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Abstract

Solar cells are popular because they offer a clean, renewable way to produce elec-
tricity from sunlight without harming the environment. Recently, lead-based per-
ovskites have been used in the absorber layer in the construction of solar cells due to
their ability to absorb light, high carrier mobility, and tunable band gap. However,
lead is known to be toxic, posing safety challenges for the environment. To address
this problem, extensive research is being conducted to find alternatives, such as de-
veloping safer lead-free perovskites.

This study proposes a model for a lead-free solar cell consisting of a cesium tin io-
dide perovskite in the absorber layer. A simulation was conducted using SCAPS-1D
software, which allows users to create a model and analyze its various properties.
Indium Tin Oxide (ITO) was chosen as the transparent conducting layer. [6,6]-
Phenyl-C61-butyric acid methyl ester (PCBM), an organic compound, was chosen
as the electron transport layer (ETL), and Copper Iron Tin Sulfide (CFTS) was
used for the hole transport layer (HTL). Cesium Tin Iodide (CsSnI3) was used as
the absorber layer, which was sandwiched between the ETL and HTL. Lastly, gold
(Au) was used to serve as contacts between the layers.

Once the device was modeled, several parameters, such as the thickness of each
layer, doping concentrations, electron affinities, and temperatures, were varied to
study their impact on power conversion efficiency (PCE), fill factor (FF), open-
circuit voltage (Voc), and short-circuit current (Isc).

The simulation indicated that the maximum obtained power conversion efficiency
stood at 26.9% for this device at a temperature of 298 K by optimizing these param-
eters. The results demonstrate that the device is a promising alternative to both
the current market-available solar cells and lead-based perovskite solar cells.
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Symbol Explanation Unit

PCE Power conversion efficiency %

FF Fill factor %

Voc Open circuit voltage V

Jsc Short circuit current density mA/cm2

J0 Diode saturation current density mA/cm2

I Diode current A

I0 Diode saturation current A

VD Diode voltage V

VT Thermal voltage V

E Photon energy eV

ν Frequency of light Hz

c Speed of light m/s

λ Wavelength nm

V Applied potential V

IL Light generated photon current A

D Diffusion constant m2/s

α Absorption coefficient cm−1

k Boltzmann constant m2kg/s2K

T Temperature K

Q Charge C

vth Thermal velocity of charge carriers m/s

σp Capture cross section area of hole cm2

σn Capture cross section area of electron cm2

EC Conduction band minimum eV

EV Valence band minimum eV
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∆EC Conduction band offset eV

∆EV Valence band offset eV

NA Uniform acceptor density cm−3

ND Shallow uniform donor density cm−3

τe Electron lifetime s
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Table 1: Symbols and their explanations.
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Chapter 1

Introduction

Energy-associated problems encompass various challenges in producing, distribut-
ing, and consuming energy. Burning fossil fuels leads to global warming and pol-
lution. To battle these challenges, solar cells provide an efficient way to convert
sunlight into electricity; this method is much cleaner and more sustainable. Sun-
light is also a renewable source that is abundant in nature compared to finite sources.
[3]

Currently, silicon-based solar cells are used in the market, and they utilize strong,
heavy elements such as aluminum. These solar cells are also more energy-intensive
and costly to produce, yet they provide only 15%-20% efficiency. Therefore, much
research is being conducted to find alternatives for meeting energy requirements
[18]. Perovskite solar cells are flexible, cost-effective for manufacturers, and offer
higher efficiency by capturing sunlight and turning it to electric current [2]; they are
composed of layers, as illustrated in Figure 1.1.

Figure 1.1: A Solar Cell Based on Perovskite Materials

1



1.1 Literature Review

When we think of the photovoltaic effect, we can instantly recall the Greek word
”pros”, which essentially means light. Moreover, named after the Italian physi-
cist Alessandro Volta, ”voltaic” refers to electricity; therefore, photovoltaic simply
means converting sunlight into electrical energy. The device used for this is called a
”solar cell’. A solar cell, thus, converts the light energy from the sun into electricity
[3].

The photovoltaic effect was first observed by a French scientist, Edmond Becquerel,
in 1839. The observation was made through an experiment in which a silver chloride
electrode in acid was first connected with platinum electrodes, followed by illumina-
tion. This led to the flow of electric current in the setup, thus generating electricity;
however, it was only named the Becquerel effect at that time.[12]. Later, in 1877,
Adams and Day conducted a similar experiment using a metal-based solar cell and
sunlight. Much research progressed over the years, but the first solar cell to be
manufactured industrially for use was available in the 1950s.

In 1954, Chapin, Pearson, and Fuller introduced a solar cell model that was ready
to be commercially sold. It was used in satellites orbiting the Earth to provide
energy directly from sunlight. Ever since then, a lot of research has been conducted
to improve the efficiency of solar cells. Today, an efficiency of a whopping 25% in
solar cells is readily found experimentally; however, much lower-efficient solar cells
are sold commercially. [1].

The solar cells that are available in the markets are very versatile and durable,
which is also why the purchase rate has increased. Consumers have been investing
in installing solar panels to power homes, schools, industries, and remote irrigation
systems. All in all, the use of solar cells has significantly increased over the years
across all fields for energy. As the need for energy grows, we need access to more
efficient solar cells. [10].

When designing solar cells was considered, materials that were highly efficient were
needed. Perovskites provide a promising alternative to the already available ma-
terials used in solar cells. These are materials that are low in cost, durable, and
highly efficient, and their bandgaps can be tuned. Moreover, the additional benefi-
cial features of perovskites, which include their light weight, ability to manufacture
at low temperatures and less energy-intensive manufacturing process, make them a
perfect candidate for solar cell applications. However, the problem was in attain-
ing stability of the structure, which often required the introduction of lead in the
material. As lead has toxic environmental effects, much research was conducted to
obtain lead-free perovskite for solar cells. [14].

2



1.2 Research Objectives

i. A one-dimensional analysis of a Cesium Tin Iodide solar cell was conducted
using the SCAPS-1D simulation software, with input parameters based on
previously established bandgap energy values from existing research .

ii. Studying the behaviour of changes in thickness, electron affinity, doping con-
centrations and temperature on the solar cell parameters..

iii. Proposing a model of a highly efficient solar cell by adjusting its layers and
operating it at an optimum temperature.

1.3 Structure of the Thesis

This thesis is divided into four chapters, each focusing on a distinct aspect of the
research, as outlined below:

i. Chapter 1 briefly navigates through the history of solar cells as a literature
review, followed by a discussion of the objectives of this research and the
outline of this dissertation.

ii. In Chapter 2 we shall overview the photoelectric effect and the key paramters
of a solar cell

iii. In Chapter 3 we will focus on the governing equations that regulate the oper-
ation of a solar cell

iv. Chapter 4 focuses on the simulation that was conducted using scaps software
and aims to propose a highly optimized solar cell structure.

3



Chapter 2

Background Theory

Semiconductor material belongs to group IVA of the periodic table. These materials
are found between the metals and non metals in a periodic table[20]. The behaivior
of semiconductors make them suitable for usage accross various fields. [23].

Figure 2.1: Semiconductors and Their Position in the Periodic Table

In metals, the band is overlapped; in insulators, the band gap is too large. However,
in semiconductors, the band gap is intermediate between metals and insulators,
which allows the electrons to jump from one band to another if provided with energy.
If the band gap size is small, the electrons can easily move from the conduction band
to the valence band, where they exhibit the electrical characteristics of a material
as shown in 2.2. [4].
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Figure 2.2: Energy Band Diagrams for Metals, Insulators, and Semiconductors

2.1 Understanding N-Type and P-Type Doping

An undoped semiconductor containing only pure atoms is referred to as an intrinsic
material. However, when we intentionally introduce other materials into its structure
to change its properties, we have achieved a doped sample. This can be done in two
ways: N-type doping and P-type doping. In a n-type doping, the semiconductor
material is introducted with elements such as phosphorus which add one or few more
electrons eventually increasing the amount of electrons in the whole structure.[5].
In p-type doping, semiconductors are introduced with elements such as boron that
decrease the number of electrons in the structure rather than contributing to charge
carriers such as holes. The control of the amount of electrons and holes in the
structure of a material drastically change the behavior of the material. [7].

