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Abstract

This work presents a numerical study of perovskite solar cells based on SCAPS-1D, focusing
on the effect of absorber architecture on device performance. Single-layer MAPbI; and bilayer
MAPDbI;/MASnIs configurations are investigated using FTO/W S2/absorber/CuO/Au structures.
The influence of absorber thickness, acceptor concentration, defect density, and back-contact
work function on the photovoltaic parameters is systematically analyzed. A comparative
assessment of the single-layer and bilayer configurations is performed in terms of carrier
transport, charge collection, and power conversion efficiency. The results provide a physical
understanding of the parameters governing device performance and identify suitable conditions

for the optimization of bilayer perovskite solar cells.
Résumé

Ce travail présente une étude numérique de cellules solaires a base de pérovskites a 1’aide du
logiciel SCAPS-1D, portant sur D’influence de Darchitecture de 1’absorbeur sur les
performances du dispositif. Deux configurations sont étudiées : une structure a couche
absorbante unique a base de MAPDI; et une structure a double couche MAPbIs/MASnI,
intégrées dans des architectures FTO/WS2/absorbeur/CuO/Au. L’influence de 1’épaisseur de
I’absorbeur, de la concentration en accepteurs, de la densité des défauts et du travail de sortie
du contact arriere sur les paramétres photovoltaiques est systématiquement analysée. Une
comparaison des deux configurations est réalisée en termes de transport des porteurs, de collecte
des charges et de rendement de conversion photovoltaique. Les résultats permettent de mieux
comprendre les parametres physiques régissant les performances du dispositif et d’identifier
des conditions appropriées pour I’optimisation des cellules solaires a pérovskite a double

couche.
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Nomenclature

PV : Photovoltaic

PSC : Perovskite Solar Cell

SCAPS-1D : Solar Cell Capacitance Simulator in One Dimension
ETL : Electron Transport Layer

HTL : Hole Transport Layer

FTO : Fluorine-Doped Tin Oxide

WS : Tungsten Disulfide

MAPDI; : Methylammonium Lead Iodide
MASnI; : Methylammonium Tin lodide
CuO : Copper Oxide

Au : Gold

Voc : Open-Circuit Voltage

Jsc : Short-Circuit Current Density

FF : Fill Factor

PCE : Power Conversion Efficiency
AM : Air Mass

AMO : Air Mass 0

AMI1.5D : Air Mass 1.5 Direct
AMI1.5G : Air Mass 1.5 Global

0z : Zenith Angle

A : Wavelength

v : Frequency



c : Speed of Light

h : Planck’s Constant

E : Photon Energy

Eg : Band Gap Energy

Bv : Valence Band

Bc : Conduction Band

ED : Donor Energy Level

EA : Acceptor Energy Level
ZCE : Space Charge Zone
P-type : P-Type Semiconductor
N-type : N-Type Semiconductor
Iph : Photogenerated Current
Io : Incident Light Intensity

I : Transmitted Light Intensity
a : Absorption Coefficient

1 : Material Thickness

T : Transmittance / Temperature
A : Absorbance

DO : Optical Density

Iobsc : Dark Current

Is : Diode Saturation Current

D : Diffusion Coefficient

Ld : Diffusion Length

1 : Carrier Lifetime

e : Elementary Charge



q : Elementary Charge

K : Boltzmann Constant

ni : Intrinsic Carrier Concentration
Dn : Electron Diffusion Coefficient
Dp : Hole Diffusion Coefficient

Ln : Electron Diffusion Length

Lp : Hole Diffusion Length

-V : Current—Voltage Characteristic
P-V : Power—Voltage Characteristic
C—V : Capacitance—Voltage Characteristic
C—f': Capacitance—Frequency Characteristic
Is1 : Saturation Current of Diode D1
Is2 : Saturation Current of Diode D2
nl : Ideality Factor of Diode D1

n2 : Ideality Factor of Diode D2

Rs : Series Resistance

Rp : Parallel Resistance

Rsh : Shunt Resistance

Icc : Short-Circuit Current

Vco : Open-Circuit Voltage

Pmax : Maximum Power

Pm : Maximum Power Point

Vm : Maximum Voltage

Im : Maximum Current

MPP : Maximum Power Point



FFo : Ideal Fill Factor

rs : Normalized Series Resistance

n : Electrical Conversion Efficiency

Pin : Input Power

Pout : Output Power

RS : Spectral Response

RS()) : Spectral Response as a Function of Wavelength
IQE : Internal Quantum Efficiency

EQE : External Quantum Efficiency

R(A) : Reflection Coefficient

SRH : Shockley—Read—Hall Recombination

Ep : Recombination Center Energy Level

Ec : Conduction Band Energy Level

Ev : Valence Band Energy Level

IPV : Impurity Photovoltaic Effect

g(x) : Generation Rate as a Function of Position

V : Voltage

F : Frequency

x : Electron Affinity

er : Relative Dielectric Permittivity

NC : Effective Density of States in the Conduction Band
NV : Effective Density of States in the Valence Band
un : Electron Mobility

ph : Hole Mobility

NA : Shallow Uniform Acceptor Density



ND : Shallow Uniform Donor Density
Nt : Total Defect Density

oe : Electron Capture Cross Section
oh : Hole Capture Cross Section

Er : Defect Energy Level
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GENERAL INTRODUCTION

The transition toward low-carbon energy systems has intensified research into
photovoltaic (PV) technologies capable of converting solar radiation into electricity with high
efficiency, low material consumption, and scalable manufacturing. Among emerging
photovoltaic technologies, metal-halide perovskite solar cells (PSCs) have attracted exceptional
attention because their optical and electronic properties can be tuned through composition and
device engineering. Recent reviews emphasize that perovskite absorbers combine strong optical
absorption, adjustable band gaps, favorable charge-transport characteristics, and compatibility
with relatively simple thin-film processing, while continuing challenges concern operational

stability, defects, environmental exposure, toxicity, and large-area manufacturing [1,3,10-12].

The rapid development of PSCs has also expanded the scope of photovoltaic research
from conventional single-junction devices toward multijunction and tandem architectures. In a
single-junction solar cell, the absorber band gap imposes a fundamental compromise between
photocurrent generation and voltage. Tandem architectures address this limitation by
combining absorbers with different band gaps so that different portions of the solar spectrum
can be utilized more effectively. In particular, all-perovskite tandems can combine a wider-
band-gap top absorber with a narrower-band-gap bottom absorber, providing a route toward
higher theoretical and practical efficiencies [1,8]. Recent research on perovskite/silicon
tandems similarly demonstrates the importance of complementary band gaps, optical

management, interfacial charge extraction, and long-term stability [9].

Motivation and Scientific Context

Despite their impressive photovoltaic potential, PSCs remain sensitive to a large
number of interacting material and device parameters. The absorber thickness affects optical
absorption and carrier collection; doping influences the internal electric field and charge
extraction; bulk and interface defects provide recombination pathways; and the energy-level
alignment between the absorber, electron transport layer (ETL), hole transport layer (HTL), and
electrodes affects carrier selectivity and extraction. Consequently, optimizing one parameter

independently may not identify the most favorable device operating point. Recent literature

continues to identify defect-mediated non-radiative recombination, interface losses, instability,




and scale-up as central issues in translating high laboratory efficiencies into durable

photovoltaic technology [3,8,10-11].

The choice of charge-transport layers is also important because they determine the
direction and selectivity of photogenerated-carrier extraction. Modern perovskite devices
employ a variety of ETLs and HTLs, and their performance depends not only on their intrinsic
mobility and conductivity but also on band alignment, interfacial defect density, and chemical
compatibility with the absorber. Recent advances in inverted architectures illustrate how
transport-layer and interface engineering can simultaneously improve efficiency, operational

reliability, and compatibility with tandem configurations [7].

Role of Numerical Modelling in Photovoltaic Design

Experimental optimization of photovoltaic devices can require a large number of
fabrication and characterization cycles because several parameters are coupled. Numerical
device simulation therefore provides a complementary approach for examining the influence of
material properties and device architecture before experimental implementation. In particular,
the Solar Cell Capacitance Simulator (SCAPS-1D) is widely used to model one-dimensional
semiconductor devices and to evaluate the influence of layer thickness, carrier concentrations,
defect states, interface properties, temperature, and contact conditions on photovoltaic output.
Recent studies have applied SCAPS-1D to conventional and lead-free perovskite devices,

including investigations combining numerical simulation with first-principles calculations [4-

6].

The physical basis of the numerical analysis is the self-consistent solution of
semiconductor transport equations. The electrostatic potential is obtained from Poisson's
equation, while carrier distributions are determined through the continuity equations for
electrons and holes. Together with the constitutive relations for drift and diffusion currents and
the selected recombination and generation models, these equations provide the spatial
distributions required to calculate current-density-voltage characteristics and photovoltaic
parameters. This modelling framework makes it possible to establish relationships between
microscopic or layer-level parameters and macroscopic indicators such as open-circuit voltage

(Voc), short-circuit current density (Jsc), fill factor (FF), and power-conversion efficiency




(PCE). Recent SCAPS-1D studies demonstrate the usefulness of this approach for identifying
favorable thicknesses, defect densities, transport-layer properties, and energy-level

configurations [4-6].

Research Problem and Objectives

Within this context, the present thesis focuses on the numerical investigation and
optimization of perovskite solar-cell structures. The work considers both a single-absorber
configuration and a bilayer absorber configuration, with particular attention to MAPbI3-based
devices and the incorporation of MASnI3 as a narrower-band-gap absorber. The selected
structures use FTO as the transparent conducting substrate, WS2 as the electron transport layer,
CuO as the hole transport layer, and Au as the rear contact. The study therefore combines
material selection, energy-level alignment, semiconductor device modelling, and systematic

parameter optimization.

The principal objectives are: (i) to introduce the physical principles governing
photovoltaic energy conversion and the operation of solar-cell devices; (ii) to establish the
numerical methodology used for one-dimensional device simulation; (iii) to investigate the
influence of absorber thickness, shallow acceptor concentration, defect-trap density, and back-
contact work function on device performance; (iv) to compare single-layer and bilayer absorber
architectures; and (v) to identify parameter combinations that provide improved carrier
collection and photovoltaic conversion while clarifying the physical mechanisms responsible

for performance changes.

Organization of the Thesis

The thesis is organized into three main chapters. Chapter I presents general information
on solar cells, including the fundamental principles of photovoltaic conversion, the main
characteristics of solar-cell technologies, and the physical parameters used to evaluate
photovoltaic performance. Particular attention is given to the operating principles relevant to

perovskite solar cells and to the role of the different functional layers in a photovoltaic device.

Chapter II describes the numerical simulation methodology based on SCAPS-1D. The chapter

introduces the physical equations used in the simulation, the material and interface parameters




required to construct the device, the boundary conditions and illumination conditions, and the
photovoltaic quantities extracted from the calculated current-density-voltage response. The
chapter also establishes the numerical procedure used to evaluate the effect of the principal

device parameters.

Chapter III presents the numerical optimization of single-layer and bilayer perovskite
solar cells. As detailed in the present work, the analysis systematically varies absorber
thickness, shallow acceptor density, defect-trap density, and back-contact work function. The
bilayer architecture is examined as a means of extending spectral utilization through the
combination of MAPbI3 and MASnI3. The results are interpreted in terms of photocurrent
generation, voltage generation, charge extraction, recombination, and the trade-offs associated

with absorber thickness and electrical properties.

The thesis combines the general principles of photovoltaic devices with one-
dimensional numerical modelling to establish a systematic framework for understanding and
optimizing perovskite solar-cell architectures. The approach is particularly relevant to the
current development of tandem photovoltaics, where improvements in efficiency must be
considered together with defect control, interface engineering, operational stability, and

scalability [1,8-12].
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CHAPTER I General information on solar cells

1.1 Introduction:

Solar photovoltaic energy refers to the generation of electricity from sunlight through
the use of solar panels, where the solar cell acts as the main electronic component.
Semiconductors are considered some of the most appropriate materials for photovoltaic
applications. When sunlight photons hit the semiconductor material, they are absorbed and

create electron-hole pairs, which participate in generating electric current.

In this chapter, we first introduce the basic concepts related to solar radiation, photovoltaic
conversion, and the photoelectric effect. This background helps in understanding the
principles that form the basis of the rest of the study. The second section is dedicated to the
conventional solar cell, including its operating mechanism, -current-voltage (I-V)
characteristics, and the main parameters used to determine solar cell efficiency. In addition,
several theoretical models related to photovoltaic cells will be discussed. Prior to that, the
fundamental concepts of the PN junction, which is an essential part of solar cell operation,

will also be presented.

1.2 Concept of Solar Radiation

1.2.1 Solar Energy Source

The sun releases a huge amount of energy, and taking advantage of this free resource is highly
beneficial. Sunlight spans a broad range of wavelengths, starting from ultraviolet (UV)
radiation (10—400 nm), passing through visible light (400—700 nm), and extending to infrared
(IR) radiation (>700 nm) [1]. Since the highest irradiation intensity lies within the visible light
region, solar cell designers should focus on materials that exhibit strong absorption in this part

of the spectrum.

Solar irradiance changes according to variations in the sun’s emitted energy, geographical
location, time, and atmospheric conditions. Therefore, establishing standard testing and
research conditions is necessary. For this purpose, the photovoltaic division of the American
Society for Testing and Materials (ASTM) defined three standard test conditions based on
different air masses (AM1.5G, A M1.5D, and AMO), as illustrated in Figure I.1.

1
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The air mass (AM) concept represents the path length traveled by sunlight through the
atmosphere before reaching the Earth’s surface. It can be determined using the following
equation [1]:

1

- cos(0z)

[L1]

a b ——AM 0

— AM 1.5G

1 O
e,

Intensity / a.u.

