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Abstract

Global energy consumption is increasing as the population grows and living standards
improve. Unless energy-harvesting technologies are developed and deployed, the world
will face a serious energy crisis. Of all physical resources, the solar energy incident
to Earth is the most significant resource, and it is imperative to discover ways to
convert it into usable forms suitable for the modern requirements of our society .

Despite a myriad of photovoltaic technologies that exist, organic solar cells (OSCs)
stand out because of unique properties that include the availability of materials, light-
weight, mechanical flexibility, low cost, roll-to-roll production, and ease of fabricating
into a variety of products.

Over the last two decades, OSCs have improved significantly, particularly in bulk
heterojunction architectures using polymer donors and fullerene or non-fullerene
acceptors. To maintain the smooth operation, export stability, and efficiency of
multilayer OSCs, it is essential to select appropriate charge-transport layers. A
deeper understanding of the mechanics of fullerene bulk heterojunctions is therefore
necessary to drive a rapid further rise in organic photovoltaics in the near future.
Device modelling and simulation serve as powerful tools for understanding solar cell

operation and optimizing the active layer in combination with the most efficient

viii



X

transport-layer configurations.

This thesis, entitled “Simulation and Optimization Studies of 1CsqB A Based Bulk
Heterojunction Organic Solar Cells,” examines the performance of fullerene-based
multilayer organic solar cells incorporating PSHT:ICsBA as the active layer and a
variety of hole and electron transport layers. To achieve the best possible outcome,
the solar structure is modeled, and its performance is examined for various hole
and electron transport layers. The impact of various material parameters on the
output performance of the solar cell is also thoroughly explored, and a new design for
a fullerene multilayer organic solar cell is proposed The primary objectives of this
study are to use simulation tools to design a highly efficient PSHT:1CsBA fullerene-
based multilayer organic solar cell with optimally matched transport layers, and to
propose novel device architectures that can support future advancements in organic
photovoltaics. The careful design of multilayer structures with optimized transport
layers holds substantial promise for accelerating the near-term commercialization of
organic photovoltaic technologies.

Key words : Numerical simulation ,Organic Photovoltaics , Bulk heterojunction,

Indene-C60 Bisadduct (IC5BA), Power Conversion Efficiency (PCE)
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Chapter 1

Introduction

This chapter aims to provide a brief introduction to the thesis. The importance of
solar energy and the basic principles of how a solar cell works are discussed. The
basic concepts of semiconductors that underlie the mechanism of the solar cell are
described. The chapter also reviews the history of solar cells with a specific focus on

organic solar cells, especially bulk heterojunction devices, and their significance.

1.1 Solar Energy

Solar energy represents the most abundant energy supply on earth and is a sustainable
energy source to supply the energy needs of our globe [I]. The sun behaves as a nuclear
reactor through thermonuclear fusion, where hydrogen nuclei are turned into helium
nuclei under conditions of extreme temperature and pressure. The energy derived from
this reaction results as electromagnetic radiation. The blackbody spectrum will yield
an approximation of its radiation spectrum at 5,760 K [2]. The photovoltaic effect

was discovered by Alexandre-Edmond Becquerel in 1839 in an Electrolyte solution [3].
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The improvements made by Bell Labs in 1954 ushered in the present-day solid-state
solar cell technology [4]. In view of the current international energy crisis, solar
energy and photovoltaic (PV) technology have assumed prominence as a renewable
energy form.

More specifically, global energy generation is anticipated to reach approximately
31,525 TWh by 2025, driven by an estimated 92.0 TWh from wind and 63.2 TWh
from solar contributions [5] . Fig|l.1| presents a graph that compares the total global
energy resources on Earth, highlighting both non-renewable and renewable energy
sources [6]. The average solar radiation flux incident on the surface of Earth estimates
the amount of energy that is potentially available worldwide (1.2 x 107 W) [7].In a
single hour of solar radiation from the sun, an adequate amount of energy is generated
to meet the total annual energy consumption of the world|[g].

Organic photovoltaic (OPV) has emerged as a strong and unique candidate among
the forms of solar cell technology being developed. Organic photovoltaics are exciting
for their potential to enable cheap manufacturing methods, mechanical flexibility,
and compatibility with large-area processing methods.

P3HT:PCBM has for many years been the active layer benchmark for bulk
heterojunction (BHJ) organic solar cells, and is used in devices due to its excellent
processability, allowing for scalable, solution-based manufacturing, and its ability
to form a well-dispersed interdigitated morphology due to thermal annealing that
allows for efficient exciton dissociation and charge transport. The main downside to
P3HT:PCBM is the low open-circuit voltage (Voc), in the range of 0.55 V to 0.65

V. This phenomenon arises due to the presence of a diminished LUMO energy level
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on the acceptor side, which inherently constrains the open-circuit voltage (Voc) in
accordance with the principle that Voc is restricted by the energetic parameters of
the contact, specifically defined as the energy differential between the donor’s highest
occupied molecular orbital (HOMO) and the acceptor’s LUMO. The low LUMO
of PCBM results in quite a sizeable easy energy loss on charge separation that is
responsible for limiting the power conversion efficiency (PCE) of PSBHT:PCBM devices
to some 3-4%.

The adoption of a P3HT:Indene-C60 Bisadduct (ICsBA) blend is thus a direct
strategy to mitigate the limitation imposed by the use of PCBM. The model system
used to enhance the BHJ organic photovoltaic (OPV) is based on the polymer poly(3-
hexylthiophene) (P3HT) as the donor and indene-C60 bisadduct (ICg BA) as the
fullerene acceptor. The strategy is to use the fullerene acceptor 1CsBA instead of
PCBM with two different approaches. The LUMO energy level of P3HT: 1CsBA is
in the order of 0.17 eV above that of PCBM and when applied in PV will increase
the open circuit voltage of the PSHT derivatives and accordingly increase the power
conversion efficiency of P3HT based devices. Therefore, the transition from PCBM to
[CsoBA is a deliberate material engineering choice focused on minimizing the energy
loss during charge separation, thereby unlocking the full photovoltaic potential of the
P3HT donor polymer [9].

The system P3HT:ICgBA exhibited good photovoltaic performance when com-
bined with morphology control (processing conditions). An increase of some 20%
in the power conversion efficiency has also been found with additive functionality

and ratio of donor:acceptor blend of P3HT:1CsBA [10]. Hence, this combination of
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materials has found to be a model system not only for the study of the basic events
in photophysics, charge formation, transport and collection to a OPV device, but also
to probe the effect of nanoscale morphology on performance. Hence, this thesis aims
to provide a full characterisation and optimization of the BHJ organic photovoltaic
device using the active layer PSHT:1C50BA and study the link between structure and
properties associated with the PV performance of this donor-acceptor system.

The solar constant denotes the comprehensive total solar energy across all wave-
lengths that is generally received per unit time on a unit area at a distance of one
astronomical unit (AU), which represents the mean separation between the Sun and
the Earth, possessing a power approximately quantified at 1370 W/m? [11],[12]. A
range of phenomena, comprising scattering and absorption, functions to lower the
intensity of incoming sunlight as it navigates the Earth’s atmosphere. Air mass (AM)
serves as a metric for assessing the extent of attenuation caused by the light that is

scattered and subsequently absorbed, which can be expressed in equation ([1.1).

Opticalpathlengthtoincidentsunlight

AM (1.1)

B Opticalpathlengthwhenthesunisincidentdirectlyoverhead

In addition to the direct rays from light that are scattered as it interacts with
the Earth’s surface, solar radiation also interacts with the Earth’s surface at many
angles, creating diffuse radiation. The diffused light intensity variation has been a
major issue with photovoltaic systems as the angle of incidence varies with latitude.
For an incident power of 1000 W/m? and an elevation angle of 42 degrees, the air
mass value is known as AM 1.5 G (Air Mass 1.5 Global Spectrum), which contains

both direct and diffused radiations [2].
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Figure 1.1: Global energy potential of renewable sources in terawatts(TW) and
non-renewable sources showing their estimated reserves in terawatt-years(TWy)

Despite recent progress, carbon dioxide emissions from fossil fuels are on track to
hit another all time high in 2025- a reminder of the challenges posed by fossil fuel
burning. After the figure of 37.8 gigatons (Gt) CO; for 2024 (up 0.8% from 2023), the
Global Carbon Budget 2025 expects them to increase by around 1.1% in 2025 for a
total of around 38.1 Gt of fossil CO, emissions. The resultant increase in atmospheric
carbon dioxide concentrations peaked at 422.5 ppm—>50% higher than pre-industrial
concentrations and had climate-related consequences [13].

Fossil fuels and fossil fuel extraction also pose considerable problems regarding
resource depletion. Current global estimates suggest that current reserves will last
about 50 years for oil, 52 years for natural gas, and 139 years for coal, assuming

current consumption is maintained. Fossil fuel markets are also extremely economic
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volatility markets, as evidenced by natural gas prices tripling as a result of the
Russian invasion of Ukraine in 2022, and the projected natural gas prices in the U.S.
are expected to double from 2024 to 2026. These result in excessive destabilizing,
economic volatility, markets that threaten energy security [14].

Renewable energy, solar energy in particular, is a viable solution for all of these
scenarios. Solar energy is essentially inexhaustible, and it is abundantly available
worldwide [I5]. Further, solar energy is increasingly becoming a beneficial economic
case, where solar prices are down to prices that fell to $876/kW from $2,652/kW in
2014, and this zero-century pricing will follow Wright’s Law again; for every doubling
of global capacity, the price will decline by 20%.[16].

The historical continuous improvement in technology and pricing has resulted
in structural/behavioural changes in the global energy markets. By year end 2025,
virtually all newly installed renewable energy capacity will be lower cost than fossil fuel
use. Also, solar and wind will be the lowest-cost new electricity generation mix in the
near future [I4]. Much has been said, as global solar photovoltaic (PV) installations
are climbing by 29% from the previous year [I7]. Solar energy comprises over 80% of
all new renewable energy capacity in 2025. Now, what is intriguing is the solar energy
transition from alternative new electricity generation to economic predominance—this
solves environmental degradation, the resource depletion horizon line, and economic
volatility issues with fossil fuel dependence, and allows for abundant, clean, and

increasingly more affordable energy for global development.
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1.2 Fundamentals of Photovoltaics

Solar cells (photovoltaic cells) are a direct, instantaneous means of converting solar
energy into electricity. With respect to the photovoltaic effect, the conversion efficiency
of a solar cell is fundamentally dependent upon the action of light photons upon
semiconductor materials. The action gives rise to pairs of electrons and holes, and
produces electrical current in the photovoltaic cell. The electrical production in a
photovoltaic cell is brought about by virtue of the fact that there is charge carriers,
that is, electrons and holes, as in the general form of structure shown in Figl[T.2, and

the basic structure of components is classified under:

Light Absorption

Charge Carrier Generation

Charge Carrier Separation and Transport

Recombination

1.2.1 Absorption of Light

When sunlight enters a semiconductor, the energy of a photon transfers to a valence
band electron which can escape from the valence band and go to the conduction band.
The band gap of every semiconductor determines whether a photon can excite the

valence band electron and generate electron-hole pairs.
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Figure 1.2: Basic Structure of a Solar Cell

1.2.2 Charge Carrier Generation

The absorption of photons produces free charge carriers or holes in the valence band
and electrons in the conduction band. The generation mechanism is located in the
region very close to the surface of the cell since practically all of the light is absorbed
here. The charge carriers drift through the semiconductor and take an active part in

the generation of an electric current.

1.2.3 Separation and Movement of Charge Carriers

After creation, the free electrons must be separated from the holes to prevent recom-
bination and to establish light-losing bonds which would be a non-conservation of

energy. The electric field established by the p-n junction separates these charges.
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In the n-type region where free electrons are a greater concentration, the electrons
are free. In the p-type region, where the holes are a greater concentration, the holes
are free. This movement automatically produces some electrical energy, acting as an

electrical current through an external circuit.

1.2.4 Collection of Charge Carriers

Metal contacts on the solar cell serve to collect the electrons moving from the n-type
layer, thus allowing for the use of the electrical current that is generated. Those
electrons act to power electric devices as they leave the solar cell and move through
a connected circuit. A photovoltaic cell works like a battery in the sense that it

develops a potential difference through the accumulation of electrons and holes [18].

1.2.5 Recombination

Although separation of charge carriers is intended, recombination can occur. Charge
carriers (electrons) can also recombine with holes prior to collection. The result
of this process is losses in solar cells. To improve cell performance, recombination
processes must be minimized through design and material optimization. The time
that is available for separated charge carriers to exist is related to the minority carrier

lifetime.

1.3 The Evolution of Solar Cell Technology

Alexandre-Edmond Becquerel, a physicist, found the photovoltaic effect in 1839 and

invented a new type of solar cell while working on an electrochemical cell. He found
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out that some materials made a small electric current when they were lit up [19].
Selenium, which exhibits photoconductivity, indicates that exposure to light alters
electrical resistance [20]. This finding led to the creation of the first solar cells.

In 1883, American Charles Fritts made the first real solar cell by putting a thin
layer of gold on selenium. Even though it’s efficiency is 1%, it showed that sunlight
can be used as an energy source [21]. Albert Einstein’s description of how light energy
can free an electron from a material is a groundbreaking work on the photoelectric
effect. So, this is why solar energy conversion is so important. It won a Nobel Prize
in 1921 [22]. Russell Ohl found the p-n junction in silicon at Bell Laboratories. This
was the key to all modern solar cells. His discovery was patented in 1941 and helped
silicon solar cells become better [23]. The work of Daryl Chapin, Calvin Fuller, and
Gerald Pearson at Bell Laboratories in 1954 on the first silicon solar cell was a big
step forward in photovoltaic technology. It had a conversion efficiency of 6%, which
was amazing compared to selenium solar cells [24].

The U.S. also launched Vanguard 1 in 1958, the first satellite to use a solar
cell. This was the start of solar power being used in space [25]. In 1982, Hesperia,
California, became the first place to generate solar energy on a large scale. In 1985,
scientists at the University of New South Wales (UNSW) made a big step forward by
making a silicon solar cell that was 20% efficient [26]. Perovskite solar cells became
commercially viable in 2006 [27].

In 2016, multi-junction solar cells had lab efficiencies of over 40%. As of the year
2023, a total of six junction cells, along with highly efficient commercial cells, have

been developed [28]. The cost of generating electricity from solar power dropped
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so dramatically between 2010 and 2020 that it fundamentally changed the energy
market, making solar a much more competitive and mainstream option.The bulk het-
erojunction photovoltaic cell idea [29] has led to a new type of organic optoelectronics.
In the 2000s, organic solar cells were made with fullerenes, non-fullerene acceptors,
and polymers as donor materials [30]-[31]. The tandem concept, which allows several
solar cells to be connected in parallel or in series, opened a new area of research for

photovoltaics.

1.4 Growth of solar cell Technology

1.4.1 First-Generation Solar Cells

First-generation solar cells, also known as crystalline silicon (c-Si) solar cells, are the
most common and, indeed, conventional in photovoltaic technology, as they have
existed since the 1950s thanks to their high efficiency, reliable performance, and
longevity [32]. They incorporate monocrystalline, polycrystalline and multicrystalline
silicon solar cells.

Monocrystalline silicon photovoltaic cells are derived from a single, continuous
crystalline lattice of silicon, which is usually manufactured using the Czochralski
method. There are fewer grain boundaries, which disrupt electron mobility and
thus the greater efficiency (18-22%) of these cells as opposed to the polycrystalline
[33]. The latter type of cell consists of a silicon melt of several silicon crystals and
further cooling of such a crystal in a mould.These cells have a bluish, tessellated
appearance that, by itself, reveals key information about their nature. The efficiency

is somewhat lower than the case of monocrystalline cells, as a greater loss of electron
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mobility occurs at the grain boundaries (15-18% efficiency) [34]. The process is
straightforward and generates minimal waste, thereby facilitating an economical
fabrication of polycrystalline cells, which subsequently enhances their worth. The

structure of a silicon solar cell is given in Fig. [I.3]
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Figure 1.3: Basic structure of a silicon solar cell

1.4.2 Second-Generation Solar Cells

Second-generation solar cells based on thin-film technology represent a major im-
provement over first-generation crystalline silicon cells [34]. These solar cells contain
thin layers of semiconductor materials with many advantages and uses. The thin
layers of semiconductor materials, only a few microns thick, are the basis for the
lightweight, flexible, low-cost nature of solar cell films. The almost new concept allows
for smaller amounts of materials being used, which may mean lower manufacturing
and production costs than the first-generation technologies, and will make them
suitable for the large-scale future production of solar energy. Compared to the thick

crystalline silicon solar cells, which rely on thick silicon wafers, the thin film solar cells



1.4. Growth of solar cell Technology 13

are much easier to work with and allow for the easy deposition of thin lightweight
layers of semiconductor materials directly on a variety of substrates, which include

glass, plastic, metal etc. The essential structure of the thin film solar cells is shown

in Figl 4]

Front Contact/Glass

- Transparent
Conductive Oxide (TCQ)

—— Buffer Layer

Back Contact

Figure 1.4: Basic structure of a thin-film solar cell

1.4.2.1 Amorphous Silicon (a-Si) Solar Cells

Amorphous silicon (a-Si) cells are made from non-crystalline silicon which has the
advantage of more flexibility, lower production expenses, lesser weight, and better
performance in relatively poor lighting. The chief disadvantages of this type of
material are lower efficiency (6% - 12%) [35] compared to crystalline silicon ( 20%)
and photodegrading. Thus, while a-Si has a broader band gap of 1.7 eV, say, compared
to that of crystalline (c-Si) cells with a band gap of 1.1 eV, it has better absorption
in the visible spectrum. Thus, amorphous silicon thin films could take the place of
¢-Si, which would give rise to a lighter and perhaps more flexible type of solar cell.

Amorphous silicon solar-cell structure is represented by Fig. [1.5]
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Figure 1.5: Structure of an amorphous silicon solar cell

1.4.2.2 Cadmium Telluride (CdTe) Solar Cells

CdTe, or cadmium telluride, is probably the most famous thin film technology, best
known for its low cost and high efficiency. Presently, CdTe has the majority of the
market share of all thin film technologies. At the same time, the toxicity of cadmium
and the great scarcity of tellurium present serious problems with large scale sustainable
production. The main advantages of CdTe solar cells are the high efficiency (18% -

22%) [36], low manufacturing costs and great durability and longevity, as shown in

Figl.6,
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Figure 1.6: CdTe Solar Cell

1.4.2.3 Copper Indium Gallium Selenide (CIGS) Solar Cells

CIGS solar cells are the highest performing of the thin film solar cells even greater
than that of the efficiencies of commercial crystalline silicon. The efficiency value of
CIGS solar cells surpasses organic photovoltaic cells (OPV) at a value of 22.6%. CIGS
cells have the benefit of being tuned for the band gap of the semiconducting material
by varying the ratios of indium: gallium and selenium: sulfur.The study reveals a
significant potential for the optimization of band gaps, indicating that these cells may
be employed in tandem cell configurations in future. The worst attribute of CIGS is
cost, which can be attributed to the use of indium and the special assembly of the
integration. The optimization of CIGS itself is also quite difficult, based on the area
of stoichiometry and the several step-by-step processing, which can be a hindrance to
the scalability commercially. A CIGS solar cell is depicted in the illustration of Fig.
L7
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Figure 1.7: CIGS Solar Cell

1.4.3 Third-Generation Solar Cells

Third-generation solar cells were discovered to overcome the shortcomings of 1%-
and 2"-generation solar cells. The materials used in this generation of solar cells
include organic polymers, perovskites, quantum dots, and dye-sensitized materials to
increase efficiency, reduce production costs, and improve flexibility [37]. The main
cutting-edge technologies represented in third-generation solar cells are dye-sensitized
solar cells (DSSCs), organic photovoltaic cells (OPVs), perovskite solar cells (PSCs),

quantum dot solar cells (QDSCs) and tandem multijunction solar cells.
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1.4.3.1 Dye-sensitized solar cells [DSSCs]

In dye-sensitized solar cells (DSSCs), a solar energy-absorbing photoactive dye gen-
erates electrons, which are transferred through a nanostructured layer of titanium
dioxide (TiO2) [38]. The system architecture includes a photoanode, which commonly
uses a semiconductor surface coated with dye molecules that can absorb light. The
photonic energy excites the electrons in the dye, moves them to the semiconductor,
and collects them as an electric current. The foundation of these systems uses a
liquid electrolyte that contains organic dye absorbers, such as the N719 dye, and
this technology utilizes abundant solution-processable materials and allows for the
possibility of creating flexible and transparent electronic devices. An example of a

dye-sensitive solar cell is shown in Fig[1.8|

Figure 1.8: Dye-Sensitized Solar Cell

1.4.3.2 Organic Photovoltaic Cells (OPVs)

Organic compounds, or polymers, that operate as the active photovoltaic material

make up OPVs. To create an electric current, these cells use light absorption to



1.4. Growth of solar cell Technology 18

create excitons, or bound electron-hole pairs, which are subsequently separated at
donor-acceptor interfaces [31]. They may be printed, are flexible, and are lightweight.
Generally speaking, they have shorter operational lifetimes and worse efficiency than

their inorganic equivalents. The structure of an organic solar cell is given in Fig[T.9]

Photoactive layer

Flexible transparent substrate

Light

Figure 1.9: Organic Photovoltaic Cell

1.4.3.3 Perovskite Solar Cells (PSCs)

Perovskite solar cells (PSCs) rely on hybrid organic-inorganic lead halide perovskites
(e.g. CH3N H3PbI3) as the primary light-absorbing material that has high charge-
carrier mobilities [39]. Within the active layer of these devices, materials of the
perovskite family are used for light harvesting. The materials exhibit high light
absorptive properties as well as moderate charge transport efficiencies. Their tunable
band gaps facilitate the absorption of a wider range of the solar light spectrum in

comparison to silicon photovoltaics. Over the last several years, PSCs have shown
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phenomenal improvement in their efficiencies, and some corresponding devices have
demonstrated PCEs over 25%. These efficiencies, however, occur at the cost of the
materials’ low stability in the structure of their devices, especially in high moisture
environments, which may inhibit their prolonged use. The cell structure of PSCs is

represented in Fig[1.10

Figure 1.10: Perovskite Solar Cell

1.4.3.4 Quantum Dot Solar Cells (QDSCs)

Quantum Dot Solar Cells (QDSCs) utilize semiconductor nanocrystals (i.e., CdSe,
PbS) to tune band gaps using quantum confinement effects [40]. They use semicon-
ductor quantum dots as light-absorbing entities. The size of nanocrystals can be
tuned to selectively absorb certain wavelengths of light, meaning a wide range of solar

radiation can be harnessed. The structure of a quantum dot solar cell is illustrated

in Fig. [L.T1]
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Figure 1.11: Quantum dot solar cell

1.4.3.5 Tandem and Multi-Junction Solar Cells

Tandem solar cells (TSCs) utilize two or more layers of PV materials with differing
band gaps to effectively absorb a larger amount of solar irradiance [41]. Each absorber
layer is specialized to absorb a specific region of the sunlight spectrum and contribute
to the overall conversion efficiency. By stacking different absorber layers, we can
theoretically utilize different wavelengths and thus bypass the 60% efficiency barrier,
exceeding the Shockley-Queisser limit in principle. Fig|l.12{ shows the tandem solar

cell structure.
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Figure 1.12: Tandem Solar Cell

1.5 Physics of Solar Cells

1.5.1 The operation of a p-n junction

Fundamental to the knowledge base of semiconductor physics and electronics is
that the function of p-n junctions is based upon diffusion. As in both types of
semiconductive materials with charged carriers, n-type, which has primarily electrons
present, corresponding to the negatively charged carriers, the implementation of these
carriers results from the inclusion of a pentavalent element. The p-type semiconductor
primarily contains holes, or positively charged carriers, which are introduced by

including a trivalent element. As far as holes are concerned, the holes on the p-side
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are to diffuse to the n-side, and the electrons from the n-side diffuse into the p-type
side. This results in a depletion region at the junction, which has a fixed number of
ionized donor and acceptor atoms, which has been depleted of free charge carriers.
For current to flow, the potential barrier produced has to be overcome, which is
equal to the value of the electric field in the depletion region. Fig|L.13|indicates the
formation of the p-n junction.

The conductance of a p-n junction is different under bias conditions. Under
forward bias conditions, the negative terminal of the direct current power supply
connects to the n-region, and the positive terminal connects to the p-region. This
allows the charge carriers to migrate more easily to equalize the potential barrier at
the junction. Conduction of current becomes evident and indicates that the diode
is in a conductivity condition as the voltage increases beyond some threshold limit,
which is approximately 0.7 volts with respect to a silicon diode. Under reversed
bias, the terminal that connects to the positive side connects to the p-side, and the
n-side is connected to the negative terminal. This increases the depletion region and
increases the potential barrier produced, which diminishes the amount of current the
junction can support. The only current flow that takes place through the junction is
the reverse saturation current or leakage current, which flows as a result of minority

carriers.
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Figure 1.13: Creation of P-N Junction

Figure 1.14: Characteristics of P-N Junction

The forward-bias region of a p-n junction diode’s current-voltage (I-V) charac-
teristics shows that, above the threshold voltage, the current increases significantly,
resulting in a steep upward slope on the graph. The current in the reverse-bias region
is quite small until breakdown, when the majority minority carrier flow causes it
to increase dramatically. Fig[[.14] displays the I-V characteristics of a p-n junction
semiconductor diode.

Current and voltage have a nonlinear connection, as evidenced by the forward bias



1.5. Physics of Solar Cells 24

region’s exponentially rising I-V curve. By expressing the current flowing through the
diode as a function of the applied voltage, the diode equation provides a mathematical

formulation of this behavior. In general, the following formula provides the diode

1=t o (52) -1 (12)

where Vp stands for the thermal voltage, n for the ideality factor,Vp for the diode

current.

voltage, I for the diode current, and I, for the reverse saturation current.

1.5.2 P-N junction under illumination

A photon entering the semiconductor will be absorbed if it has energy at least equal
to that of the band gap of the material. This interaction promotes an electron from
the valence to the conduction band, producing an electron-hole pair. The built-in
field of the p-n junction separates these charge carriers and directs the electrons to
the n-side and the holes to the p-side. As electrons accumulate at the cathode and
holes at the anode, a potential difference arises. If a load is then connected between
the two terminals, the circuit is completed, and current will flow, producing an output

voltage.

1.5.3 Solar cell equivalent circuit

Photovoltaic cells, which convert photon energy into electrical energy, are the fun-
damental components of photovoltaic systems. To properly analyze and ultimately
predict their operation in electrical circuits, it is necessary to model solar cells using

an equivalent circuit. The equivalent circuit model helps understand the interrela-
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tionships of the solar cell and shows how all components operate together to provide
electrical energy. The standard equivalent circuit model for a solar cell consists of a
diode, a series resistance, a shunt resistance, and an ideal current source. The current
resulting from absorbed light energy is associated with the intensity of solar radiation
on the solar cell as represented by the ideal current supply [42]. In parallel with the
ideal current supply, the diode allows current to flow in the forward direction and
blocks it in the reverse direction [43].

The series resistance is analogous to an internal resistance to sinusoidal current,
serving to limit losses due to inefficient charge transport through the layers of the
solar cell and providing resistance that allows the current from the cell to transfer to
the electrical load without loss of power. The series resistance is critical for any solar
cell, as it allows the charge produced by the solar cell to cross the boundary to the
electrical load without losing power. Lastly, the shunt resistance is usually associated
with the semi-conduction diffusion from impurities or defects in the solar cell material
to the p-n junction. The effect of shunt resistance is low due to normal loads or a
possible low level of piping to the junction defect in the material. Solar cells with
high shunt resistance values are beneficial because they can cause significant power
loss and hinder overall efficiency. The following equation describes the combined total

current (I) supplied to the solar cell in equivalent current supply mode.

[:[L—]D—]Sh (13)

where Ip is the current flowing through the diode, Ish is the current flowing

through the shunt resistance, and I, is the benefited current from incident light. This
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is a representation of the net current available at the output terminal, which includes
the contributions and losses from the individual elements. A solar cell will generate
I, when under light exposure, and the I, is reduced based on the shunt resistance
and diode resistance. The diode is important since it limits the output voltage of
a solar cell and begins to conduct when the output voltage exceeds a certain value.
The existence of the shunt resistance is a detriment to the efficiency of the solar cell
by conducting leakage current and diverting some of it from the load. The solar cell

equivalent circuit is shown in Fig[l.15]
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Figure 1.15: Solar Cell Equivalent Circuit

Vp can be written as

Vp =V + IRs (1.4)

As already mentioned in section 1.5.1, the diode equation is given by

Ip = Iolexp(Vp/nVr) — 1] (1.5)

The shunt resistance current can be written in the form

Ish =Vp/Rsh (1.6)
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Thus, the modified diode equation becomes

Vb V + IR
I =1, -1 — | -1 - — 1.7
oo () -1 - o

The solar cell’s [I-V characteristics are essentially the photovoltaic device’s su-
perposition in both dark and light environments. Fig [1.16] shows the graphical
representation. Under dark conditions, a solar cell’s I-V properties are the same as
those of a p-n junction semiconductor diode. The I-V curve shifts into its fourth
quadrant when the device is illuminated, and the magnitude of the shift varies with

the intensity of the incident light on the solar cell.

1.5.4 Basic solar cell output parameters

This section defines the fundamental output parameters that describe a solar cell’s

performance

power dissipation
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Figure 1.16: I-V characteristics of a solar cell
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1.5.4.1 Open circuit voltage [Voc]

The Open Circuit Voltage (Voc) is the maximum voltage across the terminals of an
illuminated solar cell with no load on its circuit - that is, with zero current flowing
through it. This value is vital to most aspects of photovoltaic system design and
performance analysis, and is taken into account even in lifecycle assessments, e.g.,
for carbon footprint calculations. The actual working voltage under load conditions
is always lower than the Voc. Voc is variable, but it is constrained by several other
parameters. Firstly, it is inversely proportional to temperature: the hotter the cell,
the lower the voltage. On the other hand, it is directly proportional to the intensity of
the light incident on the active cell surface; more photons mean more charge carriers.
The maximum theoretical Voc is, however, limited by the semiconductor’s material
properties, its microstructure, and the work functions of the electrodes, as indicated
below

Voc=nkT/qin[IL/Io) + 1] (1.8)

where q is the electronic charge, T is the temperature,n is the ideality factor, k is

the Boltzmann constant, I, is the photocurrent, and Io is the saturation current.