Figure 2.3: Doping Methods: N-Type and P-Type
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2.1.1 The Photovoltaic Effect

When a n-type material is combined with a p-type material, a junction is formed
between them, which is referred to as a P-N junction [8]. This function is deprived,
where the holes have already been combined with the electrons. An electric field is
set up within the material, which prevents the further movement of charge carriers.
When light strikes this depletion area, the electrons are generated from the neutral
atoms, which move towards the n-type material and across the circuit, generating
electricity.

Figure 2.4: Photovoltaic Effect

2.1.2 The Working Principle of a Solar Cell

The photovoltaic effect is the core mechanism behind how solar cells generate elec-
tricity. When light hits the surface of a material, its photons are absorbed, which
leads to the creation of charge carriers within the material [17]. This process is
somewhat similar to the photoelectric effect, where light with a high enough fre-
quency can cause electrons to be released from a material. In 1905, Albert Einstein
offered an explanation for this phenomenon, proposing that light is made up of tiny,
discrete packets of energy called photons.[19].

Eph = hν (2.1)

where

ν =
c

λ
(2.2)

In this context, c is the speed of light in a vacuum, which is about 3× 108m/s, h is
the Planck’s constant (6.626×10−34 Js), and ν is the frequency of the incoming light
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that enters the material. The minimum energy required to release an electron from
a material’s surface, known as the work function, which is given by ϕ = hf0, where
f0 is the threshold frequency. When the frequency of light exceeds this threshold,
electrons are knocked free from the material, a result confirmed by many experi-
ments.
Usually, light with a frequency higher than f0 strikes a metal electrode that’s con-
nected to the negative terminal of a battery. The second electrode is linked to the
positive terminal through a potentiometer, which helps regulate the photocurrent.
A galvanometer is used to measure the amount of photocurrent. The kinetic energy
of the ejected electron can be expressed as:

Kmax = hν − ϕ (2.3)

In the equation ϕ = hf0 represents the work function, which is the minimum en-
ergy that is needed to release an electron from a material’s surface. This occurs
specifically when the frequency of the incoming light, ν, exceeds a certain threshold
frequency f0 [22]. This principle has been verified through experiments, as shown
in Figure 2.13.
In the experimental setup depicted in Figure 2.13, light with a frequency greater
than f0 strikes a metal electrode (C) inside a bulb. The electrode is connected
to the negative terminal of a battery, while another electrode (A) is connected to
the positive terminal through a potentiometer that controls the flow of electrons.
A galvanometer is used to measure the resulting photocurrent, and it is placed in
series with electrode A.
In solar cells, a similar process occurs when photons strike the material, generat-
ing electrons. However, unlike the traditional photoelectric effect, these electrons
remain in the material rather than being ejected. They are then captured and di-
rected into an external circuit, known as the load, where they produce electricity.
The photovoltaic effect in solar cells involves three key processes: [24].

i. Mechanisms of Photon Absorption in Photovoltaic Material

When light hits a photovoltaic (PV) material, it causes electrons to become excited
and move to a higher energy state. In simpler terms, electrons in the material’s
valence band absorb energy from photons and jump to the conduction band, where
they are free to move.
For this to happen, certain conditions must be met: the material must have available
energy levels, and the energy of the incoming photon must match the gap between
those levels [20].
In an ideal semiconductor, electrons only exist just below the valence band and just
above the conduction band, with no states in between. If the photons have energy
below the material’s band gap, they simply pass through without being absorbed
[15]. However, if the energy of a photon is equal to or greater than the energy gap
between these bands, it excites an electron from its lower energy state to a higher
state, leaving a ”hole” behind in the valence band. This hole acts like a positively
charged particle. The difference in energy between the conduction band (Ec) and
the valence band (Ev) is called the band gap energy (Eg), which is mathematically
expressed as:

7



Eg = Ec − Ev (2.4)

ii. Charge Carrier Separation at the Junction

When electron-hole pairs are created [16], they can recombine in two main ways. In
radiative recombination, electrons return to their original state and release energy in
the form of light. In non-radiative recombination, however, the energy is transferred
to nearby pairs rather than being emitted as light [6]. To harness this energy and
power external devices, semi-permeable membranes are placed on both sides of the
absorber layer. These membranes capture the energy stored in the electron-hole
pairs, drawing electrons from one side and holes from the other, as shown in Figure
2.5.
The membranes are made from p-type and n-type materials, which naturally sepa-
rate the electrons and holes, as illustrated in the figure. The solar cell is designed
so that the charge carriers—electrons and holes—reach their respective membranes
before they have a chance to recombine. The design ensures that the time it takes
for the charge carriers to reach their membranes is shorter than the time it would
take for them to recombine. To achieve this, the thickness of the absorber material
is carefully adjusted in high-efficiency solar cells [25].

iii. Harvesting and Converting Light Energy in Solar Cells

Electrical contacts or otherwise known as terminals are used to capture the charge
carriers generated by light, which therefore enables the flow of energy into an external
circuit [21]. In the last part of the process involves converting that light energy into
usable electrical energy. Once the charge carriers have moved through the external
circuit, the electrons eventually recombine with the holes, both at the back contact
and at the interface of the absorber layer. 2.5.

Figure 2.5: Movement of charges
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2.1.3 Perovskite

Perovskites are a class of materials that can be classified as crystals. These crystals
have a similar structure to calcium titanium oxide. Over the years, these materials
have proven to be advantageous for many applications. we shall be particularly
focusing on the benefits concerning photovoltaic applications. Perovskite materials
can be flexible and easy to manufacture, thus coming at a lower manufacturing cost.
The band gaps of these materials can be tuned to meet the specific purpose by
carefully choosing our perovskite and doping it. Perovskite materials also prove to
be highly efficient in converting sunlight to electricity. [11].
Perovskites, however, can be made using simpler processes like solution processing,

Figure 2.6: Perovskite

which could make solar power more affordable in the future [14]. While this is a
huge step forward, there are still some hurdles to overcome, particularly when it
comes to the durability of these cells are difficult to attain. Exposure to moisture
or high temperatures can cause them to degrade, impacting their long-term per-
formance. Another concern is that some perovskite materials contain lead, which
raises environmental and safety issues. As a result, there’s a push to develop lead-
free alternatives. Despite these challenges, perovskites are still seen as a promising
technology for solar energy and beyond, though much work remains to improve their
stability and reduce their environmental footprint [13].
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2.1.4 The Functioning of a Perovskite-Based Solar Cell

A perovskite solar cell generates electricity by harnessing sunlight through a specially
designed perovskite layer. Here’s how it works:

i. Electron-Hole Pair Dynamics in Perovskites: When sunlight hits the
perovskite layer, it causes the excitation of the electrons in the material, lead-
ing them to jump to a higher energy level. This leaves behind ”holes” in the
lower energy levels, creating pairs of electrons and holes that can now move
around [9].

ii. Separation of Charges: To generate electricity, these electrons and holes
need to be separated. In perovskite solar cells, this happens naturally because
the perovskite layer is positioned between two special layers: the electron
transport layer (ETL) that collects electrons, and the hole transport layer
(HTL) that collects holes.