400 800 1200 1600 2000 2400
Wavelength / nm

Figure 1.1 Understanding the Differences Between AM 0, AM 1.5, and AM 1.5G in the Solar Energy
Field with a Single Article [6]

1.2.2 Solar Spectrum

The solar spectrum is produced by the decomposition of light into its various wavelengths. It

is composed of several colored radiations, each corresponding to a specific wavelength range

[2].

The reconciliation between the two theories of light, namely the wave theory and the
corpuscular theory, was achieved only in the 20th century through the discovery of the photon

by Planck and Einstein. This became possible because light actually possesses a dual nature.

® Light behaves as an electromagnetic wave, meaning a periodic oscillation characterized
by its wavelength A or its frequency v. The higher the frequency, the shorter the

wavelength, and vice versa, where c represents the speed of light.

o [1.2]
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® [t is also a beam of photons that is like "grains of light."
carriers of an amount of energy, which depends on their wavelength, according to Louis'

formula de Broglie:

E=hv=" [L1.3]

h: Plank’s constant

Table.l.1 gives the characteristic energy values of photons for various wavelengths, as well as

the areas corresponding to the light spectrum.

Zone A (um) Ephoton (€V)

Ultraviolet 0.2 6.3
Visible Blue 0.4 3.1
Visible Jaune Vert 0.5 2.48
Visible Rouge 0.78 1.59
Infrarouge 1 1.24
Infrarouge 2 0.62
Infrarouge 4 0.31

Table.I.1 Energy values of photons from the solar spectrum [2].

1.2.3 Photovoltaic Effect

The photovoltaic effect is strongly related to the photoelectric effect, which was first
discovered by Antoine Becquerel. During this experiment, an electric current was generated
when two electrodes immersed in a fluid were exposed to light. This discovery, reported in
1839 by his son Edmond Becquerel, was only fully explained much later through the theories
of Albert Einstein, who received the Nobel Prize in Physics in 1921 for this contribution [5].

A major advancement in photovoltaics occurred in 1954 when researchers at Bell
Laboratories accidentally noticed that PN diodes generated a current when exposed to light
[5]. A few months later, they introduced the first silicon solar cells, which achieved a

conversion efficiency of nearly 6%. Since then, photovoltaic technology has progressed

significantly and has become a dependable and long-lasting energy source [5].

1
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More specifically, the photovoltaic effect is a physical phenomenon that takes place when
electromagnetic radiation interacts with semiconductor materials, producing a small electric
current in a semiconductor exposed to light, particularly sunlight [6], the Figure 1.2 show a

schematic explication of the photovoltaic effect.

THE PHOTOVOLTAIC EFFECT & ITS PRINCIPLE

Photovoltaic Effect
in a Solar Cell

~ Sunlight Light — Electrons Move — Current — Power
x (Photons)

. e——
e

é%on 9 ﬂ

Electric Charge
Movement Creates Voltage and Current

'[ - (Electricity)
Semiconductor

Material

Figure 1.2 The photovoltaic effect

When a photon reaches a semiconductor material, two situations may occur. If the photon
energy is lower than the semiconductor band gap energy (Eg), the material remains
transparent to the photon [6]. However, if the photon energy is equal to or greater than Eg, the
photon is absorbed, leading to the creation of an electron-hole pair: an electron moves from
the valence band (Bv) to the conduction band (Bc), leaving behind a hole in the valence band
[6]. The separation and collection of this electron-hole pair before recombination make it
possible to generate an electric current. This phenomenon forms the operating principle of

many optoelectronic devices.

1.3 Concept of a Solar Cell

The first solar cell was characterized by a simple structure; however, it was unable to provide
high performance or satisfy the power demands of electrical loads. It also suffered from
several major limitations, including considerable losses caused by reflection, ohmic contacts,
and carrier recombination. Consequently, this configuration underwent multiple

improvements.
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The current optimized structure, designed to achieve better performance, is based on a multi-
layer configuration that includes the PN junction, as shown in Figure 1.3, which forms the
core of the solar cell. This junction plays a key role in the generation and separation of charge
carriers. Additional layers are incorporated around the p-n junction, including the window

layer, the anti-reflection layer, the back surface field layer, and the metallic electrodes [7].

Solar
e

P-type Silicon

Junction
N-type Silicon

Photons

Figure 1.3 Standard solar cell structure [7].
1.3.1 Window Layer

The window layer is mainly employed to reduce surface recombination. Several conditions
must be satisfied when selecting a suitable material for this layer. First, it should possess high
transmittance so that most of the incident light can pass through without significant
absorption. For this reason, semiconductor materials with a wide band gap are generally

preferred.

In addition, the layer must be extremely thin in order to minimize light absorption. To ensure
proper contact with the metal electrode, the doping concentration of the window layer should
also be higher than that of the p-type region. Figure 1.4 presents the energy band diagram
between the window layer and the p-region, highlighting its positive effect [8].
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Figure 1.4 Window layer effect [8].

In Figure 1.4, the window layer is composed of materials with a wider forbidden band gap
than that of the p-type region. Due to its higher doping concentration, this layer can be
considered as a P* region. At the interface between the window layer and the p-type region, a

potential barrier is established for electrons.

This electric field at the p* junction helps repel electrons, which are minority carriers in the p
region, back toward the depletion zone. Once they reach this region, the internal electric field

of the space charge region drives them toward the n-type region.

Thus, the window layer plays an important role in redirecting electrons and reducing the

probability of recombination at the upper surface.

1.3.2 PN Junction

A semiconductor is defined as a material characterized by a band gap (Eg) separating the
valence band from the conduction band, with the Fermi level located within this forbidden
energy gap. The position of the Fermi level depends on the concentration of charge carriers. A
semiconductor is considered N-type when electrons are the majority carriers, in which case
the Fermi level lies closer to the conduction band. Conversely, it is P-type when holes are the

dominant carriers, placing the Fermi level nearer to the valence band [9].

When an N-type semiconductor is brought into contact with a P-type semiconductor, electrons
and holes diffuse toward the P and N regions, respectively, in order to achieve charge
equilibrium. Holes moving from the P region toward the N region leave behind immobile

negative ions, while electrons migrating from the N region toward the P region leave behind
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positive charges. As a result, the N region becomes positively charged and the P region

becomes negatively charged.

A depletion region, also called the space charge zone (ZCE), is thus formed on both sides of
the junction interface, as illustrated in Figure 1.5. This region is characterized by an internal
electric field directed from the N side toward the P side, creating a potential barrier that

opposes further movement of electrons and holes across the junction [6,10].

ZCE

(@) (b)

Figure L.5 a-Structure of a PN junction, b-Band diagram of a PN junction

Junctions formed by the contact of two differently doped regions within the same
semiconductor material are called “homo-junctions.” In contrast, junctions created by joining

two different semiconductor materials are referred to as “hetero-junctions” [11].

1.3.3 Back Surface Field (BSF)

At the rear side of solar cells, a metallic contact is required to connect the base region;
however, this contact can increase surface recombination rates, which reduces device
efficiency. To minimize this effect, recombination can be reduced either by lowering interface
defects or by repelling one type of carrier away from the surface. The use of a rear electric

field, achieved through a doping gradient [12], has proven to be an effective solution.

The Back Surface Field (BSF) is a heavily doped layer placed at the rear side of the cell and

having the same conductivity type as the base (for example, a P*/P structure). This

12
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configuration creates a potential barrier that confines minority carriers within the base region,

thereby reducing recombination losses, as illustrated in Figure L.5.

J "

Trous
m E‘v
Région de type N N+ Couche de champ de

surface arriére

Figure 1.6 Effect of the rear surface field layer [13]

The OSB remains an active field of research, particularly due to the continuous reduction in
wafer thickness. In order to save raw material, multicrystalline silicon is now used, offering

long minority carrier diffusion lengths [13].

1.3.4 Front and Rear Face Contacts

Metal contacts (electrodes) are deposited on both sides of the PN junction in order to collect
photo-generated carriers and transfer them to the external circuit. For efficient operation, these

contacts must be ohmic, ensuring a linear [-V relationship [14].

The resistance associated with these contacts plays a key role in device performance. High
contact resistance increases the overall series resistance of the solar cell, which negatively

affects the fill factor, the extracted current, and consequently the overall efficiency [15].

On the front side, which is exposed to light, the electrode is designed in a grid pattern to
ensure efficient collection of charge carriers while still allowing maximum light transmission.
If the grid spacing is too large, more light can enter the cell, but some carriers may recombine
before being collected. On the other hand, if the grid is too dense, carrier collection improves,

but the amount of incoming light is reduced, which decreases charge generation [16].

In some technologies, transparent and conductive electrodes are used, such as indium tin

oxide (ITO) or ZnO. Their optical transparency depends on their band gap, while their
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electrical properties are mainly determined by their composition and doping level. Typically,
an undoped ZnO layer is first deposited, followed by a doped layer (ZnO:Al or ITO). This
intrinsic ZnO layer, which is non-conductive, helps prevent current leakage between the
absorber layer and the top contact. In this configuration, a grid structure is no longer required,

since this layer covers the entire surface of the cell [16].

On the rear side, a metallic layer is deposited at the bottom of the absorber in order to collect
the photo-generated carriers and transfer them to the external load. This layer also serves as a
reflector, sending back photons that were not absorbed during their first pass. In conventional
solar cells, the back contact material must exhibit low resistivity and enable an efficient flow
of majority carriers. This rear contact is becoming more significant as cell thickness

decreases, since the carrier generation profile becomes closer to this region.

The main requirements for a back contact material, in addition to good conductivity, are as

follows:

® [t should form an ohmic contact with the absorber.

® [t should present a low recombination rate for minority carriers.

® [t should remain chemically stable during subsequent processing steps.
® [t should preferably have moderately high reflectivity.

Recombination at the rear contact can become a major limiting factor in device performance.
It becomes dominant when the diffusion length becomes comparable to or larger than the

absorber thickness [17].
1.4 Operating Principle of a Solar Cell

A solar cell is made up of several layers, mainly two essential ones: one N-type
semiconductor layer and one P-type semiconductor layer. Electrical energy is generated at the
junction, also called the metallurgical interface, between these two layers, making it a key
component in the field of optoelectronics [18]. These semiconductors are special electronic

materials that are sensitive to light and convert solar energy into electrical power through

three main processes that occur almost simultaneously.
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a. The absorption of photons (with energy greater than the band gap) by the material of

the device.

b. The conversion of photon energy into electrical energy, which involves the generation

of electron-hole pairs in the semiconductor.

c. The collection of the generated charge carriers within the device [19].

a. Light Absorption

Absorption is the first essential step in the photovoltaic conversion process. Light is composed
of photons, each carrying a specific amount of energy related to its wavelength. These

photons can either penetrate or pass through certain materials depending on their properties.

In general, when a light beam strikes a semiconductor, three main optical phenomena may

occur, as illustrated in Figure 1.7:

e Reflection: part of the light is reflected from the surface of the material.

e Transmission: light passes through the material without being absorbed.

e Absorption: light enters the material and is not re-emitted; its energy is

converted into another form, usually thermal energy [20].

Refloection

Absorption

Transmission

Figure 1.7 Absorption, reflection and transmission phenomena [20].

Indeed, to have a higher yield, the material should have a coefficient

Higher absorption and a low reflection coefficient. In addition, for any beam

luminous which passes through a solid material of thickness (1), gives rise to a transmitted

beam (I) According to the Beer-Lambert law given by the expression (1.4):
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I =1],e% [L.4]

10: Incident beam
a: absorption coefficient
l: The material thickness.

The transmittance and absorbance T and A are expressed as follows:

T = Llo = e_al [15]

A = —loglO(LIo) = —logl10(T) [1.6]

The optical density is given by:

DO = —logl0(-) = 0.43al [1.7]

The optical density, expressed in equation (I.7), is a parameter that describes the reduction in
light intensity as it passes through an absorbing material. It depends on the absorption

coefficient a as well as the thickness of the material [21].
b. Conversion of photon energy into electrical energy

A solid material is composed of atoms made up of a nucleus surrounded by electrons in orbit.
The charge carriers responsible for electrical current under illumination are the electrons
present in the semiconductor. When a photon is absorbed by the material, it transfers its
energy through collision with a peripheral electron, which becomes excited and is released

from its initial stable state.

This electron, originally at a lower energy level, moves to a higher energy state, creating a
disturbance in the material that results in the formation of an electron-hole pair, both carrying
electrical energy [22]. The generation of these free carriers corresponds to transitions between
the valence band and conduction band (Bv—Bc) or between specific energy levels and the

bands [23]:

o Transition of an electron from the valence band to the conduction band, resulting in

the creation of an electron-hole pair.
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e Transition from a donor energy (ED) level located within the band gap to the
conduction band, leaving behind a positively charged ion and an electron in the
conduction band.

e Transition from the valence band to an acceptor energy (EA) level in the band gap,

leaving a negatively charged fixed charge and a hole in the valence band.

The electron-hole pair can generate an electric current if it is collected before recombination.

Otherwise, it rapidly returns to equilibrium by converting its electrical energy into thermal

energy [4].

A photon with frequency v carries an energy hv. When this energy is at least equal to the band
gap Eg, it can be used to excite an electron from the valence band to the conduction band, as

shown in equation (I.8).
hv=h: > Eg [1.8]

A: the photon wavelength

c: the speed of light

h

3
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Figure 1.8 Mechanism of creation of an electron-hole pair by a photon [22]

¢. Mechanism of Electron—Hole Pair Generation and Charge Collection
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A solar cell is based on a PN junction and operates under illumination. When photons reach
the cell, they generate charge carriers in the P-type region, the N-type region, and also within
the space charge region (ZCE). These carriers then move toward the depletion region under
the influence of the internal electric field. In this region, electron—hole pairs are separated,

which improves the charge collection efficiency.

