad
< =
5O u Rod
a € .
o 3, M e Disk
2= Bl "... o Truncated cone
8 < o v H  Diabolo
T O ” " M
8 g = -
5 505 B M
o 9 : " M My
<< o mgO as UL LI
C ™ M
> o o 8) o ¢ & 8 H e [ |
o
o | . .
0 0.01 0.02 0.03 0.04

Volume of the nanoparticle (um?)

Figure 3.8: DDA-based numerical simulations of the optical absorption of various
nanoantennas. Absorbed solar power per unit surface Pa%s calculated for 150 nm-thin
isolated Ni nanoantennas with different shapes (described in Figure 3.1) and dimensions.
All particles have a height of 150 nm. Reprinted with permission from ACS Appl. Energy
Mater. 2023, 6, 4, 2128-2133. Copyright 2023 American Chemical Society.

For each shape, the size parameters were varied between 50 and 600 nm to
create nearly a hundred targets with different geometries. As described in Section
2.1, DDA simulations were conducted on these isolated nanoantennas to calculate
their absorption spectra and extract the solar absorbed power per unit surface over
the range 0.875-2.5 ym (Equation 2.2). The results are presented in Figure 3.8,
where each particle is identified by its volume rather than its dimensions, in order
to compare antennas with different shapes.

A general trend can be noticed for all five shapes, which is the presence of a
maximum of bes at a given particle volume. This volume is around 0.0035 pm? for
the rod shape, 0.0064 pm? for the diabolo, and between 0.0075 and 0.015 pm? for the
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pad, disk and cone. Modifying the volume of a particle by changing its dimensions
leads to two main effects on the optical absorption. First, the plasmon resonances
are shifted to longer wavelengths when the size increases, or lower wavelengths
when the size decreases, as shown in Section 3.1. Secondly, smaller particles tend
to have a higher absorption-over-scattering ratio, as exemplified for disks in Figure
3.9, because the absorption cross-section scales with the volume of the particle while
the scattering cross-section scales with the square of the volume. Thus, for a given

shape, the maximization of bes results from a trade-off between:

e An optimal matching between the absorption cross-section spectrum of the
particle and the solar infrared spectrum;
o A high absorption-over-scattering ratio;

o A small geometrical cross-section limiting the footprint of the particle.
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Figure 3.9: Absorption-over-scattering power ratios of nickel disks with varying diamet-
ers, calculated under illumination by the AM1.5G solar spectrum limited to the 0.875-2.5
pm range.

The absorbed power per unit surface of diabolo and rod nanoantennas shows a
significant dependence on their volume, as compared to pads, disks and cones. This
is probably due to their high length-to-width aspect ratios. Indeed, for these shapes,
a significant increase in length, leading to an important spectral shift, can result in
only a small increase in volume. On the other hand, pads, disks, and cones have a
unitary aspect ratio, meaning that their length is always equal to their width.

For each studied shape, the optical properties of the best performing structure,
with its lateral dimensions, are summarized in Table 3.1. The corresponding sim-
ulated absorption cross-section spectra are presented in Figure 3.10 and compared
with the AM1.5G solar spectrum. It can be seen that the best pad, disk and cone
have all similar spectra, with a wide absorption peak around 1.15 pum, covering a
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range of wavelengths were the IR solar irradiance is strong. As a result, the best
pad, disk and cone absorb a solar power of 29, 30 and 39 pW respectively. The
absorption peak of the best rod is centered at 1.5 pm, in a spectral region of lower
solar irradiance. However, despite its lower absorbed power of 25 pW, the best rod
exhibits a high absorbed power per unit area of 1.23 nW/pm? due to its small size.
Finally, the best diabolo outperforms any other structure studied with a superior
absorption cross-section in almost the complete solar infrared range, which results
in an absorbed solar power per unit area of 1.42 nW/pm?.

Absorbed solar power
per unit area (nW/pm?)

Absorbed solar power
per antenna (pW)

Absorption/scattering

Geometry and dimensions .
power ratio

Diabolo 46 1.42 1.81
Rod 25 1.23 1.03
Pad 29 0.32 0.35
Truncated cone 39 0.31 0.67
Disk 30 0.31 0.48

Table 3.1: Optical performances of the best isolated Ni nanoantenna for each studied
geometry, calculated by DDA numerical simulations. Diabolo: 400 x 300 — 300 x 50 nm,
rod: L;,q=400 nm; W,,q= 50 nm, pad: L;,.q=300 nm, truncated cone: Dcyp=400 nm;
deone=100 nm, disk: Dg;s=350 nm. The geometrical parameters are defined in Figures
3.1A-E. Reprinted with permission from ACS Appl. Energy Mater. 2023, 6, 4, 2128-2133.
Copyright 2023 American Chemical Society.
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Figure 3.10: Absorption cross-section spectra of the best isolated Ni nanoantenna for
each studied geometry, calculated by DDA numerical simulations, and compared to the
AM1.5G solar spectrum.
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Highlights of the section

In this section, we used electromagnetic simulations to calculate the absorp-
tion cross-section of a large set of nickel nanoantennas with various shapes
and dimensions. By using the optical power per unit surface absorbed by
each structure under solar infrared illumination, we were able to rank the
nanoantennas according to their efficiency toward solar infrared absorption.
We showed that the response of disks, pads and truncated cones were sim-
ilar, while rods and diabolos exhibit much higher performances, due to an
increased absorption intensity and a better spectral matching with the illu-
mination spectrum.

3.4 Reconstruction of realistic simulation targets
based on topographical data

As shown in the previous section, diabolo-shaped nickel nanoantennas have been
identified as potentially efficient candidates for solar infrared harvesting. However,
the complex shape and small dimensions of such nanoantennas render their fab-
rication tricky. It is thus necessary to verify the feasibility of their fabrication.
Furthermore, fabricated nanoparticles usually present defects that can alter their
optical properties. We have characterized these structural defects through scan-
ning electron microscopy (SEM) and atomic force microscopy (AFM). We have then
proposed to use the obtained data to reconstruct realistic simulation targets and
compute the absorption of the fabricated structures.

3.4.1 Fabrication of nanodiabolos by electron-beam litho-
graphy

The targets used in the previous simulations have perfectly smooth surfaces
and sharp corners, which is not the case of real structures. The nanofabrication
techniques we use introduce defects such as surface roughness, tilted edges, curved
corners or divergence from the nominal dimensions. In order to characterize these
defects, we first fabricated the nanoantennas. Four nanodiabolos with different
nominal lateral dimensions have been selected:

o Diabolo A (see Figure 3.11A): L. = 400 nm, W = 500 nm, | = 300 nm, w =
50 nm

 Diabolo B (see Figure 3.11B): L = 540 nm, W = 540 nm, |1 = 300 nm, w = 50
nm

« Diabolo C (see Figure 3.11C): L. = 540 nm, W = 540 nm, 1 = 200 nm, w =

50 nm

« Diabolo D (see Figure 3.11D): L = 540 nm, W = 540 nm, | = 300 nm, w =
200 nm
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These structures were fabricated on a silicon substrate using electron-beam litho-
graphy, nickel deposition and a lift-off process. More details on the fabrication pro-
cess can be found in Section 2.2. Prior to the electron-beam lithography step, a
dose test was conducted to identify the electron dose leading to the highest pat-
terning accuracy: 120 nC/cm?. Then, 50x50 pm? arrays of 150 nm-high diabolos
with a period of 900 nm were made on the same substrate. Figure 3.11E-G show
representative SEM images of the fabricated diabolos A, B, C and D respectively.

Figure 3.11: Diabolo-shaped nanoantennas fabricated using electron-beam lithography.
(A-D) Representation of the nominal geometry of diabolos with (A) L = 400 nm, W =
500 nm, 1 = 300 nm, w = 50 nm; (B) L = 540 nm, W = 540 nm, | = 300 nm, w = 50 nm;
(C) L = 540 nm, W = 540 nm, 1 = 200 nm, w = 50 nm and (D) L = 540 nm, W = 540
nm, 1 = 300 nm, w = 200 nm. (E-F) SEM images of the corresponding fabricated nickel
antennas on silicon substrate.

Fabrication defects can clearly be spotted on these SEM images. As exemplified
on Figure 3.11E, sharp edges are difficult to make due to the resolution limit of the
technique. On Figure 3.11F-H, one can clearly notice defects along the edges of the
structures, as well as the roughness of the plane surfaces.

3.4.2 Reconstruction method

In order to estimate the impact of the deviation from the nominal size and the
surface roughness on the optical properties of diabolo nanoantennas, we generated
two 3D models based on the fabricated diabolo B (see Figures 3.11F and 3.12A).
This diabolo has been selected for this study as it shows good solar infrared absorp-
tion, according to the calculations presented in Section 3.3, while being accurately
fabricated. The first model considered only the deviation in particle size, while the
second model incorporated both the size deviation and the surface roughness.

The lateral dimensions of the fabricated diabolo were extracted from the SEM
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image presented in Figure 3.11F, and used to generate a simulation target taking into
account deviation from the nominal dimensions. This target, presented in Figure
3.12D, has straight edges and smooth surfaces, with the dimensions of the fabricated
diabolo.

An AFM image of the nanodiabolo has been made using a lateral step of 8 nm
(see Figure 3.12B). In the 2D AFM image, the value of each pixel corresponds to
its measured height. The data from this image have been processed in order to
remove the points with a height below 8 nm, which correspond to the substrate.
The remaining points were used to generate a second simulation target, shown in
Figure 3.12E, with an interdipole distance corresponding to the resolution of the
AFM image, 8 nm. This realistic target possess the surface roughness and lateral
dimensions of the fabricated diabolo.

3.4.3 Impact of the fabrication defects on the simulated op-
tical properties

Following the method described in Section 3.4.2, three simulation targets were
generated:

« A diabolo with nominal dimensions (L = 540 nm, W = 540 nm, 1 = 300 nm,
w = 50 nm) shown in Figure 3.12C;

« A diabolo with measured dimensions (L = 570 nm, W = 490 nm, | = 270 nm,
w = 80 nm) shown in Figure 3.12D;

» A diabolo with measured dimensions and surface roughness (L = 570 nm, W
= 490 nm, | = 270 nm, w = 80 nm), based on AFM data and shown in Figure
3.12E.

The DDA method was employed to quantify the absorption of the solar infrared
radiation by the Ni diabolos. As can be seen in Figure 3.12F, our results showed that
the absorption spectrum of the Ni diabolos with measured dimensions was shifted
towards longer wavelengths as compared to the nominal structure. Consequently,
the absorption power decreased from 75 pW to 66 pW, as presented in Table 3.2.
This clearly highlights the importance of controlling the lateral dimensions of the
particles to achieve optimal absorption.

Simulated Ni diabolo Absorbed solar  Absorption/scattering

power (pW) power ratio
Nominal dimensions 75 0.89
Measured dimensions 66 0.60
Measured dimensions and surface roughness 67 0.76

Table 3.2: Calculated absorbed solar power and absorption-over-scattering power ratio
over the 0.875-2.5 nm range for the diabolo B simulated with 3 different targets.
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Figure 3.12: Impact of fabrication defects on the optical properties of Ni diabolo nanoan-
tennas. The geometry chosen is the diabolo B (see Figure 3.11B,F). (A) SEM and (B)
AFM images of diabolo-shaped Ni nanoantennas on Si substrate. 3D views of (C) the
smooth diabolo with nominal dimensions, (D) the smooth diabolo with measured dimen-
sions and (E) a realistic diabolo with measured dimensions and surface roughness. (F)
Calculated absorption spectra of the structures C, D and E. Reprinted with permission
from ACS Appl. Energy Mater. 2023, 6, 4, 2128-2133. Copyright 2023 American Chem-
ical Society.

Furthermore, we observed that surface roughness only had a moderate impact on
the absorption spectrum of the particles, which was consistent with previous find-
ings [166, 167]. Specifically, the addition of surface roughness to the Ni diabolo with
measured dimensions led to a slight increase in the absorbed power, which was calcu-
lated to be 67 pW in our case. As presented in Table 3.2, adding surface roughness to
the diabolo with measured dimensions results in a higher absorption-over-scattering
ratio, meaning that surface roughness actually decreases the scattered part of in-
coming infrared solar absorption, which is beneficial in the frame of an absorbing
surface covered with an array of particles.
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These findings suggest that particle size deviation is a critical factor that needs
to be taken into account when designing nanoantennas for optimal solar infrared
absorption. The size deviation is primarily induced by the electron-beam litho-
graphy step. Thus, we propose three modifications of the EBL process in order to
address this issue. The first approach involves modifying the nominal dimensions of
the structures to counteract the deviation. By adjusting the nominal dimensions,
structures that have a higher likelihood of achieving the desired size and shape can
be created, even with the presence of deviations. The second approach involves
performing a more fine-tuned dose test before the lithography step. By selecting
a more suitable electron dose, it is possible to get closer to the nominal dimen-
sions and reduce the deviation of the final structures. Finally, the third approach
involves reducing the exposure step size, which refers to the distance between two
adjacent exposure points (see Section 2.2.2). By reducing the step size, it is pos-
sible to increase the resolution of the structures being fabricated, which can help to
compensate for the deviation in size. However, reducing the step size also increases
the exposure time, which can result in longer fabrication times.

On the other hand, the limited impact of surface roughness on the simulated
optical properties of Ni diabolos suggest that the lift-off process, which is responsible
for this defect, is a valid approach for the fabrication of nanoharvesters.

Highlights of the section

We fabricated diabolo-shaped nickel nanoantennas using electron-beam litho-
graphy with a lift-off process. After characterization of the samples by SEM
and AFM, we noticed two main types of defects: a deviation of lateral dimen-
sions with respect to the nominal structure, and the introduction of surface
roughness. We used the measurement data to reconstruct two simulation tar-
gets: a diabolo with measured dimensions and no surface roughness, and a
diabolo with measured dimensions and surface roughness. DDA simulations
were conducted on these targets to calculate their optical properties. The
results showed a strong impact of the variation of lateral dimensions on the
absorption spectra, while surface roughness seems to slightly increase the ab-
sorption cross-section of the structure.

3.5 Conclusion

In this chapter, we studied the optical properties of isolated nickel nanoanten-
nas, using electromagnetic simulations based on the discrete dipole approximation
method. We screened through particles with various shapes, dimensions and com-
position, in order to identify the most suitable structures for solar infrared absorp-
tion. As the parameters space of simulated structures is large, no clear design rule
could be identified to systemically point toward the optimal nanoantenna. We thus
used the absorbed power per unit surface of an antenna as our main figure of merit
to rank the particles according to their performance for solar infrared absorption,
taking into account the spectral matching with the incident spectrum. This method
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allowed to identify the diabolo geometry as the most promising among the studied
geometries.

We then fabricated diabolo nanoantennas by electron-beam lithography, and
measured their surface topography by Atomic Force Microscopy. We used this to-
pographical data to reconstruct realistic simulation targets taking into account the
defects introduced by the fabrication process. The electromagnetic simulations con-
ducted on these targets showed that the deviation from nominal dimensions have a
significant impact on the absorption properties of the nanoantennas, while the intro-
duction of surface roughness seems to be slightly beneficial to their performances.

In this chapter, we used DDA simulations to calculate the optical properties
of isolated nanoantennas. This approach allows to rapidly study a large number
of particles with various parameters. However, with this method, we neglect the
substrate and neighboring nanoantennas, which could potentially have a significant
impact on the optical properties of a nanostructured surface. Moreover, we only
extract the absorption and scattering cross-sections from the electromagnetic simu-
lations, and do not consider here the photothermal conversion. These effects will be
discussed in Chapter 4, in which we will study large scale photothermal interfaces.

71



Chapter 3. Electromagnetic numerical simulations of isolated nanoantennas

72



Chapter 4

Experimental fabrication of
photothermal interfaces

The diabolo-shaped nanoantennas presented in Section 3.4.1 were fabricated over
small surfaces, typically around 1 mm?, due to the use of electron-beam lithography
for the patterning step, which is a costly and time-consuming technique. These
limited areas are insufficient for integration in PV-TE devices, as the scale of photo-
voltaic cells and thermoelectric generators is the cm2. Moreover, it is difficult to
reliably characterize the optical properties and heating capabilities of such small
surfaces, which is why it is necessary to fabricate large scale photothermal inter-
faces. To do so, we switched to a different patterning technique: hole-mask colloidal
lithography (HCL). As described in Section 2.2.3, it allows to quickly pattern large
surfaces, at the cost of a limited control over the nanoantennas’ shape and arrange-
ment. In particular, diabolo-shaped nanoantennas can not be made through HCL,
so the only geometry fabricated in this chapter is the truncated cone. The fabric-
ated samples are characterized using electronic microscopy and optical spectroscopy.
Their heating capabilities are then measured by thermography under solar infrared
illumination.
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4.1 From isolated nanoantennas to photothermal
interface

In Chapter 3, we studied isolated metallic nanoantennas, trying to identify struc-
tures that were efficient for solar infrared absorption, the goal being to use these
nanoantennas to create a photothermal interface (PTI). However, the nanoparticles
are just a part of the PTI, which also consist of a substrate and, oftentimes a capping
layer.

The substrate can be a single piece of silicon or glass, for example, but it can also
be multilayered to tune the optical or thermal properties. As described in Section
1.4, the substrate has an impact on the optical properties of a nanoantenna, as it
modifies its environment.

