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W menclature

Symbols Meaning Units
Voc Open-circuit voltage \'%
Jsc Short-circuit current density mA/cm?
FF Fill factor %
n/PCE Power conversion efficiency %
Rs Series resistance Q-cm? or Q
Rsu Shunt resistance Q-cm? or Q
Eg Bandgap energy eV
X Electron affinity eV
& Relative permittivity — (dimensionless)
Nc, Ny Effective density of states in conduction/valence bands cm™3
Nbp, Na Donor/acceptor doping concentration cm3
d Layer thickness nm or cm
Ue, Hh Electron/hole mobility cm? Vgl
Te, Th Electron/hole lifetime S
L., L Diffusion length of carriers cm
N Trap density cm™3
Et Trap energy level eV
on, 6p Electron/hole capture cross section cm?
Sfront, Sback Front/rear surface recombination velocity cm/s
AEc (CBO) Conduction band offset eV
AEv (VBO) Valence band offset eV
OB Metal-semiconductor barrier height eV
dwork i Electrode work function eV
HOMO / LUMO Highest occupied / lowest unoccupied molecular orbital eV
QEM) External quantum efficiency %
SR(}) Spectral responsivity A/W
a(h) Absorption coefficient cm!
n(A), k(L) Refractive index / extinction coefficient — (dimensionless)
AM1.5G Standard solar spectrum (100 mW/cm?) W/ecm?
T Operating temperature Kor°C
Bias V Applied voltage \Y
c-v Capacitance—Voltage F/cm?
Admittance AC admittance S (Siemens)
MAE Mean absolute error — (numeric value)
RMSE Root mean square error — (numeric value)
MSE Mean squared error — (numeric value)
R? Coefficient of determination —(0-1)
MAPE Mean absolute percentage error %
MPPT Maximum Power Point Tracking V, mA/cm?, or mW/cm?
MOSFET (Q1) Power transistor in DC-DC converter A, V,W
L, Co, Ci1, DI Inductor, capacitors, diode in DC-DC converter H



I8ist of Figures



CHAPTER I -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Figure 1.1 Path of sunlight through the atmosphere under AM0, AM1, and AM1.5 conditions 6
Figure 1.2 Solar Spectrum Variation from Space to Earth's Surface 7
Figure 1.3 Evolution of generations of photovoltaic cells 8
Figure 1.4 NREL Best Research-Cell Efficiencies chart 12
Figure L.5 Electronic structure of a carbon-carbon double bond 13
Figure 1.6 Analysis of orbital overlap in the polyethylene polymer chain 14
Figure 1.7 Energy levels and band structure in organic semiconductors 15
Figure 1.8 Diagram of the photocurrent generation mechanism in organic solar cells (a) Exciton 18

creation, (b) Exciton diffusion, (¢) Exciton dissociation, (d) Charge collection.
Figure 1.9 (a) Single Diode equivalent circuit, (b) Two-diode electrical model of an organic solar 20
cell
Figure 1.10  (a) J-V curves and characteristic parameters of a photovoltaic cell, (b) External 23
Quantum Efficiency
Figure 1.11 (a) Conventional Structure, (b) Inverted Structure. 25
Figure 1.12  The architecture of organic photovoltaic cells 27
Figure 1.13  Challenges of organic photovoltaics. 30
Figure 1.14  Schematic illustration of chemical degradation. 32
Figure 1.15  Technologies for manufacturing organic solar cells. 34
CHAPTER 11
- Flgurelll ....... = 1g1ta1toolsusedfor51mulat10n ...................................................................................... oR
Figure 11.2  Effective Bandgap and Charge Transport in Donor—Acceptor Semiconductors 43
Figure 11.3  Shallow and Deep Trap States 47
Figure 11.4  Fundamentals and Implementation of Supervised Machine Learning. 49
Figure 11.5  Mathematical Foundations of Linear Regression 50
Figure 11.6  Decision Tree Architecture 51
Figure 11.7 Random Forest Architecture 52
Figure 11.8 XGBoost Architecture 53
Figure 11.9  KNN Algorithm Workflow 54
CHAPTER III -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Figure I11.1  Representative Donor-Acceptor Pairs Investigated in This Work 59
Figure 111.2  Incident Spectra: (a) Standard AM1.5 for Top Cell, (b) Filtered Light for Bottom Cell 61
Figure 111.3  (a) Pre-Optimization Electrical Characteristics, (b) Spectral Response of Tandemand 63
Sub-cells
Figure 111.4  Band Alignment Simulations for (a) Top and (b) Bottom Sub-cells 65
Figure 111.5  Material Selection of ETL and HTL in Bottom Cell and Its Effect on Tandem 68
Photovoltaic Performance.
Figure 111.6  Material Selection of ETL and HTL in Bottom Cell and Its Effect on Tandem 69
Photovoltaic Performance
Figure 111.7  Impact of Active Layer Thickness and Defect Density in the Top Sub-cell on Tandem 71
Cell Efficiency
Figure 111.8  Impact of Active Layer Thickness and Defect Density in the Bottom Sub-cell on 72
Tandem Cell Efficiency
Figure 111.9  (a) JV Curves of Sub-cells and Tandem Cell Following First Optimization, (b) 75
Following Second Optimization
Figure 111.10  (a) EQE Response of Sub-cells Cell Following First Optimization, (b) Following 76
Second Optimization
CHAPTER IV -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Figure IV.1  (a) Schematic Representation and (b) Energy Level Diagram of the Modeled OSC 85
Figure IV.2  Contour Analysis of Key Photovoltaic Parameters in PCBM/SnO- Dual Transport 86

Layer Devices :(a) Voc, (b) Jsc, (¢) FF, and (d) PCE


file:///C:/Users/admin/Desktop/these/my_Chapters/Chapter%20I%20-%20Copie.docx%23_Toc206784855
file:///C:/Users/admin/Desktop/these/my_Chapters/Chapter%20I%20-%20Copie.docx%23_Toc206784856
file:///C:/Users/admin/Desktop/these/my_Chapters/Chapter%20I%20-%20Copie.docx%23_Toc206784859
file:///C:/Users/admin/Desktop/these/my_Chapters/Chapter%20I%20-%20Copie.docx%23_Toc206784860
file:///C:/Users/admin/Desktop/these/my_Chapters/Chapter%20I%20-%20Copie.docx%23_Toc206784860
file:///C:/Users/admin/Desktop/these/my_Chapters/Chapter%20I%20-%20Copie.docx%23_Toc206784861
file:///C:/Users/admin/Desktop/these/my_Chapters/Chapter%20I%20-%20Copie.docx%23_Toc206784861
file:///C:/Users/admin/Desktop/these/my_Chapters/Chapter%20I%20-%20Copie.docx%23_Toc206784862
file:///C:/Users/admin/Desktop/these/my_Chapters/Chapter%20I%20-%20Copie.docx%23_Toc206784862
file:///C:/Users/admin/Desktop/these/my_Chapters/Chapter%20I%20-%20Copie.docx%23_Toc206784863
file:///C:/Users/admin/Desktop/these/my_Chapters/Chapter%20I%20-%20Copie.docx%23_Toc206784865
file:///C:/Users/admin/Desktop/these/my_Chapters/Chapter%20I%20-%20Copie.docx%23_Toc206784867
file:///C:/Users/admin/Desktop/these/my_Chapters/Chapter%20II.docx%23_Toc206268003
file:///C:/Users/admin/Desktop/these/my_Chapters/Chapter%20II.docx%23_Toc206268004
file:///C:/Users/admin/Desktop/these/my_Chapters/Chapter%20II.docx%23_Toc206268005
file:///C:/Users/admin/Desktop/these/my_Chapters/Chapter%20II.docx%23_Toc206268008

vi

Figure IV.3  Contour Analysis of Key Photovoltaic Parameters in PCBM/TiO- Dual Transport 87
Layer Devices :(a) Voc, (b) Jsc, (¢) FF, and (d) PCE
Figure IV.4  Contour Mapping of the Effects of PCBM/ZnO Dual Layer Donor Doping Density on 88
OSC Output Parameters
Figure IV.5  Impact of Interface Defect Density at the SnO/PCBM Junction on Organic Solar Cell 89
Performance
Figure IV.6  Effect of Interfacial Defects at the TiO/PCBM Layer on the Electrical Characteristics 90
of Organic Photovoltaics
Figure IV.7  Performance Degradation Induced by Interface Defects at the ZnO/PCBM Electron 90
Transport Layer
Figure IV.8  Equivalent circuit model used in impedance spectroscopy 92
Figure IV.9  Comparison of Nyquist Plots for Three Dual ETL-Based Organic Solar Cells 92
Figure IV.10 Mott-Schottky (1/C?) Analysis of Organic Solar Cells with Different Dual ETL 94
Configurations
Figure IV.11  Comparison of J-V Characteristics for Organic Solar Cells with Single and Dual ETL 95
Structures
Figure V.12  External Quantum Efficiency Spectra of Organic Solar Cells with Single and Dual 97
ETLs
Figure IV.13  R* Scores for Various Regression Models Applied to Solar Cell Performance 99
Prediction
Figure IV.14 Interrelationship Between Power Conversion Efficiency and Input Variables 100
CHAPTER V -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Figure V.1  System Architecture of the Photovoltaic Self-Powered Module 105
Figure V.2 Smartphone Charging Using an Organic Photovoltaic (OPV) Solar Panel in a 4-Series 107
x 5-Parallel Configuration
Figure V.3  Schematic representation of the PV-based charging circuit implementing Maximum 108
Power Point Tracking (MPPT)
Figure V.4 Buck—Boost Converter System Layout 109
Figure V.5  I-V and P-V Characteristics of the OPV Solar Panel under Standard Test Conditions 110
Figure V.6  Power Flow Analysis and Overall System Efficiency 111




I8ist of Tables



CHAPTER I -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Table L1 Methods for De.:positing Active Layerg and Transport in Organic Devices: 35
Advantages, Disadvantages, and Efficiency
CHAPTER III -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Table II1.1 Simulation Input Parameters. 61
Table I1L.2 l;z;l(i)eglmlzatlon Performance Comparison of Tandem and Sub-Cells with Previous 64
Table III.3  Electrical Parameters for Different ETLs and HTLs. 66
Table III.4  Performance metrics of optimized tandem cell. 74
Table III.5 A state-of-the-art comparison between OSC/OSC TSC PV metrics and some TSCs. 75
CHAPTER IV -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Table IV.1 Different layer optoelectronic parameters input. 83
Table IV.2 Input parameters of different ETLs used. 84
Table IV.3 Metrics Performance of different dual ETL OSCs. 97

Table IV.4  Evaluating the Performance of the ML Model. 98




&:neral Introduction



General Introduction Page |1

General Introduction

he global energy transition represents one of the major challenges of the 21%
century, driven by the urgent need to reduce CO: emissions and mitigate the
impact of climate change [1,2]. The gradual depletion of fossil fuels and the
environmental consequences of their use have led to growing interest in renewable energies,
which are emerging as an essential alternative. Among them, solar energy holds a central
position due to its inexhaustible nature, worldwide availability, and steadily improving

economic competitiveness [1,3].

Today, crystalline silicon-based photovoltaic (PV) technologies dominate the market
thanks to their technological maturity and high performance, achieving efficiencies exceeding
33% for tandem silicon/perovskite architectures. However, these devices require complex and
costly manufacturing processes, rely on rigid substrates, and offer limited adaptability for

lightweight or flexible applications [4].

Organic solar cells (OSCs), classified as third-generation photovoltaic technologies,
present unique advantages: light weight, mechanical flexibility, tunable transparency,
compatibility with large-scale printing processes, and the use of non-toxic materials [5]. These
characteristics pave the way for innovative applications such as wearable devices, smart textiles,
and building-integrated photovoltaics (BIPV) [6]. Nevertheless, OSCs still face limitations,
including lower efficiency than silicon cells, reduced lifetime, and sensitivity to degradation
under real-world conditions. Recent advances, particularly the introduction of non-fullerene
acceptors (NFAs) like Y6, have enabled laboratory efficiencies above 20%, especially in

tandem or multilayer architectures|[7,8].

A particularly promising opportunity lies in coupling OSCs with low-power embedded
systems. These autonomous sensors, smart labels, wearable medical devices, 10T modules
require compact, lightweight, flexible, and efficient power sources, perfectly aligned with the
properties of OSCs [9]. Direct integration of an organic photovoltaic (OPV) module into an
embedded system can increase autonomy, or even make the application fully independent,

without bulky batteries or external power cables [10].
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Improving OSC performance relies on several strategies: active layer engineering,
optimization of selective transport layers (ETL, HTL), morphological control, and stable
interface design. Artificial intelligence (Al) plays a key role in accelerating the design and
optimization of OSCs, rapidly identifying optimal combinations of materials and architectures.
Coupled with simulators like SCAPS-1D, Al can accurately predict device performance,
significantly reduce development time and costs, and guide the engineering of new materials
with targeted properties[10,11].

Our objectives in this work are improve performances, stability and make OPVs ready for

real use.
This thesis is organized into five chapters:

v' Chapter I: Presents the fundamentals of solar cells, with an emphasis on the working
principles, materials, and architectures specific to organic solar cells (OSCs), including their
advantages, limitations, and recent technological trends.

v" Chapter II: Describes the numerical methodology, combining the SCAPS-1D simulator
with artificial intelligence (AI) techniques to accelerate optimization. It details the
computational workflow, parameter selection, and machine learning algorithms used to
identify optimal device configurations.

v" Chapter III: Focuses on the optimization of a two-terminal polymer/polymer tandem solar
cell, covering the design strategy, layer engineering, and the impact of material properties on
performance.

v Chapter IV: Explores machine learning-based performance prediction for OSC
architectures integrating dual organic/inorganic electron and hole transport layers
(ETL/HTL). It analyzes training datasets, feature selection, and prediction accuracy,
demonstrating Al’s role in guiding material and structural choices.

v" Chapter V: Reports an experimental demonstration of a flexible organic photovoltaic (OPV)
panel designed to power a smartphone. This includes the fabrication steps, electrical
characterization, and integration into a practical embedded system, highlighting real-world

applicability and challenges in terms of stability and power management.
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However, this work has some limitations: the results are mainly based on numerical
simulations and do not fully account for long-term degradation phenomena; actual performance
may differ from predictions; and integration into embedded systems with high load variability
still requires additional research on electrical coupling (MPPT, voltage regulation, storage).
These challenges constitute promising avenues for future research to improve the stability,

efficiency, and adaptability of OSCs for widespread use in embedded systems.
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I.1 Introduction

hotovoltaic solar energy serves as a leading alternative solution in a global
context characterized by the energy transition and the need for sustainable energy
sources. This technology allows for the conversion of sunlight into electricity
using photovoltaic cells and is garnering increasing interest due to its environmental and

economic benefits.

This chapter first presents the generalities of photovoltaic energy. Particular attention is
then given to organic photovoltaic cells, an emerging technology distinguished by its light
weight, flexibility, and potential for low-cost manufacturing. We describe the different

architectures and types of existing organic cells.

The key parameters for evaluating the performance of photovoltaic devices are then

defined before focusing on organic semiconductors, essential materials in these devices.

Subsequently, the main challenges related to the efficiency, stability, and lifespan of
organic photovoltaic cells are addressed. Finally, the chapter concludes with an exploration of
the role and potential of organic photovoltaic cells in embedded systems, paving the way for

innovative applications in fields such as portable electronics or the Internet of Things.

1.2 Solar Energy

Solar energy is an inexhaustible, free, and ubiquitous source of energy, emitted by the sun,
a yellow dwarf star located at the center of our solar system. Composed mainly of hydrogen and
helium, the sun has a mass equivalent to 330,000 times that of the Earth, representing 99.86%
of the mass of the solar system by itself. Thanks to the nuclear fusion reactions that occur within
it, it releases an immense amount of energy, a tiny fraction of which reaches the Earth. This
energy can be harnessed in two main ways: solar thermal, which heats a liquid or gas for later
use (domestic hot water, heating, etc.), and solar photovoltaic, which uses semiconductor cells
to convert light into electricity. Although the efficiency of photovoltaic cells is lower than that
of thermal systems, they allow for a broader range of uses (powering devices, transportation,

etc.). Indeed, the sun sends more than 40,000 times the world's energy needs to Earth each year,
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making it a promising solution to replace fossil fuels, especially at a time when their production
is reaching a peak. Moreover, solar energy can be produced in a decentralized manner, making

it accessible even in remote areas [1-3].

1.3 Solar Radiation

Solar irradiation refers to the amount of solar energy received per unit area in the form of
electromagnetic radiation. Outside the Earth's atmosphere, this energy averages 1.37 kW/m?.
However, as it passes through the atmosphere, some of this radiation is absorbed or scattered
by atmospheric components such as ozone, oxygen, and carbon dioxide, which reduces the
intensity reaching the ground, generally around 1 kW/m? under optimal conditions. The
thickness of the atmosphere traversed strongly influences this attenuation, and it is expressed
by the air mass index, noted AM (Air Mass). This parameter varies according to the angle of
incidence of the radiation, as shown in Figure I.1: AMO corresponds to a situation without
atmosphere (in space), AM1 to radiation arriving vertically on the Earth's surface, and AM1.5
to a more inclined angle, representing an atmospheric path 1.5 times longer. This last case, with
an average power of about 827 W/m?, serves as the standard reference for evaluating the
performance of photovoltaic modules. Thus, ground irradiation varies according to several
factors such as geographical location, time, sun inclination, and weather conditions. These

spectra are presented in Figure 1.2 [1.4].

1
cos©

AM = (L1)

AM1.5. y

On tilted surface (37°) with i B
zenith angle 6 = 48° »\{ /

- /'I

At entry point into
atmosphere

AMT:
On horizontal surface with
sun in zenith

Figure 1.1: Path of sunlight through the atmosphere under AM0, AM1, and AM1.5 conditions [5].
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Figure 1.2: Solar Spectrum Variation from Space to Earth's Surface [6].

1.4 Overview of Photovoltaic Technologies

The history of photovoltaic (PV) cells begins in the 19" century with the discovery of the
photovoltaic effect by Becquerel. At the beginning of the 20" century, researchers like Einstein
and Fritts contributed to improving this technology, although the initial efficiencies were very
low. In the 1950s-60s, the needs related to space applications stimulated significant advances,
reaching efficiencies of around 14%. The oil crisis of the 1970s rekindled interest in renewable
energies, leading to significant improvements in materials and processes. Since the 2000s, the
efficiency of photovoltaic cells has exceeded 25%, thanks to the introduction of new materials
such as perovskites or quantum dots. In parallel, organic solar cells (OPV) have attracted interest
since the early 20th century, particularly with the use of polymers as photoconductive materials.
The first generations of OPYV, in the 1970s—80s, exhibited efficiencies below 1%, but they paved
the way for major innovations. In the 1990s, the introduction of new conjugated polymers and
techniques such as solution processing made it possible to surpass the 4% efficiency mark. In
the 21% century, the optimization of materials (perovskites, fullerene derivatives), architectures
(tandem cells), and manufacturing processes has made it possible to achieve efficiencies
approaching 20%. Although their efficiency remains lower than that of inorganic cells, OPVs
stand out for their reduced cost, mechanical flexibility, and potential for large-scale production.
In this context of constant evolution, it is important to highlight the diversity of photovoltaic

technologies available on the market today. Mastering this technological classification proves
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fundamental for decision-makers, investors, and users, as it allows for guiding strategic choices
tailored to the specific needs in solar systems. An overview of this classification is presented in
Figure 1.3 [4,7].

Photovoltaic Technology Generations

First Generation Second Generation Third Generation
(bulk silicon) (thin films) (emerging technology)

Mono_c_rystalline] | cdTe cells —  Dye-sensitized
silicon
: h \ Organic
Polycrystalline - CIGS cells | (Polymer based)
silicon { ) g
Amorphous | — Perovskite
silicon
— Nanocrystal
~—  Concentrated

Figure 1.3: Evolution of generations of photovoltaic cells [8].