The total photocurrent (Ipn) is obtained from the combination of the diffusion current,
produced by mobile carriers, and the generation current, resulting from the separation of
electron—hole pairs in the space charge region. This photocurrent is directly proportional to

the incident light intensity.

When the solar cell is connected to an external load, the photogenerated electrons flow
through the external circuit and recombine with holes, producing an electric current. The
diffusion length (L4) describes the average distance a charge carrier can travel before

recombination and is an important parameter in the electron—hole transport process [22].
Ly = VDt [1.9]

It 1s related to the diffusion coefficient D and the average lifetime T of minority carriers. It
represents the distance over which minority carriers can reach the space charge region (ZCE)
before recombining; carriers generated beyond this distance are lost due to recombination

[24].
I.4.1 Current—Voltage (I-V) Characteristics of a Solar Cell

The performance of a solar cell is evaluated using its current—voltage (I-V) characteristic,
which provides important information about key parameters such as efficiency, parasitic
resistances, and the fill factor. This curve also allows the adjustment and optimization of

physical parameters of the cell, including doping levels and layer thicknesses.

The current is measured as a function of the applied voltage, both in the dark and under
illumination. Under illumination, the I-V curve shifts downward into the fourth quadrant due

to the photocurrent generated by the device, which enables power generation [25].

1.4.2 Ideal Current—Voltage (I-V) Characteristic
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The I-V characteristic of an ideal photovoltaic cell, illustrated in Figures 1.9 and I.10, is
described by equation (I.10). This model is known as the single-diode exponential model,

where the solar cell is represented using one ideal diode.

A

Dark lNuminatad _
currenk curren Voo Dpen-circuil voltage

le: Short-circuit curreni

P |3 Vi

-1/

lmas Current of mas power
Vo Woltage of max powear
FF: Fill factor

Figure 1.9 Characteristic (I-V) of a solar cell in darkness and under illumination [25].
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Figure 1.10 Characteristic (I-V) and (P-V) of a solar cell [25].

Under dark conditions, the I-V characteristic of the solar cell behaves like that of a standard
diode. When the cell is illuminated, the photocurrent (I,n) generated by light is added to the

dark current (Iobsc) of the cell, modifying its overall electrical behavior.

I(V) = Iph — T4 = Iph —Is (exp(;) — 1) (1.10)
ou Is = (x4 Dot L11
S = (LpND Low, ) (L.11)

® I,n Photo-generated current [A]
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® I,sc current from the diode to dark [A]

® V Voltage at the terminal of the diode in [V]

® ¢ FElementary charge of an electron (e = 1.602 x10-19 C)
® K Boltzmann constant (k = 8.62 x 10-5eV. K-1)

® T Temperature in Kelvin

® ni Intrinsic constant

® [;  Diode saturation current in (A)

Dn and D, represent the diffusion coefficients of minority carriers in the N-type and P-type

materials, respectively.

® [nand Lp correspond to the diffusion lengths of minority carriers in the N and P regions,

respectively.

The equivalent electrical circuit of an ideal solar cell based on a PN junction can be modeled
by a diode, which represents the junction behavior, in parallel with a current source Iph,

which represents the photogenerated current, as shown in Figure (I.11) [26].

>
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Figure 1.11 Equivalent diagram of an ideal solar cell
1.4.3 Current—Voltage (I-V) Characteristics in the Real Case

In practice, the single-diode model described by equation (I.10) does not fully represent the

actual behavior of a solar cell. This is mainly because it neglects the effects of series and
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shunt (parallel) resistances, which originate from the electrical contacts on the carrier-

collecting materials that are not perfectly ohmic.

In addition, this simplified model does not account for electron—hole recombination within the
space charge region (ZCE), which is caused by localized energy states in the band gap and
leads to a reduction in the output current. This recombination effect can be represented by

introducing a second diode in parallel.

By considering these non-ideal effects, the current of a real solar cell can be described using
the two-diode model given in equation (I.12), which provides a more accurate representation

of the actual device behavior.

(V+IRy) (V+IRy) V+IR
I(V) =Iph — Is1 (exp( = =) —1) — Is2 (exp( ) —1) - R,

(1.12)

® I, land Iz Saturation current of the diode D1 and D2 [A].
® n; and n; Ideality factor for diodes D1 and D2.

® R serial resistance [Q].

® Rp parallel resistance [Q].

The equivalent electrical circuit of the cell, shown in Figure 1.12, includes a current source
that represents the photogenerated current. The overall resistive losses of the device are

modeled by a series resistance (Rs) and a shunt (parallel) resistance (Rp).

Diode (D1) represents the current contribution from the n-type emitter and the p-type base of
the solar cell, while the second diode (D2), also connected in parallel, accounts for the

generation—-recombination processes occurring within the space charge region [26].

D D>

‘® Y [+ |
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Figure 1.12 Equivalent electrical diagram of a photovoltaic solar cell taking in counts the different
losses based on the two-diode model

It is possible to simplify this model by removing the second diode associated with
recombination in the space charge region (ZCE), and by introducing an ideality factor, as

shown schematically in Figure (I.13).
R
I
-
I D, !
C‘[‘) I:I Ry U

Figure 1.13 Equivalent diagram of a solar cell to a diode with losses and a coefficient of ideality

The current III can then be expressed as a function of the voltage VVV, generally using the

following expression (I1.13):

e(V+IRy) V+IR,

I(V) = Iph — Is (exp( W) -1) — 7, (I.13)
With

® [ : Saturation current (A).

® R;: Series resistance (£2).

® R, Parallel resistance ().

® n.: Diode ideality coefficient, nest=1.

® ,i: Photo-generated current.

The series resistance Rs represents the resistive losses within the structure, including losses at
the metal/semiconductor interfaces and in the metallic contacts themselves. The slope of the
I-V curve at the open-circuit voltage point V. is equal to the inverse of (1/Rs) To reduce its
effect on the cell current, it is important to minimize @ Rs by improving the
metal/semiconductor contacts and decreasing the material resistivity. However, an appropriate

compromise must be maintained, since excessive doping may increase recombination effects.

In practice, substrate resistivities are usually between 0.5 and 5 Q-cm [27,28].
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The parallel resistance R, models surface leakage currents and losses caused by material
defects. Consequently, part of the photocurrent Ipn flows through this resistance instead of
reaching the external load. The slope of the I(V) curve at the short-circuit current point Icc

corresponds to the inverse of the parallel resistance ((1/Rp)) [29].

Figure (I.14) shows the variation of the I(V) characteristic according to the values of Rs and
R, . a steeper slope of the current—voltage curve at (V = Voc) indicates a low series resistance,
which improves the fill factor and overall device performance. In contrast, a more pronounced
slope at (I = Icc) indicates a low parallel resistance, leading to a reduction in the fill factor and

consequently a decrease in performance [29].
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Figure 1.14 Theoretical effect of the series resistance and the parallel resistance of a cell solar PV on
its curve (I-V)

1.5 Photovoltaic Parameters of a Solar Cell

The illuminated -V curve, presented in Figure 1.10, shows the different possible operating
conditions of a solar cell. From this characteristic, the operation of the cell can be analyzed
using four main photovoltaic parameters: the short-circuit current, the open-circuit voltage,
the fill factor, and the maximum power. In addition, the spectral response and electrical

efficiency can also be examined to evaluate the overall performance of the cell [30].
L.5.1 Short-Circuit Current (I_{cc})

The short-circuit current, denoted (I {cc}), and expressed in mA (or in mA/cm? as current
density), is the current delivered by the cell when the applied voltage is zero ((V = 0)). It

mainly depends on the light intensity, through the photogenerated current (Ipn), as well as on

the surface area of the cell [6].
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This current increases linearly with the illumination intensity and is influenced by several
factors such as the illuminated surface, the wavelength of the incident radiation, the mobility

of charge carriers, and the temperature.

For an ideal solar cell, the short-circuit current (Icc) is equal to the photocurrent Ipn . It
represents the number of generated electron—hole pairs that successfully pass through the

junction without recombination [ 14].
Icc = Iph = qG(Ln + Lp) (I1.14)
Where

® [n, Lp: The diffusion lengths of electrons and holes respectively.
® G: the generation rate.

® q: Elementary charge [21].
1.5.2 Open-Circuit Voltage (V_{co})

When the solar cell operates under open-circuit conditions, the charge carriers generated by
light and separated by the internal electric field accumulate on both sides of the junction. This
situation corresponds to the maximum voltage across the cell when no current flows ((I = 0)),
meaning the voltage produced by an illuminated cell that is not connected to an external

circuit.

This voltage depends on the difference in the work functions of the electrodes as well as the
shunt resistance. It decreases as temperature increases and also varies with the intensity of the

incident light [14]. It can be determined using the following relation:
Vco = ]j—qT ln(I;;h +1) (I.15)

Where:

o K: Boltzmann constant
e T: absolute temperature
e (q: electric charge

o I saturation current [4]
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1.5.3 Maximum Power Pmax

The power delivered by a solar cell reaches its maximum at a specific operating point on the
[-V characteristic. This point, noted Pm(Vm,Im) , is located at the knee of the [-V curve and
is called the maximum power point (MPP). The corresponding values Vm and I, are referred

to as the maximum voltage and maximum current, respectively [31].

Pmax = Imax.Vmax (I.16)

In the case of an ideal solar cell, the maximum power corresponds to the product of the open-

circuit voltage Vco and the short-circuit current Ic..

Pmaxidéal = Icc. Vco (I1.17)

1.5.4 Fill Factor (FF)

An important parameter commonly extracted from the [-V characteristic is the fill factor (FF),
which is used to evaluate the quality of a photovoltaic cell. It is defined as the ratio between
the maximum power delivered (Pmax) and the product of the short-circuit current (I.c) and the
open-circuit voltage (Vco). The fill factor is always less than 1 and is given by the following

expression [32]:

FF = Pmax — Im Vm (118)

Icc Veo Icc Veo

Mathematically, the fill factor can also be expressed in terms of the open-circuit voltage or as
a function of the series and shunt resistances of the solar cell. For an ideal solar cell, this
parameter depends mainly on the open-circuit voltage. It is given by equation (I.19), which

depends only on the normalized voltage Vco = Vco /Kg T [33].

Vco - In(Veo+0.72)
Veo+1

FFO = (1.19)

In practical conditions, the fill factor is highly influenced by the parasitic resistances Rs and

Rsh of the solar cell [34].

FF = FFO (1 —rs) (1.20)

__ Rslcc

rs 1.21)

Veo
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L.5.5 Electrical Efficiency ) :

The conversion efficiency is a key parameter used to evaluate the performance of a solar cell.
It represents the ability of the device to effectively convert incident light photons into
electrical energy. It is defined as the ratio between the output power Poy: and the input power

Pin , which corresponds to the incident solar radiation.

For terrestrial applications, the AM1.5G solar spectrum is typically used, corresponding to an

irradiance of approximately 1000 W/m?2. The efficiency is given by the following expression:

@ — VeolccFF (122)

n = Pin Pin

The yield of solar panels is influenced by several external factors such as geographical

location, cloud coverage, season of the year, and other environmental conditions [31].

1.5.6 Spectral Response Rs

The spectral response Rs of a photovoltaic cell is defined as the ratio between the short-circuit
current generated by the cell and the incident optical power, depending on the wavelength of
the incoming radiation. It describes how effectively the solar cell converts light of different
wavelengths into electrical current. The spectral response Rs is given by the following relation
[35]:

Icc(R)
Pin(2)

RS(A) = (A/W) (I1.23)
L.5.7 Internal Quantum Yield (IQE)

The internal quantum yield (IQE) of a solar cell is defined as the ratio between the number of
generated charge carriers and the number of photons that actually penetrate into the material.

It is related to the external quantum efficiency (EQE) through the following equation [31]:
EQE(M) = RS (1) 3= (1.24)

Where R(A) represents the reflection coefficient as a function of wavelength A.

1.6 Different Types of Losses in a Solar Cell
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In practice, photovoltaic conversion is not loss-free, which limits the overall efficiency of
solar cells. Due to these losses, the theoretical maximum efficiency is about 31%, according to
the Shockley—Queisser limit [37]. However, third-generation photovoltaic concepts may
increase this limit up to around 44% by making better use of both high- and low-energy

photons [38].

The losses that affect efficiency are generally classified into two main categories: optical

losses and electrical losses.

Losses in solar cell

Optical Electrical
I |
Ohmic Recombination
Reflection
Shadowing
Non-absorbed .
radiation o ll\::st:nal Emitter region
Emi Material,Surface
HMUEER ial base region
Conta;; rtml'tena material,Surface
eta R
Space charge region
junction P Ee st

Figure 1.15 Different types of losses in solar cells
1.6.1 Optical Losses

® Photons with energy lower than the band gap cannot be absorbed by the material and
therefore do not contribute to the generation of electron—hole pairs. This results in a loss
of approximately 27% of the efficiency (Region A in Figure 1.16).

