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ABSTRACT

The transformation of solar energy into electrical energy via photovoltaic cells is presently
regarded as one of the most exhilarating research endeavors. Organic photovoltaic (OPV) cells
are in high demand for photovoltaic applications because of their mechanical flexibility,
affordability, ease of production, and lightweight nature. The research has primarily focused on
D-A-D (Donor-Acceptor-Donor) photovoltaic cells, extensively investigating the nature of

Donor 1, Acceptor, and Donor 2 units.

In the context of this research, Density Functional Theory (DFT) in conjunction with Total
Deposition Spectroscopy (TD-SCF) calculations utilizing the selected hybrid B3LYP-6311(G)
functional is utilized to explore the electronic structure and properties of the reference material,
with a focus on the examination of the properties resulting from the attachment of both fullerene
and non-fullerene units at the first donor part. The research begins with the involvement of one
fullerene unit in a reference molecule and exploring their molecular geometries, electronic band
structures, and charge transport properties. Then two fullerene units were attached to compare
their properties with the previous one. Similarly, the effect of non-fullerene aromatic units
(Pentacene, 2H-benzo[cd]pyrene) was also studied by attachment of one and two units
respectively. At the end, electron-donating alkyl groups (Methyl, Ethyl and Propyl) were
attached to the acceptor part of the reference molecule in the presence of aromatic (fullerene,
non-fullerene) units at 1% donor. A total number of 16 geometries were made and studied

accordingly.

The results showed that when only one fullerene units was involved in the absence of alkyl
groups, it possesses lowest energy band gap (0.31eV) compared to others and surpassed in
exhibiting the best photovoltaic properties because a smaller energy gap is required for the easy
excitation of electron from HOMO to LUMO and allows for a larger built-in potential across the

device and leading to higher voltages across photovoltaic cell.

Results also indicate that attachment of two fullerene units in the absence of alkyl groups shows
maximum A value with (Amax = 10982 nm) and lowest value of excitation energy (0.113eV),

while single fullerene unit has wavelength (A = 9960 nm) and value of excitation energy

XV



(0.125eV). By further proceeding, the molecule where ethyl group is attached as acceptor

following the two fullerene units at 1% donor have maximum value of Voc (~1.787eV.)

In conclusion single C60 molecule with the donor part when no alkyl group is attached is more
favorable than other molecules having non-fullerene aromatic compounds due to having very

less amount of energy band gap.

XVi



CHAPTER 1: INTRODUCTION

Renewable energy resources have been attracting more attention lately as people become
increasingly aware of the constrained availability of fossil fuels and the harmful effects of CO2
and other greenhouse gas emissions [1]. One commonly used technique involves photovoltaics,
which harness the photovoltaic effect to transform solar energy into electricity. In the field of
photovoltaics, major kinds that can be distinguished as inorganic and organic. Over the last
several decades, significant advancements have been made in the field of inorganic solar
panels. The initial functional solar panel utilized silicon wafer and entirely inorganic materials
throughout its construction. The materials commonly used in traditional photovoltaic cells
include silicon (Si), gallium arsenide, cadmium-telluride (CdTe), and various compounds like
copper-indium-gallium-diselenide and copper-zinc-tin-sulfide [2]. Over time, there has been a
major expansion in the PCE of silicon solar cells, going from 10% to 26% [3]. Despite the
progress made, there are still several drawbacks associated with inorganic photovoltaic cells.
These include the use of costly materials, potential harm to the environment, the need for large
and cumbersome panels, a significant initial investment required for commercialization, and

complex production processes [2].

Over the last ten years, there has been a significant growth in interest and research focused on
organic photovoltaic cells. The newfound interest is driven by two recent advancements in the
organic semiconductor industry. Initially, it has been demonstrated that the quantum efficiency
of electron transfer from an excited polymer to C60 is exceptionally high, and the transfer
occurs with remarkable speed [4]. This shows great potential for enhancing carrier separation in
photovoltaic cells. Furthermore, the progress in creating effective organic displays using
organic light emitting devices (OLEDs) has demonstrated the feasibility of organic electronic
components. The displays are made with cheaper technology that can also be tested to create

solar panels [5].

1.1 Background of Photovoltaic Cell:
A key method to transform sunlight into electrical power happens through the photovoltaic

effect, which was initially noticed by Alexandre Edmond Becquerel in 1983 [6]. During the



electrochemical experiments, he recognized the occurrence of this effect on silver and platinum
electrodes exposed to sunlight [7]. In the year 1905, Albert Einstein first up the idea of the
photoelectric hypothesis. It discusses the connection between light waves and photons, which
are the basic particles of light, along with the link between the energy of photons and their
frequency (a direct relationship, with the ratio being the one linked to Planck's law). "In one of
several epoch-making studies beginning in 1905, Albert Einstein explained that light consists
of quanta—packets" with set energy matching to certain frequencies. In 1921, The Nobel prize
was given to Einstein for his contributions to the field of physics, for a photon, which is a type
of light quantum, to be able to release an electron, it must first possess a particular minimum
frequency [8]. When silicon was substituted for selenium, it was found that very high
efficiencies were realized. Russell Ohl is credited with identifying both the n-type and p-type
zones within silicon in 1939. Additionally, he found the photoelectric effect within the p-n
junctions [9]. It was in the year 1955 when a solar cell was installed in Americus, Georgia, to
serve as the power source for a telecommunications network. Nearly one year following its
introduction at the yearly gathering of the United States National Academy of Sciences,
occurring in Washington on April 25, 1954, this marks the debut of the very first use of a solar
cell. Furthermore, the concept of a photovoltaic system has expanded beyond just the solar cells
to include additional components such as inverters, batteries, and even the necessary cables for
connecting these elements. Each development in these devices increases in system’s efficiency,
hence amplifying the benefits of photovoltaic technology [10], [11].

1.2 Recent Commitments and Objectives:
Photovoltaic technology has shown to be more effective than anticipated recently. Printed
photovoltaic panels are commonplace. There has been a decline in manufacturing costs due to
the mass production of some technology. Now, photovoltaic panels are so readily available for
use in public applications that the question that has to be answered is not how to generate
energy (as in the 1990’s), but rather how to generate energy that is environmentally friendly.
This indicates that the energy that is produced ought to have a reduced ecological impact in
contrast to any other method of producing it (often in comparison with sources of fossil fuels)
[12], [13], [14]. To address the pressing issue of climate change and meet the growing energy

demands of our society, a significant shift towards renewable energy sources is necessary [15].



In its proposed European Green Deal, the European Commission outlined ambitious goals to
reduce greenhouse gas emissions by at least 55% by 2030 and achieve carbon neutrality by
2050 [15]. In 2015, the United Nations launched the Sustainable Development Goals (SDGS)
via a publication known as "Transforming our world: the 2030 Agenda for Sustainable

Development.”

One method to illustrate the transformative potential of solar energy is by reviewing these aims.
Among the 17 aims, solar energy is in harmony with three: The 7th aim provides clean and
affordable energy, whereas the 11th aim focuses on creating sustainable cities and
communities. Furthermore, the 13th aim stresses the need for immediate action regarding

climate change [16].

1.3 Photovoltaic System for power generation:
Figure 1 illustrates a fundamental photovoltaic setup connected to the main power grid. This
system converts energy from the sun into direct current (DC) electricity, with the intensity of
sunlight directly affecting this process. A diode specifically designed to prevent power flow
backward, permits the electricity produced by the photovoltaic system to be channeled solely

into the power conditioning unit.

In the absence of a blocking diode, the battery might recharge into the solar panel during
periods of minimal sunlight. The power conditioner comprises a Maximum Power Point Track
(MPPT), a battery regulator, and a reverse current regulator [17], [18]. The MPPT optimizes
the power generated by the solar PV array, always extracting the maximum amount.
Meanwhile, the charge-discharge controller ensures that the battery bank is not overcharged or
over-discharged, which is crucial for storing the electricity generated by solar energy during
periods without sunlight. In simple PV setups, where the PV module's voltage matches the
battery's, employing MPPT electronics is often considered superfluous. This is because the
battery voltage stays consistent enough to effectively gather the highest possible power from
the PV module. The system operates independently, not linked to the power grid [19], [20].



Utility Grid

Blocking
Diod:
PV Solar IID © Power | Inverter/ _
Array Conditioner Converter

[}
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Storage

Figure 1-1 Block Diagram of typical photovoltaic system [21]

1.4 PV Cells' underlying structure:
Photovoltaic cells, often known as solar cells, are specialized devices that are meant to
convert sunlight into electrical energy by utilizing the photovoltaic effect. Solar cells are also
commonly referred to as photovoltaic cells. PV cells are the most fundamental component of
photovoltaic (PV) systems [21]. Main components Are as follow;

e Semiconductor layers
e Conducting materials

e Anti-reflecting coating

ANTI-REFLECTIVE
COATING

SPECIALLY TREATED
SEMI-CONDUCTOR —™
MATERIAL

BACK CONTACT

Figure 1-2 Primary components of a PV cell [22]



1.4.1 Semiconductor layers

As a result of its ability to effectively absorb and convert sunlight into electrical current
through the process of photovoltaic effect, the semiconductor layer, which is also referred to
as the absorber or active layer, is an essential component of a solar cell. Solar cells are made
up of two unique layers of semiconductors, the N-type semiconductor layer, which is also
referred to as the emitter, and the P-type semiconductor layer, which is known as the base.
The P-N junction is formed as a result of the sandwiching of these two layers because of the

sandwiching.

1.4.2  Conducting materials

Above the semiconductor layer is a conductive substance, which is often a thin layer of metal
because of its electrical properties. The electron-hole pairs that are leaving the solar cell are
able to leave more easily thanks to this layer. Solar cells lacking a conductive substance on
their upper surface are unable to generate an electric current because they lack the ability to

conduct electricity.

1.4.3  Anti-reflecting coating

An anti-reflective coating is applied to the front side of the solar cell, which results in an
increase in the efficiency of the solar cell. A greater number of photons are able to reach the
semiconductor materials as a result of this coating's ability to reduce light reflection. Light
would be reflected by a solar cell that did not have an anti-reflection layer, rather than

electrons being excited.

1.5 Types of Solar Cells:

There are different classifications for solar cells, including

» First Generation
> Second Generation
> Third Generation

The First-generation cells, also referred to as traditional or substrate-based cells, consist of solid
silicon crystals. This PV technology, featuring materials such as polysilicon and single-

crystalline silicon, is extensively utilized in the business world.

5



Second-generation solar panels are composed of thin-film technology, including amorphous
silicon, CdTe, and CIGS cells. These panels hold significant economic potential for large-scale
photovoltaic projects, integrating solar energy into buildings, and in compact, off-grid power

solutions.

The third generation of solar cells encompasses several thin-film technologies that are seen as
potential breakthroughs in solar energy. However, these technologies are still being explored or

developed and have yet to gain broad commercial application.
Different types of solar panels can be classified into several groups.

151 Amorphous Silicon Solar Cell (A-Si)

Amorphous silicon PV modules were pioneers in the world of solar cells, being some of the
earliest ones manufactured on an industrial scale. With the use of low processing temperatures,
the manufacturing of a-Si solar cells becomes more cost-effective as it allows for the utilization
of affordable materials such as polymer and other flexible substrates. These substrates require
less energy to manufacture, which contributes to the overall energy efficiency of the production
process flexible, other substrates are also available [23]. The non-crystalline and chaotic
structure of amorphous silicon is what distinguishes it from monocrystalline silicon. Amorphous
silicon has a substantially higher light absorption rate, roughly forty times faster than
monocrystalline silicon. Due to their superior efficiency, amorphous silicon-based solar cells
have gained more popularity compared to alternative materials like CIS/CIGS and CdSa/CdTe
[24]. Deposition of amorphous silicon may also take place at extremely low temperatures, as low
as 75 degrees Celsius, which enables the material to be placed on plastic without any problems.
On the other hand, when single-layer cells are exposed to sunlight, they experience a significant

reduction in their power output, which can range anywhere from 15 to 35 percent [25] .