The capping layer is needed in order to protect the nanoantennas from physical
and chemical degradations, such as scratches or oxidation. Once again, the presence
of a capping layer can change the optical properties of a nanoantenna. For our
application, it should ideally be transparent in the near IR window to allow the
nanoantennas to collect the solar infrared radiation. The choice of the material
used for the capping layer is crucial in the performance of the PTI. For example,
a capping layer with a high thermal resistance, as compared to the substrate, will
result in the thermal flux generated by the nanoantennas being directed towards the
substrate.

When studying a photothermal interface, we no longer face an isolated particle,
but rather a 2D arrangement of nanoantennas. The presence of other particles in the
vicinity of an antenna can affect its optical response. The absorption intensity can
be enhanced or reduced depending on the inter-particular distance. The geometry of
the arrangement can also have an impact on the optical properties. Ordered meshes
often exhibit resonant absorption and scattering at specific wavelengths and angles.
On the other hand, disordered arrays are less sensitive to a change in the incident
illumination vector. An other effect of the switch from isolated nanoantennas to 2D
arrays is the widening of the absorption peaks, which is due to the dispersion in
particle size.

4.2 Fabrication of photothermal interfaces by col-
loidal lithography

We have used HCL to fabricate photothermal interfaces composed of a mul-
tilayered substrate covered by arrays of truncated nanocones with various composi-
tions and heights.
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4.2. Fabrication of photothermal interfaces by colloidal lithography

4.2.1 Experimental protocol and samples description

Several photothermal interfaces were fabricated, following the same protocol.
First, a glass substrate with dimensions 24x24 mm? is washed with acetone and
isopropyl alcohol to remove impurities. Then, a 5 nm thick chromium layer is
deposited on the substrate by PVD, followed by a silver layer of 80 nm and an
alumina layer of 100 nm. Chromium serves as an adhesion layer between the glass
and the silver, preventing delamination. On top of this multilayered sample, a short-
range-ordered array of truncated nanocone antennas is fabricated by HCL, following
the process described in Section 2.2.3. An example of fabricated sample is presented
in Figure 4.1.

The silver layer acts as a mirror reflecting incoming radiation toward the nanoan-
tenna array, as it is higly reflective and opaque in the solar spectral range. On
the other hand, the alumina layer is used as a dielectric spacer, creating a metal-
dielectric-metal photonic stack that is known to enhance optical absorption.

Five different PTIs were fabricated by changing the height and composition of
the nanoantennas, while keeping the same base diameter of 200 nm:

o Ni200: 200 nm-high nickel nanoantennas

e Nib0: 50 nm-high nickel nanoantennas

o Agbh0: 50 nm-high silver nanoantennas

o AIl50: 50 nm-high aluminum nanoantennas

e Aub0: 50 nm-high gold nanoantennas

4.2.2 Surface coverage

An important parameter of the fabricated nanoantenna arrays is their surface
density d (in Cm_Q), which is the number of particle per unit surface. It is linked
to the surface coverage, or filling factor, f (the fraction of substrate covered with
nanoantennas), according to:

f=d-Sya=d-m Ry, (4.1)

where Sy 4 and Ry 4 are respectively the footprint of a nanocone antenna, and
the radius of its base.

The surface density plays an important role in determining the optical and
thermal properties of the arrays, as a more compact array will generally lead to
increased absorptivity and interactions between nanoantennas.
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/ Metal nanocones \

_~Alumina spacer (100 nm) ~

]
\ Ag mirror (80 nm) /

\ Glass substrate /

Figure 4.1: Presentation of the samples fabricated through HCL. (A) Picture of a 24x24
mm? sample covered with nickel nanocones (B) SEM image of the surface of the sample.
Schematic representation of the sample (C) from the side and (D) in 3 dimensions.

4 TVA

SEM images of the five samples were made and analyzed to measure the surface
coverage of the arrays. An example for each sample is showed in Figure 4.2, where
one can clearly see a difference in density from one sample to another. The Ni50
sample has the lowest density with 4.6 % surface coverage, while the Ni200 surface
coverage reaches 10.1 %.

During a controlled HCL process, negatively-charged PS beads auto-assemble
on the positively-charged substrate due to electrostatic interactions. The repulsion
force between beads dictates the average inter-particular distance and prevents ag-
gregation. After a given amount of time, the surface of the substrate is saturated
with PS beads and the maximum density is reached. In our case, the substrate and
the beads dispersion is the same for all samples, so the surface density at satura-
tion should also be the same. The dispersion in density we observe from sample to
sample is thus due to a poor control of the HCL process used for the patterning of
the nanoantenna arrays. The colloidal dispersions were made several months prior
to the deposition, so they may have partially lost their electrostatic charge. It may
explain the aggregates visible in Figure 4.2B, as well as the overall low density of
the five arrays.
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Figure 4.2: SEM images of different samples used to measure the surface coverage of
nanocones. (A) Nickel cones with a height of 200 nm and a coverage of 10.1 %. (B) Nickel
cones with a height of 50 nm and a coverage of 4.6 %. (C) Silver cones with a height of 50
nm and a coverage of 8.2 %. (D) Aluminum cones with a height of 50 nm and a coverage
of 5.8 %. (C) Gold cones with a height of 50 nm and a coverage of 7.2 %.

Highlights of the section

We used hole-mask colloidal lithography to fabricate macroscopic photo-
thermal interfaces covered with arrays of metallic nanocones with different
heights and compositions. These self-ordered arrays exhibit no long-range or-
der, and their densities vary from one sample to another. SEM images of the
surface of each sample were analyzed to measure the surface coverage of the
nanoantenna arrays.

4.3 Optical characterization

The reflectivity R(A) of the fabricated samples was measured using a visible
spectrometer over the range 0.4-0.94 pm and an infrared spectrometer over the range
0.94-1.6 ym. The concatenated spectra are shown in Figure 4.3A, were reflectivity
drops can be observed for all samples between 0.9 pm and 1.2 pm. Transmission
spectra were also measured, but they showed 0 transmittance over the considered
wavelength range. This means that a drop of reflectivity is linked to an increase in
absorptivity or scattering.

Here, we neglect scattering and assume that the unreflected radiation is absorbed.
By weighing the AM1.5G solar spectrum ¢(\) by the absorptivity spectrum and
integrating over the wavelength range 0.8-1.5 pm, we can estimate the optical power
P:Zf absorbed by each sample under solar illumination within this specific range:
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exp 1.5 um
Pabs = 0.8 jum (1 - R(/\)) (b()‘) dA (42>

The results, presented in Table 4.1, show that the Ni200 sample is the most
promising for solar infrared absorption, with an absorbed power of 191 W/m? out
of the 309 W/m? available from the sun between 0.8 ym and 1.5 pm.

Absorbed solar power over

Sample the range 0.8-1.5 pm (W /m?)
Ni200 191
Aub0 183
Ni50 175
Ag50 155
Al50 146

Table 4.1: Optical absorption of the fabricated photothermal interfaces under solar
illumination, estimated from the reflectivity spectra.

We compared these results to the absorption cross-section spectra of isolated
nanocones calculated by DDA (as presented in Section 2.1). On Figure 4.3B, we can
see that the absorption peaks of the calculated spectra do not match the drops in the
experimental reflectivity spectra. We hypothesized that this significant difference
was due to the impact of the substrate on the optical properties of the samples,
which was not taken into account in the simulations on isolated particles.

Thus, we conducted another set of DDA simulations, this time adding the silver
and alumina layers in the calculations. The glass substrate was neglected, as the
silver layer is totally opaque in the studied wavelengths. The simulation targets
included a single square unit cell with lateral dimensions L x L, made of a nanocone
on the silver /alumina substrate. The lateral size L of the substrate was calculated
so that the surface coverage of the unit cell matched the fabricated samples:

_ Y _ [Sna
L_\[d ,/f (4.3)

The calculation results, presented in Figure 4.3C, show far better agreement with
the experimental spectra, as the position of the absorption peaks have been shifted
to the near infrared region. If we focus on the two Ni samples, we can see that the
calculated absorption cross-section is larger for the nanocones with a height of 50
nm for those with a height of 200 nm, whereas the opposite trend can be seen on the
experimental spectra. This is due to a difference in the size of the simulated unit
cell: as the Ni200 sample is denser, its unit cell is smaller, which negatively impacts
its absorption cross-section. However, for a dense sample, more unit cells are needed
to cover a given surface, which results in higher absorptivity of the surface.
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Figure 4.3: Spectra of fabricated samples covered with different nanocone arrays. (A)
Experimental reflectivity. The vertical dashed lines indicate the position of the absorp-
tion peaks. (B) Calculated absorption cross-section of isolated nanocone. (C) Calculated
absorption cross-section of a unit cell including a nanocone and the substrate. (D) Calcu-
lated absorption cross-section of a unit cell normalized by the surface of the unit cell.
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To get rid of this bias, we normalized the absorption cross-section spectra of
Figure 4.3C by the surface of the corresponding unit cell, and plotted the result
in Figure 4.3D. Now, it can be seen that the simulated Ni200 sample (grey curve)
clearly outperforms the other structures in terms of absorption per unit surface.

Highlights of the section

Spectroscopy measurements were conducted on the five fabricated photo-
thermal interfaces to extract their reflectivity spectra. By comparison to simu-
lated absorption spectra, we evidenced the necessity to take the substrate into
account for representative calculations. The experimental reflectivity spectra
were also used to estimate the power absorbed by the interfaces under solar
infrared illumination.

4.4 Heating under solar infrared illumination

The results presented in this section, which focus on the characterization of
the photothermal properties of nanostructured interfaces, were obtained by Sélyan
Beldjoudi, in the framework of his Master 1 internship. First, we have compared
the Ni200 sample to a reference made of the multilayered glass/silver/alumina sub-
strate without nanoantenna, using the experimental setup presented in Section 2.3.3.
The samples were illuminated from the front side by a solar simulator, emitting an
AM1.5G spectrum limited to the 0.8-1.5 pm wavelength range. Initially, the sample
were at room temperature, and they progressively heated up due to the photo-
thermal conversion of incoming radiation. The temperature evolution of the back
side of the samples is measured using an infrared camera and shown in Figure 4.4B,
while Figure 4.4A presents thermograms of the back side of the samples after 360 s
of illumination.

We can see that both samples heat up under the influence of the solar simulator
to reach a steady temperature after approximately 100 s. However, the final tem-
perature of the sample covered with nanoantennas reached almost 35 °C, which is
far superior as compared to less than 29 °C for the reference sample. This result
highlights the capabilities of our nickel nanocones to efficiently absorb and convert
solar infrared radiation into heat.

The same experimental setup was used to measure the photothermal properties
of the other samples. For better comparison, we calculated their heating with regard
to their temperature without illumination 7p. For a given illumination time ¢, the
heating AT'(t) is expressed as:

AT(t) =T(t) —Tp (4.4)

where T'(¢) is the mean temperature of the back side of the substrate at time ¢,
measured by the IR camera. The heating of each photothermal interface is presented
in Figure 4.5, and compared to the reference.
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Figure 4.4: Temperature measurement under solar infrared illumination. (A) Temper-
ature distribution at the back side of the substrate for a reference sample without nanoan-
tennas (left), and covered by 200 nm-high nickel nanocones (right). (B) Evolution of the
mean temperature of the back side of the substrates when turning on the illumination at

t=0 s.
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Figure 4.5: Evolution of the mean heating of the back side of the substrate under solar
infrared illumination, for different samples. The illumination is turned on at t=0 s.

81



Chapter 4. Experimental fabrication of photothermal interfaces

The heating after 6 min of illumination is stabilized for all samples and ranges
from 2.1 °C for Agh0 to 7.1 °C for Ni200. We compared the measured steady-state
temperature to the estimated absorbed power presented previously in Table 4.1.
Intuitively, we expected that the samples showing higher solar infrared absorption
should also exhibit higher heating under illumination. However, as can be seen in
Figure 4.6, the two properties are not completely correlated. In particular, The Al150
PTI, in spite of having the lowest estimated absorption of the five samples, reaches
a 5.1 °C temperature increase under illumination.

These qualitative discrepancies between estimated solar absorption and meas-
ured heating can have several explanations. First, in the calculation of the absorbed
power with Equation 4.2, we assumed the absence of scattering by the sample.
Or, scattering can occur at different intensity for each sample. Secondly, the ef-
ficiency of photothermal conversion can vary for each sample. It is possible that
the aluminum nanoantenna have better photothermal properties than gold or silver.
Doing additional spectroscopy measurements in an integration sphere would allow
to precisely discriminate between absorption and scattering, and thus to estimate
the photothermal conversion efficiency of each sample.
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Figure 4.6: Comparison between the estimated absorbed power and measured heating,
when illuminating the sample with a solar simulator limited to the 0.8-1.5 pm spectral
range.

As described in Section 4.2.2, the nanocone surface density varies from one
sample to the other. Thus, the best performing sample is not necessarily the one
with the best performing nanocones. In order to gain more insights into the impact
of the height and composition of the nanoantenna, we calculated the temperature
increase per nanocone AT,,,. for each photothermal interface:

(T —Tres)

ATcone = d-S

(4.5)
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where T}..r is the steady-state temperature of the reference under illumination,
while T', d and S are respectively the steady-state measured temperature, the nano-
cone surface density and the total surface of the sample. The heating per nanoan-
tenna is a figure-of-merit allowing to rank the nanocones with respect to their effi-
ciency towards photothermal heating.

The results are presented in Table 4.2, where it can be seen that the contribution
in the global heating of each individual Al nanocone reaches 3.8 n°C, whereas the
contribution of an Ag nanocone is only 0.5 n°C. The high temperature of Ni200 can
be attributed to a high heating per nanocone (3.3 n°C) combined with a high surface
coverage. According to these results, even higher temperatures could be achieved by
fabricating photothermal interfaces covered with Al nanocones with a high density.

Sample Macroscopic heating (°C) Surface coverage (%) ATeone (n°C)
Al (H=50 nm) 5.1 5.5 3.8
Ni (H=200 nm) 7.1 10.1 3.3
Ni (H=50 nm) 3.0 4.6 1.9
Au (H=50 nm) 2.5 7.2 0.8
Ag (H=50 nm) 2.1 8.2 0.5

Table 4.2: Heating under solar illumination limited to the 0.8-1.5 pm spectral range,
for the fabricated photothermal interfaces, and heating par nanocone estimated from the
surface coverage.

Highlights of the section

We first compared samples with and without 200 nm-high nickel nanoanten-
nas to evaluate their photothermal conversion efficiency when illuminated by
solar infrared light. The temperature evolution of the samples’ back sides was
monitored using an infrared camera. Notably, the sample with nanoanten-
nas exhibited significantly higher temperatures, reaching +6.1 °C compared
to the reference. Photothermal properties of samples with different compos-
itions were analyzed in terms of their heating under solar infrared illumina-
tion, revealing qualitative discrepancies between the estimated solar absorp-
tion and measured heating. Possible explanations were attributed to scatter-
ing effects and variations in photothermal conversion efficiency. The influence
of nanoantenna characteristics was investigated, revealing that the heating
per nanoantenna varied significantly based on composition and density. Alu-
minum nanoantennas demonstrated superior heating efficiency per individual
nanocone compared to the others. The findings suggest that the selection of
nanocone material and density can influence photothermal heating efficiency,
paving the way for further optimization in fabricating high-performance pho-
tothermal interfaces.
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4.5 Nanoimprint lithography for quick patterning

The results presented in the previous section are encouraging, especially given
that we used truncated cones as nanoantennas, which, according to the simula-
tions made in Section 3.3, have limited absorption properties as compared to other
geometries. We could expect even higher temperature increase by using diabolo
nanoantennas. The reason we did not do it here is because the fabrication cost
and time to make several samples with various metals would have been too high by
electron-beam lithography.

However, nanoimprint lithography (NIL) could be a good alternative technique to
quickly and easily fabricate several samples covered by nanoantennas with complex
shapes. NIL is a fabrication technique allowing to replicate micro- and nanopat-
terns from a rigid mold to another substrate. In particular the so-called "Soft-NIL"
process, described in Figure 4.7, is of great interest in our case, as it allows to use
a single rigid mold and replicate its pattern on a large amount of samples. It first
requires to fabricate a rigid mold with the negative of the desired pattern, which
can be done using EBL. A thermoplastic polymer film is placed on top of the mold,
as heat and pressure are applied during a step of thermal NIL (T-NIL). Under the
effect of heat and pressure, the polymer takes the shape of the mold. After cooling
down, the polymer film is unmold to later be used as a soft mold in a ultraviolet NIL
(UV-NIL) process. Here, a substrate is covered by a sacrificial layer and a photo-
sensitive resist, before being pressed again the soft mold. The pattern of the mold is
imprinted into the resist, and a UV light is then applied to solidify the photosensit-
ive resist. After unmolding, the sample is etched in an oxygen plasma to remove
the residual resist remaining in the depths of the pattern. The sacrificial layer then
undergoes wet etching to create the undercut necessary to the lift-off process.

The soft-NIL technique is already available and used in the LAAS cleanroom.
However, tailoring this technique to accommodate the challenging geometry of
diabolo-shaped nanoantennas demands a customized approach. Ali Msahazi Aha-
mada tackled this issue during his Master 2 internship. His primary objective was
to adapt the soft-NIL process and subsequent lift-off to successfully fabricate 150
nm-high metallic nanodiabolos.

One of the main challenges encountered arises from the lift-off process following
soft-NIL. In order to achieve successful replication of diabolo-shaped nanoantennas,
an effective lift-off step is crucial to remove unwanted material and isolate the rep-
licated structures. A bilayer lift-off process has shown to be effective in generating
the necessary undercut for ensuring clean and well-defined nanoantenna structures.
However, the important height of the nanoantennas adds complexity to this step.
Indeed, taller structures necessitate precise control over the bilayer materials and
their etching characteristics to prevent structural collapse or damage during etching.