® Photons with energy higher than the band gap also contribute to losses because the excess
energy is dissipated through thermalization, meaning it is lost as heat instead of being
used for carrier generation. This accounts for about 28% of the total losses (Region B in

Figure 1.16).
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® Reflection losses occur when part of the incident light is reflected by the non-metallized
surface of the solar cell, reducing the amount of absorbed radiation.
® Shading losses are caused by the metallic grid on the front surface of the cell, which

blocks

T Ratiance
| - r-")lm':

O.1r Gap Silicium
(T=3D0K)

Figure 1.16 Optical losses in a silicon-based solar cell [39]

1.6.2 Electrical Losses

Resistive losses: These losses are mainly caused by the series resistance, which reduces the
current flowing in the circuit, as well as by shunt (parallel) resistances. These include leakage
currents at the edges of the photovoltaic cell or when a metallic contact on the front side

creates a short circuit with the emitter.

® Voltage factor: The open-circuit voltage cannot exceed the band gap voltage. In practice,
it represents only a fraction of this value due to Auger recombination processes, which
limit its magnitude [40].

® Fill factor: Because of the exponential nature of the current—voltage relationship, an ideal
perfectly rectangular I(V) curve (100%) cannot be achieved. The fill factor (FF) can reach
values of up to approximately 89% in optimized cells [40].

® Recombination losses: The generated charge carriers must reach the contacts in order to
contribute to current generation. However, if they recombine before being collected, they
do not contribute to the output current. Several recombination mechanisms exist, both in

the bulk and at the surface of the material, affecting electron—hole pairs [41].

1.6.2.1 Types of Recombination
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1.6.2.1.1 Radiative Recombination

® Band-to-band recombination:It occurs when an electron in the conduction band
recombines with a hole in the valence band, resulting in the emission of a photon whose

energy is close to the band gap of the material.

® Recombination via impurity levels:
In this case, three mechanisms can be distinguished. First, an excited electron from donor
levels returns to the valence band. Second, an electron from the conduction band
recombines with an acceptor level. Third, an electron from a donor level recombines
directly with an acceptor level.

® Recombination due to isoelectronic traps (excitons):
Excitons are neutral states formed when an electron and a hole are bound together. They

do not contribute additional charge carriers to the host material [42].
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Figure 1.17 Radiative recombination mechanisms: a) band-to-band, b) through
impurity levels, c) Due to excitons [42].

1.6.2.1.2 Non-Radiative Recombination

® Auger recombination:
This process can occur either through a direct band-to-band transition or via a
recombination center. In this mechanism, the excess energy is transferred to a third carrier
(electron or hole), which is excited to a higher energy state see Figure I.18.a . This

energy is then dissipated non-radiatively in the crystal lattice.
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® Shockley—Read—Hall (SRH) recombination:
This mechanism, which is dominant in most semiconductors, occurs in two steps through
a recombination center such as a defect or impurity that introduces a deep energy level Ep
within the band gap see Figure [.18.b [43].

® The four possible processes involved are:

Capture of an electron by a trap level (transition from Ec to Ep).
Emission of an electron from a trap level (transition from Ep to Ec).

Emission of a hole from a trap level (transition from Ev to Ep).

b=

Capture of a hole by a trap level (transition from Ep to Ev).

Figure .18 Mécanismes de recombinaisons non radiatives : a) de type Auger, b) de type Shockley-
Read -Hall (SRH) [43].

1.7 Photovoltaic Cell Technologies

Over the past decade, photovoltaic energy has become a major player in the transition toward
alternative energy sources. This progress has been largely enabled by advances in materials
and manufacturing techniques. However, despite these developments, important challenges
still remain in achieving cleaner and more cost-effective photovoltaic energy production.
Current research is therefore focused on high-efficiency solar cell structures such as multi-
junction cells, graphene-based devices, intermediate band cells, as well as materials suitable

for printing technologies, including quantum dots [44].

The fabrication of photovoltaic cells relies on various technologies that tailor the properties of
materials in order to enhance photoelectric conversion efficiency across the different

components of the cell. The development and use of innovative and non-‘[raditional‘m
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manufacturing approaches have led to the classification of photovoltaic technologies into four

main generations, as shown in Figure .19 [45].

This classification reflects the historical evolution of solar cells since their invention. In recent

decades, four main generations have been identified:

Figure 1.19 Different generations of photovoltaic cells
» Third Generation

In order to overcome the limitations of previous generations—such as high manufacturing
costs, limited material availability, and material toxicity—several concepts have been
proposed, leading to the development of third-generation solar cells. These technologies are
still mainly at the research stage, but they show very promising potential for addressing these
challenges in the near future. Among them, multi-junction cells are particularly important in

this study.
» Multi-junction Cells

It is often difficult to find a single material capable of absorbing the entire solar spectrum with
a high absorption coefficient. III-V multi-junction cells provide a solution to this problem.
They use a stacked structure composed of multiple layers with different band gaps arranged in
decreasing order, where each junction is optimized to absorb a specific portion of the solar

spectrum efficiently. This approach helps to reduce thermalization losses and allows better
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utilization of almost the entire solar spectrum, resulting in very high conversion efficiencies

[24,48].

Multi-junction photovoltaic cells based on III-V semiconductor combinations (such as GaAs,
AlGaAs, InGaAs, etc.) have been developed since the 1960s and can achieve very high
efficiencies, sometimes exceeding 40% under concentrated sunlight [24]. These cells are
mainly used in the space industry due to their high cost, making them unsuitable for
widespread domestic applications. However, their performance depends strongly on operating
conditions, as concentrated sunlight must continuously be focused on the cell. For this reason,
solar tracking systems are required to maintain optimal alignment with the sun and ensure

efficient current generation [24].

1.8 Conclusion

In this chapter, the fundamental principles required to understand solar cells were established.
First, several concepts related to the Sun as an energy source were introduced. The study then
focused on the photovoltaic effect, the operating principle of photovoltaic cells, and their [-V
characteristics under both dark and illuminated conditions, as well as the key parameters that

influence their performance.

The next chapter will focus on the simulation tools used in this work, particularly the
(SCAPS-1D) . It will present the software environment, its operating principles, and the

different device structures adopted for the simulations carried out in this study.
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1I.1 Introduction

In the previous sections, we discussed the theoretical concepts of photovoltaics, including its
definition and history. We also presented the solar spectrum and solar radiation used, and

described the operating principle of photovoltaic cells

In this part, we study some types of solar cells using the SCAPS simulator. We also present a
brief overview of this software. In addition, we introduce some key concepts and provide a

detailed explanation of how to define and simulate a solar cell using this tool.
I1. 2 Definition

SCAPS (Solar Cell Capacitance Simulator) is a numerical simulation software used for one-
dimensional solar cells, developed by the Department of Electronics and Information Systems
(ELIS) at Ghent University in Belgium. The development of this software has involved
contributions from several researchers: Alex Niemegeers, Marc Burgelman, Koen Decock,
Johan Verschraegen, and Stefaan Degrave have contributed to the development of this
software [1]. The software is freely accessible to the photovoltaic research community,
including research centers and academic institutions. It operates on Windows systems such as
Windows 95, 98, NT, 2000, XP, Vista, Windows 7, and Windows 8, and requires around 50
MB of disk space. SCAPS was initially developed for CulnSe. and CdTe-based cell
structures. However, several extensions have expanded its capabilities, allowing it to be used
for crystalline solar cells (such as Si and GaAs) as well as amorphous solar cells (a-Si and
micro-morph Si). An overview of its main features is presented below : Up to 7
semiconductor layers. Almost all parameters can be defined with graded variations depending

on the composition and depth of the cell. For example:

Recombination mechanisms: band-to-band (direct), Auger, SRH. Defect levels: in the bulk or
at the interface, taking into account their charge states and recombination processes at these

levels.

* Defect levels and charge types: neutral (uncharged), monovalent (single donor or acceptor),
divalent (double donor or acceptor, amphoteric), and multivalent (user-defined). ¢ Defect
levels and energy distribution: discrete levels, uniform distribution, Gaussian distribution, tail-

like distribution, or a combination of these distributions.

» Defect levels and optical properties: direct light excitation is possible, known as the

impurity photovoltaic (IPV) effect
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. » Defect levels and metastable transitions between different energy levels.

» Contacts: metal work function or flat-band condition; optical properties of the filter,

including reflection and transmission.

. Tunneling: includes inter-band tunneling in both the conduction and valence bands, as well

as tunneling through interface states.

. Generation: can be performed either through internal calculations or by importing a user-

defined 9 (x ) file.

. Illumination: multiple spectral options are supported, such as AM0, AM1.5D, AM1.5G,
AM1.5G Edition 2, monochromatic, white light, and others.

. [llumination may be applied from either the p-side or the n-side of the device.
. Additional functionalities are discussed in more detail in the software manual [1].
I1.3. Basic Concepts

SCAPS is a software program developed for the Windows operating system using
LabWindows/CVI from National Instruments. The program launches through the “Action

Panel” icon, after which the following window appears:

SCAPS 3.2.10 Action Panel = O b4
i —Working point Series resistance Shuntresistance—— ———  Adtionlist ——— Al SCAPS seitings —
Tempershez (K) .00
Whitaoe (W) 10.0000 E E’ E %H | Lowd Action List | | Lood al seitings '
Freguency Hz 1.000E+6 1.00E+0 Ae  (Ohn Heti ol 1.00E+3 | Sare Acton Lt | | Sove ol setigs '
‘Mumber of pomts 5
| INamination: Crack [ [ T Light Speciiy amirtion spectrur [T Directiy
| oty ice mode! forspecom || Spechunfomtie | el T —
. Incadet for bz
i it Gom et ’__D T Akt g (]
Select [ e o | =zl vi
| | spectrum file ———
| v Tranasisian af 211 fiter = |
| Adion——————-Pame 0 numbes
o erunte:
[T W VIA 2 00000 2 2 0600 2¢ | Soom  |oement(y
- ooy VI 2 0800 Vany 2 08000 o | Zoon ot (V)
oo fliHz) = 1000642 f2Hz) 2 1 000Es5 20 [ s | pos per decade
™ QE(FCE) WL (e} 55 300.00 W2 nan) 3 300 00 5151 = 1000 increment {nm)
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Curvefiting results ‘
| cript graphs l acrpt vanables l _

Figure I1.1 The SCAPS Start-Up Panel and the Main Action Panel.
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II. 3.1 Launching SCAPS

To start SCAPS, click the desktop icon or double-click the SCAPS3310EXE file in the file

manager (or any other SCAPS version). The software will then open with the Action Panel.

I1. 3.2 Defining the Operating Point

The operating point determines the parameters that stay fixed during the simulation

measurements and are associated with the operating conditions. This includes:

e Temperature T: an essential parameter for all measurements.

Note: In SCAPS, only the thermal velocities and the temperature of the photovoltaic

cell (or device) can be manually modified by increasing or decreasing them to the

required value.

e Voltage V: It is not relevant to I-V and C—V simulations. It corresponds to the DC

bias voltage in a C—f simulation. SCAPS simulations begin at 0 V and then advance to

the operating-point voltage through a defined number of steps.

e Frequency F: It is not associated with [-V and C—f simulations. It corresponds to the

frequency used for simulating the C—V characteristic.

Working point
Temperature (K) = 300.00

Voltage (V) = 0.0000
Frequency (Hz) = 1.000E+6
Number of points =5

Figure I1.2 working point

Number of points: corresponds to the number of points used for plotting the curves.

I1. 3.3 Series Resistance and Shunt (Parallel) Resistance

To enable the series and shunt resistances, simply select the “Yes” box. Both parameters can

be adjusted manually by increasing or decreasing their values. These two parameters affect

the I-V characteristic.

—Series resistance
yes
[jla]

OE-+( Rs Ohm.cm”™2 Rel

Shunt resistance—

yes
no

Figure I1.3 series and sunt resistance block
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I1. 3.4 Light Source

Simply click the “Light” button to turn on the light source.

Illumination: Dark -: Light Specify illumination spectrum. then calculate G(x) D:
| Analytical model for spectrum [0 | Spectrum from file [

Incident (or bias)
Spectrum file name: illuminated from left | illuminated from right light power (W/m2)

Select lam Files (xB86)\Scaps3309\spectrum\AM1_5G 1 sun.spe sun or lamp 1000.00

= e ﬁIE 3 wavel (nm) =200.0
Spectrum cut off ? ho —— after cut-off  1000.00
ong wavel. (nm) 5{4000.0
Neutral Density - 0.0000 Transmission (%) * 100 000 after ND 1000 .00

Figure I1.4 Light [llumination Block.

This block is used to manage the illumination parameters through specific fields, namely the
activation of the light source, the monochromatic or polychromatic spectrum, and the

wavelength range, including solar illumination, etc.
I1.3.5 Illumination

[llumination is applied in all measurements. It defines the light polarization conditions. The
basic parameters include dark or light conditions, the choice of the illuminated side, and the
selection of the spectrum. The illumination spectrum, one Sun (1000 W/m?) with global air
mass 1.5, is used as the default spectrum. However, a wide variety of monochromatic light
sources and spectra are also available for more specific simulations. When an optical
simulator is available, a generation profile can be imported directly instead of selecting a

spectrum.

II. 3.6 Action

This block allows us to define the magnitudes needed for simulation. To do so, each
magnitude must be verified against the specific quantity to be simulated, enabling the
determination of characteristics such as current—voltage (IV), capacitance—voltage,

capacitance—frequency, and spectral response.
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r=Action=———T"Pause al each slep number

of poinis
) VI (V) 500000 V2() 408000 | [ SwpafterVoc 541 | 500200 |increment (V)
rcv V() & -0.8000 V2(V) 70.8000 ‘ o1 | 200200 |incroment (V)
r fl (Hz) 5 1.000E+2 f2(Hz) w/1.000E46 | 321 |45 |points per decade
™ QE(IPCE) WL (nm) 5300.00 | WL2(nm) 50000 | 61 | 51000 increment (am)

Figure IL.5 action block

11.3.7 Define the Problem

Set problem ]

In the Action panel, click the SET PROBLEM button and then select LOAD from the lower
right corner of the panel that appears. Open a file, for example, NUMOS CIGS Baseline.def,

which serves as a sample for a CIGS-based solar cell.