1.4.1 First Generation

The first generation of photovoltaic cells includes traditional technologies based on
inorganic semiconductors, mainly monocrystalline and polycrystalline silicon. Developed as
early as the 1950s, these cells are now the most widespread on the market. Their operation is
based on the use of silicon crystals obtained by cooling molten silicon, which are then cut into
thin plates (wafers), doped, and interconnected to form the cell. Silicon, abundant in the Earth's
crust and primarily extracted from sand, constitutes a widely available base material, but its
transformation remains energy-intensive and costly, representing about 70% of the final cost of
a module. In the laboratory, these cells have achieved energy conversion efficiencies of up to
27.6%, although commercially available panels rarely exceed 20% due to losses under real-
world usage conditions, particularly in high heat. In theory, their maximum efficiency is limited

to 33.7%, which drives researchers to explore avenues for improvement. Despite these
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limitations, their technological maturity, reliability, and longevity make them a benchmark

solution in the field of photovoltaics [1,4,7,8].

1.4.2 Second Generation

The second generation of photovoltaic cells relies on the use of thin-film semiconductor
materials, developed with the aim of reducing production costs and diversifying applications.
Unlike crystalline silicon-based cells, these technologies utilise materials with a direct bandgap,
such as cadmium telluride (CdTe), copper-indium gallium-selenide (CIGS), amorphous silicon
(a-Si), or CZTS (Cu2ZnSn(S,Se)s), thus allowing for more efficient light absorption with
thicknesses on the order of a few micrometres. Their lightness, flexibility, and the possibility of
continuous manufacturing (roll-to-roll) make them interesting solutions for mobile applications
or building-integrated photovoltaics (BIPV). However, their efficiency generally remains
between 10 and 15%, and their long-term stability still raises questions. Moreover, some
technologies use rare or toxic materials (such as cadmium or indium), which limits their large-
scale adoption, particularly due to environmental and regulatory considerations. Despite these
challenges, their potential in terms of cost and versatility continues to attract the interest of

research and industry [1,3,4,7,8].

1.4.3 Third Generation

The third generation of photovoltaic cells includes new technologies designed to exceed
the efficiency limits set by earlier models, known as the Shockley-Queisser (SQ) limit, and to
reach efficiencies estimated between 31% and 41%. These cells use advanced materials that
optimize the absorption and conversion of solar energy. Among the main technologies of this

generation, we find:

1.4.3.1 Quantum Dot (QD) Cells

These cells exploit quantum dot nanomaterials, which are zero-dimensional structures
composed of transition metal elements. These quantum dots serve as a photoactive layer and
can generate multiple electron-hole pairs from a single photon, thereby increasing energy

conversion efficiency.
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1.4.3.2 Dye-Sensitised Solar Cells (DSSC)

These cells work like artificial photosynthesis by using a dye to absorb light, which then
activates electrons that move to electrodes and create electricity. Although they offer a
maximum efficiency of around 13%, they stand out for their low cost and their ability to operate

efficiently at various temperatures.

1.4.3.3 Perovskite Solar Cells

Perovskites represent the most recent innovation in this field, with efficiencies reaching
up to 26.1%. These materials are promising for the future of solar energy, although their

application is still limited to laboratory environments due to their relatively low stability.

1.4.3.4 Polymer-Based Solar Cells

These cells use plastic polymers, offering exceptional flexibility. Their operation is based
on a donor-acceptor mechanism, where a polymer acts as an electron donor and fullerene acts
as an acceptor. These cells have particular potential for integration into textiles, paving the way

for new applications of solar energy.

Even though there are technical difficulties, especially with how stable perovskites are
and the costs of making multi-junction cells, the third generation of photovoltaic cells, like
organic photovoltaic cells (OPVs), shows good promise for creating solar energy that is more
efficient and cheaper. These cells present enormous potential for applications ranging from
large-scale installations to portable devices. In the following paragraphs, we will explore in

detail organic photovoltaic cells, which are the subject of this study [1,4,7,8].

I.5 State of Art of OPV

Organic photovoltaic cells (OPVs) are generating increasing interest as a promising
alternative to traditional silicon-based photovoltaic technologies. Their development took a turn
in 1986, when Tang and his team confirmed Merritt's predictions about the efficiency of
structures composed of donor and acceptor materials. Originally, the structure used was planar,
where the donor and acceptor layers were stacked separately. This idea then changed to a bulk

heterojunction, where the materials are closely mixed in the active layer, leading to significant
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conversion efficiencies of about 1% at that time, which have continued to improve.
Various combinations of materials have been explored since then, including polymer/polymer,
polymer/dye, and polymer/fullerenes. These cells offer several major advantages over inorganic
cells: they are lightweight and flexible, can be manufactured on large surfaces using low-cost

printing techniques, and are particularly suitable for portable applications.

OPVs are now available in several configurations, particularly depending on the
architecture of the active layer, which is influenced by the nature and organization of the donor
and acceptor materials [9—11]. The donor polymer — acceptor molecule configuration,
historically dominated by fullerenes (PC61BM, PC71BM), has been modernized with the
introduction of non-fullerene acceptors like ITIC or Y6, achieving record efficiencies of up to
19.6% (Figure 1.4) for certain combinations such as PM6:D18:L8-BO [9-11].
The all-polymer configuration, appreciated for its flexibility and thermal stability, has achieved
a yield of 17.2% thanks to the use of NDI/PDI-based acceptors, although it still suffers from
miscibility issues [12]. The all-small-molecule configuration, offering better structural
definition and reproducibility, has achieved yields close to 17%, but morphological stability

remains a major challenge [13].

Finally, the donor molecule—acceptor polymer configuration, still little explored, shows
good thermal stability but remains limited in efficiency (~10%) due to the difficulty in finding
compatible materials. Despite these advances, OPVs are still mostly in the research stage, as
they suffer from certain limitations, notably a shorter lifespan compared to inorganic
technologies and a difficulty in reproducing performance on a large scale. This is because the
physical and chemical properties of organic materials, like molecular weight or regiorgularity,
can vary, which affects the structure of the active layer. However, an optimal morphology, with

a phase separation of about 10 to 20 nm, is crucial to ensure an efficient separation of photo-
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generated charges and their transport to the electrodes. Thus, poor control of these parameters
can harm the conversion efficiency|[14—17].
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Figure 1.4: NREL Best Research-Cell Efficiencies chart [18].
1.5.1 Organic Semiconductors

An organic semiconductor material is an organic compound that exhibits particular
electronic and optical properties, primarily due to the conjugation of chemical bonds.
This conjugation is manifested by a regular alternation of single and double bonds along the
carbon chain, as in conjugated polymers, as shown in figure 1.5. This molecular architecture
allows electrons to move more freely, giving the material conductive or semi-conductive
properties. These polymers are used in various applications such as organic electronics,
photovoltaic cells, and electroluminescent diodes. They can be synthesised by polymerizing

conjugated monomers or through post-polymerization modifications [19-21].
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Figure L.5: Electronic structure of a carbon-carbon double bond [22].
1.5.1.1 Conduction mechanism in conjugated polymers

The fundamental element of these materials is carbon, which has four valence electrons
(electronic configuration 2s? 2p?). In conjugated structures, carbon atoms use sp? hybridization,
where one 2s orbital and two 2p orbitals mix together to create three flat sp? hybrid orbitals.
These form ¢ bonds with neighbouring atoms. The third 2p orbital (denoted p;), perpendicular
to the plane, participates in the formation of © bonds through lateral overlap with neighbouring

pz orbitals.

The = electrons resulting from these overlaps can delocalise along the entire conjugated
chain, thus creating a pathway for electrical conduction. Each double bond is therefore
composed of a 6 bond (strong and localised) and a m bond (weaker but delocalisable), the latter
being responsible for the conductive properties of the polymer [19-21]. This process is

illustrated in Figure 1.6.



CHAPTER I: Research background Page |14

Bonding in Ethylene (C;H,)

H 1s H 1s
. p orbital
R 2 orbital
—_alh ! & P’ orbita
~
| Sp? hybrid
5 5 H 1s H 1s
pZ pZ
T
H H
B 15 & F
c—————c_ s, o &
}I/A:) == H7 o (o3
H = H

Sigma bond (o) — electron density between the 2 atoms

Pi bond (1) — electron density above and below plane of nuclei of the bonding atoms

Figure 1.6: Analysis of orbital overlap in the polyethylene polymer chain [23].
1.5.1.2 Band Model Applied to Conducting Organic Materials

An electron can move from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) if it receives enough energy to overcome the band gap
(or energy gap, denoted Eg). This mechanism is fundamental for conduction in organic
materials. The alternation of bonds promotes the formation of energy bands, resulting from the

interaction between the w orbitals (HOMO band) and * orbitals (LUMO band) (Figure 1.7).

The valence band (HOMO) contains the electrons in the ground state, while the
conduction band (LUMO) is empty but accessible by excitation. If the gap is narrow, electrons
can easily jump into the conduction band and move, making the material conductive. On the
other hand, a large gap, like in an insulator, prevents this transition. Conductive polymers are

distinguished by partially filled or empty bands, which allow for electron mobility.

Moreover, according to their ability to donate or accept electrons, these materials are
classified respectively as donors or acceptors. This complementarity is exploited in electronic
devices such as organic photovoltaic cells, where the transfer of charges between donor and

acceptor is the source of the electric current [19-21] .
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Figure 1.7: Energy levels and band structure in organic semiconductors [24].
1.5.2 Key Steps in Conversion Process in OSCs

Organic photovoltaic cells (OPVs), considered a third-generation technology, are
attracting increasing interest due to their advantages such as mechanical flexibility, light weight,
and low cost of electrical energy production. These devices use organic molecules or conductive
polymers that can convert solar energy directly into direct current using the photovoltaic effect.
The architecture of these devices is similar to that of other emerging solar technologies,
employing comparable charge transport layers (CTL) and metal contacts. However, their
specificity lies in the photoactive layer, which in the case of OPVs, consists of conjugated
polymers or fullerene/non-fullerene derivatives, enabling efficient light absorption and charge
generation.

The working principle of bulk heterojunction (BHJ) devices, which represent the most
common structure in OPVs, can be described through a few fundamental steps depict in Figure

1.8 [25,26].

1.5.2.1 The Creation of Excitons

In organic solar cells (OSCs) starts when light is absorbed in the photoactive layer, which
is made up of a blend of donor and acceptor semiconductor materials. Unlike inorganic
semiconductors with continuous absorption, organic materials exhibit discontinuous absorption

due to their intramolecular charge transfer properties, allowing them to selectively capture
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photons over a wide spectral range. For this absorption to occur, the energy of the incident
photon must be greater than the optical gap of the material. When a photon is absorbed, an
electron from the HOMO (Highest Occupied Molecular Orbital) level of the donor is excited to
its LUMO (Lowest Unoccupied Molecular Orbital) level, leaving behind a hole. This forms an
exciton, an electron-hole pair bound by a strong Coulomb interaction (Frenkel-type exciton).
Unlike Wannier—Mott-type excitons in inorganic semiconductors, these excitons do not
dissociate spontaneously. To break apart, they need a boundary between donor and acceptor
materials, where the difference in electronic affinity helps separate the charges, which is
necessary for creating an electric current. Their dissociation requires an interface between donor
and acceptor materials, where the gradient of electronic affinity effectively separates the
charges, a crucial condition for generating an electric current. The efficiency of exciton
dissociation in organic solar cells relies on their ability to quickly reach a donor/acceptor

interface before disintegrating [27-29].

1.5.2.2 The Exciton Diffusion

In organic solar cells, exciton dissociation efficiency depends on how fast the particles
can reach a donor/acceptor interface before breaking down. As neutral quasi-particles of the
Frenkel type, excitons move by a process called incoherent diffusion, which is often likened to
molecular "hopping," and this movement lasts only a few hundred picoseconds. This movement
restricts their journey to an average distance of 10 nm, called the exciton diffusion length. If
excitons are generated too far from the interface, they risk recombining before being separated
into free charges. That's why the bulk heterojunction (BHJ) structure, composed of a bi-
continuous network of intimately mixed donor and acceptor materials, has emerged as an
effective solution. It maximizes the available interface surface, thereby reducing the distance

that excitons must travel to reach a dissociation point[27-29].

1.5.2.3 The Dissociation of Excitons

in organic solar cells occurs at the interface between the donor and acceptor materials,
where the exciton first transforms into a charge transfer (CT) state. At this stage, the electron is
transferred from the LUMO level of the donor to that of the acceptor, forming an intermediate

state in which the electron and the hole reside on different molecules but remain bound by
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Coulomb attraction. The effective separation of these charges into free carriers (an electron and
a hole) depends on the ability to overcome this attraction. This process is made possible by a
sufficient energy offset between the LUMO levels of the donor and the acceptor, generally

between 0.2 eV and 0.3 eV, a value necessary to overcome the binding energy of the exciton.

Moreover, the internal electric field generated by the electrodes with different work
functions also promotes this dissociation. However, there is a competition between the
dissociation of the CT state and its relaxation, called geminate recombination, where the
electron and hole, originating from the same initial excitation, recombine before being
separated. Thus, to ensure efficient dissociation, it is crucial to have adequate energy
compatibility between the donor and acceptor materials, an essential condition to avoid charge

losses and maximize photovoltaic conversion efficiency [27-29].

1.5.2.4 Charge transport and collection

After excitons break apart into free charges (electrons and holes), these charges need to
move quickly to their designated electrodes to create an electric current. This movement
happens in the n-type organic materials (which accept electrons) for electrons and p-type
materials (which donate holes) mainly through a process called "polaron hopping," where
charges jump from one spot to another nearby. The movement of charges is influenced by the
internal electric field, created by the difference in work function between the two electrodes,

although diffusion can also contribute to it.

However, since thin films of organic semiconductors are often disordered, transport is
prone to recombination losses. Charges can be trapped in deep energy states or in the tails of
the density of states, leading to trap-assisted recombination. Moreover, when free electrons and

holes meet again at the donor/acceptor interfaces, bimolecular recombination can occur. These
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mechanisms are even more likely in the highly mixed regions near the electrodes, increasing

charge losses.
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Figure 1.8: Diagram of the photocurrent generation mechanism in organic solar cells (a)

Exciton creation, (b) Exciton diffusion, (c) Exciton dissociation, (d) Charge collection.

Finally, if the carriers reach the electrodes without being recombined, they are extracted
and collected: electrons at the cathode and holes at the anode. It is this final extraction that
allows for the generation of the photocurrent when an external circuit is closed or when a voltage
is applied. At this stage as well, losses can occur if a charge reaches the wrong electrode and
recombines with a majority carrier. Effective transport and collection management is therefore

essential to optimize the performance of organic solar cells [27-29].
1.6 Circuit representation of solar cells

The equivalent circuit of solar cell is illustrated in Figure 1.9(a). This model, often used
to represent inorganic solar cells, includes an ideal diode, a photogenerated current source (Jyn),

as well as series (Rs) and parallel (Rsn) parasitic resistances. It allows for the description of the



CHAPTER I: Research background Page |19

basic electrical behaviors of the solar cell through the classical current-voltage equation

(equation 1.2) [30].

_ e(V-JRy) _ V-JR; _
oo (S4282) <] 28, o
However, this model is not suitable for organic solar cells (OSC) because it does not take into

account several essential physical phenomena specific to these devices, namely:

e The formation and dissociation of geminate pairs (strongly bound excitons)

e The bimolecular recombination of charge carriers,

e The influence of interfacial layers playing critical roles in photon transmission, charge
injection, and blocking,

o The effects of specific resistance in OSCs, highly dependent on the electric field and the

morphology of the active material.

To overcome these limitations, a two-diode equivalent model has been proposed. This
model, illustrated in Figure 1.9(b), introduces a second diode to more accurately represent the

various recombination mechanisms:

v" The first diode (D1) models the processes in the quasi-neutral region such as diffusion,
drift current, and classical recombination.
v The second diode (D2) simulates recombination in the space charge region (or depletion

layer), particularly Shockley—Read—Hall type recombination [30-32].

This two-diode model gives a clearer picture (equation 1.3) of how organic solar cells
work electrically, especially when there is low injection, and helps us understand their current-

voltage (J-V) characteristics better.

V+JRg
J = Jpn = 5= — Joa [P VIR — 1] — Jp, [eB2 VRS — 1 ] (1.3)

Where:
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Figure 1.9: (a) Single Diode equivalent circuit, (b) Two-diode electrical model of an organic

solar cell [30,33].

1.7 Characteristic of Solar Cells

The performance of a solar cell is generally evaluated using four fundamental parameters:
the open-circuit voltage (Voc), the short-circuit current density (Jsc), the fill factor (FF), and the
power conversion efficiency (PCE). These parameters, measured from current—voltage (J-V)
curves, are interconnected and influenced by the physical, optical, and electronic properties of

the materials used in the cell.

1.7.1 The open-circuit voltage (Voc)

Represents the maximum voltage that a solar cell can deliver when its terminals are open,
that is, when no current is flowing. On the J-V curve (Figure 1.10(a)), it corresponds to the
point where the current density is zero. Voc essentially depends on the energy difference
between the HOMO (Highest Occupied Molecular Orbital) level of the donor material and the
LUMO (Lowest Unoccupied Molecular Orbital) level of the acceptor material.

The greater this difference, the higher the Voc can be. However, losses due to radiative or
non-radiative recombination of electron-hole pairs reduce this voltage. Moreover, the quality of

the interfaces between the electrodes and the charge transport layers plays a crucial role. Ohmic
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and barrier-free contacts promote better charge transfer, which helps increase the Voc

(Equation 1.4) [31-34].

Voc = ml;BTln (224 1) (14)

Jo

1.7.2 The short-circuit current density (Jsc)

Short-circuit current density is the current generated by the cell when it is short-circuited,
that is, at zero voltage. It is directly related to the ability of the photoactive material to absorb
light and generate electron-hole pairs. Several factors influence the Jsc, notably the bandgap of
the active material: a smaller bandgap allows for the absorption of a larger portion of the solar
spectrum. Similarly, a high absorption coefficient, an appropriate thickness of the active film,
and a suitable morphology (ensuring effective phase separation between donor and acceptor)
improve charge collection. Finally, a high mobility of charge carriers reduces recombination

losses and ensures efficient transport of electrons and holes to the electrodes [31-34].

1.7.3 The fill factor (FF)

Characterizes the quality of the J-V curve of the solar cell. It is defined as the ratio
between the maximum power obtained (at the maximum power point, or MPP) and the product
Jsc X Voc (equation 1.5). The FF reflects the efficiency of charge transport and the presence of
internal resistive losses. In an ideal cell, the FF would be close to 100%, but in practice, it is
limited by series resistances (which reduce the current) and shunt resistances (which short-

circuit part of the voltage) [31-34].

The FF can be improved by increasing the mobility of charge carriers, balancing the
mobility of electrons and holes, and optimizing the interfaces between the different layers of

the cell to reduce barriers to charge transport [31-34].

FF = —tmax_ (1.5)

VocXJsc
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1.7.4 The Power Conversion Efficiency (PCE)

The power conversion efficiency (PCE) is the key parameter that measures the overall
efficiency of the cell. It is defined as the ratio between the maximum electrical power extracted
from the cell and the incident luminous power (equation 1.6). The efficiency therefore directly
depends on the three previous parameters: Jsc, Voc, and FF. The testing conditions (light
intensity and spectrum), operating temperature, material stability, and cell architecture also
affect it. To maximize efficiency, it is essential to design cells that combine excellent light

absorption, efficient charge transport, and low recombination [31-34] .

FFXVOC Xlsc
Pin

PCE = (1.6)

P,, in W/m?represents the incident power received by the solar cell.

