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ABSTRACT

This thesis is part of the development of new-generation photovoltaic technologies capable
of meeting global energy and environmental challenges. Faced with the structural and
efficiency limitations of silicon solar cells, perovskite-based materials have emerged as a
promising alternative thanks to their remarkable optoelectronic properties, low manufac-
turing cost and flexibility of integration. The main objective of this work is to study,
design, and model advanced perovskite-based solar cells, as well as perovskite /silicon tan-
dem architectures, using analytical approaches and numerical simulations, and to validate
the obtained results by comparison with a experimental study. First, a rigorous analyt-
ical model was developed to describe the electrical behaviour of a single-junction n—i—p
perovskite cell. This model is based on the coupled solution of the continuity and Poisson
equations, integrating optical generation and the internal electric field in the absorbing
layer. The analytical expressions obtained were used to plot the current-voltage (J-V)
characteristics and extract the essential photovoltaic parameters, revealing a power con-
version efficiency (PCE) of 12.8%, very close to the experimental value of 13.15% reported
in the literature. Parametric analysis showed that the thickness of the perovskite layer
directly influences the overall efficiency, while the doping of the electron transport layer
(TiO,) plays a decisive role in charge extraction efficiency. Extending the model to a
perovskite/silicon (n-i-p) tandem architecture demonstrated the superiority of this con-
figuration, achieving efficiencies greater than 26%, while validating the relevance of the
proposed analytical model.

In a second step, numerical simulations were performed using Silvaco TCAD software
to confirm the validity of the model and study the effects of physical and technological pa-
rameters on performance. The reference structure FTO/TiOy/MAPDI;3/Spiro-OMeTAD
was first simulated, then optimised by introducing Ruddlesden—Popper-type 2D /3D hy-
brid materials, which improved efficiency from 12.69% (MAPDbI3) to 18.32%, representing
a significant gain in performance while enhancing the stability of the device. Compara-
tive analysis of hole transport layers (HTL) showed that the PolyTPD compound offers
the best compromise between efficiency and durability. On this basis, a perovskite/sil-
icon HJT tandem cell was designed, demonstrating excellent spectral complementarity
and efficiencies exceeding 30%. Finally, a complementary thermal study highlighted the
sensitivity of performance to temperature variations, confirming the need for optimised
thermal management to ensure long-term stability. This work makes an original contribu-
tion to the understanding and modelling of perovskite-based solar cells by establishing a
direct correlation between fundamental carrier physics, analytical modelling and numeri-
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Abstract

cal simulation. The results obtained pave the way for the rational design of more efficient,
stable and industrialisable photovoltaic devices, actively contributing to the advent of a
new generation of sustainable solar technologies.

Keywords: solar cells, perovskite, tandem architecture, analytical modelling, numer-
ical simulation, photovoltaic efficiency, thermal stability, 2D /3D hybrid materials, charge
transport layer.
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RESUME

Cette these s’inscrit dans le cadre du développement de technologies photovoltaiques de
nouvelle génération capables de répondre aux défis énergétiques et environnementaux
mondiaux. Face aux limites structurelles et d’efficacité des cellules solaires au silicium,
les matériaux a base de pérovskites se sont imposés comme une alternative prometteuse
grace a leurs propriétés optoélectroniques remarquables, leur faible cotit de fabrication et
leur flexibilité d’intégration. L’objectif principal de ce travail est d’étudier, de concevoir et
de modéliser des cellules solaires avancées a base de pérovskites, ainsi que leurs architec-
tures tandem pérovskite/silicium, en combinant une approche analytique, des simulations
numériques et une validation par comparaison avec une étude expérimentale. Dans un
premier temps, un modele analytique rigoureux a été développé afin de décrire le com-
portement électrique d’une cellule pérovskite simple jonction de type n—i—p. Ce modele
repose sur la résolution couplée des équations de continuité et de Poisson, en intégrant la
génération optique et le champ électrique interne dans la couche absorbante. Les expres-
sions analytiques obtenues ont permis de tracer les caractéristiques courant-tension (J—V)
et d’extraire les parametres photovoltaiques essentiels, révélant une efficacité de conver-
sion (PCE) de 12,8 %, tres proche de la valeur expérimentale de 13,15 % rapportée dans
la littérature. L’analyse paramétrique a montré que 1’épaisseur de la couche pérovskite
influence directement le rendement global, tandis que le dopage de la couche de transport
électronique (TiO,) joue un réle déterminant dans lefficacité d’extraction des charges.
L’extension du modele & une architecture tandem pérovskite/silicium (n-i—p) a permis de
démontrer la supériorité de cette configuration, atteignant des rendements supérieurs a
26 %, tout en validant la pertinence du modele analytique proposé.

Dans un second temps, des simulations numériques ont été réalisées a 1’aide du logi-
ciel Silvaco TCAD afin de confirmer la validité du modele et d’étudier les effets des
parametres physiques et technologiques sur les performances. La structure de référence
FTO/TiOy/MAPDBI;/Spiro-OMeTAD a d’abord été simulée, puis optimisée en intro-
duisant des matériaux hybrides 2D/3D de type Ruddlesden—Popper, qui ont permis
d’améliorer Defficacité de 12,69 % (MAPDI3) jusqu’a 18,32 %, traduisant un gain no-
table en performance tout en renforcant la stabilité du dispositif. L’analyse compara-
tive des couches de transport de trous (HTL) a montré que le composé PolyTPD offre
le meilleur compromis entre rendement et durabilité. Sur cette base, une cellule tan-
dem pérovskite/silicium HJT a été congue, démontrant une excellente complémentarité
spectrale et des rendements dépassant 30 %. Enfin, une étude thermique complémentaire
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Résumé

a mis en évidence la sensibilité des performances aux variations de température, con-
firmant la nécessité d’une gestion thermique optimisée pour assurer la stabilité a long
terme. Ce travail apporte une contribution originale a la compréhension et a la mod-
élisation des cellules solaires a base de pérovskite, en établissant une corrélation directe
entre la physique fondamentale des porteurs, la modélisation analytique et la simulation
numeérique. Les résultats obtenus ouvrent la voie a la conception rationnelle de disposi-
tifs photovoltaiques plus efficaces, stables et industrialisables, participant activement a
I’avenement d’une nouvelle génération de technologies solaires durables.

Mots clés : cellules solaires, pérovskite, architecture tandem, modélisation ana-
lytique, simulation numérique, efficacité photovoltaique, stabilité thermique, matériaux
hybrides 2D /3D, couche de transport de charges.
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GENERAL INTRODUCTION

Humanity is currently at a decisive turning point in terms of energy. The gradual deple-
tion of fossil fuel resources, combined with the constant increase in global energy demand
and the worsening of climate change, requires the urgent implementation of sustainable,
carbon-free and accessible energy systems. In this context, renewable energies appear to
be an essential solution to these global challenges. Among them, solar energy occupies
a prominent place thanks to its universal availability, its inexhaustible nature and its
ability to produce clean electricity without direct greenhouse gas emissions.For several
decades, the photovoltaic conversion of solar energy into electricity has been a major area
of research. Crystalline silicon-based solar cells have dominated the photovoltaic indus-
try thanks to their technological maturity, stability and respectable efficiency. However,
despite decades of optimisation, these devices are now reaching their fundamental limits,
notably the Shockley—Queisser limit, which restricts the maximum theoretical efficiency
of single-junction cells to around 29%. In addition, the cost of production, mechanical
rigidity and low absorption of silicon for certain wavelengths impose constraints on new
applications.

These limitations have motivated the search for alternative materials capable of of-
fering higher efficiencies, simple and inexpensive manufacturing processes, and great flex-
ibility of integration. Second-generation solar cells, based on thin films (CIGS, CdTe,
a-Si), have enabled lower production costs and greater flexibility, but at the expense of
moderate efficiency and environmental issues related to certain toxic materials. More
recently, third-generation solar cells have opened up new prospects by combining high
efficiency, low cost and simple manufacturing processes. Among these, cells based on
hybrid perovskite materials have emerged as a revolutionary advance, transforming the
global photovoltaic landscape.

These materials have remarkable optoelectronic properties, an adjustable band gap,
high absorption coefficient, long charge carrier lifetime, balanced electron and hole mobil-
ity, and the possibility of low-temperature deposition. These exceptional characteristics
explain the spectacular increase in the efficiency of perovskite-based solar cells, which has
risen from 3.8% in 2009 to over 26% today. However, despite these impressive perfor-
mances, several challenges remain and are limiting the large-scale commercialisation of
these devices, the chemical and thermal stability of the perovskite layer, sensitivity to
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humidity, degradation under prolonged illumination, and losses related to recombination
at interfaces. A thorough understanding of the physical mechanisms governing carrier
transport and recombination is therefore essential to improve the reliability and perfor-
mance of these devices. At the same time, the rise of tandem architectures has opened up
new possibilities for overcoming the limitations of single-junction cells. The principle is
based on the superimposition of two complementary photovoltaic cells, a top cell with a
wide bandgap (often perovskite) absorbing high-energy photons, and a bottom cell with a
narrower bandgap capturing lower-energy photons. This spectral coupling allows for more
efficient use of the solar spectrum and theoretically leads to efficiencies exceeding 30%.
Perovskite/silicon tandem structures, particularly those based on heterojunction silicon
(HJT) cells, are currently one of the most promising avenues for the next generation of
high-efficiency photovoltaic devices.

This thesis entitled Study, design and modelling of advanced solar cells is part of a
scientific approach aimed at exploring, understanding and optimising the performance of
new-generation solar cells, with a particular focus on perovskite-based devices and per-
ovskite/silicon tandem structures. The approach adopted combines analytical modelling,
numerical simulation, and comparison with experimental data. enabling a comprehensive
and hierarchical understanding of the behaviour of these devices. More specifically, this
work aims to:

e Present the theoretical and technological foundations essential to semiconductors
and the physical principles of photovoltaic conversion.

e Conduct an in-depth analysis of perovskite materials, their optoelectronic proper-
ties, cell architectures and technological constraints, with a focus on the factors
influencing their stability and efficiency.

e Develop a rigorous analytical model describing the electrical and optical phenomena
in single-junction perovskite cells, then extend this model to tandem structures.

o Perform accurate numerical simulations with Silvaco TCAD software on a single-
junction perovskite cell, enabling rigorous cross-validation between the analytical
model and experimental data. Subsequently, extend this simulation to tandem
architectures in order to evaluate their behaviour and performance.

» Explore strategies for optimising transport layers, absorbing materials (particularly
2D /3D Ruddlesden—Popper-type perovskites) and interfaces, studying their influ-
ence on thermal stability and overall performance.

The thesis is structured into four main chapters, organised coherently to follow the
scientific progression of the work:

The first chapter begins with an in-depth analysis of the global energy context, high-
lighting humanity’s continuing dependence on fossil fuels, their environmental conse-
quences and the need for a transition to renewable, clean and sustainable energy sources.
This reflection naturally leads to a focus on solar energy, an inexhaustible and accessible
resource whose potential offers a credible alternative to conventional energies. With this

2
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in mind, a section is devoted to solar radiation and the solar constant, which are essential
for understanding the amount of energy received by the Earth and the parameters influ-
encing photovoltaic conversion. The concepts of solar spectrum, irradiance, inclination
and geographical position are presented in order to establish the physical basis for the
conversion of light energy into electrical energy. On this basis, the chapter introduces the
fundamental properties of semiconductor materials, the pillars of photovoltaic devices. It
details band structure, the concept of band gap, doping, charge carrier mobility, enabling
an understanding of the phenomena of charge absorption and transport. These concepts
lead to the study of the principles of photovoltaics, through a description of how the p—n
junction works, the process of charge carrier generation under illumination, and the phe-
nomena of recombination and transport. Finally, the chapter concludes with a classifica-
tion of solar cells according to their generations, from crystalline silicon-based technologies
(first generation) to thin films (second generation), to innovative third-generation devices.
This progression highlights the successive advances in the quest for superior performance,
reduced costs and increased durability.

The second chapter is devoted to an in-depth study of perovskite materials and their
integration into third-generation solar cells. It begins with a presentation of the historical
context and rapid progress of halogen-hybrid perovskite materials, followed by a detailed
analysis of their crystallographic structure, optoelectronic properties, and composition
engineering strategies aimed at improving their stability and performance. Various fam-
ilies of perovskites are discussed, including conventional 3D structures, mixed cation or
halide perovskites, and Ruddlesden—Popper-type 2D /3D hybrid architectures, providing
a comprehensive overview of recent advances in this field. The chapter then focuses on the
manufacturing and deposition processes for perovskite layers. A comprehensive analysis
of the design and operation of perovskite-based solar cells is also developed, including
the mechanisms of carrier generation, transport and recombination, as well as the main
challenges related to stability and industrial scaling. Finally, the last part of the chapter
deals with tandem solar cells, presenting their physical principles, integration architec-
tures and possible material combinations, in order to highlight their potential to exceed
the efficiency limits of single-junction cells.

The third chapter focuses on the development of a rigorous analytical model of perovskite-
based solar cells and its extension to perovskite/silicon tandem architectures. First, a
theoretical framework based on continuity and carrier transport equations is established,
allowing for a precise description of the physical processes of generation, diffusion and
recombination within a single-junction perovskite cell. The analytical relationships ob-
tained between current and voltage make it possible to plot J-V characteristics and extract
essential photovoltaic parameters such as short-circuit current, open-circuit voltage, fill
factor and overall efficiency. In a second step, this model is generalised to a monolithic
two-terminal tandem architecture, integrating a top perovskite subcell and a lower silicon
subcell. The analysis highlights the electrical interactions between the two subcells, in
particular the condition of current continuity and voltage summation, while emphasizing
the importance of optimising the absorbing thicknesses for optimal current matching. The
results obtained demonstrate the major advantage of the tandem configuration, which is
capable of overcoming the efficiency limits imposed on single-junction cells.
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The fourth chapter is devoted to an in-depth numerical study aimed at validating and
consolidating the analytical model previously developed for perovskite-based solar cells.
Using Silvaco TCAD simulation software, a single-junction perovskite cell was simulated
by incorporating realistic physical parameters such as interfacial recombination, spec-
tral dependence of absorption and carrier transport properties. Cross-validation between
analytical and numerical results and experimental data from the literature was used to
assess the accuracy and robustness of the model. The subsequent parametric study fo-
cused on the influence of the absorbing material, comparing a reference three-dimensional
(3D) perovskite with a Ruddlesden—Popper-type 2D/3D hybrid structure, as well as on
the role of the hole transport layer (HTL) through the analysis of different organic and
inorganic materials. The most efficient configuration obtained was then used as the basis
for the design of a perovskite/silicon heterojunction (HJT) tandem cell, highlighting the
significant gains in efficiency and stability offered by this advanced architecture. Finally,
a thermal analysis was performed to evaluate the stability of the device and the evolution
of its performance under different temperature and illumination conditions.

In conclusion, this thesis is part of an integrated and progressive approach, ranging
from the physical fundamentals of photovoltaics to the design of advanced devices based
on perovskite materials and tandem structures. It combines analytical modelling and
numerical simulation, together with comparison with experimental data, in a coherent
approach aimed at linking fundamental phenomena to the actual performance of solar
cells. The results obtained make original contributions to the understanding of transport,
recombination and functional layer optimisation mechanisms, while demonstrating the
potential of tandem architectures to overcome the limitations of single-junction cells.
This work thus opens up promising prospects for the rational design of high-efficiency,
stable and economically competitive photovoltaic technologies, actively contributing to
the sustainable energy transition of the future.
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Chapter 1. Global Energy Challenges and the Basics of Photovoltaics

1.1 Introduction

The planet is currently facing an energy crisis of unprecedented proportions, characterised
by the gradual depletion of fossil fuel resources, sustained growth in global energy demand
and the worsening effects of climate change. This combination of challenges requires a
rapid and profound transition to sustainable, decarbonised and accessible energy systems
that are capable of meeting growing needs while limiting the environmental footprint. In
this context, solar energy occupies a central place among renewable solutions. Photo-
voltaic conversion has established itself as one of the key technologies thanks to spectac-
ular advances in efficiency, reliability and cost reduction, paving the way for increasing
competitiveness with conventional sources.

The aim of this first chapter is to provide the theoretical, scientific, and technological
foundations necessary for understanding photovoltaics. After a historical and conceptual
overview, we will present the physical principles of solar conversion, then propose a struc-
tured classification of the different generations of solar cells, detailing their constituent
materials, architectures, manufacturing processes, performance, and limitations. We will
also examine the main trends in innovation and the prospects for the sectors development.

Finally, this analysis will serve as a natural transition to the following chapters, which
focus on emerging materials such as perovskites and advanced architectures such as tan-
dem structures, which are now positioned as major candidates for pushing the limits of
photovoltaic conversion and paving the way for the next energy revolution.

1.2 Brief history of energy research and developments
in photovoltaics

The evolution of energy sources has accompanied human progress, from the use of mus-
cle power and the discovery of fire to the exploitation of fossil fuels with the industrial
revolution [1], [2]. Coal, then oil and gas, were the pillars of industrialisation in the
19th and 20th centuries, but their growing environmental impact has driven research to-
wards cleaner and more sustainable alternatives, such as renewable energies in particular:
hydroelectricity, wind power, biomass, geothermal energy, and solar energy [3]-[5].

Solar energy, specifically, is now at the heart of the energy transition. Abundant, free,
and universally available, it offers immense potential [6]-[9]. In 1839, Edmond Becquerel
discovered the photovoltaic effect, the ability of certain materials to generate an electric
current when exposed to light [10], [11]. This discovery marked the beginning of research
into solar energy, but it was not until 1954 that photovoltaic technology became truly
viable, with the creation of the first silicon solar cells by Bell Laboratories, with an
efficiency of 6% [12]-[14]. From that point on, progress has been spectacular, efficiency
has continued to increase, reaching over 26% today, and technological advances have
led to a significant reduction in the production costs of solar panels [15], [16]. Figure 1.1
illustrates the major historical milestones in energy development, with particular emphasis
on photovoltaic research and solar energy integration into global strategies.
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Figure 1.1: Chronological Timeline of Major Milestones in Energy Development and
Photovoltaic Research.

The first practical solar cell, made by Charles Fritts in 1883, combined a thin layer of
gold and selenium, but its low efficiency (around 1%) prevented large-scale commercial
adoption [11], [17]. However, it marked a key milestone in the development of this technol-
ogy. Today, installed photovoltaic capacity exceeds 2,200 GW (2.2 terawatts) worldwide,
with rapid growth in installations around the world, supported by falling costs and contin-
uous improvements in efficiency [18]-[20]. Figure 1.2 illustrates the historic and projected
global installed photovoltaic capacity from 2015 to 2035, highlighting solar accelerating
growth trend.

Solar photovoltaic energy is now a pillar of clean electricity generation, not only be-
cause of its abundance, but also because of its modularity and its ability to be integrated
into various sectors such as industry, residential, and transportation [21]-[23]. Recent
innovations, such as perovskite solar cells, which have seen their efficiency increase from
3.8% to over 25% in a decade, open up new prospects for the future of solar energy [24]-
[27]. These advances are likely to further strengthen the role of solar energy in the global
energy mix. Thanks to its availability, modularity, and integrability, solar photovoltaic
energy is positioned as a key lever in the global energy transition, with a growing role in
the electrification of the industrial, residential, and transportation sectors in the coming
decades [28]. Today, solar photovoltaic energy accounts for around 3% of global electricity
production, a rapidly growing share, and is expected to continue to play a major role in
meeting the growing demand for clean electricity worldwide [29], [30].
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Figure 1.2: Global Installed Solar Photovoltaic Capacity, 2015-2035 [18].

1.3 Solar radiation and the solar constant

The Sun is the main source of radiant energy for the Earth, emitting a continuous spec-
trum of electromagnetic radiation covering a wide range of wavelengths, from ultraviolet
to near infrared. Incident radiation plays a fundamental role in photovoltaic conversion,
as it provides the energy base to be converted into electricity [31], [32].

The average intensity of solar radiation measured above the Earth’s atmosphere is
called the solar constant. Its standardized value is approximately 1361 W/m?, corre-
sponding to the power received per unit area perpendicular to the sun rays in a vacuum,
at the average distance between the Earth and the Sun [33]. When it passes through the
atmosphere, solar radiation is attenuated and modified by several phenomena such as:

o Absorption by atmospheric gases (ozone, water vapor, carbon dioxide).
« Molecular (Rayleigh) and particle (Mie) scattering.

e Reflection by clouds and aerosols.

These interactions reduce the light intensity and alter the spectral composition com-
pared to the initial radiation. In order to qualify and standardize the performance of
photovoltaic cells under terrestrial conditions, standard spectra known as Air Mass (AM)
are defined [34].

Air Mass represents the relative optical distance traveled by sunlight in the atmo-
sphere, normalized to the trajectory when the Sun is at its zenith (perpendicular to the
ground, AM = 1) [35]. Mathematically, it can be expressed by the following relation-
ship [34]: X

AM =
cos

(1.1)

Where 6 is the angle of solar elevation relative to the vertical.

As illustrated in Figure 1.3, three main constants are generally considered [32]:
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o AMO, corresponding to radiation measured outside the atmosphere, used mainly for
space applications and fundamental research.

o AMI1, which corresponds to zenith sunlight, when the Sun rays strike the Earth’s
surface perpendicularly (zero angle of incidence).

o AML.5, corresponding to refracted solar radiation passing through an air mass 1.5
times that at the zenith (approximately a solar angle of 48°), considered the standard
terrestrial reference for testing photovoltaic cells. There are two variants, AM1.5D
(direct sunlight only) and AM1.5G (global, direct plus diffuse).

AM1.5.
On tilted surface (37°) with
2enith angle 8 = 48°

-

At entry pointinto
atmosphere

AMT:

On horizontal surface with
sun in zenith

Figure 1.3: Representation of the three illumination constants: AMO (extraterrestrial),
AMI1 (zenith), and AM1.5 (standard terrestrial reference condition) [36].
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Figure 1.4: Solar spectrum reaching Earth’s surface, showing the relative contributions
of UV (5%), visible (43%), and IR (52%) bands [36].
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The AM1.5 spectrum has a power of approximately 1000 W/m? on a surface perpen-
dicular to the sun rays and distributes energy as follows, approximately 5% in ultraviolet
(UV), 43% in visible, and 52% in near infrared (IR) [37], [38], as illustrated in Figure 1.4.
This distribution strongly influences the choice and optimization of semiconductor mate-
rials capable of efficiently absorbing this energy and maximizing photon-electron conver-
sion [39].

A thorough understanding of the solar spectrum is crucial, not only for characterizing
photovoltaic cell performance in laboratory conditions according to international stan-
dards, but also for accurately sizing solar systems and reliably estimating their efficiency
across different geographical and climatic environments [40], [41].

1.4 Semiconductor materials in photovoltaics

1.4.1 Energy band structure of semiconductors

The core of photovoltaic devices is made up of semiconductors, which convert light energy
directly into electrical energy. Semiconductors are materials whose electrical properties
are situated between those of conductors and insulators, enabling controlled conductivity
that is essential for the photovoltaic effect. Their operation is based on an electronic
structure based on energy bands, which determine the ability to absorb light and conduct
charges, and therefore their electrical and optical properties. A SC is characterised by
a valence band, filled with electrons, and a conduction band, initially empty. These two
bands are separated by an energy band gap F,, in which no electronic state is available
without external excitation [42]-[44]. At 0 K, the conduction band is empty while the
valence band is full, as the temperature increases, F, decreases, allowing some valence
electrons to migrate into the conduction band, thereby increasing conductivity. Figure 1.5
illustrates the fundamental energy band structure of a semiconductor, showing the valence
band, conduction band, and the band gap.

Intrinsic n-Type p-Type
B I » Distance
Conduction
band ee ® 2 0 e %,%0 » ] s o9
Gaihechdles . SenSSeosEssdseness E,
Forbidden g, .. oo Donor level F Acceptor level
gap 9y EFi WL o il N -- Ep
O o] O o
Valence o © o o o ©
band
Electron ® Conduction electrons
energy ¥ O Holes

Figure 1.5: Energy diagram of the semiconductor [42].

1.4.2 Semiconductor materials and optimal band gap

Semiconductors can be simple elements such as silicon (Si, £, ~ 1.12 eV at 300 K)
or germanium (Ge, £, ~ 0.66 e¢V), binary compounds such as indium phosphide (InP,

10
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E, ~ 1.34 V), gallium arsenide (GaAs, E; ~ 1.42 eV) or cadmium telluride (CdTe,
E, ~ 1.45 eV), as well as ternary alloys such as aluminum gallium arsenide (Al,Ga;_,As,
tunable E, between ~1.4 and 2.2 eV) or silicon germanium (Si,Ge;_,, £, between ~0.66
and 1.12 eV depending on composition). These materials are generally characterised by
a crystalline structure where tetravalent atoms form covalent bonds; for example, the
crystal structure of silicon organises atoms into a lattice where each atom shares four
valence electrons with its neighbours, thereby completing their outer shells.

For optimal photovoltaic efficiency, E, should ideally be between 1.1 eV and 1.6 eV,
ensuring a good compromise between absorption of the solar spectrum and generation of
electrical voltage. A small gap increases thermal losses, while a large gap limits absorp-
tion and therefore the current generated. The theoretical maximum efficiency is therefore
constrained by this value, according to the Shockley-Queisser limit [45]-[47]. The posi-
tion of the donor and acceptor levels in the bandgap close to conduction and valence,
respectively, minimises the energy required to release carriers, thereby optimising the
spectral response around the bandgap. While the band gap E,; determines the fundamen-
tal ability of a semiconductor to absorb light and generate electron—hole pairs, the overall
conversion efficiency of a photovoltaic cell also depends on the fate of these carriers once
generated. Efficient devices require not only optimal absorption but also the generation,
separation, and collection of photogenerated carriers. This in turn involves high carrier
mobilities, which enable rapid transport, and long carrier lifetimes, which limit recom-
bination before extraction. Both parameters are strongly affected by crystalline purity
and defect density, and can be improved by strategies such as surface passivation or the
incorporation of dedicated transport layers that suppress recombination. For example,
state-of-the-art high-efficiency cells typically require mobilities exceeding 1000 cm?/V - s
and carrier lifetimes longer than 1 ms, values that are achievable only with high-quality
crystalline semiconductors and effective passivation treatments.

Semiconductors can be classified as intrinsic, consisting of pure materials with low
conductivity, or extrinsic, obtained by doping with impurities to significantly enhance
conductivity [44], [48]. Doping with pentavalent atoms such as phosphorus or arsenic
introduces free electrons (n-type), while trivalent dopants such as boron or aluminum
create holes (p-type). This controlled doping enables the formation of the PN junction,
a fundamental building block of photovoltaic devices. At the interface between p- and
n-type regions, a depletion region is created with an internal electric field that drives the
separation and transport of photogenerated electron—hole pairs, thereby enabling current
generation [49], [50]. The equilibrium potential barrier (V};) is typically around 0.7 V for
Si and 0.3 V for Ge at 300 K. Figure 1.6 illustrates the PN junction, highlighting the
depletion layer, the built-in electric field, and the distribution of majority and minority
carriers that underpin photovoltaic operation.

The SC materials used in PV are classified essentially according to their crystalline
structure (crystalline or amorphous) and their chemical nature (inorganic, organic or
hybrid). Each of these categories exhibits distinct electronic, optical and technological
properties, which determine the conversion efficiency, long-term stability and manufactur-
ing and integration possibilities of solar cells [43]. Table 1.1 summarises these categories,
with representative examples and their main characteristics, illustrating their relevance
for various photovoltaic applications.
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Figure 1.6: Schematic diagram of the PN junction [49].

Table 1.1: Classification of semiconductor materials used in photovoltaics [51]-[54].

Crystalline Chemical Examples Notes

structure nature

Crystalline Inorganic Monocrystalline Si, High stability and carrier mobility (>1000
Polycrystalline Si, cm?/V - s for ¢-Si), but high cost for GaAs
GaAs (used in concentrator cells).

Crystalline Hybrid Halide perovskites Tunable bandgap ( 1.2-1.6 eV), low-cost
(e.g., fabrication (solution process), but limited
CH3NH3PbI;) stability under humidity.

Amorphous Inorganic Amorphous Si Low cost, flexible, thin-film compatible,
(a-Si) but poor durability (Staebler—Wronski

effect).
Crystalline or Organic Polymer Lightweight, printable (flexible
amorphous semiconductors electronics), but lower durability and

(P3HT:PCBM) photo-oxidative stability.

1.5 The physics of photovoltaics: concept and oper-
ation

1.5.1 Photovoltaic effect

The photovoltaic effect refers to the fundamental physical phenomenon that causes the
direct conversion of light energy into electrical energy in photovoltaic devices. It occurs
in certain semiconductor materials when they are exposed to light radiation, such as
sunlight [55]-[57].

When a photon, an elementary particle of light with energy F = hv (where h is Planck

12



Chapter 1. Global Energy Challenges and the Basics of Photovoltaics

constant and v is the frequency of the radiation), strikes a semiconductor, it can be ab-
sorbed if its energy is greater than or equal to the band gap (E,) of the material, defined
as By = B, — E,, where E, and F, are the energies of the conduction and valence bands,
respectively [58]. This absorption excites an electron from the valence band (initial level
E;) to the conduction band (final level E}), according to the relationship hv = E; — E;,
creating an electron-hole pair. If £/ > E,, the excess energy is dissipated by thermal-
ization, resulting in energy losses, as shown in Figure 1.7. The electron then becomes a
mobile negative charge carrier, while the hole acts as a positive charge carrier [59], [60].

To exploit this generation of carriers and produce an electric current, the photovoltaic
cell relies on a specific architecture, mainly a PN junction [61]. This architecture consists
of two regions of the same semiconductor doped differently, an n-type region (enriched
in electrons) and a p-type region (enriched in holes). At the interface between these
two zones, the initial diffusion of majority carriers leads to their partial recombination,
forming a depletion zone where a permanent internal electric field emerges [62], [63].

. 1%

E.
T (a) (b) T
Eq E E,
E, i E, l

Generation of
electron-hole pair

+

Thermalization E > E,

Figure 1.7: Generation of charge carriers through photon absorption [49].

This electric field plays a crucial role; it effectively separates the photogenerated car-
riers by forcing the electrons to migrate to the n-type region and the holes to the p-type
region, preventing their immediate recombination. When metal contacts are placed at
the ends of the cell and an external circuit is connected, the separation of charges leads
to the orderly flow of a direct electric current. The voltage across the junction, coupled
with this current, then provides usable electrical power [64]-[66]. The diagram shown in
Figure 1.8 illustrates the principle of operation of the PV effect, detailing the generation
of electron-hole pairs, their separation by the internal electric field, and the flow of current
in an external circuit.

The efficiency of this process depends on several key physical parameters, including:

e The band gap width F,, which sets the photon absorption threshold. For example,
silicon, with a gap of approximately 1.12 eV, efficiently absorbs a large part of the
solar spectrum, contributing to its industrial success [68].

e The crystalline quality and electronic properties of the material, which influence
the lifetime, carrier mobility and recombination rate, directly impacting conversion
efficiency [69].
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Figure 1.8: Functional diagram of a PN junction photovoltaic cell [67].

e Cell design and engineering, including the optimisation of anti-reflective layers,
metal contacts and the thickness of the active layer, in order to maximise carrier
collection and minimise resistive losses [70].

e The depth of light penetration, which must correspond to the active zone of efficient
carrier generation to optimise photon absorption [71].

o Losses due to thermalisation (excess photonic energy) and recombination (radiative
or non-radiative), which reduce energy efficiency, particularly in materials with a
short carrier lifetime.

It is also important to note that the current generated by the photovoltaic effect is
proportional to the incident light intensity. This phenomenon enables clean, silent and
renewable conversion of solar energy into electricity, without polluting emissions, making
photovoltaic technology a central pillar of the sustainable energy transition [72], [73].

1.5.2 Equivalent Electrical Model and Characteristic Parame-
ters of a Solar Cell

The solar cell can be modeled by an equivalent electrical circuit, as illustrated in Fig-
ure 1.9, consisting mainly of a light-generated current source J,,, connected in parallel
with a PN junction modeled by a diode. Two parasitic resistances are taken into account,
a series resistance Rj, representing ohmic losses (in metal contacts, electrodes, charge
transport layers), and a parallel resistance Ry, reflecting leakage currents or shunts in-
ternal to the junction. This modelling enables us to quantitatively address the actual
electrical response of the cell under different illumination and load conditions [74].

The current-voltage characteristic of a cell is then described by the following equa-
tion [39]:

VIR 1) B V + JR, (12)

V) = = o (557 o
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Figure 1.9: Simplified equivalent electrical model of a photovoltaic cell.

Where J is the output current, .J,;, the light-generated photocurrent (proportional to
irradiance and slightly temperature-dependent), Jy the diode saturation current, V' the
cell terminal voltage, R, the series resistance, Ry, the shunt resistance, ¢ the elementary
charge, n the ideality factor of the diode, k£ the Boltzmann constant and 1" the absolute
temperature [75]. The characterization of a photovoltaic cell electrical performance is
based on several essential parameters [35], [76]. These parameters are extracted from
the J-V curve illustrated in Figure 1.10, which is obtained under standard illumination.
These quantities enable us to assess actual performance and identify the intrinsic and
technological limitations influencing its operation.
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Figure 1.10: Typical current-voltage (J-V) characteristic and related parameters of a solar
cell [76].

1.5.2.1 Short-circuit current (Js)

The short-circuit current (Jg) is the current generated by the cell when the terminal
voltage is zero (V = 0), i.e., under short-circuit conditions. It reflects the cell ability to
generate and collect charge carriers induced by photon absorption. Js. depends on optical
absorption (related to the bandgap of the material) and collection efficiency (influenced
by carrier mobility and passivation). For example, Js. reaches 40 mA /cm? for monocrys-
talline silicon and 25-30 mA /cm? for perovskites due to their different absorption spectra.
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1.5.2.2 Open-circuit voltage (V,.)

This is the maximum voltage delivered by the cell when no current is drawn (open circuit
(J=0)). It expresses the difference in electrical potential generated by the separation
of charges at the PN junction. V. is limited by the bandgap of the material and non-
radiative recombination. For example, perovskite cells have a V.. of 1.0-1.2 V, while
perovskite-silicon tandem cells exceed 1.8 V thanks to better loss management.

1.5.2.3 Fill factor (FF)

Quantifies the quality of the current-voltage curve, it is the ratio between the maximum
power actually extracted and the theoretical power ideally available (product of the short-
circuit current and the open-circuit voltage). Formally, it is expressed as:

pmax o Jmpp X Vmpp

FF = =
Jsc X V;)c Jsc X ‘/OC

(1.3)

Where Impp and Vmpp are respectively the current and voltage at the maximum
power point (MPP). A high FF (> 80%) indicates low resistive and recombination losses,
as in silicon heterojunctions (FF 85%) or tandem cells (FF > 80%).

1.5.2.4 Power Conversion Efficiency (PCE)

Efficiency is the fundamental indicator of the overall performance of a photovoltaic cell. It
expresses the ability to convert incident light power (P,) into maximum useful electrical
power extracted (Pyay). Mathematically, it is expressed as:

Pmax Jmpp X Vmpp o Jsc X ‘/oc X FF

PCFE = =
CE=" P P

(1.4)

1.5.2.5 Quantum efficiency

External Quantum Efficiency (EQE) and Internal Quantum Efficiency (IQE) are funda-
mental spectroscopic quantities for evaluating the performance of a photovoltaic cell as a
function of wavelength. EQE represents the fraction of Incident photons at a given wave-
length that are converted into electrons collected in the cell’s structure. This parameter
includes not only the absorption of photons and the generation of charge carriers, but also
the optical losses associated with reflection and transmission, as well as the recombination
that occur before the charges are actually collected. In contrast, IQE measures the frac-
tion of photons actually absorbed by the cell that generate charge carriers, thus excluding
optical losses at the surface such as reflection and transmission. This distinction makes it
possible to isolate purely electronic and recombination effects within the material [77]-[79].
Comparative analysis of the EQE and IQE curves as a function of wavelength exhibits
a detailed view of the mechanisms involved in efficiency losses. It enables phenomena
such as interface defects, surface and volume recombination and absorption inefficiency
in certain spectral ranges to be identified and quantified with precision. This detailed
understanding is essential for guiding both optical and electronic optimisation strategies
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in the design of photovoltaic devices [80]. The spectral profile of quantum yields, exhib-
ited in Figure 1.11, is therefore an essential analytical tool for improving the design and
technological performance of solar cells.
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Figure 1.11: Quantum efficiency of an ideal solar cell as a function of the incident photon
wavelength [81].

1.6 Structure and architecture of photovoltaic cells

The performance of a PV cell depends essentially on the quality of its multilayer archi-
tecture, optimised to maximise the conversion of light energy into electrical energy. This
conversion is based on the precise organisation of complementary functional layers, each
playing a specific role in the generation, separation and collection of electronic charge
carriers. An optimised design of these layers, adapted to the properties of the materials
(e.g., silicon, perovskites), is crucial to achieve high efficiencies, often exceeding 25% for
advanced technologies such as heterojunctions or tandem cells. Controlling the struc-
ture and architecture of these layers is therefore essential for optimising the performance
and durability of photovoltaic devices [82]. Figure 1.12 shows a diagram of the different
functional layers that make up a single-junction photovoltaic cell. The components of a
typical photovoltaic cell are as follows [83]-[85]:

1.6.1 Substrate

This is the main mechanical support for the device, ensuring rigidity and integrity. De-
pending on the application, glass (industrial standard), polymer or metal substrates may
be used, particularly for flexible cells or those integrated into buildings. In perovskite
solar cells, flexible substrates such as Polyethylene Terephthalate (PET) are frequently
used to reduce manufacturing costs, lighten the structure and enable portable or curved
surface applications [86].
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Figure 1.12: Functional layer architecture of a single-junction photovoltaic cell.