152 Biohybrid Solar Cell

Inorganic matter and organic matter are both components of a biohybrid solar cell, which is a
type of solar cell that is created by combining the two types of materials. By using the
photosystem, a photoactive protein complex located in the thylakoid membrane, the group
managed to replicate the natural photosynthesis process, thereby increasing the efficiency in

transforming solar energy [26]. A photosystem composed of many layers in order to generate a



current that travels through the cell, I first collect photonic energy, then transform it into
chemical energy, and last gather it. Following a period of several days, the photosystem I
become apparent and takes the form of a thin green coating. In order to facilitate and enhance the
process of energy conversion, this thin film is helpful [27].

153 Buried Contact Solar Cell

A metallic contact is inserted into a cut-out groove created by a laser in a solar cell buried under
the ground, a widely used solar technology praised for its superior performance. The buried
contact method is able to overcome a significant number of the drawbacks that are associated
with screen-printed contacts. Consequently, the efficiency of solar cells placed under the ground
can surpass that of commercially printed solar cells by up to 25 percent. In a silicon-based solar
cell, the metal layer is placed inside a trough cut by a laser, a key element that aids in the cell's
high performance. This approach allows for a significant ratio between the metal's height and
width. Consequently, this narrow trench enables the incorporation of a lot of metal into the
contact finger, without the need for a broad metal layer on the outer face. This is because the
metal contact aspect ratio is large [25].

154 Cadmium Telluride Solar Cell (CdTe)

Cadmium telluride photovoltaics, also referred to as CdTe photovoltaics, is a kind of
photovoltaic (PV) technology that relies on a thin semiconductor layer called cadmium telluride.
This layer is designed to capture and transform sunlight into electrical energy. Among various
sizes, CdTe photovoltaics are the sole thin film technology for larger systems to offer cheaper
prices than conventional solar cells constructed with crystalline silicon. For systems of more than
one thousand kilowatts, CdTe photovoltaics remains the sole affordable thin film technology
compared to crystalline silicon solar cells [28], [29]. CdTe photovoltaics boast the smallest
environmental impact, the least water consumption, and the quickest return on investment in
their lifetime when considering the overall lifecycle of these technologies. With a payback period
of less than a year, it becomes feasible to achieve quicker reductions in carbon emissions without
facing immediate energy shortages. Environmental concerns regarding the toxicity of cadmium
can be alleviated through the recycling of CdTe modules once they have reached the end of their

useful lives [30].



Cadmium is classified as one of the six most lethal and hazardous substances. Nevertheless,
CdTe seems to possess a lower level of toxicity compared to pure cadmium, particularly when
considering immediate exposure. However, it should be noted that it is not without potential
damage. Cadmium telluride is poisonous when swallowed, breathed as dust, or mishandled.

155 Concentrated PV Cell (CVP and HCVP)

Heading towards the sun. A Concentrating Photovoltaic (CPV) system employs a sophisticated
optical setup to focus a broad spectrum of sunlight onto each module, effectively transforming
light energy into electrical power with exceptional efficiency, similar to the conventional
photovoltaic approach. Concentrator photovoltaic (CPV) technology is a solar apparatus that
transforms sunlight into electrical energy. This approach differs from standard photovoltaic
setups by using lenses and curved mirrors to focus sunlight onto tiny yet highly effective multi-
junction (MJ) solar cells [31]. Back in the 1970s, CPV technology was first introduced. Lately,
advancements in this technology have enabled CPV to reach a point of economic feasibility and
stand up against traditional fossil fuel power plants, such as those that operate on coal, natural
gas, and oil, in areas where the climate is both sunny and arid. In the near future, highly
concentrated photovoltaic (HCPV) systems are expected to become competitive. They boast the
highest efficiency among all the currently available solar technologies, and the need for a smaller
photovoltaic array also reduces the overall cost of the system. Currently, CPV is not utilized in
the PV rooftop sector and is far less prevalent compared to traditional PV systems [32].

1.5.6 Copper Indium Gallium Selenide Solar Cells (ClI (G) S):

The acronym CIGS stands for copper, indium, gallium, and selenide, and it is one of the most
intriguing and divisive solar materials. Solyndra, NanoSolar, and MiaSolé were among the CIGS
businesses that nearly became household names during this solar thin-film hype cycle. A copper
indium gallium selenide (CIGS) solar panel is a form of thin-film photovoltaic panel designed to
transform solar energy into electrical energy. This process entails depositing a thin layer of
copper, indium, gallium, and selenide onto a glass or plastic base. Furthermore, metal strips are
mounted on both the front and back of the panel to collect electrical charges. In contrast to
various semiconductor materials, the compound in focus requires a much thinner coating due to

its high light-absorption capacity and its strong capability to absorb sunlight [33].
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Figure 1-3 Graphic showing the five layers that comprise CIGS solar cells [32]
1.5.7 Dye-Sensitized Solar Cell (DSSC)

Dye-sensitized solar cells (DSSC), also known as dye-sensitized cells (DSC), represent the third
generation of photovoltaic (solar) technology, capable of converting all visible light into
electrical power. This advanced form of solar technology closely resembles artificial
photosynthesis due to its ability to mimic nature's way of capturing light energy. The concept of
dye-sensitized solar cells was first introduced by Professors Michael Graetzel and Brian O'Regan
at the Ecole Polytechnique Fédérale de Lausanne (EPFL) in Switzerland in 1991. They are often
recognized as the Graetzel cells, but for the purpose of this discussion, we will use the term G
Cell. DSSC, or Dye-Sensitized Solar Cells, stands out as a cutting-edge technology that can
produce electricity under various indoor and outdoor lighting conditions, enabling users to
convert both natural and artificial light into usable energy to power a range of electronic devices.
Among the various thin film solar cell technologies, one cost-effective option is the dye-
sensitized solar cell, also referred to as DSSC, DSC, or DYSC [34].

158 Gallium Arsenide Germanium Solar Cell (GaAs)

The chemical compound gallium arsenide consists of the base elements gallium and arsenic. The

aforementioned chemical, which is formed when these two elements join together, exhibits



numerous intriguing properties. The semiconductor gallium arsenide outperforms silicon in
terms of both saturated electron velocity and electron mobility. A semiconductor is a substance
that displays conductivity that lies somewhere in between an insulator and a conductor in terms
of electricity. This level of conductivity can fluctuate with changes in temperature, making it
extremely useful across many uses. Gallium arsenide is a flexible material used in numerous
gadgets, such as microwave frequency integrated circuits, integrated circuits that operate at the
microwave frequency, light-emitting diodes that emit infrared light, lasers, solar panels, and
materials for optical windows [35].
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159 Hybrid Solar Cell

Combined solar cells merge the superior attributes of both natural and synthetic semiconductors.
These dual-purpose photovoltaic systems make use of natural substances along with polymers
that are capable of absorbing light effectively and moving electrons. The design incorporates
synthetic materials for accepting and moving electrons in these dual-purpose cells. These
photovoltaic systems stand out for their ability to be manufactured affordably through a process
that can roll out the material at a large scale [36]. The active layer in these solar cells is created
by blending an organic substance with another that has high conductivity for electrons [37].
These two substances are joined together at a junction to form a specialized active layer, which
results in greater efficiency in converting sunlight into electricity compared to using just one of
these materials. One material absorbs the light and transfers the created exciton, while another
helps in breaking down the exciton. The charge is then separated when the exciton is made from
the donor, and it becomes spread out across the donor-acceptor complex. The energy required to
separate the exciton comes from the difference in energy levels between the highest energy
electrons in the donor and the acceptor's highest energy levels [38]. After the exciton is broken
down, the electrons move through a well-developed network of pathways to the electrodes. The
exciton diffusion length is the average distance that an exciton can travel through a material

before it is annihilated by recombination.
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Figure 1-4 Structure of carbon nanotubes based solar cells [32]
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1.5.10 Luminescent Solar Concentrator Cell (LSC)

A luminous solar concentrator (LSC) is a tool that uses a thin film to absorb solar light over a
broad area, and then directs this energy through luminescent emission to cells at the narrow ends
of the film. The thin film is often made of a polymer like polymethylmethacrylate (PMMA),
which is packed with luminescent materials such as organic dyes, quantum dots, or rare earth
compounds [39]. The main purpose of using LSCs is to replace an expensive array of solar
panels in a conventional flat-plate PV panel with a more affordable solution. As a result, the cost
of the module (£/W) decreases, along with the solar energy produced (E/kWh). A significant
advantage of LSCs is their capability to collect both direct and scattered solar light,
distinguishing them from standard concentrating systems. Thus, there is no need for sun tracking
[40].

1.6 Why Organic Materials?:

The field of inorganic solar cell technology experienced a substantial advancement in 1954 when
Bell Laboratories introduced the initial silicon cell [41]. Considerable advancements in the
discipline have enabled the improvement of silicon solar cells, leading to the achievement of
power conversion efficiency (PCE) levels as high as 25% [42]. Currently, silicon-based solar
cells are utilized in the majority of photovoltaic systems that are implemented. The investigation
of additional inorganic photovoltaic systems has yielded encouraging outcomes. Sharp Monolith

has developed a 35% efficient inorganic solar cell utilizing GalnP [43].

OPVs and other emerging solar technologies may fill in holes in inorganic PV. There are
numerous benefits to utilizing scalable roll-to-roll manufacturing techniques on flexible
substrates. The expense is relatively diminished, and the scope of potential uses is more

comprehensive.

Over the past two decades, organic photovoltaics (OPVs) have received significant attention due
to their numerous advantages over inorganic solar cells [44]. Upon comparing inorganic and
organic photovoltaic cells (PVs), it becomes evident that OPVs possess the following benefits:
reduced weight, enhanced cost-effectiveness, and non-toxic characteristics. Flexible and
mechanically robust as well. Roll-to-roll production at a low cost and on a large scale enables

rapid commercialization. Nevertheless, organic solar cells exhibit a significantly diminished
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power conversion efficiency in comparison to their inorganic counterparts. The maximal
efficiency of OPVs is currently 13% at the moment [45]. OPVs face a challenge in terms of
stability, as their present lifespan is restricted to 5000 hours, whereas silicon solar cells can
endure for up to 20 years [44]. As a consequence of this, the most important objectives in OPV

research are about enhancing the efficiency of power conversion and the stability of the system.

1.7 Varieties of Organic Solar Cell Device Structures:

The conventional configuration of organic solar cells comprises three distinct layer types: anode,
cathode, and active. In the medium between the anode and cathode is the active layer. To
promote efficient charge, transfer within the cell, it is necessary for one of the electrodes to
possess light transparency. Indium tin oxide is frequently employed as a transparent anode layer,
whereas the cathode layer is composed of a metal electrode such as calcium or aluminum.
Considerable investigation has been undertaken regarding various device topologies for organic
solar to improve the efficiency of charge transfer throughout the cell [46].

1.7.1 Organic single-layer solar cell

An organic photovoltaic device, a single layer organic solar cell consists of a photoactive
material layer positioned between the anode and cathode layers [47]. Charge generation is
enhanced through the combination of conjugated polymers with acceptor materials present in the
photoactive layer. The cathode layer, which is commonly composed of a metal electrode,
accumulates negative charges (electrons), while the anode layer, which is frequently composed
of indium tin oxide, allows light to pass through while collecting positive charges (holes). This
architecture makes it easier to make devices, but it might be hard to get good power conversion
efficiencies with it. Photocurrent generation in single layer organic solar cell architectures is
dependent on the work function difference that exists between an electrode and a metal
electrode. Nevertheless, the effectiveness of this design in separating charge carriers is
constrained, leading to a significant occurrence of hole-electron recombination [48].
Consequently, these architectural designs experience diminished efficacy. Merely 0.1% is the
utmost power conversion efficiency attained through the utilization of this device architecture
[47].
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Figure 1-5 Organic Single-layer Solar Cell [49]

1.7.2 Organic Double Layer Solar Cell

A double-layer organic solar cell consists of two distinct layers of photoactive components and is
classified as an organic photovoltaic device. The structure comprises a donor layer responsible
for light absorption and excitation generation, and an acceptor layer designed to effectively
partition the excitons into free charges. In general, the architecture of double-layer organic solar
cells comprises an n-type electron acceptor layer and a p-type electron donor layer. Tang
introduced this architectural design in 1986, employing perylene derivatives as the acceptor layer
and phthalocyanines as the donor layer. Charge carriers are generated within a double-layer
organic solar cell through the interaction of light with the donor molecules. Upon the separation
of the donor and acceptor molecules, the charge carriers undergo migration toward the electrodes
possessing opposite charges. To facilitate this motion, the LUMO and HOMO levels of the
donor and acceptor molecules must be aligned. It has been reported that the highest power

conversion efficacy attained by this architecture is 1% [47].