After loading, all the cell properties can be modified by clicking SET PROBLEM again in
the Action panel.

new ] load ] save ]

s | _ ok |

Figure I1.6 set problem

I1.3.8 Selection of the Characteristics to Be Simulated
Within the Action section of the Action panel, you can choose one or more characteristics to
simulate, such as IV, CV, or Cf. You can also specify the variable's starting and ending values,

along with the number of steps for the simulation.
I1. 3.9 Solar cell definition panel

Clicking the “SET PROBLEM” button in the Action panel opens the window shown in
Figure IV-13, known as the Solar Cell Definition Panel.
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[&] sCAPS 3.3.10 Solar Cell Definition Panel - a *

illuminated from : apply voltage Vto:  current reference as a:

Layers right left contact | consumer I—‘
. h Ie% right contact h e Invert the structure

left contact (back) | E

I
add layer nterfaces

||
|

right contact (front) |
Mt

Info on graded parameters only available after a calculation

Problem file

new problem
set up on: 5°9-2026 at 12:3249

Remarks (edithera)

Comments (to be) included in the deffile 4 ] load I I
Can be edited by the user new save

corc k)

" o
Figure I1.7 solar cell identification plate

a- New: allows the creation of a new photovoltaic device.

b- Add a Layer: opens a window with fields to complete using the parameters that
characterize the layer under study, namely: the layer name, thickness, band gap energy,
electron affinity, electrical permittivity, mobility, and doping type. Finally, click on “Add.”

Layers

left contact (back) |

CuD Interfaces
T CuO / MASNI3 |
v | MASnI3 / MAPbI3 |

o | MAPbI3 / WS2 |

o | ws2/FTo |

add layer | I
|

right contact (front) |

M4

Info on graded parameters only available after a calculation

Figure I1.8 Definition of the structure of a solar cell
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11.3.10 — Contacts
The contact properties can be defined by clicking either the front contact button or the rear

contact button in the Cell Definition Panel. A panel named “CONTACT PROPERTIES
PANEL” then appears, as shown in Figure I1.9.

“¢] Right Contact (Front) *

—Elecincal properhes

Thermionic emission [ surface recombination velocity (cm/s) :
electrons & 1.00E+7
holes 5 1.00E+5 o
Metal work function {eV) 542000 or — flatbands!
Majomty camer bamer height (eV) :
relative to EF -0.3000
relative to EV or EC  -0.3749

[_ Allow contact unneling Fechve mass of elect

— Oplical properties

optical filker — or Mode I: e
r 10.00000

W) oo |

Figure I1.9 right contact (front)

The contact properties are classified into electrical and optical properties. For the electrical

properties, the following parameters can be defined:

. The surface recombination rates of electrons and free holes. If the contact has a work
function, it is treated as ideal (flat-band regime).

. The majority carrier barrier.
. The tunneling effect (if considered in the simulation).

Regarding the optical properties, the transmission or reflection can be specified either by a

fixed value or through a data file.

I1.3.11 — Definition of Layers

By clicking the “Add Layer” button, a window (Fig.I1.10) appears containing the various
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parameters of the material to be introduced. These parameters can be defined with either

uniform or non-uniform distributions, depending on the material physics.

SCAPS 3.3.10 Layer Properties Panel
LAYER 1

thickness (jm)

lcuo

~| 0050

uniform pure A (y=0)

|Thc layer is pure A y = 0. uniform

0.000

|5»;-mwconduc1or Propeny P of the pure material pure Ay =0)
bandgap (eV) 2170
electron affinity (eV) 3200
dielectic permitivity (relative) 7110
CB effective density of states (1/cm"3) 2 200E+17
VB effective density of states (1/em™3) 1.100E+19
electron thermal velocity (cm/s) 1.000E+7
hole thermal velocity (cm/s) 1.000E+7
electron maobility (cm?/Vs) 2000E+2
hale mobility (em*/\Vs) 8000E+1
’_ Allow Tunneling efiective mass of electrons IOOE 0
effective mass of holes
no ND grading (uniform) ~|
shallow uniform donor density ND (1/em3) 0.000E+0 ‘
no NA grading (uniform) ~
shallow uniform acceptor density NA (1/em3) 1.000E+14 [

[ Recombination mode|

Band to band recombination

Radiative recombination coefficient (em?/s) 0.000E+0
Auger elactron capture coeflicient (cm™6/s) 0.000E-0
Auger hole capture coefficient (em”§/s) 0.000E-0

Recombination at defects: Summary

Dafect 1 b

Defect 1

charge type : neutral

total density (1/cm3): Uniform 1.000e+12

grading Nify): uniform

enargydistribution: single: Et=- 0.60 eV above EV

this defect only, f active: tau_n = 1.0e+05ns. tau_p - 1.0e+05ns
this defect only. if active: Ln = 2.3e+02 m. Lp = 1.4e+02 pm

Absorplion interpolation model
alpha pure A matenial (y=0)
fom file [l from madel

Set sbsorption model |

List of absorption submodels present
sqri{hv-Eg) law (SCAPS traditional)

Edit Add a
Defect 1 Defect 2

Remove

(no metastable configuration possible)

- cancel ] | Load Material

|| save Material |

c- Right and Left Contact: used to adjust the parameters of the cell’s external left and right

surfaces.

Figure I1.10 added layer property

d- Save: used to store the cell currently being studied.

e- Load: used to open a previously saved cell.

f- OK: confirms the constructed cell and returns to the Action panel to finalize the work.
g- Cancel: exits the definition panel without saving and returns to the Action panel.

I1. 3.12 Energy Band Panel (Results)
After clicking the “Calculate” button, SCAPS begins the computation, and the energy band

panel is displayed, as illustrated in Figure II.11.
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last saved: 7-3-2026 at 20:20:11
simulation done on 22-9-2026 at 18:16:3

Figure I1.11 Energy bands pannel
From this panel, the following simulations can be performed:
e [-V (current—voltage) characteristics.
e (C-V (capacitance—voltage).
e (C—f (capacitance—frequency).
e QE (quantum efficiency).
The simulation of a solar cell using SCAPS software can be summarized as follows:

o Start the program, open the Action panel, and set the required parameters such as

temperature.
e Input the parameters of the cell layers to be simulated in the definition panel.
o Execute the simulation and save the obtained results.

e Presentation of the Cell:(MASnI3 \MAPbI3)
Figure.Il.11 illustrates the structure of the cell obtained using SCAPS-1D software.
The cell is composed of the following heterojunction: (MASnI3 \MAPbI3)
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lefl contoct right conlact
bk fronl

Figure I1.12 Solar cell structure to be simulated

Launch the calculation

II. 3.13 — Show Simulated Curves

After completing the calculations, SCAPS switches to the energy band panel shown in Figure
I1.13. This panel displays the band diagrams, free carrier concentrations, and current density

at the final bias point.

To view results at intermediate voltages, the Pause button in the Action panel can be used.
The results can also be shown using the PRINT, SAVE GRAPHS, and SHOW options, with
values displayed directly on the screen. These data can be copied into software such as Excel
or saved in a data file. It is also possible to switch to a custom panel, provided that at least one

single measurement operation has been performed.

The I-V Curves:

Figure I1.5 presents the [-V curve display panel under both dark conditions and illumination.
The color of the most recently calculated curve is indicated. When the graph becomes too
crowded, the CLEAR ALL GRAPHS option in the Action panel can be used. The
recombination rate curves are shown only for the latest simulation. The legend color matches

the corresponding curve color.

If CURVE INFO is set to ON and a graph curve is clicked, a pop-up panel appears showing

information about the graph, the curve, and the selected point.




CHAPTER 11 Numerical Simulation Using Scaps

[2] SCAPS 2.3.10 Energy Bands Panel = a X
Band Diagram EC.EV EFp EFn .
ine Carrier Density holes electrons Jiotal charge| Curve info
_Defeclrype | : OFF
215- 1E+25-
icalel j J
— — : |
. EE— =k 2 -
10 - ! | continue
. P @
o T g r vy |
-1.004 save data
-200- [ ~
how dat
22 =5 R A T
00 01 02 03 04 05 06 07 08 09 1.0 171 12 13 00 01 02 03 04 05 06 07 0& 0% 10 11 12 13
lot/legend
distance (um) distance (um) B
| Scale distance (all graphs) ‘ Qccupation probability of deep defects for electrons _
I15CAPS 28.and earlier]
Current Density holes elecirons total ( E
Defectlype - - Recorder
= 13E+1- = 1.00+
foele 10E+1 I =} Gen-Rec
= N with 080
i 5 N i\ . - -V
= He h - ] | & 5 0,60
Abs § 1 3
%OOEﬂ—-HHHHHHHH—HH—HﬁL':I.‘ ””:I“I:I‘QW 3 040 /f‘“‘\\ ac-bands
1 ] 4|
CV
-E.0E+D » \ | 0.20 J ] r_ \
G2E+0-, L= , 0.00-— LA - , (o
00 01 02 03 04 05 06 07 05 0% 10 11 12 13 oo 02 04 08 08 10 12 13
distance {um) distance (pm) QE
OK iv from 0.000 10 2000 Volt V= 1.180 Vol <light

Problem file: C:\L: LA
lastsaved 7-9-2026 at 202011
imul; done on: 22-9-2026 at 20:35:39

\AppDats\Local\Temp\c%¥bdc58-b727-444a-a5cc-661d0e5e1c

Figure I1.13 Energy bands pannel

The SCALE button is used to adjust the range and scaling of the axes. By holding the CTRL

key and selecting a rectangular area on the graph, an internal zoom (zoom in) is applied to the

chosen region. Holding CTRL and clicking results in an external zoom (zoom out).
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11.4 Conclusion

In this chapter, focus on the simulation tools used in this work, particularly the (SCAPS-1D).
It will present the software environment, its operating principals, and the different device

structures adopted for the simulations carried out in this study.
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I11.1. Introduction

erovskite solar cells have emerged as one of the most promising photovoltaic

technologies due to their tunable bandgap, high absorption coefficient, and potential for

achieving theoretical efficiencies approaching the Shockley-Queisser limit [1].
However, achieving optimal performance requires comprehensive optimization of multiple
device parameters simultaneously, including architecture selection, absorber layer thickness,
doping concentrations, and material quality. Single-layer devices employing methylammonium
lead iodide (MAPDbIs) are fundamentally limited by the material's 1.55 eV bandgap, which cannot
efficiently capture photons with energy below 1.55 eV, resulting in substantial solar spectrum
waste [2]. Bilayer tandem architectures incorporating complementary absorbers with different
bandgaps offer a promising pathway to overcome this limitation and approach theoretical
efficiency limits exceeding 35% [3]. The fundamental advantage of tandem photovoltaic
configurations lies in the ability to partition the solar spectrum between two absorbers with
optimized bandgaps. By stacking a wide-bandgap top absorber (e.g., MAPbI: with Eg = 1.55 eV)
above a narrow-bandgap bottom absorber (e.g., MASnls with Eg = 1.30 eV), the device can
harvest photons across extended wavelength range from ultraviolet (300 nm) through near-
infrared (950 nm). This extended spectral response enables photocurrent generation from sub-
bandgap photons (800-950 nm) that would be entirely wasted in single-layer devices, while
simultaneously improving voltage through the addition of quasi-Fermi-level splitting from the
second absorber layer [4-6]. The present chapter systematically investigates single-layer
FTO/WS2/MAPbLI:/CuO/Au and  bilayer = FTO/WS2/MAPbI:/MASnI:/CuO/Au  device
architectures using one-dimensional SCAPS-1D numerical simulations. A comprehensive
parameter space exploration examines the independent and coupled effects of absorber layer
thickness, shallow acceptor doping density, and defect trap density on photovoltaic performance.
The study identifies optimal configurations for each parameter and establishes fundamental

design principles for achieving >35% efficiency in perovskite tandem cells [7].
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IIL.2. Device Architecture and SCAPS-1D Simulation Methodology

I11.2.1 Device Configurations and Material Selection

Two device architectures were systematically investigated using the SCAPS-1D
simulation program [7]. As shown in REDREF, Device I consists of a single MAPbIs absorber
with the structure FTO/WS2/MAPbIs/CuO/Au, while Device Il incorporates a bilayer absorber
configuration FTO/WS2/MAPbI;/MASnI:/CuO/Au. Fluorine-doped tin oxide (FTO) serves as the
transparent conductive oxide, tungsten disulfide (WS:) functions as the electron transport layer
(ETL), methylammonium lead iodide (MAPbIs) with Eg = 1.55 eV serves as the wide-bandgap
top absorber, methylammonium tin iodide (MASnl:) with Eg = 1.30 eV acts as the narrow-
bandgap bottom absorber in Device II, copper oxide (CuO) functions as the hole transport layer

(HTL), and gold (Au) provides the back contact [8].

(a) Single-layer Solar Cell (b) Bilayer Solar Cell

Sunlight y Sunlight

FTO

(Front Contact)

ws,
(ETL)

MAPbI,
(Top Absorber)

FTO

(Front Contact)

ws,
(ETL)

MAPbI,

(Absorber) MASnHI
3

(Bottom Absorber)

CuO

(HTL) CuO

(HTL)

Au

(Back Contact)

Au

(Back Contact)

Figure IIL.1: Device Architecture (a) Single-layer Device I and (b) Bilayer Device I structures
(placeholder for image)
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I11.2.2 Material Parameters and Simulation Framework

Comprehensive material parameters employed in the SCAPS-1D simulations are

summarized in Table 1. These include layer thicknesses, dielectric permittivities, electron

affinities, bandgap energies, carrier mobilities, effective densities of states, thermal velocities,

and carrier concentrations. SCAPS-1D solves the fundamental semiconductor transport equations

the Poisson equation, electron and hole continuity equations, and current-density equations to

calculate spatial distributions of electrostatic potential, carrier concentrations, electric field, and

current densities throughout the device [7].