1.5.4.2 Short Circuit Current [Jsc]

The short circuit current (Jsc) is the peak current a photovoltaic cell can generate
in a short circuit while the terminals are shorted together with no load. This is an
important figure of merit for evaluating photovoltaic cell performance, and it is one of

the main figures of merit for solar cell characterization. Jsc is helpful in understanding
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the performance figures and efficiencies of a solar cell; it tells you the amount of
energy a solar cell can generate under standardized conditions and acts as a metric
for comparing solar cell efficiencies. For example, a larger magnitude of short circuit
current shows an increased ability to convert solar energy to electrical energy. These
factors—charge-carrier collection efficiency, light intensity, cell area, incident light

spectrum, and film properties—work together to determine the short-circuit current.

1.5.4.3 Fill factor [FF]

The fill factor (FF) is an important parameter for assessing photovoltaic cell per-
formance and applicability. It signifies how close the solar cell is to the theoretical
maximum power. The fill factor is the ratio of a photovoltaic cell’s peak power to
the theoretical power calculated by V. x Js. A higher fill factor indicates better
performance, implying that the solar cell is operating more efficiently relative to the
maximum possible efficiency. Formally, the fill factor is quantitatively described as

follows:

FF = Pmax/Voc x Jsc = Vmazx x Imax/Voc x Jsc (1.9)

where Pmax is the highest power output that can be generated from the solar cell.
Vmax and Imax are the maximum voltage and current that are generated, respectively.
A lower fill factor indicates possible inefficiencies that can arise from design flaws,
manufacturing inadequacies, or poor environmental conditions. In contrast, a higher
fill factor indicates that the solar cell is functioning in an optimal environment with

minimal losses. Thus, to advance solar technology and enhance the overall efficiency
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of a photovoltaic system, it is essential to increase the fill factor.

1.5.4.4 Power Conversion Efficiency [PCE]

Power conversion efficiency (PCE) is a primary measure of a solar cell’s performance in
converting the incoming solar radiation into usable electric energy. Power Conversion
Efficiency (PCE) is the ratio of the electrical power generated by a solar cell to the
amount of solar power incident upon it. PCE increases the fraction of incident solar
energy delivered as electrical power, and PCE is vital for photovoltaic (PV) systems

to be efficient. It is expressed as

Pout/Pin = Voc x Jsc x FF/Pin (1.10)

The power conversion efficiency is enhanced by minimizing energy loss. The efficiency
of power conversion is affected by losses due to reflection. The use of anti-reflective
coatings on photovoltaic cells, and the implementation of maximum power point
tracking (MPPT) techniques, which regulate the load connected to the photovoltaic
cell ensures optimal operational efficiency. (QE) of a solar cell is a key factor in
determining the degree to which incident photons can produce charge carriers, mainly
electrons. Thus, it is an important number for purposes of determining the degree
to which a solar cell converts solar radiation into electrical energy potential and
represents the upper limit of efficiency for photovoltaic solar cells (total efficiency).

The quantum efficiency is defined as the total number of electrons produced from
the solar cell divided by the total number of light photons that interact with the solar

cell. The higher the QE, the better the light-to-electric-current conversion efficiency,
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usually expressed as a decimal. The QE of a photovoltaic solar cell is influenced by
many factors. First and foremost, material properties: every semiconductor material
has varied bandgap energies, which leads to varied potential absorption of photons and
production of electrons. For example, optimized bandgap materials could enhance QE
via increased photons and thus increased area of solar radiation. Finally, significant
advancements in thin film processing and cell design enhance the bottom line, giving
increasing light absorption and carrier collection. Fig|[l.17]illustrates the quantum
efficiency graph of a solar cell.
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Figure 1.17: Quantum Efficiency Graph of a Solar Cell

1.5.5 Solar cell recombination mechanisms

Recombination in the semiconductor materials of photovoltaic applications is an
important aspect of performance. Recombination is defined as the act of electron-

hole pairs generated by photovoltaic absorption of solar energy recombining prior to
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forming a flow of electric current, representing a loss of efficiency of the solar cell.
To improve upon solar cell design and efficiency, we need to identify the different
recombination mechanisms that may be present. This section will provide some of

the relevant recombination mechanisms.

1.5.5.1 Shockley-Read-Hall Recombination

Shockley-Read-Hall (SRH) recombination, which is often known as defect-assisted
or trap-assisted recombination, occurs when we have some impurities or defects
within the bandgap of a semiconductor that introduce new energy levels. In this
two-step process, an electron gets trapped at a defect level and eventually recombines
with a hole in the valence band. These defects present additional routes for the
recombination of electrons and holes that do not emit energy. This additional route
ultimately has a large impact on the overall recombination rate. High defect density
of materials such as silicon speeds up the recombination process and reduces carrier
lifetimes, which can severely limit efficiency for solar cells. Therefore, improvements
to solar cell efficiency must consider ways to reduce defect concentrations and improve
crystalline structure quality. The general equation for the SRH recombination rate

can be given by:

RSH = (np—n?)/[Tp(n—i—nt) + 7 (p + po)] (1.11)

where n and p are the concentrations of electrons and holes, ni is the intrinsic carrier
concentration, 7, is the effective lifetime of electrons, 7, is the effective lifetime of

holes, and n; and p, refer to the trap defect concentrations [44].
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1.5.5.2 Auger Recombination

The functioning of solar cells relies on a non-radiative recombination process called
Auger recombination, where the energy lost during the recombination of an electron
and hole is transferred to another carrier (electron or hole) instead of thermal energy
release or light emissions.

The excess energy is transferred such that an additional electron (or hole) is
promoted to a higher energy level instead of emitting a photon. Over time, the
excited carrier eventually loses this excess energy through phonon interactions. Below

is a mathematical relationship for the Auger recombination rate

Rauger = Con®p + Cpp*n (1.12)

The term Rayger refers to the rate of recombination in carriers per unit volume
per second, while C,, and C, represent the Auger recombination coefficients for
electrons and holes, respectively (with units of cm®/s). Here, n denotes the electron

concentration (in cm™3), and p indicates the hole concentration [45].

1.5.5.3 Radiative Recombination

Through radiative combination, a photon is generated from the direct interaction of
a conduction band electron and valence band hole. Radiative recombination is less
prevalent in silicon solar cells because of their indirect bandgap; however, it can be
an important consideration for applications in opto electronics that can benefit from

it. Because many materials can exploit radiative efficiency to improve performance,
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the effectiveness of radiative recombination is particularly relevant for multi-junction

solar cells. The equation for the rate of radiative recombination is as follows:

Rua=B-n-p (1.13)

where R rad represents the radiative recombination. The radiative recombination rate
is denoted by B, which is the coefficient specific to the material and can vary based
on factors such as temperature and doping levels; n represents the concentration of
electrons in the conduction band, while p indicates the concentration of holes in the
valence band [46]. Recombination is closely related to the semiconductor interface,
which often has a higher concentration of defects than the bulk.

Defect states, especially larger ones, tend to have a higher probability of recom-
bining minority carriers and therefore contribute to a lower effective minority carrier
lifetime. Surface passivation techniques seek to reduce surface recombination by
reducing the density of dangling bonds and other surface defects. High-quality surface
passivation will improve the efficiency of solar cells by increasing both minority carrier

lifetime and device efficiency. The surface recombination expression is given as

Ry =5 (n—neq) - (p = Peq) (1.14)

Where R, is the surface recombination rate, S is the surface recombination
velocity, which is a material-specific parameter that quantifies the rate at which
carriers recombine at the surface, n is the concentration of electrons at the surface, n.,

is the equilibrium electron concentration, representing the concentration of electrons
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under steady-state conditions, p is the concentration of holes at the surface, and pe,

is the equilibrium hole concentration [47].

1.5.6 Basic Semiconductor Equations

A group of basic semiconductor equations that describe the movement of charge
carriers inside the device governs the physics of the solar cells. These basic equations,
which include Poisson’s equation, the continuity equations, and transport equations
(also known as drift-diffusion equations), are used to understand and model the
electrical behaviour of solar cells. These fundamental equations are used by many
device simulators and can be solved numerically; under certain approximations, they

can even be solved analytically. Let us now discuss these equations.

1.5.6.1 Poisson’s Equation

Poisson’s equation describes an important relationship between the charge density
and the electric field in semiconductor materials. The electric field is responsible for
moving and separating the electron-hole pairs created through photon absorption
in the space charge region (also called the depletion region); thus, this equation is
essential for understanding the distribution of electrostatic potential in solar cells (A
Numerical Simulation and Modelling of Poisson Equation for Solar Cells). The link
for the charge density (p) is grounded on the concentrations of electrons (n), holes (p),
ionized acceptor atoms (N,4), and ionized donor atoms (Np). It is assumed that Np
is constant in the n-region and negligible in the p-region, while N4 is constant in the

p-region and zero in the n-region for the ideal diode derivation. This equation gives
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the primary link from the charge density in the device to the electric field strength

[48]. It can be expressed as :

V) = —p/e (1.15)
where:

e p=q(p—n+ Np— Ny,) is the charge density

€ is the permittivity of the semiconductor

e p and n are the hole and electron densities, respectively

Np, N4 are the ionized donor and acceptor densities, respectively

1.5.6.2 Continuity equations

Electron and hole transport within the semiconductor is described by the continuity
equations. They take into consideration the diffusion, drift, recombination, and
creation of carriers. [48].

Electron Continuity Equation

on 1
A v — 1.1
T qV J,+ G, — R, (1.16)

Hole Continuity Equation

ap 1
a—f:—gv-Jp%—GP—RP (1.17)

where:
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1. Gn and Gp are the generation rates of electrons and holes (due to light absorp-

tion)
2. Rn and Rp are the recombination rates of electrons and holes
3. Jn and Jp are the electron and hole current densities

Under steady-state conditions(% = 0), the net charge carrier change remains

constant.

1.5.6.3 Current Density Equations (Drift-Diffusion Equations)

Born of the basic continuity equations, these are the transport equations which form
the basis of modelling the flow of current in a solar cell in terms of the two main
methods by which carriers are driven in motion: diffusion driven by concentration

differences, and drift driven by electric fields.

1.5.6.3.1 Drift current in the solar cell

Drift transport specifically refers to charge carriers in a semiconductor substrate
moving due to an electric field (electrons move opposite to the electric field, and
holes move with the electric field). The drift of the charge carriers results in a drift
current. In order to consider the processes in which charge carriers are lost from
the semiconductor material in a PV cell, it is important to recognize drift transport,
which is explained through the drift equation The one-dimensional drift equation is

written as
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Jp = Q<n,un + pﬂp)Ex (1-18)

where Ex is the electric field applied in the x-direction, q is the electron charge,
n and p are the electron and hole concentrations, and p, and p, are the electron
and hole mobilities The electric field and the semiconductor’s conductivity, which
are influenced by the carrier concentrations and mobilities, are proportional to the
drift current density, as demonstrated by this equation. The relationship between the
electric field, carrier concentrations, and material parameters in determining the drift
current is illustrated by equation [1.18

Diffusion is the process by which charge carriers move randomly from a higher
concentration to a lower concentration area. This will occur if the semiconductor
has a non-uniform concentration gradient of carriers. Understanding how charge
carriers move throughout the solar cell is an important factor, and this movement
can be represented mathematically by the diffusion equation The one-dimensional

diffusion equations for electrons (n) and holes (p) are given by equations and

[1.20] respectively.

dn
Jn = qgDn(— 1.19
n=aDn(5) (119
and
J ——D(d—p) (1.20)
pb=—q pd$ .

where J,, and J, are the diffusion current densities, q is the electron charge, Dn

and Dp are the diffusion coefficients for electrons and holes, and (Z—Z) and (Z—i) are
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the electron and hole concentration gradients. According to these formulas, the
diffusion current density is proportional to both the concentration gradient and the
diffusion coefficient. The direction of the concentration gradient is opposed to the
direction of the carrier motion, as shown by the hole diffusion equation’s negative
sign. Diffusion balances out carrier concentrations over time, which affects device
performance. Therefore, as shown below, equations and represent the total

current density inside the solar cell, which is the sum of the drift current and diffusion

current [3].
Jn = qnu, Ex + an(j—Z) (1.21)
d
Jp = qpp,Ex — qu(ﬁ) (1.22)

1.6 Organic Solar Cells: A New Frontier

Organic solar cells (OSCs) have captured considerable academic interest in the last
20 years due to material availability, low cost of fabrication and processing, and
sustainable ecological benefits. The ability for organic photovoltaics to be the solution
to the world’s energy needs will depend on how well we can optimize the resulting
output performance of the device. Over the last 10 years, a lot of research has been
conducted to understand the basic principles of organic solar cell technology and to
understand OSCs’ performance under different conditions. As a complete theoretical
model of the operation of organic solar cells does not yet exist, research in organic
photovoltaics would greatly benefit from numerical simulation studies and device

model settings utilizing computational techniques.
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1.6.1 The evolution of organic solar cells

The photovoltaic effect in organic materials was first observed in the 1950s. ,but
carly devices were not particularly efficient, with efficiencies of only 107°% because
of limited charge transport and substantial recombination losses [49]. In 1977, Tang
made a big step forward by making the first bilayer organic photovoltaic cell, which
had two separate organic semiconductor materials: a donor and an acceptor [50]. This
device used copper phthalocyanine (CuPc) and a perylene tetracarboxylic derivative,
and it was able to convert around 1% of the radiation it received. In the middle
of the 20th century, scientists began to look into the photoconductive properties of
polymers and organic materials. This was when the idea of using organic materials
to convert solar energy started. In the 1970s, polymers were suggested as an active
layer in prototype solar cells. However, these prototypes only achieved efficiencies
of less than 1%, which showed that it was hard for excitons to break apart and for
charges to go through organic materials.

The most important change was the introduction of the bulk heterojunction (BHJ)
architecture in the middle of the 1990s. This arrangement made it easier for excitons
to break apart since the donor and acceptor were mixed instead of stacked [51]. In
2001, Shaheen et al. made a significant breakthrough in BHJ photovoltaic devices
when they combined the conjugated polymer poly(3-hexylthiophene) (P3HT) with
[6,6]-phenyl-Cy;-butyric acid methyl ester (PCBM) to get power conversion efficiencies
(PCEs) of 2.5% [52]. This design is still the most popular choice today because it
shows better separation and collection efficiency. Researchers have investigated the

polymer ratio PSHT:PCBM a lot since it became the model system. They did this to



1.6. Organic Solar Cells: A New Frontier 41

learn more about energy levels and morphology and improve performance [53] .

By the end of the decade, PCEs had risen to 5% thanks to better ways of making
and processing donor materials, better control over the orientation of donor and
acceptor materials, and the use of low band gap polymers to get even more out
of the solar spectrum [54]. The most important improvement was the addition of
non-fullerene acceptors (NFAs) like ITIC and Y6 [55]. NFAs have adjustable energy
levels, absorb more light, and are more stable than fullerene derivatives. This means
that the organic solar cell (OSC) quickly improved its power conversion efficiency
(PCE). In 2020, Y6-based devices could reach over 18% PCE in the lab [56], showing
that OSCs had made a platform transition and were now on par with some inorganic
thin-film technologies. The tandem organic solar cells employ several absorbers with
complementary band gaps, engineered to surpass the Shockley—Queisser limit for
single-junction cells [57]. Research includes all-polymer solar cells, ternary blends,
and hybrid organic-inorganic materials. New devices are also being built employing
encapsulation and roll-to-roll production processes to meet standards for commercial
usage. These devices are being made with the purpose of being stable and scalable

for commercial manufacture.

1.6.2 Advantages of organic solar cells

Organic solar cells (OSCs) have several significant benefits that put them in a great

position when compared to conventional silicon solar cells. Key benefits include:

e Lightweight and Flexible: OSCs are much lighter and more flexible than

silicon solar cells, making them a perfect fit for applications where weight and
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flexibility are important, such as building-integrated photovoltaics (BIPV) and

wearable technologies.

Semi-Transparent: OSCs can be manipulated to be semi-transparent, allowing
them to be used in windows and other transparent surfaces, which cannot be

done with conventional solar cells.

Environmentally Friendly: Organic solar cells are made with organic
materials and are generally more environmentally friendly and less toxic than

the synthetic inorganic materials used in conventional solar technologies.

Thin and Material-Saving: OSCs are about 1000 times thinner than their
silicon-related solar cells, which provide material savings and cheaper production

costs.

Short Energy Payback Time: Organic solar cells will have shorter energy
payback times than silicon solar cells due to lower energy to produce, making
organic solar cells able to produce more energy than energy consumed during

manufacturing time.

Simply Integrate and Versatile: OSCs can simply integrate and be versatile,
existing on their customized structure and flexibility, making them practical in

various applications, from bendable panels to solar windows.

Lower Manufacturing Cost: The cost of manufacturing organic solar cells
is cheaper than standard, with the roll-to-roll printing process maximizing the

efficiency in manufacturing and lowering manufacturing costs overall.
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1.6.3 Organic semiconductor materials

Organic semiconductors are derived from m-bonded organic molecules or polymers,
composed mainly of hydrogen and carbon, with heteroatoms such as sulfur or nitrogen
sometimes added. In comparison to inorganic semiconductors, organic semiconductors
are typically either highly amorphous thin films or molecular crystals that behave
like electrical insulators until charge carriers are introduced (e.g., by photoexcitation,
electrical injection, or doping).

Organic semiconductors consist of conjugated molecules or polymers, where carbon
atoms use sp? hybridized orbitals. In conjugated systems, each carbon atom forms
three o-bonds with its sp? hybrid orbitals. Two of these o-bonds are formed with
hydrogen or side-group atoms, while one involves another carbon atom. The remaining
p-orbital is unhybridized and lies in a plane perpendicular to the molecular plane,
establishing m-bonds with neighboring m-orbitals. These m-bonds form a delocalized 7
electron system, providing charge-carrier movement and developing a conduction and
valence band similar to those in inorganic semiconductors [58]. Typically, the band
gap is in the range of 1.5 eV to 3.5 eV, enabling absorption or emission of visible
light. Charge transport may occur through either hopping or delocalized mechanisms,
depending on the crystallinity and purity of the material. Their light weight and
mechanical flexibility also make them ideal for wearable and flexible electronics [59).

Organic semiconductors differ from inorganic ones mainly in their reliance on
localized electronic states and a hopping conduction mechanism, where charge carriers
move through localized molecular orbitals assisted by thermal activation. The mobility

of holes and electrons in organic materials ranges from 107 to 1 cm?/V - s, whereas in
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inorganic semiconductors like silicon, electron mobility can reach about 1500 cm?/V - s
[60]. The use of photovoltaic polymers is rapidly increasing, primarily because they
can be fabricated by methods such as spray coating, spin coating, and inkjet printing

61].

1.7 Diverse structural designs of organic solar cells

Organic solar cells (OSCs) offer a promising alternative to inorganic photovoltaics due
to their lightweight nature, mechanical flexibility, and low-cost fabrication. Multilayer
OSCs consist of several functional layers that play essential roles in charge generation,
transport, and collection. The device structure strongly influences both the efficiency
and long-term stability of OSCs. The following sections outline the key device

configurations commonly used in multilayer organic solar cells:

1.7.1 Single-Layer (Schottky) Structure

The basic single layer structure of an organic solar cell (OSC) consists of a single
layer of organic semiconductor placed between two different electrodes, which are
typically defined as a front anode, which has a high work function, and a back
cathode, which has a low work function. The organic layer absorbs the photons,
forming excitons (bound pairs of electrons and holes), which then diffuse to the
interface of the electrodes, where charge separation occurs, driven by the built-in
electric field. The efficiency suffers both from large recombination losses and a limited
diffusion length of the exciton of around 10-20 nanometers [50]. The structure of a

single-layer organic solar cell is shown in Fig{l.18|
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Figure 1.18: Single-layer OSC

1.7.2 Bilayer (Planar Heterojunction, PHJ) Structure

The PHJ structure was developed to maximize exciton dissociation, consisting of
separate donor (D) and acceptor (A) layers, where excitons produced in the donor
layer will diffuse towards the D/A interface to dissociate into free charge carriers due
to the energy difference of the two materials. The bi-layer structure has superior
charge separation than single-layer devices but will have an exciton diffusion length
on the order of 10-20 nm, thus limiting the layer thickness and the amount of light

absorption [62]. Fig m shows the structure of a bilayer organic solar cell structure
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Figure 1.19: Bilayer OSC

1.7.3 Tandem (Multi-Junction) Structure

Tandem organic solar cells (OSCs) are composed of two or more subcells with
complementary absorption spectra to optimize for light harvesting efficiency while
also maximizing the open-circuit voltage. Each sub-cell can absorb a different portion
of the solar spectrum to further contribute to the total photocurrent and voltage. The
enhanced PCE of over 17% is attributed to the broadened spectral absorption and
the reduction of thermalization losses.This technology is limited by two main factors:
a complex fabrication process and the requirement for compatible interlayers. [63].

Fig [1.20] shows a tandem or multijunction organic solar cell.
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Figure 1.20: Tandem [Multijunction] OSC

1.7.4 Inverted Structure

Inverted organic solar cells (OSCs) change the normal layer stacking to improve
stability by enabling air-stable electrodes. Unlike normal OSCs, electrons are collected
at the cathode/electron transport layer (ETL), and holes travel through the hole
transport layer (HTL) to the metal anode. Increased stability is obtained by avoiding
reactive low-work-function metals, such as calcium (Ca) and aluminum (Al) [64]. Fig

[L2Tlillustrates an inverted solar cell architecture.
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Figure 1.21: Inverted OSC Structure

1.7.5 Bulk Heterojunction (BHJ) Structure

The bulk heterojunction (BHJ) structure reduces the limitations of exciton diffusion
by combining donor and acceptor materials into a single active layer and forming a
nanoscale interpenetrating structure. When an exciton is formed in the composite
blend, it can diffuse through the blend and get to a donor/acceptor interface within
its diffusion length to facilitate charge separation. High power conversion efficiencies
(PCEs over 10%) can be achieved based on the increased interface area. However, to
control morphology, one must optimize phase separation for ideal charge transport

[51]. The structure of the bulk heterojunction organic solar cell is shown in Fig. |1.22
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Figure 1.22: Bulk heterojunction OSC

1.7.5.1 Various layers within a multilayer BHJ OSC

Organic solar cells (OSCs) created with a new bulk heterojunction (BHJ) structure
have gained enormous interest due to their low cost and potentially flexible or
lightweight solar energy conversion. A multilayer BHJ OSC has multiple functional
layers so that each layer is involved in the functional process of light absorption,
charge generation, transport, or collection. A thorough description of each of these

layers is given below:

1.7.5.1.1 Substrate Layer

The substrate provides the essential mechanical foundation for the solar cell, acting
as the platform for the deposition of subsequent layers. Substrates may be rigid (e.g.,
glass) or flexible. For bottom-illuminated organic solar cells (OSCs), transparency is
a mandatory characteristic. Glass is a widely used rigid substrate, while polymers

such as polyethylene terephthalate (PET) and polyethylene naphthalate (PEN) are



1.7. Diverse structural designs of organic solar cells 50

common choices for flexible applications [65, [66].

1.7.5.1.2 Transparent Conductive Electrode (TCE)

As previously mentioned, this superior layer allows light to be absorbed with care
while collecting charges, whether used as the anode in conventional configurations
or the cathode in the reverse configuration, and while doing so, allows the holes
to move seamlessly through the material. The transparent conductive electrode
must have excellent transmittance (85%) and low (20£2/sq) sheet resistance. The
transparent conductive electrode must be Indium Tin Oxide (ITO), Fluorine-doped
Tin Oxide (FTO), Conductive Polymers (PEDOT:PSS), or Metal Grids/Ag Nanowires
[67, 57, [68].

1.7.5.1.3 Hole Transport Layer (HTL)

The HTL enhances hole transport to the anode while blocking electron transport,
thereby enhancing charge selectivity and reducing recombination at the electrode
interface. It optimizes the alignment of energy levels, while its modification produces
vertical phase separation in the active layer, increasing device efficiency. The materials
used in HTL typically are poly(3,4-ethylenedioxythiophene): polystyrene sulfonate
(PEDOT: PSS), which is the most well-established. Possible inorganic materials that

can be considered as HTLs are MoOs, V5,05, and NiO [57].
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1.7.5.1.4 Active Layer (Bulk Heterojunction, BHJ)

The active layer, or absorber, is the photoactive part of the device where photons are
absorbed to create excitons, which then dissociate into free charge carriers that can
produce a photocurrent. To achieve optimal performance, this active layer should
have a low band gap, allowing it to absorb a wide spectrum of light, and a thickness
optimised to that material’s exciton diffusion length. Paired with other layers to
allow charge extraction at the anode and cathode, the layer can be of three types: a
single layer of one material, a bilayer heterojunction where there is a distinct donor
and acceptor layer, or a so-called bulk heterojunction (BHJ) where the donor and
acceptor materials are mixed into a composite film. The following sections discuss
the donor and fullerene acceptor materials used in a bulk heterojunction organic solar

cell.

1.7.5.1.4.1 Donor materials

The donor materials in organic BHJs are predominantly conjugated polymers. The
most commonly used donor materials include P3HT (poly(3-hexylthiophene)),
MDMO-PPV: Poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylenevinylene], and
PTB7 Poly|[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’|dithiophene-2,6-diyl][3-fluoro-
2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]].

The acceptor materials are no less varied. There are both fullerene and non-
fullerene acceptors. PC71BM and PC61BM are the two most common fullerene
acceptors. Non-fullerene materials such as ITIC, PDI, IDTBR, IEIC, and others are

widely used and account for a substantial share of the acceptor materials landscape.
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Fig [1.23] Fig. [1.24] and Fig represents the structure of donor materials.
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Figure 1.24: MDMO-PPV
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Figure 1.25: PTB7

1.7.5.1.4.2 Fullerene-Based Acceptors

For the past 20 years, the main area of research in the field of organic photovoltaics
have been polymeric donors made with fullerene-based acceptors, because bulk
heterojunction organic solar cells have been shown to achieve higher processability
and stability in spite of the other donor-acceptor systems. The relatively enhanced
device performance of fullerene-containing active materials in organic solar cells is
associated with favorable interfaces created between donor and acceptor materials
and tunable orbital energy levels of fullerene derivatives. Fullerenes have always been
the most common type of acceptor materials of conventional organic solar cells due
to their distinctive 3D nature, high electron mobilities, and tunable electron affinities
[29, 130, [69).

The discovery of buckminsterfullerene, or C60, in 1985 was one of the early devel-
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opments of organic photovoltaics [70)]. Fullerenes have a spherical design comprised
of 30 conjugated double and single bonds with 12 pentagons and 20 hexagons [71].
The first bulk heterojunction organic solar cell had PC61BM as the acceptor and
established fullerenes as the most prominent component of organic solar cells [51].
Fullerenes can also form advantageous interpenetrating networks with many donor
materials, allowing organic solar cells with various donor polymers.

The efficiencies in OPV devices have been greatly enhanced through rigorous
research and optimization of these materials. The electron acceptor is the most
important component of the organic bulk heterojunction (BHJ) structure, with the
electron donor (most often a conjugated polymer or small molecule) facilitating charge
separation and transport. Fullerene, or in this case, fullerenes reached their zenith of
consumption as electron acceptor materials around the mid-1990’s, when Cgg and Cg
were first introduced as well as their soluble derivatives PCgBM (phenyl-Cg;-butyric
acid methyl ester) and PC7BM (phenyl-C7;-butyric acid methyl ester).

Because of their relatively high electron affinities (between 3.7 and 4.1 eV) and
ability to extract electrons from numerous donor options quickly, fullerenes became
very popular as electron acceptors. Additionally, fullerenes also exhibit nearly isotropic
charge transportation characteristics, allowing the unequal charging of multiple layers
of devices at once (better device performance). When fullerene is coupled with
conjugated polymers, a desired nanoscale degree of phase separation in BHJ blends
are developed, which is vital in converting light into electrical energy through the
formation and transport of excitons and charge carriers in organic solar cells.

Fullerenes originated, in fact, from all-purpose testing in organic electronics devices.
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In short, fullerenes were ultimately a harsh yet available resource (had capacity (high
selective index of utility)), where PCgBM held the variety of prosthetic fullerene
acceptors because solubility in organic polymer solvents was compatible with the
donor through the use of P3HT (poly(3-hexylthiophene)). The molecular structures
of PCgBM is given in Fig[1.26
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Figure 1.26: PCsBM

Another operational performance advantage of PCgBM is in terms of a maximum
operational performance average of 3-5% efficiencies. In terms of extended -
conjugation of Cyy, derivative PC7gBM (phenyl-C7;-butyric acid methyl ester), in
fact, was recognized as having very closely the same absorption range allowable
for the visible light region, and no incredible increases in Ji. were established for
the operational achievement to extract any fresh incremental improvements for

photovoltaic devices. The molecular structures of PC7,BM is given in Fig [1.27]
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Figure 1.27: PC7;,BM

The operation had followed, mostly, a similar story; ICBA (Indene-Cgy bisadduct)
with operational advantages had a higher V,. in comparison to PCBM due to the
position relative to the lowest unoccupied molecular (LUMO) potential energy orbital

[72], (73], [74]. The molecular structures of ICsBA is given in Fig|1.28

Figure 1.28: ICsBA

A landmark in this area is that devices based on P3HT reached a PCE of nearly
6%.0rganic photovoltaics based on fullerenes rely on certain photo-physical processes.
Upon illumination, the donor polymer molecule absorbs photons and excites excitons,
or bound electron-hole pairs, which diffuse towards the donor-acceptor interface. At

this interface, dissociation occurs because fullerene molecules have a greater electron
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affinity than the polymer donor, allowing the polymer to give up its excited electron
to the fullerene acceptor, leaving a hole in it. The electron moves through the
fullerene-rich domains and the holes through the polymer donor phase towards their
respective electrodes. Fullerene acceptors need to have strong optical absorption, be
miscible with a wide variety of donor polymers, and have tunable molecular orbital
energy levels that correspond well with the donor materials.