1.7.3 Bulk heterojunction (BHJ) organic solar cell

The architecture of the bulk heterojunction (BHJ) organic solar cell is widely used in organic
photovoltaic systems. Alan Heeger's 1995 proposal of the bulk heterojunction (BHJ) device
architecture represents a significant advancement in the field of organic solar cells [50]. This
architectural configuration positions the active layer, which is situated between the anode and

cathode layers, within a network composed of acceptor and donor molecules. Increased charge
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carrier generation occurs at the interface of the donor and acceptor molecules due to the BHJ
structure's larger interfacial area. This facilitates charge transfer between the electrodes in an
efficient manner. In BHJ solar cells, conductive polymers such as poly (3-hexyl thiophene) are
commonly employed as donors, while fullerene derivatives are utilized as acceptors. Tandem and

inverted BHJ solar cells are instances of modifications to this structure.

By integrating a metal cathode layer with a transparent anode layer (e.g., indium tin oxide), this
architectural design enhances charge separation. The broad interfacial area of the BHJ structure
facilitates charge collection and generation, thereby enhancing the performance of the device.

The architecture of a BHJ solar cell achieves a peak efficiency of 8.94% [50].
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Figure 1-6 Bulk heterojunction (BHJ) [50]

1.8 Materials for organic photovoltaics (OPV):

A key component of an Organic Photovoltaic (OPV) cell is a thin film organic semiconductor
(OS) material, which can be composed of polymers or oligomers. The active layer is situated
between a transparent electrode and a metal electrode. Organic semiconductors commonly
exhibit either electron-donating or electron-accepting properties [51]. Materials possessing the
ability to donate electrons are referred to as electron-donor materials, while materials possessing
the ability to accept electrons are known as electron-acceptor materials. The active layer in
organic photovoltaic (OPV) systems has a blend of electron-donor and electron-acceptor
components [52]. Fullerene functions as an electron-accepting material, while copper

phthalocyanines (CuPc) act as an electron-donating substance. The active layer of OPV devices
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comprises a mixture of organic semiconductor materials that function as both electron donors

and acceptors [53].

1.8.1 Electron-donor materials

Electron-donor materials are substances capable of relinquishing or transferring electrons in
chemical or physical reactions. Phthalocyanines and their derivatives are extensively researched
organic semiconductors in the field of organic electronics. Their exceptional photophysical and
electrochemical properties have resulted in their utilization as electron-donor or acceptor
compounds in multicomponent systems for energy and charge transfer operations.
Phthalocyanines are commonly employed as the primary components in these light-sensitive
molecules due to their exceptional capacity to absorb light [54]. Copper phthalocyanines (CuPc)
and zinc phthalocyanines (ZnPc) are metal-phthalocyanine compounds that find extensive
application in organic photovoltaic (OPV) devices. Their primary function is to transport holes,
while they function as prominent absorption materials when utilized as donors. Xue et al.
conducted a study in which they obtained an efficiency of approximately 4% in a double-
heterojunction thin film cell (CuPc/C60) using Ag as the metal cathode under four suns of
simulated AM1.5G illumination. The ongoing research focused on (CuPc)/C60 cells featuring
hybrid planar-mixed molecular heterojunctions has yielded a noteworthy increase in efficiency
of 5.5% [55]. Significant interest has been generated in subphthalocyanines owing to their
distinctive photophysical properties and chemical composition as the lowest homologs of
phthalocyanines [56]. Greater energy level alignment and a larger open circuit voltage (\Voc)
distinguish SubPc-based organic photovoltaic systems from those based on phthalocyanines,

according to the findings of Kristin et al [57].

Consequently, the efficiency of the SubPc/C60 cell surpasses that of the CuPc/C60 cell. It has
been demonstrated that porphyrins, their derivatives, and various oligomer organic substances
are effective electron donors [58], [59]. However, one limitation of these devices is their
restricted ability to function with flexible electronics. In photovoltaic cells, an assortment of
polymer electron-donor materials have been effectively implemented as active layers. Among

these, poly(3-alkylthiophene) (P3AT) has been utilized extensively as an active material.

P3HT is the most extensively utilized P3AT material in solar applications, with a 5% efficiency
rating [60].
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Figure 1-7 Examples of electron-donor materials [61]

1.8.2 Electron-acceptor materials

Throughout history, organic photovoltaic cells have implemented an extensive range of organic
electron-acceptor materials. This has included conjugated polymers and minuscule molecular
compounds. Nevertheless, only a limited number of these substances have exhibited the capacity

to be utilized in high-efficiency OPV devices.

Fullerenes and their derivatives (see Figure 1.12), including C60, are widely recognized and
effective electron-acceptor materials. Notably, C60 demonstrates remarkable molecular orbital
arrangements and symmetry, which contribute to the emergence of captivating chemical and
physical characteristics [62]. PC60BM and its derivative PC70BM have gained significant
popularity as acceptors in OPVs in recent years on account of their advantageous solution
process capability. PC70BM exhibits enhanced absorption in the visible spectrum when
compared to PC60BM; however, its higher cost and lengthy purification procedure restrict its

extensive implementation in optical photovoltaics [63].

Other than fullerenes, the derivative known as indene fullerene has been used as an electron

acceptor material in organic photovoltaics (OPVs).
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Figure 1-8 Examples of electron-acceptor materials [63]

1.8.3 Donor-acceptor polymer

Light absorption in organic photovoltaic (OPV) devices has conventionally been attributed to the
donor material, as the majority of fullerene acceptors exhibit weak absorption in the visible and
near-infrared regions, which coincide with the apex of solar radiation. As a result, a substantial
amount of scholarly investigation has been devoted to the reduction of the polymer's optical
bandgap (Eg). Donor-acceptor (D-A) hybridization, wherein the polymer backbone is adorned

with alternating electron-rich and electron-poor segments, is presently prevalent in OPVs [64].

The hybridized molecular orbitals generated by the molecular orbital mingling between the
conjugated donor (D) and acceptor (A) units have a smaller effective bandgap (Eg) than those of
the constituent molecular orbitals. As a result of their capacity to generate significantly narrower
bandgaps compared to backbone planarization alone, D-A polymers are gaining prevalence in
OPV research [65].

1.84 Electron donor-acceptor-donor (D-A-D)

Organic solar cells possess the capacity to facilitate the creation of photovoltaic devices that are
both economically viable and employ environmentally sustainable technology, thereby

minimizing their ecological footprint. Soluble conjugated polymers continue to be a significant
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class of materials employed as donors in organic photovoltaics (OPV) [66], [67]. There has been
an increasing emphasis on small molecule donor materials in recent years. In contrast to
polydisperse polymers, the well-defined chemical structure of these substances confers benefits
in terms of reproducibility during synthesis, purification of the material, and performance of
devices. It is also easier to analyze structure-property relationships when molecules are utilized,
which is essential when developing efficient photovoltaic materials. As donor materials,
symmetrical molecules with a donor-acceptor-donor (D-A-D) structure originating from various
classes of active molecular materials have garnered the attention of scientists in recent years
[68], [69], [70].

1.9 Computational Studies:

Molecular behavior and properties are analyzed by computational chemistry via simulations,
algorithms, ab initio methodologies derived from quantum chemistry, and empirical techniques
[71]. A variety of equations and algorithms are utilized in computational chemistry to solve
chemical problems. Computational chemistry provides a reliable approach for forecasting the
varied properties of molecules that are impracticable to ascertain through experimental means.
Moreover, it assists experimental chemistry in the identification of the most effective
methodology or mechanism.

The application of sophisticated computer programs in conjunction with theoretical chemistry
techniques is utilized to compute the energies, molecular structures, and properties. The
techniques employed in this context consist of ab initio, semi-empirical, molecular dynamics,

molecular mechanics, and Density Functional Theory (DFT) methodologies [72].

Computed methods frequently rely on principles derived from both classical and quantum

mechanics.

19.1 Classical Mechanical Methods

Classical mechanics-founded approaches frequently comprise the molecular dynamics method

and the molecular mechanical approach. These techniques both employ Newton's law [73].

1.9.1.1 Molecular Dynamics (MD)
Molecular dynamics pertains to the application of computational simulations to examine the

ever-changing characteristics of atoms and molecules. The trajectory of atoms and molecules is

19



determined within the field of Molecular Dynamics (MD) by implementing of the numerical
solution to Newton's equation of motion. This equation characterizes the behavior of a system
comprised of interacting particles, with the forces between these particles and their
corresponding potential energies frequently calculated using molecular mechanics-based force

fields or interactions between atoms [74].

1.9.2 Molecular Mechanics (MM)

Molecular mechanics is a subfield of classical mechanics that models the molecular system using
the Born-Oppenheimer approximation. The force field determines the potential energies of all

systems following their nuclear coordinates [75].

1.10 Quantum Mechanical Methods:

Quantum mechanical (QM) methodologies postulate that the nucleus exerts an influence on the
electron motion within a molecule. Quantum mechanical (QM) processes predominantly involve
the approximation of the Schrodinger equation solution, which aims to determine the atomic
forces, electronic configuration, and energies of a given molecular system. In addition to
chemical pathway information, these technologies also furnish thermodynamic data such as heat
of production. Computational methods grounded in quantum mechanics consist of ab initio,

semi-empirical, and DFT techniques [76].

1.10.1 Ab- initio method

By leveraging the wave function (), the ab initio method is utilized to ascertain the energy of a
molecule in accordance with the Schrodinger equation. The utilization of the wave function to
determine the spatial arrangement of electrons enables the forecasting of a multitude of
molecular characteristics. The ab initio method is distinguished from semi-empirical methods by

its considerably greater computational time demand [71].

1.10.2 Semi-Empirical method

The semi-empirical methodology is predicated on Schrodinger equation principles. The
methodology entails the integration of empirical data and theoretical principles, with the
experimental findings serving as parameters for the Schrodinger equation. The semi-empirical

approach exhibits greater time efficiency when compared to the ab-initio methodology [77].
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1.10.3 Density functional theory (DFT) method

The utilization of density functional theory (DFT) techniques has proven to be exceptionally
effective when examining molecular properties. Density functional theory (DFT) methodologies
are predicated on the energy of a particle, as described by the Schrodinger equation. Within this
particular framework, the energy is predicated upon the electron density, which is likewise
determined by the spatial coordinates (X, y, z). The utilization of Density Functional Theory
(DFT) extends to a diverse array of electronic characteristics, encompassing solvation behavior,
potential energy surfaces, Hirschfield charge analyses, geometry optimization, infrared (IR), and
nuclear magnetic resonance (NMR) investigations, among others. The hypothesis formulated by
Kohn and Sham investigates the electron density and its link with the molecule energies in the

provided equation [78].
E = EV + ET + E’+EXC
The symbols EV signify potential energy.
ET signifies the notion of kinetic energy.
E’ represents the energy resulting from the repulsion between electrons.
EXC denotes the energy associated with the interchange and correlation of electrons.

The DFT approach was further divided into two variants due to differing assumptions.

1.10.3.1 LDA (Local Density Approximation)

This approach is a major method of estimating the electron correlation energy in Density
Functional Theory (DFT), which is based on evaluating the electron density at each spatial
coordinate. The precision of this estimation is contingent upon the presupposition of a uniform
electron density within a certain molecule. The Local Density Approximation (LDA) estimation
approach may not be suitable for particles with non-uniform electron density in any situation
[79].