The intern’s work focused on developing an optimized bilayer lift-off process that
accommodates the height of the desired nanoantennas. This involved a study of
various sacrificial layers, etching solvents and etching parameters, considering both
the dimensions of the nanoantennas and the constraints of the soft-NIL technique.
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In the end, he managed to successfully replicate 130 nm-height nanoantennas using
a NIL/lift-off process. These developments pave the way for the fabrication of large-
scale photothermal interfaces covered with diabolo-shape nanoantennas.
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Figure 4.7: Scheme describing the use of soft nanoimprint lithography, including a step
of T-NIL and UV-NIL, to replicate a pattern from a rigid mold to a substrate.

4.6 Impact of substrate and capping layer

The purpose of a photothermal interface is to be integrated in PV-TE devices,
to increase the temperature at the interface between the back side of the substrate
and the hot side of the TEG. We should thus aim at maximizing the temperature
at the back side of the substrate. The fabricated photothermal interfaces presented
in this section were all made on a glass substrate, which has a low thermal con-
ductivity. However, in this context, the substrate plays a major role in determining
the temperature distribution within the interface. A substrate with low thermal
conductivity limits the conductive heat transfer from the nanoantennas, where the
heat is generated, to the back of the substrate. On the other hand, using a substrate
with high thermal conductivity allows to preferentially direct the heat flux toward
the TEG. Aluminum nitride (AIN), which thermal conductivity can reach over 200
Wm~! K~ is an excellent candidate for a photothermal interface substrate.

Moreover, in order to integrate such interfaces in a PV-TE device, the nanoan-
tenna arrays would need to be encapsulated in a capping layer, which role is to
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protect the nanoantennas from physical and chemical attacks from the environment.
However, the addition of a capping layer could significantly impact the optical and
thermal properties of the interface.

Of course, the capping layer needs to be optically transparent in the solar infrared
region, so that the incident light can be reach the nanoantennas. Then, if the goal
is to maximize the temperature at the back side of the substrate, a capping layer
with low thermal conductivity would be ideal. Once again, it would allow the heat
flux to be directed in the right direction, limiting losses from the top side of the
interface. Deposition of a polymer layer, such as polydimethylsiloxane (PDMS),
which thermal conductivity is around 0.15 Wm™" K1, on top of the nanoantenna
array would check these specifications [168].
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Figure 4.8: Scheme representing the distribution of the heat flux generated from pho-
tothermal conversion by the nanoantennas, when (A) the thermal conductivity of the
capping layer is lower than that of the substrate and (B) the thermal conductivity of the
capping layer is higher than that of the substrate.

A careful selection of the thermal conductivity of the substrate and capping layer
can thus be used to tailor the temperature distribution within the photothermal
interface. As shown in Figure 4.8A, if the thermal conductivity of the capping
layer Keapping is lower than that of the substrate kgypsiraze, the temperature at the
interface directed towards the TEG Tpott0m Will be higher than the temperature at
top interface Ty,,. The opposite behavior is expected if the thermal conductivity of
the capping layer is higher than that of the substrate (see Figure 4.8B).

Preliminary work was conducted in order to quantify the impact of substrate on
the photothermal properties of nanostructured interfaces. The idea was to fabricate
nanoantenna arrays on different substrate, including Si and AIN, and to measure
the heating under solar infrared illumination. However, a major difficulty lies in
the roughness of the rear side of these substrate. Indeed, as explained in Section
4.4, the back surface of the samples must be smooth in order to correctly measure
the emissivity of the back side of the samples, which is a critical parameter in
the calibration of the IR camera. We thus tried to polish the substrates before
fabricating the nanoantennas, but the tools available at that time were not able to
sufficiently reduce the surface roughness.

When it comes to the impact of the photothermal interface’s substrate and cap-
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ping layer on the performances of a complete PV-TE device, the problem is far
more complex. Indeed, the heat generated in the PV cell should be able to reach
the TEG. Thus, using a capping layer with a low thermal conductivity could result
in trapping the heat within the PV cell, increasing its temperature and reducing
its performance. The trade-off between directing efficiently the heat flux from the
nanoantennas to the TEG and heat dissipation and recovery from the PV cell needs
to be optimized. For this purpose, it is necessary to take into account all the physical
phenomena occuring in the PV-TE device, which can be done using the multiphysics
model presented in Chapter 5.

4.7 Conclusion

In this chapter, large-scale photothermal interfaces (PTIs) were fabricated and
investigated, with an emphasis on their optical and thermal properties. The util-
ization of hole-mask colloidal lithography (HCL) allowed for the creation of PTIs
composed of arrays of truncated nanocones with varying compositions and heights.
Spectroscopy measurements were employed to study the optical properties of the
fabricated samples, revealing that the presence of the substrate plays a significant
role in influencing the absorption spectra. The heating capabilities of the photo-
thermal interfaces were rigorously examined under solar infrared illumination using
an experimental setup, indicating a substantial temperature increase in the presence
of nanoantennas.

Despite qualitative discrepancies between estimated solar absorption and meas-
ured heating, this work established the influence of various factors on photothermal
properties, including substrate materials, nanoantenna height and composition, and
density. Aluminum nanoantennas exhibited remarkable heating efficiency per in-
dividual nanocone, surpassing other materials. Moreover, the chapter introduced
the potential of utilizing nanoimprint lithography (NIL) for efficient fabrication of
complex-shaped nanoantennas, potentially leading to improved temperature gains.
A discussion on the impact of the PTI’s substrate and capping layer was also in-
cluded, in order to take into account the consideration emerging from the integration
in PV-TE devices.

In conclusion, this chapter provided valuable insights into the fabrication tech-
niques, optical properties, and photothermal efficiency of large-scale photothermal
interfaces. These findings pave the way for further exploration and optimization
of PTIs, and the development of more intricate and efficient nanoantenna geomet-
ries using advanced fabrication techniques like nanoimprint lithography. Now rises
the question of the impact of the integration of such PTIs in PV-TE device on the
conversion efficiency of the global system, which will be tackled in the next chapter.
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Chapter 5

Multiphysics modelling of the
photovoltaic-thermoelectric device

In order to validate the use of a nanostructured photothermal interface in PV-
TE devices, it is essential to estimate its impact on the electrical power output of
the whole system. For this purpose, we implemented a multiphysics model of the
photovoltaic cell - photothermal interface - thermoelectric generator device, based
on a coupling between optical simulations, thermal transport equations and ther-
moelectric modeling. The working principles of this multiphysics tool are presented
in this chapter, along with a comparison to results published in the literature.
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5.1 General description of the multiphysics model

A complete PV-TE device is a complex system in which optical, thermal and
electrical effects are tightly interlinked. The impact of the integration of a pho-
tothermal interface in such a system can not be straightforwardly estimated. For
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example, it is likely that the addition of a photothermal interface (PTI) will increase
the temperature of the photovoltaic cell (PVC) and of the thermoelectric generator
(TEG), potentially reducing the performances of the first and increasing those of the
latter. Thus, this temperature increase is beneficial to the global electrical power
extracted by the system only if the extra power generated by the TEG compensates
the loss of PV power. The fulfillment of this condition strongly depends on the
physical characteristics of the PTI, the PV cell and the TEG.

In order to estimate the impact of the integration of a photothermal interface in a
PV-TE device, it is thus necessary to model the whole system, of which an example
is presented in Figure 5.1. Several numerical simulations of PV-TE systems have
already been described in the literature. In 2017, Teffah & Zhang [169] integrated
the output of a MATLAB/SIMULINK detailed model of a PV cell to a COMSOL
Multiphysics model of a PV-TE system. Another team used the Finite Element
Method and COMSOL to simulate three-dimensional PV-TE devices [170, 171].
Recently, a fully analytical PV-TE model has been proposed by Liu et al. [172]. In
these studies, only the PV layer was optically active, all other layers were supposed
to be transparent.

Zhou and coworkers elaborated a multiphysics model to simulate different PV-TE
devices incorporating a nanostructured front surface [173, 174, 175]. The purpose
of the nanostructures is to reduce reflection at the air-PVC interface. Thus, their
spectral transmittance was calculated using Finite-Difference Time-Domain, and
only the transmitted light reached the PV active layer. The PV model was based
on Poisson’s equations, continuity equations and transport equations, and included
a temperature-dependent band gap. The presence of two optically active layers (the
nanostructured front surface and the PV active layer) is interesting, as it induces
the necessity to take into account the spectral response of the materials. Yet, in this
model, only the PV active layer was able to absorb light.

In 2022, Park et al. used machine learning to estimate the performance of PV-
TE devices including different interface materials [176]. The main issue with this
approach is the need of large sets of experimental data for the training phase.

The multiphysics tool we propose in this chapter aims at simulating the behavior
of PV-TE devices including a photothermal interface and overcoming some limita-
tions of the previous models. The main improvements lie in the optical processing
of the system. Indeed, we will consider a spectrally-dependent absorption in every
layer of the PV cell and the PTI.

We will describe a one-dimensional model using the steady-state assump-
tion. The global PVC-PTI-TEG system is represented by a stack of layers with
infinite surface, each having its own thickness and thermal conductivity. The model
can be divided into three sub-systems in thermal contact: the PV cell, the photo-
thermal interface and the TEG. Based on the specific characteristics of each layer,
we are able to calculate the temperature at each interface of the system, as well as
the electrical power generated by the PV cell and the TEG.
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Figure 5.1: Schematic representation of a photovoltaic-thermoelectric device integrating
a photothermal interface. The active layer of the PV cell generates the photocurrent Ipy
when illuminated by the solar spectrum. The PTI is made of encapsulated nanoantennas
on top of a multilayered substrate. The N- and P-doped thermoelements are connected
in series to a load resistance R; and generate the current IT7pg when exposed to a heat
flux. The role of the passive heat sink is to dissipate heat through natural convection.

5.2 Equations of thermal transport

Figure 5.2 represents the 1D model for thermal transfer in the PV-TE system.
All the layers in the stack are in thermal contact with the adjacent layers, allowing
thermal transfer by conduction. The top and bottom layers are also in contact
with the environment, which is air at ambient temperature, resulting in thermal
transfer by convection and radiation. Due to various physical phenomena that will
be detailed later on (such as photothermal conversion, Joule effect, Peltier effect,
thermalization in the PV cell, ...), heat can be generated in the layers. The equations
of thermal transfer presented in this section are used to calculate the temperature
at each interface of the system, based on the thickness e and thermal conductivity
k of each layer.

As shown in Figure 5.2, in the general case of an inner interface i located between
two layers (i — 1 and 7) of the system, the temperature 7T; of this interface depends
on the conduction from these layers, as well as on the heat flux generated in these
layers (Q;—1 and ;) and eventually at the interface itself (Q)). When assuming that
the heat generated in each layer is delivered at a point source in the middle of the
layer, the general heat balance equation can be written as:

o . - .
ST D)+ ST - T = @ G 4 (5.1
€;—1 (& 2 2

where k;—1 and e;_; are the thermal conductivity and thickness of the layer
above the interface, while k; and e; are the thermal conductivity and thickness of
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Figure 5.2: Representation of the 1 dimensional model for thermal transfer. 77 to 7T, are
the temperature at each interface of the system. Q) to QQ,—1 are the heat flux generated
in each layer, with thermal conductivity x; to kp—1.

the layer below the interface. T;_; and T;1; are the temperature at the interface
directly above and below the one considered.

For the top and bottom interfaces of the system, heat transfer by convection
and radiation toward the environment at temperature 7,,,; should be taken into
account. Thus, in each case, the heat balance equation becomes:

K

By = 12) bl = o) + ctop 0 (T} = Thyy) = <! (5.2a)
Fn-lep _ h T, —T T4ty = @1 5oy
enfl( n nfl) + bottom( n amb) +€b0tt0m'0( n - amb) - 2 ( : )

where o is the Stefan-Boltzmann constant, and hiop, €top, Mbottom and €pottom
are the convective heat transfer coefficient and emissivity of the top and bottom
interfaces respectively. Emissivity is an intrinsic property of the material, while the
convective heat transfer coefficient is usually an experimental value depending on
the geometry and position of the interface, and on environmental conditions such as
air speed.

In order to solve these heat transfer equations, it is necessary to determine the
different heat fluxes generated in the system. In the following, we will present the
models of the different sub-systems as well as the calculation methods for these heat
fluxes.
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To summarize, here is a list of the inputs and outputs of the thermal transfer
model:

o Inputs:

1. Thermal conductivity x of each layer (Wm™1 K1)
2. Thickness e of each layer (m)

3. Heat flux generated in each layer Q' and at each interface Qterface
(Wm™?)
4. Emissivity € of the top and bottom interfaces

5. Convective heat transfer coefficient h of the top and bottom interfaces
(Wm—2K™1)

6. Ambient temperature T, (K)
e Outputs:

1. Temperature T at each interface of the system (K)

5.3 Model of the photovoltaic cell

The efficiency of PV cells is measured in Standard Test Conditions, under illu-
mination by the AM1.5G solar spectrum at 1000 W/m? and at a controlled temper-
ature of T}..; = 25 °C, in order to extract the reference conversion efficiency 7,.r. In
normal operating conditions, the temperature of a PV cell can reach up to 60 °C due
to non-radiative losses [177, 178]. These losses include thermalization of high-energy
photons and Joule effect. The impact of temperature 7" on the conversion efficiency
1 of a PV cell can be described using the temperature coefficient 3, as presented in
detail in [179], assuming a linear variation:

(T) = ey + B(T — Trey) (5.3)

For most PV cells, an increase in the temperature leads to a decrease of per-
formances, in which case the temperature coefficient is negative. The power output
per unit surface PLY (T) generated by a PV cell at temperature 7" is thus given by:

P(i‘t/(T) =n(T) - Psun = (77ref + B8(T — Tref)) Psun (5.4)

where Pgy, is the irradiance of the AM1.5G solar spectrum.

The model of the PV cell is made of a stack of layers, including the PV active
layer in which the photovoltaic conversion is assumed to take place. As an example,
for a GaAs PV cell, the active layer is the p-n junction. Using the open-source
code Moosh [180], the optical absorption Pclfbﬁ/er in each layer of the PV model, as
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well as the transmitted PLY . and reflected P,i}/l irradiances, are calculated under
normal unpolarized solar illumination, based on the complex refractive index and
thicknesses of the layers. Rigorously, the refractive index of a material depends on
its temperature. However, to simplify the calculations and limit the amount of data
needed to run the model, we only input the refractive index at ambient temperature.
The calculated absorbed, reflected and transmitted powers are thus independent of
temperature. It is assumed that the absorbed optical power is fully converted into
heat for all layers (Ql“ye"" = Pézgﬁ), except for the active layer. Indeed, for this
specific layer, the absorbed optical power can be converted through various physical

phenomena:

» Photovoltaic conversion, which is the purpose of the PV cell, generates the

electrical power PV (T')

 Radiative recombination: photogenerated excitons can recombine, result-
ing in photon emission. The power lost this way is noted P.,4(T"). In the case
of classical semiconductors such as Si or GaAs, the radiative losses represent
a negligible part of the incident solar power (= 0.1%) [181].

o Thermalization is the non-radiative relaxation of excitons with an energy
above the band gap E4(T) of the cell. The heat power generated by thermal-
ization is expressed as:

Quern (1) = [ (1= B0 ) B () - (55)

where ), is the band gap wavelength of the cell, E()) the energy of a photon
with wavelength A\ and PLY(\) the optical power density absorbed by the
active layer at a wavelength A. Rigorously, the band gap of the PV cell depends
on its temperature, according to the Varshni empirical law, using two constants
a and v:

aT?
By(T) = Ey(0) ~

Typically, for a GaAs solar cell, the values for o and ~ are 5.405 - 10~% eV /K
and 204 K respectively [182, 183]. The variation of E,(7') is incidentally the
main source of the temperature-dependent efficiency shift described by the
temperature coefficient .

(5.6)

« Non-radiative losses include several sources of loss, such as non-radiative
recombination of excitons and Joule heating, which collectively generate the

heat power QN pgaa(T)-

Thus, the optical power absorbed in the PV active layer, noted Pf Z, is the sum
of the converted powers:

PhY = PRV(T) + Praa(T) + Qiherm(T) + QN raa(T) (5.7)
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The heat generated in the active layer QF V(T ) results from the combination
of thermalization and non-radiative losses, but can also be expressed as the differ-
ence between the absorbed optical power and the radiative and electrical generated
powers:

QPV (T) - cherm(T) + QNRad(T) (58&)
= Py — Pout (T) = Praa(T) (5.8)

Using Equation 5.8a to calculate the heat flux generated in the active layer can
be difficult, as it requires empirical data on the evolution of the band gap of the
cell with temperature, as well as an estimation of the non-radiative losses. On the
other hand, as radiative recombination can be neglected in Equation 5.8b, we can
assume in the model that all the optical power that is absorbed and not converted
into electricity generates heat. Thus, the heat flux generated in the active layer is:

QPY(T) = PLY — PLY(T) (5.9)

It should be noted that the output electrical power of the cell (PLY(T)) and
the heat generated in the active layer (QP V(T )) both depend on its temperature.
This coupling adds a level of complexity to the calculation of the final temperature
distribution of the system, increasing the computing time.