Recent investigations have focused on ultra-low—electron-affinity fullerene deriva-
tives, which are anticipated to exhibit novel optoelectronic properties, improved
compatibility with donor materials, and potentially enhanced stability and perfor-
mance in organic photovoltaic (OPV) devices.In addition, fullerene-based electron
acceptors are entirely stable and photostable compounds and thus continue to be a
large driver of future research, especially with multi-component and hybrid solar cells
[75]. PCBM ([6] [6]-phenyl-Cg;-butyric acid methyl ester) is the more popular fullerene
derivative because of the following impactful factors: very high solubility, tunable
energy levels, and high charge transfer efficiency [73]. Numerous structural derivatives
of PCBM, like PC71BM (which is optically derived from C70) and ICBA (indene-C60
bisadduct), may offer greater light harvesting and perhaps higher open-circuit voltage
[53].

Indene-Cyg bisadduct (ICsBA) is a fullerene derivative widely used in high-
performance organic solar cells (OSCs) due to its advantageous electronic and struc-
tural properties, including high electron mobility and optimal energy level alignment
with common donor materials, thus ultimately simplifying ICsoBA as an applicable

electron acceptor material. IC5BA has a C60 fullerene core and 2 indene groups
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attached at a bisadduct.

There are four possible regioisomers for ICgBA where indenes can occupy different
positions and polarities that can affect the photovoltaic performance of organic
solar cells. Through single crystal x-ray diffraction (XRD) characterization, we can
characterize the structural configuration of ICsBA, which is important to understand
because the location of the indene groups all relies on the arrangement of indene
fully, which depends on their structural configuration above the C60 cage, which will
dictate where the indene groups will lie.

ICsBA has a higher lowest unoccupied molecular orbital (LUMO) energy level
than the popular fullerene derivative PCBM. Higher LUMO levels provide higher open-
circuit voltage (Voc) in organic solar cells (OSCs), ultimately leading to higher power
conversion efficiency (PCE). The energy-level alignment of 1CsBA with polymer
donors is also critical for charge separation and for improving the cell’s efficiency
[76, 77, [78].

ICsoBA is highly soluble in organic solvents (e.g., chlorobenzene, o-dichlorobenzene)
and can be processed from solution [76]. Compared to PCBM, IC4,BA is also much
more amorphous and more miscible with polymeric donors on average, which limits
the extent of large-scale phase separation. IC5BA was developed to strategically
improve upon many of the deficiencies of fullerene acceptors, such as the very low
open-circuit voltage (Voc) and poor tunability. As a new family of ICgBA devel-
opments, it represented an important milestone to improve Voc of fullerene-based
acceptors with significant increases in optoelectronic efficiency in organic solar cells

(OSCs) (maximum efficiencies on the order of 6.5%) [71]. ICsBA has also been used
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as a performance additive in binary, ternary, and multi-component blends to control
morphology in the photoactive layer of devices.

The photovoltaic performance of OSCs may also be improved with ICsBA, as
it likely has more symmetric charge transport properties. In comparison with non-
fullerene binary OSCs, another important advantage of ICgBA is that it can enhance
active layer morphology (as a third component).Organic solar cells (OSCs) rely on
small, mostly pure domains to achieve efficient charge separation and transport. In
summary, ICsBA represents an essential milestone in the development of fullerene-

based acceptors for high-efficiency organic solar cells [79].

1.8 Thesis Outline

The primary aim of this thesis is to develop highly efficient multilayer bulk hetero-
junction organic solar cells utilizing fullerene acceptor materials in conjunction with
the most compatible transport layers. The device architectures of fullerene-based
organic solar cells are modeled using simulation tools, which have been calibrated
by comparing their outputs with experimental data from existing literature. The
subsequent chapters provide an in-depth analysis of the simulation studies conducted
on multilayer fullerene organic solar cells.

Chapter 1 presents an introduction to solar cells and a summary of the history
and operation of organic solar cells, with a specific focus on fullerene-based organic
solar cells, including ICsBA. In Chapter 2, the SCAPS 1D simulation tool was
used to assess this study, and the fundamental principles of device modelling were

discussed. In Chapter 3, the role of Cul as the hole-transport layer was evaluated in
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fullerene-based organic solar cells with the PSHT:ICBA active layer. Chapter 4 used
simulation results of fullerene organic solar cells and their optimization without an
electron transport layer. Chapter 5 assessed how the P3HT additional layer affected
the performance of fullerene-based organic solar cells. Chapter 6 followed the analysis
and simulation of multilayer fullerene organic solar cells with diverse electron and
hole transport layers. In Chapter 7, a summary of the study is done and potential
next steps are proposed. Finally, chapter 8 provides recommendations for future

study.



Chapter 2

Simulation tool and Device modelling

The development of organic solar cell (OSC) technology, particularly based on promis-
ing materials like IC5BA, relies on our ability to understand and predict device
performance. While experimental production and characterisation remain critical,
they can be expensive and time-consuming, particularly when optimising across a
broad parameter space. Computational simulation offers a viable and complementary
pathway, allowing for rapid prototyping, extensive examination of internal device
physics, and systematic assessment of how various material and structural parameters
contribute to overall efficiency. The fascinating topics of simulation tools and device
modelling are the focus of this chapter in the context of ICs BA-based organic solar
cells.

It aims to give a broad overview of the theoretical background and practical
applications of computational techniques for modelling and examining the behaviour
of photovoltaic devices. The main emphasis of this chapter will be the Solar Cell
Capacitance Simulator in one dimension (SCAPS-1D). This popular software package,

including OSCs, is a highly valuable research resource for the thin-film solar cell com-

61
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munity. Its value is partly in its strong numerical solution of the basic semiconductor
equations (namely, Poisson’s equation and the continuity equations for electrons and
holes) with drift-diffusion transport and the associated generation-recombination
models. This chapter will outline the rationale for selecting SCAPS-1D as a research
tool, describe its structure, detail the relevant physical models it employs for OSCs,
and specify the input parameters required to accurately simulate IC5BA-based device
structures. The remaining sections will assist in establishing the context regarding
the simulation results provided later in this thesis. These sections will first explore
the general principles of device modelling as applied to solar cells, then demonstrate
how to use the SCAPS-1D environment and describe the configuration and validation
process undertaken for the specific complexities and features of the organic solar cells
being studied, before interpreting the optimisation studies and design rules derived

from simulation work.

2.1 Overview of the Simulation Methodology

This section explains the use of a computational simulation method in this thesis
as part of the optimization studies of ICsyBA-based organic solar cell devices. The
advantage of numerical simulation (in terms of cost and speed) over experimental
methods (which can be difficult to do, or take longer) for studying device physics,
optimizing performance parameters and evaluating the effects of different materials or
structural characteristics are very significant. This thesis utilized the 1-D version of
the program SCAPS. The following two subsections detail the rationale for selecting

SCAPS-1D as the simulation tool and outline the systematic methodology used for
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the simulations[80)].

2.1.1 Reasons for using SCAPS-1D

The choice of SCAPS-1D (Solar Cell Capacitance Simulator — 1 Dimension) for this
investigation is based on a number of very particular advantages of the software
package for the optimization studies of organic solar cells based on IC5BA. SCAPS-
1D is a mature and widely accepted numerical simulation program for thin film solar
cell devices and possesses the following advantages:-

1.In-depth Physical Modelling: SCAPS-1D can numerically solve the govern-
ing equations of the semiconductors (Poisson’s Equation and continuity equations for
holes and electrons) to allow in-depth modelling on important phenomena such as
charge transport, recombination and generation for solar cell devices [81].

2.Flexibility: SCAPS-1D can simulate many device types (thin film, crystalline,
heterojunction) and therefore may be used for many different research applications
[82].

3.Ease of Use: SCAPS-1D programs are very easy to use with both a graphical
interface and script language, and allow for simple and advanced simulations.

4.Parameter Flexibility: The program allows the user to input material pa-
rameters (thickness, band gap, defects, doping), which allows an enormous variety
and detail, allowing researchers to simulate the results of optimisation studies and
sensitivity analysis [82].

5.Widespread Use and Community Acceptance: SCAPS-1D is widely used

and accepted by the PV research community to the extent that many simulation results
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show similar trends and values to those seen experimentally, thus giving researchers
the confidence they need that the results of their simulations and predictive modelling

techniques are accurate [83].

2.2 Simulation study workflow

The simulation study, using SCAPS-1D, has a pre-established workflow, which can
be described as follows to complete a thorough and reproducible study:

a) Define the Problem: Define the device structure in terms of layers (how
many layers are present in the device) and identify the material property of each of
the layers (thickness, band gap, doping concentration, and defect densities) [80].

b) Define the Simulation Conditions: Define what conditions would apply to
the simulation in terms of temperature and illumination spectra (AM 1.5G), including
operating voltage/frequency ranges, to replicate realistic device operating conditions
[801.

c) Define Measurable Parameters: The specific measurements selected to be
simulated will differ in every research study, depending on the research objectives,
for example, I-V (current-voltage), C-V (capacitance-voltage), C-f (capacitance-
frequency), and Quantum Efficiency (QE) experiments [80].

d) Define Variations and Optimization: The user can incrementally vary
and change the key device parameters and material property values, or utilise the
batch calculation capability of SCAPS-1D, which also supports studies related to
performance metrics such as Power Conversion Efficiency (PCE), open-circuit voltage

(Voc), short-circuit current density (Jsc), and fill factor (FF) [82].
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e) Running Simulations: Simulations can then be run for each set of defined
parameters. SCAPS-1D allows for numerical computing-based analysis to examine
energy band diagrams, carrier profiles, and I-V curves [81].

f) Analysis and Visualization: The simulation outputs are analyzed to identify
performance trends, optimize device characteristics, and deepen the understanding
of the underlying physics. SCAPS-1D facilitates this analysis by enabling users to
visualize band diagrams and carrier densities. These visualizations allow for clear
interpretation of the results, which is essential for reporting to funding agencies and
for inclusion in scientific journals [83].

g) Final Documenting of Results: Data and graph results can be saved for
processing and reports for publication. This process allows simulation studies to be
thorough and reproducible, providing a solid foundation of reliable data to enable

the design and optimisation of next-generation solar cell devices.

2.3 SCAPS-1D Software: Theoretical Structure

SCAPS-1D (Solar Cell Capacitance Simulator in 1D) is a numerical simulation tool
developed for the study of photovoltaic systems. This section of the paper provides
its theoretical foundation. Regardless of the circumstances, SCAPS-1D solves the

basic semiconductor equations underpinning the operation of solar cells [80)].

2.3.1 SCAPS 1D Software Background (version 3.3.08, Capabilities)

Developed at the University of Gent, Belgium, SCAPS-1D version 3.3.08 is a one-

dimensional simulation tool [121][84]. The program was meant to help model thin
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film solar cells including perovskite, CIGS, and CdTe based. SCAPS-1D offers the

following features:

e Simulation of quantum efficiency (QE), capacitance-voltage (C-V), and/or

current-voltage (J-V)
e Study of recombination processes and defect states
e Performance depending on temperature

e Optical modelling of multi-layer structures

2.3.2 Solved Basic Semiconductor Equations

SCAPS-1D numerically solves the following two linked partial differential equations:

1. Poisson’s equation

Vi = —pfe (2.1)

where: ® p=q(p —n+ Np — Ny) is the charge density,

e ¢ is the permittivity of the semiconductor,

e p and n are the hole and electron densities, respectively,

e Np, Ny4) are the ionized donor and acceptor densities, respectively
2. Equations of Continuity

Electron Continuity Equation

on 1
—=-V-J,+G,— R, 2.2
ot ¢ (2:2)
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Hole Continuity Equation

%z—éV-Jp—l—Gp—Rp (2.3)
where:

e Gn and Gp are the generation rates of electrons and holes (due to light absorp-
tion).

e Rn and Rp are the recombination rates,

e Jn and Jp are the electron and hole current densities. The continuity equations
indicate the time evolution of the concentration of the electrons, n, and holes, p, as

well as the rules for generation (G) and recombination (R) of the carriers.

3. Drift-diffusion transport model

dn

Jn = an(%) (2.4)
and
dp
Jp = aDp(~") (2.5)

The drift-diffusion transport model includes the electric field E driving carrier

drift, as well as carrier diffusion driven by the concentration gradient.

2.3.3 Boundary Conditions

The SCAPS-1D simulation environment allows for the implementation of several types

of boundary conditions, which are essential for solving the governing semiconductor
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equations [84]

Ohmic contacts are primarily defined by the high carrier concentrations achieved
through donor or acceptor doping at the interface. In contrast, Schottky contacts
are governed by properties like the metal work function and surface recombination
velocity, which create a rectifying energy barrier. Boundary conditions are governed
at the interfaces of the materials, including defect states and recombination bands.

Solving the above equations under specific boundary conditions helps determine
the performance characteristics of solar cells—including efficiencies, fill factors, and

recombination losses.

2.4 Material Characteristics: Parameters Required for SCAPS-1D Anal-

ysis

Numerical modeling via the SCAPS-1D (Solar Cell Capacitance Simulator in one
Dimension) is fundamentally reliant on the appropriateness and accuracy of the
input material parameters for their fidelity and prediction capability.[80]. SCAPS-
1D numerically solves the basic equations of semiconductors (Poisson’s equation,
continuity equations for electrons and holes and the drift-diffusion transport equations)
in a 1D device structure. This section presents the material parameters used in
the simulation of a bulk heterojunction (BHJ) solar cell, including the donor |,
acceptor, the hole transport layer (HTL), electron transport layer (ETL), and electrode
contacts. The parameters are set out in sections detailing the electrical, optical, and
defect properties, with the relevant experimental and theoretical work presented for

validation.
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2.4.1 General Parameters

These parameters establish the operational conditions for the simulated solar cell and

are universally applicable to the device architecture.

2.4.1.1 Temperature

The operating temperature greatly influences the performance of a solar cell. SCAPS-
1D can specify the device temperature in Kelvin (K). Many models consider a
standard operating temperature of 300 K to analyze; however, SCAPS-1D can allow
for modeling of the device, and a temperature-dependent analysis can be performed
on the device to see the performance of the device in different temperature modes
and where performance deviation of the device parameters will occur (Voc, Jsc, FF,
etc.). Carrier mobility is affected by temperature (phonon scattering) and band-gap

narrowing.

2.4.1.2 Illumination Spectrum (AM1.5G)

The Air Mass 1.5 Global (AM1.5G) spectrum is a standard solar irradiance spectrum
used for terrestrial solar cell simulations. It is the industry/academic community
standard for reporting solar cell efficiencies, and it helps provide comparability between
simulated results from SCAPS-1D and experimental results. It can be thought of as
sunlight after it has passed through Earth’s atmosphere at an angle large enough
to have 1-sun intensity. It is a key characteristic for simulating realistic operating
conditions.

SCAPS-1D has this spectrum built in, which defines the incident light power and
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wavelength distribution that SCAPS-1D uses to calculate photocurrent generation in
the solar cell. The spectral range from 300 to 1200 nm is most relevant for organic
semiconductors because below this range, photon energies are too high, leading to
minimal absorption or generation. Above this range, photon energies are too low
to generate electron-hole pairs. The light intensity is typically set to 1 sun (or 100
Mw /cm?). The incident spectrum’s intensity and the absorption coefficient of the
active layers determine the rate of electron-hole pair generation; this rate is constant
at every position and wavelength along the light path in the device. This feature is a

principal driver for the photocurrent [85].

2.4.2 Layer-Specific Parameters

The parameters for each of the layers in the solar cell stack are independent. The
composition of the active layer is a mix of P3HT and 1Cg,,BA, and it is accepted
that SCAPS-1D models the active layer as a single effective medium. However, other
techniques such as co-simulations and multi-layers can be adopted if it is assumed that
the parameters of the pure phases, and blend morphology, can be found. For each of
the layers in a solar cell device SCAPS-1D requires a set of electrical, optical, and
defect parameters. These parameters govern the behaviour of each of the materials

in the device, and are needed for an effective simulation.

2.4.2.1 Electrical Parameters
e Bandgap (Eg):

The bandgap, Eg, is defined as the energy difference between the conduction
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band minimum and the valence band maximum of the semiconducting material

and fundamentally defines the wavelengths a material can absorb [86].

e Electron affinity (x):

The electron affinity x is the energy difference between the minimum of the
conduction band(s) and that of the vacuum level. It is of interest because it
serves to define electronic band arrangements that exist for any interfaces of

the materials, and so the electron conduction[86].

e Work function (¢) The work function, ¢, is the minimum energy required
to take an electron out of a solid body (such as a metal) to a vacuum level
just outside the solid surface. The work function is of particular interest in
relation to metallic contacts, since this allows the height of Schottky barriers to

be described [86].

e Effective Density of States in Conduction/Valence Band (N¢, Ny) :
The effective density of states is the number of available states at the top of the
conduction band and at the bottom of the valence band. It is a very important
factor in determining the carrier concentrations, and hence the conductivity, of

any material.

e Electron and hole mobility (p,,4,) @ The terms electron mobility and
hole mobility denote the case of transporting electrons in the case of n-doped
silicon under an electric field and holes in the case of p-doped silicon under an

electric field. The improvement of charge carrier mobility should generally mean
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increased charge carrier transportation and thus improvement of the device

performance.

e Dielectric Permittivity (e,): It is a measure of a substance’s ability to store
electrical energy in an electric field. The dielectric permittivity enables one to

determine the absolute capacity and thus the capacitance of the solar cell.

e Doping Concentration (N4, Np): The doping density indicates the number
of impurities introduced into the semiconductor in order that the latter is able
to show certain conductivity. N, is the acceptor density (p-doping) and Np
the donor density (n-doping). This information is required to fix the electrical

indication of the doped layers [86].

2.4.2.2 Optical Parameters

v Absorption Coefficient of active layers : The absorption coefficient
indicates the amount of light that a substance absorbs of a certain wavelength,
in relation to the incident light. This variable is an important parameter to take
into account for all of the active layers, especially the perovskite layer, since
the absorption coefficient basically says how much light generates electron-hole

pairs.

v Refractive index (n): A refractive index indicates how light passes through
a material, namely, the speed of light in a vacuum compared to that of light

passing through some specific material.

v Extinction coefficient (k): The extinction coefficient indicates how much
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light a material absorbs or scatters. The extinction coefficient is also defined
in relation to the absorption coefficient. When performing detailed optical
modelling, these parameters can be included in a simulation that more accurately
examines how light propagates and is absorbed between the light source and

the device.

2.4.2.3 Defect Parameters

2.4.2.3.1 Type:

e Neutral:These are traps that are electrically neutral when empty (not occupied
by a charge carrier). When it captures an electron, the defect becomes negatively

charged. When it captures a hole, the defect becomes positively charged.

e Donor like: These traps are neutral when filled with an electron and positively
charged when empty (having donated their electron, which is equivalent to

capturing a hole).

e Acceptor like: These traps are negatively charged when filled with an electron

and neutral when empty.

2.4.2.3.2 Distribution

e Single Level (Discrete): Defects are defined as being at an energy level

position within the bandgap.

e Gaussian: Defects are defined as being in a range of energies with a Gaussian-

like distribution, characterized by a mean energy and standard deviation (char-
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acteristic energy). This is usually more realistic for disordered organic materials.

e Uniform: Defects are defined as being distributed uniformly over a range of

energy positions in the bandgap.

2.4.2.3.3 Energy Level (E;):

Energy location of the defect state in the bandgap (usually described from Ey or E¢).
Deep-level defects (close to mid-gap) are more effective as recombination centres than

shallow-level defects (close to band edges), which act as recombination traps mostly

2.4.2.3.4 Density (Nt):

Number of defect states per volume. Higher defect densities mean more recombination.

2.4.2.3.5 Capture Cross-sections (0,,0,):

Effective areas depict the probability of a defect state capturing either an electron
(0,,) or a hole (0,) - to calculate the recombination rate with Shockley-Read-Hall

(SRH) statistics.

2.4.2.4 Sources of Parameters:

The values for SCAPS-1D material properties are obtained from several sources.

These are:
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2.4.2.4.1 The literature

The major source of parameter values is literature values, which consist of both
available experimental values and those resulting from the simulation of other studies.
2.4.2.4.2 Standard Values:

Certain materials have standard values for parameters such as electron affinity and
dielectric permittivity, etc, which can be found in semiconductor physics textbooks &

databases.

2.4.2.4.3 Educated Guesses:

In the case where little experimental data exists, educated guesses, based on the
values of similar materials, may be employed

2.4.2.4.4 Parameters:

Certain parameters, such as the thickness of the active layer or the defect density,
may be varied intentionally in the simulation to study their effect on the device

performance.

2.5 Interface Modelling in SCAPS 1-D

Interfaces are important to the functionality of thin-film solar cells and thus in-
fluence charge-carrier transport, recombination, and device efficiency. SCAPS-1D
allows different interfaces in a photovoltaic device to be modelled, including D/A

(donor/acceptor) interfaces, active layer—transport layer interfaces, and transport
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layer—electrode contacts. An accurate model of interfaces is important for understand-
ing the contributions of recombination, charge trapping, and energy-level misalignment
to losses. This section provides some important points on interface modelling in
SCAPS-1D, covering interface types, defect states, recombination mechanisms, and

energy level alignment.

2.5.1 Modelling of D/A Interface

The donor/acceptor (D/A) interface is an important part of the functionality of bulk
heterojunction (BHJ) or planar heterojunction solar cells, as it strongly influences
carrier separation and recombination. SCAPS-1D allows for the D/A interface to be
modelled in depth by helping researchers define several parameters. The D/A interface

is first modelled by defining its type, recombination rates and defect properties.

2.5.1.1 Interface Type:

SCAPS-1D enables the researcher to model either abrupt (sharp transition from one
material to another) or graded (gradual change in composition from one material
to another) interfaces. Abrupt interfaces will give rise to abrupt band offsets, and
a graded interface will provide continuity of electric field changes to mitigate any

discontinuities that may induce recombination losses. [86]

2.5.1.2 Interface recombination velocity:

The interface recombination velocity describes how fast carriers recombine at the

interface. This is another adjustable parameter set by the researcher, where a higher
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value indicates greater attraction to the recombination pathways. The value selected
in SCAPS-1D will affect the experimental open-circuit voltage (Voc) and fill factor
(FF) [86].

2.5.1.3 Interface defect states:

These defects are characterized by their density (cm™?2), their energy within the
bandgap (eV), and their capture cross-sections (cm?). For example, if a defect density
of 10'2em =2 is present at mid-gap energies, then it would trap a carrier from one of

the active layers and cause non-radiative recombination [87].

2.5.2 Modeling of Active Layer/Transport Layer and Transport Layer/Electrode

Interfaces

The active layer, transport layers (ETL and HTL), and electrode interfaces affect
charge extraction efficiency and contact resistance. SCAPS-1D contains models to

represent these interfaces, considering;:

2.5.2.1 Contact Type (Ohmic vs. Schottky)

Ohmic Contact: This type of contact aims to have the least energy barrier for
charge extraction, so it is modelled as having a small difference in work function, and
as high doping at the interface [8§]. This form of contact is certainly the type that
would lead to effective solar cells.

Schottky Contact: This type of contact has a built-in potential barrier in the

form of work function differences between the cathode and ETL or the anode and
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HTL. This creates charge accumulation at the interface, which leads to increased

recombination factors [2].

2.5.2.2 Interface defects and surface recombination velocity

As was noted for the D/A interfaces, defects located at the transport layer/electrode
interface may trap carriers, leading to increased recombination [89]. SCAPS-1D
contains a mechanism to set defect density and energy distribution.

The efficiency of charge collection is dependent on the surface recombination
velocity (SRV) at the interface between the transport layer and the electrode. A high
SRV at the ETL/cathode or HTL/anode interface leads to voltage losses. The higher
the SRV the more likely electrons and holes will recombine at the interface and hence

the scarcer the carriers to be collected.

2.5.3 Energy Level Alignment at Interfaces

The arrangement of energy levels (the conduction band minimum, Ec; the valence band
maximum, Ev; and the Fermi level, Er) at the interfaces of different materials controls
all built-in electric fields, barrier heights, and charge transport pathways of the solar
cell. The energy-level alignment at each interface is critical for charge injection and
extraction; however, if the energy levels are misaligned, barriers can form and block
charge flow. SCAPS-1D can model these energy-level alignments and optimise the
interface, thereby minimising barriers. In an ideal situation, appropriate energy-level
alignment will minimise charge-injection barriers and charge-recombination losses.

SCAPS-1D can be used to understand the equilibrium Fermi level at an interface
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to determine a built-in potential and a barrier to carrier injection [89]. A 0.3 eV
offset at the HTL/active layer interface, for instance, will reduce the Voc by about
150 mV. Defects at an interface will cause localised band bending in addition to the
built-in potential, which complicates carrier transport. Including the defect charge

contribution in Poisson’s equation will mimic the localised band bending [90].

2.6 Simulation Methodologies and Result Evaluation:

This section describes the computational methods used to recreate the solar cell
devices studied and how the results and key parameters were analysed. The aim
is to develop a broad framework for understanding the device’s physics, so that
performance can be recreated and predicted, and its optimization enabled.

The simulation method will also be explained, providing a means to understand
the numerical simulation of the photovoltaic device and the key output characteristics
analysed, to characterise the performance of the devices studied. The general overall
workflow for all the simulations would comprise two major work areas: (1) the
calculation of the optical generation profiles and (2) the electrical simulation set-ups.
The key output parameters collected or observed from the simulations will then be

compiled and discussed.

2.6.1 Optical Generation Profile Calculation

The generation rate of carriers is an optically derived quantity that is an essential
input to the simulated response, since it gives the density distribution in space of the

photo-generated carriers and can be determined using the Beer-Lambert law, which
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offers the exponential attenuation of the light intensity with depth, which depends

upon the absorption properties. The expression is given in equation [2.6|

G(r) = aggexp ** (2.6)

We can then separate it into those terms which depend on depth and those which
are constant, and also from the Beer-Lambert law we can estimate the degradation in
the optical generation rate through the measurement of the diminishing light intensity
with penetration into the solar cell material. The full appreciation of the spatial
distribution of the absorbed photons and the distinguishability effects of the various
materials is of utmost importance in arriving to an understanding of the optical
generation rate of the mobile electron-hole pairs. The inner workings of the SCAPS
also can give further insight into the full optical model of the solar cell and of the
varying layer effects of the incident light effects with regard to the surface of the solar

cell [91].

2.6.2 Electrical Simulation Settings

Electrical simulations are complex processes involving settings for convergence criteria
that will guarantee that the iterative methods used to solve the equations arrive at a
stable solution. Voltage stepping is one of the critical simulation parameters. Voltage
stepping refers to when the voltage is increased in increments when applying voltage
to establish a simulation that reproduces the current-voltage (J-V) characteristics
of the cell. This parameter represents the performance of the cell under different

patterns of operation [92].
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2.6.3 Key Output Characteristics to be Analyzed
2.6.3.1 Current-Voltage Test (J-V) Characteristics:

The J-V characteristics, both dark and illuminated are valuable for estimating Voc,
Jsc, FF, PCE, and primary metrics required to measure the overall performance of

the solar cell [92].

2.6.3.2 Quantum Efficiency (QE) Spectra:

The QE spectra show how efficiently photons can be converted into charge carriers as
a function of wavelength. This helps to understand how losses occur due to reflections,

absorption, and recombination. [92]

2.6.3.3 Capacitance-Voltage characteristics (C-V):

C-V measurements reveal defects, built-in potential, doping, and carrier transport in
the solar cell; therefore, it is essential to understand properties including defects and

potential barriers to charge carrier transport [93].

2.6.3.4 Energy Band Diagrams:

Energy band diagrams show how the energy levels of the solar cell are impacted by
voltage. This is important for visualizing the band bending, potential barriers and

the ability to affect the charge carriers [91].
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2.6.3.5 Electric field profiles:

These electric field profiles are important in responding how internal fields are a factor
that separates carriers and how far the carriers travel. These fields are associated
with the material behaviour of each component and processing that arises in the

structural behaviour [94].

2.6.3.6 Carrier concentration profiles:

Carrier concentration profiles give an indication about charge carriers and how they
will be distributed through the cell. This is significant in relating areas of higher

recombination or poor carrier collection [94].

2.6.3.7 Recombination rate profiles:

Recombination rate profiles will include all of the different recombination mechanisms
such as Shockley-Read-Hall (SRH) recombination, Auger recombination, and radiative
recombination to help identify carrier loss mechanisms and regions of opportunity

and/or photonic improvements.

2.7 Basic Operations of SCAPS 1D

The fundamental “Action window (Action panel)” of the simulation program is
illustrated in Fig. 2.1} The window is divided into sections based on the functions
involved in the simulation process. The tab on the left-hand side is called ’set problem’,
which allows you to access the 'problem definition’ window shown in Fig. [2.2] This

is the window where the device structure of the solar cell and associated material
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parameters (listed in Table [2.1)) are defined. There is an icon to the right-hand side
at the bottom of the window for "load’” and ‘save’, where the ’load’ icon is used to
upload a file that has previously been saved with known structure and parameters.
By loading some examples that are already available in the SCAPS database, we
can run some investigations into them. Using the save icon, we can also input the
desired device structure and parameters into the database. When a solar cell device
structure is defined in SCAPS, there are various layers in the device. Each layer can
be thoroughly defined with material parameters and an absorption profile by clicking
underneath the layers tab. The layer definition window opens as seen in Fig. [2.3]
On the bottom left-hand side, there is a tab called Set Absorption Model for
defining the absorption profile of the material. There are some absorption profiles
for certain materials in the SCAPS database. This data can be selected by selecting
the option from file. Additionally, we can upload the absorption profile of a material
externally as well by creating a new absorption profile. The absorption profile must

be uploaded as a text file that meets specific requirements|i.e: . abs extension)].
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Figure 2.1: SCAPS 1D Action Panel

This is, for the most part, done by digitizing the absorption coefficient curves for
the material at its wavelengths, which range from about 300 nm to 800 nm. The
digitized values are converted into a text file for the absorption coefficient, with two
columns: the first column corresponds to the wavelength in nm, and the second to
the absorption coefficient in m™"' [95].