21



1.10.3.2 Gradient Generalized Approximation
The GGA method is an extension of the LDA strategy that is specifically designed to handle
non-uniform estimations of electron density. The GGA correlation energy technique is highly

appropriate for studying intermolecular interactions that include two or more molecules.
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CHAPTER 2: LITERATURE REVIEW

This chapter will examine the notable progress and important observations on the use of organic
materials in solar cells. The capacity of organic photovoltaics (OPVs) to fundamentally
transform the landscape of renewable energy generation has attracted much attention in recent
years. This article will analyze the fundamental concepts underlying organic materials in solar
cells, along with their latest progress, challenges, and prospective future uses. We will examine
the fundamental principles of organic photovoltaics (OPVs), discuss the many organic materials
utilized in their production, analyze the latest research findings, and emphasize the advantageous
environmental and economic impacts of this pioneering technology. The objective of this review
is to provide a comprehensive examination of the present state of organic materials in solar cells
and to shed light on their potential for widespread utilization in the generation of renewable
energy.

2.1 Historical background of Photovoltaics:

Becquerel produced a noteworthy breakthrough by uncovering the photovoltaic effect around
1839. This event took place when platinum electrodes, which were coated with silver halogen,
were subjected to illumination within a solution of water. The phenomenon is commonly known
as the photo-electrochemical effect [80]. During the time frame of 1875-1880, William Adams
and Richard Day discovered a comparable result with selenium when it was placed between two
metallic electrodes, thereby creating the first solid-state photovoltaic device [81]. The
functionality of this gadget relied on the utilization of metal and selenium to achieve the
photovoltaic effect. Charles Frits made a significant contribution to the advancement of the
discipline by inventing the first photovoltaic device with a wide surface area in 1883. The initial
cells were equipped with a metal electrode, a semiconductor, and a thin, partially transparent
metal electrode featuring a bottle neck design that facilitated the transmission of incident light.
However, because to the limited design, the power conversion efficiency was less than 1% [82].
In the 1970s, the worldwide oil crisis prompted a surge in research and development in
photovoltaic (PV) technology, resulting in substantial enhancements in the performance of PV

cells. The research focused on the progress of device physics and process technology [83].
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Extensive research was conducted on methods to reduce the manufacturing expenses associated
with thin film technologies that rely on amorphous or microcrystalline silicon. Researchers
conducted studies on tandem cell topologies and the manipulation of semiconductor materials'
band gap to improve power conversion efficiency. The user's text is empty. Nevertheless, the
improvement in mass production of infrared for semi-conducting devices was still insufficient,

resulting in excessive production costs compared to those of oil.
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Figure 0-1 Oil Crisis [84]
In the 1990s and 2000s, interest in photovoltaics increased significantly. Several factors
contribute to this heightened emphasis, including the deregulation of energy and mounting
concerns regarding environmental issues like climate change. These concerns have significantly

influenced the strong motivation to explore and acquire alternative energy sources [85].

Given the recent surge in oil prices, which have soared to approximately $150.00 per barrel,
governments and businesses alike have been compelled to explore alternative energy sources as a
means of diminishing their dependence on oil. In many countries, governments offer discounts

on a significant portion of the installation costs for PV systems. This has greatly accelerated the
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growth of businesses that rely on PV technology. In the early 1900s, PV technology began
making a significant impact on the world by encouraging the transition from fossil fuels to

renewable energy sources [86].

Photovoltaics are becoming more popular as an option to fossil fuels because they are cheap to
set up, work very well, and can be used in any way in the future [87]. Monocrystalline silicon,
polycrystalline silicon, amorphous silicon, cadmium telluride, copper indium gallium diselenide,
and copper indium gallium diselenide are among the materials currently utilized in the
construction of solar cells. Over the past several years, there has been a significant enhancement
in the efficiency of solar energy systems. Although silicon cells exhibit a remarkably high level
of efficiency, their utilization is limited by the inflexibility of their architectures and the
protracted duration needed for cost and electricity payback. Emerging solar technologies such as
Organic Photovoltaics (OPVs) have the potential to address deficiencies in traditional inorganic
photovoltaic systems. The implementation of scalable roll-to-roll manufacturing processes on
flexible substrates renders them particularly advantageous. This approach significantly lowers
costs while broadening the spectrum of applications.

2.2 Organic Photovoltaic Cells:

Research on organic solar cells has advanced over the last three decades, but in the last decade in
particular, a significant increase in power conversion efficiencies has sparked scientific and
economic interest. Through the introduction of novel materials, the advancement of materials
engineering, and the development of more intricate device structures, this achievement has been
realized. Solar power conversion efficiencies exceeding 3% have been attained to date, primarily
through the adoption of various device concepts. However, it must be noted that these
efficiencies do not approach those achieved with inorganic solar cells. Nevertheless, the realm of
organic solar cells has experienced significant advantages in recent times due to the entry of
light-emitting diodes (LEDs) into the market, which utilize similar technologies. In this article,
we will explore the current status of organic solar cells, discuss a variety of production

technologies, and analyze the critical parameters that enhance performance [88].
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2.3 Organic Materials in PV Cells:

The exploration of designing materials that exhibit activity through the manipulation of precisely
defined molecules is becoming an area of interest in the pursuit of creating organic photovoltaic
cells (OPV) that are both economical and ecologically sustainable. When compared to
polydisperse conjugated polymers, synthesis and purification consistency are enhanced by
molecular donors that are precisely defined. Greater control over the composition of materials
and the efficacy of devices. Moreover, molecules support a more precise analysis of the

connections between structure and properties, which advances material design [89].

23.1 Donor Materials

A multitude of molecular donor materials have been synthesized and subjected to evaluation in
the recent years, with the aim of identifying potential donor substances for use in vacuum-

deposited, solution-processed, and organic photovoltaic (OPV) cells.
2.3.1.1 Phthalocyanines

Phthalocyanines are frequently utilized as donor units within photoactive molecules owing to
their unparalleled ability to absorb light. Using the bulk heterojunction design and
phthalocyanine derivative C6PcH2, organic thin-film solar cells have demonstrated exceptional
performance metrics. The structure of the cells consists of a C6PcH2: PCBM/AI indium-tin—
oxide/polymer hole transport layer. They possess an external quantum efficiency surpassing 70%

within the Q-band absorption region, coupled with an energy conversion efficiency of 3.1% [90].
2.3.1.2 Tin (I1) phthalocyanines

Analyzing the effect of SnPc thickness on the electrical properties of organic solar cells (OSC)
utilizing tin (I1) phthalocyanines (SnPc)/C60 heterojunction, the study evaluated the performance
of OSC. The findings indicated a power conversion efficiency of 0.79% under 1.5G solar

illumination [91].
2.3.1.3  Metal phthalocyanines

Metal phthalocyanines (m-Pc) are superior to conventional phthalocyanines (CuPc, ZnPc) as
donors in organic solar cells (OSCs). By altering the ratio of donors to acceptors for distinct m-

Pc donors, Schottky OSCs with a high acceptor content can achieve improved performance. The

26



near-infrared absorption potential of Chloroindium phthalocyanines (ClInPc):C60 OSCs
indicates the possibility of exceeding 1V at high efficiencies and voltages. Since the Jsc is
dependent on the equilibrium between m-Pc Q band and C60 aggregate absorption, the research
demonstrates that ClinPc is an appropriate donor for semi-transparent OSCs. m-Pcs'
straightforward synthesis and purification could result in inexpensive and effective organic

photovoltaics [92].
2.3.1.4  Copper phthalocyanines

The donor—acceptor bilayer solar cells of small-molecular-weight organic double hetero
junctions are influenced by the purity of copper phthalocyanines (CuPc). Under AM1.5G, one
sun illumination, improved CuPc purity enhances the power conversion efficiency from 0.26 +
0.01% to 1.4 £ 0.1%. The hole mobility of unpurified CuPc is approximately three orders of
magnitude lower than that of pure material. Principally contaminating is metal-free
phthalocyanines, which diminishes device performance and hole mobility [93]. By serving as a
buffer layer in organic solar cells (OSCs), copper phthalocyanines nanoparticles (CuPc-NPs)
improve photovoltaic parameters. Voc 0.24 to 2.57 (mean 1.29), a fill factor of 0.465, and a
power conversion efficiency of 5.22% were all achieved by the optimized OSC, which was

attributed to enhanced interface characteristics and effective charge transfer [94].
2.3.1.5 Sub- phthalocyanines

In OPV, SubPc is frequently employed as an electron-donor material on account of its
exceptional energy-level alignment. Tc: SubPc OPV devices utilizing tetracene (TC) as an
electron donor and SubPc as an electron acceptor recently demonstrated 2.9% efficiency,

according to research by Beaumont et al [95].

Organic solar cell (OSC) efficacy is enhanced through interface engineering, which optimizes
charge transfer, collection, and recombination. By employing non-conjugated tetrasodium
iminodisuccinate (IDS) as an electron transport layer, conventional PTB7-Th: PC71BM OSCs
increase power conversion efficiency to 9.45% [96].
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2.3.2 Acceptor Materials

BHJ devices require an electron acceptor alongside to the light-absorbing polymer donor for
effective operation. Materials that have been utilized for this objective since the inception of

OPV research have almost exclusively consisted of fullerene and fullerene variants.
2.3.2.1  Fullerene (C60)

A thin buffer layer is necessary for an organic solar cell employing fullerene (C60) as the
acceptor to order to attain a significant power conversion efficiency. According to the scientists,
the buffer layer in organic solar cells facilitates free carrier collection with a favorable electric
field by impeding electron transmission from the metal to C60. This hypothesis was validated by
the transient photovoltaic method, indicating that the buffer layer does not account for the
exciton-blocking effect [97]. For organic photovoltaic cells, mixed films of boron sub
phthalocyanines chloride (SubPc) and C60 are evaluated. These cells operate most efficiently at
78% C60, but the SubPc-to-C60 ratio has a significant impact on output. This blend enhances the
structural pattern of the active layer, thereby increasing hole mobility. With the better SubPc:C60
ratio, organic photovoltaic cells can turn virtual solar light into electricity with a 3.7 £ 0.1 %
efficiency [98]. The use of solution-processed mixes in the creation of photovoltaic cells, with
anthradithiophene derivatives acting as donors and fullerene derivatives acting as acceptors.
Solvent vapor annealing makes spherulites, which have a direct effect on how well the material
works. A good cell alongside 82% spherulites coverage got a 1% power conversion efficiency,

showing that solution-processed tiny-molecule photovoltaic cells have a lot of promise.
2.3.2.2  Fullerene derivatives

Polymer solar cells, or PSCs, are used to change light between electrodes. They are made up of
mixed polymers and liquid fullerene acceptors. A lot of people use PC60BM and PC70BM, but
new developments in fullerene substitutes have led to the creation of other materials that are

better in many ways.

2.3.2.2.1 PC60BM and PC70BM
Researchers looked at two different types of electron acceptors (PC60BM and PC70BM) in
P3HT-based polymer solar cells (PSCs). Strong visual absorption in PC70BM-based cells made

them work better. PC60BM cells were absorbing less. Because PC70BM molecules are bigger,
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they can absorb more photons and move charges around more easily. Performance is changed by

the absorption of photons, exciton dissociation, and charge transfer [99].

2.3.2.2.2 Indene-C70 Bisadduct

The commonly used receiver material PC60BM isn't great for polymer solar cells because it
doesn't absorb light well and doesn't have a lot of energy. This is why a new soluble C70
derivative with a higher LUMO energy level was created. It is called indene-C70 Bisadduct
(IC70BA). IC70BA works better than P3HT-based PSCs because it has a greater voltage and
greater power transfer efficiency. This could mean that efficient PSCs don't need to be used
anymore [100]. When 3 vol% of MT or HT are added as processing aids, polymer solar cells
with P3HT as the donor and IC70BA as an acceptor work better as photovoltaic devices. X-ray
diffraction, atomic force microscopy, and UV-vis absorption spectroscopy all show that the
absorbance, crystal structure, and film form have all changed. Without additives, the conversion

of power efficiency (PCE) goes up from 5.80% to 6.69%.