To summarize, here is a list of the inputs and outputs of the PV cell model:

o Inputs:

Incident solar spectrum Py, (A) (Wm™2nm™!)

Refractive indices of the materials

Structure (order of the layers in the stack) and position of the active layer
Thickness e/®¢" of each layer (m)

Reference efficiency 7,..r and temperature T}y (K) of the cell
Temperature coefficient 5 (K—1)

N gt W=

Temperature T of the active layer (K)
e Qutputs:

1. Electrical power density PLY generated by the PV cell (W m™?)

2. Heat flux generated in each layer Q'®¢", including the active layer (QFV)
(Wm™?)

3. Optical power density transmitted through Ptf;fw and reflected by PTIZ}/Z
the PV cell (Wm™2)
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5.4 Model of the photothermal interface

5.4.1 Description of the photothermal interface model

We used the DDA method to simulate the optical properties of nanostructured
photothermal interfaces. However, contrary to the studies on isolated particles
presented in the Chapter 3, we now need to take into account the impact of the
substrate and encapsulant. Thus, as illustrated in Figure 5.3 (inset), the simulation
target representing a given PTT is made of a square unit cell, including the substrate,
one particle and the encapsulating layer.

DDA simulation target

Convection Ni (200 nm)
htop / ‘
el
Air
Tamb

Heat
source

Addddddddd
Alumina spacer
Silver mirror

Glass substrate

Air
Tamb

Convection
hbottom

Figure 5.3: Scheme of a nanostructured photothermal interface with glass/silver/alumina
substrate. The inset shows an example of DDA simulation target used to calculate the
absorptivity of the interface.

The lateral size of a unit cell is set so that the filling factor of the nanoantenna
on the unit cell matches the surface density of particles on the substrate of the PTI.
In other words, a PTI with a surface Spry, covered by an array of N nanoantennas,
is represented by a unit cell with dimensions L X L containing a single nanoantenna,
with:

SprI
L
N

(5.10)

The absorption cross-section of the target, o.s()), calculated using the DDA
method, is used to determine the absorptivity A(\) of the PTT and the optical power
density Pan;l’I it would absorb under an incident optical power density Pjnc(\):
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5.4. Model of the photothermal interface

A(N) = U"Z’Zy) (5.11)
PR = [T AQ) - Pae(V)dA (5.12)

In the case of a complete PVC-PTI-TEG system, the incident spectrum is the
one transmitted by the PV cell (PLY (X)), as calculated in the previous section.

trans

The heat QFT!T generated by the PTI is calculated assuming that the optical
power absorbed by the PTT1 is fully converted into heat at the center of this effective

layer (QFTI=PFTT).

For the thermal transfer calculations, the nanoantenna layer is represented by
an effective medium, which thermal conductivity ke fective is calculated by weighing
the thermal resistance of the nanoantenna kx4 and the encapsulant Kepcqps by their
relative volume fraction. For an array of nanoantennas with height Hy 4 and volume
V4, the effective thermal conductivity is:

VNa-kNna+ (L2 “hya— VNA) Rencaps
Kef fective — I2. ha

(5.13)

To summarize, here is a list of the inputs and outputs of the PTI model:

o Inputs:
1. Refractive indices of the materials
2. Structure (order of the layers in the stack)
3. Thickness €/%¢" of each layer (m)
4. Shape and dimensions of a nanoantenna
5. Surface density of nanoantenna (m~?2)
6. Incident optical spectrum Pype(A) (Wm=2nm™1)

e Outputs:

1. Heat flux generated in the photothermal interface QY77 (Wm™2)

5.4.2 Comparison to experimental results

The model of the nanostructured photothermal interface can be used in combin-
ation with the equations of thermal transfer described in Section 5.2 to calculate the
temperature of photothermal interfaces under illumination, as presented in Figure
5.3. Thus, we can compare the heating calculated with the model to the experi-
mental heating measured by IR thermography in Chapter 4, in order to validate the
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model of the photothermal interface independently from the complete PVC-PTI-
TEG device.

The PTIs presented in Chapter 4 were all made of a glass substrate covered by a
80 nm silver layer and a 100 nm-thick alumina spacer. On top of it were deposited
disordered arrays of truncated nanocones with 200 nm base diameter, having differ-
ent heights H and compositions: nickel (H=50 nm and H=200 nm), silver (H=50
nm), gold (H=50 nm) and aluminum (H=50 nm). The density of nanoantennas per
unit surface was estimated from SEM images of each sample. Though the colloidal
lithography technique used to pattern the PTIs leads to a disordered nanoantenna
arrangement, the DDA simulations targets were still made of a single particle on a
square substrate with dimensions L x L, according to Equation 5.10. An example
of simulation target is represented on Figure 5.3. As the silver layer is assumed to
be fully opaque to solar radiation, the glass substrate is not included in the tar-
get, which greatly reduces the number of dipoles and the calculation time. The
capping layer is made of air, with a thickness corresponding to the height of the
nanoantennas.

The calculated absorptivity of these targets is plotted on Figure 5.4. Though the
greater absorptivity of 200 nm-high cones is obvious compared to the 50 nm-high
cones, it can be seen that all structures exhibit an absorption peak around 1 pm.

18 — -
[ —Ni (H=200 nm)]
16 | —— Ni (H=50 nm) {
i Solar simulator |—— Ag (H=50 nm)
EISE R aige Au (H=50 nm) |
' | Al (H=50 nm) |

2k Ll T

Calculated absorptivity

0.0 0.5 1.0 15 2.0 25
Wavelength (um)

Figure 5.4: Absorptivity of photothermal interfaces covered with array of truncated
nanocones, estimated based on the absorption cross-sections calculated by DDA. The
AM1.5G solar spectrum is represented in yellow for comparison.
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For the heating measurement of the fabricated PTI, a solar simulator limited
to the 0.8-1.5 pm range was used as the illumination source (see Section 2.3.3 for
more details). Thus, the same spectrum is set as the incident optical power in the
simulations.

As for the thermal parameters of the simulation, they are summarized in
Table 5.1. The top and bottom convective heat transfer coefficients are set to 9
Wm~2K™!, an empirical value for vertical surfaces in natural convection, as the
PTIs are positioned vertically in the experimental setup. The emissivity of the back
side of the samples was measured to be 0.86 by FTIR spectroscopy, as described in
Section 2.3.3. The same value of emissivity is used for the front side. The ambient
temperature, measured to be 26 °C, is the same in the simulation.

Thermal conductivity (Wm~=!'K~1)) ‘ Radiative and convective properties

Glass 1.05 | Top surface emissivity €;qp 0.86
Silver 428 | Bottom surface emissivity €poszom 0.86
Alumina 36 | Top surface convective coefficient hyqp (W m~2 K-1) 9
Air 0.03 | Bottom surface convective coefficient hyosom (Wm™2K—1) 9
Nickel 94 | Ambient temperature Ty, (°C) 26
Gold 318

Aluminum 236

Table 5.1: Thermal properties used in the simulation of photothermal interfaces. The
thermal conductivities are taken from [184].

With these parameters, the heating of the back side of each sample is calculated
by the model and compared to the experimental results in Figure 5.5. Table 5.2
shows that the relative error of the calculated heating ranges between —51 % and
31 %. The best prediction is made for the hottest sample (Ni 200 nm), and the
agreement between measured and calculated heating seems to decrease with the
calculated temperature. Overall, the calculated heating exhibits the same tendency
as the measured one, with an absolute error limited to +1 °C, except for the Al
sample which shows the largest error compared to the experiment. Thus, the model
of the PTI seems to be able to predict the qualitative heating generated by different
samples, and thus allows to rank their photothermal conversion efficiency.

We notice an important difference between the calculated and measured heating.
Several sources of error can be expected here, and it is difficult, with the data at
hand, to identify the most relevant ones. First, there can be differences between
the absorption spectra calculated by DDA and the experimental ones. The effect of
dispersion in size of nanoantennas and inter-particular distance, which can result in
a broadening of the absorption peaks, is not taken into account in the simulation, as
they are conducted on a single unit cell. Also, the surface density of nanoantennas
on the fabricated photothermal interfaces was measured in the center of the sample,
and might not be homogeneous over the 2x2 cm? substrate. It is worth noting
that, in our model, the calculated absorption spectrum of the interface can easily
be replaced by an experimental spectrum, which would cancel these uncertainties.

Other sources of error include the input parameters of the model, such as the
convective coefficients which are not experimentally measured nor controlled. In-
trinsic limitations of the model can also come into play. For example, as this is a
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one dimensional model, the heat losses by the sides of the photothermal interfaces
are neglected.

8
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Figure 5.5: Histogram comparing the measured and calculated heating, under illumina-
tion by a solar spectrum limited to the 0.8-1.5 pm wavelength range, for different nano-
structured photothermal interfaces.

Heating (°C) Measured Calculated Absolute error Relative error
Ni (H=200 nm) 7.3 6.5 —0.8 —11%
Ni (H=50 nm) 2.9 3.8 +0.9 +31%
Au (H=50 nm) 2.3 3.0 +0.7 +30%
Ag (H=50 nm) 2.0 3.0 +1.0 +50%
Al (H=50 nm) 5.3 2.6 —2.7 —51%

Table 5.2: Comparison between the experimental and calculated heating of photothermal
interfaces covered with array of nanocones under illumination by a solar spectrum limited
to the 0.8-1.5 pm wavelength range.

Highlights of the section

In this section, we described the model of a nanostructured photothermal
interface, which allows to calculate the heat flux generated by a PTI under
illumination, based on the geometrical parameters of the nanoantenna array.
We used this model in combination with the equations of thermal transport
to calculate the temperature increase of fabricated photothermal interfaces
under solar infrared illumination. The results obtained through numerical
simulations were then compared to experimental data, to which it showed
quantitative errors but a good qualitative agreement.
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5.5 Model of the thermoelectric generator

The TEG model is made of a stack of layers representing the heat sink, the
ceramic substrates, the metallic contacts and the thermoelectric layer. The latter
is made of an array of NV pairs of n- and p- doped thermoelectric legs with a length
Ljeg, a cross-section Ajq, a thermal conductivity ke, and an electrical resistivity
pPleg- The density of pairs by unit surface d is given by the ratio of N over the total
surface of the TEG Stgrq. The internal electric resistance of a leg and the thermal
conductivity of the thermoelectric layer are expressed respectively as:

- L
Rleg _ pleillegleg (514)
Krp = 2d - Aleg * Kleg (5.15)

A TEG connected to a load resistance Rj generates electric current when a
temperature gradient is present between the hot side (at temperature Ty) and cold
side (at temperature T¢) of the thermoelectric elements. The intensity I of this
current depends on the internal electric resistance and Seebeck coefficient of a leg
(Rieqg and oyeq respectively), according to:

. 2N~aleg (TH — Tc)

I = 5.16
2N - Rjeq+ Ry ( )
Thus, the power output per unit surface Poj;thG generated by the TEG is:
) 2
prEG _ I°- Ry, _ <2N - eg (TH —TC)) Ry, (5.17)
out STEG 2N - Ry + RL STEG

Note that the maximum power output is achieved when the load resistance
matches the internal resistance of the TEG (Rz = 2 N - Ry).

The current flowing through the operating TEG is responsible for heat generation
in the thermoelectric layer by Joule effect:

217N - Ry,

a1, = (5.1
TEG

Because a TEG is also a Peltier module, Peltier effect occurs at the top and
bottom interfaces of the thermoelectric layer, heating the cold side and cooling
down the hot side. The heat flux generated by Peltier effect at the hot and cold
interfaces, designated as Qgeltier and Qgeltier respectively, are expressed as:
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QII_DIeltier =—-2d- Qleg Ty-1 (5.19&)
Qgeltier =2d- Aleg * Tc - I (519b)

To summarize, here is a list of the inputs and outputs of the TEG model:

o Inputs:

1. Properties of a single thermoelectric leg

— Absolute Seebeck coefficient e, (VK™
— Thermal conductivity ey (W m~ 1K)
— Electrical resistivity pjey (2m)
Length Lj., (m)
— Cross-section Aje, (m?)
2. Number of pairs of TE legs N
3. Total surface of the TEG Srpg (m?)
4. Load resistance Ry, ()

5. Temperature of the hot T and cold T contacts (K)

e Outputs:

1. Electrical power PTEC generated by the TEG (W m™?2)

2. Heat power generated in the thermoelectric layer by Joule effect @
(Wm™?)

3. Heat power generated at the hot Qllgeltier and cold Qgeltz‘er side of the
thermoelectric layer by Peltier effect (Wm™2)

TE
Joule

5.6 Coupling of the sub-systems

Finally, to model the complete PVC-PTI-TEG system, the three sub-systems are
coupled owing to the equations of thermal transfer. Figure 5.6 presents the different
steps involved to calculate the output power of the PVC and the TEG.

At the beginning of the process, the whole system is set at ambient temperat-
ure. First, based on the incident solar spectrum and the properties of the PV cell,
photonic simulations using the Moosh code are conducted to compute the optical
absorption in each layer of the cell, as well as the transmitted power. The heat
generated in the PV cell, resulting from photothermal conversion, thermalization
and non-radiative losses, is calculated using the model presented previously.

The optical power transmitted through the PV cell is then used as the incident
optical spectrum in the PTI model. DDA simulations allow to estimate the ab-
sorption in the PTI, which is supposed fully opaque, so that no light is transmitted
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to the TEG. The optical power scattered or reflected by the PTI is assumed to be
lost from the system. As presented in Section 5.4.1, the heat generated in the PTI
results from the photothermal conversion of absorbed optical power.

The model of the TEG is used to calculate the heat generated in the thermo-
electric layer based on the temperatures of the hot and cold side.

Thus, the heat generated in each layer of the system is computed for a given
temperature distribution (which is homogeneous in the first iteration).

The models of the PVC, the PTI and the TEG are placed in thermal contact,
which means that, from the point of view of thermal transfer, the top layer of the
PTT is placed directly below the bottom layer of the PVC, while the bottom layer of
the PTI is placed directly above the top layer of the TEG. In both case, the interface
thermal resistance is neglected and the transfer is assumed to be fully conductive.

MatLab is used to solve the system of coupled equations defining the temper-
ature at each interface, based on the heat generated in each layer. The new set of
temperatures is then used to compute the heat generation. Through an iterative
process, the solver converges towards a set of positive solutions, which are used to
calculate the electrical power generated by the PV cell and the TEG.
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Figure 5.6: Diagram presenting the principle of the multiphysics tool allowing to calcu-
late the electrical power generated by a PVC-PTI-TEG device based on the properties of
its components.
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5.7 Validation of the model by comparison to the
literature

A few models of PV-TE devices have already been reported in the literature
[169, 170, 173, offering opportunity for comparison with our model. However, none
of them include a nanostructured photothermal interface between the PV cell and
the TEG. In this section, we will compare the results obtained with our model to the
results published by Zhou and coworkers in 2018 [174]. In this paper, the authors
describe a 3D multiphysics model of a PV-TE device made of a silicon solar cell, a
thermoelectric generator and a passive heat sink.

Their solar cell is covered by a nanostructured array encapsulated in a EVA
layer, which purpose is to reduce reflection at the air-PVC interface. They use a
Finite Difference Time Domain method to simulate the optical properties of this
layer. In our case, this is replaced by a simple EVA layer. Thus, to account for the
reflection reduction introduced by this nanostructured layer that is not calculated
in our model, we assume that there is no optical reflection, meaning that all the
reflected optical power reaches the active layer of the PV cell.

The PV model used in the paper is more complex than ours, and requires the
input of the doping characteristics of the PV cell. These quantities are difficult to
measure experimentally and are often not included in the papers on photovoltaic
cells. On the other hand, the reference efficiency and temperature coefficient are
routinely measured when characterizing a PV cell. From the data given by Zhou
et al, we are able to deduce that the PVC used in the paper has an efficiency of
11.55 % at 120 °C and a temperature coefficient of -0.056 %/°C. In the paper, it
is assumed that all the optical power reaching the active layer of the PVC is either
converted in electricity or in heat, with no transmission.

To satisty the conditions of absence of reflection and transmission, Equation 5.8b
is modified to:

a trans out

QFV = PLV 4+ pPY 4 pPv. _ pPY(T) (5.20)

where Pf;}/l and PV are the optical power reflected by and transmitted through
the PV cell, respectively.

No modifications are made to the model of the TEG, as both are similar.

Most inputs of the system, such as thickness and thermal conductivity of the
layers, and the parameters of the TEG, are taken directly from the publication.
The ambient temperature is set at 300 K, and the incident optical power is the solar
spectrum with a concentration ratio of 10. However, the emissivity and convection
coefficients are not provided in the paper. In our model, they are set accordingly to
Table 5.3.

Zhou et al. simulated two PV-TE structures:
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Radiative and convective properties

Top surface emissivity € 0.85
Bottom surface emissivity €poitom 0.1
Top surface convective coefficient hy, (Wm™2 K1) 2

Bottom surface convective coefficient hposrom (Wm™2K™1) 120

Table 5.3: Thermal properties used in the simulation of the PVC-TEG device

o A standard structure, in which the PV cell layers are, from top to bottom:
glass, EVA, PV active layer, EVA and tedlar. A TEG made of ceramic, copper
contacts, thermoelectric elements, copper contacts and ceramic is placed just
below the PVC.

e An optimized structure designed to enhanced the thermal contact between
the PV cell and the TEG. In this configuration, the PV cell layers are, from
top to bottom: glass, EVA and PV active layer. The top and bottom ceramic
substrates of the TEG, having low thermal conductivity, have been replaced
by RTV silicone.