Simulations were performed at 300 K under standard AM 1.5G solar illumination.

Absorber layer thicknesses were varied systematically from 0.35 to 0.8 um, shallow acceptor

densities (Na) were varied from 10" to 10*° cm™, and total defect trap densities (nt) were

explored from 10 to 10* cm™. This comprehensive parameter space exploration enables

identification of optimal configurations and fundamental design principles for perovskite tandem

device optimization [9].

Table III.1: Material Parameters for Layers in Solar Cell Structures

ETL

Parameters FTO — Absorber Layer HTL Layer
WS MAPbDI3 MASnI3 CuO

Thickness (nm) 200 50 500 500 50
Bandgap, E; (cV) 3.6 2.24 155 1.30 217
Electron affinity, x (eV) 4.5 4.24 3.93 4.17 3.02
Dielectric permittivity (relative), &r 10 10 10 5.98 7.10
CB effective density of states, N¢ 2x10*® | 2.2x10'® | 2.75x10*® | 1.00x10™® | 2.2x10*°
(1/cm®)
VB effective density of states, Ny 1.8x10"° | 1.8x10"° | 3.90x10'® | 1.01x10*® | 5.5%x1020
(1/cm®)
Electron thermal velocity (cm/s) 1x107 1x107 1x107 1x107 1x107
Hole thermal velocity (cm/s) 1x107 | 1x107 1x 107 1x 107 1x107
Electron mobility, pn (cm?* V™' s™1) 100 50 10 16 100
Hole mobility, un (cm*V~'s™) 20 50 10 16 0.1
Shallow uniform acceptor density, Na - - 1x10%7 1x10%7 1x10*8
(1/cm?)
Shallow uniform donor density, Np 1x10*® | 1x10" - - -
(1/cm®)
Total defect density, Nt (1/cm?) 1x10'* | 1x10*? 1x10*? 1x10*? 1x10*?
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Table III.2: Interface Parameters for Solar Cell Devices

Parameters MAPDbI3/WS; | CuO/MASnl3 | MASnl3/MAPbDI;3
Defect type neutral neutral neutral

oe (cm?) 1x10*° 1x10*° 1x10*°

on (cm?) 1x10*° 1x10*° 1x10*°

Er 0.6 0.6 0.6
Interface defect density, n¢ 10 10 10t
(cm™)

Energetic distribution single single single
Working temperature (K) 300 300 300

I11.3. Band Alignment and Energy-Level Analysis

II1.3.1 Single-Layer and Bilayer Band Diagrams

The band diagrams presented in Figure 2 illustrate the energy-level alignment and
charge-transport mechanisms for both devices. Device I exhibits a built-in potential (Vbi) of
approximately 1.87 eV with favorable band alignment for electron extraction toward CuO/FTO
and hole transport toward WS2/Au. The quasi-Fermi-level splitting is approximately 1.13 eV. In
contrast, Device II benefits from a Type-II heterojunction at the MAPbIs/MASnIs interface, with
conduction-band and valence-band offsets of approximately 0.7 and 0.3 eV, respectively. The
bilayer configuration enables extended quasi-Fermi-level splitting of approximately 1.55 eV and
extended spectral response from the visible region to approximately 950 nm, providing access to

photons in the 800-950 nm range previously unavailable in Device I [10].

Ec(eV) Fn(eV) Fp(eV) Ev(eV) Ec(eV) Fn(eV) Fp(eV) Ev(eV)
(@) ] )
—1
~ 4 Bl B
w = '_’_‘.
b4 = '"“ i
- - T E P R ) =
- = 1 > - _4—-—|b
A - s & E  MASnl,=0.5pm
o MAPbI, = 0.5 um - Bg-14 = .
T E Uy i = ©
) = [2g o Jn I
s-l% = -} “
= i = -2 4 5] lu
,3 - 1]
| — 2
FTO=0.2 um S e—
34 4 FTO=0.2 pm
T T T T T T T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 00 01 02 03 04 05 06 07 08 09 1.0 11

Thickness (um)

Figure IIL.2: Band Alignment Diagrams (a) Device I single-layer and (b) Device II bilayer

Thickness (um)

energy level alignment
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111.4. Effect of Back-Contact Work Function on Photovoltaic Performance

I11.4.1 Work Function Optimization and Interface Engineering

Figure 3 illustrates the pronounced influence of back-contact work function on device
performance for both architectures. Device I achieves maximum efficiency of 18.83% with a
work function of 5.65 eV, accompanied by short-circuit current density (Jsc) of 22.68 mA/cm?,
open-circuit voltage (Voc) of 1.132 V, and fill factor (FF) of 73.70%. Remarkably, the back-
contact work function primarily influences FF and Voc rather than Jsc, which remains nearly
constant at approximately 22.56 mA/cm? across all contacts. This behavior indicates that the
back contact predominantly affects carrier extraction and interfacial losses rather than
photogeneration [11]. Figure 3 demonstrates that Device II exhibits substantially more
pronounced sensitivity to back-contact work function, achieving maximum efficiency of 29.26%
at 5.65 eV work function, representing a 2.5x improvement over Device I. The Jsc remains
nearly constant at approximately 31.06 mA/cm? across all contacts, while Voc varies between
1.086 and 1.137 V and FF increases dramatically from 34.61% to 82.99%. The significantly
enhanced performance of Device II reflects the bilayer's superior photocurrent generation and the

benefits of optimized hole-extraction barriers at the absorber/back-contact interface [11].

Device (I) (Single Layer) Device (IT) (Bilayer)
[ FF (%) [ PCE (%) [ Jsc (mA/em®) [ Vo (V) [ FF (%) [l PCE (%) Il s (mA/em’) I Vo (V)
7 g e 7@ 7] p 3 3 (0
8 = g g 3 S
70 - F N 80 - 2 5
$ 2 2 g
60 - s : N = g
®
s_ |z g
£ 50 £
k1 o k-
= s =
o 40+ v
2 2
z z L ||z 2 |L2
W W - o= c
= L - = | L= 25 | E=
sl 3
Pt W Ni  Au Be Co Cu Pt w Ni A
Left Contact Work Functions Left Contact Work Functions

Figure IIL.3: Effect of Back-Contact Work Function (a) Device I and (b) Device II photovoltaic

performance (placeholder for image)
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IIL.5. Single-Layer Device I Analysis: Thickness, Doping, and Defect Effects

I1.5.1 Thickness-Dependent Performance in Single-Layer Configuration

Figure 3(a) demonstrates the pronounced influence of MAPbIs absorber thickness on
photovoltaic performance of single-layer Device I, with thickness varied from 0.35 to 0.80 pm.
The power-conversion efficiency exhibits non-monotonic behavior, with maximum efficiency of
18.72% achieved at intermediate thickness of approximately 0.50 pm, representing optimized
balance between optical absorption and electrical transport properties. The efficiency gains from
18.36% at 0.35 pm to maximum 18.72% at 0.50 um, then gradually declines to 18.48% at 0.80
um [12].

The short-circuit current density increases monotonically from 21.78 mA/cm? at
minimum thickness to 24.75 mA/cm? at maximum thickness (13.6% relative improvement),
reflecting enhanced light absorption in thicker layers. The open-circuit voltage exhibits modest
degradation from 1.1310 V at 0.35 um to 1.1076 V at 0.80 pm (2.08% relative decrease). Most
critically, the fill factor exhibits systematic degradation from 72.5% at minimum thickness to
65.0% at maximum thickness, representing 7.5 percentage point loss. This fill factor degradation
above the 0.50 um optimum dominates the thickness response, causing overall efficiency to
decline despite Jsc improvement, demonstrating that optimal thickness balances competing

photocurrent and transport mechanisms [12].
I11.5.2 Doping Density Effects in Single-Layer Device

Figure 3(b) presents the influence of shallow acceptor density (Na) in MAPbI; absorber
on device photovoltaic performance, with Na varied across 11 decades from 10" to 10?° cm™.
The efficiency landscape reveals optimal intermediate acceptor densities around 10'¢-10'7 cm™,
achieving maximum efficiency of approximately 22-23%, substantially exceeding performance
at very low (10'° cm™, n = 22.5%) or very high (10*° cm™, n < 10%) doping levels. The PCE
exhibits dramatic degradation at excessive doping (Na > 10'® cm™), declining from ~22% at 107
cm™ to nearly zero at 10*° cm3, reflecting physical deterioration of perovskite crystallinity and

introduction of additional recombination centers [13].

Analysis of individual performance components reveals distinct doping mechanisms: Voc

remains approximately constant (~1.2 V) across optimal doping range (10'-10'® cm™) but
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collapses dramatically (0.6-0.7 V) at extremely high doping. Jsc shows relatively weak doping
dependence, varying modestly from ~21.6 to 22 mA/cm? across 8 orders of magnitude,
suggesting that photocurrent generation is primarily determined by optical absorption rather than
electrical doping properties. The fill factor exhibits strong non-monotonic dependence,
remaining relatively constant (~84%) in optimal doping window but degrading severely outside
this range, indicating that perovskite absorber doping must balance electrical conductivity

enhancement against introduction of recombination centers [13].
I11.5.3 Defect Trap Density Effects in Single-Layer Device

Figure 1(c) illustrates the influence of defect trap density (nt) in MAPbIs absorber on
device performance, with nt varied from 10'° to 10?° cm™. This plot reveals material quality as
the dominant performance-limiting factor, with efficiency exhibiting catastrophic degradation
from ~22.5% at minimal nt (10'® cm™?) to essentially zero efficiency (1 < 0.1%) at nt > 10" cm3,
representing complete loss of photovoltaic action through trap-dominated recombination. The
photocurrent declines from 22.5 mA/cm? to <1 mA/cm?, and Voc degrades from 1.26 V t0 0.2 V,

reflecting exponential increase in dark saturation current [14].

The defect density response reflects fundamental Shockley-Read-Hall (SRH)
recombination theory, wherein trap-assisted recombination increases exponentially with nt. The
critical defect density threshold for maintaining >20% efficiency is approximately nt < 10 cm™,
while nt < 10" ecm™ is required for >22% efficiency in single-layer devices. The fill factor is
initially robust to defects at low-to-intermediate nt (10°-10'® cm™, FF = 88%), but exhibits
accelerating degradation above nt = 10'® cm™3, eventually collapsing below 40% at nt = 10%°
cm . This non-linear response reflects the transition from diffusion-dominated (low nt) to drift-

dominated (high nt) transport [14][15].
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Figure I11.4: Single-Parameter Optimization Heatmaps (a) Thickness effects, (b) Shallow
acceptor density effects, (c) Defect trap density effects on PCE, FF, Jsc, and Voc)

I11.6. Bilayer Device II Optimization: Absorber Thickness Variation

I11.6.1 Thickness Optimization Heatmap Analysis: Two-Dimensional Parameter

Space

Comprehensive two-dimensional heatmap analysis of absorber thickness variation (0.35-
0.8 pm for both MAPbI; and MASnl; layers) reveals fundamental design principles for
photovoltaic absorber engineering in the bilayer Device II configuration. The efficiency
landscape shown in Figure 5(a) demonstrates maximum power-conversion efficiency (PCE) of
31.54% at optimal thickness combination (MAPbIs = 0.8 um, MASnl; = 0.8 um), representing
an 18.8% relative improvement compared to minimum-thickness configuration (PCE = 26.55%
at MAPbI; = 0.35 pm, MASnls = 0.35 um). The efficiency gains monotonically across both
thickness axes, with PCE increasing from 26.56% to 27.45% (0.89 pp, 3.3%) when incrementing
MAPDI; thickness from 0.35 to 0.8 um at fixed MASnl; = 0.35 pm, and more dramatically from
26.56% to 31.64% (5.08 pp, 19.1%) when increasing MASnlIs thickness from 0.35 to 0.8 um at
constant MAPbI; = 0.35 um [16].
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I11.6.2 Performance Components: Current, Voltage, and Fill Factor

The short-circuit current density exhibits the most dramatic response to thickness
optimization across the bilayer parameter space, increasing from 30.24 mA/cm? at minimum
combined thickness (MAPbls = 0.35 pm, MASnl; = 0.35 um) to 33.64 mA/cm? at maximum
thickness (MAPbIz = 0.8 pm, MASnI; = 0.8 um), representing an enhancement of 3.40 mA/cm?
(11.2% relative improvement). Notably, the Jsc gain is strongly dominated by MASnls thickness
increments: at constant MAPbI; = 0.35 um, incrementing MASnIs from 0.35 to 0.8 pum increases
Jsc from 30.24 to 33.55 mA/cm? (gain of 3.31 mA/cm?), whereas at constant MASnl; = 0.35 um,
incrementing MAPbIs from 0.35 to 0.8 um shows virtually no Jsc improvement. This asymmetry
indicates that MASnI; thickness exerts approximately 6x greater influence on overall
photocurrent generation than MAPbIs, reflecting the narrow-bandgap absorber's superior light-
harvesting properties and extended absorption spectrum extending into the near-infrared region

[16][17].