2.3.3 Donor-Acceptor materials

Due to fullerene acceptors aren't very strong in the visual and near-IR ranges, the donor is
usually the one that absorbs light in OPV devices when the sun is shining the brightest. This
means that a lot of studies have made the visible band gap Eg of polymer smaller. The bandgap
in semiconducting polymers is caused by m-orbital overlap. This can be lowered by making the

polymer backbone more flat, which makes conjugation last longer.

There are several different ways that chemists have tried to lower the optical bandgap of
polymers. They have also made the quinoidal character stronger and reduced twisting along the
backbone of the polymer. In the past ten years, (Donor-Acceptor) polymers containing the
benzo[1,2-b:4,5-b] dithiophene (BDT) unit have had a lot of success. Single junction and tandem
devices have around 9-10% efficiencies [101], [102] .

2.3.3.1.1 Benzodithiophene (BDT)

The benzodithiophene (BDT) unit, which has a lot of electrons, works well with linked
polymers. The material's symmetrical and coplanar shape makes it easy for charges to move
through =m-m interactions between molecules. For organic field-effect transistors,

benzodithiophene (BDT) polymers were created and made. The amazing hole motion measured
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in 0.25 cm&Vs in these polymers is truly amazing [103]. In 2008, Yang and his colleagues
created BDT-based donor-acceptor-linked polymers for use in organic photovoltaics (OPVSs)
[104]. The TT unit is a special thiophene-based building block that is used to make p-type
conjugated polymers. It can change its shape to a quinoidal resonance pattern along the
conjugated backbone, which lowers the energy of the bandgap [105]. The latest photoactive
donor for organic photovoltaic cells (OSCs) is a donor-acceptor-linked polymer based on
benzodithiophene (P1). It is easy for halogen-containing and non-halogen-containing organic
solvents to be able to dissolve P1. It also has a large absorption curve. Chlorobenzene polymer
had a PCE of 2.8%, but diphenyl ether increased it to 5.2%. This shows that the polymer could
make things work better, creating a new group of high-performance OSC polymers that don't
react with air [106].

2.3.3.1.2 Coplanar tricyclic dithiophene (CPDT)

Tricyclic coplanar dithiophene materials can be used to make organic molecules that can be used
in several optoelectronic uses. The structural and molecular characteristics of these entities can
be altered by modifying the bridging atoms. Carbon-bridged 4H-cyclopenta[2,1-b:3,4-b’]
dithiophene, or CPDT, was initially necessary for the synthesis of donor-acceptor linked
polymers, particularly for polymer solar cells (PSCs) [107]. The addition of two alkyl groups to
the carbon bridge of CPDT enhances the solubility of the resulting copolymer. Poly[2,6-(4,4-
bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’] dithiophene)-alt-4,7-(2,1,3-benzothiadiazole] was
synthesized by Zhu and his colleagues. (P1), a solid-state thin film possessing a 760 nm
absorption peak and demonstrated significant intermolecular interactions between chains. In
2007, P1 and PC71BM worked together to get a 3.5% power conversion efficiency [108].

2.3.3.1.3 Naphthodithiophene (NDT3)

Naphthodithiophene (NDT3) is the source of a new group of semiconducting polymers that have
been studied for their big system and donor-acceptor framework, which helps them stack tightly.
PNDT3NTz-DT is a stretchy polymer that can convert 5% of its weight in electricity into heat
and has a high field-effect mobility. This makes it an exciting core unit for semiconducting

polymers and a hopeful design technique for high-performance polymers [109].
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2.3.4 Donor-Acceptor-Donor

Organic photovoltaic cells make it possible for solar devices to be made that are both cheap and
good for the environment. Soluble polymers with conjugation are still the most common donor
compounds for OPV, but small molecule-based materials have become more popular in recent
years. Molecules have better consistency, purity, and device performance than polydisperse
conjugated polymers because of their unique chemical structure. However, molecules make it
easier and more reliable to study the links between structure and properties, which is why they
are so important for designing materials that convert light into electricity [110]. Molecular
materials characterized by conjugation and composed of symmetrical molecules featuring a D-A-
D structure have recently attracted considerable attention due to their potential as sources for
active molecules. Triphenylamine (TPA) is a very interesting choice over organic photovoltaic
uses because it can quickly donate electrons and help holes move around [111]. A lot of study
has been done on small molecules based on TPA that can be used in organic solar cells (OSCs).
There are both star-shaped molecules with TPA in the middle and straight structures with TPA at

the end of these small molecules [77].

Recently, a TPA-based straight D-A-D small molecule with a thiazolothiazole (TT) receptive
unit was reported. It has PCE values as high as 3.7% [80]. Through Stille coupling, a new
organic molecule (M1) was made that has an isoindigo electron acceptor and a triphenylamine
electron donor. M1 takes in light between 300 and 700 nm, which has a relatively low HOMO
level of energy, and holes move around a fair amount. Solar cells worked at 0.84% efficiency
[112]. For organic solar cells that are built on solutions, two new molecules have been created:
TPA-TV-PM and TPA-HTV-PM. These molecules, which are made up of triphenylamine,
pyran, as well as thienylenevinylene, can absorb a lot of visible light and have lower HOMO
energy levels. This means that solar cells can work at 2.06% to 2.10% efficiency under AM1.5
illuminations [113]. Two D-A-D systems were made, one with isoindigo as the acceptor and
benzo furan as well as dithienopyrrole as the donors. The electrical characteristics of these
systems were analyzed through cyclic voltammetry and UV-Vis absorption spectroscopy. The
material's properties and performance of solar cells were greatly affected by the presence or lack

of nitrogen substitution [114].
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2.3.4.1 The photovoltaic mechanism behind A—D—A molecule based devices

In an organic photovoltaic technology, the photovoltaic process is made up of four main steps,
which are: (1) photon absorption and exciton, (2) moving exciton around, (3) breaking up

excitons and separating charges, and (4) moving and collecting charges.
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Figure 0-2 Working mechanism of OPVs [115]

The third step is very important because it determines the EQE (Jsc) and FF. It needs to be very
efficient at separating exciton and charge with no charge recombination [67]. In the third step,
the link between donor and recipient molecules in the active layer is very important, if not
perhaps the most important one. While both the acceptor and donor entities are excited, step 3 of
exciton breakup and charge separation takes place. This means that the interaction should mostly
rest on their LUMO orbitals and how they interact with each other [116].

2.35 Goals and Purposes:

The aim of this thesis is to utilize Density Functional Theory (DFT) to conduct a thorough
examination of the electronic and structural characteristics of Fullerene and Non-Fullerene donor
materials employed in Organic Photovoltaic (OPV) cells. It is widely recognized that the donor
and acceptor units are the primary subject of investigation in organic photovoltaic cells. We
conduct a comparative analysis between fullerene-based and non-fullerene-based donor materials
to assess their respective advantages and limitations in OPV applications. Meanwhile by using

insights gained from DFT simulations to propose and design novel donor materials with
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enhanced photovoltaic properties. This may involve modifying molecular structures to improve
charge transport, reduce energy losses etc. At the end by attaching methyl, ethyl and propyl
groups with acceptor part of cell we also wanted to predict the behavior and study the variation
in different photovoltaic properties of the cell.
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CHAPTER 3: METHODOLOGY

The primary aim of this research was to utilize DFT computation to compare the different donor
parts of organic photovoltaic cells in D-A-D structures. Following is the flow chart of
computational study.

| Methodology |

Melocular "
Modeling DFT Studies

Gaussian 09

Geometry TDSCF
Optimization Calculation

Figure 0-1 Methodology Flow chart of Computational Modelling

3.1 Molecular Modelling:

Molecular modelling is a scientific method that represents the spatial arrangement of molecules
using the coordinates x, y, and z in three dimensions. Subsequently, these structures undergo
geometry optimization to ensure adherence to key chemical laws and theories. The domain of
molecular modelling is extensive and possesses significant potential. Over the last ten years, it
has developed to include activities such as optimizing, predicting, simulating, and analyzing the

behaviors of molecules in both real-time and passive time. This technique has significantly
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transformed computational science, allowing for efficient resolutions to chemical issues and

generating a novel field for progress [117].

Molecular modelling plays a crucial role in the progress and optimization of organic
photovoltaics (OPV). Organic photovoltaics is a specialized study area focused on the
development and manufacture of highly efficient solar cells using organic materials. Scientists
can utilize computational tools to investigate and improve the efficiency of OPV systems.

The current study utilized molecular modelling to synthesize an organic compound. The inquiry
specifically examined the effects of different donor parts as well as the increase of carbon chain
of Acceptor part in D-A-D structures. The objective of this research endeavor was to improve
understanding and support future progress in this specific area of study. The molecular

geometries were modelled using the GUI Gauss-View06 and Gaussian 09 software.

3.11 GaussView06

GaussView06 is an extensively used graphical user interface which is frequently used with the
Gaussian chemical computation software. The main objective of this software is to streamline the
configuration of different Gaussian calculations by offering a user-friendly interface. The
software provides sophisticated functionalities, including a molecule builder that enables the
generation of three-dimensional chemical representations of molecular systems [118]. In
addition, Gauss View 06 allows users to easily create and run Gaussian input files eliminating
the requirement of manual programming instructions. In addition, it has advanced visualization
capabilities, enabling graphic representation of Gaussian output files using features such as
graphs, spectra, and animated vibration. In general, researchers in computational chemistry will

find that using Gaussian is now easier and faster with Gauss View 06.

3.2 Gaussian-09:

John Pople and colleagues created the now-popular software program Gaussian-09 in 1970 under
the codename Gaussian-70. It finds extensive use in the field of computational chemistry [119].
For a wide variety of computational chemistry and biochemistry activities, it is an invaluable tool
for chemists, biochemists, chemical engineers, and material scientists. The software allows users

to calculate molecule structures, characteristics, and reactions using multiple levels of theory,
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including molecular mechanics (MM), ab initio, Semi Empirical, as well as Density Functional
Theory (DFT). The incorporation of integrated standard basis sets, like STO-3G, 3-21G, 6-21G,
4-31G, 6-31G, 6-311G, LANL2DZ, SDD, and others, is a major benefit of Gaussian-09. By
mathematically defining molecule orbitals, these basis sets allow efficient and precise quantum
chemical calculations. With its extensive library of algorithms and basis sets, Gaussian-09 is a
robust and flexible computational chemistry software program that can handle a broad variety of

computational investigations in the chemical sciences [120].

3.3 Density functional theory (DFT):

The electronic structure and characteristics of atoms, molecules, and solids can be studied using
density functional theory (DFT), a popular computational method in computational chemistry.
The idea behind it is the distribution of electrons in a system, which is described by the density

of electrons.

Using density-functional theory (DFT) computations, scientists can calculate and analyze the
system's energy, structure, and properties, among other things. Using density-functional theory
(DFT), one may learn a lot about the geometry, electronic energy, ionization potential, electron
affinity, and vibrational frequencies of a material, among other basic features.

Chemical processes, molecular interactions, and material behavior under varied conditions can
all be better understood and predicted with the use of density-functional theory (DFT). Finding a
compromise between accuracy and computing cost, DFT's computational efficiency makes it

ideal for studying complicated systems and phenomena.

The DFT investigations in this research were conducted using the Gaussian 06 program. Using
the Molden program, the resultant geometries were displayed. Molecular mechanics, semi-
empirical approaches, and density functional theory research all make use of Gaussian, a flexible
computational chemistry software package. In this work, all the simulations were run using

Gaussian-09 on supercomputer. There were primarily two phases to the DFT calculations:

» Geometry Optimization
» TDSCF Calculation
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3.3.1 Geometry Optimization

By making adjustments to the system's modeled geometry, most notably the nuclear coordinates
of atoms, the objective of geometry optimization is to decrease the molecule's energy. Using the
B3LYP hybrid density functional method and 6-311G basis set all the modeled geometries are
optimized.