Figure 2.7: Perovskite-Based Photovoltaic Cells

iii. Movement of Charges: After separation, the electrons are pulled toward
the ETL, and the holes move toward the HTL. The ETL guides the electrons
to one side of the cell, and the HTL directs the holes to the other side.

iv. Generating Electricity: Once the electrons and holes reach their respective
layers, they are collected by the cell’s electrodes. The electrons move toward
the cathode, and the holes are drawn to the anode. This movement creates an
electric current as they flow through an external circuit.

v. Power Generation: As the electrons and holes continue to flow through the
circuit, electricity is generated, which can either power devices directly or be
sent to the grid for wider distribution.
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2.1.5 Cesium Tin Iodide

The structure of CsSnI3 (Cesium Tin Iodide) is based on the perovskite crystal
structure, which is often described by the formula ABX3. For CsSnI3, this means:

i. The A position is filled by Cesium (Cs+), a large positively charged ion that
sits at the corners of the cubic unit cell.

ii. The B position is occupied by Tin (Sn2+), a smaller metal ion located in the
center of the octahedral framework.

iii. TheX position is taken up by Iodine (I−), a negatively charged ion that forms
bonds with the tin atoms, completing the octahedral coordination around each
tin ion.

2.2 Fundamental Parameters and Electrical Char-

acterization Methods

2.2.1 Current-Voltage Characteristics of a a Photovoltaic
Device

The IV characteristics curve of a photovoltaic (PV) device is a graph that shows
how a solar cell behaves under different conditions. It tells us how the solar cell’s
internal diode works when there’s no light (dark) and when it’s exposed to light
(illuminated). In the dark, the solar cell acts like a typical diode, meaning it doesn’t
produce electricity. But when light hits the solar cell, it starts generating electrical
power, and the IV curve shifts into the fourth quadrant. How far this shift goes
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depends on how much light is hitting the cell. Essentially, the light adds to the
current that would already be present in the dark, changing how the diode behaves.
This change can be captured using the following equation:

I = I0

[
exp

(
qV

nkT

)
− 1

]
− IL (2.6)

where:

• I0: This is the current that leaks through the diode when no light is present,
often referred to as the ”dark saturation current” [7].

• IL: This is the current produced by the sunlight hitting the cell.

• q: This represents the charge of an electron, which is a fundamental unit in
electricity.

• V : This is the voltage applied across the solar cell’s terminals.

• n: This is the ideality factor, which helps us understand how the diode behaves
in real-life conditions, rather than under perfect circumstances.

• k: This is Boltzmann’s constant, a number that connects temperature with
energy.

• T : This is the temperature of the solar cell, usually measured in Kelvin.

2.2.2 Open circuit voltage

The open circuit voltage (Voc) is the maximum voltage that a solar cell can
produce. This happens when the solar cell is not connected to anything, meaning
there’s no load attached. In this ”open-circuit” state, the current is zero, but the
voltage hits its highest point. You can calculate the open circuit voltage by setting
the current to zero in the solar cell’s equation, like this:

Voc =
nkT

q
ln

(
IL
I0

+ 1

)
at I = 0 (2.7)

The equation shows that Voc is influenced by two things: the current generated
by the light (IL) and the saturation current (I0), which is linked to how much
recombination occurs inside the solar cell. So, Voc can actually give us some insight
into how much recombination is taking place in the cell. You can also see a graph
of the open circuit voltage in Figure 2.17.
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2.2.3 Efficiency and Fill Factor

The efficiency of a solar cell tells us how well it converts sunlight into usable elec-
tricity. It’s essentially the ratio of the energy output (how much power the cell
generates) to the energy input (the sunlight it absorbs). For solar cells, this ef-
ficiency is typically measured between zero and the open-circuit voltage (Voc),
which is where the cell is producing its maximum possible power. The maximum
output power of a solar cell is given by this equation:

Pmax = JmaxVmax (2.8)

In this case, Pmax represents the peak power, which occurs at the maximum power
point—the point where the solar cell is working most efficiently. You can see this
in Figure 2.17. The solar cell’s efficiency is calculated using the following formula:

η =
JmaxVmax

PS

(2.9)

Where PS refers to the amount of power coming from the sunlight.
Now, we can also think about the solar cell’s efficiency in terms of something called
the fill factor (FF). The fill factor helps us understand how close the solar cell
is to reaching its theoretical maximum performance. It’s the ratio of the actual
power the cell generates to the maximum power it could theoretically generate if
everything worked perfectly. You can picture this as the area of the power curve at
the maximum power point compared to the theoretical area representing maximum
power, which is shown in Figure 2.17.
The fill factor (FF) is given by:

FF =
JmaxVmax

JocVoc

(2.10)

By rearranging this equation, we can express JmaxVmax as FF × JocVoc, and then...
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Chapter 3

Equations Governing Solar Cell
Operation

In this chapter, we shall discuss the key physics equations that will be employed
during our analysis of the solar cell. The software that has been used for simulations
is called SCAPS-1D (Solar Cell Capacitance Simulator). It uses many equations to
calculate the amount of charge generation, transport, and recombination in solar
cells. In SCAPS, these are solved numerically across the device layers, incorporating
boundary conditions, material parameters, and incident light properties. We shall
also discuss the impact of losses on the efficiency of the solar cell.

3.1 Poisson’s equation

Poisson’s equation is a crucial concept that is needed for understanding how electric
fields behave in materials like the ones used in solar cells as well as our modelled
solar cell. It helps us determine how the electric potential changes within the mate-
rial based on how charges are distributed. The equation is below:

d2ϕ

dx2
= −ρ

ϵ

Here, ϕ is the electric potential, ρ represents the charge density which refers to the
electrons, holes, and fixed charges from the material’s doping levels, and ϵ is the
permittivity of the material, that tells us about how it responds to electric fields.
Essentially, Poisson’s equation connects the distribution of charges in a semiconduc-
tor to the electric potential and the electric field.

In a solar cell, understanding how the electric potential is distributed within the
material is essential for determining how the electric field behaves. The electric
field, which dictates how charge carriers (electrons and holes) move, is derived from
the potential by:

E = −dϕ

dx

This electric field plays a critical role in separating the electron-hole pairs that are
created when light hits the solar cell. These pairs need to be driven to different

14



sides of the cell so that they don’t recombine and waste the energy. The electric
field does this by pushing the electrons toward the n-side and the holes toward the
p-side, where they can be collected and generate a current.

When we bring a p-type and a n-type material together, a depletion region forms
between them where there are no free charge carriers. This happens because the
electrons and holes recombine from both the regions, leaving behind charged ions
from the doping process. The built-in electric field in this region, which is calculated
using Poisson’s equation, helps to prevent further recombination and ensures that
the separated carriers are pushed to the electrodes.

When we think of designing solar cells, we begin with solving Poisson’s equation for
accurately modeling how the electric potential and electric field behave across the
device. Simulating these properties using software tools allows us to predict how
changes in material properties, doping levels, and other factors will impact perfor-
mance. By doing this, they can optimize the design to create more efficient solar
cells.

The electric field generated by Poisson’s equation also helps reduce losses due to
recombination, which occurs when electrons and holes come back together before
they can be collected. By driving the carriers toward the electrodes, the electric field
increases the chances that they will contribute to the current instead of recombining.

3.2 Continuity Equations

The continuity equations describe how charge carriers—electrons and holes—move
through semiconductors, focusing on how they are created, recombine, and spread
out. These factors are crucial for the functioning of solar cells, as they impact how
efficiently the carriers can generate electricity and how much energy is lost when
they recombine.The continuity equations for electrons and holes are expressed as:

∂n

∂t
= ∇ · (Dn∇n) +Gn −Rn

∂p

∂t
= ∇ · (Dp∇p) +Gp −Rp

Where:

• n(x, t) is the electron concentration (number of electrons per unit volume),

• p(x, t) is the hole concentration (number of holes per unit volume),

• Dn and Dp are the diffusion coefficients for electrons and holes, respectively,

• Gn and Gp represent the generation rates of electrons and holes (e.g., from
light absorption),

• Rn and Rp are the recombination rates of electrons and holes.
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Carrier diffusion helps us understand how charge carriers, such as electrons and
holes, naturally move from the areas in which they are in higher concentrations to
areas with lower concentrations due to thermal motion. The terms ∇ · (Dn∇n) and
∇ · (Dp∇p) in the continuity equations capture this process, where the gradient
operator ∇ indicates how the carrier concentration changes spatially, and Dn and
Dp represent the ease with which electrons and holes diffuse in the material.