1.6.2 Absorbing layer

The active core of the device, this layer is responsible for absorbing solar photons and
generating electron-hole pairs. It is made from semiconductor materials such as silicon
(monocrystalline or polycrystalline), perovskites or other composites suitable for the tar-
geted spectral absorption. The choice of material depends on the target solar spectrum
(AM1.5) and efficiency requirements, with perovskites achieving efficiencies above 25% in
2025 thanks to their tunable bandgap.

1.6.3 Charge transport layers

These thin semiconductor layers, placed between the absorbing layer and the electrodes,
ensure selective carrier transport. The electron transport layer (ETL, e.g., TiOy or SnO,
in perovskite cells) directs electrons to the cathode, while the hole transport layer (HTL,
e.g., spiro-OMeTAD or NiO,) guides holes to the anode. In perovskite-silicon tandem
cells, intermediate layers such as I'TO optimise intercellular recombination.

1.6.4 Anti-reflective coating (ARC)

This layer, usually deposited on the surface, often made of materials such as SiO, or SigNy,
reduces the reflection of incident light, lowering optical losses from 10-15% to less than
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5% in modern cells. This maximises photon absorption in the active layer. In bifacial
cells, ARC is optimised for both sides, increasing overall efficiency.

1.6.5 Metal contacts

The metal contacts, in the form of a thin front grid and a continuous rear contact, collect
and transfer electrical current. They must combine high conductivity (e.g., silver or
aluminum) and low shading (optical transparency >90% for the front grid), so as not to
block incident light. Recent technologies, such as TCO (transparent conductive oxide)
contacts, improve collection in semi-transparent cells.

1.6.6 Surface and interface passivation

Passivation involves covering critical interfaces with thin protective layers (e.g., Al,O3 or
SiN, for silicon, organic layers for perovskites), reducing surface defects and non-radiative
recombination that degrade performance. It is a major lever for improving the electrical
quality of cells.

1.7 Loss mechanisms and performance limitations

The performance of photovoltaic cells is inherently limited by various loss mechanisms
that operate at several physical and technological levels, reducing the overall efficiency
of converting sunlight into electricity [87]. These losses can be grouped into four main
categories: optical, thermal, electronic, and technological [88], [89].

1.7.1 Optical losses

Optical losses occur even before the actual generation of electrical charges [90]. They
mainly include:

o The reflection of light at the surface of the cell, which reduces the quantity of
photons penetrating the absorbing layer, despite the frequent use of anti-reflective
coatings (ARC).

o Unabsorbed photons that pass through the active layer without generating charge

carriers, particularly those whose energy is lower than the band gap of the semicon-
ductor material.

These phenomena limit effective photon absorption and therefore the initial generation of
electron-hole pairs [32].

1.7.2 Thermal losses

Thermal losses refer to the irreversible conversion of part of the light energy into heat.
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o Thermalisation, corresponds to the dissipation of excess photon energy—energy
above the band gap of the semiconductor—in the form of heat, reducing the maxi-
mum electrical voltage that a cell can supply.

o The rise in cell temperature, caused by various factors (absorption, limited heat
dissipation), degrades electrical performance, particularly by reducing the open-
circuit voltage and maximum power.

These cumulative thermal effects are a significant factor in the intrinsic limitation of
efficiency [91].

1.7.3 Electronic losses

Electronic losses are a major source of efficiency limitations in photovoltaic cells. They
result mainly from the unwanted recombination of charge carriers (electrons and holes)
generated by photon absorption, which are therefore unable to be collected to contribute
to the electrical current [44]. This recombination reduces both the effective lifetime and
diffusion length of minority carriers, leading to a reduction in extractable current and,
consequently, in the overall conversion efficiency [92], [93]. Recombination mechanisms
can be grouped into three broad categories, illustrated in Figure 1.13.

A

Energy

Radiative Trap-assisted Auger
(Shockley-Read-Hall)

Figure 1.13: Radiative, non-radiative, and Auger recombination mechanisms in photo-

voltaic cells.

1.7.3.1 Radiative recombination

Radiative recombination is a process in which an electron recombines with a hole by
emitting a photon whose energy is close to the band gap of the semiconductor, as depicted
in Figure 1.13(a). This mechanism is essentially an inverse process of photon absorption,
corresponding to spontaneous emission of light (luminescence). This recombination is
known as “band-to-band” and is dominant in direct bandgap semiconductors. It is an
intrinsic performance limitation because it corresponds to an energy loss resulting in a
photon emitted to the outside, not captured for electrical generation. However, its rate
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is generally lower than non-radiative recombination in commercial-grade materials [92],
[94].

1.7.3.2 Non-radiative recombination (Shockley—Read—Hall, SRH)

The mechanism of non-radiative recombination is mainly mediated by defects in the semi-
conductor material, such as impurities, gaps, or trap states within the bulk or at the in-
terfaces. This process, described by the SRH model, leads to the annihilation of carriers
without light emission, with the energy dissipated as heat (phonons), as illustrated in
Figure 1.13(b). This recombination is particularly important in semiconductors with in-
direct band gaps, such as crystalline silicon, and in materials exhibiting structural defects
or poor surface passivation. It significantly reduces the lifetime and diffusion length of

minority carriers, having a negative impact on the collected current and final yield [92],
[95].

The SRH recombination rate, which represents the dominant non-radiative recombina-
tion mechanism in real semiconductors in the presence of traps, is expressed as follows [96],

[97]:

np — n?
n+ nt)TpO + (p + pt)TnO

Rsgruy = ( (1.5)

where n and p are the electron and hole concentrations, n; is the intrinsic carrier
concentration, 7,9 and 7, are the minority carrier lifetimes (for electrons and holes, re-
spectively), while n, and p, represent the effective carrier densities in the trap state.

1.7.3.3 Auger recombination

Auger recombination is a non-radiative process involving three charge carriers, where the
energy released by electron—hole recombination is transferred to a third carrier (electron
or hole), excited to a higher energy level in the conduction or valence band. This excited
carrier then relaxes by inelastic collisions, resulting in energy loss in the form of heat,
as shown in Figure 1.13(c). This mechanism becomes particularly significant at high
carrier densities, especially under strong illumination or in heavily doped materials. Auger
recombination is a major limitation in high-performance devices, particularly when other
recombination mechanisms are effectively controlled [92], [98].

1.7.4 Technological losses

Technological losses relate to material and structural imperfections associated with the
manufacture and assembly of cells:

o Surface or volume defects, as well as poor-quality interfaces, which increase recom-
bination and degrade performance.

« Resistive effects, such as series and parallel (shunt) resistances due to faulty contacts
and interconnections, resulting in power losses caused by the Joule effect.
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o Shading of the front metal contacts, particularly the busbar, which reduces the
active surface area exposed to light and decreases the generated current.

These factors can also influence the longevity and reliability of photovoltaic modules [32].

1.8 Classification of photovoltaic cell generations

Photovoltaic cells are classified into three technological generations based on the ac-
tive materials used, their architecture, their energy efficiency, and their manufacturing
method, as shown in Figure 1.14. This classification reflects the gradual evolution of
performance, production costs, and research priorities in the solar field. Each generation
meets specific needs such as improving efficiency, reducing costs, integrating new media,
or environmental sustainability [61], [99].
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Figure 1.14: Classification of solar photovoltaic cell technologies.

The first generation includes traditional crystalline silicon-based technologies (monocrys-
talline or polycrystalline), which dominate the market thanks to their high efficiency,
reliability, and longevity. The second generation includes thin-film cells, such as CdTe,
CIGS, or amorphous silicon, developed to reduce costs and material consumption while
offering greater mechanical flexibility, facilitating their integration on a variety of surfaces.

Finally, the third generation brings together emerging technologies based on innovative
materials and concepts, such as organic cells, dye-sensitized cells (DSSC), perovskites, and
multi-junction structures [100]-[102]. These devices aim to exceed the theoretical limits of
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conventional cells while addressing the challenges of sustainability, lightness, and low-cost
manufacturing.

Figure 1.15 illustrates the efficiency levels attained by various generations of solar cells
based on their specific technologies. To date, the highest efficiency has been achieved by
a III-V four-junction concentrating photovoltaic cell, which exhibits a power conversion
efficiency (PCE) of 47.6%. Table 1.2 presents a comparative summary of the three gen-
erations in terms of materials, efficiency, and cost.

Table 1.2: Comparison of the three generations of photovoltaic cells [51], [103]-[105].

Generation

First generation

Second generation

Third generation

Materials used

Monocrystalline Si,
Polycrystalline Si

a-Si, CdTe, CIGS, III-V

materials

Perovskites, organics,
DSSC, etec.

Efficiency range

6-25%

10-15%

>25%

Advantages Mature technology, Flexible, lightweight, Low-cost materials, high
increasing efficiency roll-to-roll production, efficiency potential,
cost-effective emerging R&D focus
Limitations High material cost, Moderate efficiency, Still under development,
temperature sensitivity stability issues stability challenges
Manufacturing Wafer-based Roll-to-roll Various (solution or
process vapor-based)
Applications Residential, commercial, BIPV, portable devices,  Large-scale systems,
utility small projects consumer electronics,
off-grid
Durability Good Moderate Material-dependent
Stability Good Moderate Material-dependent

Cell Efficiency (%)

Best Research-Cell Efficiencies
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Figure 1.15: Solar cell efficiency evolution over generations [106].
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1.8.1 First generation: Crystalline silicon
1.8.1.1 Silicon proprieties

First-generation photovoltaic cells are mainly based on crystalline silicon, which has been
the most mature and widespread technology in the solar industry for several decades. This
generation has contributed significantly to the massive development of photovoltaic energy
thanks to its robustness, reliability, and relatively stable performance over time [102],
[107]. Silicon (Si), the benchmark semiconductor material for this generation, owes its
predominance to a combination of optimal electronic, structural, and physicochemical
properties. An element in group IV of the periodic table, it has a diamond-type tetrahedral
crystal structure, which gives the lattice great stability. At room temperature, it has
an indirect band gap (E,) of approximately 1.1 eV, which is an ideal compromise, low
enough to allow the absorption of a large portion of the solar spectrum (particularly
in the near infrared), but high enough to generate a useful output voltage, reducing
thermal losses. Derived from abundant natural resources such as quartz (SiO2) or sand,
silicon must be purified using complex industrial processes notably the Siemens process,
to achieve the ultra-high purity required to minimize crystal defects and reduce non-
radiative recombination. It is then recrystallized to produce monocrystalline lingots or
polycrystalline ingots, depending on the desired architecture [52], [108].

Silicon, classified as a metalloid, has several key advantages for photovoltaic applica-
tions. Its abundance in the Earth’s crust, where it is the second most abundant element,
ensures a stable resource for large-scale industrial production [109]. It is also distinguished
by its non-toxicity, environmental compatibility, high thermal stability, and corrosion re-
sistance, ensuring the durability of modules even in extreme climatic environments. In
addition, its seamless integration into existing microelectronic processes facilitates indus-
trialization, performance reproducibility, and cost control [110], [111].

1.8.1.2 Manufacturing process

These cells are manufactured from wafers cut from monocrystalline or polycrystalline
silicon ingots. The quality of the silicon used is crucial; monocrystalline silicon has a
homogeneous crystalline structure and few defects, which promotes high electron mobility
and limits charge recombination, leading to typical efficiencies of between 18% and 24%
under standard conditions [112], [113]. In contrast, polycrystalline silicon consists of
multiple crystalline grains oriented in different directions, creating more recombination
sites and slightly lower performance, typically between 15% and 20%, but its production
cost is lower [114].

The operation of first-generation cells is based primarily on a conventional p—n junc-
tion, which creates an internal electric field that ensures the efficient separation of pho-
togenerated charge carriers. This fundamental mechanism enables the conversion of light
energy into electrical energy, but limits the theoretical maximum efficiency to around 29%,
according to the Shockley—Queisser limit for a single bandgap junction [113]. From an in-
dustrial standpoint, these technologies offer proven maturity and reliability, with module
lifespans often exceeding 25 or even 30 years and low annual degradation [115], [116]. How-
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ever, their manufacture remains energy-intensive and costly, requiring a complex process
of silicon purification, the growth of monocrystalline ingots using the Czochralski method
(the Cz method, named after Jan Czochralski, is the most common method of producing
mono-Si), and the precise cutting of wafers [117]-[119]. These steps also involve a signifi-
cant carbon footprint and high resource consumption. In order to better understand the
industrial constraints and levers for optimizing crystalline silicon cells, it is important to
briefly describe the main steps in the photovoltaic module manufacturing process. This
industrial process comprises several key phases, ranging from the purification of metallic
silicon to the assembly and final encapsulation of the modules, and largely determines the
quality, cost, and environmental impact of the finished products [120]. These different
stages are illustrated in Figure 1.16.

PURIFICATION LINGOT CUTTING

PRIMARY MATERIAL
(SILICON)

) o

ASSEMBLING CELLS

CELL
MANUFACTURE

PHOTOVOLTAIC WAFERS

MODULE

Figure 1.16: The different stages in the manufacturing process for crystalline silicon pho-
tovoltaic modules [121].

1.8.1.3 Advantages and limitations

To overcome some of these limitations, various improvements are now being implemented,
including advanced surface passivation, which reduces recombination at interfaces, and
optimization of metal contacts to minimize resistive losses and shading [120]. In addition,
the development of hybrid structures, such as multiple (tandem) junctions incorporat-
ing complementary materials, aims to overcome the efficiency barriers imposed by the
physics of single junctions [52], [122]. In summary, despite the rise of second- and third-
generation technologies, crystalline silicon cells remain a fundamental pillar of industrial
photovoltaics, offering a proven compromise between efficiency, durability, and reliability.
Their widespread adoption in the global market underscores their continued importance
in the solar energy mix [123].
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1.8.2 Second generation: Thin films

Second-generation photovoltaic technologies rely on the use of semiconductor materials
deposited in thin layers on rigid or flexible substrates, unlike the thick wafers characteristic
of the first generation [124], [125]. This approach reduces the amount of semiconductor
material used, significantly lowers production costs, and offers possibilities for integration
on a variety of surfaces thanks to the potential flexibility of the films [126]. The thickness
of the active layers is generally between a few hundred nanometers and a few micrometers.

Thin-film cells mainly use three semiconductor materials: amorphous silicon (a-Si),
cadmium telluride (CdTe), and multi-element compounds such as copper-indium-gallium-
selenide (CIGS) [127]. Figure 1.17 displays the comparative architectures of the main
second-generation thin-film photovoltaic cells (CIGS, CdTe, and a-Si/uc-Si), exhibiting
the constituent materials and typical thicknesses of their different layers. These technolo-
gies are distinguished by a compromise between efficiency, cost, stability, and environ-
mental impact. Typical commercial efficiencies range from 10% to 16%, with laboratory
performance reaching significantly higher values. However, their durability and stability
generally remain inferior to those of crystalline silicon cells, representing a major techno-
logical challenge [16], [128], [129].
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Figure 1.17: Typical architectures of second-generation thin-film photovoltaic cells: CIGS,
CdTe and amorphous/microcrystalline silicon (a-Si/uc-Si) [130].
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In terms of challenges, second-generation cells enable a significant reduction in active
thickness, which reduces the amount of raw material used, improves substrate flexibility
and opens the way to integrated applications such as building-integrated photovoltaics
(BIPV) or curved surfaces [131], [132]. However, these technologies face major challenges,
including the scarcity of certain critical materials, the toxicity of components such as
cadmium or arsenic, and the difficulty of achieving efficiency levels as high as those of
first- or third-generation cells [133]. In addition, the long-term stability and degradation
of thin films still raise questions that have not been fully resolved, particularly in extreme
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climatic conditions [134]. Finally, deposition processes require precise control and some-
times significant technological investments, which hinders the economic competitiveness
of some of these technologies [135].

1.8.2.1 Amorphous silicon (a-Si) cells

Hydrogenated amorphous silicon differs from crystalline silicon in that it has a disordered
atomic structure, in which the atoms are not organized in a periodic lattice [61], [136].
This fundamental difference in structure is illustrated in Figure 1.18, which compares
the main allotropic forms of silicon used in photovoltaics. This disorder generates a high
density of localized states in the band gap, which hinders the mobility of charge carriers.
To mitigate these electronic defects, the material is passivated by incorporating hydrogen,
hence the name a-Si:H. This material is generally deposited by plasma-enhanced chemical
vapor deposition (PECVD) at moderate temperatures of around 200°C [137], [138]. This
characteristic allows the use of flexible substrates such as heat-resistant polymers, paving
the way for portable, foldable, or textile-integrated applications [139]-[141].

Monocrystalline Polycrystalline Amorphous

Figure 1.18: Schematic comparison of the different forms of silicon: monocrystalline,
polycrystalline, and amorphous.

The classic architecture of a-Si cells is based on a p-i-n type superimposed layer struc-
ture, where the intrinsic layer acts as the absorbing material [136], [142]. The transparent
electrodes are often made of indium tin oxide (ITO), while the rear electrode is made
of reflective metal [143], [144]. Despite its low active thickness (approximately 300 to
500 nm), the high absorption coefficient of a-Si allows for efficient light collection. How-
ever, performance remains limited to typical efficiencies of 6-9% for single cells, due to
low carrier mobility and the presence of defects [145]. Tandem structures, combining a-Si
and microcrystalline (uc-Si), can achieve efficiencies of up to 12%. One of the major chal-
lenges is the Staebler—Wronski effect, a photo-induced degradation that reduces efficiency
after prolonged exposure to light [128].

1.8.2.2 Cadmium telluride (CdTe) cells

Among thin-film technologies, CdTe cells stand out for their industrial maturity and
simplicity of manufacture, located in the elements of groups II and VI of the periodic
table [146]. Cadmium telluride is a direct bandgap semiconductor with a bandgap of
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1.45 eV, very close to the optimal value for photovoltaic conversion. This allows for
efficient absorption of sunlight in an active layer of only 2-3 pm [147], [148]. The most
common deposition processes include sputtering, thermal evaporation, or chemical vapor

deposition (CVD) [149].

The standard architecture comprises a transparent conductive layer (usually ITO or
Sn0s), a cadmium sulfide (CdS) buffer layer, then the active CdTe layer, followed by a
metal back contact, often based on graphite, copper, or specific alloys. The CdS forms a
heterojunction with the CdTe, allowing for good charge separation [150]. This structure
has excellent tolerance to crystalline defects, high thermal stability, and an operational
life exceeding 25 years. Industrial yields currently reach 18-19%, while laboratory cells
exceed 22% [151]. However, the presence of cadmium, a toxic heavy metal, is raising
growing environmental concerns. In addition, tellurium is a relatively rare element, which
could limit the global expansion of this technology in the long term [136], [152].

1.8.2.3 Copper-Indium—-Gallium—Selenide (CIGS) cells

CIGS technology is the most efficient second-generation option in terms of yield, while
exhibiting great flexibility of application [153]. The active material, Cu(In,Ga)Se,, is a
direct bandgap semiconductor whose energy gap can be adjusted between 1.0 eV and
1.7 eV by modulating the proportion of gallium. This band engineering capability al-
lows for optimised absorption across the entire solar spectrum, and therefore high energy
efficiency [154]. The active layer is typically deposited by vacuum co-evaporation or sput-
tering followed by annealing in a selenium atmosphere, which requires precise control of
the composition [155], [156].

The structure of a CIGS cell comprises a glass or steel substrate covered with a layer
of molybdenum acting as a rear contact, followed by the CIGS layer itself, a CdS buffer
layer, and then a transparent conductive oxide such as ZnO [156]. In the latest devices,
CdS tends to be replaced by more environmentally friendly materials, such as ZnS or
In,S3, to meet environmental requirements. Production yields range from 13-16%, while
laboratory records reach over 23% [157]. CIGS modules maintain good performance even
in low sunlight or partial shade. However, the scarcity of indium and gallium, as well as the
complexity of the deposition processes, are obstacles to mass industrialisation. Research
is underway to develop more sustainable alternatives to these critical materials [16].

1.8.2.4 III-V material-based solar cells

[II-V material-based solar cells, such as gallium arsenide (GaAs), gallium indium phos-
phide (GalnP) or indium gallium arsenide (InGaAs), mainly belong to the second gen-
eration of photovoltaic cells, due to their manufacture in the form of thin layers using
epitaxial processes. Derived from elements in groups III (gallium, indium) and V (arsenic,
phosphorus) of the periodic table, they are characterised by a direct band gap, a high
optical absorption coefficient and a low recombination rate, enabling efficiencies of over
25% to be achieved for a single GaAs junction [158], and up to 28-30% under optimal
conditions [159].

28



Chapter 1. Global Energy Challenges and the Basics of Photovoltaics

Due to their excellent performance under high irradiation and their resistance to ra-
diation, these cells are particularly suited to demanding environments such as satellites
or concentrated photovoltaic (CPV) systems. Their high-quality crystalline structure,
obtained by metal organic chemical vapor deposition (MOCVD) or molecular beam epi-
taxy (MBE), ensures efficient collection of charge carriers. However, the scarcity of the
materials used and the complexity of manufacturing result in high costs, limiting their
large-scale deployment for conventional terrestrial applications [160], [161].

ITII-V materials also play a central role in the design of multi-junction or tandem
cells, typical of the third generation, where several layers with different band gaps are
superimposed in order to capture a larger portion of the solar spectrum and exceed the
theoretical efficiency limit of single junctions. For example, a GalnP/GaAs/InGaAs triple-
junction cell can achieve efficiencies of over 40% under high concentration [162]. Current
research aims to reduce costs through the use of reusable substrates, the optimisation
of interfaces to limit recombination losses, and the development of hybrid architectures
combining ITI-V with low-cost materials such as silicon or quantum dots [163].

1.8.3 Third generation

The third generation of PVs represents an ambitious effort in contemporary research to
overcome the technological and economic constraints of previous generations. While the
first generation, mainly based on crystalline silicon, has reached a solid industrial maturity
and the second generation, based on thin films, has enabled a significant reduction in
material and manufacturing costs, the third generation aims to combine high efficiency,

low production costs, mechanical flexibility and greater environmental friendliness [105],
[133].

These emerging technologies are based on innovative concepts of light absorption and
conversion, often inspired by advances in nanotechnology and complex materials chem-
istry. They aim not only to exceed the theoretical Shockley-Queisser limit applicable
to simple junctions, but also to exhibit new functionalities such as semi-transparency,
harmonious integration into architecture, and the ability to operate efficiently under low
light conditions [164], [165].

A major characteristic of this generation is the wide variety of materials used, which
differ greatly from conventional semiconductors. Absorbers are often organic, organic-
inorganic hybrids or composed of quantum nanostructures, capable of finely modulating
electronic and optical properties at the nanometer scale [166], [167]. In addition, man-
ufacturing processes favor low-temperature techniques that are compatible with flexible
substrates, paving the way for a variety of applications, from portable electronics to energy
integration in street furniture. These technologies include perovskite solar cells, organic
photovoltaic cells (OPV), quantum dot cells and dye-sensitised solar cells (DSSC) [108],
[132], [164]. Each of these approaches has specific conversion mechanisms, distinct advan-
tages and technical challenges to overcome, paving the way for new opportunities for the
photovoltaic industry of tomorrow. PSC, in particular, are attracting growing scientific
interest due to their remarkable performance and adaptability, making them a priority
area of research in our work.
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1.8.3.1 Organic photovoltaic cells (OPV)

Organic photovoltaic cells (OPV) represent an innovative technology that uses carbon-
based organic materials, such as polymers and small molecules, to convert sunlight into
electricity [168]—-[170]. Unlike traditional inorganic semiconductors, their compounds ex-
hibit lightness, flexibility and low-cost manufacturing capabilities, due in particular to
low-temperature processes compatible with flexible substrates [171]-[173]. This opens up
applications in a variety of fields, such as portable devices, smart textiles and architectural
integration.

The typical structure of OPVs comprises several layers deposited on a transparent
substrate (often glass or flexible plastic), with an active layer combining an electron donor
and an electron acceptor. This system forms an essential interface called a heterojunction,
where the excitons created by the absorption of photons are dissociated into free charges
that are then collected within the device, generating an electric current [174]-[176]. This
multilayer organisation is illustrated in Figure 1.19, which exhibits the typical structure
of an organic photovoltaic cell. The efficiency of this conversion depends heavily on the
quality of the morphology and the optimisation of the materials used.

|
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Figure 1.19: Architecture of OPV cells.

Among their main advantages are their light weight and mechanical flexibility, as well
as their low manufacturing cost thanks to printing methods such as roll-to-roll. These
characteristics facilitate aesthetic and functional integration into a variety of media, fa-
voring, for example, the production of semi-transparent panels for buildings [177]-[180].
However, this technology still suffers from lower efficiency than inorganic cells, typically
around 10 to 15% under commercial conditions, due in particular to the low mobility of
charge carriers and losses related to the short lifetime of excitons [181]-[184].

One of the major challenges is also durability, as organic materials degrade relatively
quickly under the effects of light, oxygen and humidity, which limits their longevity. To
overcome these weaknesses, researchers are working on new acceptance materials, tandem
architectures and advanced encapsulation systems to improve stability over time. These
combined efforts pave the way for significant industrialisation potential, with promising
applications in portable electronics, photovoltaic lighting and smart homes [185], [186].
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1.8.3.2 Quantum dot photovoltaic cells

Quantum dot photovoltaic cells use nanometric semiconductor nanoparticles, whose op-
tical and electronic properties can be modulated with great precision thanks to the quan-
tum confinement effect [187]. This phenomenon makes it possible to adjust the size of
the nanocrystals to effectively modulate the band gap, thereby optimising the absorbed
spectral range. This unique capability allows solar conversion over a wider range than
traditional photovoltaic technologies, potentially improving solar energy capture [188]—
[190]. These quantum dots are generally made of various materials such as cadmium se-
lenide (CdSe), lead sulphide (PbS) or ternary compounds such as copper-indium-selenium
(CulnS,) [191]-[193]. They are manufactured using sophisticated chemical or physical
processes and then deposited on different types of substrates, both rigid and flexible.
This manufacturing flexibility, combined with the thinness of the active layers, promotes
low-cost industrial potential. The high light absorption capacity of quantum dots and
their ability to integrate tandem architectures reinforce their attractiveness for improving
photovoltaic efficiency [194]-[196].

Beyond these properties, quantum dots exhibit a remarkable ability to generate mul-
tiple electron-hole pairs from a single photon, a phenomenon called exciton multiplicity.
This ability paves the way for an increase in maximum efficiency beyond the classic
Shockley-Queisser limit, positioning this technology as one of the most promising for
the future of photovoltaics [197], [198]. Nevertheless, this technology still faces major
challenges. Long-term stability remains limited, particularly due to the degradation of
nanoparticles and interfaces under real-world operating conditions [199]. In addition, the
toxicity of certain materials used, particularly those based on cadmium or lead, raises sig-
nificant environmental concerns. These constraints are driving active research into more
environmentally friendly alternative materials and improved processes to ensure greater
sustainability [200], [201].

1.8.3.3 Dye-sensitised solar cells (DSSCs)

Dye-sensitised solar cells, also known as DSSCs or Gratzel cells, represent an innova-
tive and relatively low-cost photovoltaic technology based on a photoelectrochemical
conversion mechanism [202], [203]. The typical structure of a DSSC comprises a wide
bandgap semiconductor layer, usually consisting of a nanostructured film of titanium
dioxide (TiOs), onto which photosensitive molecules (dyes) are grafted. These dyes play
an essential role in absorbing sunlight [204]. When a photon strikes the dye, it excites
an electron in the molecule, which is then injected into the conduction band of the TiOs,.
This electron then flows through the semiconductor to a transparent electrode, generat-
ing an electric current. At the same time, the oxidised dye is regenerated by an elec-
trolyte, which transports the charges to the counter electrode, thus closing the electrical
circuit [64], [205].

This architecture is notable for its low potential manufacturing cost, relative simplic-
ity and ability to be integrated into flexible or transparent substrates, making it an at-
tractive solution for building-integrated photovoltaics (building facades, semi-transparent
windows), portable electronics and off-grid applications. The commercial efficiencies of
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DSSCs generally range between 11% and 13%, while laboratories achieve nearly 14%,
demonstrating a promising balance between performance and cost [206]. However, a ma-
jor weakness remains stability over time, mainly due to the degradation of dyes under
prolonged exposure to light and the volatility of traditional liquid electrolytes, which af-
fect the durability of the devices. To overcome these limitations, research is focusing on
the development of solid or semi-solid electrolytes, as well as more resistant dyes and
modular architectures that improve operational robustness [207]-[209]. Overall, DSSCs
exhibit a versatile and eco-efficient alternative to conventional photovoltaic technologies,
particularly suited to applications requiring lightness, flexibility and aesthetic integra-
tion, while continuing to address the challenge of their durability for wider industrial
deployment [210], [211].

1.9 Current applications and prospects

Today, photovoltaic energy has established itself as one of the main renewable sources
exploited worldwide, with diverse uses ranging from residential to industrial. In the
residential sector, rooftop or facade installations enable individuals to reduce their de-
pendence on the electricity grid while contributing to the energy transition [212], [213].
The industrial sector, meanwhile, favors large-scale solar power plants capable of power-
ing heavy infrastructure and contributing significantly to national electricity production.
Off-grid systems, which are independent of the grid, are essential in isolated or develop-
ing areas, offering a sustainable alternative to thermal generators [22]. In addition, the
integration of photovoltaics into mobility is experiencing remarkable growth, with panels
installed on electric vehicles, boats, and even solar drones. Agriculture also benefits from
this technology through agro-photovoltaic solutions, which allow energy production and
crop cultivation to coexist on the same land [214].

Recent innovations are further expanding the range of applications. The development
of BIPV (Building Integrated Photovoltaics) transforms solar panels into architectural
elements, integrated directly into facades, roofs, or glazing, combining aesthetics and
energy performance [132]. The flexibility of the modules, made possible by the use of
organic, hybrid, or composite materials, paves the way for new applications on curved
or moving surfaces. New high-efficiency materials, such as perovskites or nanostructure-
based composites, make it possible to envisage lighter, more transparent devices that are
better suited to discreet integration into the urban environment [16]. Architectural inte-
gration is thus becoming a major lever for the democratization of photovoltaics, making
this technology more visually and functionally acceptable in the built landscape.

The prospects for technological and scientific development are particularly promising.
Research is focusing on increasing efficiency through multi-junction or tandem approaches,
reducing production costs through large-scale printing processes, and improving the dura-
bility of materials in extreme weather conditions [73], [215]. The exploitation of new
concepts, such as the recovery of residual thermal energy or the use of semi-transparent
photovoltaic devices for indoor applications, is opening up new avenues [216]. In the
longer term, combining photovoltaics with advanced storage systems and smart grids
could enable optimal management of the energy produced, strengthening the energy in-
dependence of buildings and communities. All of these developments point to a central
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role for photovoltaics in the future global energy mix, with ever greater integration into
our everyday environment [217], [218].

1.10 Conclusion

This first chapter has laid the essential foundations for understanding photovoltaic tech-
nologies, covering their historical development, operating principles and the diversity of
existing generations and architectures. We have seen how technological advances, com-
bined with environmental imperatives, have led to constant improvements in efficiency
and reductions in costs, making this energy source competitive with conventional sources.
The classification of the different generations of solar cells, from the first based on crys-
talline silicon to third-generation devices incorporating innovative concepts, provides a
clear overview of the scientific and industrial challenges driving the sector. Analysis of
current applications and future prospects has also highlighted the growing role of photo-
voltaics in the global energy transition, as well as the opportunities offered by architectural
integration, material flexibility and the rise of new design approaches.

This summary naturally paves the way for the developments that will be discussed in
the following chapters. The next chapter will focus on perovskite photovoltaic cells, an
emerging technology that is attracting growing interest due to its exceptional performance
and high flexibility of integration. We will analyze in detail the perovskite material, its op-
toelectronic properties, the different manufacturing methods and the materials associated
with the functional layers. Finally, we will examine tandem structures, which combine
perovskite with other photovoltaic technologies to exceed current efficiency limits and
pave the way for a new generation of high-performance devices.
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Chapter 2. Perovskite solar cells and tandem structures

2.1 Introduction

The previous chapter presented the fundamentals of the photovoltaic effect, its historical
evolution, and the three generations of solar cells, highlighting the innovative potential
of the third generation. Among these emerging technologies, perovskite-based solar cells
and tandem architectures stand out for their exceptional performance and their ability
to transform next-generation photovoltaics. Perovskites offer efficiencies exceeding 25 %
in the laboratory thanks to their high light absorption, excellent charge carrier mobility
and adjustable bandgap, while enabling simple and economically competitive manufactur-
ing processes. As for tandem structures, they combine perovskites with complementary
materials, such as silicon or other perovskites, to exploit a broader solar spectrum and
achieve experimental efficiencies exceeding 30 %, thus overcoming the inherent limitations
of single-junction cells.

This chapter is devoted to an in-depth study of perovskite cells and tandem architec-
tures. We will first examine the fundamental properties and manufacturing techniques
of perovskite materials. We will then analyse the different architectures of these cells,
discussing their operating principles and the main technical challenges, particularly in
terms of stability and industrial scaling. Finally, we will explore tandem structures, their
configurations and their potential for maximising photovoltaic conversion. This analysis
will provide the scientific basis for the modelling and simulation work that will be covered
in the following chapters.

2.2 Perovskite materials

Perovskite materials have emerged as a disruptive innovation in the field of photovoltaics,
offering a unique balance between high efficiency, low production costs and design flexi-
bility [219]. Their rapid emergence over the past fifteen years has profoundly changed the
technological landscape, positioning this family of materials as a pillar of third-generation
solar cells [220], [221].

2.2.1 History and emergence of perovskites in photovoltaics

The discovery of perovskite materials dates back to the 19th century, with the initial
identification of a mineral with a perovskite structure (CaTiOs) in the Ural Mountains in
1839 by mineralogist Gustav Rose, named in honor of Count Lev Aleksevich Perovski [219],
[222]. This first perovskite is a mineral with a cubic morphology and a metallic grey
appearance, as depicted in Figure 2.1. The first metal halide perovskites, which form
the basis of modern solar cells, were synthesised about 50 years later, in the 1890s by
H. L. Wells, but their photovoltaic potential was not explored until much later [223].

In the 20th century, advances in solid-state physics, such as X-ray crystallography,
revolutionised the study of perovskites, revealing their unique electronic and lumines-
cent properties. In the 1950s, applications in capacitors and electrochemical transducers
emerged at Philips and Western Electric [224], [225]. In 1978, Dieter Weber synthesised
the first organic-inorganic hybrid perovskites (HOIP), replacing caesium with methy-
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lammonium ions [226]. David Mitzi and his colleagues at IBM in the 1990s and 2000s
developed synthesis approaches and explored their optoelectronic properties, including
light-emitting devices [227]-[229].

Figure 2.1: Illustration of the perovskite mineral with the formula CaTiO3 [225].

The emergence of perovskite solar cells (PSCs) as a viable technology truly began
in 2009, when Akihiro Kojima and his colleagues reported the first use of hybrid halide
perovskites (MAPDbI; and MAPDBr3) as sensitizers in dye-sensitised solar cells (DSSCs),
achieving an initial power conversion efficiency (PCE) of 3.8% [230]. In 2011, Nam-Gyu
Park improved this to 6.5% by optimising deposition on nanocrystalline TiOy [231]. This
pioneering breakthrough paved the way for exponential progress. In 2012, efficiencies
of 9-10% were achieved with solid configurations, replacing the liquid electrolyte with a
solid HTL such as spiro-OMeTAD, by the group of M. M. Lee and Henry Snaith [232].
In 2013, an explosion of interest led to PCEs exceeding 15% thanks to optimisations in
morphology and interfaces [233]. Figure 2.2 outlines the timeline and key milestones in
the history and development of perovskite solar cells, highlighting major advances from
early discoveries to recent improvements in efficiency.

The first synthetic Perovskites were The first successful

perouskite first used in d[y . perovskite/silicon
structure was sensitized solar tandem solar cells
created cells were demonstrated
Natural The unique The first all-solid- Perouskite solar
perouskite electronic state perovskite cells achieved
crustals were properties of solar cell was efficiencies of
cﬂscouered perovskites were developed over 25%

discovered

Figure 2.2: Timeline of the history and development of perovskite solar cells.
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Over the years, PSCs have undergone unprecedented evolution, becoming the fastest-
growing solar technology in history. In 2016, Michael Grétzel demonstrated 21.1% ef-
ficiency with triple-cation compositions [234]. Recognition came in 2013 when Science
included perovskites in its Top 10 breakthroughs. By 2025, single-junction cells had
surpassed 26.7% PCE, while perovskite-silicon tandems had reached over 33%, and all-
perovskite tandems had exceeded 30% in some cases [235], [236]. This acceleration is
attributed to advances in materials engineering, such as the use of mixed cations and
controlled deposition techniques, positioning perovskites as a promising alternative to
silicon-based cells for sustainable and economical solar production. The impact of these
developments is such that commercialisation initiatives are underway, with prototypes
demonstrating increasing industrial viability, including flexible modules and megawatt-
scale pilot lines.

2.2.2 ABXj; formula and classification

Photovoltaic perovskites generally adopt a cubic or pseudo-cubic crystal structure de-
scribed by the general formula ABXj3. In this configuration, the A-site is occupied by
a monovalent cation, either organic, such as methylammonium (MAT = CH3NHJ) or
formamidinium (FAT™ = CH(NH,)j), or inorganic, such as cesium (Cs™) or rubidium
(Rb™). Site B corresponds to a divalent metal cation, most often lead (Pb?*), but which
can also be replaced by tin (Sn?") or germanium (Ge®") in research aimed at reducing
toxicity. Finally, site X is a halide anion, such as iodide (I7), bromide (Br~) or chloride
(C17) [237]. This configuration forms a cubic or pseudo-cubic network in which cation B
is at the center of an octahedron formed by six anions X (coordination 6), while cation A
occupies the interstitial cubo-octahedral cavities, surrounded by approximately 12 anions
X, thus ensuring the stability of the three-dimensional structure. Figure 2.3 shows two
views of the perovskite ABXj3 structure. The first part displays the cation A located in
the cavities formed by BXg octahedra, while the second part shows the unit cell with the
cation B at the center of the octahedron surrounded by anions X, and the cations A at
interstitial sites.