1.7.5 The External Quantum Efficiency

External Quantum Efficiency (EQE), also known as Incident Photon to Current Efficiency
(IPCE) (Figure 1.10(b)), is a key parameter for evaluating the performance of photovoltaic
cells. It represents the fraction of incident photons converted into electrons collected by the
electrodes at a given wavelength. In other words, the EQE measures the efficiency with which

a cell converts incident light into electrical current.

This efficiency strongly depends on the wavelength, due to the specific absorption
properties of the active materials used in the cell. To determine the EQE, the cell is illuminated
with monochromatic light and the generated current is measured. Mathematically, the EQE at a
wavelength A can be expressed as the ratio of the spectral short-circuit current J..(4) and the

spectral incident power P;(4), according to the following equation 1.7 [7,35,36].

1240%J.(2)

EQE@) = Pi(DXA

(1.7)
Where:

(J.o)is in A/cm?, (P;) in W/cm?,and(A)in nm.


http://cells.it/
http://wavelength.in/
http://cell.to/
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Measuring EQE across the whole solar spectrum (like AM1.5) helps accurately predict

the maximum short-circuit current density of a solar cell, adding to what we learn from current-
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Figure 1.10: (a) J-V curves and characteristic parameters of a photovoltaic cell, (b) External Quantum

Efficiency [24,37].

voltage (J-V) curves. This parameter is therefore essential for comparing the performance of
different photovoltaic technologies.

1.8 The Architecture of an Organic Solar Cell

In general, there are two main architectures for organic solar cells (OSCs): the regular (or
conventional) structure and the inverted structure. The essential difference between these two

configurations lies in the order of the electrodes.

The regular (or conventional) structure of an organic solar cell, illustrated in Figure .11,
generally consists of five successive layers. First, a transparent anode made of indium tin oxide
(ITO) allows for the collection of holes. Next, a hole transport layer (HTL) facilitates the
injection of holes while blocking undesirable electrons. The active layer is made up of a uniform
blend of a polymer that gives away electrons and an acceptor, which is usually made from
fullerene or another type of n-type semiconductor. Then, an electron transport layer (ETL),
typically made of calcium or lithium fluoride (LiF), is used to adjust the energy levels and

optimize electron transport.
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Finally, a metal cathode with a low work function, such as aluminum or a

calcium/aluminum combination, effectively collects the generated electrons.

However, this structure has some drawbacks. For example, the PEDOT:PSS layer, often
used as the HTL, can corrode the ITO electrode. Moreover, the vertical phase separation is not
ideal: instead of the donor and acceptor materials distributing respectively towards the anode
and cathode, the donor, having a lower surface energy, migrates towards the surface, resulting

in an unfavorable distribution for a cathode located at the top of the structure.

Additionally, putting the cathode on top of the photoactive layer requires vacuum steps,

which makes it difficult to use fully solution-based methods for large-scale production.

To overcome these limitations and improve the stability of the devices, the inverted
structure was developed. In this configuration (i-OPV), the order of the layers is reversed, which
avoids vacuum steps and facilitates large-scale manufacturing entirely through solution

processing.

Inverted organic solar cells are particularly attractive due to their great stability, being
able to remain functional for several days even without encapsulation. This longer-lasting
performance is mainly because metal oxides (like zinc oxide or titanium oxide) are used as
layers between materials, which are better than organic layers because they have helpful

physical and chemical properties.

In addition to their better stability, inverted structures also offer greater flexibility and

increased photocurrent. However, how well these devices work still relies a lot on the material
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used for the ETL layer and how good its connection is with the active layer in a bulk

heterojunction (BHJ) structure [35,38,39].

(a) Conventional Structure (b) Inverted Structure

ITO ITO
Substrate Substrate

Figure I.1: (a) Conventional Structure, (b) Inverted Structure.

1.9 Structural conceptions of OSCs
1.9.1 Single layer

Single-layer organic photovoltaic cells represent the most basic architecture of OPV
devices. They consist of a single layer of organic semiconductor material (Figure 1.12), usually
a polymer, deposited between two electrodes. One electrode makes a good connection with the
active material, while the other creates a barrier that helps form an internal electric field, which
helps break apart excitons. In some cases, the donor and acceptor materials can be mixed within
the same layer, further simplifying the structure. Although this configuration allows for easy
and low-cost manufacturing, it generally suffers from low conversion efficiencies due to less
effective charge separation and limited absorption. Despite this, it remains a useful model for

the fundamental study of photoelectric phenomena in organic materials [40].

1.9.2 Planar Heterojunction

The planar heterojunction (PHJ) structure, also known as a bilayer junction, consists of
two stacked layers: one that donates electrons and another that accepts them (Figure 1.12),

creating a boundary where charge separation happens. When an exciton is generated in the
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donor layer by light absorption, it must reach this interface to dissociate into an electron and a

hole.

However, the short diffusion length of excitons (10-20 nm) limits the efficiency of this
dissociation, especially if the layers are too thick. Although increasing the thickness improves
light absorption, only a thin region near the interface actually contributes to photovoltaic
conversion, which leads to recombination losses. Thus, despite its simplicity of fabrication, the
PHI structure is often less efficient than other more interpenetrated architectures like the BHJ

[40-42].

1.9.3 Bulk Heterojunction

The bulk heterojunction (BHJ) structure is a big improvement over the planar junction
(PHJ) because it solves the problem of excitons not traveling very far. In this architecture, the
donor and acceptor materials are mixed in solution and then deposited together (Figure 1.12),

forming an interpenetrating network that maximizes the D/A interface surface.

This three-dimensional structure promotes efficient charge separation and reduces
recombination losses. Thanks to the constant proximity between the donor and acceptor

domains, excitons are more likely to reach an interface before recombining.

BHJ cells can rely on binary blends, but the evolution of materials and formulation
strategies has led to the emergence of ternary and even quaternary blends, combining multiple
donors and acceptors. These multi-component systems exhibit complementary absorption
spectra, allowing for better photon harvesting in the active layer while maintaining a relatively
simple manufacturing process. They also aim to improve energy compatibility, optimize charge

mobility, and widen the absorption window.

However, the performance of BHJ cells remains highly dependent on the manufacturing
conditions, particularly the D:A ratio, the solvents used, and post-deposition treatments such as
thermal annealing. Additionally, while the early BHJ cells used fullerene-type acceptors, their
narrow range of light absorption prompted the creation of non-fullerene acceptors (NFAs),

which make better use of sunlight and greatly enhance efficiency [40,43,44].
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1.9.4 Tandem

The limited range of light that single-junction organic photovoltaic (OPV) cells can
absorb and the energy lost as heat are some of their biggest drawbacks. To address this, tandem
solar cells (TSC) have been developed. These devices stack two or more sub-cells (Figure 1.12),
each with a different bandgap, allowing for a more extensive use of the solar spectrum. High-
energy photons are absorbed by the upper sub-cell with a wide bandgap, thereby reducing
thermalization losses, while lower-energy photons pass through this first layer to be captured
by a lower sub-cell with a narrow bandgap. Thus, each photon is optimally utilized according

to its energy, significantly improving the overall efficiency.

Each sub-cell integrates an absorbing material capable of generating excitons, as well as
transport materials to facilitate the separation and collection of charges. By using different light
and electrical properties in the same design, tandem cells perform better than traditional
structures while still being compatible with the low-cost production methods common in

organic photovoltaics (OPVs) [33,45.,46].

~ Single Layer Bilayer ‘ Bulk Heterojunction Tandem ‘
Top electrode [
Top device
Transparent Electrode Transparent Electrode o —

Active Layer
el

Figure 1.2: The architecture of organic photovoltaic cells [33].

1.10 Functional Classification of Materials Used in OSCs

In the field of organic solar cells, the choice of materials for each functional layer is crucial
for the performance and stability of the device. The materials used vary according to their

specific role: light absorption, charge transport, electron or hole extraction, or even
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encapsulation. Each of these materials has advantages that can be exploited according to the
needs of the application, but also limitations that should be taken into account during the design.
The following section summarizes these materials according to their function, specifying their

category and a few examples, as well as their main advantages and disadvantages.

e Active Layer

The active layer is the core of the organic solar cell, responsible for light absorption and
exciton generation. It typically consists of a blend of donor and acceptor materials. Common
donor polymers such as P3HT and PBDB-T are valued for their flexibility, low cost, and
compatibility with solution processing. However, they suffer from low charge mobility and
photodegradation. On the acceptor side, fullerene derivatives like PCBM offer good electron
mobility and chemical stability, yet they are expensive and have limited absorption across the
solar spectrum. Non-fullerene acceptors (NFAS), such as Y6 and ITIC, enable broader spectral
absorption and higher efficiency due to their tunable molecular structures. Nonetheless, they
often require complex synthesis processes and their long-term stability remains under

optimization.

e Electron Transport Layer (ETL)

The electron transport layer facilitates the extraction of electrons from the active layer to
the cathode while blocking holes. Metal oxides such as ZnO and TiO: provide efficient electron
extraction and excellent thermal stability. However, some require high-temperature processing
and may introduce surface defects. Organic materials like PFN and BPhen are low-cost and
compatible with low-temperature processing, although their long-term stability is limited. Small
molecules like BCP offer well-defined energy levels and good interfacial compatibility, but are
sensitive to oxygen and moisture. Conductive polymers such as PEIE are easily processed and
cost-effective, but are also vulnerable to degradation by air and moisture.
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e Hole Transport Layer (HTL)

The hole transport layer ensures efficient hole extraction to the anode and prevents
electron leakage. PEDOT:PSS is widely used due to its high conductivity and optical
transparency. However, its acidic and hygroscopic nature can corrode ITO and compromise
stability. Metal oxides such as MoOs and V:Os offer good hole injection and enhanced stability,
but typically require vacuum deposition. Small molecules like Spiro-OMeTAD provide high
efficiency and excellent hole mobility, though they are costly and their dopants are sensitive to
moisture. Inorganic compounds such as NiO and CuSCN offer high thermal and chemical
stability with potential for low-temperature processing, though their interfacial quality is
sometimes difficult to control.

e Cathode

The cathode collects the electrons extracted by the ETL. Low work function metals such
as Aluminum (Al) and Calcium (Ca) are commonly used due to their efficient electron
extraction capability. However, these materials are prone to oxidation and degradation when

exposed to air, which compromises device stability.
e Anode

The anode, usually made of a transparent conductive oxide like ITO or FTO, collects
holes and allows light to pass through the device. These materials offer high transparency and
electrical conductivity but are brittle (especially 1TO), costly, and not ideal for flexible device

applications.
I.11 Challenges of organic photovoltaics

To meet the industrial requirements of organic photovoltaics, it is essential to tackle a

fundamental technological triptych (Figure 1.13), composed of:

e Efficiency
e Stability
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e Manufacturing processes.

This triptych today represents one of the main challenges that organic solar cells (OSCs)
must face. This triptych today represents one of the main challenges that organic solar cells

(OSCs) must face.

Progress in each of these three areas is essential to enable the transition of OSCs from the

laboratory to viable and competitive commercialization[16,47].

anufacturing
Technology

Efficiency

Figure 1.3: Challenges of organic photovoltaics.

1.11.1 Stability of OSC

The issue of degradation and stability of organic solar cells (OSC) is particularly complex.
These two parameters are essential criteria for evaluating the performance and durability of
organic photovoltaic devices. Indeed, an efficient solar cell must not only exhibit good

efficiency but also maintain its performance over time, despite environmental conditions.

1.11.2 The Degradation of an Organic Solar

The degradation of an organic solar cell refers to the gradual deterioration of its
operational capacity. It is important to note that this deterioration does not always manifest as a
direct chemical modification of the material structures; it can also be related to physical or
morphological changes affecting the overall functioning of the device. To better understand and
control these phenomena, researchers have structured their studies around two main categories

of degradation:
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1.11.2.1 Chemical Degradation

Several cases of degradation were identified and illustrated in Figure 1.14.

e The diffusion of oxygen (O:) and water (H20) in organic photovoltaic devices:

The infiltration of these environmental elements leads to undesirable reactions with the active

materials, altering the performance of the cells.

e The photochemical and photo-oxidation effects of polymers:

Under the effect of light, particularly UV, polymers can degrade through oxidation, reducing

their effectiveness.

e The degradation caused by the preparation of the polymer:

Defects or impurities resulting from the synthesis or treatment of polymers can promote their

chemical instability.

e Photo-oxidation occurs between polymer materials and inorganic oxide-type
interfaces:

At the interfaces with layers like ZnO or TiO:, light induces oxidation reactions that deteriorate

performance.

e The chemical degradation of metallic electrodes:

Metals (like aluminum) react with oxygen or moisture, causing corrosion or loss of conductivity.

e The chemical degradation of the ITO (Indium Tin Oxide) electrode:

This transparent material can undergo chemical corrosion, particularly in a humid atmosphere,

affecting its transparency and conductivity.

The conductive polymer type PEDOT:PSS is responsible for the degradation of the interface

layer. This polymer is sensitive to moisture, which can lead to a decrease in performance or

reactions with nearby electrodes [16,48—50].
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Figure 1.4: Schematic illustration of chemical degradation.
1.11.2.2 Physical and Mechanical Degradation

Several instances of physical and mechanical degradation have also been described:

e The thermal effects on controlling the morphology of the photoactive layer:

Heat can cause a reorganization of the materials in the active layer, reducing the efficiency of

charge transport.

e The role of UV light in the morphological stability of the photoactive layer:

UV light can destabilize the internal structure of the active layer by altering the arrangement of

the polymeric domains.

e The degradation caused by mechanical stresses applied to the organic device in the case

of using a flexible substrate:

Bending, stretching, or compressing can cause cracks or delamination, affecting the integrity

and performance of the device [1,16,48-50].
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1.11.3 Efficiency

Among the main challenges related to organic solar cells (OSC), conversion efficiency is
a major issue. Over time, numerous research efforts have been made to improve this
performance. The first planar cells displayed modest efficiencies, in the range of 2 to 5%,
although some optimizations allowed them to approach 8 to 9% under laboratory conditions.
The introduction of the bulk heterojunction (BHJ) idea was a major improvement, raising the
efficiency to 16% on small areas under standard testing conditions (AM1.5G).

Subsequently, the use of ternary and quaternary blends combining several types of donors
and acceptors allowed for better management of light and charge transport, achieving
efficiencies around 18 to 19% in experimental devices. More recently, developing tandem
structures by stacking two complementary organic cells has allowed surpassing the 20%
efficiency mark in the laboratory, marking a turning point in the evolution of OSCs.
Thus, the efficiency targets set for organic photovoltaic cells now seem to be on track for

achievement, particularly within the timeframe envisioned by the scientific community.

1.11.4 Manufacturing Techniques

Manufacturing techniques represent a major challenge in the development of organic solar
cells (OSCs), still hindering their full commercialization. Although these devices offer
numerous advantages, such as mechanical flexibility, lightweight, and low-cost manufacturing
potential, their market deployment remains limited by the complexity and sensitivity of the
manufacturing processes. The performance and stability of OSCs are closely dependent on
mastering several critical steps, including material deposition, device architecture design, and

encapsulation.
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In particular, the quality of the deposited layers is essential: they must be continuous,
uniform, defect-free, and have a precisely controlled thickness. Techniques such as spin-coating,
blade coating, or roll-to-roll printing have been explored to meet these requirements, but they
still have limitations in terms of reproducibility, large-scale yield, and durability. To enable
large-scale commercial adoption of OSCs, it is essential to overcome these technical obstacles
and develop more robust, stable, and industrially compatible manufacturing processes [17,51].

Table 1.1 and Figure 1.15 summarizes the manufacturing technique of OSCs.
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Table I.1: Methods for Depositing Active Layers and Transport in Organic Devices:

Advantages, Disadvantages, and Efficiency.

Method Type Description Advantages Drawbacks PCE
- Solution Simple, fast, low High material Up to
pin : :
Batch deposited on a material waste, not 19%
Coating ' '
rotating substrate consumption scalable [52,53]
Film deposited High speed (up to )
Bar ] . ] Less precise than
Roll-to-roll | using a stainless | 600 m/min), good _ 9.32%
Coating ) . other techniques
steel rod chemical resistance
Sensitive to
) . external Up to
Blade Film spread with | Good film control,
Roll-to-roll o parameters, may | 16.35%
Coating a doctor blade | scalable fabrication _ -
require additional [54,55]
steps
- . Low material
Deposition via a 15.6%
Slot-die . ) waste, good More complex
Roll-to-roll | coating head with ] 17.2%
Coating ) homogeneity, low system
internal channel o [56,57]
contamination
Controlled drop- Sensitive to ink
Inkjet Functional on-demand or | High precision, low | viscosity, satellite | 13.09%
Printing printing continuous inkjet | ink consumption | droplet formation [58]
deposition possible
Ink pushed _ )
) Suitable for non- | Less suitable for | Used for
Screen | Functional | through a mesh _ )
o active layers, stable active layers, transport
Printing printing (flat or rotary o o
process limited precision layers
screen)

I.12 Organic Photovoltaic in Embedded System

An embedded system is an autonomous electronic device, generally designed to perform

a specific task, integrating a microcontroller, sensors, actuators, and often communication

modules. These systems are essential in various fields such as the Internet of Things (IoT),

environmental monitoring, or wearable devices [59,60].
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In this context, organic photovoltaic (OPV) technology represents a promising solution
for the energy supply of these systems, thanks to its advantages in terms of flexibility, lightness,
and reduced cost. Several studies have explored the integration of OPV into embedded systems.
For example, Izidoro et al. presented a systematic review on OPV devices combined with
electronic protection systems, highlighting the technical challenges related to stability and
integration [61]. On their part, da Silva et al. developed an OPV self-powered system capable
of harvesting ambient indoor light energy, thereby demonstrating the feasibility of such
applications in low-light environments [59]. Finally, Dolara et al. proposed an embedded test
bench for the real-time evaluation of OPV modules, highlighting the importance of integrated

monitoring to optimize energy efficiency [62].

Although the performance of OPVs is still inferior to that of inorganic cells, they already
allow for the efficient powering of low-consumption components such as microcontrollers,
sensors, and wireless modules. By possibly adding a way to store energy (like a battery or
supercapacitor), these devices can work on their own, leading to eco-friendly, smart, and self-

sufficient electronic systems.

1.13 Conclusion

This chapter has provided an overview of the fundamentals of photovoltaic energy, with
a focus on organic cells, their architectures, materials, performances, and challenges. Their
integration into embedded systems opens up intriguing prospects for flexible and sustainable

applications.
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II.1 Introduction

n the context of advanced research in electronics and renewable energy, numerical
simulation methods and machine learning (ML) techniques play a central role in the
analysis, optimization, and prediction of device performance. The simulation of
devices, using specialized software such as SCAPS-1D, allows for the precise modelling of
solar cell behavior by solving fundamental physical equations while reducing the need for costly

and time-consuming experiments.

At the same time, machine learning adds a new dimension to the analysis of data from
these simulations, facilitating the extraction of complex trends and the prediction of
performance from large datasets. This chapter explores the main computational approaches used
for the simulation of photovoltaic devices, as well as the integration of machine learning models
to improve the design and efficiency of solar cells, particularly in the case of organic materials.

I1.2 Digital Tools Used
The integration of SCAPS-1D and machine learning through Google Colab is a potent

and novel strategy in the field of organic solar cell research. The University of Ghent created
SCAPS-1D, a one-dimensional simulation program that solves the continuity equation of charge
carriers and the Poisson equation of semiconductors, enabling accurate modelling of
photovoltaic device performance. It has become a vital tool for the study of thin-film solar cells
because of its capacity to simulate a variety of materials, including organic materials like
MEH-PPV:PCBM [1].

At the same time, Google Colab, a cloud-based Jupyter notebook environment, facilitates
the development and execution of machine learning models, thanks to the integration of popular
Python libraries such as TensorFlow, scikit-learn, and PyTorch, as well as free access to GPUs.
By combining simulation data obtained via SCAPS-1D with machine learning algorithms
executed on Google Colab, it is possible to optimize the design parameters of organic solar
cells, predict their performance, and accelerate the development process of new photovoltaic

materials.
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P python

Figure II. 1:Digital tools used for simulation.