We simulated these two structures using our home-made model. The calculated
temperature distributions along the devices are compared to the results of Zhou et al.
in Figure 5.7. For both structures, our model shows a good agreement with the data
from the literature. The main difference is a lower temperature gradient through
the thermoelectric layer in our case. This can result from an underestimation of the
heat generated in the PV cell.

The power outputs of the PV cell and TEG resulting from these temperature
distributions are presented in Table 5.4. For both structures, the power output
of the PV cell is consistent with the paper, which makes sense due to the similar
temperature of the cells. The power output of the TEG is lowered with our model in
both cases, due to the lower temperature gradient through the thermoelectric layer.
For the traditional structure, Zhou et al. calculated a gradient of 25.1 °C, when
ours is only 21.9 °C. Overall, the results of our PV-TE model seems to correspond
to the state-of-the-art in PV-TE simulation.

Output power density (W/m?) PV TE  System

Traditional structure

Zhou et al. 1051.6 112.0 1163.6
This work 1043.5 712 1114.7
Optimized structure

Zhou et al. 1154.5 114.5 1269.0
This work 1166.4 73.2 1239.6

Table 5.4: Comparison between the calculated power outputs by our model and the
model from Zhou et al., for the traditional and optimized structures.
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Figure 5.7: Comparison between the temperature distribution in two PV-TE devices
calculated by Zhou et al. [174], and calculated using the multiphysics model presented
in this work. (A) Scheme of the simulated system and (B) temperature distribution for
a traditional PV-TE device. (C) Scheme of the simulated system and (D) temperature
distribution for an optimized PV-TE device with enhanced thermal coupling.

Highlights of the section

Our home-made multiphysics model of PV-TE devices has been compared to a
state-of-the-art model available in the literature. Based on the data provided
by Zhou et al., two PV-TE structures were simulated: a standard and an
optimized one. In both cases, the temperature distribution in the system
resulting from our calculations is in good agreement with the results of Zhou
et al. The main divergence arises from the temperature gradient through
the TEG, which is smaller in our case, resulting in a significant difference of
thermoelectric output power. However, the output power density of the whole
system calculated using our model is very close to the results presented in the
paper, with a difference of less than 5 % for both structures. These results
validate our approach for the multiphysics simulation of PV-TE devices.
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5.8 Limits and perspectives

The multiphysics model presented in this chapter aims at estimating the power
output of a PV-TE device integrating a nanostructured photothermal interface. It
combines different tools for electromagnetic and photonic simulations, analytical ex-
pressions of the behavior of the PVC, PTT and TEG, and thermal transfer equations.

The PTI and PV-TE components have been validated separately by comparing
experiments and calculations. The results obtained with our model of a PV-TE
device without PTI shows good agreement with state-of-the-art calculations. The
model of the isolated PTI is able to provide qualitative data about the photothermal
efficiency of a nanostructured interface.

The tool we designed relies completely on open-source data and code. It is highly
versatile, as any component of the system is described by a small set of properties

that are accessible in the literature and can be easily modified. Thus, virtually any
PVC-PTI-TEG device could be simulated.

To this day, the main limitations of the model are the following:

o Due to the one dimensional nature of the model, any heat transfer occurring on
the sides of the system is neglected, which could lead to a small overestimation
of the temperature.

e Thermal transfer through radiation is taken into account only for the top and
bottom interfaces. Rigorously, emission of thermal radiation happens at each
layer of the system.

e Only the solar spectrum (concentrated or not) can be used as incident illu-
mination. This is because we define the output power of the PV cell based
on the reference efficiency and temperature coefficient, which are usually de-
termined in standard conditions, i.e. under AM1.5G illumination. Using a
different illumination spectrum would require to know the reference efficiency
and temperature coefficient for this particular spectrum.

o The photovoltaic conversion efficiency of the PV cell is assumed to vary linearly
with temperature, which is only valid in a specific temperature range. This
could be a source of error for simulations under high concentration ratio, which
would result in high temperature of the PV cell.

e The temperature dependence of the refractive indices used for the PVC and
PTTis not taken into account. This could be a source of error, especially for the
active layer of the PVC, which band gap is known to vary with temperature.

e The electromagnetic simulations conducted on a unit cell of the PTI could
be unrepresentative of the collective response of interacting nanoantennas,
especially if they are closely packed. It could be useful to conduct simulations
on pairs of unit cells to verify the lack of interaction.

o The thermal resistance between adjacent layers is neglected.
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Now, this operational multiphysics tool can be used to calculate the power output
of a variety of PVC-PTI-TEG systems, under different environmental conditions. In
the framework of this thesis, the aim would be to identify the best photothermal in-
terface for a given PV-TE device. By varying the parameters of the interface (shape,
dimension, composition and density of nanoantennas, thickness and composition of
the substrate and encapsulant), it will be possible to identify the optimal design of
nanostructured photothermal interface. But this model can be used more widely,
to identify the best TEG for a specific PV cell, or inversely, with or without PTI.
The environment can also be modified by changing the ambient temperature and
convection coefficient, in order to simulate system with or without heat sink or air
flow.

5.9 Conclusion

In this chapter, we have presented a multiphysics tool for PV-TE devices in-
cluding a nanostructured photothermal interface. The models of the photovoltaic
cell, the photothermal interface and the TEG have been described separately before
being thermally and optically coupled.

Our model is able to calculate the heat flux generated by fabricated PTIs under
solar infrared illumination, considering the geometrical parameters of the nanoan-
tenna arrays. By combining the PTI model with thermal transport equations, this
allowed us to determine the heating of these photothermal interfaces. We compared
the results to the experimental data to assess the validity of our approach. Al-
though there were quantitative errors when comparing our numerical simulations to
experimental data, we achieved a good qualitative agreement.

Furthermore, we compared our home-made multiphysics model with a state-of-
the-art model available in the literature. Our model demonstrated excellent agree-
ment in terms of the temperature distribution in the system. The main divergence
arose from the temperature gradient through the TEG, resulting in a significant
difference in thermoelectric output power. However, when considering the output
power density of the entire system, our model yielded results within 5% of those

presented in the literature, thus validating our approach for the multiphysics simu-
lation of PV-TE devices.

With the operational multiphysics tool we have developed, we can now calculate
the power output of various PVC-PTI-TEG systems under different environmental
conditions. The primary objective within the scope of this thesis is to identify
the optimal photothermal interface for a given PV-TE device. By systematically
varying the parameters of the interface, such as shape, dimension, composition, and
density of nanoantennas, as well as the substrate and encapsulant thickness and
composition, we can determine the ideal design of a nanostructured photothermal
interface.

Moreover, our multiphysics model has broader applications beyond the specific
optimization of the PV-TE device. It can be used to identify the best TEG for
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a particular PV cell or vice versa, with or without the inclusion of a PTI. This
versatility makes our model a valuable tool for studying various configurations and
optimizing the performance of PV-TE devices in different settings.
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This thesis has explored the integration of photothermal interfaces based on ther-
moplasmonic nanoantennas into photovoltaic-thermoelectric cogeneration systems,
with the aim of enhancing their conversion efficiency. To this purpose, we took a
multiscale approach, starting from the simulation of isolated nanoantennas before
fabricating and characterizing large-scale photothermal interface, to finally model
the behavior of a complete PVC-PTI-TEG device. The work undertaken in each
chapter is summarized in the following section.

Main results

In the introductory chapter, the context of the global energy demand and the sig-
nificance of self-sustaining energy systems were outlined. The limitations of single-
junction photovoltaic cells were discussed, leading to the proposal of a PV-TE co-
generation system as a potential solution. The concept of utilizing photothermal
interfaces composed of thermoplasmonic nanoantennas was introduced as a means
to enhance the efficiency of this integrated energy device.

Chapter 2 provided an overview of the numerical and experimental methodolo-
gies employed throughout the thesis. These methods encompassed electromagnetic
simulations, nanofabrication techniques, and characterization methods, forming the
foundation for the subsequent investigations.

The third chapter delved into the electromagnetic simulations of isolated nanoan-
tennas, aiming to identify optimal structures for solar infrared absorption. Various
shapes, sizes, and compositions of nanoantennas were explored through simulations,
and the nickel diabolo geometry was highlighted as particularly promising. The
impact of fabrication defects on the optical properties of nanoantennas was also ex-
amined, showing the necessity to precisely control their lateral dimensions in order
to achieve the desired optical response.

Chapter 4 shifted focus to the experimental fabrication of large-scale photo-
thermal interfaces using hole-mask colloidal lithography. Truncated cone nanoan-
tennas were fabricated, and their optical and heating properties were characterized.
The influence of factors such as substrate materials, nanoantenna height, and com-
position on photothermal efficiency was investigated. A temperature of 35 °C un-
der solar infrared illumination was measured for the PTI covered with 200 nm-high
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nickel nanocones. Taking into account the surface density of each sample, aluminum
nanocones were identified has the most efficient photothermal converters among the
studied nanoantennas. This chapter laid the groundwork for understanding the
practical aspects of incorporating photothermal interfaces in PV-TE systems.

The fifth chapter presented a multiphysics model of the entire PV-TE device,
including the photovoltaic cell, photothermal interface, and thermoelectric gener-
ator. This model combined optical simulations, thermal transport equations, and
thermoelectric modeling to estimate the electrical power output of the integrated
system. The model was validated through comparison with experimental data and
existing literature, demonstrating its capability to predict the behavior of PV-TE
devices incorporating photothermal interfaces.

In summary, this thesis has advanced the understanding of the potential bene-
fits of incorporating thermoplasmonic nanoantenna-based photothermal interfaces in
PV-TE cogeneration systems. By combining numerical simulations, experimental
characterizations, and multiphysics modeling, valuable insights have been gained
into the design, fabrication, and optimization of photothermal interfaces. This re-
search paves the way for the development of more efficient and sustainable energy
conversion technologies.

Perspectives

Optimization of the design through electromagnetic simula-
tion

We have seen in chapter 4 that the substrate plays an important role in the op-
tical response of photothermal interfaces. Adding the substrate in DDA simulation
drastically increases the computation time, but it would allow to better estimate the
absorbed power of actual interfaces, and identify the optimal nanoantenna-substrate
couple for a given application. This principle also holds true for the addition of a
capping layer. Moreover, numerical simulation could be leverage to explore the im-
pact of the nanoantennas surface density on the optical properties of photothermal
interfaces, thus providing guidelines for the fabrication of optimal interfaces.

Fabrication of high-quality photothermal interfaces

There are promising avenues for enhancing the fabrication of nanostructured
photothermal interfaces. Achieving better control over the colloidal lithography
process could lead to an increase in the density of nanoantenna arrays, consequently
boosting the absorbed solar power. Further advancements could be made by lever-
aging nanoimprint lithography to rapidly fabricate a multitude of samples covered
with complex-shaped nanoantennas, such as the diabolo geometry, which holds the
potential for superior solar absorption efficiency. Encapsulation of the nanoanten-
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nas is of paramount importance, necessitating the development or adaptation of a
thin-film deposition process compatible with the identified optimal encapsulation
material. These refinements in fabrication methods hold the promise of improving
the performance of photothermal interfaces, thus propelling the overall efficiency of
photovoltaic-thermoelectric cogeneration systems.

Characterization

Quantification of the optical response of fabricated nanostructured interfaces is of
crucial importance to validate simulation results, and to fully understand the phys-
ical phenomena occurring during photothermal conversion. Spectroscopy studies
with the help of an integrating sphere would be very helpful in precisely measuring
absorption, reflection, transmission and scattering spectra. As discussed in Section
4.6, it would also be interesting to measure the heating of photothermal interfaces
with different substrates and capping layer, but it is first necessary to overcome the
issue of substrates with rough back surfaces, by high-quality polishing for example.

Using the multiphysics model

Regarding the multiphysics model, while there is room for refinement, the im-
mediate focus lies on capitalizing on its versatility to explore diverse optimization
strategies and examine various avenues for enhancement of PV-TE cogeneration.
One approach involves fixing the parameters of a photovoltaic cell and subsequently
optimizing the parameters of the photothermal interface and thermoelectric gen-
erator, which could be used to discern whether the performance gains achieved
through the integration of PVC-PTI-TEG systems warrant the associated costs in
comparison to the performance of the standalone PVC. This targeted approach not
only allows for a comprehensive assessment of the effectiveness of the combined sys-
tem but also facilitates the identification of the most promising configurations for
practical implementation. Additionally, the model’s versatility extends to explor-
ing optimal substrate and capping materials for a given PVC-TEG combination.
This broader exploration could uncover materials that enhance overall system per-
formance, instead of merely focusing on the temperature of the standalone PTI,
by addressing factors such as thermal conductivity and optical properties, further
contributing to the advancement of efficient photovoltaic-thermoelectric devices.
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Appendix A

Inputs and outputs of
electromagnetic simulations on
isolated nanoantennas

In Chapter 3, we presented electromagnetic numerical simulations of isolated
nanoantennas of various shapes, dimensions and composition. In this section, we
present the refractive indices used to simulate the different materials, as well as the
complete list of simulation results obtained for isolated nanoantennas.

A.1 Refractive indices of the simulated materials

The dielectric functions of the studied materials were taken from Rakié et al.
[122] and are represented in Figure A.1.
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Figure A.1: Refractive index (n) and extinction coefficient (k) of the materials used in
the simulation, from Raki¢ et al. [122].

A.2 Detailed simulation results

Table A.1 gathers all the results from the DDA simulations used in Chapter 3.
All particles have a height of 150 nm. The absorbed power is calculated based on the
simulated absorption cross-section and the AM 1.5G spectra. The absorption per
unit surface is the absorbed power divided by the footprint of the particle on a sub-
strate. The absorption-over-scattering ratio is calculated by dividing the absorbed
power by the scattered power of the antenna.

Table A.1: Results of the optical simulations using the DDA method. The simulations
were performed on 150 nm-high isolated particles under AM1.5G solar infrared (0.875-2.5
pm) illumination.