[ ' A site (MA, FA, Cs)
° B site (Pb, Sn)

) Xsite (I, Br, Cl)

Figure 2.3: Schematic diagram of the cubic crystal structure ABX3, extended lattice view
and elementary cell.
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The stability of the perovskite structure is governed by the Goldschmidt tolerance
factor [238], defined by:

t = _ratrx (2.1)

\/§ (7” B+ X)

where r denotes the ionic rays. The perovskite structure remains stable when the
tolerance factor lies between 0.8 and 1. Values greater than 1 generally lead to a non-
photoactive hexagonal structure (§-phase), while values less than 0.8 favor the appearance
of non-perovskite or orthorhombic phases. However, among common compositions, only
MAPDI; falls within this range. FAPbI3 has a tolerance factor exceeding 1, while CsPbls
tolerance factor is below 0.8. As a result, both FAPbI3 and CsPbls exhibit poor structural
stability and tend to decompose easily at room temperature [238], [239].

Depending on their composition and dimensionality, perovskites are classified into
several categories. Three-dimensional (3D) organic-inorganic hybrid perovskites, such as
MAPDI3 or FAPDbI;, have broad spectral absorption and high structural flexibility, but
can suffer from thermal instability [240]. Fully inorganic variants, such as CsPblg, offer
better thermal and environmental stability, at the cost of a wider bandgap (approximately
1.7 V), limiting absorption in the near infrared [241]. Mixed compositions, for example
APb(I,_,Br,)s or double/triple cation formulations (MA/FA/Cs), allow for optimisation
of crystalline quality, stability and photoactivity [242]. In terms of dimensionality, three-
dimensional (3D) structures dominate in terms of performance, but two-dimensional (2D)
perovskites, such as those incorporating long alkylammonium chains (e.g., (BA)yPbly),
or 2D /3D heterostructures, improve resistance to moisture and degradation by forming
hydrophobic barriers. 2D/3D heterostructures combine these advantages, while deriva-
tives such as AyBXg (e.g., CsoSnlg) or ABBX; (e.g., CsSnPbl;) further expand the range
of exploitable optoelectronic properties [243]. These classifications allow for fine-tuning
of properties, which is essential for tandem cell applications where a variable bandgap is
crucial for complementary absorption [244].

2.2.3 Advantages of perovskites

The enthusiasm for perovskites can be explained by a number of advantages that make
them one of the most promising materials for photovoltaic conversion, as illustrated in
Figure 2.4, which highlights their many benefits. Their high absorption coefficient allows
for the creation of ultra-thin active layers, on the order of a few hundred nanometers, while
efficiently capturing sunlight. They also have high charge carrier mobility and long carrier
lifetimes, which minimises non-radiative recombination and optimises charge extraction,
thus contributing to high conversion efficiency.

A major advantage is their adjustable bandgap, which can be modified simply by
changing the ionic composition, offering the flexibility to optimise spectral absorption
and design high-performance tandem architectures [245]. Beyond these optoelectronic
properties, perovskites stand out for their durability and positive environmental impact;
they are recyclable, sustainable and made from abundant, low-cost materials, promoting
eco-responsible production [246]. Their low weight and transparency open the door to
innovative applications, such as integration into windows or curved surfaces. In addi-
tion, their compatibility with simple, low-energy manufacturing processes, such as solu-
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tion deposition or co-evaporation, enables large-scale, low-cost production that is easy
to implement and offers a high return on investment [247]|. Finally, their adaptability
to flexible form factors broadens their scope of application, from traditional solar panels
to portable devices or those integrated into architectural structures, thereby reinforcing
their potential for an accessible and efficient energy transition [248].

Low cost
and ease of

manufacturing
Tunable High

bandgap applicability
Low weight ‘\@\ Efficiency

pout
—O—

Sustainability k‘@f

Recyclability j‘g % Flexible
form factors

Transparency

Abundant and return on
low-cost investment
materials

Figure 2.4: Main advantages of perovskites for photovoltaic applications.

2.2.4 Initial limitations and challenges for the industry

Despite their remarkable performance, perovskites must overcome several major obstacles
before they can be adopted on a large scale by industry. The main challenge remains their
stability, as organic-inorganic hybrid perovskites are sensitive to moisture (decomposition
into Pbl, and volatile compounds), heat (phase transitions above 85°C), oxygen and UV
rays, which significantly reduces their lifetime in real-world conditions [249], [250].

In addition, the toxicity associated with lead, which is widely used in high-efficiency
compositions, also raises environmental and regulatory issues, particularly due to its solu-
bility in water, which promotes leaching. Lead-free alternatives, particularly those based
on tin (e.g., MASnl3, FASnl3), have achieved PCE values above 17% in 2025, but remain
limited by the oxidation of Sn?* to Sn** and lower stability [251]. Finally, the transition
to industrial production is another key challenge. Maintaining uniformity, crystallinity,
and reproducibility over large areas (>100 cm?) remains complex, with efficiency losses
of 20-30% compared to laboratory cells. These limitations, although initial, are already
the subject of intensive research aimed at ensuring a successful transition from the lab-
oratory to the market, while ensuring compliance with regulatory and environmental
requirements [252].
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2.3 Crystallography and properties of perovskites

The crystallography of perovskites plays a decisive role in their photovoltaic performance.
Their atomic structure, phase transitions and microstructure directly determine their
optoelectronic properties, efficiency and long-term stability [253].

2.3.1 Crystallographic phases and phase transitions

Halide perovskites exhibit great structural flexibility, adopting different crystalline phases
depending on temperature and composition [254], [255]. In the cubic phase (shown in Fig-
ure 2.5a), the [BXg] octahedra are perfectly aligned with a B-X-B angle of 180°, and the
lattice parameters verify a = b = ¢. This configuration, typically observed at high tem-
peratures but also present in certain compounds such as MAPbBr3 at room temperature
(with a tolerance factor ¢ ~ 0.927), offers optimal crystalline symmetry for photovoltaic
applications. It promotes isotropic light absorption and efficient charge carrier trans-
port, while maximising the coherence of the electronic orbitals, which helps to reduce
non-radiative recombination and improve the overall performance of the devices [256].

Cubic (a) Tetragonal (b) Orthorhombic (<)

el rs?

9 @

a
a=b=c a=b#c azb#c

) CH;NH;* (MA Cation) 2 Pb?*(Lead Cation) @ I (lodide Anion)

Figure 2.5: Diagram of the different crystalline phases of perovskites: (a) cubic, (b)
tetragonal, and (c) orthorhombic.

When the temperature is lowered, perovskites undergo structural distortions of the
[BX¢] octahedra, leading successively to transitions to the tetragonal phase (Figure 2.5b)
and then the orthorhombic phase (Figure 2.5¢). In the tetragonal phase, typically ob-
served for slightly lower tolerance factors, such as MAPbI; (¢ ~ 0.912), the rotations or
inclinations of the octahedra described by Glazer notation slightly reduce the symme-
try. These distortions modify the bandgap width (= 1.55 eV versus 1.50 eV in the cubic
phase), while maintaining good photoactivity. This tetragonal structure is often stabilised
by stronger A—X interactions than B-X interactions, influencing carrier mobility and dy-
namics [257]. At even lower temperatures, or for tolerance factors below 0.8 (e.g., CsPbl;
with ¢ ~ 0.807), the structure adopts an orthorhombic phase, marked by octahedral dis-
tortions in several directions [258]. This phase often leads to a non-photoactive ¢ form,
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characterised by a wider bandgap (= 2.82 eV for §-CsPbl3) and reduced absorption in the
visible range, which greatly limits its photovoltaic interest. Each crystalline phase of per-
ovskites has distinct characteristics that directly influence photovoltaic performance [258],
[259]. Table 2.1 summarises a comparison of the main phases (cubic, tetragonal and or-
thorhombic), their structural parameters, optoelectronic properties and impact on device
efficiency.

Table 2.1: Comparison of crystalline phases, optoelectronic properties, and their impact
on perovskite performance [260]-[263].

Crystalline  Example Bandgap Optoelectronic Impact on performance
phase (eV)  properties
Cubic MAPDBr3 2.3
e Isotropic absorption e High Jg
(>10% cm—1, (20-22 mA /cm?)
400-600 nm)  Stable Vi (~1.5V)
e High carrier mobility e Ideal for tandem solar
(> 200 cm?/V - s) cells
e Strong
photoluminescence
(> 90%)
Tetragonal MAPDI3 1.55
o Slightly anisotropic e Moderate Jgc
absorption (10° cm™1, (18-20 mA /cm?)
600-800 nm) o V. affected by
o Moderate mobility hysteresis (~—50 mV)
(~100 cm?/V - s) o Maintained
e Reduced photoactivity
photoluminescence
(~80%)
Orthorhombic CsPbls 2.82
e Limited absorption e Low Js (<10 mA /sz)
(< 10* cm™!, >700 nm) Non-photoactive,
e Low carrier mobility inefficient
(<50 cm?/V - s) « Requires stabilization
e Weak photoluminescence (Cs*, Br)
(<50%)

These phase transitions, although often reversible, can induce structural defects that
reduce the stability and lifetime of devices. For example, FAPbI3 transitions from the
photoactive cubic phase (a-FAPbI3, 1.48 €V) to a non-photoactive hexagonal § phase
(2.4 V) at room temperature, but this instability can be corrected by adding Cs* or
Br~. Similarly, MAPbI; undergoes a tetragonal to orthorhombic transition at around
160 K, changing its bandgap (1.55 to 1.65 e€V) and inducing defects that reduce the V.
of the devices. Thus, mixed compositions (e.g., triple cations Cs/MA/FA) and additives
(SnFy, fullerenes, etc.) are now key strategies for stabilising photoactive phases and
limiting hysteresis in devices [264].
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The stability of perovskite photovoltaics is closely linked to their crystallinity. A
well-ordered cubic structure provides isotropic transport and low recombination, while
tetragonal or orthorhombic distortions introduce defects that weaken the material. Phase
transitions can cause mechanical stresses and structural defects, reducing the lifetime of
the devices. Current strategies aim to stabilise the photoactive phases (cubic or tetrag-
onal) through composition engineering (multi-cation or multi-anion alloys) and by opti-
mising growth processes in order to obtain highly crystalline, homogeneous films that are
resistant to ambient conditions [265].

2.3.2 Electronic structure and optoelectronic properties

The electronic structure of halide perovskites is dominated by [BXg] octahedra, which
determine both their energy gap and their optoelectronic performance. The valence band
maximum (VBM) primarily arises from the hybridisation of halogen p orbitals (I, Br,
Cl) with the 6s orbital of the metal cation (Pb*", Sn?T), while the conduction band
minimum (CBM) originates from the 6p orbitals of lead or tin [266]-[268]. This specific
orbital contribution results in an “inverse” band structure and is the fundamental reason
for the material’s high defect tolerance [269].

This configuration confers a direct bandgap, generally between 1.5 and 2.3 eV (e.g.,
1.55 eV for MAPbDI;, 2.3 €V for MAPDbBr3), which can be modulated by anion substitution
(Cl > Br > I) or cation substitution (FA™ > MA* > Cs™), as well as by composition
engineering [270]. For example, MAPb(I;_,Br,)s adjusts the gap from 1.55 eV (z = 0)
to 2.3 eV (x = 1), while Cs,FA;_,Pbl; reduces the gap to ~1.48 eV for z = 0.1. The
bandgap can thus be optimised between 1.2 and 3.6 €V, adapted to single-junction cells
(~1.3 eV, close to the Shockley—Queisser optimum) or tandem cells (~1.7 eV with silicon).
The crystalline phase also influences the gap, with cubic symmetry favouring a narrower
bandgap than the tetragonal phase. Figure 2.6 illustrates the electronic band structure of
APbXj3, highlighting the characteristic inverse electronic arrangement resulting from the
bonds in the isolated [Pbls]*~ octahedra.

In terms of optoelectronic performance, halide perovskites exhibit an exceptionally
high absorption coefficient (> 105 cm™') [271], surpassing that of crystalline Si or GaAs,
as shown in Figure 2.7. This ensures efficient capture of the solar spectrum with thin
layers (300-500 nm). The dominant halogen-p to metal-p optical transition promotes
abrupt absorption and intense photoluminescence (internal quantum yield >90% in high-
quality films), indicating low losses due to non-radiative recombination.

In terms of transport, perovskites exhibit ambipolar behaviour with low effective
masses and reduced exciton binding energy, facilitating the spontaneous dissociation of
excitons into free carriers at room temperature. Electrons and holes have balanced mo-
bilities (7-12 ¢cm?/V - s for polycrystals, up to 60 cm?/V - s for single-crystal MAPbI3)
and long diffusion lengths (100 nm to >1 pm), significantly higher than those of organic
semiconductors.
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Figure 2.6: Band structure of APbX3, showing the unique inverse electronic arrangement
revealed by bonding in isolated [Pblg]*~ octahedra.
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Figure 2.7: Comparative absorption characteristics of MAPDbI; perovskite thin film and
standard photovoltaic absorbers [272].
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2.3.3 Microstructure and structure—property relationships

The microstructure of perovskite layers, as crystalline materials, is characterised by disor-
der extending across several scales, from local atomic distortions to large-scale structural
heterogeneity [273], [274]. This microstructural disorder strongly influences the optoelec-
tronic properties and stability of perovskite solar cells (PSCs). Polycrystalline films, which
are fundamental to PSC architectures, typically exhibit microstructural features such as
grain boundaries (GBs) [275], [276], heterointerfaces [277], [278], and intra-crystalline
disorder (ICDs) [279], as illustrated in Figure 2.8. Grain boundaries have long been con-
sidered critical regions due to their high defect density, which promotes non-radiative
recombination and reduces carrier lifetime, thereby limiting device efficiency [280]. How-
ever, under certain growth conditions or through targeted passivation strategies, these
GBs can become electrically benign or even beneficial, facilitating charge separation and
improving local photovoltage [281].

Despite these advances, grain boundaries remain preferred pathways for ion migration,
causing compositional inhomogeneities, parasitic reactions with metal electrodes (such as
silver), and accelerated degradation under operational or thermal conditions [282]. This
explains why they are often initiation sites for material degradation. Heterointerfaces,
which are often vulnerable to intergranular cracking and delamination under mechanical
stress, also negatively impact charge separation and extraction [283], [284]. Recent engi-
neering advances, including chemical treatments and the use of intermediate layers, have
reduced ion migration, improved energy alignment, and increased the chemical and me-
chanical stability of devices. Finally, intra-crystalline disorders, which are localised but
omnipresent within grains, remain poorly explored due to limitations in characterisation
techniques. They play an important role in charge transport and recombination, affecting
overall performance and durability [285].

Figure 2.8: Overview of microstructural disorders in perovskite thin films: grain bound-
aries, heterointerfaces, and intra-crystalline disorders [286].

2.3.4 Defects and recombination traps

The performance of PSCs depends heavily on the presence of structural defects in the
active layer. These imperfections—including halogen vacancies (I7, Br™), cation intersti-
tials (MA™, Pb*"), and interface disorders between layers—create electronic states within
the bandgap. These states, known as traps, disrupt the optoelectronic equilibrium of the
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material and directly influence the lifetime and mobility of charge carriers. The pres-
ence of such traps promotes non-radiative recombination, a process in which the energy
of photogenerated electrons and holes is dissipated as heat instead of being converted
into electrical current [287], [288]. This undesirable recombination shortens carrier life-
time and limits the energy conversion efficiency of the device. Furthermore, structural
and interfacial defects do not merely reduce instantaneous performance: they also play
a critical role in accelerated degradation mechanisms, promoting ion migration, chemical
instability and reactivity with moisture, temperature, or light [289].

Although the defect density in perovskites generally remains lower than that in amor-
phous or organic semiconductors, controlling it remains a crucial challenge for ensuring
long-term stability and reliability. Indeed, the presence of deep or poorly controlled
defects can constitute initiation points for degradation, leading to gradual performance
loss [290]. To meet this challenge, several approaches are being developed. Chemical
passivation—introducing molecules or additives capable of neutralising charge traps—is
particularly effective in reducing non-radiative recombination. Similarly, engineering the
interfaces between the perovskite layer and charge transport materials can mitigate the
energy and structural discontinuities responsible for recombination at heterocontacts. Fi-
nally, optimising deposition and crystallisation processes aims to limit defect formation
by controlling stoichiometry, purity and morphology of films. Thus, understanding and
controlling defects—whether point, structural, or interfacial—is now an essential research
area for simultaneously improving the efficiency and stability of perovskite solar cells,
with a view to large-scale industrialisation [291].

2.4 Advanced materials and composition engineering
of perovskites

2.4.1 Metal halide perovskites

Metal halide perovskites, mainly lead (Pb)-based, are the benchmark for high-efficiency
photovoltaic materials thanks to their exceptional optoelectronic properties. Their three-
dimensional structure provides highly efficient solar absorption and ambipolar charge
transport, promoting rapid carrier extraction and high electrical performance [292]. De-
spite these advantages, several limitations hinder their practical deployment. The toxicity
of lead remains a major environmental and regulatory obstacle, while the intrinsic sta-
bility of the material is compromised by humidity, heat and light exposure, leading to
rapid performance degradation. Furthermore, controlling the deposition of uniform, high-
quality films remains complex, and variations in morphology and crystallinity can reduce
reproducibility on an industrial scale [246].

To overcome these constraints, advanced strategies have been developed. Partial sub-
stitution of A or X ions allows the energy gap to be adjusted and temperature-sensitive
phases to be stabilised, thereby reducing performance degradation. Passivation of sur-
face defects and grain boundaries extends the lifetime of carriers and limits non-radiative
recombination, resulting in increased short-circuit current (Js.) and open-circuit voltage
(Voe) [291]. Furthermore, engineering interfaces with electron and hole carriers improves
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charge extraction and device stability. Finally, the development of hybrid or multi-
cationic structures and integration into tandem architectures simultaneously optimises
efficiency and durability, paving the way for competitive and more reliable devices on an
industrial scale. Among these metal halide materials, MAPbI3 and FAPbI; are organo-
inorganic perovskites, while CsPbBrj (caesium lead bromide) and CsPbl; (caesium lead
iodide) are inorganic variants offering increased thermal stability. In addition, MAPbBr;
and FAPDbBr3, with wider energy gaps (~2.3 eV), as well as MAPbCl3, used in mixtures
to modulate the gap between 1.6 and 3.0 eV, expand the possibilities for application in
wide-bandgap or multi-layer tandem devices [240].

2.4.2 Mixed cation perovskites

The integration of multiple cations at site A, such as FAT, MA™, Cs™ or Rb™, is a key
strategy for stabilising the crystal lattice of perovskites and improving their photovoltaic
performance. Mixed compositions, such as (FAPbI3);_,(CsPbls), or Cs,(MAg17FAg83)1-2
Pb(Ip.s3Bro.17)s, allow precise adjustment of the bandgap between 1.6 and 1.7 eV, suitable
for tandem devices, while reducing hysteresis in J-V curves [293], [294]. The incor-
poration of several cations significantly improves thermal and environmental stability,
stabilising the photoactive phase at high temperatures (>150 °C) and limiting sensitiv-
ity to humidity. These materials exhibit superior crystallinity, more uniform grains and
better passivation of defects at grain boundaries, reducing non-radiative recombination
and extending carrier lifetime [295]. The addition of bromide (Br™) also enhances resis-
tance to thermal cycling, contributing to the robustness of the material. Thanks to this
fine engineering of the cationic composition, mixed-cation perovskites achieve efficiencies
exceeding 26% in optimised configurations and durability extended beyond 3,000 hours
under encapsulation, paving the way for large-scale production of reliable and reproducible
perovskite modules [296], [297]. Table 2.2 summarises the impact of different cation com-
binations on the stability and optoelectronic properties of perovskites, highlighting the
crucial role of cation engineering in simultaneously improving durability and photovoltaic
performance.

2.4.3 Low-lead and lead-free alternatives

In response to environmental concerns about lead toxicity, alternatives based on tin (Sn?*)
and germanium (Ge*") have been explored. Compounds such as FASnI; or CsGels have
reduced bandgaps (~1.2-1.4 €V), close to the theoretical optimum for photovoltaic conver-
sion and suitable for tandem architectures, while offering good carrier mobility. However,
their development remains limited by significant chemical instability, linked in particular
to the rapid oxidation of Sn?* to Sn** and the volatility of Ge-based precursors, leading
to increased recombination, lower conductivity and accelerated degradation [299].

To mitigate these problems, various strategies are being implemented, such as the ad-
dition of reducing additives such as SnF5, hydrophobic encapsulants that extend stability
to ~1000 h, or partial Pb/Sn and Pb/Ge substitutions that reconcile stability, environ-
mental safety and photovoltaic efficiency. These improvements have enabled some recent
prototypes to achieve efficiencies of around 15-18% PCE [300]. Figure 2.9 presents a com-
parison of the efficiencies (PCE) of perovskite cells based on lead, tin, and germanium.
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Table 2.2: Impact of different cation combinations on the stability and optoelectronic

properties of perovskites [298].

Combination of
cations (site A)

Example
composition

Effect on stability

Optoelectronic impact

FA + Cs (FAPDI3)1 s Improves thermal stability =~ Bandgap adjustment
(CsPbl;), (x =0, 1) and reduces transition to (1.55-1.65 €V), improved
non-photoactive §-FAPbI3 efficiency
phase
MA + FA MAg.o5FA( 75 Pbls Reduces hysteresis and Modulated bandgap (~1.55
improves crystallinity eV), better charge extraction
MA + Cs (MA(5Csp.2) Enhances moisture tolerance Increases open-circuit
Pb(Ip.8Bro.2)s and structural stability voltage (Voc)
FA + Rb FAg.s5Rbg.15 Stabilizes the photoactive Improved efficiency, better

Pb(Ip.9Bro.1)3

phase at high temperatures

defect passivation

Triple cation (MA

+ FA + Cs)

Cs0.05FA0.85MAg 10
Pb(Io.85Bro.15)3

Significantly increases
thermal and environmental

Efficiency >26%, adjusted
bandgap (1.6-1.7 €V), low

stability (>3000 hours under hysteresis

encapsulation)

It clearly illustrates that, despite lagging behind lead-based compounds in terms of per-
formance, low-lead and lead-free solutions are progressing towards promising efficiencies,
confirming their potential as environmentally friendly alternatives for sustainable photo-
voltaic devices. So, although low-lead or lead-free perovskites remain less efficient than

their lead-based counterparts, they represent a promising avenue for ecological transition,
reconciling environmental constraints with the potential for application in sustainable
photovoltaic devices.
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Figure 2.9: Comparison of photovoltaic efficiencies (PCE) of perovskites based on lead
(Pb), tin (Sn) and germanium (Ge), illustrating the potential and relative lag of low-lead
and lead-free alternatives [300].
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2.4.4 2D/3D heterostructures and perovskite nanocrystals

The dimensional engineering of perovskites, through 2D /3D heterostructures and nanocrys-
tals, is a key strategy for reconciling stability and high performance in photovoltaic de-
vices. 2D /3D heterostructures combine a high-efficiency three-dimensional (3D) core with
a protective two-dimensional (2D) layer formed by bulky organic cations [301]. This hy-
drophobic architecture greatly reduces moisture-induced degradation and improves pas-
sivation of surface defects while maintaining efficient carrier transport. These structures,
often based on compositions such as (BA)y(MA),,_1Pb,I5,+1 (BA = butylammonium, MA
= methylammonium) or (PEA)y(MA)3Pbyli3 (where PEA is phenylethylammonium), ex-
hibit high efficiencies (22-24%), durability exceeding 4000 hours under ambient condi-
tions, and thermal stability up to 200 °C. Their bandgap, adjustable between 1.6 and
2.0 eV depending on the number of layers (n), makes them particularly suitable for tan-
dem cells and compatible with flexible substrates, paving the way for lightweight and
robust solar panels [302], [303].

At the same time, perovskite nanocrystals (typically 5-20 nm), such as CsPbBrj,
CsPbl; or MAPDbBr3, exploit the quantum confinement effect, which allows the bandgap
and emission colour (from green to near infrared) to be finely modulated. They are
characterised by intense photoluminescence, adjustable emission and high compatibility
with optoelectronic devices. They have demonstrated potential >25% in laboratory tan-
dem configurations. The combined integration of 2D /3D heterostructures and nanocrys-
tals demonstrates advanced perovskite engineering, combining environmental robustness
with cutting-edge optoelectronic performance, and positions these materials among the
most promising candidates for next-generation photovoltaic and optoelectronic technolo-
gies [304].

2.4.5 Compositional engineering and additives

Compositional engineering and the use of additives are key strategies for optimising both
performance and durability of perovskite cells, beyond simple ion substitution. Mod-
ulation of sites A (e.g., Cs™, MAT), B (e.g., Pb?>", Sn?*") and X (e.g., I, Br—, CI7)
allows advanced customisation of properties. The partial introduction of Sn** into mixed
Pb/Sn compositions lowers the bandgap to approximately 1.25-1.3 eV, optimising spec-
tral absorption for single or tandem architectures. The incorporation of Cl~ improves
crystallinity and provides better thermal stability, while cations such as K* or Rb* pro-
mote a more homogeneous structure and reduce defect formation [305]. For example, the
addition of additives such as methylammonium bromide (MABr) and caesium bromide
(CsBr) allows gradual modulation of the crystal structure, promoting the transition from
MAPDBTr3 to a mixed composition MA;_,Cs,PbBrj characterised by improved homogene-
ity and reduced vacancies, as illustrated in Figure 2.10.

At the same time, additives such as MACI, quaternary ammonium salts or certain
organic ligands (e.g., thiocyanates) promote large grain growth (>1.5 pm), limit non-
radiative recombination and effectively passivate interfacial defects, thereby reducing trap
density. These advances contribute to high performance, with conversion efficiencies ex-
ceeding 26-27% for latest-generation perovskite cells, and operational stability beyond
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Figure 2.10: Modulation of the crystal structure of MAPbBr3 perovskite by sequential
addition of MABr and CsBr additives, leading to a mixed MA;_,Cs,PbBrs perovskite
with reduced vacancies and structural homogenisation [305].

3,500 hours under encapsulationThis integrated chemical engineering approach improves
layer homogeneity, enhances resistance to moisture, light and heat, and positions per-
ovskites among the most promising materials for high-efficiency, long-life photovoltaic
technologies. [306], [307].

2.5 Manufacture and deposition of perovskite films

The manufacture of perovskite films is a critical step in optimising solar cell performance.
The quality of the active layer, determined by its morphology, crystallinity, grain size and
uniformity, has a direct impact on charge carrier generation and transport. Obtaining
a thick, homogeneous and defect-free layer requires strict control of the composition of
the chemical precursors, the deposition conditions and the manufacturing environment.
Deposition methods fall into two main categories; solution processes, which are valued
for their simplicity, low cost and adaptability to large surfaces, and vacuum techniques,
which offer precise control of film thickness and purity, essential for reproducibility and
industrial scalability [308]. Beyond these approaches, current research focuses on control-
ling morphology, reducing defects and ensuring compatibility with large-scale industrial
processes. These strategies aim not only to improve photovoltaic efficiency, but also to
guarantee the stability and reliability of devices, in line with recent technological advances
in the field of perovskite solar cells [309], [310].

2.5.1 Solution deposition methods

Solution processes are the most widely used method due to their simplicity, low cost and
compatibility with a variety of substrates. These techniques are particularly suitable for
mesoporous architectures, as they allow the precursor solution to penetrate the pores of
the TiO4 layer. The most common method is spin coating [219], [311].

In the case of single-step spin coating, organic and inorganic precursors (e.g., Pbly

(lead iodide) and MAI (methylammonium iodide)/FAI (formamidinium iodide)) are dis-
solved in polar solvents such as DMF (dimethylformamide), DMSO (dimethyl sulfoxide)
or GBL (gamma-butyrolactone), then deposited onto the rotating substrate. Partial evap-
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oration of the solvent causes supersaturation, triggering perovskite crystallisation. Mod-
erate annealing (often <100°C) is then applied to complete crystallisation and obtain a
polycrystalline texture. Although this approach allows thin layers (<1 pm) to be formed,
it suffers from defects such as holes and significant surface roughness. The addition of a
secondary polar solvent or antisolvent, such as toluene, improves nucleation and leads to
more homogeneous and transparent films [312]-[314].

Two-step spin coating, widely adopted to overcome these limitations, involves first
depositing a layer of Pbl,, followed by treatment with a solution of the organic cation
(MAI, FAI) dissolved in anhydrous isopropanol (IPA), leading to in situ conversion to
perovskite (MAPbDI3). This method produces dense, homogeneous films with low rough-
ness and better surface coverage [315]. The two spin coating approaches are illustrated
in Figure 2.11, which compares the one-step and two-step processes for forming MAPbI;
perovskite films.

6 (Pbl, + CHyNH,1)/DMA

ONE-STEP COATING CH;N Han’i__,_../"

F
’

i =

Pbl,/DMF 6 CH4NH,l/IPA

4

CH3NH3Py
-//.l,

TWO-STEP COATING
L ——

Figure 2.11: Diagram of single-step and two-step spin coating procedures for the formation

Other solution-based techniques, such as dip coating, involve immersing a Pbl,-coated
substrate in an organic halide solution, followed by annealing. This method produces
smooth, uniform films but can lead to incomplete conversion due to the formation of a
dense surface layer that limits the penetration of the organic cation [316], [317].

Finally, the innovative hot casting technique involves depositing precursors onto a
heated substrate (up to 190°C). This promotes almost instantaneous crystallisation, re-
sulting in millimetre-sized grains and a dense layer with high crystallinity. This approach
improves carrier mobility but remains more difficult to control [318], [319]. The principle
of this process is shown in Figure 2.12. For scale-up, methods such as spray coating,
doctor blade coating and slot-die coating offer high reproducibility over large areas and
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pave the way for roll-to-roll industrial processes. However, controlling parameters such as
substrate temperature and crystallisation processes remains a major challenge in ensuring
layer qua
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Figure 2.12: Hot-casting method used to deposit and form a uniform perovskite thin

film [319].

2.5.2 Vacuum deposition methods

Vacuum processes, such as thermal evaporation and co-evaporation, allow precise con-
trol of film thickness, uniformity and stoichiometry. They produce compact, continuous
and reproducible layers, which are essential for high-performance devices, particularly
perovskite/silicon tandem cells [320]. Thermal evaporation under vacuum involves sep-
arately heating organic and inorganic precursors (MAI and Pbly) in a vacuum chamber
(107°-107% mbar), allowing them to condense simultaneously on the substrate [321]. This
process generates homogeneous films with low roughness and well-defined grains, with ex-
cellent thickness control. However, it requires high temperatures (~350°C) and remains
costly, which limits its large-scale industrial adoption [322].

Co-evaporation further improves composition accuracy by simultaneously evaporating
the different precursors, forming the perovskite phase directly on the substrate. Al-
though effective, this technique requires rigorous calibration of the flows and remains
complex [323], [324]. Hybrid processes, combining spin coating and vapour phase treat-
ment, have also been developed [325]. For example, an initial deposition of Pbly can be
followed by exposure to MAI vapour, leading to efficient conversion to perovskite, while
reducing costs compared to pure co-evaporation. These hybrid approaches represent an
interesting compromise between quality and cost. Figure 2.13 schematically illustrates
the main vacuum deposition methods for perovskite films, including simultaneous co-
evaporation of precursors, single-source evaporation, and hybrid sequential deposition.

2.5.3 Post-treatment and maturation

Regardless of the deposition method, post-treatment is essential to improve the crys-
tallinity, stability and performance of perovskite films. Thermal annealing (often between
80 and 120°C for several minutes) promotes grain growth, reduces the density of crys-
talline defects and improves film uniformity. The use of antisolvents (e.g., chlorobenzene,
toluene), applied during or after deposition, controls nucleation and produces denser,
smoother layers, while reducing residual electron traps. These processes contribute to
better charge carrier extraction and greater photovoltaic efficiency. Other innovative ap-
proaches include the use of chemical treatments, plasmas, or halogenated vapours (e.g.,
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Figure 2.13: Main vacuum deposition methods for perovskite films [322]. (a) Co-
evaporation, (b) Single-source evaporation, (c¢) Sequential deposition.

MALI vapour treatment), which promote the passivation of surface defects and the stabil-
isation of interfaces [323].

Furthermore, post-treatment also plays a crucial role in optimising heterointerfaces,
where specific techniques can be used to reduce interfacial recombination, passivate trap
states and adjust band shifts. Recent work has shown that the introduction of 2D /3D
heterostructures, such as the MAPbI3—PEA,Pbl, system, promotes the formation of an
energy band gradient at the perovskite-ETL interface, thereby improving charge extrac-
tion and long-term stability. Another key area of research concerns the improvement of
grain boundaries, which represent a major pathway for non-radiative recombination. By
reducing the density of defects at these boundaries through optimised annealing strategies,
selective doping or passivation treatments, it is possible to increase grain size and limit
performance losses. As illustrated in Figure 2.14, these approaches induce more uniform
perovskite grain growth, significantly reducing unwanted recombination and enhancing
the overall stability of the devices. Therefore, whether it is a question of optimising in-
terfaces or controlling grain boundaries, post-treatments are now an essential lever for
simultaneously improving the efficiency and durability of perovskite solar cells [326].

2.5.4 Encapsulation and protection against moisture and oxygen

Encapsulation is a crucial step in ensuring the durability and industrial reliability of
perovskite solar cells, whose stability is severely compromised by moisture, oxygen, UV
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Figure 2.14: Diagram illustrating the growth of perovskite grains induced by post-
treatments [326].

radiation and thermal stress. To meet commercialisation requirements, the encapsula-
tion material must be virtually impermeable to diffuse species, prevent the evaporation
of organic or halogenated compounds and the possible release of toxic lead-based by-
products, while maintaining high optical transparency so as not to impair the efficiency
of the devices. It must also remain chemically inert with respect to the active layers
and mechanically robust to withstand abrasion, thermal cycling and harsh environmental
conditions. Two key parameters, water vapour transmission rate (WVTR) and oxygen
transmission rate (OTR), are used to qualify the effectiveness of an encapsulant: values
below 1073107 g-m~2-.day~! (WVTR) and 107*-107% cm?® m~2-day'-atm~! (OTR) are
considered necessary for effective protection [327].

Various encapsulation strategies have been developed to meet these requirements si-
multaneously. The traditional glass-to-glass approach involves sealing the device between
two glass plates using resin, ensuring excellent sealing but at the expense of flexibil-
ity. Polymer encapsulants, such as EVA (ethylene vinyl acetate), parylene or certain
hydrophobic polyurethanes, offer a lighter and more flexible solution that is compatible
with flexible devices, but their long-term resistance to gas permeation remains limited.
Thin inorganic films deposited by ALD (atomic layer deposition) or CVD (chemical vapour
deposition) (Al,O3, SiOq, SiN,) provide an extremely effective barrier to moisture and
oxygen penetration, but at the cost of mechanical fragility and higher cost. Finally, hy-
brid systems combining organic and inorganic layers in multilayer structures combine
transparency, flexibility and impermeability, and are currently one of the most promising
avenues for next-generation perovskite modules [327], [328].

The results reported in the literature illustrate the significant advances achieved
through these processes, with lifespans exceeding 5000 hours under ambient conditions,
more than 95% of initial efficiency retained after 2000 hours of accelerated ageing tests
(85°C, 85% relative humidity), and photovoltaic performance exceeding 25% after opti-
mised encapsulation. In addition, some encapsulants also provide protection against UV
and thermal stress, limiting photo-instability and delaying accelerated degradation. In
this way, encapsulation can no longer be considered as simple protective packaging, but
as a key technological element determining the environmental stability, operational life
and industrial viability of perovskite solar cells [327], [329]. The importance of this role
is summarised in Figure 2.15, which illustrates the protective mechanisms implemented
against external degradation agents.
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Figure 2.15: Diagram illustrating the protection of perovskite materials against environ-
mental stresses (humidity, oxygen, high temperature, UV radiation) through encapsula-
tion [329].

2.6 Design and operating principles of perovskite cells

The remarkable success of perovskite solar cells (PSCs) is based on the unique combination
of an absorber with exceptional optoelectronic properties and sophisticated engineering of
architectures and functional layers. The efficiency, stability and reproducibility of these
devices depend as much on the configuration adopted as on the quality of the interfaces
and the energy alignment between the different layers. The rapid progress made over the
last decade demonstrates that mastering these parameters is essential not only to achieve
high efficiencies, but also to ensure the durability of the devices [330], [331].

In this context, studying the architectures helps us understand how the stacking and
organisation of the layers directly influence the collection and separation of photogenerated
charges. The attention paid to the materials constituting the functional layers (absorber,
ETL, HTL, electrodes) is crucial, since each interface must ensure selective transport while
minimising parasitic recombination. Similarly, understanding the operating principle,
based on the generation, separation and extraction of charge carriers, is an essential step
in optimising overall performance [332]. Finally, despite their yields now exceeding 26%
in single junction and more than 33% in tandem, perovskite cells still present specific
challenges. Among these, hysteresis in J-V curves [333], [334] and internal ion migration
are key phenomena that limit operational stability and require special attention in the
design of architectures [335].

54



Chapter 2. Perovskite solar cells and tandem structures

2.6.1 Materials and structures of PSCs
2.6.1.1 Materials used in PSCs

The phenomenal success of PSCs is based not only on the originality of their architec-
ture, but above all on the wide variety of materials that can be used for each of their
constituent layers. Unlike conventional photovoltaic technologies, where the choices are
relatively fixed (crystalline silicon, thin layers based on CdTe or CIGS), perovskite cells
offer unprecedented flexibility, allowing the materials to be adapted to performance, sta-
bility or production cost requirements. The perovskite absorber layer at the heart of solar
cells converts solar photons into electrical charges. It consists of either organo-inorganic
hybrid halide perovskites (e.g. MAPbDI3, FAPbI3) or entirely inorganic perovskites (e.g.
CsPbl;). Its main role is the efficient generation of electron-hole pairs thanks to excellent
absorptivity and good film quality, which largely determines the overall performance of
the device [336], [337].