I1.3 Integrated Models
11.3.1 The Effective Medium Theory (EMT)

To model the physical processes in active layers composed of donor/acceptor blends, the
effective medium theory (EMT) is often used. This approach considers the heterogeneous
mixture as a homogeneous layer with average properties derived from the local characteristics
of the individual components (mobility, electron affinity, bandgap, etc.) as well as the
microstructure of the material. It allows for a significant simplification of the resolution of
carrier transport equations by replacing a complex three-dimensional model where interfaces
between domains on the order of ~10 nm must be taken into account with a one-dimensional
model that is more easily numerically manageable at the device scale (~200 nm). This
simplification accelerates the simulations while maintaining an accurate description of the

overall behavior of the device.

In this case, the energy gap between the acceptor's LUMO and the donor's HOMO is seen
as the effective bandgap (Eg) of the semiconductor, which is an important factor for
understanding the material's optoelectronic properties. The transport of electrons and holes in

the semiconductor, under operating conditions, is schematically illustrated in Figure I1.2 [2,3].

However, these methods are often made up on the spot and don't always connect the
effective parameters used to the real shape of the microstructure, nor do they accurately show

certain specific areas like the layers rich in donors or acceptors that overlap. Even with these
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drawbacks, the effective medium model is still a useful method for studying and improving how

well OSCs made from bulk heterojunctions work.

Donor LUMO .

PR

Acceptor LUMO

Donor HOMO /

O
Acceptor HOMO |
»>

0 L

Figure II. 2: Effective Bandgap and Charge Transport in Donor—Acceptor Semiconductors [4].

11.3.2 Drift-Diffusion Model

The drift-diffusion model is a basic and commonly used method for understanding how
charge carriers (electrons and holes) move in semiconductor devices, especially in organic solar

cells.

This model relies on two complementary mechanisms: drift, caused by the action of an
electric field that drives the carriers in a given direction, and diffusion, which results from the
concentration gradient of the carriers, causing them to move from areas of high concentration

to areas of low concentration. The model relies on two types of equations:

111.3.2.1 Transport Equations

The transport equations (I1.1, IL.2), describe the current densities associated with drift and

diffusion.

]_n) =qD,Vn — qu,nVo (IL1)
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Where:

ﬁ»E are the current densities of electrons and holes, q is the elementary charge, n, p are the
concentrations of electrons and holes, ¢ electric potential, D,,, D,, are the diffusion coefficients
of electrons and holes and u,,, i, are the mobilities of electrons and holes, given by the Einstein

relation (equation I1.3):
D=p— (1.3)
where kg is the Boltzmann constant and T is the temperature.

111.3.2.2 The Continuity Equations

The continuity equations (IL.4, IL.5), which ensure charge conservation by taking into

account the phenomena of generation, recombination, and current flow.

am 1. —
a_‘t‘ = av.]n_|_ G, - R, (11.4)
op 1 -

o=V It G —Ry (IL5)

Where:

G, , G, electron and hole generation rates (for example, due to light absorption), Ry, R,, are the

recombination rates of electrons and holes, V - J, , V -E divergence of the current, representing

local losses or accumulations.

These equations are generally coupled with the Poisson equation (II.6) to determine the

electric field:

V- (V) = —q(p —n + Nj — Ny) (IL6)

where:

€ is the permittivity of the material, N3, , N donor and acceptor doping densities.
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The whole set of equations enables an accurate simulation of how photovoltaic devices

behave with light, especially in how they separate and move the carriers created by the light.

11.3.3 Recombination Mechanism

111.3.3.1 Langevin Recombination

The Langevin recombination is a fundamental theoretical model that describes the
bimolecular recombination of charge carriers (electrons and holes) in semiconductors,

particularly in low-mobility materials such as disordered organic semiconductors.

In these materials, charge carriers move via localized hopping, and the recombination

probability strongly depends on their mobility.

This model is based on the Coulomb interaction between an electron and a hole, when
they are within a distance less than a certain critical capture radius (equation 11.7), they can
recombine. The recombination rate is then not limited by the recombination process itself but
by the speed at which the carriers meet, which directly depends on their respective mobilities.

2

rp=——— (11.7)

- 4-1'[808rkBT

Recombination according to Langevin is a nongeminate process, following second-order

kinetics, and the recombination rate is given by the expression 11.8:

R = k(pn —n?) (11.8)

where n and p are the electron and hole densities, n? is the intrinsic carrier density, and k is the

Langevin recombination coefficient, defined by equation I1.9:

K = dWntty) (11.9)

E0&r

q is the elementary charge, u,, , u, are the mobilities of electrons and holes, & is the vacuum
permittivity and &, is the relative permittivity of the material.
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111.3.3.2 Shockley-Read-Hall (SRH) recombination

Shockley-Read-Hall (SRH) recombination is a non-radiative mechanism that primarily
occurs in disordered materials such as organic semiconductors, where numerous trap states exist
within the energy gap. Originally proposed by Shockley, Read, and Hall, this model assumes
that crystal defects, or impurities, introduce localized energy levels between the valence band
(VB) and the conduction band (CB)[5-7].

The process occurs in two steps: an electron from the conduction band is first captured by
a trap level, then a hole from the valence band recombines with this trapped electron. This type
of recombination strongly depends on the density of the traps, their energetic position in the

gap, and the material's manufacturing technology [5-7].

Generally, two types of traps are distinguished: shallow traps, close to the conduction or
valence bands and likely to quickly release carriers, and deep traps, located closer to the center

of the gap, which play a central role in recombination mechanisms (Figure 11.3) [8].

In organic materials, SRH recombination centers are often assumed to be located between
the HOMO and LUMO levels. The SRH recombination rate is generally modelled by the
equation 11.10:

2

Ry = e B (11.10)

Et—Erymo Egomo—Et
Tp n+Niymoe kT +tn| P+Ngomoe kT

n,p are electron and hole concentration, n? is the intrinsic carrier concentration
T, , Ty are lifetime of holes and electrons, E, is trap level energy and Nyymo, Nuomo are

density of states in the LUMO region and HOMO region respectively

Equations (II.11) and (I1.12) provide key insights into how the density of defects affects both
the carrier lifetime (t) and diffusion length (L ), thereby playing a central role in determining

device efficiency

T Tp (11.11)

onVnN¢
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L= u%-‘t (11.12)

This mechanism plays a crucial role in the performance of organic devices, especially

under low injection conditions or when defects are abundant.

Energy
A Conduction
Band
AT 3 Trapping level for
A Electrons
Eg -
Traping leve of
shallow traps holes
Y
Valence Band
>
Density

Figure II. 3: Shallow and Deep Trap States [8].

11.3.4 Gaussian disorder model

Mobility (p) is an essential parameter that determines the speed at which charge carriers
(electrons or holes) move under the influence of an electric field in a material. In the Gaussian
disorder model (GDM), the mobility is affected by the energy disorder of the material, which

comes from defects in its structure [9,10].

In this model, charge transport occurs through intermolecular hops between localized
energy sites, which are represented by specific energy levels within the material. This energy
distribution is expressed by the density of states N(E), which follows a Gaussian law (equation
11.13).

N(E) = N, exp (— (E;:;’)Z) (11.13)
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Where N; is the total density of molecules, and & represents the variance of the distribution,
measuring the extent of the disorder. In this context, charge transport is characterized by a Poole-
Frenkel-type mobility, which varies exponentially with the intensity of the disorder, according

to the relation 11.14.

L= o exp (—k%) (11.14)

Where p, is the mobility at low disorder, kg is the Boltzmann constant, and T is the
temperature. Thus, energetic disorder plays a central role in the mobility of charge carriers,

directly affecting the efficiency of transport and the electronic properties of the material
I1.4 From Simulation to Prediction

Nowadays, machine learning (ML) has become an indispensable tool in many scientific
fields, particularly in the energy sector and advanced materials. Thanks to its ability to exploit
large datasets and establish nonlinear relationships between parameters, it allows for accelerated
predictions, reduced computational costs, and sometimes even avoids the need for traditional

physical modeling methods.

In this study, the SCAPS-1D simulator is used as a numerical simulation tool to model
the behavior of organic solar cells. It plays a fundamental role in understanding the physical
mechanisms (charge transport, recombination, potential profile, etc.) and in optimizing the

device's performance through parametric exploration.

However, the approach exclusively based on simulation can be limited in terms of speed
and exploration of large design spaces. It is in this context that the integration of machine

learning makes perfect sense. By using the data created by SCAPS-1D, we can train predictive

models that can quickly estimate how well devices will perform, suggest the best setups,

and find complex patterns that analytical modeling might miss (Figure 11.4).
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Figure I1. 4: Fundamentals and Implementation of Supervised Machine Learning.

11.4.1 Supervised Machine Learning

Supervised machine learning is an approach in which an algorithm learns from labeled
training data, that is, data for which the expected outcomes are already known. The objective is
to enable the model to establish a relationship between inputs and outputs so that it can predict

results for new, unseen data [11,12].

This process is comparable to teacher-guided learning, where the model is gradually
corrected until it can correctly generalize the responses. Used in many fields, including the
prediction of photovoltaic device performance, supervised machine learning allows for the
transformation of raw data into actionable information, paving the way for powerful predictive

analyses.

Several supervised learning methods exist, and we will detail them in the following

sections.

111.4.1.1 Linear Regression

Linear regression is one of the most fundamental and widely used algorithms in statistics
and machine learning. It allows for the identification of linear relationships between a dependent
variable and one or more independent variables (Figure 11.5). We mainly distinguish between
two types of linear regression: simple linear regression and multiple linear regression (MLR)

[12-14].
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These methods are often used to build predictive models by evaluating the impact of
different input variables. In this context, linear regression can be considered a conceptual
foundation for more complex models, such as neural networks, where the weights associated
with the inputs represent the relative influence of each variable [12-14].

The general equation of multiple linear regression is written as follows (equation 11.15):
Yy = Bo + B1x1 + BoXxz + -+ Bpxy + € (11.15)

where y is the dependent variable, x4, X5, ...,X, are the independent variables, B, is the

intercept (or bias), B4, ..., Bn are the coefficients of the variables, and ¢ is the random error.

Principle of Linear Regression

251
X Real data (samples) % X
- Regression line (prediction) %

20
S
A,

215}
©
>
4
[
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5 -

0 2 4 6 8 10
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Figure II. 5: Mathematical Foundations of Linear Regression [15].

111.4.1.2 Desision Tree

The decision tree (DT) is an essential technology in machine learning, widely used in
various fields for classification and regression tasks. It is a predictive model structured in the
form of a tree, composed of nodes, branches, and leaves. Each node represents a characteristic
(or attribute) of an example to be classified, each branch corresponds to a possible value of that

characteristic, and each leaf indicates a decision or an output class (Figure 11.6). The algorithm
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sorts the instances starting from the root node, directing them through the branches according

to the attribute values until reaching a leaf [12—14].

Decision trees can be built quickly, making them an effective tool for processing large
amounts of data. A commonly used equation in the construction of a decision tree is that of

entropy, which measures the degree of impurity of a dataset (equation 11.16):

Entropie(S) = — Xi. p; log.(p)) (11.16)

where § is the dataset, p; is the proportion of elements belonging to class i, and n is the total number
of classes.

This measure allows for selecting the attribute that provides the best separation between

classes, by maximizing the information gain at each split of the tree.

Decision Node _——)»Root Node

------ e

Sub-Tree

(
|
: Decision Node | Decision Node
| | | |
: Leaf Node Leaf Node | Leaf Node Decision Node
RS T AL A T e ) |
Leaf Node Leaf Node

Figure I1. 6: Decision Tree Architecture [16].
111.4.1.3 Random Forest

Random Forest is an ensemble machine learning algorithm that combines the results of
several decision trees to produce a robust and accurate classifier. The fundamental principle
relies on the construction of multiple decision trees, each being independently trained on a

random sample of the training dataset (bootstrap method) and randomly selecting a subset of
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features at each node split (Figure 11.7). This double introduction of randomness in the data

and the attributes helps reduce overfitting and improve the model's generalization.

During the prediction phase, Random Forest aggregates the results of individual trees by

majority vote for classification tasks or by averaging for regression tasks [17].

This approach allows for transforming a set of weak models (decision trees) into a strong

learner, capable of providing reliable results even on complex or noisy data.

Dataset
| B B
Decision Tree-1 Decision Tree-2 Decision Tree-N
| ! !
Result-1 Result-2 Result-N
|
“————{ Majority Voting / Averaging |+
v
Final Result

Figure II. 7: Random Forest Architecture [18].

111.4.1.4 Extreme Gradient Boosting

XGBoost (Extreme Gradient Boosting) is a machine learning algorithm based on the
principle of gradient boosting, an ensemble technique that combines several weak learners,
typically decision trees, to form a powerful predictive model (Figure 11.8). Unlike other
methods, XGBoost builds its trees sequentially, with each tree learning to correct the errors
(or residuals) of the previous trees. The trees used are often shallow to limit overfitting and
ensure that each iteration focuses on the marginal improvement of predictions. The architecture
of XGBoost is designed to be efficient, scalable, and robust, making it particularly effective on

large datasets or in competitive environments like Kaggle competitions [19,20].
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Thanks to its ability to model complex relationships while maintaining excellent
generalization, XGBoost has become one of the most popular algorithms for classification,

regression, and other predictive analysis applications.

Data Set Sample of the data

residual

residual residual

Construction of

decision-trees

Prediction Prediction Prediction

W, W, LW,
Summation

Final Output

Final Results

Figure I1. 8: XGBoost Architecture [18].
111.4.1.5 K-Nearest Neighbors (KNN)

K-Nearest Neighbors (KNN) is a non-parametric and intuitive machine learning
algorithm, widely used for classification and regression tasks. In the case of KNN regression,
the principle is based on the idea that instances close in the feature space have similar target
values. Thus, to predict the value of an unknown data point, the algorithm identifies its k nearest
neighbors in the training set, using a distance measure, usually the Euclidean distance (Figure
I1.9). The average (or weighted average) of the neighbors' target values is used to make the

prediction [21,22].

This model does not rely on any prior assumptions regarding the distribution of the data

or the functional form between the variables, making it particularly suitable for complex or
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nonlinear relationships. the prediction for a new point xxx is calculated as follows (equation

11.17):
~ 1
y =2y (IL.17)

where y; (x) represents the target value of the i-th nearest neighbor of (x) .This simple yet

powerful mechanism allows KNN to adapt efficiently to a wide variety of problems.

Q X o >

A

\ Category B \ Category B

Mew data point MNew data point

K-NMN assigned to
Category 1

Category A ) Category A )

Figure II. 9: KNN Algorithm Workflow [23].

1.5.2 VValidation Process

The evaluation of supervised learning models relies on several metrics that measure the
accuracy and quality of predictions. Among the most commonly used indicators for regression
problems are the mean absolute error (MAE), root mean square error (RMSE), mean absolute
percentage error (MAPE), and the coefficient of determination (R?). These metrics respectively
quantify the average error between actual and predicted values, the dispersion of errors, and the
proportion of variance explained by the model. The RMSE helps to assess how big the
prediction errors are on average, while the R2 coefficient, which goes from 0 to 1, shows how
well the model can explain the differences in the data, with a value near 1 meaning it fits well
[24-27].



CHAPTER I11: Computational Methods for Device Simulation and ML Predictions Page |55

To make sure the evaluation is strong, techniques like k-fold cross-validation are
commonly used, which help accurately assess how well the model performs on new data. These
measures thus provide a comprehensive framework for analyzing and improving the quality of

predictive models.

MSE = |34 (x =~ y)? (11.18)
RMSE = +MSE (11.19)
RZ=1- V“:rs(‘i) (11.20)

MAE = % ?=1|Yreal,i - Ypred,il (11.21)

Yreal 1S the ground truth, what we want to predict, and y,.q is What the model calculates or

estimates.
I1.5 Conclusion

The combination of numerical simulations and machine learning constitutes an effective
approach for optimizing photovoltaic devices. SCAPS-1D allows for precise modelling of solar
cell behavior, while ML facilitates analysis and prediction of performance. Together, these tools

accelerate the design of more efficient cells, particularly in the field of organic materials.
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II1.1 Introduction

hird-generation organic solar cells (OSC) are garnering increasing interest due
to the emergence of new materials such as polymers and the introduction of
advanced architectures like tandem cells. The latter help to get around the limits
of single-junction cells by using the solar spectrum more effectively, thanks to two different
active layers: an upper cell that absorbs short-wavelength light and a lower cell that captures
longer-wavelength light. Among the different configurations of OSCs, all-polymer solar cells
(all-PSCs), which use conjugated polymers as donors (p-type) and acceptors (n-type), stand out
for their morphological stability, mechanical flexibility, and compatibility with large-scale and

low-cost manufacturing processes [1-5].

Since 2017, the conversion efficiency of all-PSCs has increased from less than 10% to
around 17%, but challenges remain, notably a relatively low current density and significant
energy losses [3,6]. To address this, combining the advantages of fully polymeric devices with

a tandem architecture appears to be a promising strategy to improve overall performance.

In this chapter, two distinct strategies have been proposed to evaluate and improve the
performance of the devices. The first optimization focused on the top sub-cell, where adjusting
the thickness of the active layer and the defect concentration led to significant efficiency gains.
The second optimization focused on interfacial engineering by replacing the electron transport
layers (ETLs) in both sub-cells.

111.2 Structural Configuration of The Studied Device
111.2.1 Selection of The Constituent Materials of The Device

The active layer is the essential element of an organic photovoltaic device, as it is at this
level that light absorption, generation of electron-hole pairs, and their separation and transport
occur. To ensure a high energy conversion efficiency, it is therefore crucial to carefully select
the materials that compose it. However, the selection of appropriate active materials remains
one of the main challenges in the development of organic solar cells, particularly in tandem

structures.
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In our study, we opted for a tandem architecture using PM6:PY-IT as the active layer of
the bottom cell and PM7:PIDT for the top cell due to their spectral complementarity and
excellent photovoltaic properties (Figure 111.1). The PM6:PY-IT system utilizes a narrow
bandgap PSMA acceptor (~1.4 eV), allowing it to efficiently absorb in the near-infrared region
and generate a high current. On its part, the PM7:PIDT pair covers the visible part of the
spectrum, ensuring efficient absorption in the short wavelengths. Moreover, due to their
polymerized nature, PSMA-based active layers, such as PM7:PIDT, exhibit strong thermal
stability, which is a significant advantage during the fabrication of tandem devices, often

subjected to successive thermal treatments [7—11].

Figure III. 1: Representative Donor—Acceptor Pairs Investigated in This Work [12].
111.2.2 Description of the Two-Terminal Tandem Cell

In the current study, a tandem all-polymer solar cell was designed depict in Figure 111.2,
composed of two vertically stacked sub-cells top and bottom each consisting of a hole transport
layer (HTL), an active layer, and an electron transport layer (ETL). The bottom sub-cell
integrates PEDOT:PSS, PM6:PY-IT, and PDINN, while the top sub-cell uses PEDOT:PSS,
PMT7:PIDT, and C60 as HTL, active layer, and ETL, respectively. The materials were selected
based on their favorable optical and electronic properties, including suitable energy bandgaps,

well-aligned electron affinities, balanced carrier mobilities, and low defect densities.
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The tandem sub-cells are connected in series and separated by an intermediate layer (ICL),
which can be either a thin metal film or a transparent conductive oxide. This interlayer plays a
crucial role in optimizing light absorption and energy conversion, with each photoactive layer

tailored to harvest a different portion of the solar spectrum [13—15].

These properties are summarized in Table I11.1. The intrinsic nature of the active layers
and the doping of the transport layers aim to facilitate efficient charge extraction and reduce

recombination losses.