Shape Material Dimensions (nm) Lattice Volume Absorbed Absorption/ Absorption
spacing (um?) power scattering per unit
(nm) (PW) power surface
ratio (nW/pm?)
Cone Ni 1000 - 890 10 0.106 97 0.18 0.12
Cone Ni 110 -0 5 0.001 1 8.92 0.06
Cone Ni 150 - 40 5 0.001 2 4.01 0.1
Cone Ni 200 - 90 5 0.003 5 1.81 0.16
Cone Ni 300 - 190 10 0.008 20 0.73 0.28
Cone Ni 300 - 190 5 0.007 17 0.64 0.25
Cone Ni 400 - 100 10 0.009 39 0.67 0.31
Cone Ni 400 - 150 10 0.01 38 0.61 0.3
Cone Ni 400 - 290 5 0.014 32 0.39 0.25
Cone Ni 500 - 100 10 0.013 56 0.53 0.28
Cone Ni 500 - 140 10 0.014 54 0.5 0.28
Cone Ni 500 - 200 10 0.016 52 0.46 0.27
Cone Ni 500 - 390 5 0.024 44 0.3 0.22
Diabolo Ag 540x540 - 300x50 10 0.014 36 0.25 0.37
Diabolo Al 540x540 - 300x50 10 0.014 33 0.23 0.34
Diabolo Au 540x540 - 300x50 10 0.014 38 0.29 0.4
Diabolo Cr 540x540 - 300x50 10 0.014 85 1.08 0.88
Diabolo Cu 540x540 - 300x50 10 0.014 36 0.26 0.37
Diabolo Ni 100x100 - 50x50 5 0.001 3 4.64 0.33
Diabolo Ni 200x200 - 100x100 5 0.004 18 1.17 0.66
Diabolo Ni 200x200 - 50x50 5 0.004 21 1.61 0.88
Diabolo Ni 300x300 - 100x100 5 0.008 40 0.81 0.73
Diabolo Ni 300x300 - 100x50 5 0.007 42 1.19 0.97
Diabolo Ni 300x300 - 50x100 5 0.009 39 0.76 0.67
Diabolo Ni 300x300 - 50x50 5 0.008 41 1 0.81
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nanoantennas
Shape Material Dimensions (nm) Lattice Volume Absorbed Absorption/ Absorption
spacing (pm?) power scattering per unit
(nm) (pW) power surface
ratio (nW/um?)
Diabolo Ni 400x100 - 100x50 5 0.004 27 1.12 0.97
Diabolo Ni 400x100 - 200x50 5 0.004 27 1.21 1.07
Diabolo Ni 400x100 - 300x50 5 0.003 27 1.25 1.18
Diabolo Ni 400x200 - 100x50 5 0.006 34 1.17 0.79
Diabolo Ni 400x200 - 200x50 5 0.005 33 1.35 0.94
Diabolo Ni 400x200 - 300x50 5 0.004 32 1.51 1.18
Diabolo Ni 400x300 - 100x50 5 0.009 44 1.04 0.77
Diabolo Ni 400x300 - 200x50 5 0.007 43 1.25 0.96
Diabolo Ni 400x300 - 300x50 5 0.005 46 1.81 1.42
Diabolo Ni 400x400 - 200x200 5 0.016 52 0.49 0.48
Diabolo Ni 400x400 - 300x100 5 0.009 64 1.17 1.05
Diabolo Ni 400x400 - 300x300 10 0.024 50 0.33 0.32
Diabolo Ni 400x400 - 300x50 5 0.006 61 1.62 1.44
Diabolo Ni 400x400 - 50x300 5 0.022 47 0.33 0.32
Diabolo Ni 400x400 - 50x50 5 0.013 56 0.74 0.63
Diabolo Ni 400x500 - 300x100 10 0.011 74 1.21 1
Diabolo Ni 400x500 - 300x300 10 0.022 65 0.46 0.44
Diabolo Ni 400x540 - 300x300 10 0.023 73 0.55 0.48
Diabolo Ni 400x540 - 300x50 10 0.008 67 1.43 1.24
Diabolo Ni 400x600 - 300x300 10 0.023 79 0.61 0.51
Diabolo Ni 500x300 - 100x100 10 0.015 49 0.62 0.48
Diabolo Ni 500x300 - 100x200 10 0.017 60 0.64 0.54
Diabolo Ni 500x300 - 200x100 10 0.014 49 0.68 0.53
Diabolo Ni 500x400 - 100x100 10 0.019 60 0.6 0.49
Diabolo Ni 500x400 - 300x300 10 0.027 52 0.31 0.29
Diabolo Ni 500x500 - 100x50 5 0.018 66 0.65 0.54
Diabolo Ni 500x500 - 200x50 5 0.015 66 0.73 0.66
Diabolo Ni 500x500 - 300x300 10 0.029 63 0.36 0.33
Diabolo Ni 500x500 - 300x50 5 0.012 70 0.95 0.91
Diabolo Ni 500x540 - 300x300 10 0.029 70 0.39 0.36
Diabolo Ni 500x600 - 300x100 10 0.018 78 0.77 0.67
Diabolo Ni 500x600 - 300x300 10 0.03 76 0.43 0.38
Diabolo Ni 50x50 - 25x25 5 0 0 19.12 0.19
Diabolo Ni 540x400 - 300x300 10 0.029 53 0.3 0.27
Diabolo Ni 540x500 - 300x300 10 0.031 65 0.35 0.31
Diabolo Ni 540x540 - 100x100 10 0.026 71 0.52 0.41
Diabolo Ni 540x540 - 100x200 10 0.03 71 0.42 0.35
Diabolo Ni 540x540 - 100x300 10 0.036 68 0.33 0.29
Diabolo Ni 540x540 - 100x50 10 0.022 73 0.64 0.49
Diabolo Ni 540x540 - 200x100 10 0.022 73 0.6 0.5
Diabolo Ni 540x540 - 200x200 10 0.028 71 0.44 0.38
Diabolo Ni 540x540 - 200x300 10 0.034 68 0.34 0.3
Diabolo Ni 540x540 - 200x50 10 0.019 72 0.7 0.58
Diabolo Ni 540x540 - 300x100 10 0.019 76 0.72 0.62
Diabolo Ni 540x540 - 300x200 10 0.025 76 0.53 0.45
Diabolo Ni 540x540 - 300x300 10 0.032 69 0.36 0.32
Diabolo Ni 540x540 - 300x50 10 0.014 75 0.89 0.78
Diabolo Ni 540x540 - 50x100 10 0.027 73 0.51 0.4
Diabolo Ni 540x540 - 50x200 10 0.032 71 0.41 0.34
Diabolo Ni 540x540 - 50x300 10 0.037 69 0.33 0.28
Diabolo Ni 540x540 - 50x50 10 0.025 74 0.58 0.44
Diabolo Ni 540x600 - 300x300 10 0.033 76 0.4 0.34
Diabolo Ni 600x300 - 100x100 10 0.018 51 0.59 0.41
Diabolo Ni 600x400 - 300x300 10 0.033 55 0.29 0.25
Diabolo Ni 600x500 - 300x300 10 0.035 67 0.33 0.29
Diabolo Ni 600x540 - 300x300 10 0.036 71 0.35 0.3
Diabolo Ni 600x600 - 300x300 10 0.038 76 0.36 0.3
Diabolo Ni 600x600 - 300x50 10 0.019 80 0.73 0.63
Diabolo Ti 540x540 - 300x50 10 0.014 85 1.44 0.88
Diabolo TiN 540x540 - 300x50 10 0.014 78 1.12 0.8
Disk Ni Ddisk=100 5 0.001 1 4.37 0.14
Disk Ni Ddisk=200 5 0.005 8 0.9 0.24
Disk Ni Ddisk=250 10 0.007 15 0.79 0.3
Disk Ni Ddisk=300 10 0.011 21 0.47 0.3
Disk Ni Ddisk=350 10 0.014 30 0.48 0.31
Disk Ni Ddisk=400 10 0.019 35 0.33 0.28
Disk Ni Ddisk=50 5 0 0 13.83 0.08
Disk Ni Ddisk=540 10 0.034 51 0.25 0.22
Disk Ni Ddisk=600 10 0.042 57 0.23 0.2
Pad Ag 540x540 10 0.044 6 0.02 0.02
Pad Al 540x540 10 0.044 11 0.03 0.04
Pad Au 540x540 10 0.044 7 0.02 0.03
Pad Cr 540x540 10 0.044 78 0.32 0.27
Pad Cu 540x540 10 0.044 7 0.02 0.02
Pad Ni 100x100 10 0.002 2 3.25 0.18
Pad Ni 200x200 10 0.006 12 0.65 0.31
Pad Ni 300x300 10 0.014 29 0.35 0.32
Pad Ni 400x400 10 0.024 42 0.26 0.26
Pad Ni 500x500 10 0.038 53 0.22 0.21
Pad Ni 50x50 10 0 0 11.59 0.1
Pad Ni 540x540 10 0.044 57 0.21 0.2
Pad Ni 600x600 10 0.054 63 0.2 0.18
Pad Ti 540x540 10 0.044 86 0.39 0.3
Pad TiN 540x540 10 0.044 66 0.26 0.23
Rod Ag 540x50 10 0.004 4 0.07 0.16
Rod Al 540x50 10 0.004 3 0.04 0.13
Rod Au 540x50 10 0.004 6 0.1 0.22
Rod Cr 540x50 10 0.004 32 1.3 1.19
Rod Cu 540x50 10 0.004 5 0.07 0.17
Rod Ni 1000x100 5 0.015 33 0.52 0.33
Rod Ni 1000x200 5 0.03 43 0.35 0.21
Rod Ni 1000x50 5 0.008 31 0.82 0.62
Rod Ni 1080x100 10 0.016 32 0.52 0.3
Rod Ni 125x25 5 0.001 1 6.06 0.21
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Appendix A. Inputs and outputs of electromagnetic simulations on isolated
nanoantennas

Shape Material Dimensions (nm) Lattice Volume Absorbed Absorption/ Absorption
spacing (pm?) power scattering per unit
(nm) (PW) power surface
ratio (nW/pum?)
Rod Ni 250x50 5 0.002 12 1.29 0.95
Rod Ni 300x50 5 0.002 17 1.15 1.15
Rod Ni 400x50 5 0.003 25 1.03 1.23
Rod Ni 500x100 5 0.008 28 0.57 0.57
Rod Ni 500x50 5 0.004 29 0.98 1.15
Rod Ni 500x75 5 0.006 28 0.76 0.76
Rod Ni 540x100 10 0.008 29 0.56 0.53
Rod Ni 540x50 10 0.004 28 1.01 1.05
Rod Ni 600x100 5 0.009 31 0.54 0.51
Rod Ni 600x100 10 0.009 30 0.55 0.5
Rod Ni 600x50 10 0.005 29 0.98 0.97
Rod Ni 810x75 10 0.009 29 0.64 0.47
Rod Ti 540x50 10 0.004 29 1.77 1.08
Rod TiN 540x50 10 0.004 28 1.34 1.04
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Chapitre 1

Contexte, motivations et objectifs

1.1 Limites des cellules photovoltaiques mono-
jonctions

Les cellules photovoltaiques (PV) sont des dispositifs optoélectroniques capables
d’absorber de la lumiere et de la convertir en énergie électrique. Parmi les différentes
technologies de cellules PV, les plus répandues sont les cellules mono-jonctions, qui
utilisent un unique matériau semi-conducteur. Les matériaux couramment utilisés
comprennent des semi-conducteurs inorganiques tels le silicium (Si), 'arséniure de
gallium (GaAs), le sélénium de cuivre-indium-gallium (CIGS) et le tellurure de cad-
mium (CdTe). Les électrons dans les semi-conducteurs existent dans deux bandes :
la bande de valence et la bande de conduction, séparées par une plage d’énergie
appelée la bande interdite (£,). Une énergie au moins égale a Eg est nécessaire pour
déplacer un électron de la bande de valence a la bande de conduction. La valeur de
la bande interdite détermine en grande partie la réponse a la lumiere des cellules
photovoltaiques mono-jonctions, et donc leur efficacité de photo-conversion.

Lorsque des photons avec une énergie E,, supérieure a la bande interdite at-
teignent la cellule, ils peuvent exciter les électrons de la bande de valence vers la
bande de conduction, générant des paires électron-trou. La séparation et collection
sélective de ces porteurs de charge permet de créer un courant électrique. Cepen-
dant, l'exces d’énergie (E,;, — Ey4) est perdu sous forme de chaleur, ce qui a pour
effet de chauffer la cellule. Ce phénomene est appelé thermalisation et est représenté
en bleu sur la Figure 1.1A. De plus, les photons dont ’énergie est inférieure a la
bande interdite ne sont simplement pas absorbés par le semi-conducteur (en rouge
sur la Figure 1.1A), et ne participent donc pas a la génération d’électricité.

Seule une fraction du spectre solaire incident est donc converti par les cellules
mono-jonctions. La limite de Shockley-Queisser [6] établit Iefficacité maximale pos-
sible d’'une cellule PV mono-jonction avec une bande interdite donnée, dans des
conditions standard (illumination par le spectre solaire AM1.5G, cellule refroidie a
25 °C), en prenant notamment en compte les effets de thermalisation des photons
de haute énergie et la non-absorption des photons de basse énergie. Par exemple, les
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1.1. Limites des cellules photovoltaiques mono-jonctions
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Figure 1.1 : Limitations intrinséques des cellules photovoltaiques mono-jonctions. (A)
Spectre du rayonnement solaire AM1.5G montrant I’énergie maximale convertie par une
cellule solaire GaAs avec Eg = 1,42 €V, selon la limite de Shockley-Queisser (en vert) et
les pertes intrinseques de la cellule (thermalisation, en bleu; non-absorption, en rouge)
avec les processus de perte correspondants schématisés dans ’encart. Réimprimé avec la
permission de ACS Appl. Energy Mater. 2023, 6, 4, 2128-2133. Copyright 2023 Ameri-
can Chemical Society. (B) Efficacité de conversion maximale des cellules solaires mono-
jonctions en fonction de leur bande interdite, selon la limite de Shockley-Queisser (ligne
noire), et efficacité record en 2020 pour plusieurs matériaux, adapté de [5].
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Chapitre 1. Contexte, motivations et objectifs

cellules solaires a base de GaAs sont limitées a une efficacité de 33 % en raison de la
valeur de leur bande interdite, comme illustré en Figure 1.1B. Les performances des
cellules photovoltaiques actuelles (29,1 % de rendement pour GaAs [2]) approchent
de la limite théorique de Shockley-Queisser (courbe noire sur la Figure 1.1B), ce qui
réduit le gain en rendement encore possible.

Une autre limitation a laquelle font face les cellules PV est leur perte d’efficacité
avec I'augmentation de la température. En effet, la chaleur provenant de la ther-
malisation conduit a une hausse de température de la cellule en fonctionnement, ce
qui a un impact négatif sur les performances de la plupart des cellules inorganiques.
A mesure que la température augmente, 'efficacité de la cellule PV diminue en
raison de la recombinaison accrue des paires électron-trou [7, 8]. Des températures
élevées entrainent également une dégradation des matériaux composants la cellule,
réduisant sa durée de vie.

Le choix d’une bande interdite implique un compromis entre I’absorption efficace
des photons et les pertes par thermalisation, ce qui aboutit a une bande interdite
optimale pour chaque application.

1.2 Principe de la cogénération photovoltaique-
thermoélectrique

Le concept de cogénération photovoltaique-thermoélectrique (PV-TE) remonte
au début du 21°™¢ siecle, lorsque la combinaison des technologies photovoltaique et
thermoélectrique fut explorée dans le but de surpasser les limites intrinseques des
cellules PV [53]. L’idée est d’utiliser un générateur thermoélectrique, un disposi-
tif capable de générer de I’énergie électrique lorsqu’il est parcouru par un flux de
chaleur, afin de récupérer les pertes thermiques de la cellule PV.

Les générateurs thermoélectriques (TEG) fonctionnent grace a l'effet Seebeck,
qui dicte qu'un gradient de température au sein d’'un thermocouple, i.e. une jonc-
tion de deux matériaux, I'un dopé N et 'autre dopé P, peut produire une tension
électrique [47]. Les TEGs sont faits d’une série de thermocouples connectés élec-
triquement en série et thermiquement en parallele, comme présenté sur la Figure
1.2.

TH
|
' ~—Contact chaud
Elements
thermoélectriques ___—Contact froid

Lres |—|B |

Figure 1.2 : Schéma d’un TEG générant un courant électrique sous 'effet d’un gradient
de température lorsqu’il est connecté a une résistance Ry.
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1.2. Principe de la cogénération photovoltaique-thermoélectrique

Dans la configuration de couplage direct, le TEG est positionné sous la cellule
PV, en contact physique avec celle-ci, et un dissipateur thermique est généralement
placé en dessous. La lumiére incidente interagit donc en premier lieu avec la cellule
PV, dont la température augmente. Le TEG voit alors un gradient thermique s’éta-
blir entre le coté chaud (cellule PV) et le coté froid (dissipateur thermique), ce qui
lui permet de générer une tension électrique. Le dispositif PV-TE est ainsi capable
de générer une puissance électrique supérieure a celle de la cellule PV seule [54].

L’interface physique entre la cellule PV et le TEG joue un role crucial dans les
performances du dispositif. Une interface bien congue peut considérablement amé-
liorer l'efficacité globale du systeme intégré, principalement grace a une conduction
thermique optimisée et une disponibilité d’énergie thermique accrue [57].

Une conduction thermique efficace a travers l'interface photovoltaique-
thermoélectrique est essentielle pour maintenir les températures de fonctionnement
optimales des deux composants en permettant un transfert de chaleur efficace entre
la cellule PV et le TEG. Il a été montré que réduire la résistance thermique a
I'interface PV-TE permet d’augmenter considérablement la puissance de sortie du
dispositif [67]. Cette réduction de la résistance thermique permet une meilleure ex-
traction de chaleur de la cellule PV, abaissant sa température, tout en augmentant
la température du c6té chaud du TEG, ce qui est généralement bénéfique pour les
performances du dispositif PV-TE.

Une autre approche pour améliorer l'efficacité de conversion d’un systeme PV-
TE consiste a exploiter au maximum I’énergie du spectre solaire. Les cellules PV
sont en grande partie transparentes aux photons en dessous de 1’énergie de bande
interdite, ce qui limite la quantité d’énergie exploitable par le systeme. En opti-
misant 'interface, il est possible d’augmenter I’énergie thermique disponible pour
le TEG en utilisant des mécanismes de conversion photothermique. Les interfaces
photothermiques (PT1Is) capturent efficacement un spectre plus large de lumiere inci-
dente, convertissant une partie en énergie thermique, qui peut ensuite étre canalisée
efficacement vers le TEG, comme illustré en Figure 1.3. Cette énergie thermique
supplémentaire renforce le gradient de température a travers le TEG, améliorant
ainsi son efficacité de conversion thermoélectrique [68, 69].

En résumé, l'interface physique entre la cellule photovoltaique et le générateur
thermoélectrique est un élément-clé pour améliorer les performances des dispositifs
de cogénération photovoltaique-thermoélectrique. L’optimisation de la conduction
thermique et 'augmentation de 1’énergie thermique disponible grace a l'ingénierie
d’interface ouvrent la voie a des efficacités de conversion énergétique globale plus
élevées. Par conséquent, une exploration approfondie de la conception de l'interface
et de son impact sur le systeéme intégré est essentielle pour réaliser le plein potentiel
de cette technologie.
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Chapitre 1. Contexte, motivations et objectifs

Brje

Figure 1.3 : Schéma d’un dispositif hybride photovoltaique-thermoélectrique, compre-
nant une interface photothermique nanostructurée pour convertir le rayonnement solaire
infrarouge en chaleur. Dans le dispositif réel, les trois composants sont en contact phy-
sique. Réimprimé avec la permission de ACS Appl. Energy Mater. 2023, 6, 4, 2128-2133.
Copyright 2023 American Chemical Society.

1.3 Interface photothermique nanostructurée

Différents types d’interfaces PV-TE ont été étudiés dans la littérature. Nous
proposons ici une nouvelle approche basée sur 1'utilisation de nanoantennes thermo-
plasmoniques.

Les nanoantennes plasmoniques sont connues pour leurs propriétés optiques par-
ticulieres. Lorsqu’une nanoparticule interagit avec certaines longueurs d’ondes du
spectre lumineux, les électrons libres présents dans la nanoparticule peuvent os-
ciller de maniere collective [74, 75]. Cette résonance plasmonique induit une forte
absorption optique aux longueurs d’ondes considérées. La fréquence de résonance
dépend de la forme, taille et composition de la nanoparticule, ainsi que de la nature
du milieu environnant [97]. L’énergie ainsi absorbée par une nanoantenne peut étre
convertie sous forme de chaleur pour augmenter sa température [99, 100], d’ou le
nom de nanoantenne thermoplasmonique.