The defects and recombination in the respective layer are specified in the RHS
of the layer definition window. SCAPS allows adding up to 7 defects per layer, and
when you click the ‘Add/Edit’ tab, a new window opens. After saving the defect
parameters, the layer definition window would display the respective carrier lifetimes
and diffusion lengths for holes and electrons. There are provisions of giving the
direct value of the capture coefficient corresponding to Auger recombination and

the coefficient of radiative recombination in the top portion of the RHS of the layer
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definition windows.

For organic solar cells, we kept these blanks since the dominating recombination
has been the SRH recombination. All of the above specifications must be provided
separately for each layer in the device structure. There are also provisions for adding,
deleting, and duplicating any layers. Once all the layer parameters have been specified,
the contact parameters for the front and back contacts should be provided. This
can be done by clicking on the tab that means ‘front contact’, ‘back contact, which
would initiate a new window for the contact parameters to be entered. The main
parameters of a contact electrode is the work function, which can be directly entered
in the panel for contact properties. Another means for getting the work function of

the electrode is to make use of the ‘flat bands’ tab.
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Figure 2.2: SCAPS 1D Simulation Panel

The final parameters to be specified in the layer definition panel concern the

characteristics of interface defects. Upon clicking the tab next to layers, a box opens
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where the data to be entered regarding the densities of the interface defects must
be entered. All data concerning interface defects being encapsulated, the problem is
defined. The device can be registered in SCAPS by clicking Save in the lower-right
corner of the open box. The left-hand side concerns the simulation environment.
The work point shows the conditions that must remain constant throughout the
simulations. The temperature parameter must have constant values assigned across
all simulations. The initial voltage in SCAPS is always 0 volts, which tends to increase
to the specified value after a few iterations.

The frequency (f) is required to perform capacitance-voltage simulations, if re-
quired. The most important tab for the photovoltaic cell’s working function is
illumination conditions. The illumination may be specified as dark or light, and the
spectrum may be selected accordingly. The illumination of the cell structure may be
applied through the front or rear contacts. The standard spectrum used is the AM
1.5 G spectrum, with an incident beam power of 1000 W/m?. Tt is then necessary to
specify what class of simulation is to be carried out.

SCAPS allows for Current-Voltage (I-V) , Capacitance-Frequency (C-f), Capacitance-
Voltage (C-V), and Quantum Efficiency (EQE) simulations. Following the selection
of the box for the simulation type, depending on the need for the required simula-
tion conditions, the box entitled calculate single shot must be pressed, so that the
simulations can be entered. The action window also gives the possibility of batch

simulations.
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Figure 2.3: SCAPS 1D Layer Definition Panel

S1 No Parameters Unit
1 Thickness nm
2 Band gap eV
3 Electron affinity eV
4 Dielectric permittivity
> CB effective density of states | cm™3
6 VB effective density of states | cm™3
7 Electron thermal velocity cm/s
8 Hole thermal velocity cm/s
9 Electron mobility cm? Vs
10 Hole mobility em?/V's
11 Donor density cm ™3
12 Acceptor density cm ™3

Table 2.1: The input parameters in the layer definition panel
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2.7.1 Comprehending the operational mechanisms of SCAPS

SCAPS 1-D solves the basic semiconductor equations given below in the bulk of
the device structure. SCAPS forms a batch of coupled differential equations by
applying suitable boundary conditions. Then, steady-state solutions of the system

are calculated numerically.

% <60€”?}_§) — ¢ p—n—l—ND—NA—deTEf) (2.7)
%‘;” U, +G= 2—7; (28)
%—UPJFG:% (2.9)

7= unn% (2.10)
Iy = 22 211

In this case, q stands for the charge and W stands for the electrostatic potential. p, n
stand for the free hole, free electrons. Np and N4 are the concentrations of ionised
donor-like and ionised acceptor-like doping, respectively. € is the permittivity, and ¢
is the permittivity of empty space. Jn and Jp are the current densities of electrons
and holes, respectively. Un is the rate at which electrons recombine, Up is the rate at
which holes recombine, G is the rate at which new particles are made, p,, and p, are
the rates at which electrons and holes move, and Er, and Ef, are the quasi-Fermi

levels for electrons and holes, respectively.
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2.7.2 Sampling of the structure in SCAPS

The device architecture is sampled by passing through the computational mesh. The
act of meshing at SCAPS has to comply with certain criteria. A coarse mesh will be
located in the center of a layer, and a fine mesh will be initiated at the location of the
interfaces of the device and the contact electrodes. During meshing, it will discretize
two points at the structural interface. The software will optimize the mesh while
conducting computations. There is also the option to optimize the mesh through
each iteration by ticking the box worded 'recalculate the mesh during iterations’ in
the numerical interface [95].

If the option of mesh recalculation is selected in the numerical interface, the
program will calculate the ratios of exp(q¢/kgT), exp(Ep,/kpT), and exp(Ep,/ksT),
as well as the recombination rate (R) and generation rate (G) between adjacent mesh
points. The numerical panel has a predetermined maximum ratio value. If a calculated
ratio is larger than this value, the program will add mesh points to the simulation.
Conversely, the program will remove mesh points if the calculated ratio is smaller

than a predetermined minimum value. [95].

2.7.3 How to Reach the Solution in SCAPS

The computations can be initialized by clicking either on the calculate single shot tab
to investigate how a parameter affects the action window or by clicking on the Batch
tab to study the result of a range of values for a parameter and the influence on the
action window after determining the manner of simulation (see section 2.7). First, in

this instance, numerical methods are used to solve the equations in Section 2.7.1. The
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well-known Gummel method (for the most part) & also the Newton-Raphson method
(of which knowledge is secondary) form the basis of the more common numerical
methods.

The numerical screen indicates the parameters of the numerical method. The
greater the number of iterations employed, the quicker the calculation. The subject
has to make a first approximation. The first approximation must be close to the real
solution of the system; otherwise, if too far away, the iteration may be very long
before the solution converges. Attention must be very carefully paid as to which
first approximations are made, but the first approximation value does not enter
the program. SCAPS is run through various values that are to be ascertained for
the working point conditions, which dictate which reference is to be used for the
calculation. SCAPS assumes that the quasi-Fermi levels in the device structure are
all equal to 0 and that the potentials in the structure are also equal to 0 initially.
Those have something to do with the first approximation when no external voltage is
applied, and in the case of equilibrium in the dark. But, at the same time, SCAPS
runs the short-circuit cases at one not too great from the first approximation value,

so that an initial approximation value should be prepared [95].

2.7.4 SCAPS output parameter extraction

The output of the simulation can be assessed in the results panel from the action
window itself. The most essential option for results analysis is the I-V panel. The
current density-Voltage curve(J-V curve) is shown at the top LHS of the panel. The

RHS has recombination currents. The output parameters of the solar cell are shown
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below the J-V curve, with Voc, Jsc, FF, and PCE arranged as four columns. It is also
possible to do a logarithmic scale for the J-V curve. The QE of the simulated device
can then be analysed by clicking on the QE panel tab. Note that QE is external
quantum efficiency (EQE). We can save the J-V curve and QE curve directly in any
other folder by clicking on the ’save’ tab on the top-right side of the window. The

output / result window opens as seen in Fig. [2.4]
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Figure 2.4: SCAPS 1D Result Panel



Chapter 3

Simulation Studies of P3HT:IC;BA Organic Solar

Cells using inorganic Cul as HTL

This chapter describes the effect of the inorganic hole transport layer Cul on bulk
heterojunction polymer solar cells in which a fullerene ICsBA acts as the acceptor.
The various characteristics of the hole transport layer are studied in detail. Among
the various systems investigated, bulk heterojunction polymer solar cells in which
poly(3-hexylthiophene) (P3HT) serves as the donor and either phenyl C61 butyric
acid methyl ester or one of its derivatives, i.e., ICsBA, serves as the acceptor have
attracted the most attention. However, one important challenge in optimizing cell
operation is the design of suitable hole-transport layers that efficiently transport
holes.

The non-crystalline polymer poly(3,4-ethylenedioxythiophene):polystyrene sul-
fonate (PEDOT: PSS) has been extensively studied as a hole-transport layer due
to its high conductivity and transparency. However, owing to its hydrophilic and

acidic nature, as well as the tendency of PEDOT: PSS to dissolve in water (which

92
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may lead to device degradation), it becomes necessary to develop suitable alternative
hole-transport layers to achieve long-term efficiency.

We will now make a direct comparison between the intriguing properties of Cul,
such as its conductivity and solution-processability, with those of PEDOT:PSS and
determine their relative effects in relation to the cell performance and stability of
P3HT:1Csy BA based devices. The work will encompass the study of the influence
of copper iodide on power-conversion efficiency, fill factor, short-circuit current
density,and open-circuit voltage, thus enabling a more thorough understanding of

Cul’s impact on solar cell performance.

3.1 Standardization

A stringent requirement on validation of a given software is a standardization with
experimental works [L0]. The device structure used for the purposes of standardis-
ation is shown in Fig (3.1} The matching output parameters are given in Table (3.1

[experimental results and simulated results].
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Parameters | Experimental | Simulated
Vocl|V] 0.84 0.955
Jsc [mA/cm? 8.36 6.28
FF [%] 65 69.9
PCE[%)] 4.22 4.19

Table 3.1: Evaluation of simulated parameters with experimental results
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Figure 3.1: P3HT :1C4BA Bulk Heterojunction Polymer Solar Cell Structure
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The simulated bulk heterojunction structure of polymer solar cell analyzed by

SCAPS 1-D, is given in Fig[3.2) [Glass/ITO/Cul/P3HT:ICsBA/ZnO NPs/Al]. Fig.

represents the energy band alignment diagram. At the Active/Cul interface, the

valence band offset is of +0.12 eV, allowing holes to be readily transmitted to the

back metallic contact; while the conduction band offset is of + 0.5 eV, at the ZnO

NPs/Active interface allowing the produced photoelectrons to readily move to the

front contact.
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Figure 3.2: Simulated Polymer Solar Cell Structure
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Figure 3.3: Energy Level Band Diagram

A summary of the simulation parameters for the configuration is shown in Table

n The parameters are represented by the Energy bandgap [Eg], relative permittivity

[e-], electron affinity [x], electron and hole mobilities [p,, ] and defect density terms

[Nt]. The excitation densities for the conduction band and valence band are No and
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Ny, respectively, while the densities of the acceptor and donor materials are N4 and
Np, respectively [06] . All the layers have the same values for the parameters not
mentioned in Table . The average energy of the neutral Gaussian distribution
defect is chosen to be 0.1 eV. The electron and hole capture cross-sections are adjusted
to 9 x 107" cm?, and the thermal velocity of both carriers is fixed at 107 cm/s [97].
Two defect interfaces (HTL/Active and ETL/Active) are defined at a density of
10°%cm~2. The work function of the front electrode is set to 4.7 eV, and the back
electrode has a work function of 4.125 eV. The absorption profile of the active layer
and HTL was obtained from the literature data [08]. The simulation does not take
into account optical reflectance, and to obtain the numerical parameters used in the
studies, the control variable method was adopted.

The solar cell output parameters were obtained from the conditions reported in
Table as open circuit voltage (Voc), short circuit current density (Jsc), fill factor
(FF), and power conversion effectiveness (PCE). By improving the characteristics of
the polymer solar cells, the structure calibrated is employed in the formation of BHJ

PSC with inorganic Cul as HTL.
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Parameters HTL | Active Layer ETL
Thickness [nm] 27 250 46
Eg (eV) 2.08 1.68 3.2
x(eV) 2.1 3.880 16
€r 6.5 3.3 9
pin(cm? /Vs) 107 107 107
pp(em?/Vs) 107 107 107
Na(em™3) 2 x 108 0 0
Np(em™?) 0 3.2 x 10® 1.1 x 10"
Ne(em™3) 1072 1.6x 100 | 2.2x 10"
Ny (em=3) 1072 10™ 1.8 x 10
N,(em ™) 107 107 100

Table 3.2: Simulation Parameters used
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3.2 Optimization of the cell structure ITO/Cul/P3HT:IC4BA /ZnONPs/Al

3.2.1 Influence of Active Layer Thickness

A Polymer solar cell’s [PSC’s] performance is mainly determined by a complicated
interaction of physical processes, such as light absorption, exciton dissociation, charge
transport, and charge extraction. Of the important device parameters, the active layer
thickness, which is that of a bulk heterojunction (BHJ, typically a polymer donor
and fullerene or non-fullerene acceptor) may be the most important design factor
since it governs the trade off between optical and electrical performance. The major
challenge in PSC optimisation is how to exploit the inherent trade-off involved with
increasing the active layer thickness, wherein increased light absorption is obtained at
the expense of maximising current losses (recombination) associated with increased
thickness.

The main purpose of the active layer is to absorb the incoming photons and
produce excitons. It is obvious why the total light absorption is directly proportional
to the thickness of the active layer, since the increase in thickness will lead to an
increase in optical path length passing through the cell and thus to a greater number
of photons absorbed and thus to a greater possibility of obtaining short circuit current
density, Jsc. The relationship is, however, not a purely linear one owing to the optical
environment within the device.

The PSC structure, being one of several layers of different refractive index (trans-
parent electrode, active layer and metal back electrode for instance) acts like an

optical cavity and the interference effects therein give rise to a non-uniform light
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absorption pattern over the whole of the active layer. In very thin films (usually
less than ~100 nm), with proportionately little light absorbed, optical losses due to
interference effects become large, and Jsc is ultimately limited. Although increasing
the thickness can lessen this, the optimal thickness for light absorption depends upon
the particular material’s absorption coefficient and also likely upon the optical design
of the cell.

As illustrated in Figl3.5] the output is examined. Investigation of active-layer
thicknesses from 50 to 400 nm reveals a direct correlation with performance. Jsc,
PCE, and Voc all increase with thickness. Device performance is best at 400nm (max
Jsc is 8.24 mA /em?, PCE is 4.13%, and Voc is 0.830 V). Increased thickness may be
responsible for this by boosting light absorption and photogenerated carriers. As the
thickness increases, more photons are absorbed, and hence, PCE increases. Jsc rises
because of a higher likelihood of exciton dissociation or a lower rate of recombination
of non-geminate charge couples. As thickness increases, FF first rises before beginning
to fall. The maximum value of 62.29% occurs at a thickness of 150 nm. This could

be due to the increase in series resistance with thickness.
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Figure 3.5: Influence of Active Layer thickness

3.2.2 Effect of HTL (Cul) properties

On solar cell performance, the effects of HTL layer [Cul] parameters, including

thickness, doping concentration, mobility and electron affinity, were examined.
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3.2.2.1 Influence of thickness

The thickness of the HTL is a critical parameter that must be carefully optimized, as
it influences both the electrical and optical properties of the device. The output of
BHJ PSC is heavily influenced by the hole-transporting layer. Better hole transport
and charge collection at the electrodes are made possible by a superior HTL selection.

The HTL layer thickness is increased from 50 to 400 nm, and Fig[3.6] illustrates
the impact on output parameters. From the graph, we find that Voc, Jsc, and PCE
increase, while for FF it is found to decrease initially with HTL thickness and then
increases.

The variation in V,. is mainly due to improved interfacial quality and reduced
recombination. Jsc varies due to enhanced photon absorption and, consequently, a
higher rate of exciton generation. Variation in FF accounts for the increase in series
resistance. PCE varies due to the cumulative effect of all other output parameters.The

highest possible Voc, Jsc, and PCE occur at a thickness of 250nm.
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Figure 3.6: Influence of thickness

3.2.2.2 Influence of doping density

Another important HTL parameter is the doping density, which is preferably tuned
for each device, as it also plays an important role in the device’s electrical and optical
properties.

Charge accumulation due to higher doping density in the HTL yields a stronger
electric field at the HTL /active layer interface and reduced interface recombination,
resulting in higher power conversion efficiency.

Also noted was a corresponding dependence of fill factor and power conversion
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efficiency of devices. Fig. depicts the effect of hole transport layer doping density
on output characteristics.

The increase in V. is primarily an electrochemical effect driven by the shift in
the HTL’s Fermi level. The increase in fill factor accounts for a reduction in series
resistance and increase in the extraction of holes. The decrease in .J,. is a consequence

of charge transport and optical losses introduced by excessive doping.
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Figure 3.7: Influence of doping density
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3.2.2.3 Influence of Hole Mobility

The hole mobility of HTL layer is the parameter that has the most direct effect on
the performance parameters of the solar cell, in that it indicates the rate at which
positive charge carriers (holes) can migrate through it. The HTL layer’s hole mobility
is raised from 107% to 1 ¢m?/Vs, and the outcomes are investigated. The output
appears to validate the material’s increased conductivity due to the mobility effect.

The PCE is maximum at 1073¢m?/Vs. High hole mobilities lead to a higher Voc
due to enhanced hole extraction efficiency and a reduction in charge recombination.
Jsc will reduce as a consequence of the balance of charge carriers and increased
recombination at the interfaces.

The fill factor increases because of improved hole transport, which reduces the
series resistance in the solar cell and enables more efficient power extraction. In
general, high hole mobilities in the HTL lead to higher PCE in the solar cell due to
efficient hole transport, leading to lower levels of charge recombination [99].

The optimum cell output is represented in the assessment, considering the work
function of the metal contacts, defect states, and the amount of light transmitted
or reflected from the front/back contacts [100]. Fig. depicts the effect of hole

mobility.
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Figure 3.8: Influence of Hole Mobility

3.2.2.4 Influence of Electron Affinity

The electron affinity of the hole-transport layer plays a crucial role in determining the
energy alignment at its interface with the active layer, which, in turn, significantly
impacts the efficiency of charge extraction and, consequently, the overall performance
of polymer solar cells[I0T].

This energy alignment is crucial because it helps eliminate energy losses and max-
imize the open-circuit voltage by promoting efficient hole extraction while preventing

the simultaneous extraction of electrons [102]. An essential factor for proper electron
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affinity in the hole-transport layer is that the polymer’s ionization potential is now
closer to the active layer’s valence-band energy, which seems to favour improved hole
extraction efficiency and open-circuit voltage [103]. For example, a higher electron
affinity of the hole transport layer leads to a higher open-circuit voltage, up to an
acceptable level, by reducing the valence band offset between the layers, thereby
improving charge separation and reducing recombination losses.

Conversely, a greater electron affinity may also lead to a greater number of
electrons being available, at least in the form of a higher concentration[83]. HTL’s
electron affinity is changed between 1.8 and 2.6 eV, and the influence on output
performance is displayed in Fig[3.9. At 2.4 eV, the PCE of 3.56% and the Voc of
0.9234 V are achieved. At 2.8V, an FF of 61.82 % is obtained. The BHJ PSC’s
active and transport layers benefit from better energy alignment and improved charge

transport when the best electron affinity reduces the band gap effect.
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Figure 3.9: Influence of Electron Affinity

3.2.3 Effect of ETL (ZnO NPs) properties
3.2.3.1 Influence of Thickness

The thickness of ETL is varied from 2nm to 10nm. As a thicker ETL increases the
series resistance, it is easier for the charge carriers to be lost before being extracted

from the photoactive layer, and it results in the loss of a buffer layer to stabilize the
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photoactive layer against degradation due to the influence of light on the structure
[98].

A higher thickness of the ETL will result in a higher level of absorption of light by
the ETL material than if the ETL were thinner, resulting in less light being absorbed
by the photoactive layer and subsequently resulting in a reduction in the short-circuit
current-density [T04].

An overly thick ETL will result in poor electron transport through it and into
the electrodes, because electrons have to travel a longer distance through the ETL
to reach the electrodes, increasing the probability of charge-carrier recombination
before extraction at the electrodes. In addition to the increase in the length of the
electron-transport route, there will also be a potential drop along the length of the
ETL due to the resistance of the ETL, resulting in a decrease in the open-circuit
voltage.

The decrease in the output characteristics of the solar cells can be made worse
by the fact that the band edges are not optimized at the interface regions, which
will result in the possibility of negative charge-transfer dynamics and will create a
greater issue of defects in the spectrum of the over-thick layer, which will act as
charge-carrier-recombination centers. Additionally, the reduced ability of the solar
cell to convert photons in the visible spectrum into electrical energy will result in an
additional reduction in the short-circuit current density of the solar cells when they
use an overly thick ETL, which will negatively affect the overall power-conversion
efficiency of the solar cells [T05]. Fig represents the graphical representation of

the variation of output parameters with the thickness of the electron transport layer



3.2. Optimization of the cell structure
ITO/Cul/P3HT:ICsBA /ZnONPs/Al 109

of a polymer solar cell.
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Figure 3.10: Influence of Thickness

3.2.3.2 Influence of Electron Affinity

The electron affinity is changed from 3.8eV to 4.4eV. A robustly excessive electron
affinity in the electron transport layer negatively affects the open-circuit voltage, short-
circuit current density, and power conversion efficiency by virtue of the large energy
barrier it forms, which slows electron extraction and increases charge recombination
at the interface. This also occurs because the excessive electron affinity leads to an
unfavourable band alignment, which increases interfacial recombination and reduces
the collection of charge carriers.

This also underscores the importance of tuning the electron affinity to achieve
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an ideal balance between sufficient and efficient charge extraction and minimal
recombination, leading to optimal device performance [106]. Fig [3.11| shows the
graphical representation of the variation of output parameters with an increase in

the electron affinity of the electron transport layer.
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Figure 3.11: Influence of Electron Affinity

3.2.3.3 Influence of Doping Density

Doping level within the ETL is an important factor influencing the physical properties
of polymer PVs. Screening of the donor-acceptor interface by a high doping density
enhances the extraction of charge carriers and speeds up the transport process at the
expense of recombination loss [107].

The doping density is varied from 10'7 to 10%° ¢m 3. The fact that the doping

densities are such that the increased conductivity of the electron transport layer gives



3.2. Optimization of the cell structure
ITO/Cul/P3HT:ICsBA /ZnONPs/Al 111

rise to increased transport of electrons in the solar cell leads to decreased build-up
of electrons in the solar cell, both of which lead to increased short circuit current
density and fill factors for the solar cell [I08]. Also, if the concentration of doping in
the electron transport layer could be optimized and if the parameters of the electron
transport layer were optimized, a more favourable high work function for use in the
solar cell could be obtained, which would vastly improve electron extraction and
could lead to increased open circuit voltage of the solar cell.

Ultimately, the increased enhancement of the transport of the charge carriers
and the associated decrease in recombination would lead to increased efficiencies of
conversion of the power of the solar cell [I09, IT0]. Fig|3.12| represents the respective

graph.
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Figure 3.12: Influence of Doping Density
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3.2.3.4 Influence of Electron Mobility

The electron mobility of ETL is changed from 1075 to 1072 ¢m?/V's . With elevated
electron mobility in the electron transport layer of a polymer solar cell, both the
open-circuit voltage and the power conversion efficiency are generally decreased. At
the same time, the fill factor and the short-circuit current density increase. The
latter two phenomena occur because of improved charge extraction and reduced
recombination within the device. There is a complex relationship among these
parameters such that optimized electron transport results in more efficient charge
collection, which increases both the Jsc and FF, however, it also potentially alters
the energy level alignment as well and creates additional nonradiative recombination
pathways, ultimately decreasing both Voc and PCE. Electron mobility can improve
charge-carrier separation and transport, thereby increasing Jsc and FF by reducing
charge-carrier recombination [IT1I]. However, high electron mobility may result in
charge carrier transport imbalances that can elevate recombination at the back contact,

thereby reducing Voc and PCE [112]. Fig3.13| shows the respective graph.
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Figure 3.13: Influence of Electron Mobility

3.2.4 Effect of defect density at HTL/Active Layer interface

Defect density at the hole-transport layer and active-layer interfaces is significant for
the electrical characteristics of organic polymer solar cells because it can influence
charge-carrier recombination and charge-collection efficiency. If there are large
numbers of defects at these critical interfaces, then they may facilitate trap-assisted
recombination that will be detrimental to the open-circuit voltage and fill factor. The
defects will also result in an increase in the leakage current and a decrease in the

short-circuit current density because of poor charge separation and transport[I13].
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Additionally, defects at this interface can lower charge mobility, leading to charge
accumulation.

Charge accumulation increases series resistance, reducing the fill factor. Thus, a
high defect density at the interface can lead to increased charge-carrier recombination,
resulting in a rapid decrease in Jsc. High defect density at the interface can make a
fast drop in the fill factor. Defects act as traps for charge carriers, leading to energy
loss and reduced efficiency. Therefore, defects arising from either unfavourable band
alignment between the HTL and active layers or from the inherent properties of the
materials used can significantly degrade the performance of the photovoltaic device
by providing additional pathways for recombination at the HTL-active layer interface.

The defect densities of the HTL/Active layer contact are varied from 107cm =3 to
10*2em 3. Increased defect density results in more traps and lowers cell performance.
For better output, low interface defect densities are desirable. The effects of changing
defect density at the HTL/Active layer contact are depicted in Fig. The

optimized values are obtained at 107cm 3.
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Figure 3.14: Influence of HTL/Active Layer Interface Defect Density

3.2.5 Effect of defect density at Active Layer/ETL interface

The interfacial disorder is a site for exciton recombination, thereby lowering the
overall power conversion efficiency [IT14]. Here, the interface defect density is varied
from 10® to 10'2 em=3.

Specifically, a high density of defects at the interface between the active material
layer and the electron transport layer may be sites where charge carriers become
trapped, thereby slowing their transport to the electrodes.

Thus, a greater opportunity for charge-carrier recombination occurs before ex-

traction. This higher probability of recombination is likely caused by the presence of
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pinholes within the solar cell, which would lead to further degradation of the solar
cell’s performance by increasing the diffusion length of the charge carriers [I15]. Not
only does the trapping action lead to fewer carriers available for extraction, but it also
results in a substantial loss in the open circuit voltage because of reduced quasi-Fermi
level separation, leading to less maximum potential difference across the solar cell
[102).

Short-circuit current density is also negatively affected, since an increase in
defect density increases the number of defects that capture photogenerated carriers,
thereby decreasing the probability that carriers achieve sufficient mobility to reach
the electrodes and ultimately decreasing the total current produced by the solar cell
[116]. Non-radiative recombination occurring at defects on the interfaces decreases
the power conversion efficiency of the solar cells due to decreased fill factor since the
charge carriers are redirected to non-productive areas before they have an opportunity

to perform useful external work [T17]. Fig shows the respective graph.
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Device Parameters | Thickness [nm] | x[eV] | u, [cm?/Vs] | Final

Voc[V] 0.8252 0.0234 | 08173 | 1.2170

Jsc [mA /cm?] 7.2543 6.4802 6.4829 6.9243
FF [%] 60.91 59.57 62.01 73.95
PCE[%)] 3.65 3.56 3.2 6.23

Table 3.3: Optimized Device Performance Parameters

3.3 Conclusion

Overall, performance of bulk-hetero junction (BHJ) polymer solar cells can be sig-
nificantly enhanced by carefully optimizing several parameters of the hole-transport

layer (HTL). Cell performance benefits from an increase in HTL thickness, which, for
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the best results, was approximately 400 nm thick. Reduction of defect density in this
layer was also important. The optimized device performance parameters are shown
in Table and the simulated J-V curve is shown in Fig[3.4] This work constitutes
the first report of a high-efficiency BHJ solar cell with an inorganic Copper lodide
(Cul) hole-transport layer, demonstrating the great potential of Cul for application

in next-generation polymer solar cells.



Chapter 4

Simulation Studies of P3HT:IC;BA Organic Solar

Cells without ETL

Following the extensive simulation study in Chapter 3 on the optimum P3HT:1CsBA
polymer solar cell, which employed a Cul hole-transport layer (HTL) together with
a ZnO nanoparticle electron-transport layer (ETL), we now shift our focus from
devices with interfacial layers to the underlying device physics in the absence of such
interfaces. One of the key conclusions drawn from the comparative analysis in Chapter
3 is the superior performance achieved when Cul replaced PEDOT: PSS as HTL .But
when Polymer SC structure is studied under simulation ,it was found that PSC with
Cul as HTL attained an efficiency of 10.10% when compared to PSC Structure with
PEDOT :PSS [without ETL], showing a PCE of 10.83%. This observation underscores
the crucial role of the HTL, even purely in terms of extraction and recombination
dynamics, and also indicates that this behaviour is strongly material dependent. To
establish a clear baseline for understanding these subtle interfacial effects, Chapter

4 presents a simulation study of the PSHT:1C5BA bulk-heterojunction active layer

119
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entirely without ETL. The aim is to examine the essential charge-generation, transport,
and recombination processes within the active layer, allowing direct and quantitative
comparison with the high-performance architecture in Chapter 3 and the intermediate
device structures, thereby clarifying how the performance becomes limited and why
selective contacts are required in this material system.

In polymer solar cells, electron transport layers (ETL) are used for collecting the
electrons but could limit the performance of the device because of issues with the
material such as TiO, degrading from UV light or trapping the electrons because
of defects in the layer. Studies have shown that removing the ETL can create an
increase in efficiency and lower the cost of production. In some cases, the performance
of the ETL materials can be greatly affected by lowering the thickness of the layer,
so the material becomes a scalability issue for mass production. An optimization
of a standard structure replaced without ETL [ZnO nanoparticles] leads to a most
significant enhancement of the efficiency from structures with ETL proving evidence

to high efficiency polymer solar cells.