In a PSC, transport layers play a central role in the selectivity and efficiency of charge
extraction [338]. The ETL is responsible for collecting and transferring photogenerated
electrons to the transparent electrode while blocking holes in order to limit recombination.
Historically, titanium dioxide (TiO2) has been the inorganic material of choice due to its
good band alignment and high optical transparency [339]. However, it has two major
drawbacks, instability under UV illumination and the need for high-temperature process-
ing, which limits its integration into low-temperature processes and on flexible substrates.
Inorganic alternatives such as tin oxide (SnQO;), zinc oxide (ZnO), indium oxide (InyO3),
tungsten oxide (WO,) and cerium oxide (CeQO,) have therefore been developed, as these
materials offer higher electron mobility, increased transparency and compatibility with
low-temperature deposition processes [340], [341]. In inverted (p—i-n) architectures, n-
type organic materials such as fullerenes and their derivatives, such as PCBM and ICBA,
have also shown remarkable efficiency, particularly thanks to their excellent energy align-
ment and simple implementation in solution. However, their stability remains limited,
which hinders their use in long-life devices [342].

In terms of hole transport layers (HTL), one of the most widely used materials remains
2,1,7,7-tetrakis(N,N-di-p-methoxyphenylamine)-9,9 -spirobifluorene (Spiro-OMeTAD), which
is highly valued for its ability to efficiently extract holes [343], [344]. However, its main
drawback is the need to add dopants such as lithium bis(trifluoromethanesulfonyl)imide
(Li-TFSI) and 4-tert-butylpyridine (tBP), which compromise long-term stability. Other
organic materials, such as PTAA or conductive polymers (PEDOT:PSS, PolyTPD), offer
interesting alternatives, particularly due to their low cost and solution deposition [345],
[346]. However, the acidic and hygroscopic nature of PEDOT:PSS, for example, limits
its durability [347]. Given these constraints, inorganic materials such as NiO,, CuSCN
and Cul are attracting growing interest. They offer excellent chemical stability, good
energy alignment and compatibility with industrial processes, making them among the
most promising candidates for large-scale applications [348].

Electrodes are another critical component. The front electrode is generally made of
transparent conductive oxides such as ITO or FTO, which combine high electrical con-
ductivity with transparency greater than 80%. However, their high cost and rigidity limit
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their industrial adoption, particularly for flexible applications. Alternatives such as doped
oxides (AZO, 1ZO), ultra-thin metal grids and graphene films are therefore being actively
researched [349]. The rear electrode is most often composed of noble metals such as gold
or silver, which ensure excellent charge extraction, but their high cost and tendency to
ion migration raise durability issues [350]. More economical and stable options, such as
copper, aluminum or printable carbon electrodes, are increasingly being explored [351].
Beyond these essential components, interface engineering and passivation strategies play
a decisive role in improving contact selectivity and limiting non-radiative recombination.
The introduction of ultra-thin oxide layers (Al;O3), self-assembled monolayers or func-
tional additives reduces crystalline defects and increases operational stability in the face
of degradation factors such as humidity, oxygen or heat [352].

2.6.1.2 Architectures of PSCs

PSCs can adopt several architectures, which largely determine the dynamics of charge
transport, the quality of interfaces and, therefore, overall photovoltaic performance. Among
these, two main families dominate research and development, mesoporous structures, de-
rived from dye-sensitised cells, and planar architectures, inspired by organic photovoltaic
cells. The planar structures can be divided into two sub-categories, the direct n—i—p con-
figuration, where light first passes through the ETL, and the inverted p—i—n configuration,
in which light first interacts with the HTL [353]. These different configurations are shown
in Figure 2.16, which also highlights the materials generally used for each layer.

i. Mesoporous structures

Mesoporous architectures are one of the first approaches adopted for the development
of PSCs. They are based on the infiltration of the active perovskite layer into a nanoporous
metal oxide matrix, usually TiOy or, more rarely, Al,O3. This three-dimensional struc-
ture provides a large contact surface between the perovskite and the electron transport
layer (ETL), facilitating the separation and extraction of photogenerated charges. The
mesoporous scaffold acts as an electronic guide while providing mechanical support for the
perovskite deposit, promoting homogeneous crystallisation and better surface coverage.
There are two main variants of this architecture, the most common mesoporous n—-i—p
configuration, where the ETL is placed under the perovskite and the HTL above, and
the less common mesoporous p—i—n configuration, which reverses this order. Both exploit
the advantages of the nanoporous skeleton, but differ in the charge collection sequence
and performance optimisation depending on the materials used [354], [355]. This type of
architecture has contributed significantly to the rapid improvement in PSC performance
over the last decade. It offers several advantages [356], including:

o An extended interface between the perovskite and the mesoporous oxide, which
promotes efficient electron transfer,

e A reduction in volume recombination, thanks to the immediate proximity of the
transport interfaces,

o Controlled perovskite morphology, with the mesoporous network serving as a natural
template during crystallisation.
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Figure 2.16: Schematic representation of the main structures of PSCs: (a) mesoporous
n—i—p, (b) planar n-i—p, (c¢) planar p—i-n, and (d) mesoporous p—i—n.

However, despite these advantages, mesoporous cells have significant limitations. Firstly,
their manufacture requires high-temperature annealing (often > 450 °C) to ensure the
crystallisation and stability of mesoporous TiO,, which compromises their compatibil-
ity with flexible substrates and roll-to-roll industrial processes. Secondly, the presence
of multiple interfaces can introduce undesirable recombination sites, reducing the open-
circuit voltage (Voc). Finally, the porous structure can limit the efficient absorption of
light in the near-infrared part of the spectrum (> 700 nm), hindering the full exploitation
of perovskite’s optical potential. In addition, mesoporous cells are often associated with
pronounced hysteresis phenomena in [-V curves, linked to charge accumulation and ion
migration at interfaces. This affects not only the reproducibility of efficiency measure-
ments but also the long-term stability of the devices [357], [358].
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Given these constraints, the scientific community’s interest has gradually shifted to-
wards planar architectures, which eliminate the mesoporous scaffolding and allow the
use of low-temperature processes that are better suited to large-scale manufacturing and
integration on flexible substrates. Nevertheless, mesoporous structures remain of great
academic interest because they allow the fundamental mechanisms of transport and re-
combination in perovskite cells to be explored, and certain hybrid approaches continue to
be developed to combine the advantages of both geometries [354].

ii. Planar n—i—p (direct) structures

The planar n—i—p architecture, shown in Figure 2.16(b), is currently one of the most
widely studied for PSCs. It consists of a transparent conductive substrate (glass coated
with FTO or ITO), followed by an electron transport layer, an active perovskite layer,
a hole transport layer, and finally a metal electrode (Ag, Au or sometimes Cu). This
configuration is referred to as (direct) because light first passes through the n-layer (ETL).
The performance of these devices depends heavily on the materials chosen and the quality
of the interfaces. The ETL, usually compact TiO5 or SnO,, plays an essential dual role: it
must allow rapid and selective extraction of electrons while effectively blocking holes, and
it directly influences the nucleation and crystallisation of the perovskite deposited on its
surface. Thus, the composition, morphology and heat treatment conditions of the ETL

determine the quality of the active film and, consequently, the overall efficiency [359],
[360].

Historically, TiO5 has been widely used as an ETL, particularly in devices such as the
FTO/TiOs/MAPDI3/P3HT /Ag structure, which achieved an efficiency of 13.6% with low-
temperature processing. However, TiO, has certain limitations, relatively modest electron
mobility, the need for high-temperature annealing for good crystallisation, and instability
under UV illumination, which can lead to accelerated device degradation [361]. To over-
come these constraints, other materials have been explored: nanoparticulate ZnO, CdSe,
WO,, and organic layers such as [6,6]-phenyl-Cg;-butanoate methyl (PCBM). Among
these, SnOy has emerged as the most promising alternative. This material combines sev-
eral advantages: high optical transparency, superior electron mobility, enhanced chemical
stability, and the possibility of low-temperature deposition by various methods such as
colloidal spin-coating, thermal decomposition, or atomic layer deposition (ALD). Signifi-
cant optimisations have been reported, and surface passivation with Pbl, has been shown
to achieve a certified efficiency of 20.9% [362], [363].

At the same time, the choice of HTL is also crucial. It must ensure rapid and selective
hole extraction, minimise interfacial recombination and maintain chemical compatibility
with perovskite. The most commonly used organic materials are Spiro-OMeTAD, PTAA
and PEDOT:PSS, while inorganic alternatives such as NiO, and CuSCN offer better
stability properties. The determining factor is the energy alignment between the valence
band of the perovskite and the HOMO level of the HTL, in order to avoid any charge
transfer barrier. In addition, optical transparency, hole mobility and thermal stability are
key parameters in the choice of HTL [364].
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ii. Planar p—i—n (inverted) structures

In the planar p—i—n architecture, illustrated in Figure 2.16¢, the order of the layers is
reversed compared to the n—i—p configuration. A transparent conductive substrate (ITO or
FTO) is first covered with a HTL, followed by the active perovskite layer, then an ETL and
finally a metal electrode (often Al, Ag or Cu). This configuration, initially developed based
on organic photovoltaic cells, has several major advantages. First, it allows for entirely
low-temperature manufacturing, making it perfectly suited to flexible substrates and roll-
to-roll industrialisation processes. Secondly, it helps to significantly reduce hysteresis
in current-voltage (J-V) curves, a recurring problem in n—i—p architectures. Finally,
the p—i—n structure offers better operational stability, thanks to more efficient interface
management and improved defect passivation [365], [366].

Early versions of these devices mainly used organic materials, in particular PEDOT:PSS
as HTL and PCBM (a fullerene derivative) as ETL. Although these choices quickly
achieved attractive efficiencies, they suffered from significant limitations. PEDOT:PSS,
for example, is acidic and hygroscopic, promoting perovskite degradation and the diffu-
sion of unwanted ions. PCBM, on the other hand, provides good electron extraction but
remains expensive and sensitive to oxidation, which limits the stability of the devices. To
overcome these obstacles, research has focused on the use of more robust inorganic mate-
rials. Among the promising alternatives, NiO, has emerged as a stable and transparent
HTL, while ZnO and especially SnOs have proven to be excellent ETLs, combining high
electron mobility, compatibility with low-temperature deposition, and improved durabil-
ity. At the same time, innovative approaches to perovskite deposition, such as the two-step
method, solution engineering and thermal evaporation, have improved crystalline quality,
reduced interface defects and increased performance reproducibility. Due to these opti-
misations, planar p—i-n cells have seen their efficiencies grow rapidly, reaching over 23%
certified efficiency. Furthermore, their compatibility with low-cost alternative electrodes
(e.g., carbon or copper) reinforces their potential for large-scale industrialisation [367]—

370].

Overall, while mesoporous architectures played a fundamental role in the initial demon-
stration of perovskites’ potential, they remain limited by demanding manufacturing pro-
cesses and less competitive performance. Planar architectures, and in particular the
inverted p—i—n configuration, are now the focus of most research efforts. They offer an
optimal compromise between high efficiency, low hysteresis, increased stability and com-
patibility with low-temperature industrial processes, making them the most promising
candidates for large-scale commercialisation of perovskite solar cells [240].

2.6.2 Operating principle of PSCs

The operation of a PSC is based on the direct conversion of light into electrical current
through a series of coordinated steps. When the active perovskite layer is exposed to
sunlight, it efficiently absorbs photons and generates electron-hole pairs. These weakly
bound carriers quickly separate and diffuse towards the selective transport layers: elec-
trons are directed towards the ETL, while holes migrate towards the HTL. The electrodes
then collect these charges and transfer them to the external circuit, producing a usable
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electric current. The performance of this mechanism depends mainly on the quality of the
interfaces and the energy harmonisation between the perovskite layer and the transport
layers. Precise alignment of the conduction and valence levels facilitates charge injection
and extraction while reducing recombination losses. This synergy between materials and
interfaces determines not only the conversion efficiency but also the long-term stability
and reliability of perovskite solar cells [371]-[374].

2.6.3 Hysteresis and ion migration in PSCs

A distinctive phenomenon of PSCs is the hysteresis of current—voltage curves, which is
highly dependent on the direction and speed of scanning, where the speed of scanning
refers to the rate at which the applied voltage is varied during the measurement (typically
in V/s or mV/s). This behaviour is mainly attributed to ion migration within the active
layer. Under illumination or electrical polarisation, some ions— notably halides (I7, Br™)
and organic cations (MA™, FAT)—move through the crystal lattice, particularly through
the vacancies and grain boundaries present in polycrystalline films. This ionic mobility
causes ions and vacancies to accumulate at the interfaces, locally modifying the electric
fields and energy alignment, which disrupts charge extraction and generates the observed
hysteresis [375], [376]. This ionic mobility causes ions and vacancies to accumulate at the
interfaces, modifying local electric fields and disrupting charge extraction, as illustrated
in Figure 2.17.
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Figure 2.17: Impact of defective ions and recombination on J-V hysteresis. (a) Simulated
J=V hysteresis with and without ions and recombination (Rec); (b, c¢) Hysteresis loops
for different combinations of bulk (Rpuk) and interfacial (Rgrr, Rpgrr) recombination
processes [377].

Theoretical calculations and experimental studies have confirmed that halide vacancies
have the lowest activation energies (approximately 0.1-0.8 V), facilitating their migration
at room temperature. For example, the diffusion of iodides, which is much faster than that
of organic cations or Pb*" ions, dominates the migration process in MAPbI; [378]. The
accumulation of mobile ions near the electrodes can lead to a phenomenon of temporary
interfacial doping, inducing reversible polarisation and, in some cases, a change in the
apparent polarity of the device. These transient dynamics explain not only hysteresis but
also certain long-term performance instabilities [379].
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Beyond the immediate effect on J-V characteristics, ion migration contributes to the
gradual degradation of functional layers, undermining the operational stability of devices.
To overcome this, various strategies are being explored: reducing defect density through
film engineering, passivating interfaces, introducing additives that inhibit ion mobility,
or using more stable inorganic and mixed perovskites (CsPbl, FA/Cs). Understanding
and controlling this phenomenon therefore remains essential to improving reliability and
considering large-scale commercialisation of perovskite solar cells [380], [381].

2.7 Performance and Technological Challenges

Despite spectacular advances, the operational stability of PSCs remains the main obstacle
to large-scale industrial adoption. Unlike silicon cells, which can last 20 to 25 years, PSCs
degrade rapidly under various environmental and electrical stresses. This instability can
be classified into two main categories: extrinsic, related to external factors (humidity, oxy-
gen, heat, UV radiation), and intrinsic, inherent to the material or induced by operating
conditions (illumination, electric field, ion migration, interfaces) [248], [382].

2.7.1 Efficiency Under Controlled Conditions

Perovskite solar cells currently offer some of the best laboratory yields thanks to their
remarkable optoelectronic properties, adjustable bandgap, high absorption coefficient,
low defect density and limited non-radiative losses. In strictly controlled environments
(inert atmosphere, low humidity, effective encapsulation), they maintain high performance
and stability over several hundred hours. However, these record results mainly concern
small-area devices (< 1 cm?). When scaling up to larger modules exposed to real-world
conditions, problems with film uniformity and accelerated degradation arise, leading to a
significant decrease in performance. This highlights the importance of developing large-
scale reproducible deposition processes, while strengthening the resilience of materials to
environmental and operational stresses [383]-[385].

2.7.2 Stability and Degradation Mechanisms
2.7.2.1 Extrinsic Degradation

« Heat and thermal stability

The operating range of PSCs (—15 to 65 °C) covers several phase transitions (orthorhom-
bic, tetragonal, cubic) that alter optoelectronic properties. While MAPbI; retains a rela-
tively stable photoactive phase, FAPbI3 and CsPbl; rapidly switch to inactive phases at
room temperature. The addition of bulky cations (PEA, BA) or the mixing of cations
(FAT/Cs™) partially stabilise these active phases. Nevertheless, thermally activated de-
composition phenomena appear at temperatures above 85 °C, with the formation of Pbl,,
a phenomenon aggravated by the diffusion of ions to adjacent layers and their interaction
with the electrodes [371]. Carbon-based materials, including graphene, carbon nanotubes
(CNTs) and carbon fibers, play a crucial role in enhancing the thermal stability of PSCs
by facilitating efficient heat dissipation and suppressing thermally induced degradation
pathways [386], [387].
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e Humidity and moisture

Water is the most feared enemy of perovskite films. Exposure leads to the formation
of a monohydrate phase, which is initially reversible but ultimately induces irreversible
morphological alterations and a significant loss of efficiency. Partial replacement of iodide
with bromide or thiocyanate (SCN™), as well as the introduction of hydrophobic inter-
layers (thiols, functionalised fullerenes, 2D layers), are effective strategies for limiting
moisture infiltration [388]-[390].

« Oxygen and light (photo-oxidation)

While oxygen alone has little effect on stability in the dark, the combination of oxygen
and light leads to rapid degradation, with a change in color (from black to yellow). This
phenomenon is attributed to the formation of superoxide (O;) by the capture of pho-
toexcited electrons, which deprotonate organic cations and trigger decomposition [391],
[392]. Oxygen diffusion is promoted by grain boundaries and crystal defects, resulting in a
strong correlation between photo-oxidation and defect density. Rapid electron extraction
by an effective ETL (e.g., TiOy) can compete with the formation of superoxide and limit
this mechanism [393]-[395].

o Interactions with electrodes

Metal electrodes (Ag, Au, Al, Cu) exhibit marked instability, particularly under illu-
mination and heat. The formation of metal halides (Agl, Cul) or the diffusion of metal
ions (Au, Ag, Cu) in perovskite generate non-radiative recombination centers, drasti-
cally reducing the PCE. The introduction of diffusion barriers (ITO, ALD-deposited ox-
ides, doped graphene) or the use of alternative electrodes (carbon, hybrid electrodes) are
promising avenues for improving stability. However, carbon electrodes still suffer from
limited conductivity [396].

2.7.2.2 Intrinsic Degradation

o Photo instability and segregation

Under prolonged illumination, perovskite films undergo halide segregation (Hoke ef-
fect), cationic segregation and photochemical reactions [397]. These processes induce
compositional heterogeneity and a gradual decrease in efficiency [398].

o Electric field and ion migration

The application of an external bias promotes the migration of halide ions (I7, Br™)
and cations (MA™, FA™) towards the interfaces. This ionic redistribution leads to marked
hysteresis in the I-V curves, the formation of voids or Pbl,; nanoparticles, and increased
recombination at the interfaces [378], [399]. Recent studies have mapped this ionic migra-
tion and identified its major role in degradation. Local accumulation of ions alters energy
levels, weakens interfaces, and accelerates efficiency loss [400], [401].

2.7.3 Challenges for Industrialisation and Upscaling

The transition of perovskite solar cells to large-scale industrial production requires over-
coming three major challenges [388]:
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e Uniformity and reproducibility

Laboratory processes such as spin-coating, which are well suited to fundamental re-
search, must evolve towards scalable deposition techniques (slot-die, spray-coating, co-
evaporation) capable of ensuring the formation of homogeneous and reproducible films
over large surfaces. Mastering these processes is essential for the industrial viability of
the modules [252].

o Lead toxicity

Lead, a key element in current performance, raises serious environmental and health
concerns. Alternative options based on tin (Sn), germanium (Ge) or bismuth (Bi) are
promising, but remain limited in terms of efficiency and stability. At the same time, the
development of strategies for the containment, recycling and safe management of lead
appears essential in order to reconcile efficiency and sustainability [402], [403].

o Operational sustainability

To compete with silicon, PSCs must maintain competitive efficiency (>20%) over
several decades. This requires robust encapsulation, effective protection against extrinsic
factors (humidity, heat, UV, oxygen), and advanced interface engineering to limit intrinsic
phenomena such as ion migration and halide segregation [404].

2.8 Tandem Solar Cells (TSCs)

2.8.1 Principles and Advantages of Tandem Structures

TSCs are an essential strategy for overcoming the fundamental limitation imposed on
single-junction photovoltaic devices. According to the Shockley—Queisser (SQ) limit, the
maximum theoretical efficiency of a single-junction cell is restricted by the optical and
thermal losses inherent in photon absorption. For crystalline silicon, which currently
dominates more than 90% of the global photovoltaic market, this limit is set at around
29.4%, while the best commercial devices already achieve nearly 27-28%, thus approaching
the ultimate performance limit [405]-[407]. This approaching saturation calls for a new
generation of more efficient photovoltaic architectures. Figure 2.18 shows the record
efficiencies of solar cells as a function of their band gap, compared to the Shockley—
Queisser theoretical limit for a single junction.

Among the approaches proposed, tandem (or multi-junction) cells appear to be the
most promising. The principle is based on the vertical stacking of several sub-cells with
different band gaps in order to exploit the spectral complementarity of solar radiation. The
top cell, with a wide band gap, absorbs high-energy photons (in the UV and visible ranges),
while lower-energy photons are transmitted and then absorbed by the bottom sub-cells
with low E, (often based on silicon). This cascade mechanism significantly reduces losses
due to thermalisation and transmission, allowing for near-optimal conversion of the solar
spectrum [408], [409]. The integration of perovskites as top cells above silicon or CIGS
thus makes it possible to combine the optimal absorption of visible light by perovskite with
the excellent infrared absorption of silicon, maximising the use of the solar spectrum [410].
The interconnection between subcells is carried out in 2-terminal (2T, shared current) or 4-
terminal (4T, independent voltages) configurations, each presenting compromises in terms
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Figure 2.18: Record efficiencies of single-junction solar cells as a function of their bandgap,
compared to the Shockley—Queisser theoretical limit [405].
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Figure 2.19: Theoretical efficiency limit of two-terminal tandem solar cells as a function
of the bandgaps of the top and bottom sub-cells [412].

of complexity and ohmic losses [411]. Figure 2.19 illustrates the theoretical efficiency limit
of two-terminal tandem cells as a function of the bandgaps of the upper and lower cells.

In the family of tandem architectures, perovskite/silicon tandem cells (PSTSCs) are
emerging as one of the most promising alternatives for the next generation of photo-
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voltaics. Their operation is based on the same fundamental steps as for single-junction
solar cells: photon absorption, electron-hole pair generation, dissociation and transport of
photogenerated carriers to the electrodes [409]. In perovskites, the low binding energy of
excitons promotes almost instantaneous dissociation into free carriers, enabling efficient
collection even for very thin active layers (<500 nm). In silicon, charge separation relies
mainly on the electric field of the p—n junction, reinforced by advanced architectures such
as PERC (Passivated Emitter and Rear Contact), TOPCon (Tunnel Oxide Passivated
Contact) or high-efficiency heterojunctions (SHJ) [413].

Since the first demonstration in 2014 of a 4T PSTSC with a modest efficiency of
13.4%, progress has been spectacular [414]. By 2015, a monolithic 2T configuration
had reached 14.3%, confirming the potential for optimisation through the engineering
of interconnection layers and transparent electrodes [415], [416]. Progress was rapid; in
2017, a certified efficiency of 23.5% was achieved, followed by 29.5% in 2020, surpassing
the SQ limit of single-junction silicon cells [417]. In 2025, devices exceeding 34% certified
efficiency were produced, placing perovskite/silicon tandems at the forefront of advanced
photovoltaic technologies [418].

2.8.2 Architectures and monolithic integration

Tandem cells can be integrated using two main architectures, monolithic 2T or 4T, to
which must be added the crucial importance of transparent intermediate layers (Inter-
connecting Layers, ICL) in the case of monolithic devices. Each of these approaches has
specific advantages and constraints, both in terms of optoelectronics and technology.

2.8.2.1 Two-Terminal Architecture (2T)

Series architecture, also known as a two-terminal (2T) configuration, is currently the
most studied and promising for perovskite/silicon tandems. In this configuration, the two
subcells — perovskite in the top layer and silicon in the bottom layer — are electrically
connected in series via an intermediate junction, as illustrated in Figure 2.20(a). This
configuration results in a device with only two external contacts, which greatly simplifies
the integration and compactness of the module [419]. The operating principle is based
on sharing an identical current between the two subcells, while the voltages are added
together to provide the final voltage of the tandem. This constraint imposes a limiting
current set by the least efficient subcell. Optimising the 2T design therefore requires
precise adjustment of the absorption spectra; the perovskite cell must be formulated with
a suitable energy gap (often between 1.68 and 1.75 €V) in order to generate a current
compatible with that of the silicon cell (~20 mA /cm?) [420]. Despite this difficulty, the 2T
architecture remains the most attractive because it promotes lower manufacturing costs,
better industrial integration and record performance already exceeding 32%. However, the
success of this configuration depends heavily on the quality of the transparent intermediate
layers and the fine control of optical and electrical losses.
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Figure 2.20: Comparative diagrams of tandem solar cell architectures: (a) monolithic
2T architecture with tunnel junction, (b) 4T architecture with electrically independent
subcells.

2.8.2.2 Interconnecting Layers (ICL)

Transparent intermediate layers (ICLs) play a central role in monolithic integration, as
they simultaneously ensure efficient recombination of carriers between the top cell and
the bottom cell, and transmission of incident light to the bottom cell. To fulfil these
functions, they must have high optical transparency to minimise losses due to absorption
or reflection, sufficient conductivity with precise energy alignment to avoid the creation
of transport barriers, and thermal and chemical compatibility with subsequent deposition
steps, in particular the crystallisation of perovskite, which remains sensitive to tempera-
tures above 150 °C [421]. The most commonly used materials include ITO, SnOq, ZnO,
and ultra-thin p*/n* doped tunnel layers that facilitate charge recombination. More
recently, hybrid strategies combining metal oxides and ultra-thin organic or metal recom-
biners have been proposed, limiting non-radiative recombination and improving interface
selectivity [409], [422], [423]. Thanks to these advances, interfacial losses have been re-
duced to less than 5%, and the certified efficiencies of monolithic tandems exceeded 32%
in 2025, confirming that optimising ICLs is an essential lever for achieving both maximum
efficiency and long-term operational stability [424].

2.8.2.3 Four-Terminal Architecture (4T)

Parallel architecture, or four-terminal (4T) architecture, takes a different approach, in
which each subcell operates independently. In this case, the top cell (perovskite) and
bottom cell (silicon) each have their own electrical contacts. The two are coupled ex-
ternally via interconnection electronics [425], rather than through an internal junction as
shown in Figure 2.20(b). One of the major advantages of this configuration is its tolerance
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to spectroscopic disequilibrium; as each sub-cell operates autonomously, there is no re-
quirement for identical current between them [426]. This allows the full potential of each
absorber to be exploited, particularly in non-standard illumination conditions (angular
or spectral variations of the sun). In addition, there is greater flexibility in the choice of
energy gaps than in the case of 2T [427]. On the other hand, the main disadvantage lies
in the technological complexity: high-performance transparent layers must be integrated
so that light passes efficiently from the top to the bottom cell, while avoiding losses due to
reflection and absorption. External electronic interconnection also requires the addition
of specific circuits or modules to combine the voltages and currents of the two sub-cells.
Depending on the approach chosen (series connection, parallel connection or power elec-
tronics management), this step can lead to additional conversion losses and complicate
the module design. This increases the cost and difficulty of integration on an industrial
scale, although the flexibility of electrical control remains an advantage for optimisation
in real-world conditions [407], [427]-[429].

2.8.3 Possible combinations

Research into perovskite-based tandem cells has grown considerably over the last decade,
offering unusual flexibility in the choice and combination of materials. The aim is to
combine perovskite with other semiconductors in order to take advantage of their com-
plementary optoelectronic properties, improve solar spectrum capture and optimise overall
performance. Depending on the strategies adopted, several architectural configurations
have emerged, each with its own technological advantages and constraints. Three main
families stand out in particular: all-perovskite tandems, perovskite/CIGS tandems, and
finally perovskite/silicon tandems, which are currently considered the most promising and
advanced route to commercialisation due to the exceptional spectral complementarity and
well-established industrial infrastructure of crystalline silicon [236], [419], [430].

2.8.3.1 All-perovskite tandems

Structures based entirely on perovskites (Perovskite/Perovskite Tandem Solar Cells, PPTSC)
represent a particularly promising avenue for overcoming the limitations of single-junction
cells. They are based on the combination of a top subcell with a wide bandgap (~1.7—
1.8 eV) and a bottom subcell with a reduced bandgap (~1.1-1.2 V), often obtained by
partially or totally replacing lead with tin (Sn) [431], [432]. This configuration allows
for near-ideal spectral optimisation, predicted by detailed equilibrium theory, which indi-
cates a theoretical conversion efficiency that can exceed 45% with optimal gaps (~1.1 eV
and ~1.73 eV). In practice, progress has been remarkable; in 2025, certified efficien-
cies of around 28% have already been achieved thanks to low-temperature manufactur-
ing processes that are compatible with solution processing and suitable for flexible sub-
strates [433]-[435]. This approach gives all-perovskite tandems major advantages in terms
of lightness, flexibility and low potential cost, paving the way for a variety of applications
(building integration, portable electronics, bifacial or semi-transparent devices).

In technological terms, several key advances explain these performances. On the one
hand, the flexibility of bandgap adjustment through halogen composition (I/Br) or the
incorporation of Pb/Sn alloys facilitates the design of complementary subcells. On the
other hand, interface engineering (surface passivation, improved transport layers, thin
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tunnel junctions such as NiO/AZO or SnO, modified by quantum dots) has significantly
reduced non-radiative losses and improved charge transport. Strategies such as passiva-
tion of surface defects with organic ammoniums (PEAI, BA, CF -PA) or optimisation of
selective layers have increased the diffusion length of carriers (>5 pm), favouring thicker
absorbing layers and better photon capture [436]. These aspects are illustrated in Fig-
ure 2.21, which summarises both the typical 2T architecture, the theoretical efficiency
potential and the energy alignment of the functional layers. However, several obstacles
remain. The chemical instability of Sn?* (easily oxidised to Sn**), photo-induced halogen
degradation, and ion migration remain major obstacles to long-term operational stabil-
ity. In addition, the limitation of Ve due to the high density of trap states and energy
alignment problems at interfaces remains a challenge to be overcome [437]. Finally, new
approaches, such as bifacial architectures and semi-transparent tandem cells, are attract-
ing increasing attention because they allow reflected or transmitted light to be exploited,
thereby increasing overall energy efficiency [438], [439]. These developments confirm the
potential of all-perovskite tandems as one of the most competitive solutions for the next
generation of photovoltaics.
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Figure 2.21: (a) Schematic of a 2T all-perovskite tandem solar cell with wide and nar-
row bandgap sub-cells. (b) Theoretical efficiency map as a function of top and bottom
bandgaps. (c¢) Typical energy-level alignment enabling efficient charge extraction [436].
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2.8.3.2 Perovskite / CIGS

Perovskite/CIGS tandems represent a promising alternative to perovskite/silicon struc-
tures, with specific advantages linked to the properties of thin films. Thanks to its ad-
justable bandgap (1.0-1.2 €V) and compatibility with flexible substrates, CIGS enables
the production of lightweight, durable devices that are suitable for embedded or space
applications [440], [441]. These tandems also have a reduced carbon footprint per kWh
produced, making them an attractive technology from a sustainable development perspec-
tive. Their resistance to radiation opens up particular prospects for photovoltaic energy
in extreme environments, such as space.

The characteristics of Perovskite/CIGS cells are illustrated in Figure 2.22, which shows
a typical diagram of a perovskite/CIGS tandem and the characteristic energy levels of the
subcells, highlighting the band alignment required for efficient carrier extraction. The first
monolithic demonstrators date back to 2015, with the integration of a perovskite subcell
with an adjusted bandgap (~1.7 eV) on a CIGS cell [442]. Since then, considerable
progress has been made; in 2022, a certified efficiency of 24.2% was achieved for an
optimised monolithic structure comprising Cs/FA/MA perovskite combined with LiF,
SnOy and IZO buffer layers [443], while semi-transparent 4T structures demonstrated
efficiencies in excess of 26% [444]. Recent approaches combine bandgap engineering,
molecular additives (PEAI, RbF), and transport layer optimisation (SnO,, NiO, doped
Zn0) to reduce interfacial losses and improve energy alignment [440], [445].
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Figure 2.22: (a) Schematic diagram of a perovskite/CIGS tandem, illustrating the device
configuration and energy levels of (b) the top subcell and (c¢) the bottom subcell.
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Integration on flexible substrates using low-temperature processes (spin-coating, sput-
tering, roll-to-roll) is a major advantage for industrial scale-up. Prototype modules mea-
suring a few cm?, achieving efficiencies of 17-19%, have already been produced, although
the decrease in efficiency with increasing surface area remains a major challenge [446]—
[448]. Furthermore, the management of transparent electrodes (ITO, IZO) and buffer
layers (MoO,,, CdS) remains crucial in order to limit parasitic absorption and damage
related to deposition processes. Moreover, perovskite/CIGS tandems, due to their unique
combination of high potential efficiency (~30% theoretical), flexibility and durability, are
positioned as a particularly interesting option for portable terrestrial and space applica-
tions. However, their industrialisation will require overcoming issues related to module
scalability, long-term stability and interface optimisation [449], [450].

2.8.3.3 Perovskite / Silicon

PSTSCs currently represent the most advanced and credible approach for large-scale in-
dustrialisation of photovoltaics. This architecture combines the technological maturity
of crystalline silicon, the dominant material on the market for more than three decades,
with the remarkable properties of hybrid perovskites, whose adjustable bandgap optimises
light absorption [451], [452]. The spectral complementarity is particularly advantageous,
the silicon subcell efficiently captures near-infrared light, while the perovskite exploits the
visible part of the solar spectrum [409]. Various types of silicon have been explored as the
bottom subcell, from conventional crystalline silicon to more advanced architectures such
as heterojunction cells (SHJ), passivated TOPCon contacts and interdigitated structures
(IBC). Among these, the SHJ configuration is now the most widely used in perovskite/Si
tandems, due to its effective passivation and compatibility with low-temperature per-
ovskite deposition processes [453]-[455]. These different architectural approaches are
shown in Figure 2.23, which illustrates the general operating principle of PSTSCs and
several variants of monolithic tandems incorporating either nanocrystalline Si layer recom-
bination, temperature-limited SHJs, or n-type homojunctions allowing high-temperature
processing.

Since the first demonstration by Bailie et al. in 2014 (17.9% in a 4T configuration),
spectacular progress has been made [456]. 2T architectures, which are more suited to
industrial production, quickly exceeded the thresholds of 25% and then 30% certified
efficiency. In 2020, Oxford PV announced commercial modules achieving 29.5%, while
records published between 2023 and 2025 are close to 34% [457]. These performances
are the result of multiple innovations, including the engineering of perovskite composition
(multi-cation and multi-anion alloys to improve stability and finely adjust the bandgap),
the optimisation of interconnection layers (SnO,, ITO, doped ZnO, buffer oxides) to
reduce resistive and optical losses, and the development of low-temperature deposition
processes compatible with silicon substrates [458], [459].

Nevertheless, several challenges remain. Operational stability remains the main ob-
stacle, as cells must maintain more than 80% of their initial performance after 1,000
hours of continuous illumination in order to meet IEC standards [460]. The deposition of
perovskite layers on silicon must also be carried out at moderate temperatures to avoid
any degradation of the underlying layers, which requires the use of techniques such as
spin-coating, slot-die coating or vacuum-assisted evaporation [461], [462]. Furthermore,
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Figure 2.23: Representative schematics of main monolithic perovskite/silicon tandem solar
cell architectures [412], [451]: (a) working principle, (b) structure with nc-Si recombination
layer, (c¢) SHJ cell in p-i—n configuration with SnO, buffer, (d) n-type homo-junction Si
cell with metal/ITO recombination, (e) SHJ cell in n-i-p configuration with MoOx buffer.

optimising transparent electrodes (ITO, InyO3:H, ultra-thin metal films) is crucial to limit
parasitic absorption and improve charge carrier extraction [463].

In order to overcome these obstacles, several strategies are being explored: the use of
more stable inorganic transport layers (NiO, SnO,, doped PCBM), the introduction of tex-
tured surfaces for better light trapping, and the implementation of advanced encapsulation
processes providing protection against humidity, UV rays and thermal cycles [464], [465].
At the same time, module-scale demonstrations (>1 m?2) are already showing efficiencies
of over 25%, paving the way for rapid integration into existing production lines [466].

Compared to other emerging tandems, such as perovskite/CIGS or perovskite/I11-V,
the PSTSCs have the decisive advantage of exploiting an already massively deployed in-
dustrial infrastructure, thus reducing the cost and time of transition to large-scale produc-
tion [407], [467]. The evolution in the performance of 2T PSTSCs devices is summarised
in Table 2.3, which lists the main achievements reported in the literature and highlights
the rapid progress in efficiency, now exceeding 30%.
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Table 2.3: Summary of reported performance for two-terminal perovskite/silicon tandem
cells [409].