Les nanoantennes plasmoniques combinent une forte absorption et une taille ré-
duite, ce qui est idéal pour leur intégration au sein de dispositifs PV-TE. En effet, la
puissance optique absorbée, convertie en chaleur, permet d’augmenter la tempéra-
ture au contact chaud du TEG, tandis qu'une faible épaisseur permet de réduire la
résistance thermique entre la cellule PV et le TEG. De plus, leurs spectres d’absorp-
tion peuvent étre facilement adaptés en modifiant leur forme, taille ou composition,
ce qui permet de les faire correspondre au spectre solaire incident.
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Chapitre 2

Méthodes expérimentales et
numériques

2.1 Simulations électromagnétiques par la mé-
thode DDA

L’Approximation Dipolaire Discrete (Discrete Dipole Approximation ou DDA,
en anglais) est une méthode numérique utilisée pour étudier la diffusion de la lumiére
par des nanoparticules complexes et irrégulieres. Elle offre une approche efficace pour
modéliser les interactions entre les champs électromagnétiques et les structures na-
nométriques, permettant ainsi d’obtenir des informations précises sur les propriétés
optiques et les champs électromagnétiques a ’échelle nanométrique.

La méthode DDA consiste a discrétiser la cible de simulation en un réseau de di-
poles polarisables. Chaque dipole est traité comme une source élémentaire de rayon-
nement électromagnétique et est caractérisé par sa position et son indice de réfrac-
tion complexe. L’oscillation du moment dipolaire de chaque dipdle est déterminée
par la polarisabilité du dipdle et le champ électrique local, qui résulte de I'interac-
tion entre 'onde électromagnétique incidente et les champs électriques induits par
les dipoles voisins. La somme des contributions de tous les dipdles permet de dé-
terminer le champ électromagnétique aux alentours et au sein de la nanoparticule,
et ainsi de remonter a ses spectres de sections efficaces d’absorption et de diffusion
[119, 120, 121].

La méthode DDA présente des avantages significatifs dans la modélisation de la
diffusion de la lumiére par des structures complexes. Elle peut traiter des objets de
formes irrégulieres, ce qui est particulierement important pour les nanoparticules
dont la géométrie peut étre tres variable. De plus, sa mise en ceuvre est relativement
simple et elle permet de gérer un grand nombre de dipdles, ce qui est crucial pour
capturer les détails a 1’échelle nanométrique. Cependant, la méthode DDA présente
également des limites. L’une des principales difficultés réside dans la modélisation
précise des interactions entre les dipdles qui sont tres proches les uns des autres. De
plus, I'obtention de la convergence du calcul peut nécessiter un grand nombre de
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A Avec casquette
Métal
— — — — — — - -

Substrat métallique

B Sans casquette

o Métal .

—
Substrat métallique

Figure 2.1 : Schéma illustrant le processus de lift-off avec (A) une résine structurée avec
casquette, conduisant & un décollement réussi, et (B) une résine structurée sans casquette,
empéchant le détachement du métal indésirable apreés dissolution de la résine.

dipdles, ce qui peut entrainer des temps de calcul importants, en particulier pour
des structures volumineuses.

Dans le cadre de cette these, nous utilisons la méthode DDA pour calculer les
spectres d’absorption et de diffusion de nanoparticules isolées, a partir du code
libre DDSCAT [120]. Cette méthode nous permet d’étudier en détail les réponses
optiques de nanoantennes de volume réduit (inférieur a 0,1 pm_3), en générant des
simulations avec une résolution élevée et un nombre de dipdles limité pour des durées
de calcul raisonnables. Nous avons également effectué plusieurs simulations sur des
systemes composés d’une nanoantenne placée sur un substrat mince. Cependant, en
raison du grand nombre de dipoles nécessaires pour simuler le substrat, nous avons
limité le nombre de ces calculs chronophages.

2.2 Techniques de nanofabrication

Au cours de cette these, des échantillons recouverts de nanoantennes métalliques
ont été réalisés en utilisant différentes techniques. Cette section décrit le procédé de
lift-off permettant de transférer un motif depuis une résine vers un substrat, ainsi
que les deux principales techniques de nanofabrication utilisées dans ces travaux de
these pour structurer la résine, a savoir la lithographie électronique et la lithographie
colloidale.

2.2.1 Le procédé de lift-off

Le procédé de lift-off est largement employé en micro- et nanofabrication, pour
la création de motifs métalliques sur un substrat. Tout d’abord, cette technique né-
cessite que le substrat soit recouvert d’une résine, préalablement structurée par pho-
tolithographie ou a I'aide d’autres techniques de structuration. Ensuite, une couche
métallique est déposée a la fois sur la couche de résine et sur le substrat conformé-
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2.2. Techniques de nanofabrication

ment au motif prédéfini. Enfin, la résine est dissoute, entrainant le décollement du
métal indésirable pour ne laisser que le motif souhaité sur le substrat.

Un aspect essentiel de la technique de lift-off réside dans le profil en casquette
de la résine structurée, visible sur la Figure 2.1A. Ce profil est souvent créé par la
technique de lithographie ou le processus de gravure, et est nécessaire pour obte-
nir un film métallique discontinu en empéchant le dépot de métal sur les cotés des
ouvertures structurées. Sans cette casquette, la couche indésirable de métal qui de-
vrait étre retirée resterait fixée au substrat et ne pourrait pas étre éliminée, comme
illustré dans la Figure 2.1B.

2.2.2 La lithographie électronique

La lithographie électronique est une technique de fabrication utilisée pour pro-
duire des structures et des motifs a 1’échelle nanométrique. Le principe de cette
technique est schématisé en Figure 2.2. Elle consiste a focaliser un faisceau d’élec-
trons sur un substrat, préalablement recouvert d’une couche de résine électrosensible.
Lorsque le faisceau d’électrons traverse la résine, il provoque des changements chi-
miques qui modifient sa solubilité. La résine est ensuite développée pour révéler le
motif souhaité, qui peut étre transféré sur le substrat sous-jacent grace a un proces-
sus tel que la gravure ou le lift-off. La lithographie électronique est une technique
d’écriture directe, car elle ne nécessite pas l'utilisation d’'un masque pour transférer
les motifs sur le substrat. Son principal avantage réside dans sa capacité a créer des
structures haute résolution avec des tailles de motifs dans la plage nanométrique, ce
qui en fait un outil précieux pour des applications telles que la production de circuits
intégrés et la fabrication de dispositifs nanométriques. Cependant, la lithographie
électronique est généralement plus lente et plus coliteuse que d’autres formes de
lithographie. De plus, elle nécessite un équipement spécialisé ainsi qu’'un environne-
ment de salle blanche, ce qui peut encore augmenter le cotit de fabrication. Dans le

cadre de cette these, la fabrication par lithographie électronique a été entreprise au
sein de la salle blanche du LAAS.
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Figure 2.2 : Schéma représentant la structuration d’une résine électrosensible par litho-
graphie électronique.

2.2.3 La lithographie colloidale

La lithographie colloidale permet la fabrication de surfaces nanostructurées par
l'auto-assemblage de particules colloidales chargées [123], comme présenté sur la
Figure 2.3. Ces particules, typiquement des billes de polystyrene chargées négati-
vement, sont dispersées dans un solvant puis déposées sur un substrat recouvert
d’une résine chargée positivement. Les billes s’auto-arrangent sous 'effet de la gra-
vité et des interactions électrostatiques. Les forces de répulsion entre billes dictent
la distance inter-particulaire moyenne et empéchent I'agrégation. Il en résulte un ar-
rangement désordonné de billes. L’échantillon est ensuite recouvert d’une fine couche
de chrome de 10 nm d’épaisseur. Les billes sont ensuite retirées a ’aide d’une bande
adhésive, laissant des trous circulaires dans la couche de chrome, qui servent de
masque pour graver la résine.

La lithographie colloidale est hautement polyvalente, compatible avec une vaste
gamme de matériaux et de substrats, et peut étre utilisée pour créer des motifs a
grande échelle avec une grande précision et une uniformité élevée. De plus, cette

Enduction Auto-assemblage
— Résine —
Substrat de résine de billes
Déposition
de chrome
_ _
plasma des billes

Figure 2.3 : Schéma représentant la structuration d’une résine par lithographie colloidale.
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technique est relativement simple et peu cotliteuse. Ses principaux inconvénients
sont la limitation aux motifs circulaires ou elliptiques et le manque de contrdle
sur 'ordre de l'arrangement colloidal a longue distance. Les échantillons réalisés
par lithographie colloidale présentés dans cette these ont été fabriquées au sein du
Nanofabrication Laboratory, a Géteborg.

2.3 Mesure de I’échauffement sous illumination
solaire infrarouge

Afin de mesurer les propriétés photothermiques des échantillons fabriqués, le
dispositif de caractérisation présenté en Figure 2.4 a été mis en place. L’idée est
d’illuminer un échantillon a ’aide d’un simulateur solaire en face, et de mesurer sa
température en face arriere par thermographie infrarouge. Pour cela, un simulateur
solaire a spectre accordable (Pico LED simulator, G2V Optics) a été utilisé. Ce
simulateur contient 30 diodes électroluminescentes (DEL) dont les longueurs d’ondes
d’émission sont réparties entre 350 et 1500 nm. L’intensité de chaque DEL pouvant
étre contrdlée indépendamment, nous avons réglé le simulateur pour qu’il émette le
spectre standard AM1.5G limité aux longueurs d’onde infrarouges entre 800 et 1500
nm, dans le but de simuler 'illumination solaire apres filtration par une cellule PV.
Un filtre en silice fondue est placé devant le simulateur solaire, afin d’empécher le
rayonnement thermique parasite du simulateur d’atteindre 1’échantillon. Une caméra
infrarouge est utilisée pour mesurer la température en face arriere de 1’échantillon.
Une détermination préalable de 1’émissivité de la face arriere de ’échantillon est
nécessaire pour calibrer la caméra IR.
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~_ Filtreten silice fondue. .

Simulatews

solaire

Figure 2.4 : Photographie du dispositif de caractérisation photothermique mis en place
au LAAS, comprenant le simulateur solaire, la caméra infrarouge, le filtre en silice fondue
et la position de 1’échantillon.
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Chapitre 3

Simulations électromagnétiques de
nanoantennes isolées

3.1 Classement des nanoantennes pour ’absorp-
tion solaire infrarouge

Les propriétés optiques de nanoparticules isolées peuvent fortement varier en
fonction de leur forme, taille et composition. Créer la structure idéale pour une
application spécifique n’est pas une tache facile, en raison de la grande variété de
géométries disponibles avec les techniques de nanofabrication actuelles. Ainsi, nous
avons commencé par mener une étude numérique afin d’identifier les nanoantennes
les plus prometteuses pour I'absorption solaire infrarouge. Dans cette optique, nous
avons utilisé DDSCAT [120], un code de calcul libre reposant sur la méthode de
I’approximation des dipdles discrets (voir Chapitre 2.1), pour calculer les spectres
de sections efficaces d’absorption o(\) de différents types de particules.

Ces simulations numériques ont été limitées a 1’étude de 5 formes de particules
présentées en Figure 3.1 A-E : le pavé, le batonnet, le cone tronqué, le disque et le
diabolo. La composition et les dimensions latérales ont été variées pour ces différentes
géométries, tandis que I'épaisseur a été maintenue a 150 nm.

Puisque ces nanoantennes ont vocation a étre intégrées a l'interface entre une
cellule PV et un TEG, le parametre a optimiser est la puissance absorbée par unité
de surface sous illumination solaire infrarouge Paég)s. En effet, pour une cellule PV
en GaAs, seules les longueurs d’ondes supérieures a la longueur d’onde de la bande
interdite A4 sont transmises a I'inteface photothermique. Nous avons donc choisi bes
comme figure de mérite, afin de comparer 'efficacité des nanoantennes simulées :

s _ f,(\DgO Uabs()‘)¢()‘)d)‘ (31)

P
Snp

abs

Avec Ay = 875 nm la longueur d’onde de la bande interdite du GaAs, ¢(\)
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Chapitre 3. Simulations électromagnétiques de nanoantennes isolées

dcone

C

Figure 3.1 : Modeles en 3D des géométries simulées, dont les dimensions variables sont
indiquées : (A) pavé, (B) batonnet, (C) cone tronqué, (D) disque et (E) diabolo. Réimprimé
avec la permission de ACS Appl. Energy Mater. 2023, 6, 4, 2128-2133. Copyright 2023
American Chemical Society.

I'irradiance du spectre solaire AM1.5G, et Sy p ’empreinte de la nanoantenne, ¢’est-
a-dire la surface qu’elle occupe sur un substrat.

La figure 3.2 montre les résultats obtenus pour des nanoantennes en nickel, ma-
tériau retenu car il offre un bon compromis entre intensité de I'absorption dans la

gamme d’intérét, stabilité chimique, et facilité de déposition dans la salle blanche
du LAAS.

Une tendance générale peut étre observée pour les cinq formes, a savoir la pré-
sence d'un maximum de bes a un volume de particule donné. Modifier le volume
d’une nanoantenne en modifiant ses dimensions entraine deux effets principaux sur
I’absorption optique. Tout d’abord, les résonances plasmoniques sont déplacées vers
des longueurs d’onde plus élevées lorsque la taille de la nanoantenne augmente, ou
vers des longueurs d’onde plus courtes lorsque sa taille diminue. Deuxiémement, les
particules plus petites ont tendance a avoir un rapport absorption-sur-diffusion plus
élevé. On observe que la réponse des disques, pavés et cones tronqués est similaire,
tandis que les batonnets et les diabolos présentent des performances nettement su-
périeures, en raison d’une intensité d’absorption plus importante et d’un meilleur
recouvrement spectral avec le spectre d’illumination. Parmi toutes les structures
étudiées, les nanoantennes en forme de diabolo semblent étre les plus efficaces pour
I’absorption solaire infrarouge.
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3.2. Impact des défauts de fabrication
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Figure 3.2 : Simulations numériques par la méthode DDA de I’absorption optique de
diverses nanoantennes. Puissance solaire infrarouge absorbée par unité de surface bes
calculée pour des nanoantennes isolées en nickel d’une épaisseur de 150 nm et de différentes
formes et dimensions. Réimprimé avec la permission de ACS Appl. Energy Mater. 2023,
6, 4, 2128-2133. Copyright 2023 American Chemical Society.

3.2 Impact des défauts de fabrication

Les simulations réalisées précédemment ont permis d’identifier les diabolos en
nickel comme étant des nanoantennes efficaces pour ’absorption solaire infrarouge.
Nous avons donc entrepris de fabriquer ces structures sur un substrat par lithogra-
phie électronique.

Une image par microscopie électronique a balayage (MEB) des nanodiabolos
obtenus est visible en Figure 3.3A, et une représentation en trois dimensions de
leur topographie de surface, obtenue par microscopie a force atomique (AFM), est
présentée en Figure 3.3B. Ces images montrent clairement la présence de défauts de
fabrication, a savoir une déviation des dimensions latérales vis-a-vis de la structure
nominale, visible en Figure 3.3C, ainsi que 'introduction de rugosité de surface.

Afin de quantifier I'impact de ces défauts de fabrication sur les propriétés optiques
des nanodiabolos, deux nouvelles cibles de simulation ont été générées, dont les
dimensions latérales sont celles mesurées au MEB. La premiere est un diabolo lisse
(Figure 3.3D), et la deuxiéme est un diabolo dont la rugosité de surface correspond
aux données AFM (Figure 3.3E).

Des simulations DDA ont été conduites sur ces deux cibles, et leurs spectres de
section efficace d’absorption sont comparés a la structure nominale en Figure 3.3F.
Les résultats montrent un fort impact de la variation des dimensions latérales sur
les propriétés d’absorption, alors que 'effet de la rugosité de surface est, quant a lui,
tres faible.
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Figure 3.3 : Impact des défauts de fabrication sur les propriétés optiques de nanodiabo-
los en nickel. Images (A) MEB et (B) AFM des nanodiabolos fabriqués sur un substrat
silicium. Modeles 3D (C) de la structure nominale, (D) de la structure lisse avec dimen-
sions réelles et (E) d’une structure réaliste avec dimensions réelles et rugosité de surface.
(F) Spectres d’absorption calculés pour les trois structures. Réimprimé avec la permission
de ACS Appl. Energy Mater. 2023, 6, 4, 2128-2133. Copyright 2023 American Chemical
Society.
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3.2. Impact des défauts de fabrication

Ainsi, afin de s’assurer d’obtenir les propriétés optiques souhaitées, il est cru-
cial de pouvoir maitriser précisément les dimensions des nanoantennes fabriqués.
Cela peut se faire relativement aisément par une calibration préalable des procédés
de fabrication. D'un autre coté, la rugosité de surface, qui est inhérente a la mé-
thode de dépot métallique utilisée, ne représente pas un obstacle a I'obtention de
nanoantennes performantes.
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Chapitre 4

Fabrication et caractérisation
d’interfaces photothermiques
nanostructurées

4.1 Fabrication par lithographie colloidale

Afin de caractériser les propriétés photothermiques de nos nanoantennes, nous
avons fabriqué six échantillons a partir d’un substrat de verre recouvert d’un miroir
d’argent de 80 nm d’épaisseur, puis d'une couche d’alumine de 100 nm d’épaisseur.
Des arrangements de nanocones tronqués, de différentes compositions et hauteurs,
sont ensuite fabriqués par lithographie colloidale sur la face supérieure du substrat,
pour aboutir au résultat présenté en Figure 4.1. Quatre échantillons sont recouverts
de nanocénes de 50 nm d’épaisseur en aluminium (Al50), argent (Agh0), nickel
(Ni50) ou or (Aub0), et le dernier est recouvert de nanocénes en nickel de 200 nm
d’épaisseur (Ni200). Tous les cones ont un diametre de base de 200 nm. Un dernier
échantillon de référence, dépourvu de nanocones, est également fabriqué.