4.1 Standardization

The software is validated by comparing the simulated results to the experimental one.
The standardization results are shown in the Table [£.1] The Simulated polymer solar

cell [PSC] structure is represented by Fig. [4.1
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Figure 4.1: Simulated Polymer Solar Cell Structure

Parameters | Experimental | Simulated
Voc[V] 0.84 0.85

Jsc [mA /cm? 8.36 8.21
FF [%] 59 57
PCE[%)] 4.1 3.97

Table 4.1: Evaluation of simulated parameters with experimental results

4.2 Optimization of the cell structure ITO/PEDOT:PSS/P3HT:ICsBA /Al

4.2.1 Effect of Active Layer properties
4.2.1.1 Influence of thickness

The active layer thickness is varied between 300 nm to 700 nm. As thickness increases,
Voc, Jsc and PCE increase, but FF decreases. The corresponding graph is given in
Fig[d.2] Voc increases due to the production of more charge carriers. Variation in Jsc

accounts for more light absorption and FF declines due to increase in series resistance
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and recombination. Variation in PCE accounts for the combined effect of all other

output parameters.
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Figure 4.2: Influence of thickness

4.2.1.2 Influence of defect density

The defect density of the active layer is increased from 10%cm=3 to 102°em™=3. Voc
increases with defect density, while FF and PCE vary similarly. Jsc is found to
decrease with increasing defect density. Optical techniques based on sub-bandgap
absorption or emission can also provide insights into the defect density in the active
layer. It was discovered that optimal performance occurs at 10'7cm =3, with an

efficiency of 5.87 %. These variances are shown in Fig 4.3
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Defect density can act as trapping sites, leading to non-radiative recombination
which impacts the Voc. The Jsc is lowered by high defect density due to increased
recombination and trapping of charge carriers. The lack of symmetry in the transit
rate of electrons and holes will lead to a charge being built up in the device (termed
a space charge), and this will inhibit further charge extraction and thus reduce the
fill factor.Traps can serve to balance the transport, slowing down the more mobile
carrier for a time and arranging for a more uniform transit of charge, and reducing
the deleterious effects of space charge. Influence of Voc, Jsc, and FF results in the
variation of PCE. Improved material purity, optimized fabrication processes, and
careful control of the polymer morphology helps in reducing defect density for better

performance.
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Figure 4.3: Influence of defect density
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4.2.1.3 Influence of electron affinity

The electron affinity of the active layer ranges from 3.5 eV to 4 eV. Simulation
revealed an ideal value of 5.75% efficiency at 3.7 €V electron affinity. This is the
result of the enhancement in exciton dissociation and charge transport while reducing
recombination losses. A graphical illustration is shown in Fig [.4]

If the electron affinity of the acceptor is high, it ensures a bigger energy difference,
which may increase Voc; however, if it is too high, it may also increase recombination
rates, which may negate the advantage. If the electron affinity is increased the more
it leads to better electron transport to the electrode, thus reducing recombination
in the active layer. This leads to a better charge collection overall and thus higher
Jsc and FF. If, however the electron affinity is not optimized, it leads to poor charge
transport and losses on recombination. Proper electron affinity means ideal energy
level alignment is achieved and charge transfer facilitated. Tuning the electron affinity
ideally improves charge transport and reduces recombination, which improves Jsc
and FF. Well-matched electron affinity helps in reducing losses by recombination,

leading to better overall efficiency of the device.
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4.2.1.4 Influence of carrier concentration

The carrier concentration of the active layer is increased from 107em =3 to 10*'em =3,

In this simulation, the maximum Voc was 1.2013 V and the maximum PCE was 5.76
% at 10®cm™3. The maximum value of Jsc was found to be 6.333860 mA /cm?, and
the maximum value of FF was 76.08 % at 10*'cm 3. The respective figure is given
in Fig 4.5 A higher doping concentration can provide more favourable energy level
alignment within the layers to reduce recombination loss and possibly enhance Voc.
Jsc increases with increasing doping due to improved transport of charge carriers to
the electrodes. Increased carrier mobility, reduced trap-assisted recombination, and
improved charge extraction lead to an increase in fill factor and power conversion

efficiency.
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4.2.2 Effect of HTL properties
4.2.2.1 Influence of thickness

The thickness of HTL is varied from 25 nm to 45 nm. The optimized values are
obtained for the thickness of 30 nm. The corresponding diagram is shown in Fig.
. An optimal HTL thickness allows for efficient hole transport and extraction,
which helps to maintain a high built-in potential and thus results in a higher Voc. An
appropriately thick HTL also allows for efficient hole transport to the anode without
excessive recombination losses, resulting in a higher Jsc. A very thick HTL increases
series resistance, which reduces the FF. An optimal HTL thickness increases the Voc,

Jsc and FF, which results in a higher PCE.
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4.2.2.2 Influence of band gap

The band gap of HTL is varied from 1.4 eV to 1.8 eV. It was found that Voc, FF
and PCE increase with the band gap and reach the highest at 1.8 eV. In Fig [£.7] the
variation of the output parameters are shown. It follows from the bandgap that Voc
is also directly proportional to bandgap; hence higher the bandgap higher will be
Voc, and the lower will be the radiative recombination rate. Jsc tends to decrease
with increasing bandgap because there are comparatively fewer electrons produced
since few photons have enough energy. Having an HTL with appropriate band gap
ensures that the energy level align very well with the active layer, and hence lowers

the energy losses for hole extraction resulting in a higher Voc.
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If the band gap is mismatched, it can create an energy barrier for holes, making
hole extraction difficult and leading to higher recombination and lower Jsc. If the band
gap is well-aligned, then recombination and series resistance are lowered resulting in
higher FF. A proper band gap for an HTL ensures efficient extraction of charges and
the re-combination is less, and hence higher Voc, Jsc, and FF, will equal maximum
PCE. The HTL band gap should be optimized to align closely with the active-layer

energy levels to enhance the performance of polymer solar cells.
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Figure 4.7: Influence of Band Gap

4.2.2.3 Influence of electron affinity

The electron affinity of the HTL is varied from 3.2 eV to 3.6 eV. The optimal
performance is achieved at an electron affinity of 3.4 eV. Changes in the parameter
outputs are shown in Fig. 1.8l An HTL with suitable electron affinity will match
its energy levels with the active layer, hindering leakage and recombination at the

HTL/anode interface.
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If the electron affinity is mismatched, it may imply ineffective charge separation
and therefore increased recombination losses, resulting in a reduced Jsc. Suitable
electron affinity levels commensurately reduce the recombination losses as well as
ensure efficient charge transport, which collectively lead to higher FF (i.e., 3.4 eV,
which would correspond to an optimum value). Poor hole extraction, high series
resistance, and hole pile-up lead to lower FF at 3.2eV, while efficient hole extraction,
minimal recombination, lead to maximum FF at electron affinity of 3.4eV. At 3.5eV,
due to the onset of electron leakage and interfacial recombination, FF decreases, while
it increases further due to the blocking of electrons and electron leakage.

A suitable electron affinity ensures effective charge separation and efficient trans-
port, thereby maximizing Voc and leading to a higher PCE at 3.4 eV. Discrepancies
in electron affinities may result in suboptimal values of Voc, Jsc, and FF, thereby
diminishing power conversion efficiency (PCE). To maximize charge transport in
polymer solar cells, the electron affinity of the HTL can be adjusted to ensure suitable

energy-level alignment with both the active layer and the anode.
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4.2.2.4 Influence of Effective density of states [CB]

The effective density of states of the conduction band of HTL [IV,] is changed from
10"em ™3 to 10'8em 3. This primarily governs the HTL’s ability to block electrons.

The optimized performance is obtained at 10em=3.

given in Fig[4.9]

In this case, Voc and PCE decrease as the density of states increases. Jsc increases,

The corresponding graph is

FF decreases, then increases again. A higher N, in the HTL conduction band increases
the likelihood that electrons from the active layer are thermally excited into the
HTL conduction band. This probability leads to increased electron leakage (or back-
diffusion) from the active layer to the anode, which results in an enhanced dark

current and, in turn, a lower Voc.
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Increasing the effective density of states in the HTL’s conduction band enhances
its ability to act as an effective electron-blocking layer. Raising the energy bar-
rier for electrons reduces leakage current to the anode, ensuring that more of the
photogenerated electrons contribute to the external circuit and thereby increasing
Jsc.

The fill factor is therefore susceptible to losses due to recombination and series
resistance. The increased electron leakage from the higher Nc results in significant
recombination losses at the HTL /active layer interface. This poor charge transport
and increased loss mechanism directly cause the fill factor to drop significantly. The
Power Conversion Efficiency (PCE) decreases due to the combined effect of the three

parameters Voc, Jsc and FF [118] [119].
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4.2.2.5 Influence of effective density of states [VB]

The effective density of states of the valence band of HTL is changed from 10*¢cm =3
to 102°em 3. Here, the Voc, FF, and PCE decrease as the density of states in the
valence band of HTL increases. Jsc is found to increase with the density of states
in the valence band of HTL. The optimized results are obtained at 10'%¢m=3. The

results are shown in Fig. [4.10]
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The effective density of states in the Valence Band (V) of the Hole Transport Layer
(HTL) is a crucial parameter that directly influences the HTL’s primary function: to
efficiently transport holes from the active layer to the anode In many practical solar
cell systems, an excessively high doping concentration (which correlates with a high

N, ) in the transport layer can lead to a significant increase in interfacial recombination
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at the HTL/Active Layer boundary. Jsc increases due to enhanced charge transport
and effective charge extraction FF decreases as a result of recombination. The decline

in PCE is due to the combined effect of other output parameters [120, 121].

4.2.2.6 Influence of acceptor density of states

The acceptor density of states of HTL is varied from 10"em =2 to 10¥em=3. In this
case, it is found that Voc increases with increasing HTL acceptor density, whereas
FF and PCE decrease with increasing HTL acceptor density. An acceptor density of
10'em =3 yields the best results. The graphs are displayed in Fig. 4.11] The Voc is
enhanced by improving the built-in potential and reducing recombination losses. The
Jsc is increased with efficient hole transport and minimal recombination. The FF is
reduced due to increased series resistance and recombination. The PCE is maximized
when Voc, Jsc, and FF are optimized through balanced HTL acceptor density. To
maximize the performance of polymer solar cells, the HTL acceptor density should
be optimized. This involves finding a balance where the HTL is doped enough to
improve hole mobility and transport while minimizing recombination and resistive
losses. Achieving this balance ensures that the solar cell operates efficiently with high

Voc, Jsc, FF, and PCE.
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4.2.2.7 Influence of defect density

The total defect density of HTL is changed from 10*cm ™3 to 10¥em 3. Here, the
Voc is found to increase, while the other output parameters are found to decrease as
the total defect density of HTL increases. The optimized performance is obtained at
a defect density of 1014 em=3. The corresponding graph is given in Fig 4.12

In polymer solar cells, a defect in the HTL can act as a recombination center

where charge carriers (electrons and holes) can recombine. When the defect density of
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such defects increases, it can lead to effectively trapping the electrons (or holes) that
have diffused into the HTL. This effective trapping can lead to a situation where the
photogenerated charge carriers are trapped in the HTL and are less likely to recombine
at the HTL interface. This results in a lesser overall rate of recombination of charge
carriers for a given charge separation in the cell, i.e. a larger charge separation leads
to an increased quasi-Fermi level splitting of the photon-to-current conversion process
in the cell leading to an increase in Voc.

Thus, a high defect density can trap our charge carriers, reducing their normal
mobility and increasing the effective recombination rates, thereby lowering the Jsc.
High defect density can increase the series resistance due to impeded charge transport
and increase the shunt through providing more shunt paths in this way (also increases
recombination) thereby also reducing the FF. Lower defect density can ensure efficient
charge transport and collection (its actually preferential as far as charge carriers),
minimal recombination, and optimal series and shunt resistances, maximising the Voc,
Jsc, and FF, and therefore the PCE. Higher defect density has the opposite effect,
reducing these and in turn lowering the PCE. Careful material selection, processing

conditions and interface engineering are adopted to reduce the defect density.
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4.3 Effect of temperature

The temperature is changed from 300 K to 360 K. The optimal performance is
achieved at 300 K. The variations of output parameters are shown in Fig [4.13]

At higher temperatures, the materials’ carrier concentrations, mobility of charge
carriers, resistance, and band gap change. As the temperature rises, the intrinsic
carrier concentration in the semiconductor increases, reducing the separation of the
quasi-Fermi levels. This results in a decrease in Voc. Additionally, higher temperatures
can increase charge-carrier recombination rates, further lowering Voc. Jsc increases
with increasing temperature due to enhanced mobility of charge carriers and a slight
increase in photon absorption.

Elevated temperatures increase the series resistance and decrease the shunt resis-
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tance in the solar cell, leading to a reduction in FF. The diode ideality factor also
increases with temperature, negatively impacting the FF. Since PCE is a product
of Voc, Jsc, and FF, the overall efficiency decreases with increasing temperature.
Maintaining the efficiency of polymer solar cells requires proper thermal management,
including selecting materials with improved thermal stability to mitigate the negative
effects of temperature rise, using heat sinks, and optimizing cell design. In polymers,

thermally generated carriers increase with temperature, enhancing the overall carrier

concentration.
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4.4 Conclusion

Here we explored how the performance of the ETL-free solar cell - depends on the
parameters of the HTL as well as the properties of the active layer (its thickness, carrier
concentration, defect density, etc.). The results of an optimization process, where these
key parameters were fine-tuned, gave rise to a device with fairly improved performance.
The ultimate parameters obtained were Voc=1.416 V, Jsc=10.29 mA /em?, fill factor
of 74.30%, and power conversion efficiency of a PCE of 10.83%.The results are

encouraging and may open up future research in this field.



Chapter 5

Simulation studies of PSHT:IC;BA Organic Solar

Cells with additional P3HT Layer

In the last chapter, we performed a suite of simulations investigating and opti-
mizing the performance of a bulk heterojunction solar cell with an active layer of
P3HT:1Cgy,BA - importantly, with no electron transport layer in place. The study
involved a detailed characterization of the device to determine its performance limits.
Furthermore, the influence of several performance-affecting variables—specifically
absorber thickness, doping concentration, and defect densities—was thoroughly inves-
tigated. The results inform the study of a differentiated cell in Chapter 5. With these
understandings in hand, an additional change in device architecture was considered
which should lead to better charge extraction and overall efficiency. In this chapter, an
additional P3HT layer is added between the active layer and the anode. This layer of
P3HT will act as an acceptor for holes and an insulator for electrons, thereby reducing
the possibility of recombination and improving the device quality, as measured by

open-circuit voltage (Voc), short-circuit current density (Jsc), and fill factor (FF).

139
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It is with these new simulations that the effect of this P3HT layer on the solar cell
performance, quantifying the improvements obtained, and elucidating the physical

reasons for the effect, is studied.

5.1 Introduction

The performance of a polymer solar cell with PSHT: 1CsBA as the active layer
is improved when P3HT is used as an extra layer. Based on previous studies, the
operational performance and efficiency of the device were improved to 26.5% by
introducing an ultrathin P3HT polymeric layer as an interfacial medium between the
hole transport and perovskite layer [122]. To effectively separate and collect charges
P3HT promotes the mobility of the electrons and holes which adds to improved
charge transport qualities. It helps to maximize the open circuit voltage and current
density through maximizing energy level alignment at the heterojunction interface
[123, 124].

P3HT is capable of enhancing the structural ordering and crystallinity of the
active layer, leading to larger crystal domain sizes that reinforce the interpenetrating
network necessary for efficient charge transfer [I0]. Furthermore, P3HT’s solubility
in general solvents allows the use of simple solution-processing steps, which enhances
the scalability of the layers along with compatibility with a wide range of production
methods [I25]. All these features contribute to a noticeable increase in the power
conversion efficiency of the solar cells. To the best of our knowledge, this is the
first simulation study reporting the effect of using P3HT on Polymer solar cell with

P3HT:1ICsBA as the active layer. We have performed this simulation study for the
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structure by investigating the effect of P3HT layer being added.The simulated solar

structure is given in Fig[5.]] .

——» 7. Cathode (Aluminum, Al)

6. Electron Transport Layer
(Zinc Oxide Nanoparticles, ZnOnPs)

5. P3HT (Additional)

4. Active Layer (P3HT:1CgBA)

3. Hole Transport Layer (PEDOT:PSS)
2. Anode (Indium Tin Oxide, ITO)

™24 substrate (Glass/Plastio)

Sunlight

Figure 5.1: Simulated Polymer Solar Cell Structure

5.2 Optimization of the cell structure ITO/PEDOT:PSS/P3HT:ICsBA/P3HT/
ZnONPs/ Al

Optimization of the solar cell structure shown in Fig. [5.1]is performed by varying

the parameters of the different layers.

5.2.1 Effect of Active Layer Properties
5.2.1.1 Influence of thickness

The thickness of the active layer is varied between 100 and 300 nm in order to see
the characteristics related to solar cell performance. The parameters Voc, Jsc, FF
and PCE show a similar trend where all are maximized at a thickness of 300 nm. It

makes sense that all these parameters improve at the ideal thickness because it is
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where recombination is less and light is absorbed better. Increasing the thickness of
the active layer can increase the Jsc a little by absorbing more light. However, it
is not a linear relationship; after the ideal thickness, additional thickness can lead
to a smaller increase due to increased charge recombination and decreased charge
transport [126], 127].

Voc is primarily not dictated by the thickness of the active layer. The factors that
dictate it are the energy levels of the donor and acceptor. Recombination dynamics
and quality of the interface may play an important role in its behaviour [128] [129].
Some experiments showed that increasing the thickness of the active layer improves
the power conversion efficiency (PCE) to a certain extent; the relevant graph is

present in Fig 5.2
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5.2.1.2 Influence of Band Gap

The band gap of the active layer is varied from 1.5eV to 1.7e¢V, and both power
conversion efficiency (PCE) and open-circuit voltage (Voc) are varied similarly with
band gap. Both PCE and Voc are maximized at 1.7eV. In organic solar cells, Voc
is set by the difference between LUMO and HOMO. As the band gap of the active
layer increases, the Voc generally increases, suggesting a higher LUMO of the donor
or a lower HOMO of the acceptor. This relates to the energy levels of the donor
and acceptor, and to how Voc corresponds to the difference between the quasi-Fermi
levels of electrons and holes. A larger band gap means a smaller energy loss between
Eg and Voc, although in organic solar cells, the Voc is usually less than the band gap
because of non-radiative recombination and other losses.

The open-circuit voltage (Voc) increases with the band gap and can thus increase
the power-conversion efficiency (PCE), since the wider the band gap, the less of
the solar spectrum is incident on the solar cell. Of course, this is primarily in the
infrared light for the most part and so the solar current may go down, and in some
cases, an increase in Voc may be enough to bring the PCE somewhat up. The
relationship of FF with increasing band gap is due to the improved charge transfer
[130]. Generally, with a wider band gap, the FF may increase and certainly may
remain about constant according to competitive effects due to the recombination
processes and exciton lifetimes of the material used [131], [[32]. The relevant graph

illustrating these dynamics is presented in Fig|5.3|
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Figure 5.3: Influence of Bandgap

5.2.1.3 Influence of Electric Permittivity

In this section, the effect of electric permittivity e of the active layer on the performance
of the polymer solar cell is studied. The electric permittivity of the active layer is
varied from 3.0 to 3.4. We see that while the open-circuit voltage Voc increases

with €, all the other parameters drop. The electric permittivity of the active layer
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is important because it may affect the dielectric properties of the material, which
subsequently leads to influence the open-circuit voltage of polymer solar cells (PSCs).
This means that a higher electric permittivity of the active layer would lead to an
improved Voc due to the dynamics of charges in the solar cell.

A higher electric permittivity is usually observed to improve charge-carrier separa-
tion and reduce recombination losses by reducing Coulombic interactions [I33]. This
goes to improve the built-in electric field for stronger charge extraction, and therefore
better response, leading to better Voc. Although just having a higher permittivity
would not in itself improve the performance all around, i.e., make better PSC, all con-
tributing parameters have to be well understood. Improving the electric permittivity
of the active layer enhances the dissociation of radiatively generated electron-hole
pairs and promotes charge-carrier transport, thereby affecting Jsc, FF, and PCE. The
elevation of the coulombic attraction between the opposite charges arises sometimes
because of high electric permittivity; it is better that they not be so inseparable,
because this would more or less automatically constitute a reduction in Jsc[I34].
This higher permittivity may also affect charge-carrier mobility, thereby enhancing
recombination and likely lowering both FF and PCE. The graph representing this is

shown in Fig 5.4



5.2. Optimization of
ITO/PEDOT:PSS/P3HT:IC60BA /P3HT /ZnONPs/Al 146

3.0 3.2 34
T ® T ¥ T

5247 W‘

5214

PCE (%)

5.181

I [T m—— —r — -

5.148
6642 -

66 24

FF (%)

66.06 -

Y DTN DN T N W [

65.88 -

—
o

L

7.718

7684

Jsc (mAJem

7.650 -

7.616
1.028

| Y | 0 RN [ — |

1.027

1.026

Voc (V)

1.025

UM IR IS

1.024 i 1 i 1
3.0 3.2 3.4

Electric permitivity of Active Layer

Figure 5.4: Influence of Electric Permittivity

5.2.1.4 Influence of Conduction Band Density of States

In this section, the effect of varying the conduction band density of states (DOS) in
the active layer from 1.6 x 10 to 1.6 x 10?! cm™ on the metrics of polymer solar
cells is considered. The resulting data for charge carriers are presented in Fig. It
is observed that the short-circuit current (Jsc) and power conversion efficiency (PCE)

vary in a similar pattern, whereas the open-circuit voltage (Voc) and fill factor (FF)
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vary differently.

The falling Voc, with an increasing conduction-band density of states, can be
attributed to increased recombination losses and shifts in the Fermi level. A recombi-
nation event is more likely to occur if the density of states is higher, as this provides
more energy levels for charge carriers to occupy [135].

The increase in short-circuit current density (Jsc) for a higher conduction band
density of states (DOS) is due to greater overall charge carrier generation and improved
collection efficiency. A larger DOS increases the number of available conduction
states, leading to more efficient photon absorption and thus a greater production of
electron-hole pairs. This, in turn, leads directly to an increase in Jsc [136].

However, the concurrent rise in power conversion efficiency and fall in the fill
factor with an increasing conduction band DOS is a result of competing effects:
increased charge generation and increased recombination losses. While the absorption
and generation of charge carriers increase with DOS, so do the opportunities for

recombination, which decreases the FF [135].



5.2. Optimization of
ITO/PEDOT:PSS/P3HT:IC60BA /P3HT /ZnONPs/Al 148

10" 107" 10™ 107

——— PCE |
8.58 |- -

792 |- il

PCE (%)

7.26 |- -

6.60 |- i 1 L L=

64.68

)

< 63.91

FF

63.14

63483

13.2

12.1

Jsc (mA/em’)

11.0

9.9
1.0106

<71.0075

—

- L
=]
>1.0044 I

1.0013

10" 107 10% 107

Conduction Band Density of States (cm™)

Figure 5.5: Influence of CB density of states

5.2.1.5 Influence of Valence Band Density of States

The valence band density of states in the active layer is changed in the range of
1x10% to 1x10?%cm =3, and the influence on the characteristics of the polymer solar
cells is investigated. It is shown that while Jsc and FF changed in almost the same
fashion, Voc and PCE did not display the same trend. PCE and Voc decline with
increasing valence band DOS mainly due to the more place for the recombination
and increased trapping of charge carriers. Valence band DOS is very easy to increase

so that more energy states to which the charge carriers can recombine non-radiatively
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will be made. The more of these processes that happen, the worse the performances

(PCE and Voc) will be [I37, 138]. The respective graph of is given in Fig 5.6
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5.2.1.6 Influence of Uniform Donor Density of States

The uniform donor density of states in the active layer is varied from 3.2x10' to
3.2x10%em 3. Higher Voc, FF, and PCE are found to increase by increasing this
density, while Jsc is found to decrease [I139]. Higher donor density means a higher
intrinsic potential across the junction, enhancing the Voc, via the availability of more
charge carriers, reducing the loss associated with charge separation in an ideal solar
cell [138]. Higher donor density also means more charge carriers in the active layer,
improving its conductivity, resulting in lower series resistance. Lower series resistance

may improve the fill factor of the solar cells, also giving a minimal voltage drop on
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load [139]. The graph is given in Fig [140].
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5.2.2 Effect of ETL Properties
5.2.2.1 Influence of Thickness

This study investigates the effects of changing the thickness of the electron transport

layer (ETL) made from zinc oxide nanoparticles (ZnONPs), from 40nm to 48nm. The
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best performance by changing the thickness was found at 48nm where the values of
PCE peaked at 5.22%; Voc of 1.0270 V, and Jsc as 7.699979mA /cm?. That at 40nm
thickness, FF was discovered to have higher values as indicated by 66.09%.

An interpretation of output parameters shows that an increase in thickness results
in a decrease in FF, while Voc, Jsc and the PCE increased. With a thicker ETL,
it becomes easy to mitigate the rate of charge recombination in polymer solar cells
by slowing down the process by way of increasing the open circuit voltage (Voc). A
thicker electron transport layer increases the distance the electron has to travel before
reaching the electrode (also known as the transit space of the electron). This reduces
the chances for electrons and holes to recombine before they can reach the electrodes.

The thick electron layer makes it easy for photo-generated electrons to be conve-
niently collected by the electrode since more electrons arrive at the electrode with a
minimum of them being trapped or recombined hence, this improvement made in
the region of charge space causes more charge carriers to readily reach the electrode,
resulting in a higher Jsc [I41]. Polymer solar cells have been known to report lesser
values for the FF when associated with greater thicknesses of the ETL because
of higher series resistance, lower carrier mobility, higher recombination, band, and
interface charge transfer resistance [I142]. Also, the power conversion efficiency (PCE)
of the polymer can duly improve with increasing thickness of ETL, and up to a
certain limit, due to better light absorption, better charge extraction and the charge
transport ability associated with the applied thickness [143]. The respective graph is
as shown in Fig. 5.8
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5.2.2.2 Influence of Electric Permitivity

The effect of the electric permittivity of the ETL on polymer solar cells is shown in
Fig. It can be seen that with an increase in electric permittivity from 8.2 to 9.0,
Voc decreases while both Jsc and efficiency increase. A value of 9.0 gives the best
optimized case. To enable effective charge transfer, the energy levels of the ETL must
be well-aligned to those of the polymer in the active layer; a too high permittivity

of the ETL may disrupt the alignment at the ETL/polymer interface, leading to a
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voltage loss and decreasing the Voc due to ineffective charge transfer.
Imperfections in the ETL may even lower the Voc and block charge transfer,
notwithstanding a high permittivity. Continuous charge collection is dependent on
the quality of the interaction between charge carriers and their layer. All directions
affecting the electrostatic potential, especially exacerbated by high dielectric constant
materials [T44] lead to lower Voc. Higher electric permittivity allows faster charge
transfer at the donor-acceptor interface, thus reducing non-geminate recombination
losses. Eliminating these losses, more charge carriers can be collected from the
cell, leading to enhanced performance. Improved charge dynamics and reduced
recombination events lead to higher values of Jsc and PCE, and this can be a result
of a better dielectric environment [145]. However, defects or poor interfaces may still

induce some remix losses, thereby lowering the responsiveness of the fill factor.
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5.2.2.3 Influence of Conduction Band Density of States

This section studies the effect of the conduction band density of states (CBDoS) of
the electron transport layer (ETL) on the performance of the polymer solar cell. By
varying the CBDoS from 2.2 x 10'7 to 2.2 x 10%° ¢cm™3, it was observed that the
Jsc and PCE followed a similar downward trend, while the FF decreased and then
increased. The maximum performance was achieved at a CBDoS of 2.2 x 107 cm™3,
as shown in Fig.

The decline of Jsc and PCE with increasing CBDoS can be attributed to carrier
trapping, higher recombination rates, and potentially other effects such as energy
level misalignment [146]. With a greater CBDoS, additional trap states can hinder
charge extraction and promote more effective carrier recombination, resulting in a
lower Voc.

The behavior of the fill factor (FF) is more complex. The non-linear relationship
is due to the intricate interplay between energy level alignment, the presence of trap
states, and carrier dynamics. Compensating effects from increased recombination and

changes in carrier mobility contribute to this non-linear behavior of the FF.
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5.2.2.4 Influence of Valence Band Density of States

This section considers changes to the valence band density of states of the electron

3

transport layer in polymer solar cells, from 1.8 x 10" to 1.8 x 10*!ecm™3. It was

also found that the optimal case, with maximum efficiency of 5.18% is achieved at

a density of 1.8 x 10'"cm™3.

Parameterized variation of the valence-band density
of states in the electron-transport layer yields complex modifications to the output
characteristics of polymer solar cells. Result metrics (Js, Voe, FF and PCE) depend

both on optimized density of states and how charge transport is balanced against

recombination and interfacial energy levels. The respective graph is given in Fig.
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5.2.2.5 Influence of Donor Density

Donor density of the electron transport layer is varied from 1.1x 106 to 1.1 x 10*cm =3,

and the influence on output parameters is shown in Fig. [5.12] The results suggest that
the fluctuations in Jsc and PCE are similar, while Voc and FF also vary similarly. Voc
increases with donor density, as better charge extraction leads to less recombination.
As charge transport and extraction improve, FF also increases with donor density.
At high concentrations of donor density, recombination will be high, leading to lower

PCE. Jsc varies due to increased recombination, charge carrier traps and reduced
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depletion region.
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5.2.3 Effect of Additional P3HT Layer Properties
5.2.3.1 Influence of Thickness

In this case, the thickness of the P3HT layer is varied from 16nm to 24 nm, with the
optical performance seen at 16 nm. As can be seen from the graph in Fig|5.13] in
general, the FF shows a different trend, while Voc, Jsc, and PCE fluctuate similarly.

Thicker P3HT layers create longer and more complex paths for charges to travel.