Year Stru Absorber Si type E, Voo Jsc PCE

cture (eV) (V) (mA/cm?) (%)
2016 n-i-p FA,MA; ,Pb,I3_,Br SHJ - 1.78 14.0 18.0
2016 n-i-p MAPDI; SHJ 1.6 1.703 15.8 21.4
2017 p—i—n CSQ_17FAO.83Pb(BI‘Q_17IO.83)3 SHJ 1.63 1.65 18.1 23.6
2018 n-i-p MAPDI; TOPCon 1.6 1.68 16.2 21.0
2018 Il—i—p CSO_05Rb0_O5FAO.765MAO_135Pb12_55BI'0.45 SHJ 1.63 1.763 17.8 24.5
2018 p-in CsyFA1_;Pb(Bri_4I,)s SHJ 1.6 1.78 19.5 25.2
2019 p-in (FAPDI3)o.s(MAPbBrs)o. BSF 1.64 1.645 1613  21.19
2020 p-i—n CS(]_1MAO_9Pb(IQ,9Br0_1)3 SHJ - 1.82 19.2 26.0
2020 p—i—n CSo,Og,(FAU~77MA0.23)0‘95Pb(10.77Br0.23)3 SHJ 1.68 1.92 19.26 29.15
2020 p-i-n Perovskite SHJ 1.67  1.886 19.12 27.04
2020 p—i—n CSO'Q5MAO,15FAO.8PbBI‘0'7512.25 SHJ 1.68 1.70 19.8 25.7
2021 p-i—n CSO'Q5(MAO,ggFAO,77)0.95Pb(Br0‘2310,77)3 SHJ 1.68 1.89 19.13 28.2
2021 p—i—n CS(J.lFAo_ngBI'()_lgIg.g SHJ - 1.808 19.79 27.48
2022 p—i—n CSO_QQFAO"?SPb(BrO_1510485)3 TOPCon 1.68 1.794 19.68 27.6
2022 p—i—n CSO_05(FAO.79MAO_21)0_95Pb(10_79BI‘0.21)3 SHJ 1.66 1.90 19.45 29.83
2022 p—i—Il CSO_1FAO_1MAO_7Pb(BI‘0_1510_85)3 SHJ 1.65 1.92 18.95 28.6
2022 n-i-p CsPb(I;Bri_,)s SHJ 1.8 2.04 14.34 22.95
2022 p—i—l’l CSO_05FA0_8MAO.15Pb(BI‘0_255IoV755)3 SHJ 1.69 1.92 19.8 29.3
2022 Il—i—p CSO_05FA0_8MA0.15PbIQV55BI‘0.45 TOPCon 1.62 1.783 14.4 17.3
2022 p-i—n CSO_QQFA.O_78Pb(C10'03Br0_1510.85)3 TOPCon 1.68 1.79 19.68 27.63
2022 p—i—n FAOv78CSO.QQPb(IO.85Br0.15)3 PERC 1.68 1.91 19.29 28.81
2022 p—i—n CSo'os(FAOAggMAO.17)0,95Pb(Bro‘1710.83)3TOPCOH 1.63 1.80 19.2 28.2
2023 p-in CsPbBrg15ls.s5 SHJ .71 1.84 17.95  25.31
2023 p—i—n CSO.QQFAO,78Pb(10,85Br0.15)3 + 5% SHJ 1.68 2.00 20.24 32.5

MAPbI;

2023 p-i-n  Perovskite SHJ - 1.82 20.4 28.4
2023 n-i-p  (FAPbI3)g.s3(MAPbBrs)o.17 SHJ - 1.82 18.1 27.2
2023 p—i—n CSO'Q5(FAO.ggMAO'17)0'95Pb(10'83BI‘0,17)3TOPCOD - 1.83 19.7 29.2
2023 p-in Cs,FA, ,Pbl;_,Br, SHJ - 1.68 19.47  23.22
2023 p—i—n CSOIO5MA0_14FA0.81Pb(10.8BI'0_2)3 SHJ 1.68 1.85 19.7 28.4
2024 p—i—n CSO_05FA018MA0.15Pb(10i75Br0_25)3 SHJ 1.67 1.941 20.1 29.6
2024 p-i-n  Perovskite SHJ 1.69 1.98 20.86 33.89
2024 p—i—Il CSO_05FAO_95_wMAbe(Il_yBI‘y)g SHJ 1.67 1.869 20.32 30.52
2024 Il—i—p CSO_05FAO_8MAO.15Pb(10.75BI‘()_25)3 TOPCon - 1.90 18.82 28.2
2024 p—i—Il CSO_05(FAO.QMAOJ)0_95Pb(10_8BI‘0.2)3 SHJ - 1.954 18.92 30.22
2025 p-i-n  Perovskite TOPCon 1.68  1.931 19.89 31.32
2025 p-i—n CSO_17FAO_83Pb(Io_83Br0.17)3 TOPCon 1.68 1.977 19.41 30.36
2025 p—i—n CSO.05(FA0,77MA0.23)0‘95Pb(10‘77B1"0.23)3 SHJ 1.68 1.92 20.3 31.5
2025 p-i-n  Perovskite SHJ 1.68  1.912 19.92 32.19

2.9 Conclusion

This chapter has provided a detailed overview of PSCs, discussing their constituent ma-
terials, manufacturing methods, architectures and operating principles, as well as their
current performance and main limitations. We have highlighted the remarkable proper-
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ties of these materials, which explain the spectacular progress made in terms of efficiency,
but also the technological barriers that still hinder their industrialisation, such as stabil-
ity, interfacial degradation and control of coupling in tandem structures. These findings
highlight that, despite rapid experimental advances, a thorough understanding of the un-
derlying physical mechanisms remains essential to effectively guide the development of
new generations of devices. It is with this in mind that the following chapter is devoted
to the analytical modelling of a perovskite-based solar cell.

The next chapter aims to develop a rigorous theoretical framework for describing
the operation of these cells using fundamental equations (continuity, charge transport,
boundary conditions). Through controlled assumptions and analytical resolution of the
transport equations, we will seek to extract key parameters such as current density, open-
circuit voltage, form factor and conversion efficiency. The results obtained will be com-
pared with experimental data and data from the literature in order to validate the model
and discuss its relevance and limitations.
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3.1 Introduction

Analytical modelling and simulation are essential tools for understanding and optimiz-
ing the performance of next-generation solar cells. Numerical approaches, such as those
implemented with Silvaco TCAD, or with other simulation platforms such as Sentaurus
TCAD (Synopsys), COMSOL, or SCAPS-1D, provide an accurate description of device
behavior and allow for the integration of a large number of physical and technological pa-
rameters. However, their implementation remains computationally expensive and highly
dependent on specific experimental data, which can sometimes be difficult to obtain. In
addition, analytical modelling offers a simpler and faster approach based on physically rel-
evant assumptions. It provides explicit expressions that directly link physical parameters
to performance metrics (Js., Voo, FF, PCE), thereby facilitating the analysis of inter-
nal mechanisms and parametric studies. These models offer several advantages, speed
of execution, ease of implementation, better interpretation of generation, transport, and
recombination phenomena, and great utility for sensitivity analyses. They are therefore
a suitable tool for the early stages of photovoltaic device design and optimization. Fur-
thermore, this approach does not replace numerical simulations, but complements them
by providing a framework for understanding and a tool for guiding device design.

The objective of this chapter is double. First, we develop a rigorous analytical model
for a simple n-i-p type perovskite solar cell based on the FTO/TiOy/MAPbDI;/Spiro-
OMeTAD architecture, based on an experimentally validated design. Secondly, we will
extend this approach to perovskite/silicon tandem solar cells, highlighting the particulari-
ties associated with multi-junction structures, in particular current limitation and voltage
addition. This progression from single cells to tandem cells will demonstrate the potential
of analytical models to predict and compare the performance of different architectures,
while providing additional insight into numerical simulations.

3.2 Analytical modelling of a perovskite solar cell (n-
i-p)

Analytical modelling of PSCs is an essential source of information for understanding
the internal structure and physical mechanisms that determine their performance [468],
[469]. In particular, it allows the evaluation of crucial parameters such as carrier mobility,
recombination rate and nature, built-in voltage, and optimization conditions that directly
influence device efficiency and stability [470], [471]. One of the major advantages of this
approach is its ability to translate complex physical phenomena into analytical equations,
providing a faster and more intuitive understanding of PSC behavior [472]. Tt also allows
the effect of various conditions (light intensity, temperature, absorber thickness, etc.) to
be explored, paving the way for the design and optimization of new architectures.

The modelling of solar cells is based mainly on two complementary approaches. The
first is electrical modelling, which uses equivalent circuits (such as the one- or two-diode
model) to describe the current-voltage characteristic quickly and easily. This approach
has the advantage of being very easy to use and directly adjustable to experimental data,
but it remains limited in terms of the internal physical description of the device. The
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second approach, which is more rigorous from a fundamental standpoint, involves using
electron and hole continuity equations. This method makes it possible to explicitly link the
mechanisms of carrier generation, transport and recombination to the overall performance
of the cell. Although it is more complex to implement, it offers better predictive power
and a deeper understanding of the physical phenomena involved in the operation of solar
cells.

In the literature, several analytical models have been developed using different method-
ologies. For example, Zahraa S. Ismail et al. established an analytical model based on
[-V and C-V measurements, describing the dynamic response of PSCs and validated
by comparison with experimental data [468]. For his part, M. Zahangir Kabir proposed
a model integrating voltage-dependent transport, photonic absorption, and recombina-
tion [473]. In another paper, the same author developed a model based on solving the
continuity equations for electrons and holes, including drift, diffusion, generation, and re-
combination (bulk and interfaces) [474]. This model yields analytical expressions for the
photocurrent under illumination, to which the contribution of the dark current is added
to obtain the total current density.

3.2.1 Device modelling

The perovskite solar cell (PSC) studied in this work has the following structure: FTO/TiO,
/Perovskite (MAPbDI3) /HTM (Spiro-OMeTAD). This architecture, illustrated in Figure 3.1,
was designed to maximize light absorption, promote charge generation, and ensure efficient

carrier transport. Each layer plays a specific role: FTO acts as a transparent conductive

contact, the TiO, layer acts as an electron extractor and transporter, MAPbI3 perovskite

is the main absorber, while the Spiro-OMeTAD HTM layer ensures the selective transfer

of holes to the electrode. As this structure has already been experimentally realised, in

this work we assign it a rigorous analytical model that allows us to describe and predict

its performance [475].

3.2.2 Development of the analytical model

As part of this study, we seek to establish an analytical model describing the operation of
the perovskite solar cell studied, whose structure is composed of FTO/TiOy/MAPbDI; /HTM.
To do this, we have adopted an approach based on solving the steady-state continuity
equations for electrons and holes in the absorbing layer (MAPbDI;3). In a solar cell, pho-
togenerated charge carriers (electrons and holes) move under the combined effect of the
internal electric field and diffusion linked to the concentration gradient. Their dynamics
are governed by two fundamental equations:

e The continuity equation, which reflects charge conservation and establishes a bal-
ance between the phenomena of generation, recombination, and transport.

o The rift-diffusion equation, which describes the current associated with each type of
carrier (electron or hole) as a function of mobility, electric field, and concentration
gradients.
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| Perovskite
(MAPb,)

Figure 3.1: Device structure of a MAPbI;-based PSC.

Thus, for electrons with concentration n and holes with concentration p, the continuity
equations in the steady state are written in the following general form [476], [477]:

on 1
E—;VJH—FG—R (3.1)
dp 1

Where:

n and p represent the concentration of electrons and holes, respectively.

J, and J, are the current densities of electron and hole carriers, respectively.

o G refers to the rate of electron-hole pair generation following the absorption of
photons in the absorber.

R translates the recombination rate of carriers in the material

The general form of the drift-diffusion equations for electrons and holes is as fol-
lows [476], [477]:

on
n — n E Dn :
o = qpnnE +qDn (3.3)
dp
Jp = auppE — gDy (3.4)
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where:

o [in, [y are the electron and hole mobility carriers,
e D,, D, are the diffusion coefficients of electrons and holes,
e ¢ is the elementary charge,

e F' is the electric field.

In steady state, carrier densities do not vary with time [472], which implies:

on  Op
R ) 3.5
ot ot (35)

Substituting these expressions (3.3) and (3.4) into the continuity equations (3.1) and
(3.2) yields a differential system describing the spatial distribution of electrons and holes
within the absorbing layer. The equations obtained are of the form:

0,20 ey 2D L G - R@) =0 (3.6)
ox? ox
D,,a;gff) - upE(x)ag—f) +G(z) — R(z) =0 (3.7)

These two differential equations (3.6) and (3.7) form the basis of the analytical model
developed in this work. They enable the physical parameters of the material (mobility,
diffusion, electric field, recombination rate) to be linked to the overall performance of the
cell (current density, open-circuit voltage, efficiency). In order to find solutions for these
differential equations, we have to substitute the expressions for R(x), E(x), and G(x) by
their corresponding physical models or approximations.

1. Recombination R(x)

We assume that the recombination is negligible, R(x) = 0, because the charge carriers
are able to migrate over long distances in the perovskite layer without recombining, due
to their long diffusion length. In addition, the transport layers quickly collect the carriers
before they have time to recombine [478]-[480]. This assumption is based on a solid set
of results concerning lead-based halide perovskite materials, in particular MAPbI; [481].
M. Herz showed that these materials exhibit both high charge carrier mobility (up to
70 cm?/V - ) [482]-[484], and very low recombination rates, particularly in carrier den-
sity regimes typical of solar operating conditions [485]. In this regime, recombination is
dominated by monomolecular processes via trap states, characterised by very low recom-
bination constants [481].

Several experimental studies have highlighted the long diffusion lengths character-
istic of hybrid perovskites, reflecting a low carrier recombination frequency. Thus, in
CH3NH;3PbI;3 obtained by solution processing, the diffusion length exceeds 100 nm [478],
[484], [486], reaches approximately 1.7 pm for a 390 nm layer [487], and can even exceed
175 pm under sunlight in optimised devices [480]. These distances, which are signifi-
cantly greater than the usual thickness of the active layer ( 0.3 pm), allow for efficient
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collection of carriers before they undergo recombination. In addition, the particularly
high absorption coefficient of these materials [488] results in a carrier generation rate that
is significantly higher than the recombination rate [489]. This corresponds to negligible
recombination in perovskites [490], [491].

Furthermore, defects in MAPDbI3 are mainly associated with shallow traps, greatly lim-
iting non-radiative losses (depth < 50 meV). Yin et al. [492] and Kim et al. [493] show that
the majority of defects in MAPDbI3 are associated with shallow traps, which are unlikely
to be significant non-radiative recombination. As noted by Wehrenfennig et al. [484],
hybrid lead halide perovskites combine two key properties for photovoltaics: excellent
mobility and very low recombination. Although interfacial or volume recombination phe-
nomena may occur as reported by Stranks et al. [478] and recently by Kabir [474], this
recombination becomes significant mainly in the presence of defects or under suboptimal
manufacturing conditions. In well-passivated or well-controlled devices, the trap density
remains low enough that recombination remains dynamically slow compared to carrier
extraction. Thus, as a first approximation, it is reasonable and common in simplified an-
alytical modelling to neglect recombination in order to evaluate the intrinsic performance
of the device. This assumption allows us to focus on the mechanisms of generation and
transport.

2. Electric field E(x)

The electric field F(z) in a PSC is expressed using the Poisson equation and the specific
characteristics of the cell material and structure. In the case of an intrinsic perovskite
layer, the electric field can be expressed in a simple way, assuming an undoped material
model. The Poisson equation is given by [494]:

P _ p
0x2 ¢

For an intrinsic perovskite material, we suppose that p = 0, which simplifies Poisson’s
equation to:

(3.8)

2
70 _y
0x?

This assumption reflects an undoped material, which is consistent with the intrinsic
nature of MAPbI3. However, it is well established that real devices often exhibit unin-
tentional doping and ion migration, which can induce a non-zero spatial distribution of
charges in the perovskite, thereby affecting the electric field profile. The strong ionic char-
acter of perovskite crystals makes their controlled doping particularly difficult, but recent
studies have shown that unintentional doping, often of the n-type, can reach significant
levels, modifying the conductivity and charge distribution [495].

For example, doping with metastable ions has increased the conductivity of MAPbI3 by
several orders of magnitude, confirming the presence of residual carriers in the layer. Fur-
thermore, ion migration, particularly of halides and mobile cations, is a well-documented
phenomenon in halide perovskites. Under illumination or electrical polarisation, these
ions can move and accumulate at interfaces or in the volume, creating space charge re-
gions that locally modify the volume charge density p(z,t) and thus the internal electric
field [496], [497]. These effects are particularly important under prolonged operating
conditions or during thermal stress.

79



Chapter 3. Analytical modelling of perovskite and tandem solar cells

Nevertheless, in high-quality, well-passivated and optimised devices, defect density and
ion mobility are minimised, making the approximation p = 0 reasonable for describing
the average behavior of the electric field and the transport mechanisms of photogener-
ated carriers [496]. This assumption thus allows the intrinsic performance of the cells
to be modelled effectively, while recognising that deviations may occur under less ideal
experimental conditions. Consequently, the intrinsic layer assumption (p = 0) is a valid
approximation for optimised devices and serves as a basis for understanding the funda-
mental mechanisms. By integrating Poisson’s equation twice, we obtain the expression
for the potential:

¢o=Ax+ B

The constants A and B are determined from the boundary conditions, since the voltage
falls mainly across the absorbing layer, so:

plx=0)=0 and ¢(z=t,) =V, -V

Where ¢, is the thickness of the perovskite layer and Vj,; is the built-in voltage of the
device across the absorber layer as shown in Figure 3.2, and V is the applied voltage.

This allows us to determine that:
Vi =V

tp

A=

The electric field is defined as the derivative of the potential relative to x by this expression:

Therefore, the electric field E(x) is constant throughout the absorbing layer and is given
by [498]:
V=V

E(x) o (3.9)
Ivbi
Kite

— pero™®

2 .
© m i g
= S - i

S tp ' C

H

Figure 3.2: Energy diagram displaying perovskite thickness ¢, and built-in potential Vj,.
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3. Optical generation G(x)

Under illumination, the density of electron-hole pairs generated in the absorbing layer of a
solar cell is described by Beer—Lambert’s law, which expresses the exponential attenuation
of light intensity as a function of penetration depth into the material. The light intensity
incident at point z can be written as:

I(z) = Ipe™*

where I is the light intensity incident on the surface of the material (x = 0) and «
is the optical absorption coefficient of perovskite. Since carrier generation is directly
proportional to the locally absorbed light intensity, the volume generation density G(x)

can be expressed as:
G(z) = alpe™ ™

This equation reflects the fact that most photogenerated carriers occur in regions close
to the illuminated surface, with absorption decreasing rapidly with depth. In order to
simplify the notation and relate this law to characteristic quantities of the material, two
parameters are introduced:

o The average absorption length A, = 1/, which corresponds to the average dis-
tance travelled by a photon before being absorbed. It is a practical measure of
the material absorption capacity. In other words, a lower \,,, means more efficient
absorption.

o The effective generation density Geg = oy, which combines the effect of the incident
photon flux and the absorption coefficient.

The carrier generation density in the perovskite layer can then be rewritten in simpli-
fied form [499], [500]:
G(x) = Gege ™/ v (3.10)

This relationship is widely used in analytical modelling because it provides a compact
way to characterize the spatial distribution of carrier generation as a function of depth
in the absorber. To evaluate the total generation in the active layer, the flux of carriers
generated is calculated by integrating G(z) over the entire thickness. The maximum
generation density Gy is obtained by the following integral:

Gmax = / Geffeix//\ave dr = Geff)\ave (311)
0

This expression highlights the central role of \,.: for a given incident intensity, a
longer average absorption length results in increased generation and therefore a higher
photocurrent density. In practice, the value of A, in hybrid perovskites is in the range of
tens to hundreds of nanometers, which explains their remarkable efficiency in absorbing
sunlight despite their thin active layer (0.3—0.6 pm).

After introducing the expressions for the optical generation G(z), the electric field
E(z) assumed to be uniform in the perovskite layer, and the recombination R(x), the sta-
tionary continuity equations (3.6) and (3.7) transform into two second-order differential
equations:
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d*n(x) dn(zx)

_Z'/Aave —
s heo— o+ Ghe 0 (3.12)
d*p(x) dp(z) /2
_ —x/Aave 1
T2 S0 + Gpe 0 (3.13)
With: B o o
q eff eff
=y Gn=p, wd G=pn

These differential equations are solved by finding the general solution, consisting of a
homogeneous solution (without optical generation) and a particular solution (which re-
flects the specific response to the source term G(x)). Thus, for electrons, the homogeneous
solution is a combination of a decreasing exponential and a constant, while the particular
solution is directly related to photo-induced generation. Similarly, holes follow a symmet-
rical evolution but with an increasing or decreasing exponential dependence depending
on the sign of the field. The general solution of equation (3.12) is given by:

G2
np(x) = Ape” =" + By, n, () = ——ave o=/ Aave,
(@) pla) = e
We proceed in the same way for equation (3.13), where the general solution is given
by the sum of the homogeneous and particular solutions:
G,\2
) = A efoF + B 7 ) = — P tave e—z/)\ave'
pn() P j2 pp() cotame + 1

The general solutions of the two differential equations (3.12) and (3.13) are thus ex-

pressed as follows:

WAl
_Gndae e~ Aave (3.14)

= An Teor Bn
n(x) e + B, + e — 1

G, \?
p(x) :Apesox—f—B pave e—ac//\a\,e

_ __TPTave 3.15
P 1 + 50)\ave ( )

These expressions therefore reflect the balance between drift, diffusion and optical
generation phenomena in the active layer, and form the basis for the subsequent eval-
uation of the photogenerated current and dark current. The constants A,, A,, B,,
and B, are to be determined using the boundary conditions for an n-i-p structure
(FTO/TiO2/MAPDI3/HTM). They are based on the fundamental principles of charge
carrier transport, surface recombination, and continuity at interfaces between different
types of materials.

« First condition n(0) = Np ..

At the TiO, /perovskite interface, it is assumed that the electron concentration in the TiOq
region (n-type) imposes a concentration close to Np e for electrons at this interface. This
is based on the fact that TiOs is a heavily n-type doped material, creating a region where
the concentration of majority carriers (electrons) is equivalent to the concentration of
donors.
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+ Second condition J,(0) = gs, (n, S >

Np et

It expresses the surface recombination of holes at the interface between perovskite and
TiOy. The surface recombination velocity s, is a parameter that describes the extent
to which holes recombine at the TiO,/perovskite interface. n; is the intrinsic carrier
concentration. This condition is used to model charge losses at this interface. This means
that holes partially recombine before reaching the TiO, layer, which is a characteristic of
this interface.

« Third condition p(t,) = N -

It sets the concentration of holes in the HTM layer (p-type) at the perovskite/HTM
interface. Since the HTM is doped with an acceptor concentration N4 .q, it is logical
that the concentration of majority carriers (holes) should be close to this value at this
boundary. This ensures that the majority of holes are effectively injected into the HTM,
which is essential for the cell to function properly.

« Four condition J,(t,) = ¢s, (7% _ )

Na st

This condition applies to the perovskite/HTM interface. It corresponds to surface re-
combination of electrons, governed by the surface recombination velocity s,, which is
consistent with the presence of an acceptor layer (HTM) promoting electron capture. In
an n—i—p structure, this recombination is useful for preventing electrons from entering the
HTM, which would decrease the efficiency of charge separation.

For electrons, at the front interface (z = 0), corresponding to contact with the electron-
transporting material (TiOy), the electron density must be equal to the effective donor
doping density Np . Applying this condition to the general equation (3.14) leads to the
following relationship:

(0)=N A+ B, + Cin e (3.16)
n = eff = An n ~~ 1 .
Dt 50)\ave —1
At the other end of the absorber (z = t,), the electric field becomes negligible, so that
transport is dominated by diffusion. So equation (3.3) becomes:

dn
Jn(ty) = qDp—
P dx o=t
dn G\
| = —epAne Ol — et A 3.17
dx z=tp - ‘ €0>\ave - 16 ( )
n? Gn

n T : = Dn - An —eotp _ i _tp//\ave 318
7 (n NA,eff) 1 ( “0 ‘ 50)\ave - 16 ( )
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From this relationship, we can isolate the constant A,,:

__Sn_ (nz _ n? _ Gnlave eftp/)\ave
Dy, NA eff €0Aave—1
A, = ’ 3.19
n 606_80tp ( )

Substituting A,, into equation (3.16) to find B,:

__ Sn <nl n? >_ GnAave —tp/)\ave

— 2
N a et Zohave—1°C Gn)\ave

Bn = ND eff —
’ 806750151’ €0>\ave —1

s n? G\ e~ to/ave
B, = Npe. — - noae — Aave 3.20
Dett * Dngoe_aotp (n NA,eff) * 6O)\ave -1 E:06_60% ( )

Similarly, for holes, boundary conditions are applied to p(x). At the front interface
(x = 0), the electric field is assumed to be zero or negligible. So, equation (3.4) becomes:

dp
— —gD, =
JP(O) q pdl’ -
dp G\
| =t 3.21
dx =t o " 50)\ave +1 ( )
z=to
n? D yan GpAave (3.22)
e ND,eff v o 50)\ave +1
This equation allows A, to be expressed as:
S n; GpA
Ap=——5 (-5 — )~ 3.23
’ €0y ( ND,eff) go(€0Aave + 1) (3.23)

Once A, has been determined, the final boundary condition must be imposed at
the other end of the absorber (z = t,), i.e., at the interface with the HTM. At this
level, the hole density must be equal to the effective acceptor concentration N4 e, which
ensures continuity of current and correct injection of majority carriers into the HTM. This
condition is written as:

G\
P(ty) = Nair = Ape's 4 B, — ——=2e— +p€$e e tp/ dave (3.24)

By isolating the constant B,, we obtain:

2 G )\ave G )\2
By, = Naeft — (— % (nl e ) — ( P ) ecotr 4 __P7ave  ,—tp/Aave
0

EODp a ND,eff <C:O)\ave + 1) 1+ <C:O)\ave
s n? G, eSoty
B, = N, P PR cotp prave Aayee P/ Pave 3.25
P Aelt * 8Ol)p (n ND7eff) ‘ * E0)\a‘ve +1 €o * € ( )
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The total current density J in the device is obtained as the sum of the electron and
hole contributions, J = J,, + J, [477]. By substituting the expressions of J,, and J,, given
by equations (3.3) and (3.4), into this relation, the current density can be expressed as:

on

J = qunnE + qD,
ox

0
+ quppE — qua—i (3.26)

This equation highlights the two fundamental transport mechanisms inside the per-
ovskite layer. The first is the drift current, which arises from the motion of charge carriers
(electrons and holes) under the influence of the internal electric field. The second is the
diffusion current, which results from spatial variations of carrier concentrations, described
by the gradients g—: and g—i. At the interface x = 0, the spatial gradients of the carrier
concentrations are assumed to be negligible. Physically, this assumption means that the
distribution of carriers is nearly uniform at this boundary, so diffusion plays an insignifi-
cant role. Under this condition, the diffusion terms vanish from the expression, and the

current density simplifies to:

J = quanE + quypE (3.27)

This simplified form shows that, at x = 0, the current is governed exclusively by drift,
and therefore directly depends on the carrier densities, their mobilities, and the electric
field present in the active region. We replace the carrier concentrations n and p by their
constant values B,, and B, respectively, at z = 0, because they represent the majority

of charge carriers contributing to the current at this point. Substituting them into the
current density relation gives:

J = qE(pn By + 1y By) (3.28)

By expanding the expressions of B,, and B,, the current density can be written as:

N Sn n; Gudave (7P
n e — \— — Nave
a ( Delt * Dngoeisotp ( NA,eff) * 50)\ave -1 (50650% ))

s n? G\ ecotr
N . p n; — i eaotp plave )\avee_tp/)\ave
" Hr < Aell * 50Dp ( ND,eff) * 80)\ave + 1 €o +

(3.29)

J=qF

At this stage, the current density expression contains both drift contributions, linked to
the effective doping concentrations and surface recombination terms, and photogeneration
contributions, which depend on the absorption length \,.. and the generation rates G,
and G,. Next, we substitute the relations gy = %
of G, and G, in terms of the maximum generation rate Gmax- This yields the compact

form of the total current density:

E = %, and the expressions
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n?
V — Vi spkTt,(n; — +——)
J = q(t—b) |:,un ND,eff + - J\;A(;/efjvbi)
P Dyq(V — Vyi)e +1
n2 a(V—V3;)
+ 1 | Na H4—8pkj%p0%-_ Wou)¢ ]
8 ° q(V = Vi) Dy
(3.30)
—t />\ave
Hn e’
Gmax [ - )\ave
+ D (lI(V—‘/In))\ _ 1) q(V—=Vi) 6_7Q(V1:TVM>
n\ " kT, ~ave kT,

u eq(VI;TVbi)
+ ,, ( ) /) })
_ ) (V—VZ) ave
D, (q(ZTt‘:m))‘ave + 1) qkpr

From the general expression for current density (Equation 3.30), it is possible to clearly
distinguish two fundamental contributions to charge transport in the perovskite cell. In
fact, current density can be broken down into two parts [501]:

o A dark current (Jgax), which is independent of the optical generation phenomenon
and reflects the behaviour of the cell in the absence of light.

« A photogenerated current (Jphot), which is directly related to the absorption of
photons and the generation of electron—hole pairs.

This separation allows for a more detailed analysis of the origin of each contribution to
the total current and facilitates the study of the physical mechanisms limiting the device
performance. The dark current is expressed by:
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This component reflects contributions due mainly to charge transport under the ac-
tion of the internal electric field and to recombination phenomena at the interfaces. It
determines the behaviour of the cell in darkness and allows the identification of losses
associated with leakage currents and recombination. Consequently, the photogenerated
current is given by:
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This component is proportional to Gy, the maximum carrier generation in the per-
ovskite layer, and depends on the average absorption length ... It reflects the optoelec-
tronic contribution of the device: a more efficient absorbing layer in converting photons
into charge carriers results in a higher Jy,pt.

As a result, Equation (3.31) describes the intrinsic electrical behaviour of the cell
(dark part), while Equation (3.32) highlights the photo-induced response under illumina-
tion. The combination of these two expressions makes it possible to accurately model the
current—voltage (J-V') curve of the perovskite solar cell, distinguishing between the influ-
ence of purely electrical parameters (mobilities, recombination rates, doping) and optical
parameters (generation rate, absorption).

To model the spectral performance of the cell, it is necessary to obtain the EQE
(external quantum efficiency) and IQE (internal quantum efficiency) as a function of the
wavelength A\,,.. These two quantities are commonly used to evaluate the optoelectronic
efficiency of photovoltaic devices. The external quantum efficiency, which measures the
quantity of incident photons converted into charge carriers, can be expressed by this
formula [502]:

wh
EQE()) = et ¢

In this expression, the EQE depends directly on:

Jphot is the photo-generated current, i.e., the contribution to the total current re-
sulting solely from optical generation.

Py, is the light power incident on the cell.
o h is Planck’s constant and c is the speed of light.

e Aue is the average wavelength of absorption.

This expression reflects the ratio between the number of carriers collected and the
number of incident photons. By substituting J,no in the expression of EQE:
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(22)

We can note that the EQE depends on both optical parameters (Agye, Pne, Gesr) and
electrical transport parameters (i, ftp, Dy, Dy, V —V};), highlighting the close interaction
between photon generation and charge collection.
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In contrast to the EQE, which takes into account the total incident light flux (including
losses due to reflection and transmission), the IQE measures only the conversion efficiency
of the photons that actually arrive in the cell, after the light crosses the reflection and
transmission barriers. Therefore, IQE can be expressed as follows [502]:

EQE())

IQEM) = ;=57 (23)

Where:

e R, is the reflection coefficient, representing the fraction of light reflected at the
surface of the cell.

e T is the transmission coefficient, corresponding to the fraction of light passing
through the device without being absorbed.

Consequently, the IQE allows the intrinsic performance of the absorbing layer to be
isolated, independently of external optical losses (reflection, transmission). The compar-
ison between EQE and IQE therefore provides an essential diagnostic tool; a significant
difference between the two indicates the existence of significant optical losses, while a
close match indicates that the limitations are mainly due to internal recombination and
charge transport.

After developing a mathematical model describing the current density .J, composed
of two main contributions: the dark current Jg,x (independent of generation) and the
photocurrent Jyhot (dependent on generation), and defined the expressions for external
quantum efficiency (EQE) and internal quantum efficiency (IQE), we undertook the de-
velopment of a program in MATLAB. The purpose of this software is to plot the charac-
teristic curves J-V, EQE and IQE. These analytical tools are an essential step towards:

o Increasing understanding of the physical mechanisms governing solar cell operation,
o Evaluating its overall performance,

« Identifying possible improvements in structure and materials.

The methodology adopted for programming is represented in the form of a flowchart,
as shown in Figure 3.3, which illustrates the different steps followed, from the definition
of input parameters to the generation of curves and final results. In addition to this
flowchart, A detailed pseudocode is presented in Appendix .1. This summarises the
numerical procedure for implementing the main equations and provides a clear basis for
understanding and reproducing the calculation.
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Figure 3.3: Flow chart of MATLAB code used.

3.2.3 Analytical results and validation
3.2.3.1 Comparison and validation with experimental results

Running the program developed in MATLAB produced the current—voltage (J—V') char-
acteristic curves from the analytical model. These results were then compared with the
experimental data reported in the literature [475] in order to assess the validity and reli-
ability of the proposed model. Figure 4.9 illustrates this comparison.

Analysis of the curves shows that the analytically predicted short-circuit current den-
sity (Js) is approximately 2 mA/cm? higher than that observed experimentally. This
discrepancy can be explained by the fact that, in real devices, several loss mechanisms
come into play, such as recombination, parasitic resistances and certain defects at the
interfaces. These mechanisms tend to reduce the actual current collected, whereas the
analytical model is based on simplifying assumptions in which the interfaces are assumed
to be perfect and recombination phenomena are greatly minimised, which naturally leads
to an overestimation of ideal performance.

A similar trend is observed for the open-circuit voltage (V,.), whose value from the
model exceeds the experimentally obtained value by 0.15 V. Again, this discrepancy is
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attributable to the model’s failure to take into account certain physical losses, particularly
those related to series and shunt resistances. Series resistance, generally associated with
contacts, transport layers or defects in the base materials, causes an internal voltage drop
that limits both Js. and V... Shunt resistance, linked to leakage paths or the presence of
mixed domains, contributes to additional losses by reducing the fill factor and open-circuit
voltage.

In addition to these mechanisms, there are other phenomena such as non-radiative
recombination at interfaces, volume recombination due to deep traps, and effects specific
to perovskites such as ion migration or hysteresis, which locally modify the shape of
the experimental curves [503]-[507]. However, these discrepancies do not invalidate the
analytical model. On the contrary, they confirm that it accurately reflects general trends
and provides a consistent representation of how the cell works, while highlighting its
limitations in the face of the complexity of real-world devices. To support this analysis,
Table 3.1 summarises the main photovoltaic parameters derived from the model and from
experience.

25+ —@— Modeling

—@— Experimental

Current Density (J) (
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Figure 3.4: J-V curves comparison showing the experimental data [475] validating the
analytical model of the PSC.

The comparison clearly highlights the model’s tendency to overestimate J,. and V.
while underestimating the fill factor (FF). This limitation results in an overall efficiency
value (PCE) that is slightly lower than that of the experiment (12.8% versus 13.15%).
This discrepancy clearly illustrates the impact of parasitic resistances and recombination
mechanisms not considered in the modelling.

Ultimately, analysis of the results shows that the analytical model is an effective tool
for describing the idealised characteristics of the cell and predicting its overall behaviour.
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Table 3.1: Main photovoltaic parameters extracted from the analytical model and exper-
imental measurements.

Parameter Jse Voe (V) Prax FF (%) PCE (%)
(mA /cm?) (mW /cm?)
Experimental [475] 20.62 0.96 13.15 66.41 13.15
Analytical model 22.82 1.114 12.748 50.11 12.8

However, comparison with experimental data highlights the importance of real loss phe-
nomena, which will need to be incorporated into future improvements to the model in
order to obtain an even more accurate quantitative prediction.

3.2.3.2 Analysis of external and internal quantum efficiencies (EQE and IQE)

After validating the current—voltage (J-V') characteristics of the analytical model by
comparing it with experimental data, it is appropriate to further evaluate the performance
of the solar cell by examining its spectral response. In this context, the study of external
quantum efficiency and internal quantum efficiency is a complementary and essential
tool. These two quantities not only make it possible to assess the ability of the n-i-p
perovskite cell (FTO/TiOy/MAPDI;/Spiro-OMeTAD) to convert incident photons into
collected charges, but also to highlight the optical losses and recombination mechanisms
predicted by the model. The spectral performance of the PSC is analysed using the EQE
and IQE curves, calculated using the analytical model developed in the previous sections.
Figure 3.5 shows these two curves as a function of wavelength, illustrating the spectral
response of the cell in the range from 0.3 to 1.0 pm.
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Figure 3.5: External quantum efficiency (EQE) and internal quantum efficiency (IQE)
curves derived from the analytical model for the n-i-p perovskite cell.
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The EQE, shown in blue, expresses the fraction of incident photons effectively con-
verted into collected charges, taking into account optical losses due to reflection and
transmission. It reaches a maximum of approximately 55% between 0.45 and 0.55 pm, re-
flecting optimal absorption of the active layer in the visible range. From 0.6 pm onwards,
a gradual decrease in EQE is observed, as a result of the reduction in the absorption
coefficient of perovskite as it approaches its optical gap (~1.55 eV, or ~0.8 um). Be-
yond 0.9 nm, the EQE drops rapidly towards zero, confirming the absence of significant
absorption in the near-infrared.

The IQE, shown in purple, reflects the fraction of generated carriers that are actually
collected, regardless of initial optical losses. It broadly follows the same spectral trend
as the EQE, with a maximum of around 30% at 0.45-0.55 pm. The difference between
the two curves is particularly marked in the ultraviolet (0.3-0.4 pm), where it can reach
nearly 20%, highlighting significant optical losses related to surface reflection and parasitic
absorption in the transport layers. This difference then gradually decreases towards 0.7—
0.8 pm, reflecting a better match between carrier generation and collection in the region
where perovskite absorbs most efficiently.

Finally, the simultaneous decrease in both curves beyond 0.9 pm reflects the intrinsic
limitation of the material imposed by its energy gap. The absence of marked fluctuations
or fine oscillations suggests that the analytical model simplifies certain optical phenomena
(such as interference or scattering), which would be more visible in a real cell. Overall,
these results confirm the consistency of the analytical model in describing the spectral re-
sponse of the cell, while highlighting its limitations related to the approximations adopted.
They provide a solid basis for evaluating optical performance and pave the way for future
optimisations incorporating a more detailed description of optical losses and transport
phenomena.