Carrier generation occurs when energy, typically from light or heat, creates new
charge carriers. In solar cells, this process is driven by photons from sunlight, which
generate electron-hole pairs. The terms Gn and Gp in the equations represent the
rate of this generation.

On the hand, carrier recombination happens when electrons and holes combine
within the material itself and effectively cancel each other out, reducing the num-
ber of free carriers that contribute to current. The terms Rn and Rp describe this
recombination process. Recombination can happen in different ways:

• Radiative recombination: Electrons and holes recombine, releasing energy
in the form of light.

• Shockley-Read-Hall (SRH) recombination: Carriers recombine through
trap states in the material, often due to imperfections or impurities.

• Auger recombination: In this case, three carriers interact, with one gaining
energy from the others and causing recombination.

The partial derivatives ∂n
∂t

and ∂p
∂t

indicate how the concentration of electrons and
holes changes over time, as they are influenced by generation, recombination, and
diffusion.

When a system reaches steady-state conditions, carrier concentrations no longer
change over time. In this state, the continuity equations show a balance between
the processes of generation, recombination, and diffusion. However, in transient
conditions, where the system is still evolving (such as with fluctuating light inten-
sity or temperature), the carrier concentrations continue to change, and the time
derivatives stay nonzero.

3.3 Drift-Diffusion equations

The drift-diffusion equations describe how charge carriers (electrons and holes)
move through semiconductor materials due to two main factors: electric fields and
concentration gradients.

• Drift: The movement of carriers caused by the electric field, which pushes
electrons and holes in opposite directions. For electrons, this is represented
as qµnnE, and for holes, it is qµppE, where µn and µp are the mobilities of
electrons and holes, and E is the electric field.
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• Diffusion: The process where carriers move from areas of high concentra-
tion to low concentration, represented by −qDn∇n for electrons and −qDp∇p
for holes. Here, Dn and Dp are diffusion coefficients, and n and p are the
concentrations of electrons and holes.

Together, these processes determine the current density of electrons and holes in the
material:

Jn = −qDn∇n+ qµnnE

Jp = −qDp∇p+ qµppE

These equations help explain how charge carriers move through semiconductors
under different conditions. In devices like solar cells, the drift-diffusion equations are
crucial for understanding how sunlight-generated electron-hole pairs are transported
and how efficiently they can contribute to current generation. When combined with
continuity equations, they provide a complete picture of how carriers are generated,
moved, and recombined within the device.

3.4 Recombination Mechanisms in Semiconduc-

tors

Recombination in semiconductors occurs when electrons and holes combine, reducing
the number of charge carriers that can contribute to current. This is particularly
important in devices like solar cells, where high carrier concentrations are necessary
for efficient energy conversion. Below are the main recombination mechanisms:

3.4.1 Radiative Recombination

Radiative recombination occurs when an electron in the conduction band recom-
bines with a hole in the valence band, releasing energy in the form of light (photon).
Although this process is utilized in light-emitting devices like LEDs, it is a loss
mechanism in solar cells because the emitted light cannot be used to generate cur-
rent.
The recombination rate is given by:

Rrad = βradnp

where:

• βrad is the radiative recombination coefficient,

• n and p are the electron and hole concentrations, respectively.
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3.4.2 Shockley-Read-Hall (SRH) Recombination

SRH recombination occurs via defect states or traps within the semiconductor’s
bandgap. These defects capture electrons or holes, allowing recombination to occur
without emitting a photon, typically releasing the energy as heat.
The recombination rate for SRH is:

RSRH =
np− n2

i

τp

(
1 + n

nt

)
+ τn

(
1 + p

pt

)

where:

• ni is the intrinsic carrier concentration,

• τp and τn are the hole and electron lifetimes, respectively,

• nt and pt are the trap densities for electrons and holes, respectively.

3.4.3 Auger Recombination

In Auger recombination, the energy released during recombination is transferred to
a third carrier, which is excited to a higher energy state. This mechanism becomes
significant at high carrier concentrations.
The recombination rate is:

RAuger = CAugern
2p

where:

• CAuger is the Auger recombination coefficient,

• n and p are the electron and hole concentrations.

3.4.4 Surface Recombination

At the surface of a semiconductor, where atoms are not fully bonded, recombination
centers are more abundant, increasing the likelihood of carrier recombination. This
process, called surface recombination, is particularly significant in thin-film devices.
The surface recombination rate is:

Rsurf =
ns

τsurf

where:

• ns is the surface carrier density,

• τsurf is the surface recombination lifetime.
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3.4.5 Bimolecular Recombination

This type of recombination involves the direct annihilation of an electron and a
hole in the bulk material. The recombination rate is proportional to the product of
electron and hole concentrations.
The recombination rate is:

Rbimol = βbinp

where:

• βbi is the bimolecular recombination coefficient,

• n and p are the electron and hole concentrations.

3.5 Optical Generation in Semiconductors

Optical generation occurs when photons are absorbed by a semiconductor, exciting
electrons from the valence band to the conduction band, thus creating electron-
hole pairs. These carriers are crucial for generating electrical current, especially in
devices like solar cells.

3.5.1 Photon Absorption

For a photon to create an electron-hole pair, its energy Eγ must be greater than or
equal to the material’s bandgap energy Eg. In direct bandgap semiconductors, this
transition is straightforward, but for indirect bandgap materials (such as silicon),
an additional interaction with phonons is required.

3.5.2 Generation Rate

The rate at which electron-hole pairs are created depends on both the light intensity
and the material’s ability to absorb photons. This can be expressed as:

G(r, t) = α(r)I(r, t)

where α(r) is the material’s absorption coefficient, and I(r, t) is the intensity of
incident light.

3.5.3 Absorption Coefficient

The absorption coefficient α describes how effectively a material absorbs light at
different photon energies. It often follows a formula like:

α(Eγ) =
A

Eγ − Eg
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where A is a material constant, and Eγ is the energy of the incoming photon.

3.5.4 Carrier Recombination

Once generated, the electron-hole pairs must survive long enough to be collected.
If they recombine (when an electron and hole meet), they are lost. The rate of
recombination is given by:

R =
np− n2

i

τp

(
1 + n

nt

)
+ τn

(
1 + p

pt

)

where n and p are the concentrations of electrons and holes, and τp, τn are their
respective lifetimes.

3.5.5 Quantum Efficiency

Quantum efficiency is a measure of how effectively absorbed photons lead to the
generation of carriers. It is given by:

ηoptical =
Carriers generated

Photons absorbed

3.6 Optical Generation in Solar Cells

In solar cells, optical generation is driven by sunlight, where photons generate
electron-hole pairs. The efficiency of this process depends on factors such as the
material’s absorption properties, the lifetime of the carriers before recombination,
and the efficiency of carrier collection.
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Chapter 4

NUMERICAL ANALYSIS

4.1 Advancing Solar Energy Through Numerical

Analysis

In today’s world of research, computer simulations and virtual environments have
become one of the essential tools for solving problems. By using computational
methods, we are able understand complex challenges more effectively and find in-
novative solutions. This approach not only saves time but also allows for extensive
testing and fine-tuning of designs in a virtual spaces, reducing the need for costly
physical prototypes that can be difficult to build. These advantages are why many
institutions are now using various softwares. This shift has been particularly im-
pactful in fields like semiconductor technology, which powers devices we use daily,
such as smartphones, laptops, and solar panels. Solar cells, for instance, offer a
greener, more sustainable energy source by converting sunlight into electricity.