In contrast to the substantial current enhancement, open-circuit voltage exhibits modest
thickness-dependent improvement, rising from 1.1205 V at minimum combined thickness to
1.1404 V at maximum thickness, representing an improvement of 19.9 mV (1.78% relative
increase). This modest voltage gain partially offsets the fill factor degradation occurring at higher

thicknesses [16].

The fill factor analysis presents a counterintuitive trend compared to the PCE results:
while PCE increases monotonically with thickness, the FF exhibits systematic degradation. The
FF decreases from 82.36% at minimum combined thickness (MAPbI; = 0.35 pm, MASnls = 0.35
pm) to 77.91% at maximum combined thickness (MAPbI: = 0.8 um, MASnl; = 0.8 pm),
representing a loss of 4.45 percentage points. This degradation reflects increased series resistance
arising from extended carrier transit distances through thicker absorber layers, potential interface

quality degradation, and reduced electric field strength within thicker layers [17].

Despite the FF loss, the substantial Jsc improvement (11.2%) and modest Voc gain (1.78%)
collectively dominate the efficiency calculation [ = Jsc x Voc x FF/(Pin)], resulting in net
18.8% overall PCE improvement. The optimal thickness combination (0.8 um x 0.8 pm) occurs

at the parameter space boundary, suggesting efficiency could increase further at greater
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thicknesses; however, practical constraints limit increases beyond ~1 um due to optical parasitic

absorption, material quality degradation, and processing difficulties [17][18].
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II1.7. Bilayer Device II Optimization: Shallow Acceptor Density Variation

I11.7.1 Doping-Dependent Performance Enhancement: Heatmap Analysis

Shallow acceptor density (Na) optimization demonstrates substantially more powerful
performance enhancement than thickness variation. The comprehensive heatmap analysis
presented in Figure 6 reveals maximum PCE of 35.68259% achieved at intermediate acceptor
densities in both absorber layers (approximately rows 9-10, columns 10-11 in parameter space),
representing a substantial improvement of 6.85 percentage points (23.7% relative increase)
compared to minimum-Na configuration (PCE = 28.84% at high Na). The PCE landscape
exhibits optimal intermediate Na values with a remarkable efficiency plateau: performance
remains nearly constant (within +0.05%) across a substantial range of intermediate Na values
(rows 7-11, columns 5-8), indicating exceptional robustness to manufacturing tolerances.
Specifically, £20% variation in Na about optimal values produces negligible PCE changes

(<0.1%), dramatically reducing quality control requirements [19].

At very low Na (leftmost columns), PCE remains relatively flat at approximately 28.97%,
reflecting insufficient electrical doping to establish adequate built-in potential and charge
collection. Conversely, at very high Na (rightmost columns), PCE shows dramatic degradation to
28.84%, indicating that excessive doping introduces recombination centers and degrades

perovskite crystal quality beyond the point of benefit from increased built-in potential [19].
II1.7.2 Synergistic Parameter Enhancement: Fill Factor and Voltage Improvement

The doping optimization produces synergistic parameter improvements fundamentally
different from thickness effects. At optimal Na conditions, fill factor increases dramatically by
9.6 percentage points from 79.86% to 89.46% (rows 1-8, columns 8-10), reflecting enhanced
drift-assisted carrier collection in strengthened electric fields. Simultaneously, open-circuit
voltage increases substantially by 0.119 V from 1.121 to 1.240 V (10.6% relative improvement),
representing reduction in dark saturation current density through strengthened built-in potential

and reduced recombination current generation [19][20].

In contrast, short-circuit current exhibits modest reduction of 1.6% (from 32.36 to 31.97

mA/cm?) at optimal doping, reflecting the mechanistic difference that Na variation does not alter

photon absorption (which depends on layer thickness and bandgap) but modulates charge
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collection efficiency. The efficiency improvement calculation demonstrates that the massive FF
gain (+9.6 pp, representing +12.1% relative improvement) and substantial Voc gain (+0.119 V,

representing +10.6% relative improvement) far outweigh the modest Jsc loss (—1.6%), yielding

dramatic 23.7% overall PCE improvement [20].
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I11.7.3 Layer-Specific Doping Sensitivity and Asymmetric Response

Analysis of response to individual layer doping reveals marked asymmetry between

absorbers. Variation of MASnls Na (x-axis) produces substantial performance changes, with Voc

increasing from 1.121 V at very low MASnI; Na to 1.240 V at high MASnlI: Na (change of 0.119

-
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V) and PCE increasing from ~28.97% to ~35.68%. In contrast, variation of MAPbI; Na (y-axis)
produces negligible Voc changes (remaining constant at 1.121 V for rows 1-4, increasing
gradually at higher rows), indicating that MASnls doping dominates overall voltage generation in
the tandem device. This asymmetry is consistent with tandem device physics where voltage is
limited by the lowest bandgap material (MASnls;, Eg = 1.3 eV), with MAPbI;s providing limited
voltage contribution [20][21].

I11.8. Bilayer Device II Optimization: Defect Trap Density Variation

I11.8.1 Material Quality as Dominant Performance-Limiting Factor

Defect trap density (nt) emerges as the most critical performance-limiting factor, with
impact substantially exceeding both thickness and doping optimization. The comprehensive
heatmap presented in Figure 7 demonstrates catastrophic PCE degradation from maximum of
30.53% at minimal nt (nt < 10"* cm3, leftmost columns) to minimum of 2.24% at maximum nt
(nt = 10%° cm3, rightmost columns), representing loss of 28.29 percentage points (92.7% relative
degradation). This dramatic efficiency collapse substantially exceeds variations from thickness
variation (5.0 pp improvement, 18.8% relative) or doping optimization (6.85 pp improvement,

23.7% relative), establishing materials quality as the paramount optimization priority [22].

The PCE degradation occurs monotonically and approximately exponentially across the
nt parameter space. Performance remains relatively robust at very low nt (leftmost columns, nt
roughly 10'* cm™), with PCE declining only slightly from 30.53% to 30.18% across first five
columns (0.35 pp loss). However, as nt increases further (middle columns), PCE degradation
accelerates dramatically, dropping 2.93 percentage points from row 1, column 5 (30.18%) to row
1, column 6 (27.90%), indicating emergence of severe recombination at intermediate trap
densities. At very high nt (rightmost columns, nt roughly 10'® cm™), PCE collapses to 2.24%,
representing regime where recombination dominates and photovoltaic action is essentially

eliminated [22][23].
I11.8.2 Critical Defect Density Thresholds and Collection Efficiency Loss

Critical defect density thresholds emerge establishing practical materials quality
specifications: nt < 10" cm required for >30% efficiency with PCE >30.5% and all parameters

excellent (FF >80%, Jsc >32 mA/cm? Voc >1.17 V); nt < 10'® cm™ for >20% efficiency
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representing highest allowable defect density for meaningful photovoltaic performance; and nt <
107 cm™ for >10% efficiency beyond which efficiency collapses toward non-functional regime

[22][24].

Short-circuit current density exhibits dramatic degradation across the nt range, declining
from 32.38 mA/cm? at minimal nt to 5.15 mA/cm? at maximum nt, representing loss of 27.23
mA/cm? (84.1% relative degradation). This substantial Jsc loss directly reflects minority carrier
diffusion length reduction with increasing trap density according to L o 1/3(nt), meaning 100-
fold increase in nt reduces diffusion length by 10-fold. Since photocurrent is collected only from
carriers generated within diffusion length of collection junction, reduced L directly reduces

effective light-absorption volume and Jsc [22][25].
I11.8.3 Exponential Dark Saturation Current Increase and Voltage Collapse

Open-circuit voltage exhibits severe exponential degradation with increasing nt, declining
from 1.172 V at minimal nt to 0.666 V at maximum nt, representing loss of 0.506 V (43.2%
relative degradation). This dramatic voltage loss directly reflects exponential increase in dark
saturation current density with trap density: Jo o« nt. Voc degradation follows mathematical
relationship: AVoc = —(nkT/q)*In(nt/nt,ref), producing logarithmic voltage loss. The Voc drops
below 1.1 V (critical performance threshold) at nt = 10 cm™ and below 0.8 V at nt = 10" cm™.
The massive voltage loss (0.506 V total, averaging 0.05 V per decade of nt increase) represents
most severe performance penalty imposed by defects, approximately 5% more powerful for Voc
enhancement than doping optimization, and 25x% more powerful than thickness optimization

[22][24].
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Figure II1.7: Defect Density Optimization Heatmap - Bilayer Device II PCE, Jsc, Voc, and FF
as function of defect trap density

I11.9. Comparative Analysis: Single-Layer versus Bilayer Architecture

I11.9.1 Performance Advantages of Bilayer Tandem Configuration

Direct comparison of optimal single-layer (Device I, 18.83% efficiency) and bilayer
(Device 11, 29.26% efficiency after work-function optimization) architectures reveals substantial
photovoltaic advantages of the tandem configuration. The bilayer achieves 55.4% absolute

efficiency improvement through extended spectral harvesting (800-950 nm photons unavailable -
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to single-layer device), improved quasi-Fermi-level splitting (1.55 vs 1.13 eV), and optimized

band alignment for charge extraction [26].

The most recent optimizations combining optimal thickness (0.8 pm X 0.8 pm) with
optimal doping (intermediate Na values) yield Device II efficiency of 31.54% to 35.68%,
establishing the bilayer as commercially viable pathway approaching 35-36% Shockley-Queisser
limit for this bandgap combination. The comprehensive parameter space exploration
demonstrates that maximum performance requires synergistic optimization of architecture,
thickness, doping, and material quality, with materials quality (defect reduction) emerging as

most critical limiting factor [26][27].
I11.9.2 Hierarchy of Optimization Leverage

Comparative analysis across all optimization strategies establishes clear hierarchy of
performance leverage: defect reduction (28.29 pp PCE change) >> doping optimization (6.85 pp)
> thickness variation (5.0 pp). This hierarchy reflects fundamental physical mechanisms: defect
density exponentially modulates recombination loss rates through Shockley-Read-Hall theory,
while thickness and doping effects scale linearly or logarithmically. The finding demonstrates
that achieving >35% efficiency requires primary focus on materials quality improvement through
defect reduction, with thickness and doping optimization providing incremental improvements to

devices with already-excellent material quality [28].

II1.10. Photovoltaic Performance Characterization

I11.10.1 Current Density-Voltage and External Quantum Efficiency Analysis

Figure 5 current density-voltage (J-V) characteristics demonstrate that Device I achieves
Jsc of 22.67 mA/cm? and Voc of 1.127 V, while Device II exhibits substantially higher Jsc of
31.22 mA/cm? (37.7% enhancement) and Voc of 1.163 V. Device Il maintains superior current
density across nearly entire voltage range, indicating more effective charge extraction and
transport under operating conditions. The extended spectral response of bilayer absorber system

accounts for substantial current enhancement [29].

External quantum efficiency (EQE) spectra presented in Figure 5(b) provide direct

evidence for spectral harvesting advantages of bilayer architecture. Device I exhibits EQE above

90% from 300 to 600 nm but drops to zero near 800 nm, limiting response to visible

4
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wavelengths. In contrast, Device II maintains EQE above 90% from 300 to 730 nm and extends
response beyond 800 nm, achieving approximately 82% EQE at 800 nm and 62% at 900 nm
before declining toward 960 nm cutoff. This extended spectral response directly accounts for
3.4-4.3 mA/cm? photocurrent enhancement observed in J-V characteristics and validates

theoretical advantage of tandem architecture for solar spectrum utilization [29][30].
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Figure II1.8: Photovoltaic Performance Characterization (a) J-V characteristics and (b) External

quantum efficiency spectra of Device I and Device II

Table III.3 presents a comparison of the photovoltaic performance of different double-
absorber solar-cell configurations based on theoretical (T) and experimental (E) studies. The
reference Device-1, using MAPbI; as the absorber, exhibits a power conversion efficiency (PCE)
of 18.55%, with a VOC of 1.12 V, a fill factor (FF) of 72.53%, and a JSC of 22.67 mA/cm?. In
comparison, Device-I1I, employing a MASnl;/MAPbI; double-absorber configuration, shows a
significant improvement, reaching a PCE of 30.15%. This enhancement is accompanied by
higher VOC (1.17 V), FF (81.42%), and JSC (31.35 mA/cm?), demonstrating the beneficial

effect of combining two absorber materials.

The results also show that the proposed Device-III configuration compares favorably
with several previously reported theoretical and experimental double-absorber structures. For

example, SrsSbls and SrsPIs single-absorber configurations reported PCE values of 28.05% and
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28.15%, respectively. Other double-absorber systems, such as MAPbI:/MASnBr; and
CsPbls/CsGels, achieved efficiencies of 25.91% and 24.06%, respectively. Experimental devices
based on CsPbls/Cso.25F Ao.7sPbls and CsPbl:/FAPDI: exhibited lower efficiencies of 17.39% and
15.60%, respectively, highlighting the generally higher performance predicted by theoretical

studies.

Among the compared configurations, the SrsSbls/SrsPIs double-absorber structure
reported in Ref. [39] achieves the highest PCE of 34.13%, together with a VOC of 1.0981 V, FF
of 87.29%, and JSC of 35.6145 mA/cm?. Although Device-III does not reach this maximum
efficiency, its PCE of 30.15% remains competitive and is higher than most of the configurations
listed in the table. In particular, its relatively high VOC, FF, and JSC indicate a favorable balance

between voltage generation, charge collection, and overall device quality.