The tandem solar cell architecture was simulated using the SCAPS-1D software, which
has been described in detail in the previous chapter. As SCAPS-1D does not natively support
tandem structures, the two sub-cells were simulated separately, an established and widely
accepted methodology for analyzing tandem solar cell performance. The top sub-cell was
modeled under standard AM1.5G illumination, while the bottom sub-cell was exposed to a

modified spectrum that takes into account the optical transmission of the top cell.

This filtered spectrum was derived using an optical transmission filter calculated

according to equations (111.1) and (111.2), as described in previous literature [16].
S(Q) = So(Q) - Yexp(—apgpor:pssdpepor:pss) * €XP(—py7.piprdpy7:pipr) * €XP(—ceodcen) (ITL.1)

«(E) =A-/hv—Eg (111.2)

Where:  s) (W.m2nm™!) represents the transmitted light spectrum,
So(A) (W.m 2.nm™?) the incident light spectrum,  (m™) the absorption coefficient of each layer,

and d (m) its corresponding thickness.

A is a material-dependent constant, hv (eV) is the photon energy, and Eg (eV) is the

optical bandgap of the material.
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Table III. 1:Simulation Input Parameters.

Bottom Cell.

Lower Cell [17]

Upper Cell [18]

Parameters - -
HTL Active | ey HTL Active ETL
Layer Layer
Materials PEDOT :PSS PM?_;_PY_ PDINN | PEDOT:PSS | PM7:PIDT C60
Thickness(pum) 0.03 0.120 0.03 0.03 0.110 0.03
E, (eV) 1.6 1.45 2.24 1.6 1.76 1.7
% (eV) 3.4 3.77 3.78 3.6 3.74 43
€ (relative) 3 3 5 3 3 10
Nc (cm™) 2.2x1018 1x10% 1x10% 1x10% 1x102 2x1018
Ny (cm™) 1.8x10" 1x10% 1x10% 1x10% 1x10% 1.8x10"
pe (cM2/V/s) 4.5x10" 1.97x10°% | 2x10° 4.5%10* 2.89x10* | 1x10!
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i (CcmM?/Vs) 9.9x10° 1.97x10* 1x10°2 9.9x10°° 2.89x10 1x1071
Na (cm™) 1x10% 0 0 9x10% 0 0
Np (em™) 0 0 1x102 0 0 1x102
Nt (cm™3) 1x1013 0 1x101 1x1013 0 1x101

Defect Type Neutral Neutral Neutral Neutral Neutral Neutral
Electron

capture cross- 1x107* 1x107" 1x107" 1x107" 1x107" 1x107"

section (cm?)

Hole capture

cross-section 1x10-1° 110 | 1x107 1x10% 1x10% | 1x10
(cm?)
Emerrggy Ve 0.6 0.6 0.6 0.6 0.6 0.6

above Ev (eV)

Concentration

1x101 1x10u 1x10 1x10° 1x10 1x10%°
(No) (em™)

I11.3 Results And Discussion

111.3.1 J-V characteristics Before optimization

The performance of the tandem cell was evaluated and compared to experimental and

simulated results from the literature to validate the robustness of our model.

The current-voltage (J-V) characteristics of the different structures are presented in
Figure 111.3(a) Before optimization, the lower cell achieved a power conversion efficiency
(PCE) of 16.63%, with a short-circuit current density (Jsc) of 22.55 mA/cm?, an open-circuit
voltage (Voc) of 0.9242 V, and a fill factor (FF) of 79.78%. These results are in excellent
agreement with the performances reported in the literature, both experimental (~16%) and
simulated (~16.5%). The top cell showed an efficiency of 10.08%, consistent with previously
published values (~10.1%). The tandem cell achieved an overall efficiency of 17.2%, with an
open-circuit voltage of 1.91 V and a fill factor of 75.8%, demonstrating good spectral

complementarity between the two sub-cells.

These results validate the relevance of the proposed model and confirm its excellent

alignment with the experimental data.
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Figure 111.3(b) illustrates the external quantum efficiency (EQE) of the upper and lower
sub-cells as a function of wavelength. The upper cell shows a high response in the short
wavelength region (approximately 300 to 750 nm), while the lower cell maintains significant
efficiency up to 1200 nm. This complementary spectral distribution allows for better utilization
of solar energy, with each sub-cell efficiently absorbing a specific part of the spectrum. The two
sub-cells achieve EQE values close to 65%, contributing to the overall improvement in the

efficiency of the tandem cell.
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Figure I11.3: (a) Pre-Optimization Electrical Characteristics, (b) EQE of Sub-cells.

Tables 111.2 summarize the key photovoltaic parameters (Jsc, Voc, FF, PCE) of the upper and
lower sub-cells as well as the tandem cell and compare them to the results reported in the

literature before optimization.
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Table III. 2:Pre-Optimization Performance Comparison of Tandem and Sub-Cells with

Previous Studies.

PV
Parameters Jsc (MA/cm?) | Voc (V) FF (%) PCE (%) Tools References
22.55 0.9242 79.78 16.63 SCAPS-1D This work
Bottom 0.94+ .

Sub-cell 23.2+ 0.6 0.01 72.7+1.5 16.0+ 0.4 | Experimental [12]

23.33 0.949 74.58 16.50 TCAD [17]

14+0.3 1.1+0.01 65.3+1.5 10.1+£1.04 | Experimental [12]

To'zeS"“b' 13.76 1.10 66.76 10.110 TCAD [17]
11.47 1.17 75.44 10.20 SCAPS-1D This work

Tandem 11.5+0.2 2+0.01 75.0+1.2 17.610.2 Experimental [12]
Cell 11.9 1.91 75.8 17.2 SCAPS-1D | This work

111.3.2 Band Diagram

To optimize the efficient movement of photogenerated charge carriers to their respective
electrodes in organic solar cells, it is essential to precisely align the energy bands at the device
interfaces. The fundamental performances of these cells, such as the short-circuit current (Jsc)

and the open-circuit voltage (Voc), heavily depend on this energy alignment [19].

The description of the conduction band offsets (CBO) and valence band offsets (VBO)
can be done using Anderson's rule (equation 111.3 and 111.4), which allows calculating these
offsets with respect to the electron affinities (X) and energy gaps (Eg) of the different layers of

the device, as follows:

CBO = (XActive layer — XETL) (I1L1.3)
VBO = (Xuri — Xactive tayer ) + (E8ur1. — E8active 1ayer ) (I11.4)
These equations translate the energy barriers that charge carriers must overcome and thus

explain how the alignment of energy bands conditions the optimal transport of charges, directly

impacting the key performance parameters of organic solar cells [20].
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Figure 111.4(a) illustrates the band diagrams for the two sub-cells .In the upper cell, the
active layer is situated between an HTL in PEDOT:PSS and an ETL in C60. At the interface
between the absorber and the ETL (C60), a conduction band offset (CBO) of -0.56 eV is
observed. This negative CBO forms a cliff-type interface, which is unfavorable for electron
transport as it promotes their recombination, leading to a decrease in performance. On the
valence side, the VBO between the HTL (PEDOT:PSS) and the active layer is -0.3 eV, also
forming a cliff -type interface for holes, which can hinder their efficient extraction.

In contrast, the lower cell shows a more favorable alignment (Figure I111.4(b)).
The CBO between the absorber and the ETL is +0.03 eV, forming a slight "spike," considered
acceptable to limit recombination without blocking electronic transport. The VBO at the
HTL/absorber interface is -0.22 eV, representing a moderate cliff interface. Moreover, the CBO
between the HTL (PEDOT:PSS) and the absorber is very low (-0.01 eV), indicating a favorable

alignment for the passage of electrons.

In summary, the lower cell benefits from a better overall energy alignment, reducing
recombination losses and promoting more efficient charge transport, unlike the upper cell,

where cliff-type interfaces are more pronounced and unfavorable[21].
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Figure I11.4: Band Alignment Simulations for (a) Top and (b) Bottom Sub-cells.
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111.3.3 Role of HTL and ETL Matching in Enhancing Tandem Cell Efficiency

To better understand the optimal values of the conduction band offset (CBO) and valence

band offset (VBO) in this device, it is crucial to analyze the influence of the materials

constituting the electron transport layer (ETL) and the hole transport layer (HTL) on the overall

performance of the device [22].

The analysis of variations in ETL and HTL materials, both in the upper cell and the lower

cell of a tandem solar cell, highlights their decisive influence on the device's efficiency.

It is within this framework that simulations are conducted in this section to evaluate the

performance of different combinations of HTL and ETL layers in the tandem configuration.

The properties of these materials are presented in Table II1.3.

Table II1. 3:Electrical Parameters for Different ETLs and HTLs.

Layer ETLs HTLs

Parameters TiO, WS, ZnO PDINN Cul CuO P3HT GO
[23] [24] [25] [26] [27] [28] [29] [30]

E, (eV) 3.2 1.8 33 2.24 3.1 1.51 1.7 2.48
¥ (eV) 4 4 4 3.78 2.1 4.07 35 2.3

¢ (relative) 9 9 9 5 6.5 18.1 3 10
Nc (1.cm™) 1'(?1:1 2.4 x 10| 3.7x10"% | 1x10" | 2.8 x 10" | 2.2 x 10" | 2 x 10% 11'31:
Ny (1.cm™) 1'531);1 1.8 x 10" | 1.8 x 10 | 1 x10"™ | 1x10* | 55x10%* | 2x10% 2131:
pe (CM2Vs) | 20 100 100 | 2x10°| 100 100 113" 26
pn (cmVs) | 10 100 25 1x103 | 439 0.1 1'1%6,2’( 23
Na (cm) 0 0 0 0 1x10% | 1x10% | 1x10% 110’1‘8

Np (em™3) | 1x10™ | 1 x10® 1x10%® | 1x10%2 0 0 0 0
Nt (cm™) 1x10% | 1x 10" 1x10% | 1x10% | 1x10% 1 x10% | 1x10* 11())1(5
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The overall performance of a tandem cell strongly depends on the energy alignment at the
ETL/absorber and HTL/absorber interfaces, expressed by the conduction band offset (CBO)
and valence band offset (VBO). This is clearly illustrated in Figures I111.5 and 111.6, which

show how minimal energy offsets facilitate smoother carrier flow.

For the bottom cell, PDINN stands out with a nearly zero CBO (—0.01 eV), ensuring
excellent band alignment and optimal electron extraction. In contrast, materials such as ZnQO,

Ti0O2, and WS, with a CBO of —0.23 eV, introduce an energy barrier that limits performance.

This energetic advantage translates into higher open-circuit voltages and power
conversion efficiencies (PCE), exceeding 24% in some combinations, notably with Cul or P3HT
as HTL, which exhibit an almost zero VBO (—0.02 eV).

Conversely, more significant misalignments, such as those observed with GO (—0.44 eV)

or CuO (+0.36 eV), cause notable losses in Voc, fill factor, and thus overall efficiency.

The short-circuit current density remains generally stable around 11.6 to 11.8 mA/cm2,
with a peak at 13.2 mA/cm? for the Cul/WS. combination, owing to excellent alignment that
limits interfacial recombination. The FF often exceeds 80%, reflecting good charge transport,
although some anomalies remain, such as with the Cul/WS: pair (FF = 54.8%), indicating

interfacial issues despite a good theoretical VBO.
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Figure II1.5: Material Selection of ETL and HTL in Bottom Cell and Its Effect on Tandem

Photovoltaic Performance.

For the top cell, a similar trend is observed: PDINN provides a CBO of —0.04 eV,
significantly better than ZnO, TiO2, or WS2 (—0.26 eV), explaining the higher Voc and PCE
achieved with PDINN. Among HTLs, Cul, P3HT, and GO offer good band alignment, while
CuO, despite a slightly positive VBO (+0.08 eV), exhibits high FF values (>84%) but more

variable performance.
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Figure II1.6: Material Selection of ETL and HTL in Bottom Cell and Its Effect on Tandem

Photovoltaic Performance.

In summary, the highest efficiencies are consistently obtained when CBO and VBO values

are close to zero, ensuring efficient charge extraction and minimizing energy losses at the

interfaces. Thus, interfacial material engineering emerges as a crucial lever to optimize tandem

cell performance through precise control of band alignments and energetic compatibility

between functional layers [11].

111.3.4 Thickness and Defect Optimization in Tandem Sub-cells for Enhanced Efficiency

The presence of defects in the absorber layer plays a crucial role in the performance of

photovoltaic devices, as these defects act as recombination centers or traps, promoting electron-
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hole recombination. This phenomenon, explained by the Shockley-Read-Hall mechanism, leads
to a reduction in both the diffusion length and carrier lifetime, which in turn results in a decrease
in cell efficiency, as discussed in Section (11.3.3.2). Furthermore, the thickness and defect
density significantly influence the processes of charge generation, recombination, and transport

within the absorber layer, thereby impacting the overall performance of the device[31,32].

In this context, we studied the combined effect of absorber layer thickness and defect
density in both sub-cells (top and bottom) of a tandem solar cell, as shown in Figures I11.7 and
111.8, to assess their influence on the device’s overall performance. For the top cell, we analyzed
the impact of the absorber layer thickness by varying it from 80 nm to 200 nm while
simultaneously changing the defect density within a range from 10" to 10 cm™ and keeping
the structure of the bottom cell unchanged. The results reveal that an increase in thickness
initially enhances performance, particularly the short-circuit current density and the power
conversion efficiency, due to improved light absorption. This improvement is especially notable
at low defect densities (< 102 cm™®), with a maximum efficiency of 24.6% achieved at a
thickness of 200 nm.

In contrast, at high defect densities (> 10'* cm™), increasing the thickness leads to
performance degradation due to more significant non-radiative recombination, resulting in a

marked drop in the fill factor and open-circuit voltage, with efficiency falling to 13.1% [31].

Simultaneously, the combined effect of thickness and defect density was also evaluated
for the bottom sub-cell while keeping the top cell's structure constant. The results show that at
low defect densities (< 10" cm™®), increasing the thickness has a limited impact on performance,
with efficiency remaining stable around 19.3% and a slight increase in Voc. However, when the
defect density exceeds 1022 cm3, the performance of the tandem cell progressively deteriorates:
Voc decreases from 2.11 V to 1.73 V at a defect density of 104 cm™, accompanied by a
reduction in Jsc and a significant drop in FF (from 77.9% to 64.4%) [32].
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These results highlight the importance of jointly optimizing both the thickness and the
crystalline quality (low defect density) in the two sub-cells. A thicker absorber layer can
improve how well it captures light, but this benefit is reduced or can even be harmful if there
are too many defects, as it leads to more recombination. Therefore, a well-balanced compromise
between layer geometry and material purity is essential to achieve optimal performance in
tandem solar cells [31,33].
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Figure II1.7: Impact of Active Layer Thickness and Defect Density in the Top Sub-cell on
Tandem Cell Efficiency.
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111.3.5 Current-Voltage Performance Metrics

As mentioned at the beginning of this chapter, the aim of this study is to optimize the
tandem solar cell using two distinct strategies, both of which have demonstrated significant
performance improvements based on SCAPS-1D simulations. The current density—voltage (J—
V) characteristics corresponding to these two strategies are illustrated in Figures 111.9(a) and
11.9(b).
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The first strategy focused on optimizing the top cell by adjusting the active layer thickness
and defect concentration. The best performance was achieved with a 200 nm active layer and a
defect concentration of 10" cm™, resulting in a short-circuit current density of 15.1 mA/cm?,
an open-circuit voltage of 2.11 V, a fill factor of 76.7%, and a power conversion efficiency
(PCE) of 24.5%. These results clearly surpass those of the initial unoptimized device (Jsc = 11.9
mA/cm?, Voc = 1.91 V, FF = 75.8%, PCE = 17.2%) and also outperform several state-of-the-

art experimental values reported in the literature [12].

The second strategy involved replacing the electron transport layer (ETL) materials in
both sub-cells. Specifically, titanium dioxide (TiO2) was used in the bottom cell and PDINN in
the top cell. This configuration led to a Jsc of 11.769 mA/cm?, a Voc of 2.3359 V, an FF of
83.049%, and a PCE of 22.831%. Although this strategy resulted in a slightly lower current
density compared to the first, it exhibited significantly higher Voc and FF.
These improvements indicate a more efficient charge separation and extraction mechanism,

which enhances the overall device performance.

Beyond simple numerical gains, the improved device performance stems largely from
strategic engineering in the charge transport layers. The electron and hole transport layers (ETL
and HTL) facilitate directional charge extraction and play a crucial role in suppressing
recombination losses and aligning energy levels across interfaces [34].

In the top sub-cell, the use of PDINN a conjugated small molecule with well-matched
energy levels proves particularly beneficial. It efficiently channels electrons to the cathode
while acting as a robust barrier to holes, thanks to its deep HOMO level. This dual function
reduces leakage and interfacial recombination, contributing to enhanced fill factor and open-

circuit voltage [35] .

In the bottom sub-cell, TiO: serves as a highly effective ETL due to its favorable
conduction band alignment with non-fullerene acceptors. Its low trap density mitigates
Shockley—Read—Hall recombination, while its high dielectric constant helps screen Coulombic
interactions, thereby limiting charge recombination [36,37] .



CHAPTER 111: Simulation and Optimization of Organic Tandem Solar Cells Using SCAPS-1D Page |74

Overall, these interfacial enhancements underscore the critical role of transport layer
design not just the intrinsic properties of the active materials in advancing tandem organic solar
cell performance. This reinforces a growing consensus in the field: Interface engineering is
central to pushing the efficiency boundaries of organic photovoltaics [38].

Table II1. 4: Performance metrics of optimized tandem cell.

PV Jsc

9 9
parameters | (mA/cmz) | Yoc (V) | FF(%) | PCE (%) Method References

Cell Before 11.5+0.2 2+0.01 75.0£1.2 17.6+£0.2 | Experimental [9]
optimazation
11.9 1.91 75.8 17.2 SCAPS-1D This work
1%t Strategy
optimazation 15.1 211 76.7 24.5 SCAPS-1D .
This work
2™ Strategy 0 tiﬁgg;tion
optimazation 11.769 2.3359 83.049 22.831 SCAPS-1D P

Compared to other reported tandem configurations represented in Table 111.5, both
optimization strategies particularly the second demonstrated superior performance in terms of
voltage output and fill factor, reflecting the effectiveness of interfacial engineering and material

selection.

The structural and material modifications implemented in this study successfully
improved spectral utilization, reduced recombination losses, and enhanced charge transport

properties.

Overall, the results confirm that the proposed optimization approaches are effective
pathways for advancing tandem solar cell technology. The notable gains in voltage, fill factor,
and efficiency underscore the potential of combining physical parameter tuning with interface

and material engineering to achieve high-performance tandem devices.
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111.3.5.1 External Quantum Efficiency

From a spectral standpoint as illustrated in Figure I11.10, the first strategy partially
improves the spectral complementarity between the two sub-cells, with external quantum
efficiency (EQE) peaks reaching around 63%. However, the curves still show fluctuations and

an imperfect spectral distribution.

In contrast, the second strategy clearly stands out: the EQE of the bottom cell is
significantly enhanced, reaching up to 69%, and the spectral transition between the two sub-
cells becomes smoother, indicating improved spectral synergy.

This strategy thus enables more efficient utilization of the solar spectrum and leads to a
notable enhancement in the overall tandem cell performance compared to both the initial
configuration and the first optimization approach.

Unlike the unoptimized state, where the two cells exhibited partial spectral overlap and
marked irregularities, the proposed strategies particularly the second one provides a better
distribution of the spectrum between the top cell (300—700 nm) and the bottom cell (700-1150
nm), along with higher peak EQE values. The spectral response curves become smoother and
more coherent, reducing optical losses and significantly boosting the overall efficiency of the

tandem device.