3.3.2 B3LYP functional

The B3LYP (Becke, 3-parameter, Lee-Yang-Parr) functional is one of the most widely used
density functional theory (DFT) Functionals in computational chemistry because its hybrid
functional, meaning it combines elements of both Hartree-Fock theory (HF) and DFT. Moreover,
B3LYP has been extensively benchmarked against experimental data and higher-level theoretical
methods, demonstrating good agreement with observed chemical phenomena in many cases. It
can accurately predict a variety of molecular properties such as molecular geometries, bond
energies, reaction energies, electronic spectra, and molecular orbitals. These predictions can
provide valuable insights into chemical reactivity, reaction mechanisms, and spectroscopic
properties, facilitating the interpretation of experimental data. B3LYP calculations are frequently
used in materials science and catalysis research to design and optimize new materials with
desirable properties or to understand the underlying mechanisms of catalytic reactions. Because
of its exceptional ability to accurately predict molecular structures and several other
characteristics, it has become the most famous and extensively used hybrid functional model
[121].

3.3.3 6-311G Basis set

The basis set consists of two distinct parts: a smaller basis set (6-31G) for the inner-shell
electrons and a larger basis set (6-311G) for the valence electrons. The 6-311G basis set includes
polarization and diffuse functions in addition to the standard Gaussian functions. These
additional functions allow for a more flexible description of electron density, particularly for
systems with significant electron correlation effects or for properties involving diffuse orbitals

(such as excited states or weak interactions). The 6-311G basis set is a commonly used basis set
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in quantum chemistry calculations. It is specified for molecular electronic structure calculations,

particularly within the framework of Hartree-Fock (HF) and Density Functional Theory (DFT).

3.34 Time-Dependent Self-Consistent Field

Time-Dependent Self-Consistent Field (TDSCF) is a method used in quantum chemistry to study
electronic excitations and calculate properties related to transitions between electronic states.
TDSCF provides a rigorous theoretical framework for describing excited states, taking into
account the interaction between electrons in the excited state and the surrounding environment.
This allows for accurate predictions of excitation energies, transition dipole moments, and other
properties related to electronic excitations. TDSCF calculations can predict optical properties
such as absorption spectra, fluorescence spectra, and phosphorescence spectra. By simulating the
excited-state dynamics of molecules, TDSCF can provide insights into the mechanisms of

photochemical reactions and guide experimental investigations.
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3.4 Description of Structures:

Total of 16 geometries have been modeled for this study. For the easy in explanation each

structure has been given name.

Mol 1 to Mol 5 are based on C60 attached group. Figure 3-2 shows the sketch of these

molecules.
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Figure 0-2: Structures based on C60 attached group

Mol 6 to Mol 10 are based on Pentacene attached group and Mol 11 to Mol 15 are based on 2H-
benzo[cd]pyrene attached groups respectively. Their sketches are also shown in figure 3-3 and
figure 3-4 separately.
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Following is the table which describe the whole classification of structures.

Table 0-1: Classifications of Structures

Sr No. Description Structures-Attached with Basis Mol
1 Ref Mol Reference
2 Mol 1 C60
3 Mol 2 2C60
4 Mol 3 CH3-2C60
5 Mol 4 C2H5-2C60
6 Mol 5 C3H7-2C60
7 Mol 6 Pentacene
8 Mol 7 2Pentacene
9 Mol 8 CH3-2PENTA
10 Mol 9 C2H5-2PENTA
11 Mol 10 C3H7-2PENTA
12 Mol 11 2H-benzo
13 Mol 12 2-2H-benzo
14 Mol 13 CH3-2H-benzo
15 Mol 14 C2H5-2H-benzo
16 Mol 15 C3H7-2H-benzo
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CHAPTER 4: RESULTS

Density Functional Theory (DFT) study is performed to investigate the effect of fullerene and
non-fullerene at the donor part of organic photovoltaic cell and the effect of alkyl group on the
acceptor part using the hybrid functional DFT method B3LYP and the exchange-correlation
functional basis set 6-311G (d).

4.1 Molecular Modeling

The reference geometry (Fig 4.1) of organic material used in organic photovoltaic cell was
modeled using Gauss View. This is the Donor-Acceptor-Donor (D-A-D) structure, which can

also be referred to as the D1-A-D2 structure for clarity.

This consists of two distinct donor units. Triphenylamine (TPA) has been identified as a good
donor-1 substituent for enhancing photovoltaic performance and has a wide range of uses in
organic photovoltaics. 2,5-dimethylthiophene with the chemical formula C6H8S, attached with

two Cyanide groups is the second donor.
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Figure 4-1: Structure of Basic Molecule
*R1 =H, C60, Pentacene, 2H-benzo[cd]pyrene
*R2 = H, CH3, C2H5, C3H7
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4.2 Geometry optimization

The optimized geometry represented the most stable configuration of the molecule, identified by
its lowest potential energy. Representing the lowest energy state achieved via geometry

optimization, indicating the molecule's stable conformation.
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Figure 4-2: Optimized Structure of C60 attached molecule

To improve the functioning of reference molecule of the organic photovoltaic cell its
triphenylamine (TPA) donor part is substituted with aromatic groups like C60, Pentacene, and
2H-benzo[cd]pyrene. Also, the effect of alkyl chain on the acceptor part is investigated. All the
model geometries, presented in Figures 3-2, 3-3, 3-4, and 3-5, were optimized using DFT

methods.

According to the computational results, the relative energy increases to 18.3eV when single C60
molecule is attached with the TPA (Mol-1), however, the relative energy further increases to
34.2 eV with the addition of second C60 molecule (Mol-2) (Table 4-1, Figure 4-2). Now to
optimize the impact of alkyl chain, methyl, ethyl and propyl molecules are attached with the
molecule with two C60 groups. The relative formation energy further increases to 48.7, 48.9 and
51.7 eV, which shows that the attachment of methyl, ethyl or propyl (Mol-3, Mol-4 & Mol-5

respectively) needs the similar amount of energy.
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Table 4-1 The Energy value of Optimized Geometries of C60

Sr No. Description %%225?;8)[] Relative Energy (eV)
1 Ref Mol -62589.80955 0.000
2 Mol 1 -124776.620 18.296
3 Mol 2 -186965.794 34.228
4 Mol 3 -188035.485 48.688
5 Mol 4 -189105.136 48.936
6 Mol 5 -190172.082 51.720

Almost similar trend was observed when pentacene is attached with the TPA of reference
molecule. The relative energy increases to 32.6 and 65.1 eV with the addition of single or two
pentacene (Mol-6 or Mol-7 respectively) (Table 4-2) whereas the addition of alkyl chains to the
acceptor part increases the almost 14.5eV energy requirement (Mol-8, Mol-9 & Mol-10).

Table 4-2 The Energy value of Optimized Geometries of Pentacene

Sr No. Description %ﬂgg??&%‘ Relative Energy (eV)
1 Ref Mol -62589.80955 0.000
2 Mol 6 -85599.206 32.553
3 Mol 7 -108608.605 65.103
4 Mol 8 -109678.296 79.563
5 Mol 9 -110747.992 79.766
6 Mol 10 -111817.694 79.795

Similarly, when 2H-benzo[cd]pyrene is attached with the TPA of reference molecule, the relative
energy rises to approximately 17.4 eV and 65.3 eV with the addition of single or two 2H-
benzo[cd]pyrene (Mol-11 or Mol-12, Table 4-3). whereas the addition of alkyl chains to the
acceptor part requires the almost 14.7eV relative energy (Mol-13, Mol-14 & Mol-15).

Table 4-3: The Energy value of Optimized Geometries of 2H-benzo[cd]pyrene

L Optimization .
Sr No. Description Energy (eV) Relative Energy (eV)
1 Ref Mol -62589.80955 0.000
2 Mol 11 -82454.950 17.430
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3 Mol 12 -102289.608 65.343
4 Mol 13 -103359.301 79.801
5 Mol 14 -104428.945 80.056
6 Mol 15 -105498.648 80.084

4.3 Electronic properties

The energy gap (Egap) between the LUMO and HOMO is what determines the electronic

properties of molecules. Electronic characteristics benefit from lower Egap values.

Understanding the electronic structure and reactivity of molecules requires a thorough
knowledge of the HOMO and LUMO. Both of these orbitals play an important role in molecule's
reactivity and its ability to undergo various chemical reactions, such as electron transfer, bond
formation, or bond breaking. The frontier orbitals were given their name due to the fact that they
make it possible to predict how a molecule will interact with other species. Given its name as the
orbital possessing the greatest number of electrons, HOMO often functions as an electron donor
for those electrons. LUMO, conversely, is the most innermost orbital where electrons are
permitted to penetrate. Consequently, while the HOMO energy exhibits an inverse relationship
with the ionization potential, the LUMO energy demonstrates an inverse correlation with the
electron. The energy gap, which characterizes the structure's reactivity and stability, is the energy
difference between the HOMO and LUMO orbitals. The lower the HOMO-LUMO energy gap,
more is the reactivity of the molecule.

The computed results indicate that the HOMO-LUMO energy gap decreases from 1.89 eV to
0.31 eV when one C60 is attached (Mol-1), however, it increases to 1.49eV with the addition of
second C60 molecule (Mol-2). The addition of methyl group at the acceptor part of Mol-2 (two
C60 molecules attached) decreases the HOMO-LUMO energy gap to 1.38 eV from 1.49 eV
(Mol-3, Table 4-6). Whereas this energy gap further increases to 1.96 eV and 1.5eV with the
addition of ethyl and propyl groups, respectively (Mol-5 & Mol-6) (Table 4-4). According to the
computed results of HOMO-LUMO energy gap for this Group, it has been observed that
although the addition of two C60 molecules or alkyl groups (methyl & propyl only) decreases
the HOMO-LUMO energy gap than the reference molecule, Mol-1 where single C60 molecule is
attached with the TPA without the attachment of alkyl groups at the acceptor part shows more

acceptable results.
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Table 4-4: HOMO-LUMO Energy values and Energy gap values of C60 structures

Sr. No. Description H(Oe\l\//;o Lé\l\;l)o Energy Gap (eV)
1 Ref Mol -5.5615 -3.6692 1.8923
2 Mol 1 -5.125 -4.814 0.311
3 Mol 2 -5.880 -4.385 1.495
4 Mol 3 -5.7533 -4.3745 1.3788
5 Mol 4 -5.7873 -3.8205 1.9668
6 Mol 5 -5.5509 -4.0504 1.5004

Table 4-5 shows the results of HOMO-LUMO energy gap when pentacene was attached with
reference molecule. The computed results show that the HOMO-LUMO energy gap decreases
from 1.89 eV to 1.29 eV when one pentacene is attached (Mol-6) with reference molecule,
whereas it further decreases to 1.26 eV with the addition of second pentacene molecule (Mol-7).
The addition of methyl group at the acceptor part of Mol-7 (two pentacene molecules attached)
increases the HOMO-LUMO energy gap to 1.332eV from 1.26eV (Mol-8). Whereas this energy
gap further increases to 1.35 eV and 1.337 eV with the addition of ethyl and propyl groups,
respectively (Mol-9 & Mol-10) (Table 4-5). By comparing all outcomes of this group it has been
observed that Mol-7 where two pentacene molecule are attached with the TPA without the

attachment of alkyl groups at the acceptor part shows more acceptable results.