Despite the growing potential of solar energy, much of the world still depends on
traditional energy sources like coal, hydropower, and nuclear power. Unfortunately,
burning fossil fuels leads to significant environmental problems, which makes the
search for renewable alternatives all the more urgent. While solar cells have reached
efficiency levels of up to 22%, challenges like high costs and ensuring long-term dura-
bility remain obstacles. Numerical analysis through computer models has become an
invaluable tool for addressing these issues. By testing designs virtually, researchers
can save time and gain deeper insights compared to manual methods, all without
the need for physical prototypes.

This ability to use numerical analysis has proven to be a game-changer for improving
solar cell technology. Researchers can evaluate how well a proposed design might
work by analyzing important factors such as the thickness of the layers, the con-
centration of dopants, and the effect of temperature. To achieve accurate results,
it’s crucial to have a reliable baseline for comparison. This helps researchers predict
how a design will perform and determine whether it’s a viable option for real-world
applications.
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4.2 Solar Cell Capacitance Simulator

SCAPS-1D, short for Solar Cell Capacitance Simulator, is a highly regarded software
tool designed to simulate solar cells in a one-dimensional framework. Developed at
Ghent University’s Department of Electronics and Information Systems (ELIS) in
Belgium, it has become a trusted resource for researchers, offering a wide range
of features to support advanced solar cell analysis. One of its key strengths is the
ability to model up to seven distinct semiconductor layers, making it highly versatile
for diverse solar cell designs.
The latest release, SCAPS version 3.3.10, introduces several advanced features:

• Versatile Layer Modeling: SCAPS-1D can model up to seven distinct semi-
conductor layers, making it adaptable for a variety of solar cell designs.

• Comprehensive Physical Parameters: Includes key parameters such as
bandgap energy (Eg), electron affinity (χ), dielectric constant (ϵ), doping con-
centrations (NA, ND), and defect densities (Nt) for accurate and detailed sim-
ulations.

• Advanced Recombination Mechanisms: Simulates crucial processes like
Shockley-Read-Hall (SRH) and Auger recombination, vital for understanding
energy losses.

• Customizable Defects: Allows precise definition of defect densities, charge
states (neutral, singly/doubly charged donors or acceptors), and energy dis-
tributions (uniform levels, Gaussian distributions, single levels, and band tail
states).

• Electrode and Illumination Flexibility: Supports defining electrode work
functions, optical filters, and simulating illumination with various spectra
(AM0, AM1.5D, AM1.5G, monochromatic, and white light). Includes options
for front or back contact illumination and cutoff filters.

• Detailed Output Metrics: Generates extensive analytical outputs such as
energy band diagrams, current-voltage curves, capacitance-voltage profiles,
quantum efficiency, and recombination data under different temperature con-
ditions.

• Batch Simulation and Scripting: Enables batch processing for systematic
studies and offers scripting capabilities for enhanced control over simulations.

• User-Friendly Design: Features an intuitive interface, supports saving cus-
tomized settings, and provides ease of use even for complex simulations.

• Integrated Curve-Fitting Tool: Simplifies data analysis and interpreta-
tion, aiding researchers in deriving meaningful insights.

• Research Flexibility and Precision: Combines robust modeling, advanced
customization, and detailed analytical outputs, making it ideal for exploring
innovative solar cell designs and improving their performance.
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4.2.1 SCAPS-1D Interface Description

Figure 4.1 illustrates the main interface of the SCAPS-1D software, we discuss an
overview of each section below:

• Section 1 (Green Box) Defines simulation parameters, manages files, and
provides tools for saving, recording results, and generating graphs.

• Section 2 (Blue Box) Configures simulations like I-V, C-V, C-F, and QE.
Customizes voltage, frequency, and wavelength settings.

• Section 3 (Orange Box) Sets illumination parameters, including light spec-
tra (e.g., AM1.5G) and optical properties for ”Dark” or ”Light” modes.

• Section 4 (Purple Box) Adjusts series (Rs) and shunt (Rsh) resistances and
manages action lists and saved settings.

• Bottom Section (Gray Buttons) Provides buttons for running simulations,
batch processing, curve fitting, and scripting.

Figure 4.1: The SCAPS Front-End Interface Design
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4.2.2 SCAPS-1D Solar Cell Definition Panel

This panel plays a vital role in managing both the structural setup and the graphical
representation of the solar cell. For ease of use, it is divided into three primary
sections, as illustrated in Figure 4.2.

i. Section 1 (Blue Box): Layers and Interfaces:

• Define the layers of the solar cell structure (e.g., ITO, PCBM, CsSnI3,
CFTS).

• Add or remove layers using the ”add layer” option.
• Configure interfaces between layers.
• Access the numerical settings for advanced parameter adjustments.
• Displays graded parameter information (available only after a calcula-
tion).

ii. Section 2 (Green Box): Visualization Panel:

• Provides a visual representation of the solar cell structure with color-
coded layers.

• Options to control illumination direction: Illuminate from the Front or
Back.

• Voltage application settings: Apply voltage to the Left Contact or
Right Contact.

• Current reference modes: Set to Consumer or Generator.
• Invert structure button to reverse the layer order for analysis.

iii. Section 3 (Orange Box): Problem Management:

• Create a new solar cell structure using the New button.
• Load an existing solar cell definition using the Load button.
• Save the current configuration with the Save button.
• Use the OK button to confirm changes or Cancel to discard them.

Figure 4.2: SCAPS solar cell definition panel
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4.2.3 Customizing Solar Cell Layer Parameters

Figure 4.2 shows the SCAPS-1D Layer Properties Panel, where users can define
and customize the properties of a solar cell layer. The left section includes
options to set thickness, doping type (p-type or n-type), doping concentration,
and material properties such as bandgap energy, electron affinity, dielectric
constant, and mobility values.

The middle section allows configuration of recombination mechanisms, includ-
ing band-to-band, radiative, and Auger recombination, with input fields for
corresponding coefficients.

The right section focuses on defect management, enabling users to add, edit, or
remove defects and specify their type, energy levels, and capture cross-sections,
with a summary displayed below.

At the bottom, buttons provide options to save or load material data, or accept
and apply changes, making the panel a comprehensive tool for tailoring solar
cell layer properties.

Figure 4.3: Solar Cell Definition Panel in SCAPS

4.2.4 Configuring Illumination Settings

4.4 displays the illumination settings panel in SCAPS-1D. The illumination
settings panel in SCAPS-1D enables users to configure light conditions for so-
lar cell simulations. It offers options to switch between ”Dark” and ”Light”
modes, select spectrum files like AM1.5G, and define the illumination direc-
tion, either from the left or right. Users can also specify wavelength ranges,
such as 200 nm for short and 4000 nm for long wavelengths.
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Figure 4.4: Setting Illumination Conditions

Additional features include adjusting incident light power in W/m², transmis-
sion percentages, and neutral density to control light intensity. The spectrum
cut-off option allows limiting wavelength ranges for realistic conditions. These
tools enable precise customization of illumination settings for accurate solar
cell performance simulations.

4.2.5 Step-by-Step Simulation Process

(a) Launch SCAPS: Start the SCAPS software.

(b) Click Input Problems: Open the input problems section to define the
simulation problem.

(c) Set Input Parameters: Define the solar cell’s structural and material
properties.

(d) Set Working Conditions: Configure simulation conditions, such as
illumination and temperature.

(e) Specify Actions to be Measured: Choose the parameters to analyze
(e.g., I-V, C-V).