L’observation par microscopie électronique a balayage a permis de mettre en évi-
dence une forte fluctuation de la densité surfacique de nanoantennes d’un échantillon
a 'autre, due & un mauvais controle lors de ’étape de lithographie colloidale. Ainsi,
le taux de recouvrement du substrat varie de 4,6 % pour Ni50 a 10,1 % pour Ni200.
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4.2. Echauffement sous illumination solaire infrarouge

/Nanocénes métalliques~D\
‘>

_— Alumine (100 nm)——_

\ Miroir d'argent (80 nm)/

\ Substrat en verre/

Figure 4.1 : Exemple d’échantillon fabriqué par lithographie colloidale. (A) Photographie
d’un échantillon de 24x24 mm? recouvert de nanocodnes en nickel de 200 nm d’épaisseur.
(B) Image MEB de la surface de I’échantillon. Représentation schématique de I’échantillon
(C) en coupe et (D) en 3 dimensions.

4.2 Echauffement sous illumination solaire infra-
rouge

Le dispositif expérimental utilisé pour caractériser les propriétés photother-
miques des interfaces nanostructurées est présenté en Section 2.3. Les échantillons
fabriqués ont été illuminés par 'avant (co6té nanoantennes) par un simulateur solaire
dont le spectre est limité aux longueurs d’ondes comprises entre 0,8 et 1,5 pm. Les
échantillons, initialement a température ambiante, s’échauffent progressivement sous
I'effet de la conversion photothermique du rayonnement incident. La température
en face arriere des échantillons (coté verre) est mesurée a ’aide d’une caméra ther-
mique. L’évolution temporelle de I’échauffement de chaque interface photothermique
est représentée en Figure 4.2.

L’échauffement apres 6 min d’illumination est stabilisé pour chaque échantillon,
et systématiquement supérieur a celui de la référence sans nanoantennes, ce qui met
en évidence les capacités de nos nanostructures métalliques a absorber le rayon-
nement solaire infrarouge et a le convertir en chaleur. L’échantillon Ni200 montre
I’élévation de température la plus importante, avec un échauffement de +6,1 °C par
rapport a la référence.

Cependant, ces résultats ne permettent pas de comparer 'efficacité des nano-
cones utilisés. En effet, considérer uniquement 1’échauffement global de 1’échantillon
revient a occulter I'impact de la densité surfacique de nanocones qui, comme nous
I’avons montré précédemment, varie grandement d’un échantillon a I'autre. Ainsi,
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Chapitre 4. Fabrication et caractérisation d’interfaces photothermiques
nanostructurées
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Figure 4.2 : Evolution de 'échauffement moyen de la face arriére du substrat sous illu-
mination solaire infrarouge, pour différents échantillons. L’illumination est activée a t=0
S.

afin d’obtenir davantage d’information sur les performances des nanoantennes, nous
avons calculé I’échauffement par nanocone ATy, pour chaque interface photother-
mique :

(T —Tres)

ATcone - d-S

(4.1)

avec Tp..y la température d’équilibre de la référence sous illumination, et T, d
et S la température d’équilibre mesurée, la densité surfacique en nanocones, et la
surface totale de I’échantillon, respectivement. AT,,,. nous permet de classer les
nanoantennes selon leur efficacité pour 1’échauffement photothermique.

Les résultats sont présentés dans le Tableau 4.1, qui montre que la contribution
dans I’échauffement global de chaque nanocone en aluminium atteint 3,8 n°C, alors
que la contribution d’un nanocone en argent est de seulement 0,5 n°C. Ainsi, optimi-
ser la température globale d'une interface photothermique nanostructurée requiert
de combiner une forte densité de nanoantennes et une forte capacité d’absorption
et de conversion photothermique par les nanoantennes individuellement. Selon ces
résultats, des températures encore plus élevées pourraient étre atteintes en fabri-
quant des interfaces photothermiques recouvertes de nanocones en aluminium avec
une forte densité.
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4.2. Echauffement sous illumination solaire infrarouge

Echantillon Echauffement (°C) Taux de recouvrement (%) ATeone (n°C)
Al (H=50 nm) 5.1 5,5 3,8
Ni (H=200 nm) 7.1 10,1 3,3
Ni (H=50 nm) 3.0 4,6 1.9
Au (H=50 nm) 2,5 7,2 0,8
Ag (H=50 nm) 2,1 8,2 0,5

Table 4.1 : Echauffement sous illumination solaire limitée & la gamme 0,8-1,5 pm, pour
les interfaces photothermiques fabriquées, et échauffement par nanocoéne estimé & partir
du taux de recouvrement surfacique.
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Chapitre 5

Modélisation multiphysique du
dispositif PV-TE

5.1 Description générale du modele
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Figure 5.1 : Représentation schématique d’un dispositif PV-TE intégrant une interface
photothermique nanostructurée. La couche active de la cellule photovoltaique génére le
photocourant Ipy lorsqu’elle est éclairée par le spectre solaire. L’interface photothermique
est composée de nanoantennes encapsulées sur un substrat multicouche. Les thermocouples
dopés N et P sont connectés en série a une résistance de charge Ry, et génerent le courant
Irpq lorsqu’ils sont exposés a un flux de chaleur. Le role du dissipateur thermique est de
dissiper la chaleur par convection naturelle.

TEG

Substrat céramique

Un dispositif PV-TE complet est un systeme complexe dans lequel les effets
optiques, thermiques et électriques sont étroitement liés. L’impact de I'intégration
d’une interface photothermique dans un tel systéeme ne peut pas étre estimé de ma-
niere directe. Par exemple, il est probable que ’ajout d’une interface photothermique
augmentera la température de la cellule photovoltaique et du générateur thermo-
électrique, réduisant potentiellement les performances de la premiére et augmentant
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5.2. Couplage multiphysique

celles du second. Ainsi, cette augmentation de température n’est bénéfique pour
la puissance électrique globale extraite par le systeme seulement si la puissance
supplémentaire générée par le TEG compense la perte de puissance de la cellule
photovoltaique (PVC). La réalisation de cette condition dépend fortement des ca-
ractéristiques physiques de la PTI, de la cellule photovoltaique et du TEG.

Afin d’estimer 'impact de I'intégration d’une interface photothermique dans un
dispositif PV-TE, il est donc nécessaire de modéliser ’ensemble du systéme, dont
un exemple est présenté sur la Figure 5.1. L’outil multiphysique que nous proposons
dans ce chapitre vise a simuler le comportement des dispositifs PV-TE compre-
nant une interface photothermique, en considérerons une absorption dépendante du
spectre dans chaque couche de la cellule photovoltaique et de 'interface photother-
mique. Cet outil combine simulations optiques, équations de transport thermique et
modeles électriques.

Nous décrirons un modele unidimensionnel en état d’équilibre. Le systéeme glo-
bal PVC-PTI-TEG est représenté par un empilement de couches de surface infinie,
chacune ayant son épaisseur et sa conductivité thermique propres. Le modele peut
étre divisé en trois sous-systémes placés en contact thermique : la cellule photo-
voltaique, l'interface photothermique et le TEG. En fonction des caractéristiques
spécifiques de chaque couche, nous sommes en mesure de calculer la température a
chaque interface du systéme, ainsi que la puissance électrique générée.

5.2 Couplage multiphysique

Le modele implique trois sous-systemes interconnectés, a savoir la PVC, la PTI
et le TEG. Les équations de transfert thermique sont utilisées pour coupler ces
sous-systemes. La Figure 5.2 illustre les différentes étapes du processus visant a
déterminer la puissance de sortie de la PVC et du TEG, en prenant en compte leurs
propriétés structurelles, optiques, thermiques et électriques.

Initialement, des simulations photoniques sont réalisées a 1’aide du code Moosh
[180], en utilisant le spectre solaire incident et les propriétés de la cellule PV. Ces
simulations permettent de calculer ’absorption optique dans chaque couche de la
cellule ainsi que la puissance transmise. Ensuite, la chaleur générée dans la PVC sous
I’effet de la conversion photothermique, de la thermalisation et des autres pertes non
radiatives est évaluée.

La puissance optique transmise a travers la cellule PV est ensuite introduite
comme spectre optique incident dans le modele de I'interface photothermique. Des
simulations DDA sont utilisées pour estimer 1’absorption par la PTI, qui est consi-
dérée totalement opaque, empéchant toute transmission de lumiere au TEG. La
chaleur générée par la PTT résulte de la conversion photothermique de la puissance
optique absorbée, supposée avoir lieu au niveau de la couche nanostructurée.

Le modele du TEG permet de calculer la puissance électrique et la chaleur gé-
nérées dans la couche thermoélectrique en fonction des températures des contacts
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Chapitre 5. Modélisation multiphysique du dispositif PV-TE
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Figure 5.2 : Schéma présentant le principe de ’outil multiphysique permettant de calculer
la puissance électrique générée par un dispositif PVC-PTI-TEG en fonction des propriétés
de ses composants.
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5.3. Validation expérimentale du modéle de l'interface photothermique

chaud et froid.

Les modeles de la PVC, de la PTI et du TEG sont mis en contact thermique,
avec la couche supérieure de la PTI directement sous la couche inférieure de la PVC
et la couche inférieure de la PTI directement au-dessus de la couche supérieure du
TEG. Les résistances thermiques d’interface sont négligées et le transfert thermique
est considéré comme entierement conductif au sein du systéme. Le transfert de cha-
leur par convection et rayonnement est pris en compte pour 'interface supérieure

(air/PVC) et inférieure (TEG/air).

L’outil de simulation utilise MatLab pour résoudre les équations couplées qui
définissent la chaleur générée dans chaque couche, en fonction de la température
a chaque interface. Le processus débute par le calcul de la chaleur générée lorsque
le systeme est a température ambiante, ce qui permet de d’évaluer une nouvelle
distribution de température. Ce processus itératif est répété jusqu'a convergence
vers un couple températures-chaleur stable, qui est ensuite utilisé pour calculer la
puissance électrique générée par la PVC et le TEG.

5.3 Validation expérimentale du modele de l’in-
terface photothermique

Le modele de la PTI peut étre utilisé, en combinaison avec les équations de
transfert thermique, afin de simuler le comportement photothermique d’une PTI
isolée, indépendamment du reste du systeéme. Ainsi, il est possible de comparer les
résultats de simulation de I'interface seule aux résultats expérimentaux du Chapitre
4, afin de vérifier la validité du modele.

Les parametres des interfaces photothermiques nanostructurées présentées dans
le Chapitre 4 ont été entrés dans le modele de la PTI. Le spectre incident a été fixé
au spectre solaire AM1.5@G, limité a la gamme 0,8-1,5 pm, afin de correspondre a
I'illumination fournie par le simulateur solaire.

L’échauffement de la face arriere des interfaces photothermiques est calculé par
le modele a partir de ces parametres, et comparé aux résultats expérimentaux en
Figure 5.3.

La meilleure prédiction est obtenue pour I’échantillon le plus chaud (Ni200), et
I’accord entre I’échauffement mesuré et calculé semble diminuer avec la température
calculée. Dans l’ensemble, ’échauffement calculé présente la méme tendance que
celui mesuré, avec une erreur absolue limitée a +1 °C, a ’exception de 1’échantillon
en aluminium, qui montre la plus grande erreur par rapport a ’expérience. Ainsi,
le modele de la PTI semble capable de prédire qualitativement le chauffage généré
par différents échantillons, ce qui permet de classer leur efficacité de conversion
photothermique.
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Chapitre 5. Modélisation multiphysique du dispositif PV-TE
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Figure 5.3 : Histogramme comparant le chauffage mesuré et calculé, sous illumination
solaire limitée a la plage de longueurs d’onde de 0,8 & 1,5 pm, pour différentes interfaces
photothermiques nanostructurées.

5.4 Validation du modeéle PV-TE par comparai-
son a la littérature

Dans cette section, nous allons comparer les résultats obtenus avec notre modele
aux résultats publiés par Zhou et al. en 2018 [174], qui décrivent la modélisation
multiphysique du dispositif PV-TE visible en Figure 5.4A, composé d’une cellule
solaire en silicium, d’un générateur thermoélectrique et d’un dissipateur thermique
passif, .

La plupart des parametres d’entrée de notre modele, tels que I'épaisseur et la
conductivité thermique des couches, ainsi que les parametres du TEG, sont direc-
tement extraits de la publication. La température ambiante est fixée a 300 K, et
la puissance optique incidente correspond au spectre solaire avec un rapport de
concentration de 10. Les coefficients d’émissivité et de convection utilisés dans notre
modele sont donnés en Table 5.1.

Parametres de radiation et convection

Emissivité de 'interface supérieure €gyp 0,85
Emissivité de l'interface inférieure €;, f 0,1
Coef. de convection de l'interface supérieure hgy,(W/(m?- K)) 2
Coef. de convection de l'interface inférieure hy, (W /(m?- K)) 120

Table 5.1 : Parameétres thermiques utilisés dans la simulation du dispositif PVC-TEG.

A partir des données fournies par Zhou et al., nous sommes en mesure de déduire
que la cellule solaire utilisée dans l’article présente un rendement de 11,55 % & 120
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Figure 5.4 : Comparaison entre la distribution de température au sein d’un dispositif
PV-TE calculée par Zhou et al. [174], et calculée a I’aide du modeéle multiphysique présenté
dans cette these. (A) Schéma du systeme simulé et (B) distribution de température.

°C et un coefficient de température de -0,056 %/°C. Dans I’article, il est supposé que
toute la puissance optique atteignant la couche active de la PVC est soit convertie en
électricité, soit en chaleur, sans transmission. Nous avons donc modifié notre modele
pour satisfaire cette hypothese.

La distribution de température calculée par notre modele au sein du dispositif
est comparée aux résultats de Zhou et al. dans la Figure 5.4B, ou l'on peut voir
que notre modele présente une bonne concordance quantitative avec les données de
la littérature. La principale différence réside en un gradient de température plus
faible & travers la couche thermoélectrique dans notre cas. Cela peut découler d'une
sous-estimation de la chaleur générée dans la cellule PV.

Les puissances électriques générées par la cellule PV et le TEG dans ces condi-
tions de température sont présentées dans le Tableau 5.2. La puissance de sortie
de la cellule PV est en accord avec 'article, ce qui est cohérent en raison de la si-
milarité des températures des cellules. La puissance de sortie du TEG est réduite
avec notre modele, en raison du gradient de température plus faible a travers la
couche thermoélectrique : Zhou et al. ont calculé un gradient de 25,1 °C, tandis que
le notre est seulement de 21,9 °C. Dans l’ensemble, les résultats de notre modele
PV-TE semblent correspondre a 1’état de I'art dans la simulation PV-TE, avec une
différence inférieure a 5% dans le calcul des puissances générées.

Puissance électrique générée (W/m?) PV TE PV-TE

Zhou et al. 1051.6 112.0 1163.6
Notre modele 1043.5 71.2 1114.7

Table 5.2 : Comparaison entre les puissances électriques générées par la cellule PV et le
TEG, calculées par notre modéle et le modele de Zhou et al.
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Conclusion

Cette these avait pour objectif d’étudier les propriétés d’interfaces photother-
miques a base de nanoantennes thermoplasmoniques, et d’explorer leur intégration
au sein de dispositifs de cogénération photovoltaique-thermoélectrique. Pour cela,
nous avons suivi une approche multi-échelle, allant de la simulation de nanoantennes
isolées a la modélisation d’un systeme PV-TE complet, en passant par la fabrication
et la caractérisation d’interfaces photothermiques.

Nous avons tout d’abord présenté les limites des cellules photovoltaiques mono-
jonctions, afin d’expliciter les avantages des dispositifs de cogénération PV-TE. Nous
avons alors proposé 'utilisation d’interfaces photothermiques composées de nanoan-
tennes thermoplasmoniques pour améliorer 'efficacité de ces systemes.

Nous avons ensuite donné un apergu des méthodes numériques et expérimentales
utilisées au cours de la these, a savoir les méthodes de simulations électromagné-
tiques, les techniques de nanofabrication et les moyens de caractérisation.

Les simulations électromagnétiques sur nanoantennes isolées ont permis d’iden-
tifier des structures efficaces pour I’absorption solaire infrarouge. La géométrie pro-
metteuse des diabolos en nickel a été mise en avant, et I'impact des défauts de
fabrication a été exploré.

Des interfaces photothermiques macroscopiques ont été fabriquées par lithogra-
phie colloidale. Ces interfaces ont été caractérisées, et les facteurs affectant leur
efficacité photothermique ont été étudiés.

Finalement, un modeéle multiphysique de I’ensemble du dispositif PV-TE a été
développé, permettant de calculer 'impact de 'intégration d’une interface photo-
thermique nanostructurée sur la puissance électrique générée par le systeme. La
précision du modele est validée par rapport aux données expérimentales et a la
littérature, démontrant sa capacité prédictive.

Pour conclure, cette theése a permis de mieux comprendre les phénomenes en jeu
lors de l'intégration d’interfaces photothermiques a base de nanoantennes thermo-
plasmoniques au sein de dispositifs PV-TE. La combinaison de simulations numé-
riques, d’expérimentation et de modélisation offre des éclairages sur la conception,
la fabrication et I'optimisation d’interfaces photothermiques..
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