Charge mobility decreases, which is essential for the rapid transfer of electrons and
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holes in thin films to the appropriate electrodes. This increase in the distance to cross
means a greater opportunity for recombination before reaching the electrode, thereby
dropping Jsc and PCE. The drop in Voc may be due to less efficient charge extraction
in thicker layers or perhaps poorer charge mobility and higher energy losses due to
greater rates of recombination. The increase in thickness for P3HT layers used in
polymer solar cells (PSCs) results in a corresponding increase in FF due to reduced
bimolecular recombination, improved hole collection, reduced series resistance, and

enhanced vertical phase separation [147].
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5.2.3.2 Influence of Bandgap

The band gap of P3HT varies from 1.7 to 2.1 eV, and for all output parameters, it is
observed that they all increase with the band gap as shown in Fig[5.14] There is a
dependence of Voc on the LUMO and HOMO levels of the polymer. In general, a
larger band gap will correlate with a higher HOMO energy level, which may increase
Voc. A high band gap material will be a better absorber of high-energy photons,
meaning that Jsc may be increased. Increasing the band gap increases the difference
between the energy levels required for charge separation, making it less likely for

excitons to recombine, making these improvements in FF and PCE.
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5.2.3.3 Influence of Electron Affinity

This section examines the influence of the electron affinity of the electron-donating
polymer P3HT on the performance of the cell, with the electron affinity varying
between 2.9 and 3.3 eV. The output parameters of the cell exhibited a consistent
response to these variations, as illustrated in Fig. In general, a higher value of
electron affinity will result in a higher LUMO energy level, which, when no current is
applied, increases the open circuit voltage (Voc). Higher electron affinities represent
a greater energy offset and allowing the electrons to flow quickly away, possibly
increasing Jsc, followed by reducing recombination loss to give an improvement to

the FF and PCE with respect to the pure polymer donor [148].
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5.2.3.4 Influence of Valence Band Density of States

In this section, the effect of changing the valence band density of states of PSHT
from 1.8 x 10'6 to 1.8 x 10%°, cm~3 on the output parameters of the polymer solar
cells is discussed. Whereas the J,. is different among the output parameters, V., FF,
and PCE follow similar trends with respect to varying material parameter values, as
shown in Fig Improvements in measures like PCE, FF, and V. arise from a
more optimal energy level alignment and improved charge transport. However, as
the valence band density increases, the performances begin to degrade due to higher
defect densities and/or shorter diffusion lengths. The optimal high value is present
at a valence band density of 1.8 x 10'7,cm~3. The drop in the J,. for the polymer
solar cells, especially for the cells that incorporate P3HT, does indeed arise from
increased defect density and shorter charge carrier diffusion lengths associated with a

high density of states.
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5.2.4 Effect of PEDOT:PSS [HTL| Properties
5.2.4.1 Influence of Band gap

This section deals with the effect on the output parameters of polymer solar cells of
changing the band gap of the hole transport layer PEDOT:PSS from 1.2 to 2.0 eV.
All parameters are seen to vary similarly. There is a maximum efficiency at 1.6 eV
and the results are shown in Fig. [5.17} Voc is related to the energy level alignment
between the donor’s highest occupied molecular orbital (HOMO) and the acceptor’s
lowest unoccupied molecular orbital (LUMO). An ‘ideal’ bandgap for HTL promotes

a better energy alignment at the anode interface, thereby extracting charge while
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maximizing the ‘potential difference’ (voltage) across the device: If this bandgap is
too low/high, an energy barrier/mismatch occurs, which reduces Voc.

The role of the HTL is to extract holes efficiently from the active layer; an ‘optimal’
bandgap (1.6 eV in this case) allows for both efficient hole transport/collection while
preventing electron leakage effectively, thereby reducing charge recombination at this
interface, enabling more charge to be collected as current. Band gaps too low or
high increase the difficulty of this extraction, leading to a relatively higher degree of
recombination and thereby a lower Jsc. The fill factor is a measure of the quality of
the cell and is extremely sensitive to series and shunt resistance.

The optimal bandgap at (1.6 eV ) corresponds respectively to the lowest series
resistance (good transport) and therefore the highest shunt resistance, at which there
is the least ‘leakage’ for the current. This ideal balance translates to the minimum
internal losses and thereby has the highest FF. The peak PCE is realised when all
other parameters are simultaneously optimally adjusted. The 1.6 eV bandgap for
PEDOT:PSS gives the best mix in voltage, current, and fill factor (i.e., optimized

overall efficiency).
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5.2.4.2 Influence of Electron Affinity

The electron affinity of PEDOT:PSS is varied from 3.0 eV to 3.8 eV, with optimal
values typically around 3.4 eV, as shown in Fig [5.18 The output parameters of
polymer solar cells are modified in a fashion similar to that described for the variation
of band gap and electron affinity of PEDOT:PSS. This is due to the interdependency
between the two processes of energy level alignment and charge transport, both of

which are varied by these parameters.
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5.3 Conclusion

In this modelling study the introduction of an additional P3HT layer greatly improved
device performance by enhancing charge transport and enabling optimal energy level
alignment at the heterojunction interface, thus increasing the Voc and Jsc. Following
optimization, the device achieved a power conversion efficiency (PCE) of 15.26%, a
dramatic improvement from the initial 5.18%. The device achieved a final open-circuit
voltage (Voc) of 1.113 V, a short-circuit current density (Jsc) of 26.58 mA /em?, and

a fill factor (FF) of 51.62%.



Chapter 6

Simulation studies of PSHT:IC;BA Organic Solar

Cells using diverse HTL and ETL Layers

6.1 Introduction

Having considered the general architecture of the structured P3HT:ICsBA OSC and
the simulation tool, SCAPS-1D, through the previous chapters, we proceeded to the
simulation studies in each chapter investigating the consequences of replacing the
standard PEDOT:PSS HTL in Chapter 3 with Cul, and in Chapter 4, removing the
ETL entirely. Modifications to the active layer through the addition of a layer of
P3HT during the course of simulation studies are also reported in Chapter 5. All these
studies have shown to the sensitivity of the photovoltaic performance parameters of
the device; Jsc, Voc, FF and PCE to variations in the composition and architecture
of the internal layer.

While all the other chapters focused on targeted investigations of the reference
device in ITO/PEDOT:PSS/P3HT:1CsBA/ZnONPs/Al, overall optimization would

require us to visit the material space of charge-transport layers. The PCE of an OSC

166



6.1. Introduction 167

is dependent on the energetics around the interfaces and how selectively charge is
withdrawn across these layers and transported through the HTL and ETL. These are
crucial for avoiding additional recombination processes, effective charge extraction,
and improving the PCE. In this chapter, we extend the simulation-guided studies on
optimizing the OSC by exploring the effect of variations in Hole Transport Layers
(HTLs) and Electron Transport Layers (ETLs) on the performance of the device.
The objective is to do a comprehensive optimization study through characterizing
the pairing of two materials for HTL and ETL. It is hoped to provide a justification
of the physics concerning interface engineering for OSCs, a highly efficient simulated
device architecture in the final chapter. The materials selected here are chosen
based on their reported electronic properties, band alignment with the PSHT:1CsBA
active layer, charge mobility, defect characteristics, etc. The simulation of the device

performance across a matrix of HTL and ETL materials will allow us to:

e Quantify the individual and synergistic effect of various HTL and ETL materials

on the output parameters Jsc, Voc, FF, and PCE.

e Identification of the most promising material combinations that lead to effective

“cascades” of energy levels and improved transport for the respective device.

e Providing guidelines for the selection of charge transport layers in PSHT:1CsBA
based OSCs, assisting suggesting experimental work in the future. The following
sections should demonstrate the two chosen materials for the HTL and ETL,
simulation parameters in SCAPS-1D, and performance of the OSC using a

systematic comparison this time.
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Several ETL and HTL materials are utilized to simulate the structure of the Organic
solar cell . The most suitable and efficient BHJOSC design consists of a combination
of cuprous oxide (Cup0O) as the HTL and indium gallium zinc oxide (IGZO) as
the ETL. The device is further optimized to analyze the effect of various material

parameters on performance.

6.2 Standardization

The software is calibrated by comparing the results produced by an experimental
paper[I0]. Fig illustrates the general structure used for simulations with various
ETL and HTL materials. Fig presents the J-V curves for both experimental and

simulated results.

Bulk Heterojunction Organic Solar Cell (BHJ OSC) Structure

Electron Transport Layer (ETL):
ZnO NPs / PCBM / Sn0, / TiO, / 1620

Figure 6.1: Generalised structure for simulations with various ETL and HTL
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Figure 6.2: Comparison of experimental and simulated JV graphs

The anode and cathode work functions are set at 4.8 and 4.2 eV, respectively.
The surface recombination velocity for electrons on the anode is set at 107 cm/s,
whereas for holes it is fixed at 10° cm/s. In the cathode, electrons have a surface
recombination velocity of 10° cm/s, and holes have a value of 107 cm/s. The thermal
velocity is set at 107 cm/s, and the capture cross-section of both holes and electrons
are set at 1 x 1072° cm? across all layers. The primary output parameters of a solar
cell are V,. (open-circuit voltage), Jsc (short circuit current), FF (fill factor), and
PCE (power conversion efficiency).

The solar cell structure is simulated with different HTL and ETL layers, and the
most efficient combination is chosen. The thickness of HTL and ETL is maintained

at 27 and 46 nm, respectively. The HTL layers considered are Poly(3,4-ethylene
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dioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS), Copper Iodide (Cul), and
Cuprous oxide (CuyO). The ETL layers considered are Zinc oxide nanoparticles (ZnO
NPs), Phenyl-C61-butyric acid methyl ester (PCBM), Tin dioxide (SnO;), Titanium
dioxide (TiOg), and Indium gallium zinc oxide (IGZO). The device parameters and
absorption profiles of these layers were taken from the literature [149] 150, 1511 152].
Figure depicts the energy level diagram for the various HTL and ETL layers

under consideration.
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Figure 6.3: Energy level diagram of HTL and ETL layers

Table [6.1] shows the device parameters of HT1 layers while Table |6.2] represents

the device parameters of ETL layers used in the simulation study
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Parameters | PEDOT:PSS Cul CuyO
Thickness [nm] 27 27 27
Eg [eV] 1.6 2.98 2.17
x[eV] 3.4 2.1 3.2
€ 3.0 6.5 7.1
fn [cm?/Vs| 1.0 1.69 x 10~* 200
tp [cm?/Vs] 4 x 102 1.69 x 10~* 800
Ne Jem™] 2.2 x 107 107 2.5 x 10T
Ny [em ™3] 1.8 x 101 10%2 1.8 x 10
N; [em™] 10% 10" 10t
Table 6.1: Device parameters of HTL layers
Parameters ZnONPs PCBM SN0y T30, IGZO
Thickness [nm] 46 46 46 46 46
Eg [eV] 3.2 1.9 3.6 3.2 3.05
x[eV] 4.6 3.9 44 4.1 4.0
€ 9.0 4.0 9.0 9.0 9.0
o [cm?/(V-s)] | 2 x 102 0.5 240 2.0 100
tp [em?/(V-s)] 5.0 1.5 x 1072 25 1.0 2.5
No em™3] | 2.2x 107 | 1.8 x 10 | 4.36 x 10™ | 2.2 x 10® | 10™
Ny [em™] | 1.8 x 10 | 22 x 102 | 252 x 1009 | 10%° 10
Ny [em ™3] 10% 10 10 10% 10

Table 6.2: Device parameters of ETL layers
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Table 6.3: Device Performance of OSC with different combinations of HTL and ETL

| HTL | ETL | Voc [Volts] | Jsc [mA/em?] | FF % | PCE % |
SnO, 0.9596 9.30 59.98 5.35
Ti0, 0.8750 9.50 63.48 5.27
PEDOT:PSS IGZO 0.9646 9.78 60.26 5.68
Zn0O NPs 0.8546 8.20 56.65 3.97
PCBM 0.9798 12.46 59.58 7.27
SnO, 0.8797 7.63 66.20 4.45
T30, 0.6467 7.86 59.14 3.00
Cul IGZO 0.9104 12.79 62.06 7.22
ZnO NPs 0.7586 6.47 61.72 3.03
PCBM 0.6468 7.87 59.13 3.01
SnO, 1.3190 10.75 78.34 | 11.11
T104 1.3213 10.93 78.47 | 11.34
Cuy0 I1GZO 1.3221 11.26 78.20 | 11.64
ZnONPs 1.1985 12.13 72.75 | 10.57
PCBM 1.3261 11 78.41 | 11.41
ITO  Cu20 P3HT ICE0BA IGZO Al
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Figure 6.4: Energy level diagram of optimised organic solar cell structure
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6.3 Simulation studies of P3HT:IC4 A organic solar cell with different

HTL and ETL Layers

Various HTL and ETL materials were employed in different combinations to simulate
a bulk heterojunction organic solar cell involving P3HT:IC5,BA as the active layer.
Each unique organic solar cell device combination was characterized for each respective
HTL and ETL combination, with the characterization put together in Table |6.1] and
and the electrical output parameters are shown in Table [6.3

Of the configurations, the highest performing organic solar cell was constructed
with Cus0O as the HTL and 1IGZO as the ETL, with a Voc of 1.3221 V, Jsc of
11.26mA /em?, FF of 78.20%, and PCE of 11.64%. The performance is a function
of the alignment of the band structures of the individual materials making up the
organic solar cell and other electrical parameters specific to the device.Using C'usO
as the HTL and T@O, as the ETL configuration yielded the highest FF (78.47%); the
lowest FF (56.65%) was obtained with PEDOT: PSS as the HTL and ZnONPs as
the ETL.

The power conversion efficiency varied from a low of 3% with Cul as the HTL and
TiO, as the ETL, to a high of 11.64% with Cu,O as the HTL and IGZO as the ETL.
The energy-level diagram of the optimized organic solar cell structure is shown in
Fig. [6.4, The highest performing organic solar structure, ITO/Cu,O/P3HT:ICsBA/

IGZO/Al was further studied to get optimized results.
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6.4 Optimization of the cell structure ITO/Cu,O/P3HT:IC4BA /IGZO/
Al

6.4.1 Effect of Active Layer Properties
6.4.1.1 Influence of thickness

As shown in Fig. , the active layer thickness is increased from 50nm to 300nm,
and the effect on cell parameters is investigated. Jsc reaches a maximum value of
11.84 mA/ em? at a thickness of 300 nm, whereas Voc reaches a maximum value of
1.3240 V at the same thickness. The FF reduces with thickness and peaks at 79.88%
at 50 nm, while efficiency increases with thickness and peaks at 12.19% at 300 nm.
These data show how the thickness of the active layer impacts light absorption and
thus solar cell efficiency.

The difference between the HOMO level of the donor and the LUMO level of the
acceptor determines Voc values. To promote exciton dissociation at the interface,
a thick layer allows for increased electron and hole trapping in the film as well as
considerable photon absorption, which results in a rise in Voc with thickness [153].

In this simulation, Jsc increases with active layer thickness because nearly all
electron—hole pairs generated by photons are effectively collected at the electrode
before recombination. This indicates a higher production of charge carriers. The fill
factor (FF) diminishes in thicker films due to uneven charge extraction rates for holes
and electrons [I54]. This demonstrates that efficiency will increase because a thicker
active layer allows for the formation of a continuous network throughout, producing

the highest number of dissociated excitons and delaying charge recombination due to
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coulombic attraction at the interface.
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Figure 6.5: Influence of thickness

6.4.1.2 Influence of defect density

The relationship between the active layer defect density and the functioning of organic
cells is shown in Fig. The V,. decreases with defect density, reaching a maximum
value at 10°cm™2. The J,,. reaches its peak value of 9.003mA /cm? at a defect density
of 102%cm~=3. While the PCE is seen to accompany defect density and reports a

maximum value of 9.31% efficiency at a defect density of 102°cm ™3, FF on the other
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hand decreases with defect density of the active layer and attains a peak value of

79.66% at 10cm = . The consequence of defect concentrations in the absorber layer

leads to faster film degradation, reduced stability, and poor device performance due to

greater pinhole generation and recombination [I55]. An increased density of defects

within the absorber layer shortens charge carrier diffusion lengths and promotes

carrier recombination,

thereby acting as a key determinant

of the device’s overall

efficiency [156].
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6.4.2 Effect of HTL Properties
6.4.2.1 Influence of electron affinity

The effect of the HTL electron affinity on cell performance is illustrated in Fig.
The electron affinity is associated with the lowest unoccupied molecular orbital
(LUMO) of the hole transport layer that represents the energy (in eV) required to
transfer a free electron from the lowest energy level of that orbital to the vacuum
level. In the case of Voc, Jsc, and PCE they have a similar tendency, whereas FF
behaves differently. It was found that the optimum Voc and Jsc values are 1.3673 V
and 9.527 mA/cm? at 3.9 eV. At 3.5 eV, the optimum FF value is 80%, while at 3.9
eV the optimum PCE value is 10.42%.

Increasing the electron affinity of the HTL increases the cell performance as a
consequence of improving the electron blocking property. This reduces recombination
thus leading to a higher current (Jsc) and voltage (Voc), together raising overall

efficiency (PCE), despite an almost negligible negative effect on fill factor.
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Figure 6.7: Influence of electron affinity

6.4.2.2 Influence of doping density

The significance of the doping density of HTL on cell performance is stated here.
When the doping density of HTL was increased from 107 to 10*'em?, Voc, FF, and
PCE fell accordingly. The greatest values of these output parameters found at a
doping density of 107em? are 1.3142V, 79.66%, and 9.24% respectively. Jsc increased
by 8.833mA /em? at the optimal doping density of 10*'¢m?. Fig[6.8|shows the relevant

graphs. The electric field intensity at the HTL/absorber interface is affected by the
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HTL doping density, which influences the solar cell’s performance. The device gets

more conductive as the HTL doping density increases, lowering the series resistance

[157, [158].
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Figure 6.8: Influence of doping density

6.4.3 Effect of Electron affinity of ETL

In this section, the impacts of changing ETL’s electron affinity from 3.6 to 4 eV on

cell performance were explored. FF has a maximum value of 79.66% at 4 eV, Voc
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has an optimal value of 1.3237V at 3.6 eV electron affinity, Jsc has an optimum value
of 11.842 mA /em?, and PCE has an optimized value of 12.16% at 3.6 eV. Fig.
shows the respective graphs. The decline in Voc is due to an increasing energy-level
mismatch between the active layer’s LUMO (Lowest Unoccupied Molecular Orbital)
and the ETL’s conduction band, which reduces the maximum achievable voltage.
As the ETL’s electron affinity increases, the efficiency of electron extraction from
the active layer to the ETL decreases, or hole-blocking is compromised, leading to
increased charge recombination and lower short-circuit current. The fill factor shows
a clear increasing trend due to the reduction in series resistance. These combined

losses lead to a sharp overall decrease in the Power Conversion Efficiency (PCE).
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6.4.4 Influence of HTL/active layer interface defect density

Research testifies the fact that increasing the defect density of the HTL/Active Layer
Interface from 10'° to 10*em?, leads to a drop in Voc, Jsc, FF and PCE. Values of
1.3899 V, 11.2571 mA/em?,78.7% and 12.33% respectively, were obtained for output
parameters when defect density becomes 10'%cm?. The respective graph is presented
in Fig[6.10

Rate of change of fill factor is lower than the rates at which Jsc and Voc is dropping,
leading to a much lower PCE at output [I49]. At the HTL/active interface, output
parameters drop steadily as defect density increases. All defects at the interface
are also recombination centers for electrons and holes. This type of recombination,
Shockley-Read-Hall (SRH) recombination, is an important loss mechanism reducing
the quasi-Fermi level splitting and so the open-circuit voltage. As with the effect on
Voc, interfacial defects trap charge carriers (this time holes trying to move to the HTL,
and electrons that should be blocked). This greater probability of recombination
means fewer charge carriers reach the electrodes and are collected as current, leading
to loss of carriers, and thus reduces Jsc. The Fill Factor reflects the “squareness” of
the J-V curve, and is sensitive to parasitic resistances and recombination.

A high density of interfacial defects acts as a shunt, allowing current to leak across
the junction, and noted in a similar context that increased charge recombination and
leakage current degrade the quality of the diodes means lower FF. The simultaneous
degradation of voltage, current, and fill factor all contribute to this large loss of
overall efficiency. The large drop in PCE is thus mainly driven by the severe drop in
Voc.
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6.4.5 Influence of Active Layer/ETL interface defect density
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Varying the defect density of the active layer/ETL interface from 10" em ™2 to 105¢m ™2

lowers V., J,., and PCE while slightly increasing FF. The maximum values of V., J,.,

and PCE at a defect density of 10'em™2 are 1.3337V, 15.411mA /cm?, and 15.47%

respectively. The best result for FF was 78.20% at 10*cm 2. The graphs are shown

in Fig. Increased defect density at interfaces enhances the likelihood of trap

recombination, resulting in deterioration of the device. The lower the interface defect

density, the better the output [I49]. Table shows the improved material properties.

Table [6.5] compares the performance of the device for the initial and elevated values.
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Simulations produce better results than the experimental structure.
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Figure 6.11: Influence of defect density of Active layer/ETL interface

Parameters HTL | Active Layer | ETL
Doping Density [em—3] | 10'7 10%6 10%°
Thickness [nm] 30 300 46

Table 6.4: Optimized material parameters

Parameters | Initial | Optimized
Voc [V] 0.84 1.1873

Jsc [mA/em?) | 8.36 22.094
FF [%)] 59 53.74
PCE [%)] 3.9 14.10

Table 6.5: Comparison of organic solar cell with standard and optimized designs
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6.5 Conclusion

This work draws attention to the issue of selecting appropriate charge transport
layers to develop a highly efficient bulk heterojunction organic solar cell with proper
interfacial stability and improved efficiency.It is a prerequisite to choose compatible
charge transport layers, which makes it easy for the respective charge carriers to reach
their respective electrodes. It is also a prerequisite to have a comparably low energy
gap for the active layer for the easy and efficient uptake of the incident photons. A
bulk heterojunction organic solar cell with P3HT:ICs BA as the active layer, along
with different HTL and ETL layers was investigated. The design, having cuprous
oxide [Cu20] as the HTL (hole transport layer) and Indium gallium zinc oxide [IGZO)]
as the ETL (electron transport layer), achieves the highest power conversion efficiency
(PCE).The upgraded design is further improved to dwell into the dependence of
different material parameters on the output performance of the cell. The optimized
parameters of structure are Voc = 1.1873V, Jsc = 22.09 mA/em? FF = 53.74%, PCE
=14.10%.



Chapter 7

Conclusion

This chapter summarizes the research work done on simulation studies of a bulk
heterojunction organic solar cell with P3H:1Cy, as active layer

We have focused on the design of highly efficient bulk heterojunction organic
solar cells through device modelling, and the performance of the designed devices are
evaluated with varying material properties/operating conditions through simulation
studies. Using the SCAPS device simulation tool, bulk heterojunction organic
solar cells consisting of polymer donors and fullerene acceptors were modelled. In
particular, P3HT:IC40BA organic solar cells based on fullerenes were simulated.
Multiple architectures were explored, such as the use of different transport-layer
configurations, the incorporation of an additional P3HT layer, and even omitting
the electron transport layer. The J-V characteristics of the simulated devices were
compared with the experimental data to validate the simulation, indicating a close
agreement between the two. The close correspondence between the simulated and
experimental outputs validates the use of numerically mimicking parameters used in

modelling the device. Optimisation of a P3HT:ICs0BA bulk heterojunction organic

185
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solar cell design was undertaken, investigating the influence of different material
parameters on cell performance.Maximizing operational efficiency requires optimizing
the hole (HTL) and electron (ETL) transport layers for compatibility with the active
layer. Extensive material investigation for both HTL and ETL candidates has led to
the identification of the most effective combination, resulting in higher performance

and enhanced efficiency

7.1 Important Findings

e Fullerene-based bulk heterojunction organic solar cell have shown a better
performance when compared to experimental results using Cul as HTL . The
results obtained are : Voc =1.2170 V, Jsc = 6.9243 mA/cm? |, FF = 73.95%,
and PCE = 6.23%

e Bulk heterojunction organic solar cell has given excellent results by omitting the
ETL layer. The output parameters are Voc = 1.4158 V; Jsc = 10.294741mA /em?
; FF= 74.30%; PCE=10.83%

e The additional P3HT layer improved the performance of bulk heterojunction
organic solar cell with output parameters PCE = 15.26%, FF = 51.62%, Jsc =
26.577140 mA /cm? | and Voc = 1.1126 V which improved from 5.18% efficiency

before optimization

e Influence of diverse HTL and ETL layers on device peroformance yielded
excellent results . The most efficient combination for P3HT :1CgqB A solar cell

consists of IGZO as ETL and CuyO as HTL with high device performance
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having Voc of 1.1873V, Jsc of 22.09 mA /cm?, FF of 53.74% and PCE of 14.10%.

e The material parameters of different layers influence the device performance of

the organic solar cell

e The refinement of material parameters yields an enhanced operational output
of the device, thereby facilitating further advancements in the field of organic

photovoltaics






Chapter 8

Recommendations and Scope for Future Work

The realm of organic photovoltaics is of paramount importance for the reasons stated
due the demand for energy. The need to commercialise low-cost and green organic
solar cells is a requirement in order to satisfy the energy demands around the world.
An appreciation of the theory and morphology of the organic solar cell lends itself
to a stepping stone of ideas for organic photovoltaic research. This thesis may be

followed up in the following ways:

e Optimizing fullerene organic solar cells using new materials like C';op and Cgy by

focusing on their properties can provide valuable insights for future study

e The influence of the mobility values of donors and acceptors in bulk heterojunc-
tion solar cells can offer a novel approach for optimizing organic materials to

enhance their photovoltaic efficiency

e Comparative simulation studies between fullerene and non-fullerene materials

as active layer

188
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A simulation study utilizing SCAPS 1-D software was conducted to explore the effects of an additional P3HT (Poly 3-hexylthiophene)
layer on the performance of bulk heterojunction polymer solar cells, specifically with the active layer P3HT: ICc0BA. The investigated
cell structure is ITO/PEDOT:PSS/P3HT/P3HT:ICcoBA/ZnO NPs/Al. Following the standardization of the software, we determined the
optimal parameters of the solar cell structure by analyzing various factors influencing cell performance across different layers.
Subsequently, after optimizing the structure, the power conversion efficiency (PCE) improved significantly, rising from 5.18% without
additional layer to 15.26% with additional layer.

Keywords: Bulk heterojunction polymer solar cell; Fullerene; SCAPS 1-D; Active Layer; ETL; HTL

PACS: 84.60.Jt; 81.05.Lg; 07.05.Tp

1. INTRODUCTION

A polymer solar cell (PSC) is an organic solar cell that utilizes polymers as the primary component for converting
sunlight into electrical energy. The operation of PSCs relies on photoinduced charge transfer between a donor (the
polymer) and an acceptor, typically a fullerene derivative. When exposed to sunlight, excitons are generated within the
polymer, which then separate into electrons and holes at the donor-acceptor interface. These charge carriers are
subsequently collected at the electrodes, producing an electric current. Key characteristics of PSCs include their ease of
fabrication, adaptability, and low production costs. Additionally, they can be made partially transparent. However, a
significant limitation is their relatively low power conversion efficiency (PCE), comparable to that of traditional silicon
solar cells. While PSCs hold environmental advantages, they often exhibit lower stability and increased susceptibility to
environmental changes.

Polymer solar cells (PSCs) can be broadly categorized into four main types: tandem PSCs, bulk heterojunction PSCs
(the most prevalent and favored type), single-layer PSCs, and bilayer PSCs. These solar cells find applications in wearable
technology, portable electronics, integrated photovoltaics, and energy harvesting for the Internet of Things. One of the
key materials used in bulk heterojunction (BHJ) polymer solar cells is poly(3-hexylthiophene) (P3HT), which is notable
for its high hole mobility, environmental stability, and extended absorption in the red region. Consequently, [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM), a soluble C60 derivative, has emerged as one of the most widely utilized organic
semiconductors for acting as an electron acceptor [1-3]. P3HT:PCBM solar cells have demonstrated an open circuit
voltage (Voc) of approximately 0.6 V [4], attributed to the low LUMO energy levels of PCBM, which is around -3.8 eV.
In 2009, a novel C60 derivative named indene-C60 bisadduct (ICsBA) was introduced, and due to its higher LUMO
energy levels of approximately -3.74 eV, ICsBA has increasingly replaced PCBM as the preferred acceptor material in
these solar cells [14]. This substitution has resulted in improved efficiencies and a higher Voc of about 0.84 V [5-9]

Bulk heterojunction organic solar cells (OSCs), in which the donor and acceptor materials are combined to form the
active layer, were first proposed by Yu et al. in 1995. Since the introduction of this bulk heterojunction (BHJ) structure,
the power conversion efficiency (PCE) of BHJ OSCs has significantly improved, rendering it a promising technology.
Heeger and colleagues [10] were the first to utilize the BHJ structure for polymer-fullerene blends. Subsequent research
revealed that increasing the diameters of the donor and acceptor domains through various additive techniques leads to
enhanced performance [11,12]. In an effort to improve results and address the limitations associated with the poly(3-
hexylthiophene) and [6,6]-phenyl-C61-butyric acid methyl ester (P3HT:PCBM) blend, which exhibits a relatively low
open-circuit voltage (Voc) of 0.6 V, Li et al. demonstrated the use of indene-C60 bisadduct (ICsBA) as an electron
acceptor in BHJ PSCs [13]. This P3HT:IC¢BA combination resulted in higher PCE values and an increased Voc of
approximately 0.84 V [14,15]

In this study, the solar cell comprised of P3HT:ICsBA (poly(3-hexylthiophene): (indene-C60 bisadduct) was
simulated using SCAPS 1-D Software [16]. The simulation software was standardized by comparing the simulated output
with experimental data [17]. In the numerical simulation of the polymer solar cell (PSC), the hole transport layer (HTL)
is represented by PEDOT:PSS, the active layer by the fullerene blend P3HT: ICsBA, and the electron transport layer
(ETL) by ZnO nanoparticles (ZnONPs). Aluminum (Al) and indium tin oxide (ITO) serve as the electrode materials in
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this structure. The performance of a polymer solar cell with P3HT: IC¢BA as the active layer is improved when P3HT is
added as an extra layer. Based on previous investigations, the operational performance and efficiency of the device were
augmented to 26.5% through the incorporation of an ultrathin P3HT polymeric layer serving as an interfacial medium
between the hole transport material and the perovskite layer [18]. In order to effectively separate and collect charges,
P3HT helps to increase the mobility of electrons and holes, which adds to improved charge transport qualities. It assists
in maximizing the open-circuit voltage and current density by maximizing energy level alignment at the heterojunction
interface [19,20]. P3HT can improve the active layer's structural ordering and crystallinity, resulting in bigger crystal
domain sizes that strengthen the interpenetrating network necessary for efficient charge transfer [17]. Furthermore,
P3HT's solubility in common solvents makes it possible to use simple solution-processing processes, which increases the
layers' scalability and compatibility with a range of production methods [21]. All things considered, these characteristics
help the solar cells' power conversion efficiency to rise noticeably. To the best of our knowledge, this is the first simulation
study reporting the impact of using P3HT on Polymer solar cell with P3HT:ICsBA as active layer. In this simulation, we
specifically investigated the impact of adding P3HT layer to the structure above.