70 - (a) 70 - (b)

== Top Cell = Top Cell
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Figure I11.10: (a) EQE of the Sub-cells Following First Optimization, (b) Following Second
Optimization.
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I11.4 Conclusion

This chapter has explored the optimization of a tandem solar cell through two distinct
strategies. The first focused on adjusting the active layer thickness and defect concentration of
the top sub-cell, which led to a significant enhancement of the short-circuit current density (Jsc
=15.1 mA/cm?) and an improved overall efficiency (PCE = 24.5%, Voc =2.11V, FF =76.7%).

The second strategy involved replacing and optimizing the ETL materials in both sub-
cells, which resulted in remarkable gains in the open-circuit voltage (Voc = 2.34 V) and the fill
factor (FF = 83%), yielding a power conversion efficiency of 22.83%.

SCAPS-1D simulations confirmed that both strategies significantly outperform the initial

configuration (PCE = 17.2%) and rival or even surpass several results reported in the literature.

These findings highlight the crucial role of physical parameter engineering and interfacial

optimization in boosting tandem OSC performance.

While the results are promising, experimental validation remains necessary to confirm
these outcomes and support further development toward efficient, real-world applications of

tandem organic solar cells.
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1VV.1 Introduction

he electron transport layer (ETL) significantly contributes to the performance of

organic solar cells (OSC). It facilitates the extraction of electrons and influences

the morphology of the active layer, which has a direct impact on the efficiency and
stability of the device [1,2].The materials used as ETL are generally classified into three
categories: polymers (PFN, PEI, PEIE), small organic molecules (PDINN, PDINO), and
inorganic materials (ZnO, TiOx, SnOx) [3].

Among these, metal oxides such as ZnO, TiO2, and SnO: are particularly valued for their
good optical and electronic properties, stability, and ease of implementation [4,5]. These
materials are often used in inverted architectures (iOPV), particularly due to their compatibility
with the energy levels of all the layers, which influences the overall efficiency and stability of

the device [6].

Several studies have highlighted the importance of ETL engineering to improve interfaces,
charge extraction, and the lifespan of OSCs [7,8]. A well-controlled surface can notably limit
moisture penetration, reduce interface defects, and lower energy barriers, which helps to limit
recombinations and improve thermal stability [6]. Among the most common materials, [6,6]-
Phenyl-C61-butyric acid methyl ester (PCsoBM) is widely used due to its excellent electronic
mobility (~2 x 1077 m? V™! s7') and thermal stability (Tg = 430 K), in addition to promoting a

bicontinuous structure in the active layer [9].

Researchers like Aryal and Singh have studied the effects of double ETL structures,
particularly the combination of organic and inorganic layers [10,11]. Their work highlights the
importance of ETL optimization to improve charge extraction, thermal stability, and device
lifespan. Despite these advances, challenges remain, particularly for flexible OSCs, whose

performance still lags behind that of rigid devices [12].

Moreover, the integration of artificial intelligence in the photovoltaic field is intensifying,
with a growing use of optimization algorithms and machine learning [13].
For example, S. Moulebhar et al. applied the NSGA-II algorithm to optimize the properties of

materials in OSCs [14], while Danlong Zong et al. used genetic algorithms to design solar
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absorbers [15]. Similarly, Tanvir Mahtab Khan et al. used machine learning to improve the

performance of thin-film cells based on Sb2(S.Sei—)s [16].

This study aims to enhance the performance of an organic solar cell device through the use

of a dual electron transport layer combining organic and inorganic materials.

V.2 Physical Configuration of the Solar Cell

The simulation work was carried out using the SCAPS-1D software to evaluate the
performance of organic solar cells based on the PM6:PY-IT photoactive layer. Initially, a
conventional reference structure was simulated with the following configuration:
ITO/PEDOT:PSS/PM6:PY-IT/PDINN/Ag, as illustrated in Figure 1V.1.

To enhance the electron extraction and improve overall device performance, we proposed the
integration of dual electron transport layers (ETLs) by combining organic and inorganic

materials. Specifically, three combinations were investigated:

« PCBM/ZnO
o« PCBM/SnO:
e PCBM/TiO:

These materials were selected based on their favorable energy level alignment with the
conduction band minimum (CBM) and valence band maximum (VBM) of the active layer,
ensuring efficient charge transport and minimal energy losses. All relevant physical and

electronic parameters of the layers are summarized in Tables IV.1 and IV.2.

Simulations were performed under standard illumination conditions (AM1.5G solar spectrum,
1000 W/m2) and at an operating temperature of 300 K.

In the second part of this study, machine learning (ML) techniques were employed to predict the
photovoltaic performance of devices incorporating the proposed dual ETLs. The primary goal
was to determine the optimal organic/inorganic ETL combination and its corresponding
thickness that would yield the best device efficiency. Several supervised ML algorithms were

applied and evaluated, as detailed in Section 11.4.
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The database used, summarized in Appendix A, was generated using the SCAPS-1D simulator.
It comprises a total of 882 samples, divided into two sets: a training set (70%) and a test set
(30%). This strategy allows for the efficient training of models while validating their ability to
generalize predictions, with the aim of optimizing both material selection and the overall

performance of the cell.

Table IV. 1: Different layer optoelectronic parameters input.

Parameters PEDOT:PSS [17] PMG6:PY-IT [18] PDINN [19]
Thickness (um) 0.03 0.2 0.03
Eg (eV) 1.6 1.69 2.24
% (eV) 3.4 3.77 3.78
& 3 3 5
N¢ (cm™) 2.2x10'8 1x10% 1x10Y
Ny (cm™) 1.8x10% 1x10% 1x10Y
[ (cm#/Vs) 4.5x1072 1.97x10~ 2x107¢
pn (Cm/Vs) 4.5x1072 1.97x10* 1x1073
Na (cm™) 1x10% 0 0
Np (em3) 0 0 2x10%
Nt (em™) 1x10%3 0 1x1013
Defect type Acceptor {+/0} / Donor {+/0}
Capture cross section (e”) (cm?) 1x1071 / I1x10™
Capture cross section (h*) (cm?) I1x1071% / 1x10714
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Table V. 2:Input parameters of different ETLs used.
Parameters PCBM [17] ZnO [18] TiO2 [19] Sn02 [20]
Thickness (um) 0.03 0.03 0.03 0.01
Ey (eV) 3 3.3 3.2 3.6
% (eV) 39 4.4 4 4
& 3.9 9 9 9
Nc (em™) 2.5x10% 3.7x10'® 2x108 2.2x10'8
Ny (cm™) 2.5x10% 1.8x10% 1.8x10" 1.8x10°
pe (cm?/Vs) 2x107! 100 20 100
i (cm?/Vs) 2x107! 25 10 25
Na (cm™) 0 0 0 0
Np (cm™) 110" 1x10% 1x10% 1x1015
N; (cm™) 1x1015 1x1015 1x10'5 1x1015
Defect type Donor {+/0} Donor {+/0} | Donor {+/0} | Donor {+/0}
Capture cross section (e")
1x10™ 1x10™ I1x107 I1x10™
(cm?)
Capture cross section (h*)
1x10™ 1x10™ I1x107 I1x10™

(cm?)
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Figure IV. 1: (a) Schematic Representation and (b) Energy Level Diagram of the Modeled
OSC.

V.3 Results And Discussion
1VV.3.1 Effect of Dual ETL Donor Doping on the Electrical and Photovoltaic Properties of
the Solar Cell

The doping density of material is responsible for most of the electrical properties, such as

conductivity and mobilities for the carriers, by increasing the carrier concentration [21].

In this context, we study the impact of doping in a double ETL structure on the
performance of our organic solar cell by varying the doping density from 10" to 10*° cm™ as
shown in Figures 1V.2, 3, 4. The results show that increasing the doping density of PCBM
significantly enhances the open-circuit voltage, especially beyond 10'” cm3, due to improved
carrier extraction and reduced recombination. The secondary ETL materials (SnO2, TiO:, or
ZnO0) also contribute positively, though to a lesser extent, by facilitating better band alignment
and interface quality. However, at very high doping levels (>10'® cm3), a slight decrease in Voc
and short-circuit current density may occur, likely caused by the formation of trap states,
increased recombination centers, and reduced carrier mobility. The fill factor (FF) shows a
notable improvement with increasing PCBM doping, reaching values above 79%, while the
contribution of the metal oxides remains moderate but stabilizing. Consequently, the power
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conversion efficiency (PCE) follows a similar trend, peaking around 21%, confirming the

importance of doping optimization [22-24].
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Figure IV. 2: Contour Analysis of Key Photovoltaic Parameters in PCBM/SnO. Dual
Transport Layer Devices :(a) Voc, (b) Jsc, (¢) FF, and (d) PCE.

In conclusion, the results demonstrate that doping PCBM has a more pronounced impact
on enhancing the overall performance of the solar cell compared to doping the metal oxide layers.
An optimal configuration is achieved by combining high doping levels in the PCBM with
moderate doping in the metal oxides, which leads to significant improvements in Voc, FF, and
PCE while limiting current losses. However, excessive doping beyond a certain threshold can be
detrimental, as it increases carrier trapping and introduces parasitic effects such as the Burstein—
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Moss shift, which alters the band structure and may hinder efficient carrier extraction. Therefore,
precise control and balance of the doping levels in both ETLs are essential to ensure high
performance without compromising device stability and charge transport efficiency.
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Figure IV. 3: Contour Analysis of Key Photovoltaic Parameters in PCBM/Ti02 Dual Transport
Layer Devices :(a) Voc, (b) Jsc, (¢) FF, and (d) PCE.
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Figure IV. 4: Contour Mapping of the Effects of PCBM/ZnO Dual Layer Donor Doping
Density on OSC Output Parameters.

1V.3.2 Role of Interface Defects in Charge Transport and Solar Cell Efficiency

Interfacial defects are structural or electronic irregularities located at the junction between
two materials, generally between the organic absorber and the transport layers. They result from
poor alignment of crystal lattices, chemical incompatibility, or the adsorption of residues or
residual solvents. These defects can act as carrier traps, promoting non-radiative recombination
mechanisms, thereby reducing the efficiency of solar cells. In the case studied, the interfacial
defects at the PCBM/SnO2, PCBM/ZnO, and PCBM/TiO> depict in Figure IVV.5, 6 and 7.
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The interfaces are of the neutral type, with an effective capture cross-section for electrons
and holes of 1x107'° cm?, which implies a moderate probability of recombination. Their energy
level, situated 0.6 eV above the valence band (Ev), corresponds to deep traps, likely to
significantly affect the dynamics of minority carriers. At low density (Nt < 10" cm™3), their
impact remains negligible.

However, when the density exceeds 102 to 10" cm™, a gradual decrease in conversion
efficiency is observed, particularly a reduction in the fill factor, indicating an increase in
interfacial recombination and a deterioration in charge transport. Although the open-circuit
voltage is relatively stable for the PCBM/Ti02 and PCBM/SnO: interfaces, it decreases slightly
for PCBM/ZnO, indicating increased sensitivity to deep defects. Interestingly, a transient
improvement in the FF at low density is observed for PCBM/ZnO, suggesting a partial
passivation effect by shallow defects that temporarily reduce leakage current losses.
Nevertheless, at higher densities, these defects become clearly detrimental, promoting SRH
recombination, limiting charge extraction, and overall degrading the solar cell performance
[25,26].
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Figure IV. 5: Impact of Interface Defect Density at the SnO./PCBM Junction on Organic Solar

Cell Performance.
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1VV.3.3 Frequency-Dependent Impedance Response of Dual-ETL Architectures

Electrochemical Impedance Spectroscopy (EIS) is a powerful technique used to probe the
interfacial and dynamic properties of solar cells, particularly organic solar cells (OSCs). It relies
on the application of a low-amplitude sinusoidal signal (typically <10 mV) superimposed on a
direct current voltage, usually the open-circuit voltage, over a wide range of frequencies ranging
from a few mHz to several MHz. This frequency sweep is essential because each
physicochemical process within the cell manifests at different time scales and thus at distinct
frequency ranges: high frequencies are associated with rapid electronic transport and contact
resistances, while low frequencies reveal slower phenomena such as charge accumulation, ionic

diffusion, or slow recombination[27,28].

The system's response is recorded in the form (1V.1) of a complex spectrum
Z(w) =27 +jZ" (1V.1)

where Z' represents the real part (pure resistance) and Z" the imaginary part, associated with

capacitive or inductive behaviors.

This response is generally represented in a Nyquist diagram, where each semicircle reflects

a dominant process.

To analyze these spectra, an equivalent circuit is used (Figure 1V.8), modeling the cell
with elements such as series resistance (Rs), transport resistance (Rt), geometric capacitance
(Cy), and recombination resistance (Rrec) coupled with a chemical capacitance (Cy). The size of
the semicircle, particularly at low frequency, is proportional to Rrec: the larger it is, the lower

recombination, which is favorable to the cell's efficiency [29,30].

The results illustrated in Figure 1V.9 reveal that, the devices integrating different hybrid
ETLs (PCBM/SnO2, PCBM/ZnO, PCBM/Ti0:) show distinct impedance profiles. Notably, the
PCBM/TiO: structure exhibits the largest Nyquist arc, indicating a higher recombination
resistance, translating to an effective reduction of interfacial recombination. suggests better
electronic selectivity at the interface, enhancing the overall photovoltaic performance of the

device.
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Figure IV. 9: Comparison of Nyquist Plots for Three Dual ETL-Based Organic Solar Cells.
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IV.3.4 Role of Mott-Schottky Analysis in Understanding Device Operation

The Mott—Schottky technique is an essential electrochemical method for analyzing the
internal properties of a solar cell, particularly the doping density and the built-in potential (Vbi).
It involves applying a variable direct current (DC) voltage to the device while superimposing a
small alternating current (AC) signal at a fixed frequency (usually 1 kHz) in order to measure

the differential capacitance of the device[27,31-33].

The results are then represented as a curve of 1/C? as a function of the voltage (V), called the
Mott-Schottky curve.
This curve allows us to extract two key pieces of information:

e The slope of the obtained line is proportional to the inverse of the doping density Na.
A steeper slope means a lower density of fixed charges (dopants) in the depletion region of the
semiconductor.

e The intersection with the voltage axis gives the built-in potential (Vbi), which
corresponds to the natural internal electric potential of the device in the absence of light. It
is this voltage that separates the photogenerated electrons and holes in opposite directions,
which is fundamental for the operation of a solar cell, mathematically, the relationship is

given by:

1 2Wp—V) (V.2)

c? - AzefoNA

where:

C is the measured capacity, V the applied voltage, A the surface of the device, g the
elementary charge, €, the dielectric constant of the material, the doping density is represented
by NAa.

In the case of your organic solar cell with a dual electron transport layer (dual ETL), such
as PCBM/Ti0z, PCBM/SnO-, or PCBM/ZnO the depletion zone forms at the interface between
the active layer (the donor/acceptor blend like PM6:Y6) and the ETL layer.
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It is in this region that the fixed charges (dopants) dominate, and where free carriers (electrons

and holes) are almost absent. This zone plays a crucial role in the separation and extraction of

charges.

Figure 1V.10 presents the comparative Mott—Schottky plots, which demonstrate that:

The PCBM/TiO: device exhibits the highest built-in potential (Vwi= 0.70V), indicating a

stronger internal electric field. This enhances the separation of photogenerated charge

carriers and reduces recombination losses, which can improve the open-circuit voltage (Voc)

and overall device performance.

The PCBM/SnO: device, with an intermediate Vpiof 0.55 V, shows moderate performance,

with reasonably efficient charge collection, though less optimal than with TiOs..

In contrast, the PCBM/ZnO structure has the lowest Vui (0.44 V), indicating a weaker

internal field. This can hinder charge separation and increase recombination losses,

ultimately leading to reduced solar cell efficiency.
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Figure IV. 10: Mott—Schottky (1/C?) Analysis of Organic Solar Cells with Different Dual

ETL Configurations
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In conclusion, the Mott-Schottky technique not only allows for the quantification of
doping density in the depletion region but also estimates the internal electric field (via Vi), which

is a direct indicator of the cell's ability to efficiently separate charges.

IV.3.5 Comparative Analysis of J-V Characteristics and External Quantum Efficiency

The current density—voltage (J-V) characteristic is a key tool for evaluating the
performance of organic solar cells, as it provides direct insight into essential parameters such as
open-circuit voltage, short-circuit current density, fill factor, and power conversion efficiency.
Table IV.2 and Figure 1V.11 present a comparison between our device architectures integrating
dual electron transport layers (ETLs) and single-ETL-based reference structures reported in the
literature, all employing the same PM6:PY-IT active layer.
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Figure IV. 11: Comparison of J-V Characteristics for Organic Solar Cells with Single and
Dual ETL Structures.

Our configurations, namely ITO/PEDOT:PSS/PM6:PY-IT/PCBM/SnO2/Ag
and ITO/PEDOT:PSS/PM6:PY-IT/PCBM/TiO2/Ag, demonstrate the highest efficiencies,

reaching 18.72% and 19.35%, respectively. These devices benefit from elevated Voc values
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(~1.14 V), stable Jsc, and high fill factors ranging from 70% to 73%, indicating efficient charge
collection and reduced losses. In comparison, the ITO/PEDOT:PSS/PM6:PY-
IT/PCBM/ZnO/Ag structure also delivers a similar Voc (1.1416 V) and Jsc, but its lower fill
factor (64.97%) limits its PCE to 17.09%. This suggests that, although ZnO supports effective

charge generation, it is less efficient in sustaining charge transport compared to SnO: and TiOx.

Overall, our dual ETL architectures outperform the single ETL counterparts, highlighting
the advantage of combining PCBM with a metal oxide. This hybrid strategy promotes improved
charge extraction and reduced recombination, offering a promising pathway toward enhancing

the performance of organic solar cells [34,35].

Figure 1V.12 illustrates the external quantum efficiency (EQE) spectra as a function of
wavelength for devices incorporating four different electron transport layer configurations:
PCBM/SnO., PCBM/TiO2, PCBM/ZnO, and single-layer PDINN. All devices exhibit relatively
high EQE values across the visible range (approximately 350-800 nm), with characteristic
spectral peaks indicating efficient photo-response. Beyond 800 nm, a marked decrease in EQE
is observed, corresponding to the limited absorption capacity of the active layer in the near-

infrared region.

Notably, the device with a single PDINN layer shows lower EQE values compared to those
based on dual ETLs. Among the latter, the PCBM/SnO., PCBM/TiO:, and PCBM/ZnO
configurations display comparable spectral responses, though slight variations in peak intensities
are evident. These results confirm the beneficial impact of combining organic (PCBM) and
inorganic ETLs on light harvesting and charge collection efficiency, leading to enhanced overall

device performance.
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Table IV. 3:Metrics Performance of different dual ETL OSCs.
Devices Voc (V) Jsc (MA.cm?) | FF (%) | PCE (%) | Reference
ITO/PEDOT:PSS/PM6:PY - )
0.9396 22.552 76.75 16.26 This work
IT/PDINN/Ag
ITO/PEDOT:PSS/PM6:PY -
1.1449 23.041 70.96 18.72 This work
IT/PCBM/SnO2/Ag
ITO/PEDOT:PSS/PM6:PY-IT/
1.1483 22.848 73.76 19.35 This work
PCBM/TiO2/Ag
ITO/PEDOT:PSS/PM6:PY -
1.1416 23.038 64.97 17.09 This work
IT/PCBM/ZnO/Ag
ITO/PEDOT:PSS/PM6:PY -
0.94 23.70 74.19 16.52 [36]
IT/PDINN/Ag
ITO/MoO3/PM6:PY-IT/ZnO/Ag 0.928 23.40 67.70 14.68 [37]
ITO/MoO3/PM6:PY-IT/IZO/Ag 0.931 24.13 67.43 15.11 [37]
ITO/PEDOT:PSS/PM6:PY -
0.924 22.96 70.6 14.93 [38]
IT/PEN-Br/Ag
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Figure IV. 12: External Quantum Efficiency Spectra of Organic Solar Cells with Single and
Dual ETLs.
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IVV.3.6 Modeling and Prediction of Photovoltaic Performance Using ML

Following the application of various machine learning algorithms, the predictive
performance of each model is summarized in Table 1VV.3 and Figure 1V.13. The results show
that the linear regression model exhibits limited performance, with a coefficient of determination
Rz = 0.6589 and a root mean square error (RMSE) of 2.1818, indicating a low predictive

capability for solar cell performance.