3.2.3.3 Influence of the thickness of the absorbing layer on performance

Figure 3.6 illustrates the J—V curves obtained by analytical modelling for different thick-
nesses of the MAPDI3 perovskite layer, while Table 3.2 summarises the corresponding
main photovoltaic parameters. The results highlight a gradual improvement in the over-
all performance of the cell as the thickness of the absorbing layer increases from 0.26 pm
to 0.35 pm.

Table 3.2: Photovoltaic parameters derived from the analytical model as a function of the
thickness of the MAPbDI3 layer.

tP (llm) Jsc Voc (V) Pmax FF (%) PCE (%)
(mA /cm?) (mWh/cm?)
0.26 20.94 0.9984 11.952 57.164 11.9
0.28 21.89 1.057 12.366 53.426 12.3
0.30 22.82 1.114 12.748 50.116 12.7
0.325 23.96 1.185 14.03 49.393 14.03
0.35 25.049 1.254 15.678 49.875 15.6

92



Chapter 3. Analytical modelling of perovskite and tandem solar cells

15 —a—0,26pm p
0,28um p
—a—0,3um q
—— 0,325um
10 —a—0,35um

Current Density (J) (mA/cm?)
[6)]

-1,0 | -(;,5 | 0:0 | 0:5 | 1,0 | 1,5
Voltage (V)

Figure 3.6: J-V curves from the analytical model for different thicknesses of the MAPDbI;
perovskite layer (0.26 pm to 0.35 pm).

Firstly, the J. increases significantly, from 20.94 mA /cm? to 25.05 mA /cm?; reflecting
greater photon absorption in the absorber. This trend is also accompanied by an increase
in V. from 0.998 V to 1.254 V, contributing to the increase in maximum power output.
As a result, the efficiency improves from 11.9% to 15.6%, confirming the central role of
perovskite thickness in the trade-off between optical absorption and electrical collection.

However, this improvement is accompanied by a decrease in the fill factor, which
drops from 57.2% to 49.9% as thickness increases. This deterioration can be attributed
to several physical mechanisms. On the one hand, the increase in thickness lengthens the
distance travelled by charge carriers, thereby increasing the probability of recombination,
particularly near interfaces. This recombination reduces the current at the maximum
power point, negatively impacting the FF. On the other hand, a thicker layer induces
greater volume resistance, linked to limitations in carrier mobility and the potential pres-
ence of intrinsic defects. This additional resistance results in ohmic losses, particularly
noticeable at high current densities, which alters the curvature of the J-V characteris-
tic. Finally, the absorption-transport trade-off becomes more pronounced, while a thick
layer promotes increased carrier generation, their collection remains hampered by limited
diffusion processes and increased recombination.

These results confirm that optimising the thickness of the perovskite layer is a key
parameter in the design of high-efficiency solar cells. Too little thickness limits absorp-
tion and reduces photocurrent, while too much thickness degrades charge transport and
penalises FF. The optimal thickness is therefore around 0.35 pm, where the compromise
between optical generation and electrical collection allows an efficiency of close to 15.6%
to be achieved within the analytical model developed.
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3.2.3.4 Influence of ETL (TiO:) doping on photovoltaic performance

Figure 3.7 shows the effect of TiOy-based electron transport layer (ETL) doping on the
characteristic parameters of the perovskite solar cell, namely the short-circuit current
(Jse), open-circuit voltage (V5. ), fill factor (FF) and power conversion efficiency (PCE). In
order to identify the optimal doping level, a representative range of donor concentrations
was considered: 10% cm™3, 5 x 10 ecm=3, 10'% cm™3 (reference value), 106 cm=3, 5 x
10 cm™2 and 107 em 3.
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Figure 3.7: Influence of ETL (TiO,) doping on device parameters.

The evolution of the J. shows a significant improvement when the donor concentration
increases from 10 cm™3 to 10% c¢cm™3, reaching a maximum value of approximately
23 mA /cm?. This effect is attributed to improved conductivity of TiOy, which facilitates
the transport and collection of photogenerated electrons while maintaining a relatively
low level of recombination. In contrast, for higher doping levels (> 10'® cm™3), J
decreases significantly. This decrease is due to an increase in surface defects and non-
radiative recombination at the TiO,/perovskite interface, which are direct consequences
of excessive electron density in the ETL, modifying the internal electric field and reducing
the selectivity of charge extraction. The V,. remains broadly stable (~1.15 V), confirming
that TiOs doping has a moderate influence on the Fermi level shift and band alignment.
However, a slight drop in V,. is observed at 10" cm™3, reflecting a trade-off between
improved transport and a temporary increase in recombination losses. At higher doping
levels, the V. returns to a stable value, suggesting that the limiting mechanism remains
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primarily related to recombination rather than a major change in energy alignment.

The FF evolves in a non-monotonic manner with doping. A relatively high value is
obtained at 10'6 cm™3, indicating a reduction in series resistance and an improvement in
ETL selectivity. However, for very low (10 cm™2) or very high (> 5 x 10'® cm™2) doping
levels, the FF decreases due to low conductivity or excessive losses through interfacial
recombination, respectively. This confirms that the FF is particularly sensitive to the
balance between electron conduction and recombination. The PCE trend directly follows
that of the Ji., with a maximum reached for a doping of 10> cm™3, a value that offers
the best compromise between efficient charge transport and limited recombination losses.
Above 10'% cm ™3, the increase in recombination and parasitic resistance leads to a gradual
deterioration in efficiency, which drops to around 8% for 10'7 cm™3.

The choice of doping levels studied is based on a systematic approach aimed at cover-
ing a representative spectrum of experimental and theoretical conditions for TiO,-based
ETL. The lightly doped range (~ 10'* cm™3) allows the reproduction of classic experimen-
tal conditions for TiOs-based ETL, where conductivity is limited but recombination is
minimised. The moderately doped range (10* cm™3) is considered optimal, as it ensures
efficient electron transport while maintaining a favourable balance between conductivity
and selectivity. The highly doped range (> 106 cm™3) allows analysis of the deleterious
effects of excess free carriers, such as increased non-radiative recombination, destabili-
sation of band alignment and reduction of the internal field, which result in a drop in
overall performance. As a result, it appears that a doping level of 10% cm™ is an optimal
reference value, confirming the trends reported in the literature and validating its use in
TiOs-based perovskite structures as ETL.

3.3 Extension to analytical modelling of tandem cells

After developing and validating an analytical model for single-junction PSCs (FTO/
TiOy/MAPDI;/Spiro-OMeTAD) in the previous sections, this study extends to the mod-
elling of tandem solar cells, in particular those combining a perovskite top and a silicon
bottom cell. The transition from a single-junction architecture to a tandem structure
aims to overcome the limitations inherent in single-layer cells, in particular the limited
efficiency imposed by the use of a single band gap. As noted in Chapter 2, the major
advantage of tandem cells lies in their ability to exploit a wider portion of the solar spec-
trum by stacking two subcells with complementary bandgaps ( 1.55 €V for perovskite and
1.12 ¢V for silicon). This spectral complementarity paves the way for theoretical efficien-
cies exceeding 30%, well beyond the limit imposed on single-junction cells. A monolithic
2T Perovskite/Silicon tandem solar cell (T'SC) is designed with a top perovskite solar cell
(PSC) and a bottom silicon-based sub-cell, where both cells are connected in series. The
structure of the TSC is shown in Figure 3.8.

3.3.1 Analytical model of perovskite/silicon tandem cells

In order to develop a rigorous analytical description of the perovskite/silicon tandem cell,
it is necessary to consider separately the electrical behaviour of each of the subcells that
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Figure 3.8: Perovskite/Silicon tandem solar cell device schematic.

make up the device. The tandem cell is composed of a top perovskite-based cell and a
bottom silicon cell. In the previous sections, we have already established and validated
the analytical model of the top cell, whose current-voltage (J-V) characteristics were
determined from continuity equations and the model derived from carrier drift-diffusion
transport. We now turn our attention to modelling the bottom cell, taking into account
its intrinsic properties and the dominant physical mechanisms.

The analytical modelling of the bottom subcell (silicon) follows a similar approach to
that applied to the top subcell (perovskite), using the same continuity equations but unlike
perovskite cells, silicon cells have specific characteristics related to the nature of the mate-
rial, including a longer minority carrier lifetime and increased sensitivity to recombination
phenomena. Two main recombination mechanisms must be taken into account, radiative
recombination and non-radiative Shockley-Read-Hall (SRH) recombination [508]. Ra-
diative recombination, described by the following equation, depends on the concentration
of electrons and holes:

Rdirect = C(”p - n?) (334)

Where C' is the bimolecular recombination coefficient, and n; represents the intrinsic
carrier concentration in silicon. As for SRH recombination, it reflects the influence of trap
states in the silicon band gap. Its general expression is written as:
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(np —nj)
n + n;eBe/EsT)) 1, + (p + pe= e/ (k1)) 7,

Rgru = ( (3.35)

Where E; represents the energy level of the trap, while 7,, and 7, denote the trapping
lifetimes of electrons and holes, respectively [509]. These two mechanisms constitute the
main recombination pathways that determine the current collection efficiency in the silicon
subcell.

Another fundamental aspect to consider is the carrier generation profile in the bottom
subcell. Incident light passing through the perovskite layer is partially absorbed in the top
cell, so that only a fraction of the initial intensity reaches the silicon layer. The transmitted
light intensity, which is the source of generation in the silicon, can be described by an
exponential decay as a function of the perovskite thickness and its absorption coefficient.
Thus, the generation intensity at the silicon interface is given by:

Go = Goge /e (3.36)

Inside silicon, this light intensity also propagates exponentially according to the ex-
pression:

Gsi(x) = Gpe™* (3.37)

To accurately model the dynamics of charge carriers in the silicon subcell, recombi-
nation mechanisms and generation profiles are incorporated into the previously derived
continuity differential equations (3.6) and (3.7). These equations, based on the principles
of drift—diffusion, describe the evolution of electron and hole concentrations in the silicon
layer. From the initial continuity equations adapted to the lower subcell, the following
expressions are obtained:

Ony(x) Ony(x)

DnabOtW + Mn,botE<m) 81‘ + st(l‘) — Cnb(m) =0 (338)
0?py(x Opy(x

Dp,bot%) — fipor B(@) pg; ) 4 Gulz) — Cpo() = 0 (3.39)

Where D,, por and D, 1,0 are the diffusion coefficients of electrons and holes, f, bot and
[y ot are their respective mobilities, and E(x) is the electric field. This approach assumes
that recombination is proportional to the product of carrier concentrations, reflecting a
bimolecular process that dominates in silicon under illumination. To simplify the analysis
and obtain analytical solutions, the equations are reformulated by introducing normalised
terms and considering an electric field dependent on the applied voltage. By defining &
as the normalised drift term and ~ as the effective recombination rate, the differential
equations become:

0? 0 G
g;(zx) + €0 ngg(f) + o) Z te_w — ynp(z) = (3.40)
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62pb(x) 8pb<x) GO —ax _
o €0 e + Dp7b0te —ypp(z) =0 (3.41)

Vo om_vi ottom : : :
Where ¢ pottom = 9(Voort kBT;;"’ wom) t1anslates the influence of the internal electric field,

with ¢ the elementary charge, Viottom the voltage applied to the silicon subcell, Vi bottom
the internal barrier voltage, kg the Boltzmann constant, T" the temperature, and ¢, the

thickness of the silicon layer. v = C/D represents a normalised recombination term,
approximating the effective recombination rate and simplifying the non-linear interaction.

These equations are solved using the classic method of superimposing a homogeneous
solution and a particular solution. The homogeneous part is associated with contributions
due solely to transport and recombination, while the particular solution directly accounts
for optical generation. After calculation, the general solutions are written as:

(GO/DmbOt) e ox
(a? —epar — )

(GO/D 7b0t) o
(a? — goax — )

ny(x) = Al e 4 B! 7 4

(3.42)

py(x) = ALe™* + Bl e — (3.43)

With:

—eo + Vet +4y —eo — VVER + 4y
ﬁl = 9 ) 52 = 9
A, By, A, and B are constants determined by the boundary conditions at the interfaces
of the silicon subcell.

These solutions highlight the dependence of carrier profiles on depth x, with exponen-
tial decay linked to light absorption and modulation by the exponential terms (f;x and
Box, which reflect transport and recombination dynamics. The difference in sign in the
particular term between n,(x) and py(z) stems from the opposite polarity of electron and
hole currents, consistent with the drift-diffusion equations.

To determine the constants of the analytical solutions for electron n,(x) and hole py(z)
concentrations in the silicon subcell, four boundary conditions reflecting the physical
properties at the layer interfaces must be applied. These conditions are formulated in
terms of carrier densities and currents at the boundaries of the ¢, thickness of the silicon
subcell, and they take into account the interaction with the top perovskite subcell in the
tandem configuration. The boundary conditions are defined as follows:

« First condition 7,(0) = Npet ot
Where Npeg bot Tepresents the effective density of donor dopants at the interface with the
intermediate recombination layer, imposing an equilibrium electron concentration.

el n2
» Second condition J,;(t5) = ¢Sn bot <ni,bot — W‘Z‘tot)

Where J,;, is the electron current density, g is the elementary charge, s, 1ot is the sur-
face recombination velocity for electrons, n; o is the intrinsic concentration, and N aeff bot
is the effective acceptor density at the rear. This condition models surface recombination
at the rear electrode, adjusted by the difference between the intrinsic concentration and
the doping-dependent recombination term.
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n?
o Third condition J,,(0) = ¢sppot (ni,bot — ¢> + Jp top

NDetf, bot

Where J,; is the hole current density, s, pot is the surface recombination velocity for
holes, and Jj, 1o is the hole current from the perovskite subcell. The term J,, 4, reflects the
contribution of holes generated in the perovskite that cross the recombination interface
to the silicon subcell. The appearance of Jj, o, in the third condition is not arbitrary; it
is directly linked to the fundamental role of holes in the top layer of the device (typically
the hole transport or collection layer). When a photon is absorbed in the active layer, an
electron-hole pair is generated. The electron is conducted to the electron transport layer,
while the hole must be extracted to the hole transport layer, located on the upper side.
However, in order for the total current to remain continuous throughout the thickness of
the device, a boundary condition must be imposed that expresses the passage of collected
holes at the upper interface. This is precisely what the term Jj s, represents.

» Four condition p,(t,) = Naeftbot

Where Naefipor is the effective acceptor density at the rear, imposing an equilibrium
concentration of holes at the interface with the rear electrode.

These boundary conditions are consistent with the physics of semiconductors in a tan-
dem structure. The contribution of the perovskite subcell is limited to the hole current
Jp top, because the electrons generated in the perovskite are collected by the front trans-
parent electrode (FTO), while the holes pass through the intermediate recombination
interface to be collected by the silicon subcell. This asymmetry reflects the selectivity
of the contacts and the separation of currents in a series configuration. By applying
these four conditions to the expressions of solutions (3.42) and (3.43), a system of linear
equations is solved to determine the constants. This process requires substitution of the
exponential terms and the particular term in the conditions, followed by numerical or
analytical solution depending on the specific material parameters.

Once the constants have been determined, the electron and hole current densities are
calculated using the drift-diffusion equations. The total current density of the silicon
subcell (Jpottom) is expressed as the sum of the contributions from electrons and holes,
adjusted by the applied voltage. The analytical expression for Jyottom iS given by:

Jbottom = P -
b

s o _ ni2,bot
Q(Vbottom - Vbi,bottom) [ N, GO/Dn,bot n,bot i,bot Naeft,bot
n,bot Deff,bot —
a? — Eox — 7y Dn,bot(ﬁleﬁltb — 62662%)
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Based on the individual J-V characteristics of the top and bottom subcells, derived
from analytical modelling, it becomes possible to comprehensively evaluate the perfor-
mance of the monolithic tandem cell. In a series-connected tandem architecture, current
continuity requires that both subcells operate at the same current density at all times.
This fundamental constraint stems from the series electrical configuration, where the to-
tal current flowing through the device is limited by the subcell generating the lowest
photocurrent at a given voltage. On the other hand, the total voltage developed by the
tandem corresponds to the sum of the individual voltages of the subcells at this com-
mon current, reflecting the addition of the contributions of each complementary band
gap [510]. In order to predict the efficiency of the tandem cell, we calculate the Jsc, Voc
and F'F based on the following equations:

JTandem - min(Jtop7 Jbottom) (345)

VTandem = V;;op + ‘/bottom (346)

3.3.2 Analytical results for the tandem cell
3.3.2.1 Comparison of J-V characteristics and photovoltaic parameters

In order to evaluate the electrical performance of the proposed tandem cell, a MATLAB
script was developed based on the analytical expressions established for the subcells.
This program allows the individual current—voltage characteristics of the two subcells to
be plotted and the electrical response of the tandem device in series configuration to
be simulated. Figure 4.21 shows the J-V curves obtained analytically for the upper per-
ovskite subcell, the lower silicon subcell, and the resulting tandem cell. The corresponding
photovoltaic performance is summarised in Table 3.3.

Table 3.3: Performance parameters for sub-cells and tandem cells.

Performance parameters Jse Voe (V) FF (%) PCE (%)
(mA /cm?)

Perovskite Top Cell 22.82 1.11 50.3 12.75

Silicon Bottom Cell 21.51 0.60 67.99 8.77

Perovskite/Silicon Tandem Cell 21.51 1.71 71.63 26.35

The analysis shows that the short-circuit current of the tandem cell is limited by the
silicon sub-cell, whose J.. reaches 21.51 mA /cm?, which is lower than that of the perovskite
sub-cell (22.82 mA /cm?). This limitation confirms that, in a series tandem configuration,
the overall device is constrained by the cell generating the lowest current. On the other
hand, the open-circuit voltage of the tandem cell, equal to 1.71 V, corresponds exactly to
the sum of the open-circuit voltages of the two sub-cells (1.11 V for perovskite and 0.60 V
for silicon), which demonstrates the accuracy of the modelling and the consistency of the
series coupling. Furthermore, the fill factor of the tandem cell reaches 71.63%, which is
higher than that of each of the sub-cells (50.3% for perovskite and 67.99% for silicon).
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Figure 3.9: J-V characteristics for the perovskite top-cell, silicon bottom-cell, and per-
ovskite/silicon tandem cell.

This improvement reflects more efficient charge collection and reduced resistive losses,
made possible by the complementary nature of the two materials. Finally, the efficiency
of the tandem cell reaches 26.35%, significantly higher than that of the individual sub-cells
(12.75% for perovskite and 8.77% for silicon).

These findings confirm the value of tandem architecture, where the judicious combina-
tion of the two materials makes it possible to overcome the intrinsic limitations of single-
junction cells by simultaneously exploiting the advantages of perovskite wide bandgap
and silicon narrow bandgap. The combined increase in open-circuit voltage and fill factor
translates directly into a substantial gain in efficiency, highlighting the relevance of the
tandem concept for the next generation of high-efficiency photovoltaic cells.

3.3.2.2 Influence of the thickness of the intrinsic silicon layer

The performance of a tandem cell depends heavily on the geometric and optoelectronic
optimisation of each of its subcells. In particular, the thickness of the intrinsic silicon (i-Si)
layer in the lower subcell plays a decisive role in the balance between photon absorption
and recombination losses. Figure 3.10 illustrates the evolution of the tandem cell efficiency
as a function of the thickness of this layer. It shows that efficiency reaches a maximum
value of 26.35% for an optimal thickness of 1.70 ym. At this dimension, the silicon layer
ensures sufficient light absorption while maintaining efficient collection of photogenerated
carriers.

When the thickness is less than 1.70 pum, the cell suffers from absorption losses, thus
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limiting the number of carriers generated and therefore the available photocurrent. On
the other hand, for thicknesses greater than 1.70 um, the photogenerated carriers are
more susceptible to volume recombination, which results in a gradual decrease in overall
efficiency. These results highlight the existence of an optimal compromise between op-
tical absorption and electron transport in the silicon subcell. Optimising this geometric
parameter is therefore essential for maximising the efficiency of perovskite/silicon tandem
architectures.
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Figure 3.10: Efficiency of the tandem cell as a function of the thickness of the intrinsic
silicon layer.

3.3.2.3 Optimisation of the perovskite layer thickness

The thickness of the perovskite absorber in the top subcell directly influences the spec-
tral distribution of light between the top and bottom subcells. Figure 3.11 illustrates
the variation in short-circuit current of the two subcells as a function of perovskite layer
thickness. It can be seen that by increasing the thickness of the perovskite from 0.2 ym
to 0.4 pm, the Ji. of the top cell increases from 21 to 24 mA/cm?, reflecting better
photon absorption in this layer. Conversely, the J,. of the silicon subcell gradually de-
creases from 23.5 to 20.5 mA /em?; a direct consequence of the reduction in the light flux
transmitted to the bottom cell. This evolution illustrates the competition between the
two subcells in the distribution of the incident solar spectrum. The equilibrium point
between the two behaviours is reached at a thickness of 0.27 pum, where the two curves
intersect (Jciop = Jsebottom = 22.1 mA/cm?). This point corresponds to the matched
current condition, which is essential for the optimal functioning of a monolithic tandem
architecture. Indeed, current continuity requires that the tandem cell operate at the cur-
rent limited by the weaker subcell, which justifies the critical importance of this thickness
adjustment. Figure 3.12 confirms this result by showing the overall efficiency of the tan-
dem cell as a function of perovskite layer thickness. The efficiency reaches its maximum
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precisely at a thickness close to 0.27 um, a value that balances effective absorption in the
top subcell and sufficient photon transmission to the bottom subcell. This optimisation
demonstrates that controlling the thickness of the perovskite layer is a key parameter for
achieving spectral balance between the two subcells and for maximising the efficiency of
the perovskite/silicon tandem architecture.

1 i 1 i 1 i 1 " 1
24,5 - -
Top cell

24,0 - —&— Bottom cell i

23,5 -
23,0 -
22,5 1 -

22,0 1 .

Short-Circuit
Current Density Jsc (mA/cm?)

21,5 -
21,0 1 -

20,5 + .

20,0

0,I20 0,I25 0,I30 0,I35 0,40
Perovskite Top Cell Layer Thickness (um)

Figure 3.11: Short-circuit current of the top and bottom subcells as a function of per-
ovskite layer thickness.
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3.3.2.4 Current Matching and Performance Analysis of the Tandem Cell

Figure 3.13 shows the J-V characteristics of the perovskite and silicon subcells, as well
as of the tandem cell, obtained after optimising the perovskite absorber thickness. The
two subcells operate in a current-matched regime, with a common short-circuit current
density of 22.1 mA /cm?. This confirms that a perovskite layer thickness of 0.27 pm en-
sures optimal spectral sharing, which is essential for maximising the performance of a
series-connected tandem architecture. The tandem cell exhibits an open-circuit voltage
of 1.72 V, corresponding to the sum of the V,. values of the individual subcells. Further-
more, the fill factor (FF = 70.76%) highlights excellent charge extraction and an effective
reduction in resistive losses.
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Figure 3.13: J-V curves in current-matched mode for the perovskite subcell, silicon sub-
cell, and the optimised tandem cell.

As reported in Table 3.4, the tandem cell achieves a remarkable power conversion effi-
ciency (PCE) of 26.83%, significantly higher than that of the individual subcells (12.35%
for the perovskite top cell and 9.31% for the silicon bottom cell). This substantial improve-
ment demonstrates that current matching, achieved through precise optimisation of the
top absorber thickness, is a key factor in reaching record efficiencies in perovskite/silicon
tandem solar cells.
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Table 3.4: Performance parameters of the perovskite and silicon subcells and the per-
ovskite/silicon tandem cell under current-matched conditions.

Performance Jse Voe (V) FF (%) PCE (%)
parameters (mA /cm?)

Perovskite Top Cell 22.1 1.10 50.8 12.35
Silicon Bottom Cell 22.1 0.62 67.94 9.31
Perovskite/Silicon Tandem 22.1 1.72 70.76 26.83
Cell

3.4 Conclusion

In this chapter, a comprehensive analytical model of single-junction perovskite solar cells
was developed, validated and extended to perovskite/silicon tandem cells. The approach
based on continuity equations made it possible to accurately describe the mechanisms of
carrier generation, transport and recombination, and to derive analytical expressions for
current and voltage. The use of these models has led to the accurate reproduction of
J=V curves and the determination of characteristic photovoltaic parameters. The study
of the tandem device highlighted the critical role of current matching between subcells
and the decisive influence of the thickness of the absorbing layers on overall performance.
The results obtained show a clear gain in conversion efficiency compared to single-junction
cells, thus underlining the advantage of tandem architecture in overcoming the limitations
imposed by a single bandgap. These analytical developments provide a solid basis for
interpreting and predicting the performance of real devices. However, in order to confirm
these theoretical results and assess the impact of more complex technological parameters,
a numerical simulation study is essential.

The following chapter will focus on numerical simulation using Silvaco TCAD. We will
first present the modelling of a single-junction perovskite solar cell, the results of which will
be validated by comparison with analytical and experimental approaches. Next, a para-
metric study will be conducted to analyse the impact of certain material and structural
parameters on performance. Finally, the analysis will be extended to the perovskite/sil-
icon tandem heterojunction architecture, allowing us to evaluate the potential of this
advanced configuration for achieving high efficiencies.
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4.1 Introduction

Understanding and optimising the performance of next-generation solar cells relies on
a complementary combination of analytical models and numerical simulations. In the
previous chapter, an analytical model was developed to accurately describe the funda-
mental mechanisms of carrier generation, transport and recombination in perovskite solar
cells, and then extended to perovskite/silicon tandem architectures. This model made
it possible to obtain analytical expressions for current-voltage (J-V) curves and to esti-
mate characteristic photovoltaic parameters, while highlighting the importance of factors
such as the thickness of the absorbing layers and the nature of the constituent materi-
als. However, despite its relevance, such an approach necessarily relies on a number of
simplifying assumptions (homogeneity of materials, ideal interfaces, limited recombina-
tion) that reduce its ability to accurately represent actual experimental and technological
conditions.

In order to overcome these limitations, it is essential to use numerical simulation,
which is a powerful tool for analysing and predicting the behaviour of photovoltaic de-
vices. Unlike analytical modelling, numerical approaches allow for the integration of a
large number of physical and technological parameters, doping profiles, interface defects,
complex recombination phenomena, spectral dependence of absorption, and effects related
to the nature of the transport layers. Silvaco TCAD software is the platform of choice
in this field. With its advanced simulation modules, it offers the ability to realistically
model multilayer devices such as perovskite solar cells and quantitatively evaluate the
impact of design choices on overall performance.

In this chapter, we use Silvaco TCAD to supplement and validate the analytical re-
sults obtained previously. First, we present the design and simulation of a single-junction
perovskite solar cell, detailing the choices of materials, parameters and simulation condi-
tions. The results will be compared to the analytical model developed in Chapter 3 as
well as to experimental data, thus allowing for cross-validation. Subsequently, a para-
metric study will be conducted to explore the influence of the nature of the perovskite
material in particular, the comparison between a reference perovskite (MAPbDI3) and a
Ruddlesden—Popper-type perovskite as well as the effect of the hole transport layer, no-
tably with the replacement of Spiro-OMeTAD by other organic and inorganic materials.
Finally, the most efficient configuration resulting from this optimisation will serve as the
starting point for the design of a perovskite/silicon heterojunction tandem cell. We will
analyse the performance of this advanced architecture in comparison with that of the
single-junction cell, and we will identify the main levers for improvement to achieve high
efficiencies.

4.2 Overview of Silvaco Software

4.2.1 Introduction and operating principle of the software

The development and optimisation of modern semiconductor devices now relies on the use
of advanced simulation tools capable of accurately reproducing technological processes
and the electrical and optoelectronic behaviour of the structures under study. Among
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these tools, Technology Computer-Aided Design (TCAD) environments play a central
role. They make it possible to predict the evolution of the structure resulting from the
manufacturing stages (process simulation) and to evaluate the electrical and optical char-
acteristics of the devices under different polarisation conditions (device simulation)[511]-
[513].

Silvaco TCAD software (Silicon Valley Corporation) is one of the most comprehensive
and widely used suites for the design, analysis and optimisation of semiconductor devices.
Its integrated environment brings together several specialised modules (such as ATHENA,
ATLAS, DeckBuild, DevEdit, and TonyPlot), each dedicated to a specific stage of the
simulation flow, defining the geometry of the structure, mesh generation, implantation of
doping profiles, resolution of physical equations, and visualisation of results[514]. This
software is based on numerical resolution of the fundamental physical equations describing
charge carrier transport and generation-recombination phenomena in materials. These
equations mainly include:

o The Poisson equation, linking the electrostatic potential to the local charge density.

o The continuity equations for electrons and holes describe the temporal evolution of
carrier densities as a function of currents, generation rates and recombination rates.

o The carrier transport equations, obtained from approximations of the Boltzmann
equation, are available in different forms (drift-diffusion model, energy-balance
model, hydrodynamic model) depending on the level of accuracy required.

The approach adopted consists of defining the geometry of the device, its constituent
materials, its doping profiles and its boundary conditions. The simulation domain is dis-
cretised in the form of a mesh, then solved using robust numerical methods (Newton,
Gummel, or hybrid iterations). At the end of this process, the simulator predicts measur-
able experimental quantities such as current-voltage characteristics (I-V), carrier density,
internal electric field, and external and internal quantum efficiency.

4.2.2 Modules and tools in Silvaco TCAD

Silvaco TCAD software is an integrated platform comprising several specialised modules,
each dedicated to a specific stage of semiconductor device modelling and simulation. The
common environment, called DeckBuild, manages and coordinates the different tools
and provides the interface between them. Together, they cover the entire design cycle,
from virtual device fabrication to electrical and optical characterisation[515]. Figure 4.1
illustrates the simulation flow in Silvaco, showing the main input and output steps in the
ATLAS module. The main modules of Silvaco TCAD are[515], [516]:

« ATLAS

Two- and three-dimensional device simulator based on advanced physical models. ATLAS
is at the heart of the simulation process, solving fundamental Poisson, continuity and
transport equations to predict the electrical, optical and electro-optical performance of
solar cells. The structure of the device is described by a 2D/3D grid (mesh), defined
using ASCII instructions. This discretisation is based on calculation nodes, the number
of which is limited to 20,000 for each simulation, a constraint imposed by ATLAS.
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Figure 4.1: Silvaco simulation workflow displaying ATLAS inputs and outputs[516].

« ATHENA

Environment designed for simulating technological manufacturing processes. It virtu-
ally reproduces the key stages in device production (ion implantation, diffusion, oxi-
dation, layer deposition, lithography, etc.). ATHENA incorporates several specialised
sub-modules, such as SSuprem4 (implantation and diffusion), Elite (topographical simu-
lation), Optolith (lithography) and Flash (advanced implantation). Although this module
was not directly used in this work, it is an essential complement for linking process sim-
ulation to device simulation.

e DeckBuild

Interactive interface that serves as a simulation management platform. It allows editing
input files, launching calculations and monitoring their progress. The interface consists
of two main areas, the top part for editing commands and the bottom part for displaying
intermediate results. DeckBuild also offers advanced features such as automatic DOE
(Design of Experiments) generation, parameter extraction, and a rich library of examples
covering various fields (electronics, optics, magnetics).

« DevEdit

Graphical tool for creating, editing and meshing structures. It enables the definition
of a suitable grid (2D or 3D) and control of the simulation level of detail by concentrating
refinement in critical areas (junctions, interfaces, thin layers). This mesh optimisation
strikes a balance between accuracy and computation time, making it an indispensable
tool for complex structures.

o TonyPlot

Programs for visualising and graphically analysing results. These programs can be
used to plot simulated electrical characteristics (I-V, C-V, EQE), examine 1D profiles
(carrier density, electric field) or 2D /3D maps (potential distribution, optical absorption).
TonyPlot also offers advanced overlay, annotation and export features, facilitating com-
parison between multiple simulations and the preparation of figures for scientific reports
or publications.
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4.2.3 Cell construction using Silvaco

As part of this study, the PSC under consideration was constructed and simulated using
Sitvaco ATLAS software, based on an architecture that had already been experimen-
tally validated. The device studied is based on an (FTO/TiOy/MAPbI3/HTL) structure,
which was chosen for its proven performance and widespread adoption in the scientific
community. The simulation is based on a precise definition of each layer of the device, in
order to reproduce its physical, electrical and optical properties as accurately as possible.

The technological and physical parameters selected to accurately represent the cell,
such as layer thicknesses, doping concentrations, dielectric constants, band gaps, electronic
affinities and carrier mobilities, were carefully chosen based on previous experimental and
theoretical work. More specifically, the parametric database is based on the reference
experimental study conducted by I. Montoya et al. [475], supplemented by other con-
tributions from the literature, in order to ensure the consistency and reliability of the
simulation [517]—-[525]. All of these values are summarised in Table 4.1, which is the main
reference for the subsequent validation and optimisation steps.

Table 4.1: Physical and technological parameters of the PSC simulated in Silvaco AT-
LAS [475].

Parameter FTO TiO, MAPDI; HTM
Thickness (pm) 0.3 0.3 0.3 0.213
Bandgap (eV) 3.5 3.2 1.55 3.0
Electron Affinity (eV) 4.0 4.1 3.9 2.2
Dielectric Permittivity (eo) 9 10 6.5 3
Electron Mobility (cm?/V - s) 20 20 2 1074
Hole Mobility (cm?/V - s) 10 10 2 1074
Donor Density Np (cm™3) 2 x 1019 1 x 10%° 1 x 10° -
Acceptor Density N4 (cm~3) — — 1 x 10° 2 x 1019

With this approach, the PSC modelled in SitvAco ATLAS closely corresponds to a
real device that has already been experimentally produced, which not only validates the
relevance of the digital model adopted, but also provides a solid basis for the parametric
study and performance optimization of the single-junction cell.

4.2.4 General simulation methodology and configuration steps

The implementation of a simulation in STLvACO ATLAS is based on a rigorous workflow,
defined in an input file executed via the DECKBUILD environment. This file contains
a sequence of successive commands describing the device geometry, material properties,
experimental conditions, and numerical methods used to solve the transport equations.
Each step corresponds to a specific phase of numerical modelling and must be carefully
configured to ensure the reliability of the results and their consistency with experimental
data. The general structure of the simulation process is shown schematically in Figure 4.2,
which illustrates the modular organization of command groups in the ATLAS software,
from the definition of the initial structure to the final analysis of the device’s performance.
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Figure 4.2: Modular organization of command groups in the ATLAS software.

1. Mesh Definition

The first step in numerical simulation in SILVACO ATLAS is to define the device mesh,
i.e., the spatial discretizations of the structure into a set of calculation points. The quality
of the mesh directly affects the accuracy of the results as well as the calculation time.
A mesh that is too large may smooth out or neglect certain local physical phenomena,
while a mesh that is too fine results in a considerably longer simulation time. In order to
optimize this trade-off, it is common practice to apply local refinement in critical areas
such as heterogeneous interfaces, junctions or thin layers, which allows for better capture
of steep gradients in electrical potential or carrier density.

In SitvAco ATLAS, the mesh can be defined in two ways: the automatic method
(MESHAUTO), which generates a mesh adapted to the geometry of the device with minimal
user intervention, and the manual method (MESH, X.MESH, Y.MESH), which offers more
precise control over the distribution of nodes, particularly at critical interfaces or thin
layers. In the specific case of photovoltaic devices, characterised by a planar structure
that is layered and uniform in the X direction, automatic meshing is commonly preferred
because it allows the thickness of the active layers to be effectively discretised while
reducing the complexity of the simulation. This is the approach that was adopted in
our study. Figure 4.3 shows the automatic mesh obtained for the solar cell under study.
It illustrates the spatial discretisation of the structure and highlights the distribution of
nodes across the different layers, reflecting the resolution used in the numerical simulation.

2. Region and Doping Definition

After defining the mesh, the second step is to specify the different regions that make
up the solar cell. Each region corresponds to an essential functional layer in the archi-
tecture under study. In SiLvAco ATLAS, these regions are defined using the REGION
command, which associates a material with a geometric portion of the device. At this
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Figure 4.3: Visualisation of the automatic meshing of the simulated structure.

stage, the main parameters entered are the geometric parameters (thicknesses) and basic
electrical characteristics (doping type and concentration), which are decisive factors in
the distribution of carriers and the profile of electric fields in the structure. The more
detailed physical properties of the materials (band gap, electron affinity, mobilities, etc.)
will be defined later using the MATERIAL command.

In our simulation, the chosen architecture is an n-i-p type PSC composed of four main
layers: a transparent conductive layer (FTO), an electron transport layer (TiO;), an
active absorbing layer (MAPDI;), and finally a hole transport material (Spiro-OMeTAD).
The device regions are defined, as shown in Listing 4.1.

Listing 4.1: Definition of regions and doping in ATLAS.

set FT1_thk=0.3 # thickness of FTO

set TI_thk=0.3 # thickness of ETL (Ti02)

set PVR_thk=0.3 # thickness of perovskite MAPbLIS3

set htm_thk=0.213 # thickness of HTM (Spiro-0MeTAD)

region num=1 user.material=FTO bottom thick=$FT1_thk ny=40
conductor

region num=2 user.material=Ti02 bottom thick=$TI_thk ny=40

donor=1e15

region num=3 user.material=Perovskite bottom thick=$PVR_thk ny=40
donor=1e9

region num=4 user.material=HTM bottom thick=$htm_thk ny=30
acceptor=1el9

In this configuration, the FTO is treated as a degenerate conductor, the TiO, is n-
doped at a concentration of 10'® ecm™ to ensure electronic selectivity, the perovskite is
lightly n-doped (10° cm™) to maintain a quasi-intrinsic region favorable to photogener-
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ation, and the Spiro-OMeTAD is p-doped (10' ecm™3) to facilitate hole extraction. In
this configuration, the FTO is treated as a degenerate conductor, the TiOy is n-doped
at a concentration of 10> cm™ to ensure electronic selectivity, the perovskite is lightly
n-doped (10° em™) to maintain a quasi-intrinsic region favorable to photogeneration,
and the Spiro-OMeTAD is p-doped (2x10% cm™3) to facilitate hole extraction. Figure 4.4
illustrates the configuration of the simulated device. Subfigure 4.4(a) shows the struc-
ture in different regions corresponding to the functional layers of the solar cell, while
Subfigure 4.4(b) highlights the doping profile assigned to each of these regions.