(f) Run the Program: Execute the simulation to generate results.

Figure 4.5: SCAPS Operating Procedure Flowchart
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4.2.6 Simulated Curves

Figure 4.6: Output Display of SCAPS

After completing the calculations, SCAPS automatically navigates to the En-
ergy Band panel, also known as the AC-band panel. This feature allows for
easy examination of band diagrams, carrier densities, current densities, and
other parameters at the most recently calculated bias point. If you wish to
inspect an intermediate state during the computation process, you can halt
the calculations early or use the pause button located in the Action Panel.
The software provides multiple options for saving or displaying results: you
can print them, save graphs, or display numerical values directly on the screen,
which can be conveniently copied into applications like Excel or Origin. Addi-
tionally, you can switch to other output panels, such as the IV Panel, provided
that you have simulated at least one corresponding measurement. Figure 4.6
presents an example of the IV Panel.

4.2.7 Proposed CsSnI3-Based Solar Cell

The simulated solar cell in this study follows a layered structure: ITO/PCBM/CsSnI3/CFTS/Au.
The ITO layer, acting as the front contact, is exposed to sunlight, while PCBM
is used as the electron transport layer (ETL). CFTS serves as the hole trans-
port layer (HTL), and CsSnI3 is the main light-absorbing material. Gold (Au)
is applied as the back electrode to complete the structure. The efficiency of the
photovoltaic device is influenced by several factors, including the concentration
of charge carriers, temperature, cell thickness, and the optical and electrical
properties of the materials. The key parameters for simulating a solar cell
with CsSnI3 as the absorber layer using SCAPS-1D are outlined in Table 4.1.

Figure 4.7 shows the important energy levels within the structure of the solar
cell, including the lowest conduction band energy (EC), the electron Fermi
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Parameters ITO PCBM CsSnI3 CFTS

Thickness, (nm) 500 50 800a 100
Bandgap, Eg (eV) 3.5 2 1.3 1.3
Electron affinity, X (eV) 4 3.9 3.6 3.3
Dielectric permittivity, εr 9 3.9 9.93 9
Conduction band Density
of states, NC (cm−3)

2.2 ×1018 2.5 ×1021 1 ×1019 2.2 ×1018

Valance band Density of
states, NV (cm−3)

1.8 ×1019 2.5 ×1021 1 ×1018 1.8 ×1019

Electron mobility, µn (cm2

V−1 s−1)
20 0.2 1.5 ×103 21.98

Hole mobility, µh (cm2 V−1

s−1)
10 0.2 5.85 ×102 21.98

The density of p-type, NA

(cm−3)
0 0 1020 1 ×1018

The density of n-type, ND

(cm−3)
1 ×1021 2.93 ×1017 0 0

Density of defects, Nt

(cm−3)
1 ×1015a 1 ×1015a 1 ×1015a 1 ×1015a

aIn this study, these values remained constant during initial optimization to
get the best combination of HTL, ETL, and Back metal contact.

Table 4.1: Defining the Input Parameters for the Simulation

energy (Fn), the hole Fermi energy (Fp), and the highest valence band energy
(EV ). This diagram helps to visualize the energy states within a semiconductor
or solar cell, illustrating how electrons and holes move through the different
layers. The conduction band, represented by the blue line, shows the minimum
energy level at which electrons are free to move. On the other hand, the red
line marks the valence band, where electrons are tightly bound to atoms. The
Fermi levels, shown as green lines, indicate the energy levels where electrons
or holes are most likely to be found.

The gap between the conduction and valence bands, known as the band gap,
plays a key role in determining how effectively a material can absorb light
and convert it into electrical energy. Sharp transitions in the diagram indicate
band offsets at the interfaces between layers in the solar cell. These offsets
are essential for guiding the charge carriers—electrons and holes—toward the
appropriate contacts, enabling the flow of electrical current that powers the
solar cell.

The built-in potential that arises from the differences in energy levels within
the solar cell plays a key role in efficiently separating electrons and holes.
This separation helps minimize recombination losses, ultimately improving the
overall efficiency of the device. The energy diagram effectively visualizes how
these factors come together to enhance the solar cell’s performance, enabling
it to convert sunlight into usable electrical energy.

28



0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0 1 . 2- 4

- 3

- 2

- 1

0

1

2
En

erg
y (

eV
)

P o s i t i o n  ( µm )

 E c ( e V )
 F n ( e V )
 F p ( e V )
 E v ( e V )

Figure 4.7: Band Diagram of Materials

To evaluate the performance of the device, SCAPS-1D simulation software
was used to assess several important parameters, such as power conversion effi-
ciency (PCE), fill factor (FF), open-circuit voltage (VOC), short-circuit current
density (JSC), quantum efficiency (QE), and the current-voltage (J-V) charac-
teristics. The initial results from the simulation showed an open-circuit voltage
(VOC) of 0.975 V, a short-circuit current density (JSC) of 27.22 mA/cm², a fill
factor (FF) of 86.97%, and a power conversion efficiency (PCE) of 23.10%.
Figure 4.5 presents the J-V characteristics for the ideal MASnI device, along
with the quantum efficiency curves. During the simulation, various device
parameters were adjusted for optimization, including setting the thermal ve-
locities of both electrons and holes to 107 cm/s.
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4.3 JV Characteristics and Quantum Efficiency
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Figure 4.8: (a) J − V characteristics and (b) QE curves of CsSnI3 devices

The graphs in Figure 4.8 provide key insights into the performance character-
istics of CsSnI devices:

1. Graph (a): Current Density–Voltage (J − V ) Characteristics This
graph depicts the relationship between voltage (V ) on the x-axis (in volts,
ranging from 0 to 1.2 V) and current density (J) on the y-axis (in mA/cm2,
ranging from 0 to 30 mA/cm2). The curve shows how current density changes
as voltage increases.

• At low voltages (near 0 V), the current density remains steady at ap-
proximately 30 mA/cm2, indicating a high short-circuit current density
(Jsc).

• As the voltage approaches the open-circuit voltage (Voc), the current den-
sity drops sharply to zero, indicating efficient charge recombination con-
trol at this limit.

• This behavior reflects the characteristics of a well-performing solar cell,
where the device generates and collects charge carriers efficiently at lower
voltages, while maintaining a high Voc.

2. Graph (b): Quantum Efficiency (QE) Curve The second graph rep-
resents the quantum efficiency (QE) of the device as a function of wavelength
(λ). The x-axis shows wavelength (in nm, from 300 to 900 nm), and the y-axis
displays QE in percentage (ranging from 0% to 100%).

• The QE peaks at nearly 90% in the visible spectrum, particularly between
400 and 500 nm, indicating high photon absorption and efficient charge
carrier generation in this range.

• Beyond 500 nm, the QE gradually decreases, reaching its lowest values
near 900 nm, reflecting the material’s absorption edge, where photons
lack the energy to excite electrons across the bandgap.

30



4.4 Impact of ITO Thickness

The figure illustrates how varying the thickness of the Indium Tin Oxide (ITO)
layer affects the performance of a solar cell, focusing on Power Conversion
Efficiency (PCE), Fill Factor (FF), Short-Circuit Current Density (Jsc), and
Open-Circuit Voltage (Voc). As the ITO thickness increases from 0 to 1 µm,
the PCE steadily decreases from approximately 23.15% to 23.05%, due to
increased optical and electrical losses, including reduced light transmission
and higher series resistance.