Table 4-5: HOMO-LUMO Energy values and Energy gap values of Pentacene attached

structures
Sr No. Description H(C;\I\//;O L(Lé\'\;l)o Energy Gap (eV)
1 Ref Mol -5.5615 -3.6692 1.8923
2 Mol 6 -4.976 -3.683 1.294
3 Mol 7 -4.969 -3.705 1.264
4 Mol 8 -4.9522 -3.6194 1.3328
5 Mol 9 -4.9519 -3.5993 1.3527
6 Mol 10 -4.9470 -3.6099 1.3372

Table 4-6 shows the results of HOMO-LUMO energy gap when 2H-benzo[cd]pyrene was
attached with reference molecule. The computed results show that the HOMO-LUMO energy
gap decreases from 1.89 eV to 0.409 eV when one 2H-benzo[cd]pyrene is attached (Mol-11)

with reference molecule, however, it increases to 1.039 eV with the addition of second 2H-
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benzo[cd]pyrene molecule (Mol-12). The addition of methyl group at the acceptor part of Mol-
13 (two 2H-benzo[cd]pyrene molecules attached) increases the HOMO-LUMO energy gap to
1.09 eV from 1.04 eV. Whereas this energy gap further increases to 1.11 eV with the addition of
propyl (Mol-15) but remained unaffected with the addition of ethyl groups, 1.09eV (Mol-14). By
comparing all outcomes of this group it has been observed that Mol-11 where two 2H-
benzo[cd]pyrene molecule are attached with the TPA without the attachment of alkyl groups at
the acceptor part shows more satisfactory results.

Table 4-6: HOMO-LUMO Energy values and Energy gap values of 2H-benzo[cd]pyrene
attached structures

Sr No. Description H(C;\I\//;O L(Lé\l\;l)o Energy Gap (eV)
1 Ref Mol -5.5615 -3.6692 1.8923
2 Mol 11 -4.498 -4.089 0.4090
3 Mol 12 -4.702 -3.663 1.0392
4 Mol 13 -4.6793 -3.5908 1.0885
5 Mol 14 -4.6738 -3.5791 1.0947
6 Mol 15 -4.6866 -3.5805 1.1061

Comparing the results obtained from the geometry optimization of all the modelled geometries,
Mol-1 to Mol-15, it has been observed that Mol-1 (one C60 attached with reference molecule)
shows the best in comparison with others while the 2nd best suited molecule is Mol-11 when 2H-

benzo[cd]pyrene is attached with 1st donor and possess the energy gap of 0.41 eV.

4.4 Electronic Transition and Absorption spectra

The Electronic transition data provides insights into the behavior of electrons within the organic
material layers of the solar cell. By understanding the energy levels involved in electronic
transitions, researchers can optimize the design and composition of OPV materials to maximize
light absorption and electron movement, thereby enhancing the efficiency of solar energy
conversion electronic transition data was obtained for all the modelled geometries. Because
longer-wavelength radiation, like radio waves and microwaves, lacks the energy necessary to

produce electricity in a solar cell, the 400-800 nm range is crucial for photovoltaic applications.
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The theoretical absorbance Amax (nm), excitation energy Etr (eV), and oscillator strength (O.S.)
were all calculated using B3LYP/ 6-311G method. As shown in Table 4-7, the excitation

configuration was calculated.

Table 4-7: The Excitation Energy, Absorption Amax (nm), Oscillator strength (O.S) of C60

structures
. Excitation Wavelength Oscillator
SrNo. Description Energy (ev) (nm)g Strength
1 Ref Mol 0.9720 1275.5100 0.0004
2 Mol 1 0.125 9960.250 0.030
3 Mol 2 0.113 10982.700 0.025
4 Mol 3 1.0444 1187.1200 0.0022
5 Mol 4 1.0629 1166.4400 0.0017
6 Mol 5 1.0592 1170.5500 0.0005

The computed electronic transition results indicate that the wavelength increases from 1275.5 nm
to 9960.2 nm when one C60 is attached (Mol-1) with the reference molecule, however, it further
increases to 10982.7 nm with the addition of second C60 molecule (Mol-2). However, the
addition of methyl group at the acceptor part of Mol-2 (two C60 molecules attached) decreases
the wavelength to 1187.1 nm from 10982.7 nm (Mol-3). This value further decreases to 1166.4
nm and 1170.5 nm with the addition of ethyl and propyl groups respectively (Mol-5 & Mol-6)
(Table 4-7). Comparing the computed data, the values of wavelength for this Group shows, the
addition of single C60 molecules and two C60 molecules increases the wavelength than the
reference molecule, while attachment of alkyl groups decreases the wavelength. So when two
C60 molecules are attached with the TPA without the attachment of alkyl groups at the acceptor
part shows more favorable results. All values alkyl groups when attached with same donor part

are closer to each other.

When the electronic absorption calculations were made for the Pentacene containing models, it
has been observed that wavelength increases from 1275.5 nm to 6455.27 nm with the addition of
one pentacene (Mol-6) in reference molecule, however, it further increases to the maximum
value of 10826.57 nm with the addition of second pentacene molecule (Mol-7). The the addition
of alkyl groups at the acceptor part of Mol-7 (two pentacene molecules attached) decreases the

wavelength to ~ 2009 nm. The comparison of results of absorption spectra of this Group shows
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almost similar behavior as for the group with C60. The addition of single pentacene molecules
and two pentacene molecules increases the wavelength, while attachment of alkyl groups
decreases the wavelength. So when two pentacene molecules are attached with the TPA without
the attachment of alkyl groups at the acceptor part shows more favorable results (Table 4-8).

Table 4-8: The Excitation Energy, Absorption Amax (nm), Oscillator strength (O.S) of Pentacene
attached structures

Sr No. Description Excitation Wavelength Oscillator
Energy (ev) (nm) Strength

1 Ref Mol 0.9720 1275.5100 0.0004

2 Mol 6 0.192 6455.270 0.073

3 Mol 7 0.115 10826.570 0.025

4 Mol 8 0.6170 2009.4300 0.0000

5 Mol 9 0.6170 2009.5400 0.0000

6 Mol 10 0.6171 2009.0600 0.0000

When the electronic absorption calculations were made for the model geometries with the 2H-
benzo[cd]pyrene, results indicate that wavelength increases from 1275.5 nm (Ref Mol) to 8989.0
nm when one 2H-benzo[cd]pyrene is attached (Mol-11) whereas, it decreases to 4568.6 nm with
the addition of second 2H-benzo[cd]pyrene molecule (Mol-12). On the other hand the addition of
methyl, ethyl and propyl groups at the acceptor part of Mol-12 (two 2H-benzo[cd]pyrene
molecules attached) decreases the wavelength to 1147.8 nm, 1407.9 nm and 1392.1 nm
respectively (Mol 14, Mol-15 & Mol-16). On comparing the computed results of absorption
spectra, it has been observed the addition of single 2H-benzo[cd]pyrene molecules and two 2H-
benzo[cd]pyrene molecules increases the wavelength, while attachment of alkyl groups
decreases the wavelength. So when single 2H-benzo[cd]pyrene molecules are attached with the
TPA without the attachment of alkyl groups at the acceptor part shows more promising results.

Table 4-9: : The Excitation Energy, Absorption Amax (nm), Oscillator strength (O.S) 2H-
benzo[cd]pyrene attached structures

_— Excitation .
Sr No. Description Energy (ev) Wavelength (nm) | Oscillator Strength
Ref Mol 0.9720 1275.5100 0.0004
Mol 11 0.138 8989.010 0.034
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3 Mol 12 0.271 4568.650 0.144
4 Mol 13 0.7094 1747.7800 0.0047
5 Mol 14 0.8806 1407.8900 0.0090
6 Mol 15 0.8906 1392.1400 0.0118

Comparing with the literature, it has been observed that the computed wavelengths ranging from
1392.14 to 10982.7 nm falls within the infrared (IR) part of the electromagnetic spectrum. So
Mol 2 has the highest value of wavelength and least value of excitation energy. Therefore, Mol 2
where 2C60 molecules are attached with the TPA part of reference molecule without the
attachment of any alkyl groups shows the favorable results.

4.5 Photovoltaic properties

By determining the open-circuit voltage Voc (eV) and a (eV) of all structures, the photovoltaic
performance of the compounds under study was assessed. At the open-circuit voltage, solar cells
can potentially produce their maximum voltage in the absence of a load. These photovoltaic

properties were calculated from the HOMO and LUMO energies of modeled geometries.

The experimental values of Voc and a were determined by applying the formula 1 and 2 below,
Voc = [EHOMO (donor)|-|[ELUMO (acceptor)|-0.3 formula-1
a = [ELUMO (acceptor)|-|ELUMO (donor)| formula-2

A molecule's energy gap is typically proportional to the gap between the donor's HOMO and
acceptor's LUMO.

451 Voc:

Voc is the highest voltage that a device can generate when it's not connected to any external load.
In short, it is the voltage between the terminals of a solar cell or panel while no current flows
through them.

An increased open-circuit voltage (Voc) of a solar cell is generally beneficial in following way.
» Increased Efficiency

» Better Performance in Low Light Conditions
» Reduced Voltage Losses:
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> Improved System Flexibility
45.2 o (4E)

In the context from OPV, this Optimal energy difference o (AE) is critical because it determines
the driving force for charge transfer activities at the donor-acceptor interface. A larger o
facilitates more effective charge transfer and enhances the driving force for photo generated
electron transfer from the donor to the acceptor. This energy differential affects the voltage of the

open circuit (Voc) & the overall effectiveness of an organic solar cell.

The computed results indicate that the value of open circuit voltage VVoc, decreases from 1.56eV
to 1.12 eV when one C60 is attached (Mol-1) with the reference molecule, whereas, it increases
to the value of 1.78 eV with the addition of second C60 molecule (Mol-2). It has been observed
that the addition of methyl and ethyl group at the acceptor part of Mol-2 (two C60 molecules
attached) shows no significant increase in Voc to 1.75 eV(Mol-3) and 1.78 eV (Mol 4)
respectively. However, the addition of propyl group at the acceptor part of Mol-2 decreases the
Voc Value to 1.55eV. Comparing the computed results obtained for the Vo, it has been observed
that the addition of two C60 molecules with TPA and with the attachment of methyl or ethyl

group at acceptor part (Mol-4) shows the improved V. than the reference molecule (table 4-10).

Optimal energy difference a (AE) range from -1.14 eV to +0.12 eV indicates a significant
variation in the energy gap between the HOMO and LUMO orbitals of the molecule. A negative
AE implies that LUMO energy level is lower than the HOMO energy level, such negative values
indicates the presence of electron-rich species or molecules with electron-donating groups. In
these cases, the LUMO is more stabilized compared to the HOMO. A positive AE indicates a
more typical scenario where the LUMO energy level is higher than the HOMO energy level.
This is the usual case in most molecules. While Mol 14 has the maximum value of optimal

energy difference a.

Table 4-10: Showing the relationship of HOMO, LUMO, energy gap, Voc and o C60 structure

. Enomo ELumo Egap Voc a
Sr No. Description
(eV) (eV) (eV) (eV) (eV)
1 Ref Mol -5.5615 -3.6692 1.892 1.5615 0.031
2 Mol 1 -5.125 -4.814 0.311 1.1250 -1.114
3 Mol 2 -5.787 -3.824 1.962 1.7865 -0.124
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4 Mol 3 -5.7533 -4.3745 1.3788 1.7533 -0.675
5 Mol 4 -5.7873 -3.8205 1.9668 1.7873 -0.120
6 Mol 5 -5.5509 -4.0504 1.5004 1.5509 -0.350

The Voc and a results of pentacene containing geometry models indicate that the Voc decreases
from 1.56 eV to 0.97 eV when one pentacene is attached (Mol-6) and from 0.97 eV to 0.96 eV
with the addition of second pentacene molecule (Mol-7). The addition of methyl, ethyl and
propyl groups at the acceptor part of Mol-7 (two pentacene molecules attached) further decreases
the value of Vo to ~0.95 eV from the molecules, Mol-8, Mol-9 & Mol-10 (Table 4-11).
According to the computed results, the values of Vo for this Group shows that the addition of
single pentacene molecules with TPA without the attachment of alkyl group at acceptor part
shows the uppermost value among all (Table 4-11). So all these values are less than the reference
molecule which does not fulfill the requirement. Optimal energy difference o (AE) range from -
0.005 eV to +0.101 eV indicates a significant variation in the energy gap between the HOMO
and LUMO orbitals of the molecule. Such a small negative energy difference could potentially
hinder efficient charge separation and reduce device performance. However, it's worth noting
that in some cases, even a small negative energy difference can still allow for charge transfer if
other factors such as material morphology or interfacial properties are favorable. When the
energy of the HOMO of the donor material is higher than the energy of the LUMO of the
acceptor material (positive AE), it facilitates efficient electron transfer from the donor to the

acceptor during exciton dissociation.