ATLAS ATLAS

0 0.1 0.2 03 0.4 05 06 07 08 09 1 0 0.1 02 03 04 05 06 07 08 0.9 1
icrons.

Figure 4.4: (a) Schematic representation of the regions of the perovskite solar cell defined
in ATLAS; (b) Doping profile associated with the different regions.

3. Electrode Definition

After specifying the regions, it is necessary to define the electrodes that provide elec-
trical contact between the device and the external circuit. This step is crucial because it
determines the injection and collection of charge carriers, and therefore the overall electri-
cal performance of the cell. In SiLvAco ATLAS, electrodes are defined by the ELECTRODE
command (abbreviated to elec in the script), which allows you to specify their position
(at the top or bottom of the device), their type (ohmic or Schottky contact), and specific
properties such as the work function or optical transparency.

In the architecture studied, the cathode is placed on the FTO layer, serving both as
an electronic contact and an optical window for light entry. The anode, on the other
hand, is positioned at the bottom of the device, constituting the back contact for hole
collection. The practical implementation in our simulation is illustrated in Listing 4.2.
This configuration reflects the typical n-i-p structure of perovskite cells, in which the
transparent cathode (FTO) allows selective extraction of electrons, while the rear anode
collects holes. Figure 4.5 below illustrates the position of the electrodes in the device
stack.

Listing 4.2: Definition of electrodes in ATLAS.

elec num=1 name=cathode top material=FT0 y.min=0 y.max=$FT1_thk
elec num=2 name=anode bottom
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Figure 4.5: Diagram of the simulated perovskite cell structure, showing the position of the
electrodes (cathode at the top on the FTO layer, anode at the bottom in rear contact).

4. Materials Specification

Once the geometric structure has been established (mesh, regions and electrodes), the
next step is to specify the physical properties of the materials used. In SiLvAco ATLAS,
this is mainly done using the MATERIAL command, which allows the fundamental electronic
parameters (band gap, electron affinity, effective state densities, dielectric permittivity,
carrier lifetimes, etc.) to be introduced, as well as the optical characteristics (n, k). In
order to ensure consistent and accurate modelling of optical phenomena, the spectral
properties of materials are integrated using n—k files. Their availability depends on the
internal Silvaco library: when the material is already referenced in the database, it can
be defined directly using the command sopra=MAPbI3.nk. However, if this data is not
included, an external file containing the experimental optical indices must be provided
manually using the command index.file=MAPbI3.nk.

This approach ensures that absorption and dispersion are accurately taken into ac-
count, which is essential for the reliability and robustness of the simulation results. In
our simulation, MAPbI3 perovskite, which acts as the active absorbing layer, was defined
based on parameters from a solar cell structure that has already been experimentally
produced. The aim is to accurately reproduce the observed performance using values
consistent with the experimental results. The implementation adopted is illustrated in
Listing 4.3.
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Listing 4.3: Definition of material parameters in ATLAS.

material material=Perovskite user.default=organic EG300=1.55 affinity
=3.83 NC300=1e19 NV300=1el7 permittivity=150 taup=1.e-6 taun=1.e-6
ge.exc=0 rst.exc=0.25 lds.exc=0.01 \
taus.exc=1e-9 s.binding=2 pheff.exc=1
mobility material=Perovskite mun0=0.1 mup0=0.1 eOn.pfmob=1e4 eOp.
pfmob=1e4
material material=Perovskite index.file=MAPbI3.nk

5. Choice of Physical Models

A key step in the simulation involves activating physical models, which describe the
fundamental mechanisms of transport and recombination in devices. In ATLAS, these
models are called up using the MODELS command and allow phenomena such as Shockley—
Read-Hall (SRH) recombination, Langevin-type bimolecular recombination, exciton ef-
fects, and electric field-dependent mobility (Poole-Frenkel) to be taken into account as
needed. In the specific case of perovskite-based solar cells, we have activated a set of
adapted models in order to accurately reproduce the dominant mechanisms of the ma-
terial. The implementation adopted for the active perovskite layer (MAPbDI;), which
constitutes the core of the device, is illustrated in Listing 4.4.

Listing 4.4: Activation of physical models in ATLAS.

models material=Perovskite pfmob langevin singlet s.dissoc srh

This choice makes it possible to combine the consideration of Shockley—Read-Hall
(SRH) recombination linked to defects, bimolecular recombination described by the Langevin
model, the excitonic contribution with the formation and dissociation of singlet excitons,
and the dependence of mobility on the electric field (Poole-Frenkel mobility).

6. Numerical Methods

The resolution of coupled equations (Poisson, continuity and carrier transport) re-
lies on the use of robust numerical solvers. In this work, the Newton—-Raphson method
was preferred due to its accuracy and efficiency in handling highly non-linear systems,
which are characteristic of perovskite-based solar cells. To ensure stable convergence, the
autonr option was activated, allowing automatic adaptation of the Newton step when
convergence becomes difficult. In addition, the convergence control parameters were con-
figured as follows: maxtrap=10 (maximum number of damping correction attempts) and
itlimit=50 (maximum number of iterations per step). This configuration ensures a
compromise between stability, speed and accuracy of calculations. As an example, the
implementation in the simulation script is shown in Listing 4.5.

Listing 4.5: Definition of numerical methods in ATLAS.

method newton autonr maxtrap=10 itlimit=50
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7. Simulation Conditions

In this step, the simulation conditions were defined in order to faithfully reproduce
the experimental environment. The incident illumination is modelled by a beam normal
to the plane of the device, normalised to the AM1.5G solar spectrum. A spectral scan is
then performed in the 0.3-1.5 pm range, discretised into 60 points, in order to describe
the optical absorption and carrier generation in the active layer. The numerical solver is
first initialised in dark mode, then illumination is activated to simulate operation under
illumination. A wavelength scan is performed in the range 0.3-1.0 pm, with a step of
0.025 pm, thus allowing the spectral response of the device to be analysed. Finally, a
voltage scan is applied in the range 0-1.5 V, in both forward and reverse modes, in order
to obtain the J-V characteristics under standardised illumination and to evaluate the
possible hysteresis effect.

8. Extraction and Analysis of Results

At the end of the simulations, the results are saved as output files, including both
log files (.log) containing the overall curves (electrical and optical characteristics) and
solution files (.str) describing the internal profiles of the device. The main parameters
extracted are current density as a function of voltage (J-V), Vi, Js, fill factor, and PCE.
In addition, internal profiles such as carrier density, electric field, electrostatic potential,
and optical distribution of the light field can be analysed to better understand the physical
mechanisms at work. These results are visualised directly in ToONYPLOT/TONYPLOT3D
for rapid qualitative analysis, then exported to external environments (e.g., ORIGINLAB)
for advanced post-processing, including analytical adjustments, comparisons with exper-
imental data, or optimised graphical representations.

4.3 Simulation and optimisation of single-junction PSC
4.3.1 Verification of cell operation

In order to validate the proper functioning of the cell, simulations were performed using
SILVACO ATLAS to analyse the energy profile of the FTO/TiOy/MAPbI;/HTM (Spiro-
OMeTAD) structure under different experimental conditions. These simulations make
it possible to track changes in conduction and valence levels in three distinct regimes:
thermodynamic equilibrium, forward bias under illumination, and reverse bias under il-
lumination. The study of these three regimes highlights the dynamics of charge carriers,
energy alignment at interfaces, and the junction’s ability to efficiently generate and ex-
tract photocurrent.

4.3.1.1 Thermodynamic equilibrium (0 V, darkness)

Figure 4.6 shows the band diagram of the cell at thermodynamic equilibrium, i.e., in the
absence of illumination and external polarisation. In this state, the energy levels of the
conduction and valence bands adjust to form a profile characteristic of heterojunctions.
The Fermi level appears to be almost aligned throughout the structure, reflecting overall
thermal equilibrium. Marked band discontinuities are observed at the TiOy/MAPDI3 and
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MAPDI3/HTM interfaces, reflecting the potential barriers opposing holes and electrons,
respectively. Although no current is generated in this state, this configuration provides
the energy reference necessary to understand the cell’s actual operating regimes.

i @+ Conduction band energy (FTO/TiO,/MAPDbI,/Spiro)
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Figure 4.6: Band diagram of the cell at thermodynamic equilibrium (0 V, darkness).
4.3.1.2 Forward bias under illumination

Figure 4.7 illustrates the configuration of the cell under forward bias and illumination. The
absorption of photons in the MAPDI3 generates electron—hole pairs. The applied voltage
partially reduces the internal electric field, resulting in a flattening of the conduction and
valence bands. This reduction in the potential barrier facilitates the transfer of electrons
from TiO, to perovskite and holes from perovskite to HTM. The quasi-Fermi levels of
electrons (in TiOy) and holes (in HTM) diverge under the effect of illumination, and
their difference corresponds directly to the open-circuit voltage. This regime highlights
the crucial role of interfaces in charge selectivity. However, too high a voltage promotes
recombination, thus limiting efficiency.

4.3.1.3 Reverse bias under illumination

Figure 4.8 shows the band diagram when the cell is subjected to reverse bias under
illumination. In this case, the internal electric field is strengthened, which amplifies
the separation of photogenerated charges and facilitates their extraction to the selective
contacts. Electrons are accelerated towards the top electrode, while holes are rapidly
directed towards the bottom electrode. This configuration maximizes the short-circuit
current by severely limiting recombination. Carrier transport is then dominated by the
action of the electric field, ensuring efficient and near-perfect extraction of photogenerated
charges.
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Figure 4.7: Band diagram under forward bias and illumination.
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Figure 4.8: Band diagram under reverse bias and illumination.
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4.3.1.4 General interpretation

Cross-analysis of these three regimes confirms the proper functioning of the FTO/TiOy/
MAPDI3/HTM perovskite solar cell. At equilibrium, the interfacial barriers ensure con-
tact selectivity. In forward bias, charge generation and extraction become possible, with
a limitation imposed by recombination phenomena. Finally, reverse polarisation pro-
motes optimal charge separation and extraction, maximising the photocurrent. These
results show that SILVACO simulation accurately reproduces the expected behaviour of a
perovskite photovoltaic cell.

4.3.2 Cross-validation of results

4.3.2.1 Analysis of current—voltage characteristics (J-V)

Figure 4.9 illustrates the comparison of current-voltage (J-V) characteristic curves ob-
tained for the PSC with an FTO/TiOy/MAPbDI;3/Spiro-OMeTAD structure, comparing
three distinct approaches: numerical simulation using SILVACO ATLAS, analytical mod-
elling developed in the previous chapter, and experimental data [526], [527]. The aim of
this comparison is to verify the ability of numerical models to reproduce the actual be-
havior of the device and to identify discrepancies related to the approximations inherent
in each method. In general, the three curves show the expected profile for a photovoltaic
cell: a high short-circuit current density, a quasi-flat regime where the collection of photo-
generated charges remains efficient, followed by a sharp drop in current when the voltage
reaches the open-circuit value. This qualitative superposition confirms that the funda-
mental phenomena of carrier generation, separation, and extraction are well described by
the two numerical approaches, which succeed in reproducing the trends observed experi-
mentally.
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Figure 4.9: Comparative J-V curves between simulation, modelling, and experiments for
the FTO/TiOy/MAPDI3/HTM PSC.
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However, quantitative analysis reveals certain discrepancies. The experimental J.
(20.62 mA /cm?) is lower than the values obtained by simulation (22.06 mA/cm? with
SILVACO, 22.82 mA /cm? for the analytical model). This overestimation can be explained
by the fact that models often idealise operating conditions by minimising or neglecting
certain real losses, in particular non-radiative recombination, optical losses, and limita-
tions due to internal resistances. Regarding V., the experimental measurement gives 0.96
V, while simulations predict higher values (1.15 V with S1LvAco, 1.114 V for analytical
modelling). This discrepancy reflects an overestimation of the electronic properties of
perovskite and an underestimation of recombination phenomena and interface defects in
the models. The fill factor is the most contrasting parameter; measurements indicate a
value of 66.41%, reflecting good charge collection quality, while simulations give values
around 50%. This divergence highlights the difficulty models have in correctly integrat-
ing resistive losses (series and parallel resistance) and interfacial disorders, which strongly
influence the shape of the J-V curve and therefore the final performance. As a result,
the experimental efficiency reaches 13.15%, while simulations predict slightly lower values
(12.69% for S1LvACo, 12.74% for the analytical model). This relatively modest difference
confirms that the models accurately reproduce the general trend of the device, but fail to
realistically capture all the dissipative phenomena that limit actual performance.

In order to understand the origin of these discrepancies, it is necessary to examine
the assumptions and limitations specific to each approach. Analytical modelling, by its
very nature, relies on physical simplifications: homogeneous distributions, reduced or ne-
glected recombination, perfect contacts, which tend to overestimate the ideal performance
of the device. Numerical simulation using SILVACO, on the other hand, incorporates more
comprehensive recombination models (SRH, radiative, Auger) and a detailed spatial de-
scription, but it is often based on ‘optimistic’ material parameters (mobilities, lifetimes,
trap densities) and the assumption of ideal interfaces and ohmic contacts. The experi-
ment, on the other hand, reflects all the real imperfections: non-radiative recombination
accentuated by surface defects or grain boundaries, optical losses (reflection, parasitic
absorption), as well as dynamic phenomena specific to perovskite (ion migration, hystere-
sis). Each of these mechanisms affects the performance parameters differently. Overall,
the cross-comparison highlights satisfactory consistency between the three approaches.
Simulations and analytical modelling make it possible to correctly predict the order of
magnitude of photovoltaic parameters and reproduce the essential mechanisms of cell op-
eration. However, the observed discrepancies, particularly in V., Js., and, even more so,
fill factor, serve as a reminder that numerical models are based on idealised assumptions
and do not fully take into account the complexity of experimental losses. This validation
thus confirms the relevance of the simulation tools used, while highlighting the need for
cautious interpretation when comparing theoretical results with actual devices.

4.3.2.2 Optical study: absorption and transmission spectra

Figure 4.10 shows the spectral absorption and transmission curves of a PSC with an
FTO/TiO2/MAPDI;3/Spiro-OMeTAD structure, obtained in the wavelength range be-
tween 0.2 and 1 pm. Analysis of these curves together allows the optical properties of
the device to be characterised and provides a better understanding of its interaction with
incident radiation, a fundamental parameter for optimising photovoltaic efficiency. Ab-
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sorption, represented by the blue curve, shows high efficiency in the visible spectrum
region, particularly between 0.4 and 0.8 pm, where the active material has a high ab-
sorption coefficient. This behavior is typical of halogenated perovskites, whose band gap
(approximately 1.55 eV) is perfectly suited to capturing visible photons. In this range,
the cell efficiently converts light into electron—hole pairs, which is the main driver of cur-
rent generation. The gradual increase in absorption from ~ 0.3 pm corresponds to the
absorption threshold of MAPbI3 and confirms the suitability of the material for exploiting
the energy-rich region of the solar spectrum.
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Figure 4.10: Spectral absorption and transmission curves as a function of optical wave-
length for a PSC.

Conversely, transmission (brown curve) remains relatively low in the ultraviolet and
visible ranges, but increases significantly for wavelengths above 0.8 pm. This change re-
flects the decrease in perovskite absorption efficiency in the near infrared, where incident
photons do not have sufficient energy to cross the band gap. As a result, a significant
portion of the light flux is transmitted through the cell without being converted into elec-
trical energy. This phenomenon is an intrinsic limitation of single-junction cells based
on MAPDI;, since a significant fraction of solar radiation, particularly in the infrared, is
not exploited. These results highlight the remarkable efficiency of the cell in the visible
region, which represents the most energy-dense portion of the solar spectrum, but also
reveal its limitations with regard to infrared. To compensate for these optical losses, sev-
eral avenues for optimisation can be considered. The introduction of optical management
layers (e.g., nanophotonic structures or anti-reflective layers) would increase light trap-
ping and reduce residual transmission. In addition, the integration of infrared-absorbing
materials or coupling with a complementary cell in a tandem configuration could extend
the spectral response and improve overall efficiency.
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4.3.2.3 Comparative analysis of EQE and IQE between numerical simulation
(Silvaco) and analytical model

The spectral performance of perovskite solar cells is analysed by studying both the exter-
nal quantum efficiency (EQE) and the internal quantum efficiency (IQE). These two com-
plementary indicators make it possible to distinguish, on the one hand, the cell overall ca-
pacity to convert incident photons into collected electrons (EQE) and, on the other hand,
the intrinsic efficiency of the internal processes of converting absorbed photons (IQE).
Figure 4.11 shows that both approaches (SILVACO simulation and analytical model) ex-
hibit a similar overall trend, with an optimal response in the visible region (0.4-0.7 pm),
where the EQE reaches approximately 50-55%. This behavior reflects the remarkable
efficiency of the perovskite material MAPbI; in absorbing visible light and generating
charge carriers. However, some differences appear at the extremes of the spectrum. In
the ultraviolet (A < 0.3 pm), the EQE remains low, mainly due to reflection and parasitic
absorption phenomena in the transport layers (ETL/HTL). Nevertheless, the SiLvAco
curve rises more rapidly than that of the analytical model, which can be explained by the
inclusion of complex optical losses (multiple reflections, interference, residual absorption)
in the numerical simulation. In the infrared (A > 0.8 pm), both curves show a marked
decrease in EQE, due to the inability of low-energy photons to cross the perovskite band
gap. Nevertheless, the SILVACO simulation shows a more gradual decline, punctuated by
oscillations, while the analytical model predicts a sharper drop. These oscillations are
attributed to the effects of optical interference and internal reflections incorporated into
the numerical model but neglected in the simplified analytical approach.

[92]
o
1

External quantum efficiency (EQE) (%)

03 04 05 06 07 08 0,9 1,0
Wavelength (pm)

Figure 4.11: EQE of S1LvACO simulation and analytical modelling for PSC.
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Figure 4.12 illustrates the internal quantum efficiency (IQE), which provides informa-
tion on the conversion efficiency of photons actually absorbed, regardless of initial optical
losses. The two curves show a trend comparable to that of the EQE, with maximum
values reaching approximately 30-35% in the visible region. This reflects the good collec-
tion of carriers generated in this spectral range, confirming the central role of MAPDI3.
In the ultraviolet, the SILVACO simulation shows a higher IQE value than the analytical
model. This result can be explained by the consideration of interface-specific recombi-
nation and parasitic absorption in the transport layers, which are difficult to model in
a simplified analytical framework. In the visible region (0.5-0.8 pm), the IQE remains
high for both approaches, but the simulation retains an advantage, reflecting better con-
sideration of carrier transport and non-radiative recombination. Finally, in the infrared
(A > 0.8 um), the IQE drops in both cases due to the limitation imposed by the MAPbI3
band gap. However, the SILVACO simulation predicts a smoother decay and oscillations
due to optical interference, while the analytical model shows a more abrupt drop due to
its simplification of physical phenomena.
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Figure 4.12: IQE of SiLvAco simulation and analytical modelling for PSC.

A comparison of external and internal quantum yields shows that the two approaches
agree on the overall trend, confirming the strong performance of the FTO/TiOy/MAPDI3/Spiro-
OMeTAD cell in the visible range, but also its limitations in the UV and IR ranges. The
differences observed are mainly due to SILVACO’s more detailed consideration of complex
phenomena such as parasitic optical losses in transport layers, multiple reflections at in-
terfaces, and localised recombination. The analytical model, although simpler, captures
the essence of the spectral behaviour but tends to overestimate efficiency at the extremes
of the spectrum.
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4.3.3 Parametric analysis of the impact of materials on the per-
formance of PSC

4.3.3.1 Impact of Absorbing Material on the Performance of PSC

After validating the FTO/TiOy/MAPDI;/Spiro-OMeTAD reference cell, which was ex-
perimentally produced and reproduced by simulation in Silvaco, this section investigates
the influence of replacing the absorbing material on cell performance. Although MAPDI;
has achieved remarkable efficiencies over the past decade, it still has major limitations,
particularly in terms of chemical and operational stability. In particular, this mate-
rial is sensitive to moisture, oxygen, heat and light, leading to rapid degradation of its
optoelectronic properties. These weaknesses are a major obstacle to its large-scale com-
mercialisation.

To overcome these limitations, the integration of Ruddlesden—Popper (RP) 2D/3D
hybrid structures has been proposed. The full structure is (BA)y(MA),,_1Pb,I5,,_1, where
BA = CHj3(CH,)3NH3, MA = CH3NHj, and n determines the thickness of the lead
iodide perovskite layer. These structures combine the attributes of three-dimensional
perovskites (greater efficiencies) and two-dimensional perovskites (greater environmen-
tal stability) by incorporating bulky organic cations (e.g., butylammonium, BAT), to
provide spacing between the perovskite layers while maintaining good optoelectronic per-
formance [528]-[532]. In this study, two RP hybrids were considered as alternatives to
MAPDI;: (BA)y(MA)2Pbsls and (BA)2(MA)3Pbyly. The simulation parameters used for
these perovskite materials studied are summarized in Table 4.2.

Table 4.2: Physical and electrical parameters of simulated hybrid perovskite layers.

Parameter (BA)Q(MA)QPngg (BA)Q(MA)ng4111
(n=3) [533], [534] (n=4) [533], [534]

Bandgap (eV) 1.75 1.70

Electron Mobility (cm?/V - s) 0.1 0.1

Hole Mobility (cm?/V - s) 0.1 0.1

Dielectric Permittivity (eo) 50 45

These architectures exploit bulky organic cations (e.g., butylammonium, BA) that
intercalate between inorganic octahedra, providing better stability against humidity and
increased passivation of surface defects. However, this structural modification can affect
charge carrier transport and spectral absorption, implying a trade-off between stabil-
ity and optoelectronic performance. Figure 4.13 shows the simulated J-V characteristic
curves for the solar cell as a function of the absorbing material, while Table 4.3 lists the
extracted electrical parameters.

The MAPDbI;-based reference cell has a J,. of 22.06 mA /cm? and a V. of 1.15 V. The
relatively low fill factor (50.03%) results in an efficiency of 12.69%. These results confirm
the advantages of this material in terms of broadband absorption and high photogenerated
carrier generation. Nevertheless, losses due to non-radiative recombination and limitations
in electron transport explain the reduced FF and moderate V,.. These limitations justify
the search for more stable and efficient alternatives.

124



Chapter 4. Numerical simulation using Silvaco software and analysis of
results

Table 4.3: FElectrical parameters extracted from simulated J-V curves for different per-
ovskite materials in the FTO/TiO,/Perovskite/Spiro-OMeTAD cell.

Perovskite Jse Voe (V) Fill Factor PCE (%)
(mA /cm?) (%)
MAPbDI; (3D) 22.06 1.15 50.03 12.69
(BA)2(MA),Pbslg 22.65 1.32 61.08 18.32
(BA)2(MA)3Pbyl; 15.54 1.20 63.14 11.79
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Figure 4.13: Simulated J-V curves obtained by varying the perovskite material in the
reference cell FTO/TiO,/Perovskite/Spiro-OMeTAD.

The introduction of the (BA)y(MA)oPhslg structure leads to a significant improvement
in cell performance. The J,, reaches 22.65 mA /cm?, while the V. increases significantly to
1.32 V. The FF also increases to 61.08%, leading to a high PCE of 18.32%. These results
reflect a reduction in non-radiative recombination due to improved defect passivation and
partial suppression of trap states. The presence of organic 2D layers provides protection
against moisture and improves chemical stability, while preserving the continuity of the
inorganic 3D structure that ensures efficient vertical charge transport. This compromise
makes (BA)y(MA),Pbslg particularly attractive for the development of stable and high-
performance solar cells.

The second hybrid structure, (BA)y(MA)3Pbyly;, exhibits more mixed performance.
Although the V,. (1.20 V) and FF (63.14%) are high, the Js. drops significantly to
15.54 mA /em?, limiting the overall efficiency to 11.79%. This decrease in J,. suggests
less efficient spectral absorption and lower mobility of photogenerated carriers, leading
to incomplete charge collection. The microstructure of the film, which is possibly less
homogeneous and subject to increased trap density, further accentuates parasitic recom-
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bination. Thus, despite increased chemical stability and good FF, this configuration
suffers from optoelectronic limitations that restrict its overall efficiency.

The comparison between MAPbI; and the two 2D/3D hybrids highlights the advan-
tages of using Ruddlesden—Popper structures. The improvement in V,. and FF in the
case of (BA)y(MA),Pbslg reflects a better balance between stability, defect passivation
and charge transport, leading to significantly higher conversion efficiency (18.32% com-
pared to 12.69% for MAPbI3). On the other hand, the example of (BA)y(MA)3Pbylyy
highlights that optimising the crystal structure and spectral absorption remains crucial—
a more stable material is not necessarily more efficient. These results illustrate the need
to find an optimal compromise between environmental stability (provided by 2D layers)
and electronic and optical performance (ensured by 3D continuity). With this in mind,
(BA)2(MA);Pbslg appears to be a promising candidate for next-generation perovskite
solar cells, combining high efficiency and robustness against degradation.

4.3.3.2 Influence of Hole Transport Layer (HTL) Doping

The HTL plays a decisive role in the overall efficiency of PSCs, as it determines both
the extraction of positive carriers and the selectivity of the interfaces. The introduction
of controlled doping into these layers is a commonly used strategy to modulate their
conductivity, reduce ohmic losses and improve the overall efficiency of the cell. However,
this doping must remain optimal, as too low a doping level results in poor conduction and
limits hole transport, while excessive doping promotes trap formation and non-radiative
recombination.

The comparative analysis conducted in this work focuses on several HTL materials,
including reference organic compounds (Spiro-OMeTAD, PTAA, P3HT, PolyTPD, PE-
DOT:PSS) and promising inorganic alternatives (CuSCN, NiO,). Each material was
studied at different doping concentrations in order to highlight its specific behavior and
identify the optimal conditions for maximising photovoltaic performance. The simulation
parameters used for these various HTL materials studied are summarized in Table 4.4.

Table 4.4: Physical and electrical parameters of alternative HTLs.

Parameter PTAA P3HT PolyTPD PEDOT:PSSCuSCN NiO,
[535] [535] [536] [537] [538] [539]

Bandgap (eV) 3.1 2.0 3.1 3.0 3.6 3.6

Electron 1076 10* 10-¢ 10-¢ 1075 107°

Mobility

(em?/V - s)

Hole Mobility 1.4 0.01 0.05 0.5 0.05 0.1

(em?/V - s)

Dielectric 3.2 3.5 3.2 3.8 8.0 11.0

Permittivity

(€0)
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e Spiro-OMeTAD

Spiro-OMeTAD remains the most widely used hole transport layer in perovskite solar
cells, particularly in FTO/TiOy/MAPDI;/HTL reference architectures. Its high hole se-
lectivity and compatibility with deposition processes make it a high-performance material.
However, its relatively low intrinsic conductivity limits its effectiveness as an HTL. To
compensate for this shortcoming, doping is a commonly used strategy to improve charge
transport and reduce resistive losses. In this case, the impact of Spiro-OMeTAD doping
was studied through simulations performed in Silvaco on an FTO/TiOy/(BA)o(MA)2Pbslg
JHTM cell structure. The progression of the J-V curves of the perovskite cell with Spiro-
OMeTAD as the HTL material is shown in Figure 4.14, with different concentrations of
doping, while Table 4.5 presents the photovoltaic parameters. The dopant concentration
was gradually increased in a range from 2 x 10° to 5 x 10 cm=3.

Table 4.5: Photovoltaic parameters extracted from the simulated J-V curves for each
Spiro-OMeTAD doping concentration.

Material Doping Jse Voe (V) FF (%) PCE (%)
(cm™3) (mA /cm?)
Spiro- 1 x 108 23.50 1.33 71.11 22.15
OMeTAD
1 x 10 23.30 1.33 66.15 20.47
5 x 1019 23.23 1.33 60.31 18.60
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Figure 4.14: Simulated J-V curves of the PSC with Spiro-OMeTAD as the HTL at
different doping concentrations.
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The results obtained highlight a significant change in the photovoltaic performance of
the cell as a function of the doping concentration. At low doping levels, the cell performs
correctly but is limited by the low conductivity of Spiro-OMeTAD, which causes ohmic
losses and restricts the fill factor. When moderate doping is introduced, particularly
around 1 x 10'® ecm™, a notable improvement in performance is observed: the short-
circuit current reaches 23.50 mA /cm?, the open-circuit voltage remains at 1.33 V, the
fill factor rises to 71.11%, and the conversion efficiency reaches a maximum of 22.15%.
This improvement is attributed to the increased conductivity of Spiro-OMeTAD, which
facilitates hole extraction and transport, reduces Joule losses, and promotes interface
selectivity with perovskite.

However, when the doping concentration is increased beyond this optimal value, par-
ticularly for 1x 10* and 5 x 10! cm ™3, a gradual deterioration in performance is observed.
The fill factor decreases to 66.15% and then 60.31%, and efficiency drops to 20.47% and
18.60%, respectively. This deterioration is linked to the appearance of structural de-
fects and additional recombination centres induced by excess dopants. In this case, the
balance between improved conductivity and increased recombination is disrupted, com-
promising the overall efficiency of the device. Thus, the study clearly shows that doping
Spiro-OMeTAD has a non-linear influence on cell performance. A moderate concentration
optimises hole transport while limiting recombination, whereas excessive doping leads to
a degradation of the material optoelectronic properties. These results confirm that pre-
cise control of the doping level is a key parameter for optimising both the efficiency and
stability of perovskite solar cells using Spiro-OMeTAD as HTL.

« PTAA

Figure 4.15 and Table 4.6 illustrate the effect of doping the PTAA (Poly/[bis(4-phenyl)
(2,4,6-trimethylphenyl)amine]) hole transport layer on the photovoltaic performance of
the FTO/TiOy/(BA)2(MA)2Pbsls/HTM solar cell. PTAA was chosen for its thermal and
chemical stability and favorable electronic properties, making it an attractive alterna-
tive to Spiro-OMeTAD. However, its effectiveness depends heavily on the level of doping
introduced, which directly influences conductivity, carrier transport, and recombination
processes. The evolution of the simulated J-V curves shows that increasing the concen-
tration of dopants in the PTAA layer leads to a gradual improvement in performance up
to an optimal value. For an initial low concentration of 1 x 10° cm ™3, the fill factor reaches
65.33% and efficiency remains limited to 22.05%, mainly due to the reduced conductiv-
ity of the layer and the associated ohmic losses. When the concentration is increased
to 1 x 10'” em™3, a clear improvement is observed with an increase in the fill factor to
69.47% and a maximum efficiency of 23.92%. This optimisation is attributed to improved
hole mobility and reduced resistive losses, thus promoting more efficient carrier transport
without altering charge separation.

It is important to note that the J,. remains virtually constant at around 26 mA /cm?
and that the V. remains stable at 1.33 V for all concentrations studied. These results
indicate that PTAA doping does not significantly affect photo-induced charge generation
or the potential barrier at the interfaces. Performance variations are therefore mainly
related to transport dynamics and hole extraction quality. However, beyond the opti-
mum level, a deterioration in performance is observed. For higher doping levels, in the
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Figure 4.15: Simulated J-V curves of the PSC with PTAA as the HTL at different doping
concentrations.

Table 4.6: Photovoltaic parameters extracted from the simulated J-V curves for each
PTAA doping concentration.

Material Doping Jse Voe (V) FF (%) PCE (%)
(cm™3) (mA /cm?)
PTAA 1 x10° 25.46 1.33 65.33 22.05
1 x 1017 25.97 1.33 69.47 23.92
5 x 1018 26.00 1.33 65.42 22.63
1 x 101° 25.97 1.33 62.75 21.69

order of 5 x 10'® cm™ and 1 x 10! ecm™3, the fill factor drops to 65.42% and 62.75%
respectively, while efficiency decreases to 22.63% and then 21.69%. This trend can be ex-
plained by the appearance of unfavorable mechanisms such as an increase in non-radiative
recombination and the formation of charge traps, linked to an excess of dopants in the
polymer matrix. In conclusion, the study demonstrates that PTAA exhibits behaviour
that is highly dependent on its doping level, with the existence of an optimal window
that effectively balances the conductivity and selectivity of the layer. Moderate doping in
the order of 1 x 10'7 cm~2 proves to be the ideal compromise, maximising PCE without
inducing additional losses. These results thus confirm the potential of PTAA as a robust
alternative material to Spiro-OMeTAD, provided that its doping is carefully adjusted to
ensure stable and high performance.
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« PolyTPD

Figure 4.16 and Table 4.7 highlight the effect of doping the PolyTPD material used
as a hole transport layer in the FTO/TiO2/(BA)2(MA)yPbsls/HTM cell. This polymer
is known for its good stability and its ability to ensure efficient extraction of positive
carriers. However, as with other HTL materials, its performance depends heavily on the
level of doping applied, which determines its electrical conductivity, hole mobility, and
the balance of recombination processes.
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Figure 4.16: Simulated J-V curves of the PSC with PolyTPD as the HTL at different
doping concentrations.

Table 4.7: Photovoltaic parameters extracted from the simulated J-V curves for each
PolyTPD doping concentration.

Material Doping Jse Voe (V) FF (%) PCE (%)
(cm™3) (mA /cm?)
PolyTPD 1 x 107 25.24 1.33 56.91 19.04
1 x 1017 26.23 1.33 64.15 22.31
1 x 108 26.11 1.33 68.06 23.58
6 x 1018 25.95 1.33 70.87 24.41

The evolution of the simulated J-V curves shows a clear improvement in performance
as the dopant concentration increases from low values to an optimal range. For an initial
concentration of 1 x 10% em ™3, the fill factor is limited to 56.91% and the efficiency does
not exceed 19.04%, reflecting insufficient charge transport and significant ohmic losses.

130



Chapter 4. Numerical simulation using Silvaco software and analysis of
results

When the concentration reaches 1 x 107 ¢cm™3, the fill factor increases to 64.15% and
the efficiency reaches 22.31%, reflecting a notable improvement in hole transport and a
reduction in parasitic resistances. Optimal behavior is observed for concentrations in the
range of 1 x 10'® to 6 x 10'® cm™3. In this case, the fill factor rises to 70.87% and the
PCE reaches 24.41%, which is higher than that obtained with PTAA. This improvement
can be attributed to the increased conductivity of the doped PolyTPD layer, allowing
for more efficient hole extraction and a significant reduction in resistive losses. It is
important to note that the J,. remains stable at around 26 mA/cm? and that the V,
remains constant at 1.33 V, regardless of the doping level. This invariance confirms that
doping does not affect the generation of photo-induced carriers or the potential barrier at
the interfaces. The variations observed in overall efficiency are therefore mainly related
to the transport and extraction of holes within the HTL layer. However, beyond this
optimal range, performance saturation occurs, suggesting that even higher concentrations
would not bring about significant improvements and could even induce counterproductive
effects such as an increase in defects or non-radiative recombination. Therefore, controlled
doping of PolyTPD proves to be an effective strategy for improving the performance of
perovskite solar cells, with an optimal compromise around 1 x 10'® to 6 x 10'® cm™3.
At this level, the material combines good conductivity with preserved charge selectivity,
achieving a conversion efficiency of over 24%. These results confirm the potential of
PolyTPD as a promising alternative to replace or complement other HTL materials such
as Spiro-OMeTAD and PTAA, while offering better operational stability.

« P3HT

Figure 4.17 and Table 4.8 illustrate the effect of doping the P3HT (Poly(3-hexylthiophene))
polymer, used as a hole transport layer (HTL), on the performance of the FTO/TiOy/(BA),
(MA)2Pbsls/HTM cell. P3HT is an organic material that has been extensively studied
in photovoltaics due to its good energy affinity with perovskite and its ease of imple-
mentation. However, its intrinsic properties, in particular hole mobility, remain highly
dependent on the level of doping applied. Thus, the controlled introduction of dopants
improves its electrical conductivity and reduces ohmic losses, but must be carefully opti-
mised to avoid the occurrence of non-radiative recombination.

Table 4.8: Photovoltaic parameters extracted from the simulated J-V curves for each
P3HT doping concentration.

Material Doping Jsc Voe (V) FF (%) PCE (%)
(cm™3) (mA /cm?)
P3HT 1 x 10° 24.34 1.33 56.14 18.10
5 x 1016 25.16 1.33 63.09 21.03
1 x 1017 25.24 1.33 64.40 21.53
3 x 108 25.03 1.33 69.90 23.10

Simulated J-V curves show that, for a low doping concentration (1x10° cm™2), the
cell performance is limited, the fill factor (FF) only reaches 56.14% and the PCE remains
modest at 18.10%, reflecting insufficient charge transport and high series resistance. When
the concentration is increased to 5x10' cm™3, the FF rises to 63.09% and the PCE
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Figure 4.17: Simulated J-V curves of the PSC with P3HT as the HTL at different doping
concentrations.

increases to 21.03%, reflecting a clear improvement in hole extraction and a reduction in
ohmic losses. Optimal behavior is observed at an intermediate concentration of 1x107
cm ™3, the PCE reaches 21.53%, with an FF of 64.40%. Finally, at the highest simulated
doping level (3x10'® cm™3), the cell displays a record fill factor of 69.90% and a maximum
efficiency of 23.10%, while maintaining a stable Jsc of around 25 mA /cm? and a constant
Voc of 1.33 V. This improvement reflects the optimisation of hole transport in the doped
layer, significantly reducing internal losses and stabilising photovoltaic parameters.

It should be noted that, unlike other HTLs such as PTAA or PolyTPD, the effect of
doping on P3HT remains more moderate. The overall efficiency does not exceed 23%,
which is still lower than the maximum values obtained with PTAA (~23.92%) or Poly-
TPD (~24.4%). Nevertheless, the stability of the Voc and the consistency of the Jsc
demonstrate that doping mainly affects conduction and hole extraction, without disrupt-
ing photo-induced generation or the potential barrier at the interfaces. Overall, optimising
P3HT doping allows for a gradual and measured improvement in performance, with an
optimal range of around 10'7 to 10'® cm~3. These results confirm that, although P3HT
offers slightly lower performance than PTAA or PolyTPD, it remains an attractive al-
ternative for HTL layers due to its ease of deposition, low cost and compatibility with
large-scale manufacturing processes.