In contrast, models based on decision trees and boosting techniques such as Random
Forest, XGBoost, and Gradient Boosting demonstrate significantly better accuracy. The
XGBoost Regressor stands out as the most effective model, achieving an R2 of 0.9957 and a very
low RMSE of 0.2446. It is closely followed by the Random Forest Regressor (Rz = 0.9955,
RMSE = 0.2509), while the Gradient Boosting Regressor reaches an R2 of 0.9590, with a slightly
higher RMSE (0.7568).

The K-Nearest Neighbours (k-NN) model also yields strong results (R = 0.9855), although
its error is somewhat higher. Finally, the Decision Tree Regressor, despite achieving perfect
accuracy on the training data (R2 = 1), presents a notable risk of overfitting, as reflected by a

slightly lower selection R? value (0.9950).

Table IV. 4: Evaluating the Performance of the ML Model.

Models R2 (Test) | RMSE (Test) R2 (Train) R2(Selection)
Linear Regression 0.6589 2.1818 0.6664 0.658914
Random Forest Regressor 0.9955 0.2509 0.9996 0.994876
K-Neighbors Regressor 0.9855 0.4494 0.9948 0.985531
Gradient Boosting 0.959 0.7568 0.9715 0.958958
XGBoost Regressor 0.9957 0.2446 1 0.995713
Decision Tree Regressor 0.995 0.265 1 0.995003




CHAPTER IV: Machine Learning-Guided Design of Dual ETLs for Organic Solar Cells Page |99

R? for Models
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Figure I'V. 13: R? Scores for Various Regression Models Applied to Solar Cell Performance

Prediction.

IVV.3.6.1 Correlation Analysis Between PCE and Input Parameters

The correlation matrix is used to analyze the relationships between the different variables
in the dataset. As shown in Figure 1V.14, certain variables exhibit strong positive or negative
correlations with the power conversion efficiency (PCE), providing valuable insights into their
influence on device performance. For instance, the electron affinity of the inorganic ETL layer
(electron_affinity2) shows a strong negative correlation with PCE (-0.74), indicating that a
higher electron affinity tends to reduce the efficiency of the solar cell. Similarly, the bandgap of
the organic material (bandgap2) shows a moderate negative correlation (—0.097), suggesting a

relatively weaker influence on PCE.

On the other hand, parameters such as electron_mobility2 and hole_mobilityl.1 show an
almost perfect positive correlation (=1), reflecting that they vary in a very similar way, likely
due to material properties or model assumptions. Regarding the layer thicknesses, thicknessl
corresponds to the inorganic ETL and thickness2 to the organic ETL. Both show negligible
correlation with PCE, indicating that within the studied range, variations in layer thicknesses

have limited direct impact on overall device performance.
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These correlation trends help to identify the key physical and chemical parameters that
influence solar cell efficiency, guiding future optimization efforts in the design of dual ETL
architectures.

Correlation Matrix

Thicknessl

bandgap1l

electron _affinityl

electron_mobilityl

hole_mobilityl

electron_affinity2

electron_mobility2

hole_mobilityl.1
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Figure IV. 14: Interrelationship Between Power Conversion Efficiency and Input Variables.

1VV.4 Conclusion

This chapter demonstrated the significant impact of integrating dual electron transport
layers (ETLs) on the performance of photovoltaic devices compared to single ETL
configurations. The PCBM/Ti0O: combination delivered the highest performance, achieving a
PCE of 19.35%, an open-circuit voltage of 1.14 V, and a fill factor of 73.76%, confirming the

benefit of dual ETLs in improving charge extraction and interface quality.



CHAPTER IV: Machine Learning-Guided Design of Dual ETLs for Organic Solar Cells Page | 101

Additionally, machine learning techniques were applied to predict and analyze device
performance. Using SCAPS-1D simulations, multiple regression models were trained and
evaluated. Among them, XGBoost achieved the best predictive accuracy (R? =0.9957; RMSE =
0.2446), demonstrating the effectiveness of ML in capturing the complex relationships between

material parameters and device efficiency.

This method enables the prediction of device efficiency and the identification of the

optimal combination of organic/inorganic dual ETLs.

Despite these promising outcomes, further experimental validation is necessary to confirm

the reliability and generalizability of the predicted results.
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V.1 Introduction

n a world where portable electronic devices such as smartphones, smartwatches, and

smart glasses are increasingly integrated into our daily lives, the issue of their power

supply has become a major challenge [1]. Traditionally, these devices rely on
replaceable or rechargeable batteries, but this solution presents several drawbacks, including
limited lifespan and environmental impacts related to their production and disposal. It is in this
context that self-powered technology comes into play [2].

Self-powered technology enables a device to operate autonomously by harvesting energy
directly from its environment, thereby eliminating the need for an external power source.
Among the various forms of energy available for powering portable devices, solar energy stands
out as one of the most promising. Indeed, sunlight is an abundant and renewable resource

capable of providing enough energy to power small electronic devices [3].

Solar panels, which convert light energy into electricity, are one of the most efficient
solutions for charging portable devices autonomously. Thanks to advancements in photovoltaic
materials and storage technologies, it is now possible to integrate solar panels into compact and
portable systems capable of providing continuous power to smartphones and other electronic

devices [4,5]. Figure V.1 presents various applications of the self-powered module.

This chapter focuses on the use of solar energy to charge a smartphone via a solar panel.
The goal is to demonstrate how self-powered technology based on solar energy can offer a
sustainable and efficient solution for powering portable devices while overcoming the

limitations of traditional battery systems.
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Figure V. 1: System Architecture of the Photovoltaic Self-Powered Module [6].

V.2 Description of the Cell Used

In this project, the organic solar cell studied in detail in Chapter 1V shows promising

performance, with an open-circuit voltage of 1.43 V, a short-circuit current density of 23.03

mA/cm2, and a fill factor of 73.76%, all on an active area of 1 cm2 under standard irradiance of

1000 W/m2. These parameters suggest a theoretical maximum output power of approximately

24 mW per cell.

To power the target system, a smartphone charger, an output voltage of 5 V and a current

of at least 100 mA (corresponding to about 0.5 W) are required.

This implies connecting multiple cells in series and/or parallel to achieve the necessary

voltage and power, along with a DC-DC converter to adapt the voltage to the charging

electronics’ requirements.
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V.3 Simulation Tools

MATLAB (MATrix LABoratory) is an interactive numerical computing environment
widely used in scientific and technical fields. It is primarily designed for matrix manipulation,
algorithm development, data visualization, and the modeling and simulation of complex
systems. Thanks to its user-friendly interface and integrated libraries, MATLAB has become an

essential tool for engineers, researchers, and scientists [7].

In this work, we used MATLAB version 2023 to develop and execute a series of custom
simulation scripts. These scripts were essential for performing advanced numerical calculations,
interpreting modeling data, and simulating the behavior of various components of the studied
system, including solar cells and power supply circuits.

The scripting approach offers outstanding flexibility in automating repetitive tasks,
managing input parameters, and conducting comparative result analyses. It also ensures clear
traceability of the simulation process, which facilitates adjustments and optimizations according
to the specific needs of the project. As such, the use of MATLAB in this context significantly

contributed to the reliability and accuracy of the results obtained.

V.4 Sizing of the OPV Panel

To size the organic photovoltaic (OPV) module based on the individual cell’s performance
studied in Chapter V, we start by estimating the maximum current provided by a single cell:

Ieen = Joo X area = 23.03 mA/cm? X 1 cm? = 23.03 mA (V.1)
and its theoretical maximum power:
Py = Voo X Iey X FF = 1.43V x 23.03 mA X 0.7376 ~ 24 mW (V.2)

To reach the target voltage of 5 V, the number of cells to connect in series is calculated as:

Var € 5
Ngeries = [ tvoi_t] = [m =4 (V.3)

and to achieve a current of at least 100 mA, the number of parallel strings required is:
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Itarget] [ 100 ]
n = =|—=—=|=5 V.4
parallel [ Leen 23.03 ( )

Leading to a total number of cells:

Niotal = Ngeries X nparallel =4x5=20 (V5)

resulting in a total active area of 20 cm? (e.g., 4.0 cm x 5.0 cm).
The estimated theoretical output of the module dimensioned this way is:

o Open-circuit voltage (Voc total): 5.72 V (4 x 1.43 V)
e Maximum current: 115.2 mA (5 x 23.03 mA)

o Estimated maximum power: 485.83 mW calculated using
Ptotal = Vtotal X Itotal X FF (V6)

These results show that the module can meet the objective of supplying at least 100 mA
at 5 V for a smartphone charger, provided a DC-DC converter is integrated to regulate the output

voltage precisely to 5.0 V, as illustrated by the 5Sx4P solar panel configuration in Figure V.2.

OPV Solar panel
(4S =< 5P CPv-)

Figure V. 2: Smartphone Charging Using an Organic Photovoltaic (OPV) Solar Panel in a 4-

Series x 5-Parallel Configuration.
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V.5 Charging System Design
V.5.1 System Diagram

The circuit depict in Figure V.3 presents an efficient solution for charging batteries using
solar power. By harnessing energy from a photovoltaic (PV) panel, the system ensures optimal
performance while maintaining peak efficiency throughout the charging process.

With the integration of key components such as a MPPT controller and a DC-DC
converter, this solar charging circuit maximizes energy transfer, making it an ideal choice for

sustainable and reliable battery charging in various applications.

D C _;oa,d

DC -

PV Duty Cycle

o — Um,
7 MPPT - JController

Upru —

Figure V. 3: Schematic representation of the PV-based charging circuit implementing

Maximum Power Point Tracking (MPPT).
V.5.2 Component Selection
To ensure the stability and efficiency of the system, it is essential to carefully select the

components. Here is a selection suitable for the needs of this solar charging system:

e DC-DC Converter (Buck-Boost): A buck-boost regulator such as the LM2596 or LTC3780
is recommended. These regulators are capable of handling the wide voltage range supplied
by the solar panel (depending on sunlight conditions) while providing a stable 5 V output,
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ideal for charging devices via the USB port. Block Diagram of the Buck—Boost Converter is

depicted in Figure V.4.
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Buck-Boost Converter

Figure V. 4: Buck—Boost Converter System Layout.

e MOSFET (Transistor): The IRF540N transistor is an excellent choice for the converter.
With a low Rgs(on) resistance, it minimizes conduction losses and optimizes the energy
efficiency of the system. It can handle high currents, which is crucial for managing the
constant current flows in the system.

e Schottky Diode: The 1N5819 Schottky diode is ideal for this type of system. It offers a low
forward voltage drop and reduced switching losses, helping improve system efficiency.
This diode is particularly well-suited for applications involving high current levels.

¢ Inductor & Capacitor: Passive components such as the inductor and capacitor are essential
for smoothing the output current and filtering out fluctuations due to the converter’s
switching. The values of these components are chosen based on the switching frequency,
typically between 50 kHz and 100 kHz, to ensure effective and stable voltage regulation.

e Battery: A Li-ion battery with a nominal voltage of 3.7 V and a capacity of 1200-2000 mAh
is ideal for storing the energy generated by the solar panel. It is recommended to use a Battery
Management System (BMS) module to protect the battery from overcharging, deep
discharging, and short circuits, thereby ensuring extended lifespan and enhanced safety.

e USB Port: For charging electronic devices, a 5 V USB module with a 1 A output current is
standard. This module ensures compatibility with most devices, including smartphones and

small electronic gadgets.
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V.6 Performance Analysis: 1-V, P-V Curves, Output Voltage, and Overall
System Efficiency

The simulated 1-V and P-V characteristics shown in Figure V.5 demonstrate that the
designed OPV module can deliver a maximum open-circuit voltage of 5.72 V and a short-circuit
current of 115.2 mA, matching the requirements of a 5 V, 100 mA USB charger.
The P-V curve confirms that the maximum power point is near the designed operating voltage,
indicating efficient power extraction under standard illumination conditions.

The calculated overall system efficiency, including converter and battery losses, reaches
approximately 19.68%. As illustrated in Figure V.6, the power flow analysis and overall system
efficiency demonstrate that despite the limited efficiency of organic solar cells, the system can

deliver sufficient power for low-power devices such as smartphones or sensors, provided
sufficient sunlight and an adequate storage strategy.
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Figure V. 5: -V and P-V Characteristics of the OPV Solar Panel under
Standard Test Conditions.
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Figure V. 6: Power Flow Analysis and Overall System Efficiency.

V.7 Experimental Feasibility and Technical Limitations

From a practical standpoint, the feasibility of building this system experimentally is
realistic using commercially available OPV materials and standard DC-DC converters.
However, technical limitations include the inherent stability issues of OPV cells under
prolonged UV exposure, potential performance degradation at elevated temperatures, and the
need for precise charge control circuitry to prevent overcharging or deep discharging of the
battery[8-10].

In summary, while the simulation confirms the system's ability to meet basic charging
requirements, further experimental validation is necessary to account for environmental
variations, long-term reliability, and to optimize the electrical and thermal design for real-world

deployment.
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V.8 Conclusion

This chapter has demonstrated the feasibility of using organic photovoltaic (OPV)
technology to power a smartphone charging system, highlighting the potential of self-powered

solutions based on solar energy for portable devices.

By carefully designing and dimensioning the OPV module to meet the voltage and current
requirements of a typical USB charger, and by incorporating efficient power conversion and
storage elements, it is possible to create a compact, sustainable, and autonomous charging

system.

This approach not only reduces dependence on grid electricity but also extends the
usability of mobile devices in off-grid or remote locations. However, challenges such as the
long-term stability of organic solar cells and the need for precise power management must still

be addressed to fully realize the potential of this technology in commercial applications.

Overall, the integration of OPV systems for charging portable electronics represents a

promising step toward more sustainable and energy-independent solutions.
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Conclusion and Perspectives

his research is set within the current context of the energy transition, where the
pursuit of efficient, lightweight, flexible, and low-cost photovoltaic solutions
has become a major challenge. Organic solar cells (OSCs) stand out for their
adaptability and potential for integration into innovative applications, but their performance and

stability still require improvement.

The main objective of this thesis was to explore, through numerical approach, various
strategies aimed at improving the performance of multilayer, flexible OSCs, while considering

concrete applications through the design of self-powered modules.

First, an in-depth state-of-the-art review positioned OSCs in relation to other photovoltaic
technologies, highlighting their advantages and limitations. Then, the use of the SCAPS-1D
simulator, coupled with optimization methods and Machine Learning, made it possible to

identify solar cell configurations offering higher efficiencies.

In Chapter 111, tandem OSCs were optimized using two strategies. The first strategy
focused on adjusting the thickness and defect density of the top and bottom active layers, which
significantly enhanced charge generation and transport, leading to a PCE of 24.5% (Jsc = 15.1
mA/cm?, Voc = 2.11 V, FF = 76.7%). The second strategy involved the modification and
optimization of transport layers, which achieved a PCE of 22.83%b, with a high Voc of 2.34 V
and an excellent fill factor of 83%0. These results demonstrate the strong potential of tandem

structures when combining active-layer engineering with optimized transport interfaces.

In Chapter 1V, a Machine Learning-based approach was developed to predict the
compatibility between organic and metal oxide electron transport layers (ETLS). This predictive
modeling identified optimal combinations, and the PCBM/TiO: bilayer ETL delivered the best
performance, reaching a PCE of 19.35%, an open-circuit voltage of 1.14 V, and a fill factor of
73.76%. This confirmed the role of dual ETLs in improving charge extraction and reducing

interfacial recombination.
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Finally, the practical integration of an OPV solar panel into a smartphone charging system
illustrated the application potential of these devices using MATLAB. The prototype achieved
an overall system efficiency of ~19.7% (including converter and storage losses), validating the
feasibility of autonomous organic photovoltaic modules for powering portable electronics and

embedded systems.

The results obtained underline the value of a multidisciplinary approach combining
modeling, algorithmic optimization, artificial intelligence, and experimental validation.
This synergy paves the way for new perspectives, such as the exploration of emerging materials,
the optimization of long-term OSC stability, and their large-scale deployment in flexible

and integrated energy applications.

v' Perspectives

The results obtained open several avenues for research and development:

e Improving long-term stability: study OSC degradation under real conditions (UV,
humidity, extreme temperatures) and develop more effective encapsulations.

o Exploring new active materials: investigate next-generation non-fullerene donors and
acceptors to broaden the absorbed spectral range and increase efficiency.

o Large-scale multi-objective optimization: use artificial intelligence algorithms to
simultaneously optimize PCE, cost, stability, and recyclability.

e Integration into intelligent embedded systems: couple OSCs with sensors, 10T
systems, or autonomous medical devices.

o Development of transparent or semi-transparent modules: for applications in BIPV
(Building Integrated Photovoltaics) and flexible electronics.

e Transition to roll-to-roll manufacturing: validate the industrial feasibility of
optimized architectures in a large-scale production context.

This integrated approach, combining modeling, optimization, and experimental
validation, provides a solid foundation for the next generation of organic photovoltaic devices
capable of meeting growing demands for efficiency, durability, and integration into everyday
life.
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Appendix A: Dataset for Machine Learning Prediction

The following dataset was generated from numerical simulations (SCAPS-1D). It includes the main physical and electrical parameters

of the two electron transport layers (thickness, bandgap, electron affinity, charge carrier mobilities) as well as the corresponding

power conversion efficiencies (PCE). This dataset was used as the input data for training, validation, and prediction with the

machine learning models developed in this thesis.

. lectron lectron hol . lectron lectron hol
A Vs el _Zl?f?ni?yl fn?)%ilayi mogileifyl VeSS | (B Z?f?;i?yf ren((a)(;)tiliotyE mot?iﬁfyl Hes
1 0.02 3.2 4 20 10 0.02 2 3.9 0.2 0.2 1.91E+01
2 0.02 3.2 4 20 10 0.03 2 3.9 0.2 0.2 1.90E+01
3 0.02 3.2 4 20 10 0.04 2 3.9 0.2 0.2 1.87E+01
4 0.02 3.2 4 20 10 0.05 2 3.9 0.2 0.2 1.85E+01
5 0.02 3.2 4 20 10 0.06 2 3.9 0.2 0.2 1.82E+01
6 0.02 3.2 4 20 10 0.07 2 3.9 0.2 0.2 1.81E+01
7 0.02 3.2 4 20 10 0.08 2 3.9 0.2 0.2 1.79E+01
8 0.03 3.2 4 20 10 0.02 2 3.9 0.2 0.2 1.92E+01
9 0.03 3.2 4 20 10 0.03 2 3.9 0.2 0.2 1.94E+01
10 0.03 3.2 4 20 10 0.04 2 3.9 0.2 0.2 1.93E+01
881 0.06 3.3 4.4 100 25 0.06 2.8 4.17 0.000019 0.0000002 | 1.59E+01
882 0.08 3.3 4.4 100 25 0.07 2.8 4.17 0.000019 0.0000002 | 1.64E+01
883 0.06 3.3 4.4 100 25 0.07 2.8 4.17 0.000019 0.0000002 | 1.56E+01
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Appendix B : PV System Model for Battery Charging
The following Simulink model illustrates the photovoltaic (PV) system used for charging a battery.