Table II1.3: Comparison of Photovoltaic Metrics for Double Absorber Solar Cell Configurations: Theoretical and
Experimental Results

Absorber Material Type of works | Voc (V) | FF (%) | Jsc (mA/cm2) | PCE (%) Ref.
Device-I1 (MAPDI3) T 1.12 72.53 22.67 18.55 This work
Device-1II (MASnl3/ MAPbI3) T 1.17 81.42 31.35 30.15 This work
SrsSbls T 0.93 87.31 34.67 28.05 [31]
Sr3PIs T 0.92 87.55 34.65 28.15 [32]
CsPbls/Cso.2sFAo.75Pbl3 E 1.2 76 18.91 17.39 [33]
CsPbls/FAPDI3 E 1.22 74 17.26 15.6 [34]
MAPDbI3/MASnBr3 T 1.04 78.18 31.77 25.91 [35]
CsPbls/CsGels T 1.19 86.19 23.45 24.06 [36]
CsPbls/FAPbI3 T 1.1 74 24.5 19.94 [37]
CsPbls/CsSnls T 0.96 78.41 26.59 19.99 [38]
SrsSbls T 1.0639 88.63 32.4022 30.55 [39]
Sr3PI3 T 1.0928 83.93 33.9365 31.12 [39]
Sr3Sbls/SrsPls T 1.0981 87.29 35.6145 34.13 [39]

II1.11. Conclusions

his comprehensive numerical investigation of single-layer and bilayer perovskite solar
cells reveals fundamental optimization principles for achieving high-efficiency
photovoltaic devices. The systematic variation of device architecture, absorber
thickness, shallow acceptor density, and defect trap density across extensive parameter spaces

establishes several key findings.

4
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The Device II bilayer configuration achieves a 55.4% absolute efficiency improvement
compared with the single-layer Device I through extended spectral harvesting and optimized
band alignment. Its maximum efficiency reaches 35.68% when optimal absorber thickness,
doping concentration, and minimal defect density are simultaneously achieved. Variation of
absorber thickness from 0.35 to 0.8 pm increases PCE by 18.8%, from 26.55% to 31.54%. This
improvement is primarily driven by an 11.2% enhancement in short-circuit current density (Jsc),
although it is partially offset by a 4.45 percentage-point degradation in fill factor (FF). Among
the two absorber layers, MASnIs thickness exerts approximately six times greater influence on

device performance than MAPbIs thickness.

Variation of shallow acceptor density produces a 23.7% improvement in PCE, increasing
efficiency from 28.84% to 35.68%. This enhancement results from a synergistic improvement in
FF of 9.6 percentage points and an increase in open-circuit voltage (Voc) of 0.119 V, despite a
modest 1.6% reduction in Jsc. Furthermore, the presence of a broad robustness plateau covering
approximately 30% of the investigated parameter space demonstrates that high performance can
be maintained across a relatively wide range of doping concentrations. Defect trap density has
the strongest influence on device efficiency, with its variation producing a 92.7% relative
efficiency loss, from 30.53% to only 2.24%. This effect substantially exceeds the impacts
associated with absorber thickness and doping, establishing defect reduction as the highest-
priority optimization target. A critical threshold is identified at a trap density of (n; < 10> cm™),

which is necessary to maintain efficiencies above 30%.

The results establish a clear optimization hierarchy in which material quality through
defect reduction has the greatest impact, followed by electrical optimization through doping and
then geometric optimization through absorber thickness. This hierarchy reflects the
fundamentally different physical mechanisms involved, with defect-related losses exhibiting
highly nonlinear or exponential behavior compared with the more gradual linear or logarithmic

responses associated with geometric and electrical parameters.

The work function of the back contact significantly influences FF and Voc while having a
comparatively limited effect on Jsc. An optimal work function of 5.65 eV produces the
maximum efficiency enhancement, with its beneficial effect being particularly pronounced in the

bilayer architecture.

4
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GENERAL CONCLUSION

This thesis has addressed the operation, modelling, and numerical optimization of
perovskite solar cells, with emphasis on the relationship between device architecture, material
parameters, carrier transport, recombination, and photovoltaic performance. The work was
developed through three complementary parts: general principles of solar-cell operation,
numerical simulation using SCAPS-1D, and a systematic optimization study of single-layer and
bilayer perovskite devices. The overall approach reflects the current direction of perovskite
photovoltaic research, in which high conversion efficiency must be accompanied by controlled

defects, favorable interfaces, improved stability, and realistic device engineering [1,3,8-12].

Overall Findings

The first part of the thesis established the fundamental concepts required to understand
photovoltaic conversion and solar-cell performance. A photovoltaic device converts incident
solar radiation into electrical power through photon absorption, generation of charge carriers,
separation of electrons and holes, and selective extraction through the transport layers and
electrodes. The analysis of photovoltaic parameters such as Voc, Jsc, FF, and PCE provides a
common basis for evaluating the effect of material and architectural modifications. In the
context of perovskite photovoltaics, the combination of strong absorption and tunable
electronic properties explains the continuing interest in these materials, while their sensitivity
to defects, interfaces, environmental conditions, and processing remains a major research

challenge [3,7,10-11].

The second part established SCAPS-1D as the numerical framework for the device-
level analysis. The simulator provides a physically consistent means of examining the
electrostatic potential and carrier distributions through the coupled Poisson and continuity
equations. The modelling framework makes it possible to vary individual material and interface
parameters systematically and to identify how these parameters affect the resulting current-
density-voltage characteristics. Recent studies confirm that SCAPS-1D remains a useful
research tool for screening absorber materials, transport layers, defect densities, interface

conditions, and device architectures before experimental fabrication [4-6]. '




Single-Layer and Bilayer Device Optimization

The third part of the thesis investigated two device architectures: the single-layer
FTO/WS2/MAPDBI3/CuO/Au structure and the bilayer FTO/WS2/MAPbI3/MASnI3/CuO/Au
structure. The results show that photovoltaic performance cannot be attributed to one parameter
alone. Instead, it results from the combined effects of optical absorption, band alignment,
carrier generation and transport, recombination, and carrier extraction. The comparison
between the two architectures illustrates the potential of incorporating a narrower-band-gap
absorber to extend spectral utilization beyond the range effectively exploited by a single

MAPDI3 absorber.

For the single-layer device, absorber thickness exhibited a non-monotonic influence on
efficiency. Increasing the MAPDI3 thickness enhanced light absorption and therefore increased
Jsc over the investigated range, but excessive thickness was accompanied by a reduction in FF
and a modest decrease in Voc. The resulting optimum near the intermediate thickness
demonstrates the classical trade-off between additional photon absorption and the electrical
cost associated with longer carrier-transport paths. This observation is consistent with the
broader device-engineering literature in which absorber thickness must be selected according to
the balance between optical generation and charge collection rather than maximized

independently.

The shallow acceptor-density analysis further demonstrated that electrical doping can
strongly modify device behavior. An intermediate doping range provided improved FF and
Voc, whereas excessive doping resulted in pronounced performance deterioration. The physical
interpretation is that moderate doping can strengthen the internal electric field and facilitate
carrier extraction, while excessive dopant concentrations can increase recombination and
disturb the favorable transport conditions required for efficient operation. The results therefore
emphasize the importance of identifying a physically meaningful doping window rather than

assuming that higher carrier concentration always produces better photovoltaic performance.

Defect-trap density produced the strongest degradation among the investigated
parameters. Increasing the trap density introduced progressively stronger recombination losses,

leading to simultaneous reductions in Jsc, Voc, FF, and ultimately PCE. In the bilayer

simulations, the calculated efficiency decreased dramatically as the defect density increased,




while low defect densities preserved high photovoltaic performance. This finding is particularly
important because recent experimental and review literature identifies bulk and interface
defects, non-radiative recombination, and defect-induced instability as central barriers to

further improvement of perovskite photovoltaics [1,3,8,11].

Importance of the Bilayer Architecture

The bilayer architecture demonstrated the potential of combining absorbers with
complementary band gaps. In the investigated MAPbI3/MASnI3 configuration, the narrower-
band-gap MASnI3 layer provides access to longer-wavelength photons that are not efficiently
converted by the wider-band-gap MAPbDI3 absorber alone. The numerical results consequently
showed a substantial increase in Jsc and overall PCE when the bilayer structure was optimized.
The study also demonstrated that the thicknesses of the two absorbers do not necessarily have
identical effects on device performance, reflecting their different roles in spectral absorption

and carrier generation.

The simulated improvement of the bilayer device should, however, be interpreted as a
numerical optimization result under the specified material parameters, interface properties,
illumination conditions, and idealizations of the SCAPS-1D model. It should not be interpreted
as a direct prediction of experimentally achievable efficiency without experimental validation.
In particular, practical all-perovskite tandem devices must address phase stability, defect
formation, interfacial recombination, chemical compatibility, processing complexity, and long-
term operational stability. Recent reviews identify these factors as continuing limitations even
as tandem efficiencies approach and exceed the performance of conventional single-junction

technologies [1,8,9].

Main Scientific Conclusions

e Perovskite solar-cell performance is governed by coupled optical, electrical, and interfacial
processes; therefore, meaningful optimization requires simultaneous consideration of

several device parameters.




e SCAPS-1D provides a practical numerical framework for evaluating the effects of absorber
properties, transport layers, defect states, interfaces, and contact conditions on photovoltaic
performance.

e Absorber thickness must balance photon absorption against carrier-transport and
recombination losses; increasing thickness does not necessarily lead to monotonic
improvement in PCE.

e Moderate shallow acceptor concentrations can improve carrier extraction and voltage
generation, whereas excessive doping can introduce detrimental recombination and
transport effects.

e Defect-trap density is a particularly influential parameter because trap-assisted
recombination can strongly reduce photocurrent, voltage, fill factor, and overall efficiency.

e (Combining wide- and narrow-band-gap perovskite absorbers provides a numerical route to
broader spectral utilization and higher current generation than the corresponding single-
absorber configuration.

e The performance of an optimized numerical device remains conditional on the assumed
material parameters and interface properties; experimental fabrication, characterization, and
stability testing are required to validate the predicted performance.

e Future development should therefore combine device-level modelling with experimental
defect characterization, interface engineering, stability testing, scalable processing, and

environmental assessment.

Perspectives and Future Work

The results provide several directions for future research. First, the numerical parameter
set can be extended to include temperature-dependent material properties, series and shunt
resistances, wavelength-dependent optical generation, and more detailed bulk and interface
recombination models. Second, the simulated architectures should be subjected to experimental
validation through fabrication and characterization of the individual transport layers, absorber
films, and complete devices. Third, particular attention should be paid to the stability of the
narrow-band-gap absorber and to interfacial losses in the bilayer configuration. These issues

are especially important because recent tandem research identifies wide-band-gap stability,




interfacial recombination, and scalable processing as key barriers to practical deployment

[1,8,9].

Further studies could also integrate first-principles calculations with device simulation.
Density-functional-theory calculations can provide band structures, band gaps, dielectric
properties, effective masses, defect energetics, and other material descriptors, while SCAPS-1D
can translate selected material parameters into device-level predictions. Such a multiscale
strategy would reduce the dependence on assumed parameters and could provide a more
physically grounded pathway for designing new absorber and transport-layer combinations.
This direction is consistent with recent studies that combine first-principles calculations with

SCAPS-1D for perovskite-device design [5].

Finally, the development of perovskite photovoltaics should be assessed using a broader
set of criteria than peak PCE alone. Operational lifetime, reproducibility, large-area
performance, lead management, environmental impact, material availability, and manufacturing
cost are increasingly important for evaluating technological maturity [10-12]. The numerical
results obtained in this thesis therefore represent one component of a wider research strategy:
numerical optimization can identify promising device configurations and physical trends, while
experimental validation and stability assessment determine whether these configurations can be

translated into reliable photovoltaic technologies.

In conclusion, the thesis demonstrates that systematic numerical modelling can provide
valuable insight into the optimization of perovskite solar-cell devices. The comparison between
single-layer and bilayer architectures shows the potential of band-gap engineering for
improving spectral utilization, while the parameter analysis emphasizes that defect control,
appropriate electrical properties, and suitable absorber thickness are all essential for achieving
high performance. The work consequently provides a foundation for further experimental and
computational studies aimed at developing efficient, stable, and scalable perovskite

photovoltaic devices.
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Abstract

This work presents a numerical study of perovskite solar cells based on SCAPS-1D, focusing
on the effect of absorber architecture on device performance. Single-layer MAPbI; and bilayer
MAPDbI;/MASnIs configurations are investigated using FTO/W S2/absorber/CuO/Au structures.
The influence of absorber thickness, acceptor concentration, defect density, and back-contact
work function on the photovoltaic parameters is systematically analyzed. A comparative
assessment of the single-layer and bilayer configurations is performed in terms of carrier
transport, charge collection, and power conversion efficiency. The results provide a physical
understanding of the parameters governing device performance and identify suitable conditions

for the optimization of bilayer perovskite solar cells.
Résumé

Ce travail présente une étude numérique de cellules solaires a base de pérovskites a 1’aide du
logiciel SCAPS-1D, portant sur D’influence de Darchitecture de 1’absorbeur sur les
performances du dispositif. Deux configurations sont étudiées : une structure a couche
absorbante unique a base de MAPDI; et une structure a double couche MAPbIs/MASnI,
intégrées dans des architectures FTO/WS2/absorbeur/CuO/Au. L’influence de 1’épaisseur de
I’absorbeur, de la concentration en accepteurs, de la densité des défauts et du travail de sortie
du contact arriere sur les paramétres photovoltaiques est systématiquement analysée. Une
comparaison des deux configurations est réalisée en termes de transport des porteurs, de collecte
des charges et de rendement de conversion photovoltaique. Les résultats permettent de mieux
comprendre les parametres physiques régissant les performances du dispositif et d’identifier
des conditions appropriées pour I’optimisation des cellules solaires a pérovskite a double

couche.