« PEDOT:PSS

Figure 4.18 and Table 4.9 illustrate the effect of doping PEDOT:PSS (Poly( 3,4-
ethylenedioxythiophene):Poly(styrene sulfonate)), used as a hole transport layer (HTL),
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on the performance of the FTO/TiOy/(BA)o(MA)oPbsls/HTM cell. Although PEDOT:PSS
is widely used in organic and hybrid solar cells due to its easily handled aqueous solu-
tion and compatibility with low-cost deposition processes, it generally suffers from limited
intrinsic conductivity and reduced stability with respect to moisture and oxygen. The
introduction of controlled doping therefore appears to be an effective strategy for increas-
ing the conductivity of this layer, reducing ohmic losses and improving hole extraction,
while modulating interfacial interactions with perovskite.

Table 4.9: Photovoltaic parameters extracted from the simulated J-V curves for each
PEDOT:PSS doping concentration.

Material Doping Jse Voe (V) FF (%) PCE (%)
(cm_3) (mA/ch)
PEDOT:PSS 1 x 10° 20.15 0.98 44.01 8.65
1 x 107 21.65 1.07 53.51 12.35
1 x 101 22.11 1.18 56.12 14.68
1 x 102! 22.32 1.29 57.73 16.66
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Figure 4.18: Simulated J-V curves of the PSC with PEDOT:PSS as the HTL at different
doping concentrations.

Simulation results show that at low doping concentrations (1x10° cm™2), cell per-
formance is modest, with an EPC of only 8.65%, a fill factor limited to 44.01% and a
Voc of 0.98 V. These values reflect inefficient hole extraction and strong recombination
at the interfaces. However, as the dopant concentration increases, a clear improvement
in performance is observed. For an intermediate concentration of 1x10'" cm™3, the Jsc
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reaches 21.65 mA /cm?, the Voc rises to 1.07 V, and the PCE climbs to 12.35%. This
trend becomes more pronounced at higher doping levels, at 1x10* cm™3, the cell has
a PCE of 14.68%, with an FF of 56.12% and a Voc of 1.18 V, confirming that doping
promotes the reduction of ohmic losses and improves the selectivity of the HTL/per-
ovskite interface. The best performance is obtained for the highest concentration tested,
1x10%' ¢cm—3, where the PCE reaches 16.66%. This improvement results from a combi-
nation of factors, a gradual increase in Voc (up to 1.29 V), a moderate improvement in
Jsc (22.32 mA/cm?) and an increase in FF (57.73%). These results demonstrate that
doping PEDOT:PSS mainly contributes to optimising conduction and charge separation,
limiting recombination losses and enhancing carrier extraction efficiency.

However, it should be noted that, even at its optimal level, PEDOT:PSS remains
less efficient than other HTLs such as Spiro-OMeTAD or PolyTPD, due to its inher-
ently lower Voc potential and limited stability. Thus, while doping significantly improves
performance, the gap with high-performance transport layers remains significant. The
investigation of PEDOT:PSS highlights the essential role of doping in improving the per-
formance of perovskite cells, but also reveals the intrinsic limitations of this material. Its
moderate efficiency, combined with often lower stability, suggests that it remains bet-
ter suited to low-cost devices and large-area processes than as a reference solution for
high-performance perovskite cells.

e CuSCN and NiO,

Inorganic materials such as CuSCN (cuprous thiocyanate) and NiO, (nickel oxide)
are attracting growing interest as hole transport layers (HTL) for perovskite solar cells,
mainly due to their chemical stability, high optical transparency and compatibility with
low-temperature deposition processes. Unlike organic HTLs, these materials have more
limited hole mobilities and less ideal interfaces with perovskite, which can limit their per-
formance. Nevertheless, controlled doping is a promising strategy for improving their elec-
trical conductivity, optimising carrier extraction and limiting ohmic losses. Figure 4.19
shows the simulated J-V curves for the FTO/TiO/(BA)2(MA),Pbsls/HTM solar cell
using CuSCN (Fig. 4.19a) and NiO, (Fig. 4.19b) as HTL, under different doping con-
centrations. The corresponding photovoltaic performance is summarised in Table 4.10.
In both cases, a gradual improvement in Js., V,. and fill factor is observed as the dop-
ing concentration increases, reflecting improved charge extraction and reduced interfacial
recombination.

For CuSCN, a clear improvement in performance is observed with increased doping.
The Jsc increases from 24.39 mA /cm? at low doping (1x10? cm™2) to 26.84 mA /cm? at a
doping of 5x 10 cm™3. At the same time, the Voc increases from 0.99 V to 1.23 V, indi-
cating a reduction in recombination losses and more efficient separation of photogenerated
charges. The fill factor increases from 44.13% to 56.80%, reflecting a decrease in internal
resistive losses and better conduction in the layer. As a result, the PCE increases from
10.60% to 18.75%. However, beyond this doping level, the improvement tends to stabilise,
suggesting that excessive concentrations of dopants can induce undesirable phenomena
such as charge trap formation or additional non-radiative recombination.

NiO, follows a similar trend, although its overall performance remains slightly lower
than that of CuSCN. The current density Jsc increases from 21.73 mA /cm? at low doping
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Figure 4.19: Simulated J-V curves of the PSC with CuSCN (a) and NiO,, (b) as the HTL

at different doping concentrations.

Table 4.10: Photovoltaic parameters extracted from the simulated J-V curves for each
CuSCN and NiO, doping concentration.

Material Doping Jse Voe (V) FF (%) PCE (%)
(cm™3) (mA /cm?)
CuSCN 1 x 10° 24.39 0.99 44.13 10.60
1 x 107 26.20 1.07 53.59 15.06
1 x 101? 26.74 1.19 56.30 17.90
5 x 1019 26.84 1.23 56.80 18.75
NiO, 1% 10° 21.73 0.98 44.45 9.46
1 x 107 23.17 1.07 54.36 13.46
1 x 1019 23.62 1.19 57.10 15.99
1 x 1020 23.73 1.24 57.97 17.10

(1x10° em™?) to 23.73 mA /cm? at a concentration of 1x10%° cm™3. The Voc also increases
from 0.98 V to 1.24 V, confirming a gradual reduction in recombination at the interfaces.
The fill factor improves significantly, from 44.45% to 57.97%, leading to a marked increase
in PCE, which reaches a maximum of 17.10%. As in the case of CuSCN, a saturation
effect is observed at the highest concentrations, suggesting an intrinsic limit to the benefit
provided by doping.

The comparative analysis between CuSCN and NiO, highlights several key points.
Both materials benefit significantly from doping, but their maximum performance remains
lower than that obtained with doped organic HTLs such as Spiro-OMeTAD or PTAA.
CuSCN achieves a slightly higher PCE than NiO,, which can be attributed to slightly
higher hole mobility and better interfacial compatibility with the perovskite layer. How-
ever, NiO, has the advantage of remarkable mechanical and chemical robustness, making
it a promising candidate for stable and durable devices. In both cases, moderate doping
appears to be the most effective strategy for optimising performance, while an excess of
dopants leads to increased recombination and limits efficiency gains.
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4.4 Simulation of the Perovskite/Silicon Heterojunc-
tion (HJT) Tandem Cell

4.4.1 Selection of the Highest Performing Perovskite Subcell

In light of the results obtained in the previous section, the optimised perovskite sub-cell,
configured according to the (FTO/TiOy/(BA)a(MA)oPbsls /PolyTPD) architecture, was
selected to form the top cell of the tandem architecture studied. This structure was
chosen because of its harmonious combination of electrical performances, which make it a
particularly promising candidate for integration into a multi-junction device.Indeed, this
cell has a high short-circuit current density, reflecting efficient absorption of the solar
spectrum in the visible region and abundant generation of photogenerated carriers. It is
also distinguished by a stable open-circuit voltage, reflecting the good crystalline quality
of the perovskite and the control of recombination phenomena at the interfaces, ensuring
efficient charge separation. Added to this is a competitive fill factor, which indicates
reduced resistive losses and optimised charge extraction.

All of these parameters result in remarkable power conversion efficiency in a simple
junction configuration, confirming the relevance of this architecture as a solid basis for
advanced design. Furthermore, the perovskite used in this structure has a wide bandgap,
which is a major advantage for tandem integration. This characteristic not only allows
high-energy photons (in the ultraviolet and visible ranges) to be exploited efficiently,
but also enables a significant portion of the light flux to be transmitted to the lower
subcell. This spectral complementarity paves the way for better use of the entire solar
spectrum and helps to overcome the efficiency limit imposed on single-junction cells by
the Shockley—Queisser model. Thus, the (FTO/TiO2/(BA)2(MA)yPbsls/PolyTPD) cell,
due to its intrinsic photovoltaic performance and optical compatibility with a silicon
sub-cell, is a rational and strategic choice for the development of a high-performance
perovskite/silicon tandem device.

4.4.2 Tandem Architecture Design

The tandem architecture studied is based on the combination of an upper perovskite
subcell and a lower heterojunction silicon (HJT) subcell, forming a multi-junction device
capable of synergistically exploiting the entire solar spectrum. The complete structure is
shown in Figure 4.20, highlighting the stacking of the different layers and the intermedi-
ate ZnO layer that provides the interface between the two sub-cells. The presence of this
7ZnO layer is a key element of the design, due to its electronic, optical and technological
properties, which are particularly well suited to a tandem configuration. Electronically,
Zn0O acts as a selective electron transporter, promoting their efficient extraction from
the perovskite subcell, while simultaneously blocking holes. This selective role reduces
interfacial recombination, ensuring optimal separation of photogenerated carriers. Opti-
cally, ZnO is distinguished by its wide energy gap (3.3 €V) and high transparency in the
visible and ultraviolet ranges, which limits losses due to parasitic absorption and ensures
efficient transmission of incident light to the silicon subcell. Finally, from a technological
standpoint, ZnO is remarkably compatible with low-temperature deposition processes,
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thus preserving the structural and electronic integrity of perovskite layers, which are
particularly sensitive to heat.

Figure 4.20: Device structure of the tandem Perovskite/Si HJT solar cell.

The lower subcell consists of a heterojunction silicon (HJT) device, whose architec-
ture combines the advantages of crystalline silicon (c-Si) and amorphous thin films. It
comprises a high-quality crystalline silicon substrate covered with a thin intrinsic layer of
hydrogenated amorphous silicon (a-Si:H-i), which is itself framed by two p- and n-doped
layers (a-Si:H-p and a-Si:H-n). This design ensures effective passivation of surface defects,
significantly reducing recombination at the interfaces, while ensuring fast and selective
charge transfer. This configuration is also distinguished by its high efficiency potential
and operational stability, making it the technology of choice for the lower part of the
tandem.

The physical and electrical parameters used to simulate this architecture are sum-
marised in Table 4.11. They include band gap values, electron and hole mobilities, and
the dielectric constants of the different layers (Zn0O, a-Si:H, ¢-Si). The choice of these
materials is not arbitrary but is based on their spectral complementarity: the perovskite
subcell, with its wide bandgap, efficiently absorbs the visible and ultraviolet range, while
the silicon HJT subcell exploits the near-infrared range. The combination of these two
absorbers provides almost complete coverage of the solar spectrum, maximising carrier
generation and paving the way for higher efficiencies than those achieved with single cells.
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Table 4.11: Physical and electrical parameters for ZnO and Si HJT cell layers.

Parameter ZnO a-Si:H-p a-Si:H-i a-Si:H-n c-Si
Bandgap (eV) 3.3 1.72 1.72 1.72 1.12
Electron mobility 100 0.01 0.1 1 1350
(em?/V - 5)

Hole mobility 25 1 0.1 0.01 480
(cm2/V -s)

Dielectric constant 9 11.9 11.9 11.9 11.9

4.4.3 Comparative Analysis of Photovoltaic Performance: Op-
timised Perovskite Cell and Perovskite/Silicon HJT Tan-
dem Cell

4.4.3.1 Analysis of J-V Curves

Figure 4.21 and Table 4.12 present the results of the current—voltage (J-V) characteristic
simulation for the optimised PSC and for the tandem architecture incorporating a top
perovskite subcell and a bottom heterojunction silicon (HJT) subcell. This comparison
highlights the significant differences in performance between the two devices and allows
the actual contribution of the tandem configuration to be evaluated.The results show
that the optimised perovskite cell (FTO/TiOs/(BA)2(MA)2Pbsls/PolyTPD) achieves a
Jse of 25.95 mA/cm?, a V,. of 1.33 V, a fill factor (FF) of 70.87%, and an efficiency
(PCE) of 24.41%. In comparison, the tandem architecture shows significantly higher
performance, with J,. increased to 32.23 mA /cm?, V,. of 1.32 V, FF of 70.59%, and PCE
reaching 30.07%. These results demonstrate the major advantage of perovskite/silicon
coupling, which makes it possible to exceed the efficiency threshold typically limited by
the Shockley—Queisser law in single-junction cells.

Table 4.12: Electrical parameters extracted from the J-V characteristics of the optimized
perovskite cell and perovskite /silicon HJT tandem cell.

Cell Type Jse Voe (V) FF (%) PCE (%)
(mA /cm?)

Perovskite/Silicon HJT 32.23 1.32 70.59 30.07

Tandem

Optimized Perovskite Cell 25.95 1.33 70.87 24.41

The most significant improvement concerns current density. This increase stems di-
rectly from the spectral complementarity between the two sub-cells: perovskite efficiently
captures photons in the visible range, while HJT silicon exploits the near-infrared range.
The tandem thus benefits from a broader use of the solar spectrum, which translates into
increased charge carrier generation and an increase in overall current. The open-circuit
voltage, on the other hand, remains similar in both configurations (1.33 V for the per-
ovskite cell and 1.32 V for the tandem). This behaviour can be explained by the V.
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limitation rule in tandem architectures, which depends on the subcell with the lowest
intrinsic voltage — in this case, perovskite. The fill factor has comparable values in both
devices, 70.87% and 70.59% respectively. This similarity confirms the control of series and
shunt resistances, as well as the satisfactory management of recombination phenomena in
both architectures.
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Figure 4.21: Simulated J-V curves of the optimised PSC and the perovskite/silicon het-
erojunction (HJT) tandem cell.

As a result, the tandem PCE reaches 30.07%, a substantial gain of approximately 5.7
percentage points compared to the single cell, illustrating the full potential of tandem
structures to overcome the limitations of conventional photovoltaic cells. However, these
results must be analysed in light of the residual losses inherent in the tandem architecture.
Interfacial recombination at the ZnO and amorphous silicon layers may slightly affect the
fill factor. Furthermore, although ZnO is highly transparent due to its wide bandgap
(3.3 V), residual absorption remains, marginally limiting the amount of light transmit-
ted to the silicon. The comparison between the single cell and the tandem configuration
clearly highlights the benefits of the perovskite/silicon approach. The tandem architec-
ture synergistically exploits the spectral complementarity and electronic properties of
wide- and narrow-bandgap materials, thereby exceeding the efficiency of single-junction
cells. These results confirm that integrating an HJT silicon subcell beneath an opti-
mised perovskite cell is a highly promising avenue for the development of new-generation,
high-efficiency photovoltaic devices.

4.4.3.2 Spectral Analysis: Absorption, Transmission and Optical Losses

Spectral analysis is an essential step in understanding the origin of the photovoltaic perfor-
mance of the devices studied. Figure 4.22 illustrates the absorption and transmission pro-
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files obtained for the optimised perovskite cell and for the perovskite/silicon HJT tandem
architecture. These curves highlight the spectral distribution of absorbed or transmitted
light energy and allow comparison of each configuration’s ability to exploit different por-
tions of the solar spectrum (0.3-1.0 pm). The (FTO/TiO5/(BA)2(MA)2Pbsls/PolyTPD)
single perovskite cell has particularly high absorption in the visible region, typically be-
tween 0.35 and 0.60 pm, in line with the material’s high absorption coefficient in this
range. In this same region, transmission is almost zero, reflecting the ability of the ac-
tive layer to intercept almost all incident photons. Beyond 0.6 pm, absorption decreases
rapidly, while transmission increases sharply. This reflects the inability of perovskite to
efficiently capture lower-energy photons (near infrared), which limits current generation
in this area of the spectrum. As a result, the optimised perovskite cell performs well in
the visible range but remains deficient in the infrared, where a significant fraction of solar
radiation is lost through transmission.

The integration of the silicon HJT subcell profoundly alters these profiles. In the
visible region (0.3-0.6 pm), absorption remains comparable to that of perovskite alone,
since the top cell already efficiently captures this part of the spectrum. However, in the
near infrared (0.7-1.0 pm), residual transmission is greatly reduced, as light not absorbed
by the perovskite is intercepted by the silicon subcell. This spectral overlap gives the
tandem cell extended absorption across the entire relevant solar spectrum, exploiting
both visible photons (via perovskite) and near-infrared photons (via silicon).
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Figure 4.22: Absorption and transmission profiles of the optimised perovskite device and
the perovskite/silicon tandem device.

The spectral complementarity effect is thus clearly demonstrated: while the single cell
allowed a significant proportion of photons with wavelengths greater than 0.7 pm to pass

through, the tandem cell manages to capture a significant fraction of them, thereby re-
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ducing optical losses. These results highlight the importance of choosing materials based
on their band gap. Perovskite, with an optimal band gap for visible light, acts as an effec-
tive absorber of high-energy photons. Silicon, meanwhile, complements this absorption
by intercepting low-energy photons in the infrared range, which escape perovskite alone.

This synergy makes it possible to exploit a broader spectrum and significantly increase
the generated current density, which explains the superiority of the tandem configuration
observed in the J-V curves. The marked decrease in infrared transmission for the tandem
cell confirms better photon—electron conversion in this spectral range. Nevertheless, there
are still some optical losses related to reflection at the interfaces and residual absorption of
the intermediate layer (ZnO), which could be minimised by advanced optical engineering
strategies (anti-reflective layers, surface texturing).

4.4.3.3 Study of external quantum efficiency and internal quantum efficiency

Figure 4.23 illustrates the external quantum efficiency (EQE) spectra for the optimised
perovskite cell and for the perovskite/silicon tandem cell. The optimised perovskite cell
(FTO/TiO2/(BA)2(MA),Pbsls /PolyTPD) has an EQE peak of around 55% in the visible
region, mainly between 0.4 and 0.7 pum, corresponding to the perovskite strong absorption
zone. However, beyond 0.8 pm, a rapid drop in EQE is observed, reflecting the inability
of perovskite to efficiently exploit near-infrared photons. This spectral limitation restricts
the ability of the single cell to convert a significant portion of solar radiation.
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Figure 4.23: EQE spectra of the optimized perovskite device and the perovskite/silicon
tandem device.

Conversely, the perovskite/silicon tandem cell has a higher overall EQE, with a peak of
68%, representing a net gain over the single cell. The improvement is particularly marked
in the 0.4-0.8 ym range, where the complementarity between the two sub-cells allows for
better utilisation of the solar spectrum. In addition, the tandem cell retains significant
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EQE up to 1.0 pm, thanks to the absorption of silicon in the near infrared, which is not the
case for the perovskite cell alone. These results demonstrate the relevance of the tandem
architecture, which reduces transmission losses in the IR and increases the density of the
current generated by efficiently exploiting a wider portion of the solar spectrum.

Figure 4.24 shows the internal quantum efficiency (IQE) spectra for the two configu-
rations studied. Since IQE is independent of optical losses, it is a more direct indicator
of the quality of carrier collection and recombination phenomena in the active layers
and at the interfaces. The optimised perovskite cell shows an IQE peak of around 35%
in the visible region (0.4-0.7 pm). This value, which is lower than the EQE, suggests
that although light is efficiently absorbed, some of the photogenerated charges are lost
through recombination before they can be collected. The gradual decrease in IQE beyond
0.8 pm reflects both the low absorption of perovskite and the increase in non-radiative
recombination at these wavelengths.

The perovskite/silicon tandem cell, on the other hand, achieves a maximum IQE of
around 45%, which is a significant improvement over the single cell. This result reflects a
significant improvement in charge collection quality, in particular thanks to the reduction
in recombination at the interfaces and the complementary use of the two active materials.
The contribution of silicon is particularly visible in the 0.7-1.0 pm region, where the IQE
remains high while that of perovskite alone collapses. Thus, the increase in IQE in the
tandem cell demonstrates not only better spectral absorption, but also better management
of internal electronic processes, leading to increased overall efficiency.
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Figure 4.24: IQE spectra of the optimized perovskite device and the perovskite/silicon
tandem device.

A comparison of the EQE and IQE spectra highlights the decisive contribution of the
tandem architecture compared to the optimised perovskite cell. In the single-junction cell,
although absorption is efficient in the visible range, photon—electron conversion remains
limited to short-wavelength photons, while losses become significant in the near-infrared
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due to the perovskite low ability to exploit this part of the spectrum. The integration
of a silicon sub-cell profoundly changes this situation, the complementary nature of the
band gaps extends the absorption range, ensuring more complete utilisation of the solar
spectrum. This spectral extension results not only in an improvement in EQE, but also
in a significant increase in IQE. Indeed, the tandem cell not only collects more photons, it
also optimises the probability of collecting photogenerated carriers by reducing recombi-
nation losses and improving interface management. This dual improvement, both optical
and electronic, explains the observed increase in short-circuit current density and, con-
sequently, in PCE. The results obtained confirm that combining a perovskite layer with
a wide bandgap with a silicon absorber with a narrower bandgap is a particularly effec-
tive approach for overcoming the intrinsic limitations of single cells. This spectral and
electronic synergy justifies the growing interest in tandem architectures as a promising
solution for the development of high-efficiency photovoltaic devices.

4.4.3.4 Influence of temperature on the performance of tandem photovoltaic
cells

The influence of temperature on the photovoltaic performance of the perovskite/silicon
HJT tandem cell was studied in depth over a range between 265 K and 360 K. The results
presented in Figure 4.25 highlight the evolution of the J-V curves as a function of temper-
ature, while Figure 4.26 and Table 4.13 provide a precise quantification of the evolution
of characteristic parameters such as short-circuit current density, open-circuit voltage, fill
factor and power conversion efficiency. Analysis of these results reveals contrasting trends
that reflect the complex interaction between the mechanisms of generation, recombination
and transport of charge carriers under thermal stress.
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Figure 4.25: Simulated J-V curves of the perovskite/silicon HJT tandem cell across the
temperature range from 265 K to 360 K.
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Figure 4.26: Temperature dependence of the J., V,., FF, and PCE of the perovskite/sil-
icon HJT tandem cell.

Table 4.13: Photovoltaic performance metrics of the perovskite/silicon HJT tandem cell
at different operating temperatures.

Temperature Jse Voe (V) FF (%) PCE (%)

(K)  (mAjem?)

265 31.39 1.37 72.26 31.10
273 31.49 1.37 72.05 30.97
280 31.72 1.35 71.88 30.79
290 31.97 1.34 71.40 30.50
300 32.23 1.32 70.59 30.07
310 32.49 1.31 69.91 29.68
320 32.76 1.29 68.99 29.17
330 33.03 1.28 68.03 28.69
340 33.30 1.26 67.48 28.34
350 33.56 1.25 66.68 27.87
360 33.82 1.23 65.55 27.29

The rise in temperature is accompanied by a slight increase in short-circuit current den-
sity, which rises from 31.39 mA /em? at 265 K to 33.82 mA /em? at 360 K. This slight gain
can be explained mainly by two physically based mechanisms: a shift in the absorption
limit (reduction in effective bandwidth with temperature), which allows marginally more
photons to be absorbed at longer wavelengths, and carrier transport mobility, which is
sometimes improved at higher temperatures, locally reducing ohmic losses and promoting
extraction. However, these effects remain limited; the increase in .Js. does not compensate
for the losses induced by other parameters.

The V,. decreases markedly, from 1.37 V at 265 K to 1.23 V at 360 K. This decrease
can be explained by the increase in reverse saturation current due to the thermal activa-
tion of recombination mechanisms (radiative and non-radiative), the increase in intrinsic
carrier concentration and the increase in recombination rates at defects and interfaces.
In thermodynamic terms, the reduction in V. is a direct consequence of the exponential
increase in reversible processes limiting the available voltage. In the case of perovskites,
additional phenomena such as ion migration and the dynamic evolution of trap states
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with temperature can also contribute to this degradation of V,. by locally modifying the
internal fields and the quality of the interfaces. The fill factor follows a similar trend,
decreasing from 72.26% at 265 K to 65.55% at 360 K. This decrease reflects the increase
in effective resistive losses (increasing series resistance due to the performance of contacts
and conductive layers at high temperatures, or variations in conductivity) and the increase
in recombination, which degrades the slope of the J-V curve near the maximum power
point. The cumulative effect on V,. and FF leads to a continuous decrease in PCE, which
falls from 31.10% at 265 K to 27.29% at 360 K. In other words, the marginal improvement
in J,. is largely offset by the significant loss in voltage and effective power extraction.

Beyond the quantitative description, physical interpretation highlights several factors
responsible for thermal sensitivity. First, an increase in non-radiative recombination, am-
plified by the thermal activation of recombination centers and by the thermal diffusion
of carriers. Second, possible ion migration in perovskite, which locally modifies band
alignment and causes hysteresis and instability phenomena under heating. Third, degra-
dation of interfaces (ZnO/perovskite, perovskite/HTL, and a-Si/c-Si) and contacts, which
increase series resistances and promote leakage paths. Finally, minimal optical changes
(variation in refractive index), which, although secondary, can slightly affect the optical
coupling between sub-cells. These mechanisms, combined, explain why the cell remains
efficient but gradually loses efficiency as the temperature rises.

On a practical level, these results highlight the need for a thermal management strat-
egy for high-efficiency tandem devices. Possible solutions include optimising and passivat-
ing interfaces to reduce recombination at high temperatures, using HTL/ETL materials
and contacts that are less sensitive to heat, improving encapsulation and thermal dissipa-
tion (heat sinks, substrates with high thermal conductivity), and controlling trap densities
through deposition processes and post-deposition treatments. Furthermore, quantifying
the temperature coefficient of V,. and PCE and extracting activation energies for recombi-
nation mechanisms would be useful in guiding materials engineering and predicting behav-
ior under real-world conditions. In sum, the thermal study shows that a perovskite/silicon
HJT tandem cell maintains high performance over the range studied but remains sensitive
to temperature. The increase in .J,. is insufficient to compensate for the decrease in V.
and FF, resulting in a net reduction in PCE. These observations justify the systematic
integration of thermal optimisation and interface engineering approaches in the design of
perovskite-silicon tandems for real-world applications where temperature fluctuations are
inevitable.

4.4.4 Prospects for optimisation

Although the perovskite/silicon HJT tandem architecture has demonstrated remarkable
performance in our simulations, it can still be improved and offers considerable room for
progress. One initial avenue for optimisation concerns the precise control of the thickness
of the perovskite layer. If the layer is too thin, absorption in the visible range is limited,
while if it is too thick, photon transmission to the silicon subcell is reduced. Fine-tuning
this parameter is therefore crucial in order to maximise optical coupling between the two
subcells. A second avenue for improvement lies in the development of highly transparent
intermediate layers with optimised transport selectivity. These layers must both ensure
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efficient carrier extraction and minimise optical losses, which requires the engineering of
new materials with low parasitic absorption and increased mobility.

Furthermore, reducing non-radiative recombination remains a major challenge. In-
terface engineering and advanced defect passivation, both in perovskite and silicon, are
promising strategies for increasing carrier lifetime and improving open-circuit voltage.
Finally, exploring perovskites with tunable bandgaps represents a strategic opportunity.
Precise adjustment of the band width would make it possible to adapt the spectral re-
sponse of the top subcell for optimal matching with silicon, which is essential for achieving
theoretical efficiencies close to the Shockley—Queisser limit for tandem cells. These av-
enues for optimisation, combined with appropriate thermal management and more stable
manufacturing processes, pave the way for a new generation of high-efficiency, sustainable
perovskite/silicon tandem cells that could significantly exceed current performance levels.

4.5 Conclusion

This chapter was a key step in the cross-validation of the work, combining analytical mod-
elling, numerical simulation and available experimental data. The use of Silvaco TCAD
made it possible to refine the study by incorporating more realistic physical phenom-
ena, such as recombination at interfaces, layer inhomogeneity and spectral dependence
of absorption. The results obtained for the single-junction perovskite cell showed good
agreement between the different approaches, thus reinforcing the reliability of the model.
In addition, the parametric study highlighted the decisive impact of the properties of
the hole transport layer (HTL), in particular the role of doping and material choice on
overall efficiency. The comparison between several HTLs (organic and inorganic) identi-
fied alternatives that are more stable and efficient than Spiro-OMeTAD, confirming the
importance of fine interface engineering to improve carrier extraction and reduce losses.

In a second step, the most promising configuration was selected to design a per-
ovskite/silicon HJT tandem cell. Simulation results highlighted the spectral comple-
mentarity of the two sub-cells, enabling almost complete coverage of the solar spectrum
and a substantial improvement in current density and conversion efficiency compared to
single-junction cells. Analysis of the EQE and IQE spectra, as well as the study of the
J-V curves, confirmed that the tandem architecture is a preferred route for exceeding
the efficiency limit of conventional photovoltaic cells. Finally, the effect of temperature
on performance was studied, showing a moderate increase in short-circuit current but a
significant decrease in open-circuit voltage, fill factor and overall efficiency. These re-
sults remind us that thermal management remains a crucial challenge in ensuring the
operational stability and durability of devices.
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This thesis is part of ongoing efforts to develop next-generation photovoltaic technolo-
gies capable of meeting global energy and environmental challenges. Given the structural
and technological limitations of conventional silicon-based solar cells, perovskite materials
have emerged as a promising alternative, offering a unique compromise between perfor-
mance, ease of manufacture, and flexibility of integration. The main objective of this work
was to deepen our understanding of the physical mechanisms governing the operation of
perovskite-based solar cells and their tandem derivatives, using an integrated approach
combining analytical modelling, numerical simulation, and experimental validation. This
hierarchical methodology has made it possible to establish a clear correlation between
the fundamental phenomena of carrier generation, transport, and recombination and the
overall performance observed in the devices. It has also led to the proposal of targeted
optimization strategies aimed at improving the efficiency, stability, and reproducibility of
next-generation perovskite solar cells.

Analytically, a comprehensive and rigorous model was established to describe the elec-
trical behavior of a single-junction perovskite solar cell. This model is based on the joint
solution of the carrier continuity equations and Poisson’s equation, explicitly integrating
optical generation and the internal electric field within the absorbing layer. Within the
framework of the assumptions adopted, recombination in perovskite was neglected, which
simplified the analysis and allowed closed analytical expressions to be obtained that di-
rectly link carrier profiles to the photogenerated current density. Precise treatment of the
boundary conditions at the interfaces between the different functional layers (ETL/per-
ovskite and perovskite/HTL) was carried out, allowing charge exchanges and extraction
phenomena at the contacts to be taken into account. This analytical model led to the
derivation of an explicit expression for the current-voltage characteristic J(V'), capable of
reproducing the electrical behavior of the n—i—p structure studied with high fidelity. The
entire theoretical development was implemented numerically using a MATLAB program
specifically designed for this work. This code not only solves the established analyti-
cal equations, but also plots the J-V curves, automatically extracts the characteristic
photovoltaic parameters (Js., Ve, F'F, and PCE), and compares the theoretical results
with the available experimental data. This comparison showed remarkable consistency
between the model and experimental observations, confirming the validity of the approx-
imations used and the model’s ability to describe the dominant physical mechanisms of
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carrier transport and generation.

In addition, an in-depth parametric study was conducted to assess the impact of key
design parameters on cell performance. The parametric analysis showed that the thickness
of the perovskite layer has a decisive influence on overall efficiency, directly modulating
optical generation and carrier collection, while doping of the TiO, layer (ETL) signifi-
cantly affects cell performance by influencing charge extraction efficiency. Finally, the
model was extended to a perovskite/silicon tandem configuration, allowing the exploration
of optical and electrical coupling effects between subcells. The joint optimization of the
absorbing thicknesses ensured current matching between the two subcells and achieved an
overall efficiency of 26.83%, illustrating the relevance of the proposed analytical model for
the rational design of tandem architectures. This model is therefore a robust and com-
putationally inexpensive predictive tool, providing a solid basis for the analysis, design,
and optimization of new generations of high-efficiency perovskite and hybrid solar cells.

The simulation stage, carried out using Silvaco TCAD software, enabled accurate
simulation of the perovskite cell with an FTO/TiOy/MAPbDI;3/Spiro-OMeTAD structure.
The results obtained were validated by cross-checking with the analytical model devel-
oped in Chapter 3 and experimental data from the literature for the same configuration,
confirming the reliability and consistency of the proposed model. In a second step, a
material optimization study was conducted to improve the stability and performance of
the cell. Replacing the 3D MAPbDI; perovskite with a Ruddlesden—Popper-type 2D /3D
hybrid perovskite resulted in improved stability while maintaining high efficiency. At
the same time, a comparative analysis of HTLs, evaluating several organic and inorganic
materials, showed that the PolyTPD compound offers the most effective combination in
terms of efficiency and durability. Based on this optimized configuration, the cell was
integrated into a perovskite/silicon HJT tandem architecture, demonstrating excellent
spectral complementarity between the two subcells and achieving efficiencies greater than
30%, exceeding the limit of single-junction cells. Finally, an in-depth thermal study was
conducted over a wide temperature range to assess operational stability. The results
showed that an increase in temperature leads to an increase in .J,. but is accompanied by
a decrease in V., fill factor (FF), and PCE, highlighting the need for optimized thermal
management to ensure the long-term reliability of the devices.

The work presented in this thesis has enabled an in-depth exploration of the behav-
ior of perovskite-based solar cells, combining analytical modelling, numerical simulation,
and experimental validation. After establishing and comparing the developed model with
simulation results and experimental data, the analysis revealed consistent trends and
identified the key parameters influencing the overall performance of the devices. This
integrated approach has thus made it possible to link the fundamental physics of trans-
port and recombination processes to the observed performance, providing a solid basis
for structural optimization and the design of new, more efficient architectures. Several
prospects emerge from this work. On a theoretical level, enriching the analytical model
by integrating complex recombination mechanisms, a non-uniform electric field, and more
realistic internal optical modelling would increase its accuracy and scope. On a numeri-
cal level, exploring three- or four-terminal (3T and 4T) tandem architectures would offer
greater flexibility in current matching and energy loss management. Finally, the inte-
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gration of coupled thermo-optical simulations and accelerated aging studies would be an
essential step in evaluating the stability and durability of the devices, with a view to
transferring them to reliable industrial production. Overall, this thesis has laid the foun-
dations for a comprehensive, coherent, and integrated understanding of how perovskite
solar cells and their tandem derivatives work, linking fundamental physics with analyti-
cal modelling and advanced numerical simulation. The results obtained demonstrate the
considerable potential of these technologies to reach a new threshold of efficiency, sta-
bility, and durability, and actively contribute to the rise of new-generation photovoltaic
solutions capable of providing a sustainable response to global energy challenges.
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.1 Detailed Pseudocode

Start of the program

1. Physical constants:

o ¢+ 1.602 x 1071 C (elementary charge)

k <+ 1.381 x 107 J/K (Boltzmann constant)
T «+ 300 K (ambient temperature)

h + 6.626 x 1073* J-s (Planck’s constant)

¢ <+ 3 x 10® m/s (speed of light)

o P, < incident power (W /cm?)
2. Device parameters:

e to < active layer thickness (in cm)
e A < average absorption wavelength (in cm)
o Vi < built-in voltage (in volts)

o Gax < maximum carrier generation rate (cm™3- s71)
3. Carrier transport parameters:

el < electron mobility (cm?/V:s)
e 1, < hole mobility (cm?/V-s)
o D, < iy - % (electron diffusivity)
kT . ..
« Dy < pp- = (hole diffusivity)
4. Carrier concentrations and recombination velocities:
e n; < intrinsic carrier concentration (cm™3)
o Np.g < effective donor doping concentration (cm™3)
o Ny < effective acceptor doping concentration (cm_3)
e s, < electron surface recombination velocity

e 5, < hole surface recombination velocity
5. Voltage vector:
e A vector V from 0 to 1.5 V with a step of 0.01 V

6. Calculate Dark current density Jg..x for each V:

V=V
Jdark — q<t—) Hn ND,eff + a(V—Vi1)
b Dyg(V = Vig)e =™
n? 4V — Vi)
sp KT, (nz — Njff) eQ(VK;/b
+/J“p NA,eff + :

CJ(V - Vbi)Dp
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7. Calculate Photocurrent density Jphot for each V:

10.

11.

12.

V - Vl GIH X n 7t0/)\ave
Jphot . q( b) ax H ) e T _/\ave

tO D q(V_Vbi))\ave _ 1 q(V—Vbi)e a( bl)/( )

" kTto kTto

V-V /(KT

n Hp . (eq( ( b>/<) ) etwm)]
—Vii) dave V—Vi; ave
D, <q(v k‘iﬁ:ﬁlo))\d + 1) Ty

Calculate total current density:
® Jtotal — Jdark + Jphot
Extract main photovoltaic parameters:

o Jso < Jiotal at V = 0 (short-circuit current)

o Vi < value of V for which Jioa =~ 0 (open-circuit voltage)
Plot the J-V curve:

e Plot Jiota as a function of V

o Add axes labels, title, and grid
Calculate EQE (External Quantum Efficiency):

e Define a wavelength vector A from 0.3 pm to 1 pm with step 0.01 pm
« Convert to cm: Agpy < A - 1074
Jphot-h-c
* EQE < Q'Pihnct'Aave
o Plot EQE as a function of A

Calculate IQE (Internal Quantum Efficiency):

e Define reflection and transmission coeflicients

« IQE «+ EQE

1—reflection—transmission

o Plot IQE as a function of A

End of program
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