The Jsc also declines, dropping from 27.33 mA/cm2 to around 27.16 mA/cm2,
likely caused by reduced light absorption in thicker layers. Similarly, the Voc

decreases from about 0.98 V, reflecting increased resistive losses and dimin-
ished charge separation efficiency. In contrast, the Fill Factor (FF) shows a
slight improvement, rising from approximately 86.97% with thicker ITO layers,
likely due to enhanced conductivity.Overall, the results suggest that thinner
ITO layers, particularly in the range of 0–0.2 µm, offer the best balance be-
tween optical transparency and conductivity.
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Figure 4.9: Impact of ITO Layer Thickness on Solar Cell Efficiency and Character-
istics
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4.5 Impact of PCBM Thickness

The graph demonstrates how the thickness of PCBM impacts four critical
performance metrics of a solar cell: Power Conversion Efficiency (PCE), Fill
Factor (FF), Short-Circuit Current Density (JSC), and Open-Circuit Voltage
(VOC). As the CFTS thickness increases from 0 µm to 1.0 µm, each parameter
exhibits a distinct trend.

The PCE gradually increases from approximately 23.10% at 0 µm to around
23.23% at 1.0 µm. This indicates that a thicker layer likely enhances light
absorption and minimizes recombination losses, contributing to improved effi-
ciency. The fill factor (FF ), on the other hand, shows only a slight increase,
remaining almost constant, with values ranging from 86.968% to 86.977%.
This stability suggests that thickness has a negligible effect on resistive losses.

The short-circuit current density (JSC) demonstrates a linear increase from
27.225 mA/cm2 to 27.36 mA/cm2, reflecting the improved light capture and
charge carrier generation in thicker layers. Similarly, the open-circuit voltage
(VOC) increases slightly, rising from 0.9754 V to 0.9762 V, which may be
attributed to better charge separation and reduced recombination.
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Figure 4.10: Impact of PCBM Layer Thickness on Solar Cell Efficiency and Char-
acteristics
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4.6 Impact of CsSnI3 Thickness

The graph examines the relationship between the thickness of CsSnI3 (in mi-
crometers) and four key solar cell performance metrics: power conversion effi-
ciency (PCE), fill factor (FF), short-circuit current density (JSC), and open-
circuit voltage (VOC). As the thickness increases from 0 to 1.5 µm, the PCE
shows a significant improvement, rising from approximately 17.4% to over
26.0%. This trend indicates that a thicker CsSnI3 layer enhances light absorp-
tion and minimizes recombination losses, thereby improving energy conversion
efficiency. Similarly, JSC exhibits a clear upward trajectory, increasing from
about 24 mA/cm2 to over 30 mA/cm2, reflecting improved photon absorption
and charge carrier generation as the thickness increases.

The fill factor (FF) increases gradually from 86.5% to 87.3%, suggesting a
slight reduction in resistive losses or better charge extraction efficiency. Mean-
while, VOC rises steadily from 0.949 V to over 1.001 V, likely due to enhanced
charge separation and reduced recombination at greater thicknesses. These
findings indicate that all performance metrics benefit from increased CsSnI3
thickness, with particularly strong improvements observed in PCE and JSC .

0 . 5 1 . 0 1 . 5
0 . 9 4 9
0 . 9 6 2
0 . 9 7 5
0 . 9 8 8
1 . 0 0 12 1

2 4
2 7
3 0

8 6 . 1 0
8 6 . 5 1
8 6 . 9 2
8 7 . 3 3

0 . 5 1 . 0 1 . 5

1 7 . 4
2 0 . 3
2 3 . 2
2 6 . 1

 V O
C(V

)

T h i c k n e s s  o f  C s S n I 3  ( µm )

 

J SC
(m

A/c
m2 )

 FF
(%

)

 

 

PC
E(%

)

Figure 4.11: Impact of CsSnI3 Layer Thickness on Solar Cell Efficiency and Char-
acteristics
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4.7 Impact of CFTS thickness

The figure demonstrates how the thickness of the CFTS (Copper Tin Sulfide)
layer influences the performance of a solar cell, focusing on key parameters
such as Power Conversion Efficiency (PCE), Fill Factor (FF), Short-Circuit
Current Density (Jsc), and Open-Circuit Voltage (Voc). As the thickness of the
CFTS layer increases from 0 to 1 µm, a consistent improvement is observed
across most metrics. The PCE rises slightly, from about 23.14% at thinner
layers to approximately 23.23% at 1 µm, indicating that thicker layers improve
light absorption and energy conversion efficiency. Similarly, the Jsc increases
from 27.22 mA/cm2 to 27.36 mA/cm2, suggesting that a thicker CFTS layer
enhances photon absorption and charge carrier generation.

The Voc also shows a small but meaningful increase, starting at 0.9754 V and
reaching 0.9768 V, likely due to a reduction in recombination losses. Mean-
while, the FF improves slightly, rising from 86.97% to 86.98%, indicating better
charge transport and reduced resistance in thicker layers. Overall, these results
highlight the importance of optimizing the CFTS layer thickness to achieve
better solar cell performance. A thicker CFTS layer allows for improved light
absorption and charge generation, while also minimizing recombination losses,
leading to a more efficient device.
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Figure 4.12: Impact of CFTS Layer Thickness on Solar Cell Efficiency and Charac-
teristics
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4.8 Impact of Electron Affinity

4.8.1 Impact of CFTS Electron Affinity on PCE (Graph
a)

The first graph illustrates how the electron affinity of CFTS (Copper Tin Sul-
fide), used in the hole transport layer (HTL), affects the Power Conversion
Efficiency (PCE) of a solar cell. The x-axis represents the electron affinity of
CFTS, ranging from 3.8 eV to 4.2 eV, while the y-axis shows the PCE, ranging
from around 21.6% to 23.4%. The data reveals that the PCE improves as the
electron affinity increases, reaching a peak of approximately 23.4% at 4.0 eV.
However, beyond this point, the PCE drops sharply, suggesting that there is an
optimal electron affinity for CFTS. When the electron affinity is too low, the
charge collection becomes less efficient, while excessively high electron affinity
can create energy mismatches or increase recombination losses, both of which
negatively affect the solar cell’s performance. The table 4.3 provides the data
for the changes of electron affinity for CFTS and the percentage of PCE.

Electron Affinity (eV) PCE (%)
3.8 23.1958
3.91 23.2641
4.01 23.3052
4.1 23.30
4.2 21.568

Table 4.2: Power Conversion Efficiency (PCE) Variation with Different Electron
Affinity Values

4.8.2 Impact of PCBM Electron Affinity on PCE (Graph
b)

The second graph examines the effect of the electron affinity of PCBM (Phenyl-
C61-butyric acid methyl ester), used in the electron transport layer (ETL), on
the PCE of a solar cell. The x-axis represents the electron affinity of PCBM,
ranging from 3.6 eV to 4.2 eV, while the y-axis displays the PCE, which varies
from approximately 5.1% to 20.4%. Similar to the HTL, the PCE increases
with rising electron affinity, peaking at around 20.4% near 4.0 eV. Beyond
this value, the PCE declines, indicating that higher electron affinity values
may cause issues such as resistive losses or energy level misalignment with
other layers. Conversely, lower electron affinities result in poor electron col-
lection, which also reduces efficiency. The results suggest that achieving the
right electron affinity in the ETL is essential for effective charge transfer and
minimal recombination losses.The table 4.3 provides the data for the changes
of electron affinity for CFTS and the percentage of PCE.
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Electron Affinity (eV) PCE (%)
3.7 23.2255
3.8 23.1974
3.91 23.0799
4.01 22.2363
4.1 22.14

Table 4.3: Power Conversion Efficiency (PCE) Variation with Different Electron
Affinity Values

4.8.3 Overall Analysis

Both graphs highlight the critical role of electron affinity in determining the
efficiency of solar cells. For both the HTL (CFTS) and ETL (PCBM), the
optimal electron affinity is around 4.0 eV, where the solar cell achieves its
highest PCE. Deviations from this optimal value, whether lower or higher,
lead to reduced efficiency due to energy mismatches, recombination losses, or
poor charge transfer. These findings underline the importance of precise ma-
terial design and energy level alignment in transport layers to maximize solar
cell performance. Carefully engineering the electron affinities of HTL and ETL
materials can significantly enhance the efficiency and reliability of the device.
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Figure 4.13: Impact of electron affinity of (a) HTL and (b) ETL on PCE.
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4.9 Impact of Doping Concentration on Solar

Cell parameters and Efficiency

4.9.1 Impact of Doping PCBM

Figure 4.14 shows the effect of doping concentration in PCBM (Phenyl-C61-
butyric acid methyl ester) on the Power Conversion Efficiency (PCE) of a
solar cell. The x-axis represents the doping concentration, measured in cm−3,
ranging from 0 to 1.0× 1020, while the y-axis displays the PCE, ranging from
approximately 22.8% to 24.0%. The PCE increases steadily as the doping
concentration rises, with sharper gains at lower concentrations and a gradual
plateau near 24.0% as concentrations exceed 5.0× 1019 cm−3.