Table 4-11: Showing the relationship of HOMO, LUMO, energy gap, Voc and a of Pentacene
attached structures

Sr No. Description Enomo ELumo Egap Voc a
(eV) (eV) (eV) (eV) (eV)
1 Ref Mol -5.5615 -3.6692 1.892 1.5615 0.031
2 Mol 6 -4.976 -3.683 1.294 0.9764 0.017
3 Mol 7 -4.969 -3.705 1.264 0.9688 -0.005
4 Mol 8 -4.9522 -3.6194 1.3328 0.9522 0.081
5 Mol 9 -4.9519 -3.5993 1.3527 0.9519 0.101
6 Mol 10 -4.9470 -3.6099 1.3372 0.9470 0.090
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The computed results of Voc and a for the 2H-benzo[cd]pyrene containing models indicate that
the value of open circuit voltage decreases from 1.56eV to 0.49 eV when one 2H-
benzo[cd]pyrene is attached (Mol-11) with the reference molecule, which increases to 0.70 eV
with the addition of second 2H-benzo[cd]pyrene molecule (Mol-12). The addition of methyl,
ethyl and propyl groups at the acceptor part of Mol-12 (two 2H-benzo[cd]pyrene molecules
attached) further decreases the Voc value to ~0.68 eV (Mol-13, Mol-14 & Mol-15, Table 4-12).
According to the computed results, the values of VVoc for this Group shows that the addition of
two 2H-benzo[cd]pyrene molecules with TPA without the attachment of alkyl group at acceptor
part shows the uppermost value among all (table 4-12). So all these values are less than the
reference molecule which is not considerable. Optimal energy difference o (AE) range from -
0.389 eV to +0.121 eV comes when 2H-benzo[cd]pyrene is attached with reference molecule. A
negative energy difference of this magnitude typically presents a more significant barrier to
efficient charge separation and can lead to increased energy losses due to charge recombination.

Table 4-12: Showing the relationship of HOMO, LUMO, energy gap, Voc and a of 2H-
benzo[cd]pyrene attached structures

. EHOMO ELUMO Egap VOC o
Sr No. Description

(eV) (eV) (eV) (eV) (eV)
1 Ref Mol -5.5615 -3.6692 1.892 1.5615 0.031
2 Mol 11 -4.498 -4.089 0.409 0.4983 -0.389
3 Mol 12 -4.702 -3.663 1.039 0.7021 0.037
4 Mol 13 -4.6793 -3.5908 1.0885 0.6793 0.109
5 Mol 14 -4.6738 -3.5791 1.0947 0.6738 0.121
6 Mol 15 -4.6866 -3.5805 1.1061 0.6866 0.120

The suggested Voc and a values examined of D-A-D materials for electron ejection, making
them suitable for bulk heterojunction and increasing their potential for use in solar cell
applications. The value of Voc in Table 4-12 depends on the donor's HOMO and the acceptor's
LUMO. The range of the variable "Voc" is from 0.498 eV to 1.787 eV, with an average value of
1.1 eV. The range of the variable "a" is from -1.114 eV to +0.121 eV, with an average value of -
0.129 eV.

So by analyzing all computed result the addition of two C60 molecules with TPA and with the
attachment of ethyl group at the acceptor part (Mol-4) is more favorable.
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CHAPTER 5: DISCUSSION

Researchers have invested a lot of money into studying solar energy because it is a sustainable
and abundant source of power. One common approach is photovoltaic, which turn sunlight into

usable electricity by means of the photovoltaic effect.

Donor acceptor donor (D-A-D) part of photovoltaic cells have been the main focus of research,
with a great deal of attention paid to the properties of the Donor-1 unit, the Acceptor unit, and
the Donor-2 unit. For this purpose, 16 number of geometries were modelled, computed, and
analyzed using DFT  methods. For modelling, a molecule  “2-((5-(7-(4-
(diphenylamino)phenyl)benzol[c][1,2,5]thiadiazol-4-yl)thiophen-2-yl)methylene)malononitrile”
was taken as a reference material (Figure 5-1), where Triphenylamine (TPA) part act as a Donor-
1, 4,7-dimethylbenzo[c][1,2,5]thiadiazole as an Acceptor, and 2,5dimethylthiophene as a Donor-
2
part. s
N/ \N
\ [

\ \ |

Figure 5-1: Reference Molecule

To understand the effect of aromaticity on the conductance, fullerene (C60) and non-fullerene
aromatic groups (Pentacene, 2H-benzo[cd]pyrene) were attached with the TPA-Donor-1 of the
reference material. Certain aromatic compounds possess broad absorption spectra, extending the
absorption range of the active layer in the OPV device. By attaching these compounds to the
donor material, the device can harvest a wider range of solar radiation, thereby enhancing overall
light absorption and increasing the photocurrent output.
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The properties of D-A-D part of these modelled organic materials for OPV were characterized

by:

» HOMO-LUMO Energy Gap
> Excitation energies

» Photovoltaic properties

Energy gap (Egap) between HOMO and LUMO energy levels determines electronic properties
of molecules. A smaller energy gap is required for the easy excitation of electron from HOMO to
LUMO and allows for a larger built-in potential across the device, leading to higher voltages and
thus potentially higher overall power output.

To evaluate the value of energy gap, we took a comparison by attaching single fullerene (C60)
unit at donor-1 of a reference molecule resulting in decrease in energy gap (eV) ~0.31 eV than
other two non-fullerene units. Similarly, 02 fullerene units were attached with the donor-1 and
compared it with the attachment of 02 non-fullerene units at the same donor part. Now the results
are different, the molecule where non fullerene unit (2H-benzo[cd]pyrene) was attached showed
less energy gap value ~1.04 eV than the pentacene (non-fullerene) and C60 (fullerene unit). Then
the electron donating alkyl groups (Methyl, Ethyl, Propyl) were attached with the acceptor unit
of molecules with 02 fullerenes or 02 non fullerene units at donor-1 separately. The presence of
electron-donating alkyl groups with acceptor part could lower the energy levels of the acceptor
material, shifting its HOMO and LUMO energies towards higher electron affinity. However, the
molecule where non fullerene unit (2H-benzo[cd]pyrene) was attached at donor-1 position and
methyl was attached at acceptor unit showed less energy gap of ~1.09eV than all other units. It
was also observed that the attachment of different alkyl groups (Methyl, Ethyl, Propyl) does not
show significant effect on the energy gap. So by comparing all the computed results we came to
a point that attachment of fullerene unit at donor-1 when no alkyl group is attached with the

acceptor part is most favorable to enhance the performance of organic photovoltaic application.

In OPVs, excitation energy is crucial because it determines the energy required to promote an
electron from the valence band to the conduction band of the semiconductor material, initiating
the generation of an electron-hole pair (exciton). This excitation occurs when the active layer of

the solar cell absorbs photons from sunlight.
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For a better solar cell application, its excitation energy should be minimum, which reflect that
less energy is required to move an electron from HOMO to LUMO. As there is an inverse
relationship between excitation energy and wavelength, the required wavelength should be
greater for the excitation of electron in the PV cell. OPVs with materials that absorb light at
longer wavelengths can capture a larger portion of the solar spectrum. This broad absorption
range allows the solar cell to utilize a greater amount of incident sunlight, leading to higher
overall efficiency. Photons with longer wavelengths carry lower energy compared to shorter-
wavelength photons. Therefore, utilizing materials that absorb at high wavelengths ensures that
these lower-energy photons are also converted into electricity, maximizing the photon harvesting

capability of the solar cell.

According to our computational results, the minimum amount of excitation energy(~0.12eV)
with wavelength 9960eV was required when a single fullerene unit was attached at donor-1 part
of the reference molecule whereas the amount of energy increases when non-fullerene units were
attached with the donor-1 part of the reference molecule. Similarly, with the attachment of two
fullerene unit the amount of excitation energy ~0.11eV and wavelength 10982nm was observed
which is better than the attachment of non-fullerene units. The effect of electron donating alkyl
groups (Methyl, Ethyl, Propyl) with the acceptor unit of reference molecule was also studied and
the results indicate that the alkyl groups does not show any substantial effect on the wavelength
(range 1100-2000 nm) and excitation energy (range 0.61 -1.04 eV). So by comparing all
computed results we came to a point that attachment of two fullerene unit at donor-1 when no
alkyl group is attached with acceptor is most favorable to us. These results coincide with the

results obtained from the HOMO-LUMO energy gap study.

Photovoltaic performance of the compounds under study could be assessed by open-circuit
voltage Voc (eV) and optimal energy difference a (AE). Voc(eV) is the maximum voltage a solar
panel can produce under standard test conditions (when no load is connected to it). A higher
Voc generally indicates a more efficient device, as it implies that a larger potential difference
exists between the terminals of the solar cell, enabling higher power output for a given light
intensity. A higher Voc implies a more robust energy level alignment at the interfaces within the

device, which can reduce charge carrier recombination and enhance device longevity.
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The optimal energy difference a (AE) typically refers to the energy offset between HOMO of the
donor material and LUMO of the acceptor material. o (AE) plays a critical role in determining
the efficiency and performance of OPV devices. In general, a AE that is neither too small nor too
large is considered optimal. If AE is too small, it may lead to inefficient charge separation and
high recombination rates, resulting in decreased device performance. Conversely, if AE is too

large, it can lead to increased energy losses and reduced photon harvesting efficiency.

The Voc and o (AE) values were calculated for all the optimized geometries with the fullerene,
non-fullerene, and alkyl groups attached with the reference molecule. According to the
computational results, where ethyl group is attached with the acceptor part and the two fullerene
units at the donor-1 part of the reference molecule have the maximum Voc value, ~1.787eV. The
obtained results for the a (AE) indicates that when ethyl group is attached with acceptor in the
presence of two non-fullerene (2H-benzo[cd]pyrene) units has the highest value of 0.121 eV. In
the same way when single fullerene is attached with donor-1 in the absence of any alkyl group
then o (AE) has the least value of -1.11 eV.
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CHAPTER 6: CONCLUSION

In this work “DFT was performed to study the effect of fullerene and non-fullerene units on the
donor part of reference material for the Organic Photovoltaic cell (Donor acceptor donor type of
organic photovoltaic cell) with an additional focus on the effect of strategic modulation of
attachment of methyl, ethyl and propyl groups with the acceptor one. Reference structure utilized
for this study was the “2-((5-(7-(4-(diphenylamino)phenyl)benzo[c][1,2,5]thiadiazol-4-
yDthiophen-2-yl)methylene)malononitrile” for this purpose. The performance of designed D-A-
D molecules was evaluated by calculating structural, electronic, optical, and absorption
properties using DFT-B3LYP/6-311G levels of energy. According to computed data for the
model geometries, attachment of single fullerene molecule with the TPA (donor part of, D-A-D
material), when no alkyl group is attached with acceptor shows the least amount of energy gap
value required to move an electron from HOMO to LUMO, possess highest wavelength and so
the less amount of excitation energy, highest Voc value and the optimal a (AE) value.
Summarizing the study, we conclude that attachment of single fullerene molecule with the TPA
(donor part of, D-A-D material) without the addition of any alkyl group at acceptor part of D-A-

D material is more beneficial for organic photovoltaic applications.

Future Perspective:

In future, further investigation of the structure-property relationships of donor materials in OPV
cells through molecular engineering and design is demanding. This could involve modifying
molecular structures, functional groups, or donor-acceptor interfaces to enhance device
performance, stability, and scalability. Moreover, investigate the potential of emerging materials,
such as organic-inorganic hybrid perovskites or 2D materials, as alternative donor materials in
OPV cells. Use DFT-based screening to assess their suitability, stability, and performance
compared to traditional organic donors. At the end apply computational modeling to optimize the
overall device architecture and processing conditions of OPV cells for improved performance
and manufacturability. This could include optimizing layer thicknesses, interfacial engineering,

and device encapsulation strategies to enhance device efficiency, stability, and reliability.
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