The system consists of a PV array connected to a DC-DC converter (MOSFET switch, diode, and RLC filter) controlled through a
maximum power point tracking (MPPT) algorithm.The output of the converter is used to charge a battery, while key parameters such
as voltage, current, power, and state of charge (SOC) are monitored.This configuration was employed to analyze the dynamic behavior

of the PV—battery system under different irradiance and temperature conditions.
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Modeling and Performance Improvement of Organic Tandem
Solar Cells Using SCAPS-1D Simulator
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This study presents a simulation-based optimization of a two-terminal (2 T) all-polymer tandem solar cell using SCAPS-1D. The
structure incorporates PM7:PIDT as the top sub-cell and PM6:PY-IT as the bottom sub-cell. Two key optimization strategies were
investigated to enhance device performance. The first involved adjusting the top absorber’s thickness and defect concentration, with
optimal values of 200 nm and 10" cm™>, respectively. This configuration yielded a Jsc of 15.1 mA cm™2, Voc of 2.11 V, FF of
76.7%, and a PCE of 24.5%. The second strategy focused on interfacial engineering by replacing the electron transport layers: TiO,
was used in the bottom cell and PDINN in the top cell, resulting in Jsc = 11.77 mA cm’z, Voc = 2.34V, FF = 83.0%, and PCE =
22.8%. Both approaches outperformed the unoptimized reference device (PCE = 17.2%) and surpassed reported experimental
benchmarks (~17.6%). The thickness-defect optimization alone led to a PCE gain of nearly 9%, underlining the importance of finely
tuning material parameters and structure. These findings demonstrate the strong potential of all-polymer tandem solar cells for future
flexible and lightweight photovoltaic applications, while offering valuable design guidelines for experimental implementation.

© 2025 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. All rights, including for
text and data mining, Al training, and similar technologies, are reserved. [DOI: 10.1149/2162-8777/adfb2b]
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In response to environmental challenges and the necessity of a
sustainable energy transition, the development of renewable energy
sources has become a global priority.! Among the various sources of
clean energy, solar energy holds a prominent position, particularly
due to advances in photovoltaic (PV) technology.>* Over the past
decades, the optimization of PV technologies has led to the
emergence of new materials and structures aimed at enhancing solar
cell efficiency while reducing manufacturing costs.*

In this context, all-polymer solar cells (all-PSCs) have emerged
as a promising solution. They are distinguished by their low cost,
lightweight nature, flexibility, and improved stability compared to
conventional organic solar cells.*” By 2022, organic tandem solar
cells had reached a PCE of about 20.3%, marking a significant
advancement in their performance.®® However, despite these ad-
vancements, their performance remains inferior to other photovoltaic
technologies, primarily due to high voltage losses (Vioss), Which
limit the open-circuit voltage (Voc).” A promising approach to
enhance their performance involves employing a tandem architec-
ture, which enables better utilization of the solar spectrum.

Tandem architecture is an effective strategy for improving the
performance of organic solar cells (OSCs). A tandem device consists of
multiple stacked cells, each featuring an absorber layer with a specific
energy band gap (Eg).lo‘11 The top cell, characterized by a wider E,,
absorbs high-energy photons, while the bottom cell captures lower-
energy photons. This configuration allows for a broader wavelength
spectrum to be utilized, thereby increasing photocurrent generation
compared to single-junction cells.'>'* Furthermore, the open-circuit
voltage of tandem OSCs corresponds to the sum of the V¢ values of
the sub-cells, which can contribute to overall higher efficiency.'?

However, despite these theoretical advantages, tandem cells have
not yet demonstrated a significant gain in PCE compared to single-
junction cells. One of the main challenges lies in the lack of efficient
low-bandgap materials for rear cells, which limits optimal utilization
of the near-infrared (NIR) spectrum.'z‘I4

Recently, significant progress has been made with low-bandgap
polymer acceptors (PSMAs) derived from Y6-type small-molecule
acceptors (SMAs)."> Notably, Luo et al. demonstrated that PSMAs
such as PY-IT, with a bandgap of 1.4 eV, enable more balanced
charge transport and a more favorable morphology.'® When

“E-mail: samiamoulebhar @ gmail.com

combined with the wide-bandgap donor polymer PM6, these
materials achieved an efficiency of 15.05% in all-PSCs.!” These
findings pave the way for new strategies to optimize all-PSCs,
particularly through refined material selection and device engi-
neering, to fully exploit the potential of tandem architectures.

This work focuses on the study and optimization of a fully
organic tandem solar cell. The reference structure, which has been
studied experimentally, is as follows ITO/PEDOT:PSS/PM7:PIDT/
C60/Ag/Interlayer/PEDOT:PSS/PM6:PY-IT/PDINN/Ag. The aim of
this study is to improve the performance of this architecture through
two complementary optimization strategies. The first approach
involves adjusting the thickness of the active layers and the defect
density, resulting in a power conversion efficiency (PCE) of 26%,
which represents a 9% improvement over the original cell. The
second strategy is based on the selection and integration of optimal
charge transport materials, taking into account their electronic
affinity with the active layers. This method resulted in a PCE of
22%, an increase of 6% over the reference device.

These results pave the way for new strategies to optimize all-
polymer solar cells (all-PSCs), in particular through refined material
selection and advanced device engineering, in order to fully exploit
the potential of tandem architectures.

Modeling Framework and Structural Design of the Tandem Cell

Device modeling with SCAPS-1D software—In this study,
tandem solar cells were simulated using SCAPS-1D software. Since
SCAPS-1D does not allow direct simulation of a tandem device, the
two sub-cells were modeled individually. This approach is commonly
used to evaluate the performance of tandem solar cells. The top sub-
cell is subjected to standard AM1.5 G illumination, while the bottom
sub-cell receives a filtered spectrum representing the optical behavior

of the top cell. This filtered spectrum is defined by an optical
transmission filter, calculated according to Eqgs. 1, 2.'%0
§(A) = So(4)-exp(—apepoT:PsSAPEDOT:PSS)*
X exp(—apm7:PIDTdPM7:PIDT) €XP(—AC60d C60) [1]
a(E) = A-\/hv — Eg [2]

This estimate does not take into account reflection losses due to
thin-film interference. Figure 1 shows the filtered spectrum
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Enhancing Organic Solar Cells through Dual Electron
Transport Layers: A Machine Learning Approach for
Prediction of Organic and Metal Oxide Electron

Transport Layer Compatibility

Samia Moulebhar,* Chahrazed Bendenia, Souhila Bendenia, Hanaa Merad-Dib,

Sid Ahmed Khantar, and Sarra Merabet

This research investigates the effect of incorporating dual cathode buffer layers
on the performance of photovoltaic devices, focusing on ITO/PEDOT:PSS/PM6:
PY-IT/PCBM/metal oxide/Ag architectures where PCBM is combined with ZnO,
TiO,, and SnO,; as inorganic electron transport layers (ETLs). Key parameters
such as film thickness, doping concentration, interfacial defects, Mott-Schottky
behavior, and impedance characteristics are thoroughly analyzed. Among the
tested configurations, the most efficient structure is PCBM/TiO,, which achieves
an efficiency of 19.35% with an open circuit voltage of 1.14 V and a fill factor of
73.76%. To improve device optimization, this study introduces an artificial
intelligence (Al)-based approach using the SCAPS-1D simulator. This method
enables accurate efficiency prediction and optimal selection of double organic/
inorganic ETL combinations. Various regression models are applied, including
linear regression, decision tree regressor, random forest regressor, gradient
boosting regressor, XGBoost regressor, and K-neighbors regressor. Among them,
XGBoost regressor shows the highest precision with R? (test) = 0.9957,
root-mean-square error = 0.2446, and R (train) = 1, highlighting the potential of

production, lightweight design, flexibility,
and semitransparency."*'These attributes
make OSCs highly suitable for large-scale
industrial applications and integration
into a variety of innovative photovoltaic
devices.*® For instance, the power conver-
sion efficiency (PCE) of rigid single-junction
OSCs has now surpassed 20%,"'demonstrat-
ing their potential as a viable approach to
harnessing sustainable and eco-friendly solar
energy.®®) However, despite these achieve-
ments, the efficiency of flexible OSCs contin-
ues to lag behind their rigid counterparts,
posing a significant challenge to the commer-
cialization of this emerging technology."”
Improving both efficiency and stability
remains a critical focus for researchers
aiming to unlock the full potential of flexible
0sCs 't

Al in refining photovoltaic design.

1. Introduction

Organic solar cells (OSCs) have emerged as a promising clean
and renewable energy technology, garnering significant attention
due to their unique advantages, including low-cost solution-based
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Over the years, considerable progress has
been made in the development of new active
materials and the optimization of device
structures and morphology, leading to
remarkable advancements in PCE.®!

Conventional OSCs typically consist of a photoactive layer sand-
wiched between a hole-transporting layer, such as poly(3,4ethyle-
nedioxylenethiophene):poly (styrenesulfonic acid) (PEDOT:PSS)
and a low work-function metal cathode (e.g., Ca, Al, Mg) on an
indium tin oxide (ITO) substrate. However, this conventional
architecture is highly sensitive to environmental factors such as
moisture and oxygen, which can lead to the slow deterioration
of acidic PEDOT:PSS and the oxidation of the metal cathode.
These issues significantly impact the air stability and operational
lifetime of the devices, highlighting the need for more robust
materials and designs.***

The electron transport layer (ETL) plays a pivotal role in deter-
mining the performance of 0SCs.!™*! It not only enhances charge
carrier extraction but also influences the morphology of the active
layer, thereby affecting overall device efficiency and stability.'®'”)
Existing ETL materials can be broadly categorized into three types:
polymers (e.g., PEN, PEI, and PEIE), organic small molecules
(e.g., PDINN and PDINO), and inorganic materials (e.g., ZnO,
TiOx, and SnOx).®!Among these, metal oxides such as zinc oxide
(ZnO), titanium dioxide (TiO,), and tin oxide (SnO,) have gained

© 2025 Wiley-VCH GmbH
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High-efficiency design and optimization of 2 T monolithic polymer/
polymertandem solar cells using SCAPS-1D simulations
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Abstract

In this study, we present a novel 2 T monolithic polymer/polymer tandem solar cell (TSC) model based on
experimentally validated sub-cell designs composed entirely of OSC/OSC polymers. The individual sub-
cells have been calibrated against experimental data, resulting in power conversion efficiencies (PCE) of
10.33% for the front cell and 21.72% for the back cell. The lower cell contains a PM6:Y6 active layer in an
ITO/Cu20/PM6:Y6/Sn02/Ag configuration, while the upper polymer cell is designed with a conventional
ITO/PEDOT:PSS/PM7:PIDT/PDINN/Ag structure, with PM7:PIDT as the absorber layer. Simulations
were performed using the 1D SCAPS tool to individually optimize the performance of each sub-cell.
Extensive investigation was carried out on band alignment, defect density, active layer thickness and the
selection of electron and hole transport layers (ETLs and HTLs). The effects of temperature, shunt resistance
and series resistance on the two sub-cells were also analyzed to improve stability and performance. The
resulting tandem structure exhibited a short circuit current density (Jsc) of 11.685 mA cm ™, an open circuit
voltage (Vo) 0f 2.0721 V, afill factor of 82.823% and a PCE 0f 20.054%, positioning it as a promising
candidate for flexible, green and highly efficient tandem solar cells. These results highlight the potential of
our design to advance the performance benchmarks of organic tandem solar cells.

Nomenclature table with units.

Nomenclature Meaning Units
HTL Hole Transport Layer

ETL Electron Transport Layer

Eg Energy Bandgap (eV)

X Electron Affinity (eV)

€ Relative Permittivity

N, Effective Density of States in Conduction Band (1/cm’)
N, Effective Density of States in Valence Band (1/cm?)
He Electron Mobility (em?/V-s)
h Hole Mobility (cm?/V-s)
Na Acceptor Concentration (1/cm?)
Ny Donor Concentration (1/cm?)
N, Trap Density (1/cm’)
PCE Efficiency (%)
Jsc Short circuit density (mA .cm )
FF Fill Factor (%)
Voc Open Circuit voltage V)

© 2025 IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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Hybrid Optimization Approach Using Multiobjective Genetic
Algorithm NSGA-II, SCAPS-1D Simulation, and Response
Surface Methodology for Organic Solar Cell Analysis

Samia Moulebhar,* Chahrazed Bendenia,”s Hanaa Merad-Dib, Souhila Bendenia,

Sarra Merabet, and Sid Ahmed Khantar

In the field of simulation, it is difficult to find the relevant values for the properties of
materials and in this context this approach has been proposed on optimizing the
performance of organic solar cells, a promising technology in the field of renewable
energy, to increase their efficiency. It adopts a hybrid approach combining the
response surface methodology (RSM) with a Box-Behnken design (BBD) and the
nondominated sorting genetic algorithm Il (NSGA-Il). The RSM BBD method is used
to identify objective functions to be optimized, considering interactions between
selected parameters such as the thickness of the active layer, electron-transport layer
(ETL), hole-transport layer (HTL), and the doping of these layers. Concurrently, the
NSGA-II genetic algorithm aims to maximize the performance of the solar cell based
on these parameters. The specific importance of NSGA-II lies in its ability to solve
complex multiobjective optimization problems. Indeed, NSGA-Il is designed to
simultaneously manage several performance objectives, which is crucial for organic
solar cells. Its ability to generate a diverse set of optimal solutions enables efficient
configurations to be found that may not be obvious with simpler optimization
approaches. The results of this study show that optimum solar cell performance is
achieved with active layer, ETL layer, and HTL layer thicknesses of 100.86, 79.9, and
20.24 nm, respectively, and active layer doping of 8.71E + 21 cm 3, HTL layer
doping of 9.90E + 21 cm 3, and ETL layer doping of 9.49E + 21 cm>. Analysis
using Solar Cell Capacitance Simulator-1D (SCAPS-1D) software shows that opti-
mum performance is achieved with these specific parameter values. After optimi-
zation with NSGA-II, the power conversion efficiency increases by 39% compared to
previous work. This study provides evidence of the effectiveness of the proposed
hybrid approach for optimizing the performance of organic solar cells. By showing
remarkable agreement between the results obtained by NSGA-Il and SCAPS-1D, this
approach opens up promising prospects for the future of renewable energy.

1. Introduction

Organic solar cells (OSCs) are emerging as
one of the most promising photovoltaic
technologies in an era of increasingly
scarce resources. Their appeal lies in
several significant advantages: low cost,
remarkable lightness, the ability to be
printed on large surfaces, and increased
flexibility.'!  The power conversion
efficiency (PCE) of nonfullerene organic
photovoltaic cells has improved signifi-
cantly in recent years, rising from about
3% in 2007 to over 10% in 2013," reach-
ing 14% in 2018,/ and achieving 19% in
2023.”) These improvements have been
driven by the exploration of new and
varied structures aimed at overcoming
the main obstacles to enhancing OSC per-
formance.®! Although numerous research
projects have focused on the fabrication
and analysis of nonfullerene bulk hetero-
junction organic photovoltaic cells, signifi-
cant challenges remain.” A notable
example is the PBDB-T:ITIC blend, which
has achieved a PCE of up to 11.25%.!""]
This blend consists of 3,9-bis(2-methylene-
(3-(1,1-dicyanomethylene)-indanone)-5,5,11,
11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2,3-
d]-s-indaceno[1,2-b:5,6-b]dithiophene (ITIC),
developed by Zhan and colleagues in
2015, and is considered an ideal acceptor.
Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)
benzo[1,2-b:4,5-b’|dithiophene)-co-(1,3-
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di(5-thiophene-2-yl)-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c’]
dithiophene-4,8-dione)] (PBDB-T) serves as the electron
donor."* However, the effects of different materials and techno-
logical parameters on OSC performance have yet to be thor-
oughly simulated to find optimized techniques for improving
their efficiency."” In addition, for the same type of structure,
numerous journal articles have used different parameter values,
leading to varying performance outcomes. This variability has
made it challenging to identify the ideal parameters for practical
applications. Therefore, integrating data from a large number of
articles was crucial for our work. We analyzed these articles to
identify the parameters that could enhance the performance of

© 2024 Wiley-VCH GmbH


mailto:samia.moulebhar.etu@univ-mosta.dz
mailto:chahrazed.bendenia@univ-mosta.dz
https://doi.org/10.1002/pssa.202400654
http://www.pss-a.com

Abstract: This thesis is set within the current context of the energy transition, where the optimization of
lightweight, flexible, and low-cost photovoltaic technologies represents a major challenge. It explores organic
solar cells (OSCs) through an approach that combines numerical modeling, algorithmic optimization, artificial
intelligence, and experimental validation. First, a state-of-the-art review positioned OSCs among other
photovoltaic technologies and identified their main challenges in terms of efficiency and stability. Then, using the
SCAPS-1D simulator, different optimization strategies were investigated. For tandem cells, we focused on the
PM6:PY-IT (bottom cell) and PM7:PIDT (top cell) systems. Adjusting the thickness and defect density of the
active layers, as well as engineering the electron transport layers (ETLs), enabled us to achieve remarkable
efficiencies (PCE = 24.5% and 22.83%). Furthermore, we studied the engineering of transport layers in a single-
junction cell based on the PM6:PY-IT absorber, where several ETL combinations were tested. Among them, the
PCBM/TiO: configuration showed a significant improvement in charge extraction (PCE = 19.35%, Voc = 1.14
V, FF = 73.76%). Machine Learning models, particularly XGBoost, were then employed to predict the
compatibility and performance of materials with high accuracy (R? = 0.9957). Finally, a practical demonstration
was carried out by integrating an OPV module into a smartphone charging system, illustrating the potential of
autonomous organic photovoltaic solutions for portable electronics and embedded systems. The results highlight
the relevance of a multidisciplinary approach and open up new perspectives, particularly in improving long-term
stability, exploring new materials, and integrating OSCs into smart systems and large-scale applications.
Keywords: Organic Materials, Renewable energy, Embedded systems, Photovoltaic efficiency, SCAPS-1D
simulation, Machine Learning.
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Résumé : Cette these s’inscrit dans le contexte actuel de la transition énergétique, ou l’optimisation des
technologies photovoltaiques 1égeres, flexibles et a faible cofit constitue un enjeu majeur. Elle explore les cellules
solaires organiques (OSC) a travers une approche combinant modélisation numérique, optimisation
algorithmique, intelligence artificielle et validation expérimentale. Dans un premier temps, un état de 1’art a
permis de situer les OSC parmi les autres technologies photovoltaiques et d’identifier leurs principaux défis en
termes de rendement et de stabilité. Ensuite, a ’aide du simulateur SCAPS-1D, différentes stratégies
d’optimisation ont été testées. Pour les cellules tandem, nous avons travaillé sur les systéemes PM6:PY-IT (cellule
inférieure) et PM7:PIDT (cellule supérieure). L’ajustement de I’épaisseur et de la densité de défauts des couches
actives, ainsi que I’ingénierie des couches de transport d’¢électrons (ETL), ont permis d’atteindre des rendements
remarquables (PCE = 24,5% et 22,83%). Par ailleurs, nous avons étudié¢ I’ingénierie des couches de transport
dans une cellule monojonction basée sur I’absorbeur PM6:PY-IT, ou nous avons testé plusieurs couples d’ETL.
Parmi eux, la configuration PCBM/TiO: a montré une amélioration notable de I’extraction de charges (PCE =
19,35%, Voc = 1,14 V, FF = 73,76%). Des mode¢les de Machine Learning, notamment XGBoost, ont ensuite été
utilisés pour prédire la compatibilité et la performance des matériaux avec une précision élevée (R* = 0,9957).
Enfin, une démonstration pratique a été réalisée en intégrant un module OPV dans un systéme de recharge de
smartphone, illustrant le potentiel des solutions photovoltaiques organiques autonomes pour I’électronique
portable et les systetmes embarqués. Les résultats obtenus mettent en évidence 1’intérét d’une approche
multidisciplinaire et ouvrent de nouvelles perspectives, notamment I’amélioration de la stabilit¢ a long terme,



I’exploration de nouveaux matériaux, et I’intégration des OSC dans des systémes intelligents et des applications
de grande échelle.

Mots-clés: Matériaux organiques, Energie renouvelable, Systémes embarqués, Rendement photovoltaique
Simulation SCAPS-1D, Apprentissage automatique.
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