2. DEVICE SIMULATION METHODOLOGY

The one-dimensional Solar Cell Capacitance Simulator (SCAPS) version 3.3.08 was employed as the numerical
simulation tool in this investigation. This software is capable of solving both optical and electrical models throughout the
entire configuration. We utilized a 1.5 AM spectrum for illumination. Previous simulations have focused on various types
of solar cells, including perovskite, fullerene, non-fullerene bulk heterojunction (BHJ), and tandem solar cells (Abdelaziz
et al., 2019, 2020; Gupta and Dixit, 2018; Bahrami et al., 2019). The application allows users to modify parameters and
select the desired output across its various panels. Additionally, the software numerically solves Burgelman et al.'s generic
semiconductor equations to obtain a steady-state operating point solution [16]

Equations foundational to semiconductors, including the Poisson equation, continuity equations, drift equations, and
diffusion current equations, are used to efficiently evaluate the electrical performance of electronic devices when
stimulated. The stimulation can take the form of heat energy, photons, or voltages. This indicates that we can compute
the electrical performance of the devices and analyze their [-V characteristics using these equations. Consequently, these
equations provide a theoretical basis for interpreting and assessing the measured performance of the devices. Furthermore,
they can be employed to reduce experimental labor costs and to evaluate and predict the performance of new device
structures, potentially leading to significant savings in both time and money.

They can be applied to streamline mathematical analysis and determine the ideal device structure parameters. The
local microscopic behaviour of the material is described by these differential equations. The local electric field change
resulting from the volumetric charge density at a particular location within a material is described by the Poisson equation
[Equation 1]. The conservation of electrons and holes at a specific place in the material is expressed by the continuity
equations [Equation 2]. In this instance, an electric field (drift current) or a concentration gradient (diffusion current) is
driving the electron and hole currents [Equations 4-5]. [22]

et S =-q (p—n+ Np-Na + 220, (1)
G- @
-%—Up-i—G:z—zZ, (3)

In=-tan e, )
Jp=+HR 2 (5)

In the abovementioned equations, the charge is denoted by q, and the electrostatic potential is denoted
by Y. The symbols p, n, stand for free holes and electrons, respectively. lonised donor-like and ionised acceptor-like
doping concentrations are denoted by Np and Na. Here, € signifies absolute permittivity, while €y denotes permittivity in
free space. The terms Jn and Jp signify electron and hole current densities, respectively, whereas Un denotes electron
recombination rate. G is the generation rate, while Up is the rate of hole recombination. In contrast to what has been
described so far, Er, and Er, stand for the electron and hole quasi-Fermi levels, whereas n and p indicate the electron and
hole mobility, respectively

The glass substrate/ITO/PEDOT: PSS/P3HT:1Cs0BA/ZnONPS/Al simulated bulk heterojunction structure is shown
in Figure 1. The simulation's material properties, such as electron affinity (), bandgap energy (Eg), and relative
permittivity (&), are displayed in Table 1. Hole and electron mobilities are pp and pn, respectively. Donor and acceptor
densities are denoted by Np and N, respectively. The effective densities of states in the valence and conduction bands
are denoted by Nv and Nc, respectively, while the defect density is represented by Nt. 4.8 and 4.2 eV are the settings for
the anode and cathode work functions, respectively. The capture cross section for holes and electrons is set to 1x1072° ¢m?
across all layers, and the thermal velocity is set to 107 cm/s.
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The four primary output parameters of a solar cell are power conversion efficiency (PCE), fill factor (FF), short
circuit current (Jsc), and open circuit voltage (Voc). The necessary material parameters for simulation and absorption
spectra have been compiled from the literature [16,17, 21-35]. A comparison analysis of the simulated and experimental
data for SCAPS 1-D calibration is presented in Table 2. Additionally, Figure 2 illustrates the simulated polymer solar cell
structure with additional P3HT layer.

ZnONPS [ETL
PEDOT :PSS [HTL

Glass Substrate

Figure 1. Simulated Bulk Heterojunction Polymer Solar
Cell Structure for Standardization of SCAPS 1D

Table 1. Simulation parameters of Bulk Heterojunction Polymer Solar Cell

Parameters HTL Active Layer ETL
Thickness [nm] 27 250 46
Eg (eV) 1.6 1.68 3.2
x (eV) 3.4 3.880 4.6
& 3.0 33 9.0
un cm?/vs 10 107 107
pip cm?/vs 400 107 107
Na (cm™3) 10" 0 0
Np (cm?) 0 3.2x10'8 1.1x10'8
Nc (cm™) 2.2x10% 1.6x10% 2.2x10"
Ny (em™) 1.8x10'8 10" 1.8x10"
Nt (cm™3) 1015 10'6 10"

ITO [Anode]

Figure 2. Simulated Polymer Solar Cell Structure

Table 2. Comparison of simulated parameterswith experimental results

Parameters Experimental Simulated
Voc (V) 0.84 0.85
Jsc(mA/cm?) 8.36 8.21
FF(%) 59 57
PCE(%) 4.1 3.97

3. RESULTS AND DISCUSSION
We will analyze the solar cell structure shown in Figure 2 in greater detail. Each layer of the structure is examined
to determine its performance under various parameters for optimal results. To achieve these optimal outcomes, new device
structures are developed and their performance is thoroughly investigated. The following section provides an explanation
of the simulation studies that were conducted.

3.1 Effect of Active Layer thickness

The thickness of the active layer is varied between 100 and 300 nm to assess the characteristics related to solar cell
performance. The parameters Voc, Jsc, FF, and PCE demonstrate similar trends, with all reaching their optimal values at
a thickness of 300 nm. These improvements at the ideal thickness can be attributed to reduced recombination and
enhanced light absorption. Increasing the active layer thickness may enhance Jsc by allowing more light to be absorbed.
However, this relationship is nonlinear; beyond an optimal thickness, it is affected by increased charge recombination
and decreased charge transport efficiency, leading to diminishing returns [36, 37]. While Voc is not directly influenced
by the thickness of the active layer, it is primarily determined by the energy levels of the donor and acceptor materials.
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Nevertheless, recombination dynamics and the quality of the interface may play significant roles in its behavior [38, 39].
Certain experiments have demonstrated that increasing the thickness of the active layer can improve the power conversion
efficiency (PCE) to a certain extent. The relevant graph is presented in Figure 3.
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3.2 Influence of Active Layer Band Gap

The active layer band gap is varied from 1.5 eV to 1.7 eV, and
both power conversion efficiency (PCE) and open-circuit voltage
(Voc) exhibit similar variations with bandgap. Both PCE and Voc
reach their maximum at 1.7 eV. In organic solar cells, Voc is
determined by the difference between the lowest unoccupied
molecular orbital (LUMO) of the acceptor material and the highest
occupied molecular orbital (HOMO) of the donor material. As the
bandgap of the active layer increases, the Voc tends to increase as
well, reflecting either a higher LUMO level of the donor or a lower
HOMO level of the acceptor. This relationship is influenced by the
energy levels of the donor and acceptor materials, which impact Voc
in connection with the difference between the quasi-Fermi levels of
the electrons and holes. A larger bandgap reduces the energy loss
between the bandgap energy (Eg) and Voc. However, in organic solar
cells, the Voc is generally lower than the bandgap energy due to non-
radiative recombination and other losses. As the bandgap increases,
Voc approaches Eg, resulting in an overall increase in Voc.
Furthermore, the power conversion efficiency of a solar cell is
calculated by multiplying its fill factor (FF), open-circuit voltage
(Voc), and short-circuit current (Jsc).

As mentioned earlier, an increase in the bandgap can lead to a
higher open-circuit voltage (Voc), which may subsequently enhance
the power conversion efficiency (PCE). However, a wider bandgap
often results in reduced solar spectrum absorption by the solar cell,
particularly in the infrared region, which can lower the short-circuit
current (Jsc). Nevertheless, in some cases, the increase in Voc
associated with a wider bandgap can compensate for the decrease in
Jsc, resulting in an overall increase in PCE. Additionally, the fill
factor (FF) may improve with an increasing bandgap due to enhanced
charge carrier transfer [40], although this trend is not always
consistent. With further increases in bandgap, FF may remain stable
or even decline, possibly due to the effects of recombination
processes and exciton lifetimes [41, 42]. The relationship between FF
and bandgap is complex and depends on the specific materials and
cell architecture used in the organic solar cell. The relevant graph
illustrating these dynamics is presented in Figure 4.

3.3 Effect of Electric Permittivity of Active Layer

In this section, we have analyzed the impact of the active layer's
electric permittivity [€] on the performance of the polymer solar cell.
The electric permittivity is varied from 3.0 to 3.4. The findings
indicate that while the open-circuit voltage (Voc) increases with g, all
other parameters are found to decrease. The electric permittivity of
the active layer influences the dielectric properties of the material,
which in turn affects the open-circuit voltage of polymer solar cells
(PSCs). Consequently, a higher electric permittivity in the active
layer may lead to an increase in Voc due to its effect on the dynamics
of charge carriers within the solar cell.

A higher electric permittivity enhances charge carrier
separation and reduces recombination losses by decreasing the
Coulombic interaction between charge carriers [43]. This
improvement can result in a stronger built-in electric field and more
efficient charge extraction, both of which contribute to an increased
open-circuit voltage (Voc). However, optimizing the performance of
polymer solar cells (PSCs) requires a comprehensive understanding
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of all contributing parameters, as a higher permittivity can indeed enhance Voc. The electric permittivity of the active
layer also influences the short-circuit current (Jsc), fill factor (FF), and power conversion efficiency (PCE) of PSCs by
affecting the dissociation of photogenerated electron-hole pairs and the movement of charge carriers within the device.
Elevated Coulombic attraction between opposing charges can occur with high electric permittivity, potentially hindering
their separation and reducing Jsc [44]. Additionally, a larger permittivity may negatively impact charge carrier mobility,
leading to increased recombination rates and declines in both FF and PCE. The relevant graph illustrating these
relationships is presented in Figure 5.

3.4: Effect of Conduction Band Density of States of Active Layer

10" 10 10" 107 In this section, we examine how varying the conduction
sss f——FCE] ' i "3 band density of states in the active layer from 1.6x10" to

I | L 1 1.6x10%! cm? affects the performance metrics of polymer

w . . .

& 7as / P , solar cells. Figure 6 illustrates the corresponding data. The
Py . ) . N graph indicates that while short-circuit current (Jsc) and power
.1 | 1 conversion efficiency (PCE) fluctuate similarly, the open-

s ——FF] . .

¥ gzor | ] circuit voltage (Voc) and fill factor (FF) do not exhibit the

ol ] same trend. The decline in Voc with an increase in the
saepl i : ' . conduction band density of states in the active layer is

— — - | . . . . .

E 132k : ] primarily attributed to enhanced recombination losses and

T 2| ] shifts in the Fermi level.

g ol g Recombination events are more likely to occur when the
s = ' k — density of states is higher, as this provides more energy levels

0078 [ Voo 1 for charge ca}rriers to occupy [45].‘ The il?crease in sho'rt-circuit

21 004s L ] current density (Jsc) associated with a higher conduction band

=> . . . .

(asasl. 1 density of states (DOS) in the active layer can be attributed to
Ton o ppry pr increased charge carrier generation and improved collection
Conduction Band Density of States (em”) efficiency. A greater DOS enhances the availability of

conduction states, leading to more efficient photon absorption

Figure 6. Influence of CB density of states of Active Layer 45 consequently, a higher production of electron-hole pairs.

L L This directly correlates with an increase in Jsc [46]. However,
_sas| ] the rise in power conversion efficiency (PCE) and the decline
%‘5 510 | e ] in fill factor (FF) of polymer solar cells with an increasing
T e8| ] conduction band DOS result from a combination of enhanced

PR p— ' : . ' ] charge generation and increased recombination losses. While a
es.00 [ / P ] higher DOS contributes to improved charge carrier absorption
— ] and generation, it also results in more opportunities for

recombination, which negatively impacts the FF [45].

764610 [— 1 L - ! -
~7 B4B0E

E4806 |- . .
= 8803 [ 3.5 Effect of Valence Band Density of States of Active
B Layer
&/ BASDE -

The valence band density of states in the active layer is

|
I e

n

3]
TR I P |

varied from 1x10'% to 1x10%° c¢m?3, and its impact on the

1 L —— Voo : .. . .
= :z : characteristics of polymer solar cells is evaluated. The analysis
§099 i ] reveals that while short-circuit current density (Jsc) and fill

i . ] factor (FF) change in a similar manner, open-circuit voltage

0.96 L i
0% 0r 10" w0t 100 w0 . (Voc) and power conversion efficiency (PCE) do not exhibit the
VRSN AR O AR e En same trend. The decline in PCE and Voc with an increase in
Figure 7. Influence of VB density of states of Active valence band density of states (DOS) is primarily due to
Layer enhanced recombination rates and increased charge carrier

trapping. Although a higher valence band DOS might initially
seem beneficial, it generates more energy states that facilitate non-radiative recombination processes and hinder charge
transport, which adversely affects both PCE and Voc [47-48]. Figure 7 shows the respective graph.

3.6. Effect of Shallow Uniform Density of States of Active Layer
The shallow uniform density of states in the active layer experiences a significant shift from 3.2x10' to
3.2x10' cm?. As this density increases, parameters such as open-circuit voltage (Voc), fill factor (FF), and power
conversion efficiency (PCE) tend to improve, while the short-circuit current (Jsc) shows a decline. An elevated donor
density can enhance the intrinsic potential across the junction by increasing the availability of charge carriers. This rise
in potential positively impacts Voc, which is crucial for the efficient operation of solar cells, as it reduces losses during
charge separation. Furthermore, an increase in donor density leads to enhanced conductivity within the active layer, which
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in turn lowers series resistance. This reduction in series resistance facilitates a higher fill factor by minimizing voltage
drops during operation [49]. The graphical representation is given in Figure 8. However, a noticeable increase in shallow
donor density can also result in a higher defect density within the active layer. This heightened defect density may give
rise to additional recombination centers that foster nonradiative recombination of charge carriers. Consequently, this
adverse effect results in fewer charge carriers contributing to the photocurrent, thereby reducing the short-circuit
current [50].

3.7. Effect of Thickness of ETL
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This study examines the effect of varying the thickness of the
electron transport layer (ETL) made from zinc oxide nanoparticles
(ZnONPs), changing it from 40 nm to 48 nm. The optimal performance
was identified at a thickness of 48 nm, where the power conversion
efficiency (PCE) peaked at 5.22%, the open circuit voltage (Voc)
reached 1.0270 V, and the short-circuit current density (Jsc) was
measured at 7.699979 mA/cm?. At 40 nm thickness, the fill factor (FF)
was observed to achieve a higher value of 66.09%. The analysis of
output parameters indicates that as the thickness increases, the fill
factor tends to decrease, while Voc, Jsc, and PCE show an upward
trend. Thicker ETLs can enhance the open circuit voltage (Voc) in
polymer solar cells by slowing down charge recombination processes.
By expanding the electron transport pathway, a thicker ETL minimizes
the likelihood of electron-hole recombination before charge carriers
reach the electrodes. This increased thickness facilitates a more
effective collection of photo-generated electrons due to the greater
transit space afforded to the electrons. Consequently, as more charge
carriers efficiently reach the electrodes with minimal losses from
trapping or recombination, this improvement in charge transport can
lead to higher Jsc [51]. However, the decline in the fill factor in
polymer solar cells at greater ETL thicknesses is primarily attributed
to increased series resistance, reduced charge carrier mobility, elevated
recombination rates, and interfacial charge transfer resistance [52]. The
power conversion efficiency (PCE) of polymer solar cells can improve
with increased thickness of the ETL, up to a certain optimal point,
largely due to better light absorption, enhanced charge extraction, and
superior charge transport capabilities [53]. The respective graph is
shown in Figure 9.

3.8 Effect of Electric Permitivity of ETL

This section provides a comprehensive analysis of how the
electric permittivity of the electron transport layer (ETL) affects
polymer solar cells, as illustrated in Figure 10. The findings reveal
that changing the electric permittivity from 8.2 to 9.0 results in a
decrease in the open-circuit voltage (Voc), while both the short-
circuit current density (Jsc) and overall efficiency experience an
increase. Specifically, a permittivity value of 9.0 yields the best
optimized performance. For effective charge transfer, the energy
levels of the ETL and the active layer must be closely aligned. Higher
permittivity in the ETL may disrupt this alignment at the
ETL/polymer interface, leading to voltage loss and a reduction in Voc
due to ineffective charge transfer. Quality issues within the ETL can
further diminish Voc and impede charge transfer, even if the
permittivity is elevated. Since successful charge collection relies on
the interactions between charge carriers and their respective layers,
any adverse effects on the electrostatic potential exacerbated by
materials with high dielectric constants [54] can contribute to a lower
Voc. Conversely, increased electric permittivity facilitates faster
charge transfer at the donor-acceptor interface, significantly reducing
non-geminate recombination losses. By minimizing these losses,
more charge carriers become available for collection, enhancing the
overall performance of the solar cell.
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Ultimately, improved charge dynamics and reduced recombination lead to higher values of Jsc and power conversion
efficiency (PCE), which can be attributed to a favourable dielectric environment [55]. However, flaws or suboptimal
interfaces can still generate recombination losses, which may diminish the fill factor's responsiveness to changes in

permittivity.
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3.9 Effect of Conduction Band Density of States of ETL

This section investigates the influence of the conduction band
density of states (CBDoS) of a polymer cell on the performance of
its electron transport layer (ETL). For this analysis, the CBDoS is
varied from 2.2x10'7 to 2.2x10?° ¢m?. It was observed that the
short-circuit current density (Jsc) and power conversion efficiency
(PCE) exhibited similar trends, while the fill factor (FF) initially
decreased before increasing at higher CBDoS wvalues. The
performance was found to be optimized at 2.2x10'7 ¢cm3, as
illustrated in Figure 11. The decline in Jsc and PCE with increasing
CBDoS is primarily attributed to increased carrier trapping, higher
recombination rates, and potential misalignment of energy levels
[56]. As the CBDoS rises, the presence of additional trap states
hinders charge extraction and facilitates enhanced carrier
recombination, leading to a reduction in open-circuit voltage (Voc).
The behaviour of the fill factor (FF) is influenced by the complex
interactions among energy level alignment, trap states, and carrier
dynamics. This results in a non-linear relationship, where the
competing effects of increased recombination and improved carrier
mobility contribute to the observed patterns in FF.

3.10 Effect of Valence Band Density of States of ETL
This section focuses on the changes in the valence band
density of states of the electron transport layer in polymer solar
cells, varying from 1.8x10' to 1.8x10 ?'cm. Figure 12 provides
a graphical representation of these changes.

It was found that the optimal performance, characterized by a
maximum efficiency of 5.18%, occurs at a density of 1.8x10'7 cm
3. Variations in the valence band density of states within the
electron transport layer can lead to complex changes in the output
characteristics of polymer solar cells. The effects on short-circuit
current density (Jsc), open-circuit voltage (Voc), fill factor (FF),
and power conversion efficiency (PCE) are determined by
optimizing the density of states, alongside the ratio of charge
transport to recombination and the alignment of interfacial energy
levels. The respective graph is given in Figure 12.

3.11 Effect of Shallow Donor Density of ETL

This section analyzes the fluctuations in the shallow donor
density of the electron transport layer, which ranges from
1.1x10 * to 1.1x10%° cm. Figure 13 provides the corresponding
graph illustrating these fluctuations. The findings indicate that
while the variations in short-circuit current density (Jsc) and power
conversion efficiency (PCE) are comparable, the changes in open-
circuit voltage (Voc) and fill factor (FF) exhibit a similar trend. Voc
typically increases with a higher shallow donor density, as this
leads to improved charge extraction and reduced recombination
losses. Additionally, as charge transport and extraction enhance,
the fill factor (FF) also rises with the shallow donor density.
However, excessive concentrations of shallow donors can lead to
significant recombination, ultimately resulting in a decrease
in PCE.

3.12 Effect of Thickness of Additional P3HT Layer

In this case, the thickness of the P3HT layer is varied from
16 nm to 24 nm, with the optimal performance observed at 16 nm.
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This is illustrated in Figure 14, which provides a graphical representation of the findings. The investigation reveals that
while the fill factor (FF) shows a different trend, the open-circuit voltage (Voc), short-circuit current density (Jsc), and
power conversion efficiency (PCE) fluctuate similarly. As the P3HT layer increases in thickness, the pathways for charge

transport become longer and more convoluted.
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Consequently, charge carrier mobility diminishes, which is
crucial for the effective transfer of electrons and holes to their
respective electrodes. This increase in the distance that charge carriers
must traverse can lead to a higher likelihood of recombination before
reaching the electrodes, potentially resulting in reduced Jsc and PCE.
Moreover, the drop in Voc may be attributed to lower charge extraction
efficiency in thicker layers and higher energy losses associated with
elevated recombination rates. Key factors contributing to the decline in
FF in polymer solar cells (PSCs) as the P3HT layer thickness increases
include enhanced bimolecular recombination, inefficient charge
transport, and imbalanced charge carrier mobilities [57].

3.13. Effect of Bandgap of Additional P3HT Layer

The bandgap of P3HT varies from 1.7eV to 2.1 eV, with
observations indicating that all output parameters increase alongside
the bandgap. This trend is illustrated in Figure 15. There is a direct
correlation between the open-circuit voltage (Voc) and the energy
levels of the polymer's lowest unoccupied molecular orbital (LUMO)
and highest occupied molecular orbital (HOMO). Generally, a larger
bandgap ensures a higher HOMO energy level, which can enhance
Voc. Additionally, higher bandgap materials are more effective at
absorbing high-energy photons, potentially leading to increased short-
circuit current density (Jsc). Increasing the bandgap creates a larger
energy difference necessary for charge separation, which reduces the
likelihood of exciton recombination. This mechanism ultimately
contributes to an improvement in both fill factor (FF) and power
conversion efficiency (PCE).

3.14 Effect of Electron Affinity of Additional P3HT Layer

This section investigates the influence of P3HT's electron affinity
on the performance of polymer solar cells. The electron affinity is
varied from 2.9 eV to 3.3 eV, revealing that all output parameters of
the cell respond similarly to these changes. Figure 16 illustrates this
correlation. In general, a higher electron affinity results in an elevated
LUMO energy level, which can lead to an increase in the open-circuit
voltage (Voc) when no current is flowing. Larger electron affinities
create greater energy offsets, facilitating the efficient movement of
electrons and potentially enhancing the short-circuit current density
(Jsc). Furthermore, a polymer donor with a higher electron affinity can
reduce recombination losses, leading to improved fill factor (FF) and
power conversion efficiency (PCE) [58].

3.15 Effect of Valence Band Density of States of Additional P3HT
Layer

The present study investigates the effect of varying the valence
band density of states of P3HT from 1.8x10'° to 1.8x10* ¢cm™ on the
output parameters of polymer solar cells. While the short-circuit
current density (Jsc) shows a differential response among the output
parameters, the open-circuit voltage (Voc), fill factor (FF), and power
conversion efficiency (PCE) exhibit similar trends. This relationship is
illustrated in Figure 17.

Improvements in metrics such as PCE, FF, and Voc can be
attributed to better energy level alignment and enhanced charge
transport. However, as the valence band density increases, performance

declines due to higher defect densities and shorter diffusion lengths, ultimately reducing the overall efficiency of the solar
cell. The maximum efficiency is observed at a valence band density of 1.8x10'7 cm. The decrease in Jsc for polymer solar
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cells, particularly those utilizing P3HT, is primarily caused by increased defect density and shorter charge carrier diffusion
lengths associated with high density states.
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3.16 Effect of Shallow Acceptor Density of States of
Additional P3HT Layer

In our subsequent endeavor, we adjusted the shallow
acceptor density of states in the P3HT layer, conducting a
study that encompassed values ranging from 2x10'® to
2x102° ¢cm3. The optimal performance was observed at a
density of 2x10'" cm?, as illustrated in Figure 18, which
displays the graphical variations. The fluctuations in
performance were similar to those seen with the layer's
valence band density of states. This similarity arises because
both factors significantly influence the solar cell's charge
transport, carrier density, trap formation, and recombination
dynamics. The sensitivity of performance to these
concentrations highlights the delicate balance required to
enhance charge mobility while minimizing the adverse effects
of defects.

3.17 Effect of Bandgap of PEDOT: PSS [HTL]

This study investigates the impact of changing the
bandgap of the hole transport layer, PEDOT:PSS, from 1.2 eV
to 2.0 eV on the output parameters of polymer solar cells. All
parameters were observed to fluctuate similarly, with
maximum efficiency achieved at a bandgap of 1.6 eV, as
illustrated in Figure 19. Increasing the PEDOT:PSS bandgap
can enhance the open-circuit voltage (Voc) in polymer solar
cells. However, a higher bandgap limits sunlight absorption,
resulting in lower charge carrier production. Due to the
significantly high bandgap of PEDOT:PSS, sunlight
absorption is reduced, which subsequently decreases the
short-circuit current density (Jsc). Additionally, the
hydrophilic nature and instability of the hole transport layer
(HTL) may lead to increased series resistance, further
affecting the fill factor (FF). The power conversion efficiency
(PCE) increases initially but subsequently declines as the hole
transport bandgap is raised.

3.18 Effect Electron Affinity of PEDOT:PSS [HTL]

PEDOT:PSS demonstrates a shift in electron affinity
ranging from 3.0 eV to 3.8 eV, with optimized values
achieved at 3.4 eV, as illustrated in Figure 20. The output
parameters of polymer solar cells exhibit similar changes as
the bandgap and electron affinity of PEDOT:PSS are
increased. This similarity arises from the interplay between
energy level alignment and charge transport dynamics, both
of which are simultaneously influenced by these two
characteristics.

CONCLUSION

In this modeling work, a P3HT layer was integrated into
a polymer solar cell structure using SCAPS 1-D software,
with P3HT:ICsBA serving as the active layer. The study
revealed that the structure exhibited significantly better
performance with the inclusion of P3HT. The P3HT layer
enhances charge transit and maximizes Voc and Jsc by
aligning energy levels at the heterojunction surfaces. After
optimization, the following output parameters were achieved:
power conversion efficiency (PCE) = 15.26%, fill factor
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(FF) =51.62%, short-circuit current density (Jsc) =26.577140 mA/cm?, and open-circuit voltage (Voc) = 1.1126 V.
Before optimization, we recorded an efficiency of only 5.18%. These results are quite promising and will contribute to
the advancement of photovoltaic research in the future.
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BIIVIUB JOAATKOBOI'O IIAPY P3HT HA TPOAYKTUBHICTH IIOJIMEPHOI'O
COHSIYHOI'O EJIEMEHTA P3HT: ICoBA
Yirryp Hdeapagxan Pamadaapan®P, K. Cedactesan Cyaxip?
“Kaghedpa ¢izuku, docnionuyvra 1ab6opamopis MoOeno8ants onmoeiekmpoHnux npucmpois, Konedoic Xpucma [Aemonomnuii],
Ipinoocanaxyoa, Tpiccyp, 680125, Yuisepcumem Kanikyma, Kepana, Inois
bKagpeopa pizuxu, Ypadoesuii koneoac, Yimmyp, Hanaxxao, 678104, Yuisepcumem Kanikyma, Kepana, Inois

By1o npoBeneHo MoeoBaHHS 3 BUKOPHCTaHHIM IporpaMHoro 3abesneueHHss SCAPS 1-D mis BUBYEHHS BIUIMBY JOJATKOBOTO IIApy
P3HT (momi-3-rexcunrioeH) Ha IPOXYKTUBHICT COHSYHUX €JIEMEHTIB 3 00'€MHUM IeTepONepexoioM, 30KpeMa 3 aKTHBHHUM IIapoM
P3HT: IC60BA. [JocnimkyBana ctpykrypa enementa - [ITO/PEDOT:PSS/P3HT/P3HT:IC60BA/ZnO NPs/Al. Ilicns cranpaprusanii
MIPOrpaMHOro 3a0e3NeYeHHs MU BHM3HAYMJIM ONTHUMANbHI HapaMeTpu CTPYKTYPU COHSIYHOIO €JeMEHTa, NpOaHali3yBaBLIM pi3Hi
(axropu, 10 BIUIMBAIOTh HAa IMPOAYKTUBHICTH €JIEMEHTAa B Pi3HUX WIapax. 3rogoM, Micis ONTHUMI3allii CTPyKTypH, e()eKTHBHICTH
nepersopenHs eneprii (PCE) 3HauHO nmokparuiacs, 30inpmmBImcs 3 5,18% 6e3 nogarkosoro mapy 10 15,26% 3 101aTKOBUM HIAPOM.
Kuro4oBi ciioBa: conaunuii enemenm 3 06'emnozo eemeponepexionozo nonimepy; gynepen; SCAPS 1-D; axmusnuti wap; ETL; HTL
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Abstract. This paper examines the function of bulk heterojunction polymer solar cells
(BHJPSCs) in the realm of photovoltaics. Specifically, the performance of a BHIPSC setup
eliminating the electron transport layer (ETL) is investigated. With the aid of SCAPS 1D
software, simulation studies are done to evaluate the effectiveness of this innovative approach.
Initially, the program is standardized by replicating a key experimental study that used
P3HT:ICBA as the active layer, producing results consistent with actual observations. The
solar cell structure ITO/PEDOT:PSS/P3HT:IC¢BA/ZnO NPs/Al was studied where an
efficiency of 3.97 % is achieved through standard procedures. Interestingly, byomitting the ETL
in the simulations leads to a substantial efficiency of 10.83 % after optimization. This increased
efficiency demonstrates an economically feasible solar cell structure. Improved photovoltaic
performance may arise from additional research and optimisation of BHIJPSC designs without
ETL.