At lower concentrations, doping enhances charge carrier mobility and reduces
recombination losses, significantly boosting efficiency. However, beyond a cer-
tain threshold, additional doping contributes minimally to performance im-
provement and can introduce resistive losses or other negative effects. The
plateau at higher concentrations suggests that the material’s performance is
limited by intrinsic properties or interface factors. This graph underscores the
importance of optimizing PCBM doping levels to maximize solar cell efficiency
while avoiding over-doping and diminishing returns.

4.9.2 Impact of Doping CsSnI3

The figure shows how doping concentration in CsSnI3 (Cesium Tin Iodide) af-
fects solar cell performance metrics, including Power Conversion Efficiency
(PCE), Fill Factor (FF), Short-Circuit Current Density (Jsc), and Open-
Circuit Voltage (Voc). The PCE rises from approximately 21.6% to 29.7%,
plateauing at higher concentrations, while the FF improves from 82% to 89.7%,
indicating better charge transport and reduced recombination losses.

Meanwhile, Jsc slightly decreases from 27.7 mA/cm2 to 26.6 mA/cm2, likely
due to optical losses at higher doping levels. The Voc steadily increases from
0.90 V to 1.08 V, reflecting reduced recombination and better charge separa-
tion. These results highlight the importance of optimizing doping concentra-
tions to maximize PCE and balance gains in Voc and FF with minimal impact
on Jsc. Excessive doping leads to diminishing returns due to saturation effects
and losses.

4.9.3 Impact of Doping CFTS

The graph in Figure 4.16 depicts the relationship between the doping concen-
tration of CFTS (measured in cm-3) and the power conversion efficiency (PCE)
of a solar cell, expressed as a percentage. The x-axis represents the doping
concentration, ranging from 0 to 1.0 × 1020 cm−3, while the y-axis shows the
PCE, which ranges from approximately 22.96% to 24.19%.
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Figure 4.14: Effect of ETL Doping Concentration on Power Conversion Efficiency
(PCE).

At lower doping concentrations, the PCE increases rapidly, rising from 22.96%
to 24.19%. This sharp increase suggests that doping enhances the charge
carrier density, improving charge transport and reducing recombination losses.
The efficiency improvement reaches a turning point at around 5.0×1019 cm−3,
after which the PCE begins to plateau. Beyond this point, further increases in
doping concentration result in minimal improvements, indicating a saturation
effect in the solar cell’s performance. This plateau could be attributed to
factors such as increased recombination or reduced carrier mobility at higher
doping levels.

38



0 . 0 2 . 0 x 1 0 2 3 4 . 0 x 1 0 2 3 6 . 0 x 1 0 2 3 8 . 0 x 1 0 2 3 1 . 0 x 1 0 2 4

0 . 9 0
1 . 0 8
1 . 2 6
1 . 4 4

2 6 . 7 3
2 7 . 5 4
2 8 . 3 5
2 9 . 1 6

8 2 . 8
8 5 . 1
8 7 . 4
8 9 . 7
2 1 . 6
2 4 . 3
2 7 . 0
2 9 . 7

 V O
C(V

)

D o p i n g  C o n c e n t r a t i o n  o f  C s S n I 3  ( µm )
 

J SC
(m

A/c
m2 )

 FF
(%

)

 

 PC
E(%

)

Figure 4.15: Effect of Varying Acceptor Doping Concentrations in the Absorber
Layer on Solar Cell Performance

4.10 Impact of Temperature on PCE

The graph illustrates the effect of varying temperature (in Kelvin, K) on the
power conversion efficiency (PCE) of a solar cell. The x-axis represents the
temperature range, spanning from 280 K to 360 K, while the y-axis shows the
PCE as a percentage, ranging from approximately 25.2% to 21.6%.

At the lower end of the temperature range (280 K), the PCE reaches its highest
value of about 25.2%. However, as the temperature increases, the efficiency
steadily declines, dropping to around 21.6% at 360 K. This negative correla-
tion between temperature and efficiency can be attributed to factors such as
increased carrier recombination, reduced carrier mobility, and thermal degra-
dation of materials at elevated temperatures.

The findings emphasize the significance of temperature management in solar
cell operation. Maintaining lower operating temperatures can help preserve
efficiency and ensure stable performance. This insight is particularly impor-
tant for designing solar cells to operate efficiently in environments prone to
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Figure 4.16: Impact of varying doping concentration of HTL on PCE.

higher temperatures.
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Figure 4.17: Impact of varying Temperature on PCE.
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Figure 4.18: Impact of varying Temperature on JSC and VOC .

The graph illustrates how temperature affects two key performance parameters
of a solar cell: the Short-Circuit Current Density (Jsc) and the Open-Circuit
Voltage (Voc). The x-axis represents temperature, ranging from 280 K to 360
K, while Jsc is displayed on the left y-axis in mA/cm2, and Voc is shown on the
right y-axis in volts. As temperature increases, Jsc shows a slight decrease,
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dropping from about 27.30 mA/cm2 at 280 K to approximately 27.05 mA/cm2

at 360 K. This decline is due to reduced charge carrier mobility and increased
recombination losses at elevated temperatures.

Similarly, Voc decreases more significantly, starting at around 1.00 V at 280
K and dropping to roughly 0.88 V at 360 K. This drop occurs because higher
temperatures enhance carrier recombination and reduce the energy gap be-
tween the quasi-Fermi levels. The graph highlights the negative impact of
rising temperatures on solar cell performance, emphasizing the importance
of temperature control to maintain efficiency and functionality in practical
applications.

4.11 Analysis of Optimized Result

The highest efficiency for the CsSnI solar cell was reached through precise
optimization of several essential parameters that directly influenced its per-
formance. The absorber layer was specifically designed with a thickness of
1.6 micrometers to maximize light absorption, while the Indium Tin Oxide
(ITO) layer, serving as a transparent conductive electrode, was finely tuned to
a thickness of 0.1 micrometers. Additionally, the hole transport layer (HTL)
was crafted at 1 micrometer to facilitate smooth and efficient charge transport
across the cell.

The electron affinities of the charge transport layers were carefully selected,
with one CTFS layer set at 4.1 eV and another at 3.7 eV. To ensure effective
light absorption and optimal charge carrier generation, the absorber layer was
doped to a concentration of 2.0× 103 cm−3. The HTL’s doping concentration
was adjusted to 5 × 1019 cm−3, while the electron transport layer (ETL) was
maintained at 1.0× 102 cm−3.

These adjustments were all carried out at a temperature of 283 K, leading to
a notable efficiency of 26.9%. This carefully balanced combination of layer
thicknesses, doping concentrations, and electron affinities underscores the im-
portance of fine-tuning in creating high-performance CsSnI solar cells and
highlights how such precision can drive significant improvements in energy
conversion efficiency.
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