Keywords: bulk heterojunction polymer solar cell, SCAPS 1-D, HTL, Fullerene bisadduct 1C¢, BA.
Classification numbers: 3.4.1, 4.10.4

1. INTRODUCTION

Non-conventional energy sources are essential when energy demands rise and conventional
fossil fuels become less common. Bulk heterojunction polymer solar cells (BHJ PSCs) have
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recently received increased attention as a possible renewable energy source due to their simple
fabrication technique, low cost, light weight nature, and adaptability [1 - 3]. The active layer of
these solar cell devices typically consists of two organic semiconductor materials: an electron
acceptor (n-type fullerene derivatives) and an electron donor (p-type conjugated polymer) [4].
The unique features of "small molecule organic or polymer solar cells”, QD sensitised solar cells
(QD-SSCs) (Ghoreishi et al., 2014) have further led to their appeal [5 - 9].

Poly(3-hexylthiophene) (P3HT) is an important material for electron donation in bulk
heterojunction (BHJ) polymer solar cells because of its good hole mobility, stable with the
environment and absorption in the extended red light. One of the most popular electron
acceptors is [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) [10-12], which has low LUMO
energy levels and provides an open circuit voltage of just over 0.6 V [13] . Of late, there has
been a push to use the indene-C60 bis adduct (ICsBA), which has higher LUMO energy levels
and provides for the open circuit voltage of about 0.84 V, along with more efficiency [14 - 18].

Bulk heterojunction polymer solar cells (BHIJPSCs) are beneficial to photovoltaic
technology because they are inexpensive and quick to manufacture. The bulk heterojunction
(BHJ) structure allows for rapid exciton dissociation by utilizing a bicontinuous network of
donor and acceptor materials. Bendenia et al. demonstrated that an all polymer blend resulted in
excellent photogeneration [19]. The BHJ structure was first described by Heeger and co-workers
in 1995 for polymer fullerenes blends [20], and this is where we find that additives can
ultimately increase the domain sizes of the donor and acceptor materials and improve
performance [21, 22]

To enhance the performance of bulk heterojunction (BHJ) polymer solar cells (PSCs), Li et
al. studied indene-C60 bis adduct (IC¢BA) as an electron acceptor to address the issue of low
open circuit voltage (Voc) of the P3HT:PCBM blend [23]. In an experiment with P3HT:1C4BA,
they achieved high power conversion efficiencies (PCE) and a Voc value of 0.84 V [24 - 25].
The authors modelled the solar cells using SCAPS 1-D software and validated the model against
experiment [26 - 27]. In this case, the hole transport layer was PEDOT:PSS and the active layer
was P3HT:ICsBA.

In polymer solar cells, electron transport layers (ETL) are used for collecting the electrons
but could limit the performance of the device because of issues with the material such as TiO,
degrading from UV light or trapping the electrons because of defects in the layer. Studies have
shown that removing the ETL can create an increase in efficiency and lower the cost of
production. In some cases, the performance of the ETL materials can be greatly affected by
lowering the thickness of the layer, so the material becomes a scalability issue for mass
production. An optimization of a standard structure replaced without ETL [ZnO nanoparticles]
leads to a most significant enhancement of the efficiency from structures with ETL proving
evidence to high efficiency polymer solar cells.

2. DEVICE SIMULATION METHODOLOGY

This study used the one-dimensional Solar Cell Capacitance Simulator-SCAPS version
(3.3.08) . Engineers and researchers benefited from its unique features and enhancements.
SCAPS-1D 3.3.08 characteristics are listed below. It solves the optical and electrical models for
the full arrangement. SCAPS-1D users can describe their solar cell structure by specifying
layers. Each layer can have varied dielectric constant, electron affinity, thickness, and bandgap.
Users can enter own material specifications; however, the software has a library of solar cell
materials. SCAPS-1D calculates carrier transport via drift-diffusion. This model accounts for
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electric field drift and carrier concentration gradient diffusion. The SCAPS-1D device
simulation tools enable to model recombination mechanisms by fully specifying defect states.
The bulk defect states can be specified with an energy distribution, density of states, and electron
and hole capture cross-sections within the bulk of each semiconductor layer. The interface defect
states can also be specified at the heterojunctions, with properties unique to each of those
interface defect states. The bulk defect states and interface defect states can be parameterized to
obtain Shockley-Read-Hall (SRH) recombination rates, which will yield a better representation
of your device’s electrical behaviour. The software simulates solar cell layer light absorption and
electron-hole pair production. SCAPS-1D can simulate varied light intensities and spectrum
distributions (AM1.5G, monochromatic, etc.).

The software simulates the I-V characteristics of solar cells under varying conditions,
generating outputs such as Voc [Open circuit voltage], Jsc [Short circuit current], FF[Fill factor],
and PCE[Power conversion efficiency]. Multi-junction solar cells, which can absorb more
sunlight by having a stack of multiple layers with bandgaps, can also be simulated. An intuitive
GUI helps shorten the time to setup simulations, adjust parameters, and view results using
SCAPS-1D. Result files can be saved in many different types of formats for later analyses, and
graphs can be edited and saved for the reporting component. SCAPS-1D allows users to perform
sensitivity analysis to see how variations in parameters can affect solar cell performance. For
organic solar cells software is used for exploring various donor-acceptor material combinations
and their impact on device efficiency and it was found that the ratio of donor to acceptor
materials critically affects charge transport and recombination rates. Optimal blend ratios were
determined for enhanced efficiency. In our study, we have used a 1.5 AM spectrum for
illumination. Previous simulations have been performed on fullerene and non-fullerene BHJ,
perovskite, and tandem solar cells (Abdelaziz et al., 2019, 2020; Gupta and Dixit, 2018;
Bahrami et al., 2019). In their study in 2019, Abdelaziz et al. focused on the simulation and
optimization of lead-free perovskite solar cells using SCAPS-1D software. They investigated the
performance of a solar cell structure composed of FTO/TiO,/CH3NH3SnI3/Spiro-OMeTAD/Au.
Their primary objective was to enhance the cell efficiency by optimizing the thickness of the
absorber layer and the defect density. The simulation results highlighted that optimizing these
parameters significantly improved the power conversion efficiency (PCE) of the solar cells.

SCAPS-1D possesses multiple control panels for parameter variation and thin film solar
cell simulation. Each of the control panels serves to simplify the management and tuning of a
simulation by targeting a single simulation step. Project files (multiple simulations) can be
created, saved, and retrieved in the main control panel. The simulation run control panel is
where the initiation of simulation, pause, and simulation control takes place. The device
construction panel is where layers of the solar cell can be added, deleted, and defined.
Depending on the material property panel the user can select the bandgap , electron affinity, and
dielectric constants for each material layer. The user has the ability to select carrier mobility,
recombination and diffusion coefficients. In the defects and recombination panel, energy levels
(and densities), and capture cross-sections for the electron and hole can be selected to specify
bulk defect state in the material. The user can select to define the SRH, radiative, and Auger
recombination parameters. In the lighting and optical properties panel users can select the type
and intensity of lighting source and confirm their designs against AM1.5G physical sun spectra
or to define a light source spectral distribution specifically. Each layer's reflectance and
absorption coefficients affect light absorption and the device's functionality. The electrical
simulation allows the user to select forward and reverse biases. The temperature settings panel
allow the temperature settings to be defined for the simulated operating temperatures.
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The output and results panel display graphical outputs such as I-V curves, C-V curves, and
QE spectra. Users can customize the graphs, zoom in on specific regions, and compare multiple
simulations. The data export tool helps in exporting simulation results to various formats (e.g.,
CSV) for further analysis. These control panels are designed to provide a comprehensive and
user-friendly interface for setting up and managing solar cell simulations. By organizing the
software into these specific panels, the SCAPS-1D ensures that users can easily find and adjust
the parameters they need for their specific simulation requirements.

SCAPS-1D numerically solves the coupled Poisson and continuity equations iteratively to
yield a steady-state operating point in equilibrium for the general semiconductor equations.
Before and after deployment of the stimulus, the general semiconductor equations, [e.g.
Poisson’s equations, continuity equations, drift and diffusion current equations], are very quick
in determining the electrical performance of the electronic device. Ultimately the electrical
performance is derived from potential, photons, or thermal energy as sourced from the stimulus.
The device electrical performance and |-V characteristics are formulated through these
equations. Therefore, this provides the theoretical method for investigation and understanding
device performance. The Poisson equations express the electrostatic potential with
semiconductor charge distributions [Equation 1]. The continuity equations express charge
conservation with holes and electrons [Equations 2-3]. The drift-diffusion equations express the
electron and hole current densities [Equations 4-5]. The finite difference method (FDM)
discretizes the semiconductor equations on a one-dimensional grid. The equations are solved at
discrete grid nodes across the one-dimensional grid sections of the device. Initial guesses of the
electrostatic potential and carrier concentrations are obtained. The guess may come from
equilibrium conditions or previous simulations will provide a more informed guess. For
boundaries at the contacts, Dirichlet or Neumann boundary conditions are applied (prescribed
potential or prescribed current density). At the interfaces of materials, the potentials and current
densities are continuous. The numerical iterative methods such as the Newton-Raphson Method
and Gummel Iteration solve the coupled systems of nonlinear algebraic equations from
discretization. The Newton-Raphson Method linearizes the nonlinear equations about the guess
and solves the linear system iteratively. The Poisson’s equation for potential and the continuity
equations for carriers are solved alternatively. The total device current is computed from the
numerically integrated current densities across the cross sectional area of the device. The total
device current is derived at a corresponding potential. The I-V curve is computed by varying
actual potential application and repeating the solution. They will also analyze and predict the
performance of new architectures, save significant human resources, time, and money on
experiment costs.
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In the above-mentioned equations, the charge is denoted by g. The fundamental charge
of an electron is approximately 1.602x10™ C. It is a constant used in all the equations
involving charge carriers (electrons and holes). ¥ denotes the electrostatic potential which
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represents the electric potential energy per unit charge at a point in the semiconductor. It is a
solution to the Poisson equation and influences the movement of charge carriers. The symbols p,
n, pt, and nt stand for free holes and electrons concentrations (number of electrons or holes per
unit volume), trapped holes and trapped electrons which represent holes and electrons captured
by traps, respectively. Np (donors that have released an electron and become positively charged)
and N (acceptors that have captured an electron and become negatively charged) denote ionized
donor-like and ionized acceptor-like doping concentrations, respectively. Here, € signifies
absolute permittivity, while €, denotes permittivity in free space which represents the ability of
the material to permit electric field lines. It influences the electric potential distribution within
the material. Jn and Jp signify electron and hole current densities which are derived from the
drift and diffusion components of carrier transport, respective while Un denotes electron
recombination rate, Up is the rate of hole recombination (The rate at which electrons and holes
recombine and annihilate each other), and G is the generation rate (The rate at which electron-
hole pairs are generated, typically by absorption of photons in the context of solar cells). In
contrast to what has been described so far, Eg, and Eg, stand for the electron and hole quasi-
Fermi levels, whereas p, and 1, indicate the electron and hole mobility, respectively. In SCAPS-
1D software, understanding the concepts of assumed Fermi energy levels (Eg,, Egy) and the
conductivity of electrons and holes (n, p) is crucial for analyzing the behavior of semiconductor
devices. In thermodynamic equilibrium, the Fermi level is the energy level at which the
probability of finding an electron is 50 %. It represents the chemical potential for electrons in the
system. In non-equilibrium conditions (e.g., when a device is illuminated or under bias), separate
quasi-Fermi levels are defined for electrons (Eg,) and holes (Eg). When there are non-
equilibrium conditions, the energy level Eg, corresponds to the distribution of electrons in the
conduction band, and the corresponding energy level Eg, corresponds to the distribution of holes
in the valence band. These quasi-Fermi levels are crucial for determining the carrier
concentrations (n and p) and the current flow in the device. In equilibrium, Eg, and Eg, coincide
with the overall Fermi level (Eg), as there is no net generation or recombination. Under
illumination or bias, Eg, and Eg, split, reflecting the different energy distributions of electrons
and holes. The splitting is a measure of the deviation from equilibrium and is related to the
applied voltage and light-generated carriers. The conductivity attributed to holes is increased by
higher hole concentration (p) and mobility (), whereas the conductivity attributed to electrons
is increased by higher electron concentration (n) and mobility (uy).

Al [Cathode]

ITO [Anode]

Glass Substrate

Figure 1. Simulated bulk heterojunction polymer solar cell structure.

Figure 1 depicts the configuration of the simulated bulk heterojunction structure, which is
Glass substrate/I TO/PEDOT: PSS/P3HT:ICs,BA/ZnONPS/AI. Table 1 shows the material
parameters used in the simulation, including electron affinity (y), bandgap energy (Eg), and
relative permittivity (er). The mobilities for holes and electrons are p, and py,, respectively. Np
and Na represent donor and acceptor density, respectively. Nv and Nc represent the effective
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density of states in the valence and conduction bands, respectively, whereas Nt represents the
defect density. The anode and cathode work functions are set at 4.8 and 4.2 eV, respectively.
The thermal velocity is set to 10” cm/s, and the capture cross section for holes and electrons is
setto 1 x 107> cm? across all layers. As already mentioned, the main output parameters of solar
cell are Voc , Jsc , FF and PCE . The required material parameters for simulation and
absorption spectra are gathered from the literature [26 - 28, 29 - 37]. Table 2 shows the
comparative evaluation of experimental and simulated values for calibrating SCAPS 1-D

Tablel. Simulation parameters of bulk heterojunction polymer solar cell.

Parameter HTL Active layer ETL
Thickness 27 250 46
[nm]
Eg (eV) 1.6 1.68 3.2
x (eV) 3.4 3.880 4.6
er 3.0 3.3 9.0
Hn (cm®/vs) 10 10’ 10’
Hp (cm®/vs) 400 10’ 10’
Na (cm ) 10" 0 0
Np (cm ) 0 3.2x 10" 1.1 x 10*®
Nc (cm ™) 2.2 x 10" 1.6 x 107 2.2 x 10"
Ny (cm ) 1.8 x 10™® 10" 1.8 x 107
Nt (cm ) 10™ 10™ 10"

Table 2. Evaluation of simulated parameters with experimentalresults.

Parameter Experimental Simulated
Voc (V) 0.84 0.85

Jsc (mA/cm?) 8.36 8.21

FF (%0) 59 57

PCE (%) 4.1 3.97

3. RESULTS AND DISCUSSION
3.1. Effect of active layer thickness

The active layer thickness is varied between 300 nm to 700 nm. As thickness increases, Voc, Jsc
and PCE increase, but FF decreases. The corresponding graph is given in Figure 2. Voc increases
due to the production of more charge carriers. Variation in Jsc accounts for more light absorption
and FF declines due to increase in series resistance and recombination. Variation in PCE
accounts for the combined effect of all other output parameters
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Figure 2. Influence of active layer thickness on cell performance.

3.2. Effect of shallow defect density of active layer
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Figure 3. Influence of shallow defect density on cell performance.

The shallow defect density of the active layer is increased from 10™ cm™ to 10% cm™.
Voc is found to increase with shallow defect density, although FF and PCE vary similarly. Jsc
is found to decrease with increasing shallow defect density. Optical techniques based on sub-
bandgap absorption or emission can also provide insights into the defect density in the active
layer. . It was discovered that optimal performance occurs at 10" cm?, with an efficiency of
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5.87 %. These variances are depicted in Figure 3. Shallow defect density can act as trapping
sites, leading to non-radiative recombination which impacts the Voc. The Jsc is lowered by
high defect density due to increased recombination and trapping of charge carriers. FF is
decreased due to increased recombination and localized resistive losses, at high defect
density. Reductions in Voc, Jsc, and FF results in the variation of PCE. Improved material
purity, optimized fabrication processes, and careful control of the polymer morphology helps
in reducing shallow defect density for better performance

3.3. Effect of temperature

The temperature is changed from 300 K to 360 K. The optimal performance is achieved
at 300 K. The variations of output parameters are depicted in Figure 4.
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Figure 4. Influence of temperature on cell performance.

At higher temperatures, the materials carrier concentrations, mobility of charge carriers,
resistance, and bandgap changes. As temperature rises, the intrinsic carrier concentration in the
semiconductor increases, leading to a reduction in the separation of the quasi-Fermi levels. This
results in a decrease in Voc. Additionally, increased temperature can enhance the recombination
rates of charge carriers, further lowering Voc. Jsc increases with increasing temperature due to
enhancement in the mobility of charge carriers and slightly increase in absorption of photons .
Elevated temperatures increase the series resistance and decrease the shunt resistance in the solar
cell leading to the reduction in FF. The diode ideality factor also increases with temperature,
negatively impacting the FF. Since PCE is a product of Voc, Jsc, and FF, the overall efficiency
tends to decrease with rising temperature. Maintaining the efficiency of polymer solar cells
requires proper thermal management, which includes choosing materials with improved thermal
stability to lessen the negative impacts of temperature rise, using heat sinks, and optimising cell
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design. In polymers, thermally generated carriers increase with temperature, enhancing the
overall carrier concentration.

3.4. Effect of electron affinity of active layer

The electron affinity of the active layer ranges from 3.5eV to 4 eV. Simulation revealed
an optimal value of 5.75 % efficiency for 3.7 eV electron affinity. This is due to the
enhancement in exciton dissociation, charge transport and reduction in recombination losses.
Figure 5 shows a graphical illustration. If the electron affinity of the acceptor is high, it
ensures a larger energy difference, potentially increasing Voc. However, if the electron
affinity is too high, it may also increase recombination rates, which could negate the benefits.
A higher electron affinity can facilitate better electron transport to the electrode, reducing
recombination within the active layer. This enhances the overall charge collection efficiency,
contributing to higher Jsc and FF. Conversely, if the electron affinity is not optimized, it can
lead to poor charge transport and higher recombination losses. Proper electron affinity ensures
optimal energy level alignment, facilitating efficient charge transfer. Optimized electron
affinity enhances charge transport and reduces recombination, improving Jsc and FF. Well-
matched electron affinity reduces recombination losses, enhancing overall device efficiency.
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Figure 5. Influence of electron affinity of active layer on cell performance.
3.5. Effect of carrier concentration of active layer
The carrier concentration of the active layer is increased from 10" cm™ to 10* cm™. In this

study, we discovered that Voc reaches its maximum value of 1.2013 V, whereas PCE reaches its
maximum value of 5.76 % at 10'® cm™. Jsc achieves its maximum value of 6.333860 mA/cm?,
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whereas FF achieves its greatest value of 76.08 % at 10** cm®. Figure 6 shows the

corresponding graph. Increased doping concentration can lead to better alignment of energy
levels, reducing recombination losses and potentially increasing Voc. Proper doping can enhance
the electrical conductivity and mobility of charge carriers, improving their transport to the
electrodes and increasing Jsc
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Figure 6. Effect of carrier concentration of active layer on cell performance.

Appropriate doping levels can decrease the series resistance (by increasing conductivity)
and minimize shunt pathways (by reducing defects), thereby increasing the FF. Optimal doping
improves Voc, Jsc, and FF, leading to higher PCE. To maximize the performance of polymer
solar cells, it's crucial to optimize the doping concentration. This involves finding a balance
where the doping is sufficient to improve electrical properties and charge transport but not so
high as to introduce significant recombination losses or defects.

3.6. Influence of thickness of hole transport layer

The thickness of hole transport layer [HTL] is changed from 25 nm to 45 nm. The
optimized values are obtained for a thickness of 30 nm. The corresponding diagram is given in
Figure 7. An optimal HTL thickness ensures efficient hole transport and extraction,
maintaining a high built-in potential and resulting in a higher Voc. An appropriately thick
HTL allows for efficient hole transport to the anode without significant recombination losses,
leading to a higher Jsc. A very thick HTL increases series resistance, reducing the FF. An
optimal HTL thickness improves Voc, Jsc, and FF, leading to a higher PCE.

3.7. Effect of band gap of HTL

The band gap of HTL varies from 1.4 eV to 1.8 eV. It was discovered that Voc, FF, and
PCE rise with the band gap and achieve optimal performance at 1.8 eV. Figure 8 depicts the
variations in the output parameters. Voc is a direct consequence of bandgap, with a higher
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bandgap resulting in higher Voc and a lower rate of radiative recombination. Jsc drops with
increasing bandgap due to reduced production of electrons, as few photons have enough energy.
An HTL with an appropriate band gap ensures proper energy level alignment with the active
layer, minimizing energy losses during hole extraction resulting in a higher Voc. A mismatched
band gap can create energy barriers, hindering hole extraction and leading to increased
recombination, which reduces Jsc. A properly aligned band gap minimizes recombination and
series resistance, leading to a higher FF. An optimal HTL band gap ensures efficient charge
extraction and minimal recombination, maximizing Voc, Jsc, and FF, and thus PCE. To
maximize the performance of polymer solar cells, the HTL band gap should be optimized to
align well with the energy levels of the active layer.
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3.8. Influence of electron affinity of HTL
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The electron affinity of HTL ranges from 3.2 eV to 3.6 eV. The optimal performance is
achieved at 3.4 eV. Figure 9 shows the respective changes in the output parameters. An HTL
with suitable electron affinity will align its energy levels with the active layer, preventing
electron leakage and recombination at the HTL/anode interface. If the electron affinity is
mismatched, it can cause inefficient charge separation and increased recombination losses,
reducing Jsc. Proper electron affinity reduces recombination losses and ensures efficient charge
transport, leading to a higher FF at 3.4 eV. A high electron affinity can increase recombination
rates and resistive losses, reducing the FF. An optimal electron affinity ensures efficient charge
separation and transport, maximizing Voc and FF, leading to a higher PCE at 3.4 eV.
Mismatched electron affinity can result in suboptimal Voc, Jsc, and FF, thereby reducing the
overall PCE. To maximize the performance of polymer solar cells, the electron affinity of the
HTL should be optimized to ensure proper energy level alignment with the active layer and the
anode
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3.9. Effect of effective density of states [CB] of HTL
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The effective density of states of conduction band of HTL is changed from 10 cm™ to
10™ ¢cm’. In this case, Voc and PCE decrease as the density of states increases. Jsc is found to
increase while FF initially decreases, then increases. The optimized performance is obtained at
10" cm®. The corresponding graph is given in Figure 10.

3.10. Influence of effective density of states [VB] of HTL
The effective density of states of valence band of HTL is changed from 10™ cm™ to 10® cm™.
Here, the Voc, FF and PCE decrease as the effective density of states in the valence band of HTL

increases. Jsc is found to increase with the effective density of states in the valence band of
HTL. The optimized results are obtained at 10" cm™. The results are shown in Figure 11.
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Figure 11. Influence of density of states [VB] of HTL.

3.11. Effect of shallow acceptor density of HTL

There is an increase in the shallow acceptor density of states of HTL from 10™ cm™ to
10" cm’®. In this case, it is discovered that Voc increases as HTL acceptor density increases,
whereas FF and PCE drop as HTL shallow acceptor density increases. An acceptor density of
10" cm™® yields the best results. The graphs are displayed in Figure 12. The Voc is enhanced
by improving the built-in potential and reducing recombination losses. The Jsc is increased
with efficient hole transport and minimal recombination. The FF is reduced due to increase in
series resistance and recombination. The PCE is maximized when Voc, Isc, and FF are
optimized through balanced HTL doping density. To maximize the performance of polymer
solar cells, the doping density in the HTL should be optimized. This involves finding a
balance where the HTL is doped enough to improve hole mobility and transport while
minimizing recombination and resistive losses. Achieving this balance ensures that the solar
cell operates efficiently with high Voc, Jsc, FF, and PCE.
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3.12. Influence of defect density of HTL
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Figure 13. Effect of total defect density of HTL on cell performance.

The total defect density of HTL is changed from 10 cm™ to 10 cm™. Here, the Voc is
found to increase, while the other output parameters are found to decrease as the total defect
density of HTL increases. The optimized performance is obtained at a defect density of 10" cm™.
The corresponding graph is given in Figure 13. In polymer solar cells, defects in the HTL can act
as recombination centers where charge carriers (electrons and holes) can recombine. When the
defect density increases, it can lead to more effective trapping of electrons that have diffused
into the HTL. This trapping can reduce the rate of recombination of photogenerated charge
carriers at the HTL interface, leading to a lower overall recombination rate in the cell. Reduced
recombination of charge carriers helps maintain a higher separation of charges, thereby
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increasing the quasi-Fermi level splitting and resulting in a higher Voc. A high defect density can
trap charge carriers, reducing their mobility and increasing recombination rates, which lowers
the Jsc. High defect density increases the series resistance due to impeded charge transport and
introduces more shunt pathways through increased recombination, both of which reduce the FF.
Lower defect density ensures efficient charge transport and collection, minimal recombination
losses, and optimal series and shunt resistances, thereby maximizing Voc, Isc, and FF, and
consequently the PCE. Higher defect density has the opposite effect, reducing all these
parameters and thereby lowering the PCE. Careful material selection, processing conditions, and
interface engineering are adopted to reduce the defect density

4. CONCLUSIONS

Numerical investigations were conducted on a fullerene BHJ PSC employing the
ITO/PEDOT:PSS/P3HT:ICsBA/ZNONPs/Al structure. These studies were validated by
comparing the simulated results with experimental data from the literature. Remarkably, the
actual device performance closely mirrored the simulated outcomes. Our study examines the
impact of parameters such as hole transport layer characteristics, absorber layer thickness,
doping concentration, defect density, and temperature on cell performance, specifically focusing
on configurations devoid of an electron transport layer (ZnO NPs). Through optimization, we
enhanced parameters to augment the power conversion efficiency (PCE). Notably, the
optimization process included fine-tuning transport layer properties. The resultant cell
performance with optimized numerical parameters yielded: Voc = 1.4158 V, Jsc = 10.294741
mA/ cm?, FF = 74.30 %, and PCE = 10.83 %. The results are encouraging and may open up
future research in this field.
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Abstract: In photovoltaic research, bulk heterojunction organic solar cells have garnered significant interest as light
harvesters. This increased attention underscores the importance of advance research in organic solar cell development. The
present study considers an organic bulk heterojunction solar cell with P3BHT:IC4BA as the active layer. Simulation studies
are conducted using SCAPS 1D software. Initially, the software is standardized by comparing the experimental data of the
solar cell structure, ITO/PEDOT:PSS/P3HT:IC4BA/ZnONPS/Al with the simulated characteristics of the solar cell.
Subsequently simulation research is done to evaluate the impact of different hole transport layers (HTL) and electron
transport layers (ETL) on device performance.The HTL materials considered in this study include PEDOT:PSS, Cul, and
Cu, O while the ETL materials include ZnO NPs, SnO;, TiO,, IGZO and PCBM. According to the results, the cell structure
employing Cu,0 as the HTL and IGZO as the ETL performed better than all other combinations. The cell structure is

further optimized to analyze the impact of material parameters on device performance.

Keywords: Bulk heterojunction organic solar cell; Fullerene; HTL; ETL; SCAPS -1D

1. Introduction

Non-conventional energy sources have gained significant
importance in today’s world due to the depletion of tradi-
tional fossil fuels and the sharp rise in energy demand. In
such a scenario, photovoltaics play a crucial role.The sig-
nificance of organic solar cells in this perspective increases
when one takes into account the production costs, stability,
and complexity of inorganic silicon solar cells. Moreover,
roll-to-roll printing made possible by solution processing is
a feasible method for large-scale production, making it the
most straightforward and economical way to fabricate solar
cells. The use of dye-sensitized solar cells (DSSCs), one of
the most promising methods for lowering solar cell pro-
duction costs serves as a solution technique for this [1].
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Small molecule organic or polymer solar cells along with
Quantum dot-sensitised solar cells (QD-SSCs) have also
gained popularity due to their unique properties [2-5].

Among all photovoltaic technologies, bulk heterojunc-
tion organic solar cells (BHJOSCs) are highly sought after
for their potential to enable low-cost, rapid and lightweight
production. Tang claimed to have developed the first
effective organic photovoltaic device in 1986 [6]. In this, a
BHIJ structure combines materials from the donors and
acceptors to form a bicontinuous interpenetrating network
with large interfacial areas for efficient exciton dissocia-
tion. While Tang’s friend and colleagues demonstrated the
BHI structure for all polymer blends with polymer donor
and polymer acceptor for successful photogeneration [7],
Heeger and colleagues first proposed the BHJ structure for
polymer fullerene blends [8]. Eventually, it was shown that
additives could optimize the acceptor and donor domain
sizes [9, 10]. Since then the BHJ structure has become the
standard for organic solar cells.

In order to improve the PCE (power conversion effi-
ciency) of BHJ OSCs and solve the issue linked to OSC

© 2024 TACS
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using poly(3-hexylthiophene): [6,6] Phenyl-C61-butyric
acid methyl ester (P3HT: PCBM) mix with a lower open-
circuit voltage (Voc) of 0.6 V, Li et al. used an indene-C60
bisadduct (ICs)BA) as the electron acceptor in BHJ OSCs
[11] to achieve improved results. Meanwhile the
P3HT:1CgoBA pair-based OSCs demonstrated a significant
Voc of 0.84 V and a higher PCE [12-14]. Further research
into the ICqoBA’s capacity to generate high-performance
PSCs is currently underway [15—17]. The electron and hole
transport layers (ETL and HTL) are critical for improving
the properties of organic solar cells by reducing carrier
recombination at the surface [18-20]. One of the primary
advantages of including an effective HTL and ETL in the
OSC design is that it reduces the creation of undesirable
space charges. Therefore it becomes evident that long-term
sustainability requires finding the proper combination of
transport layers for the OPV [Organic Photo voltaic]
device’s interface stability.

In this study, the SCAPS 1-D software [21] simulates
BHJOSC with P3HT:1C¢0BA (poly(3- hexylthiophene):in-
dene-C60 bis adduct) as active layer. The program is
standardized by comparing the simulated and experimental
results [22]. Several electron transport layer (ETL) and
hole transport layer (HTL) materials are utilized to simu-
late the structure of the solar cell. The most suitable and
efficient BHJOSC design consists of a combination of
cuprous oxide (Cu;0) as the HTL and indium gallium zinc
oxide (IGZO) as the ETL. The device is further optimized
to analyze the effect of various material parameters on
performance.

2. Device simulation methodology

Throughout the study, we used the 1D solar cell capaci-
tance simulator SCAPS 1-D [21] software created by Marc
Burgelman at the University of Gent in Belgium. SCAPS
one of the best simulation tools has been utilized suc-
cessfully for solar cell device modelling. Previous simu-
lations have been carried out for fullerene and non-
fullerene BHJ, perovskite, and tandem solar cells (Abde-
laziz et al., 2019, 2020; Gupta and Dixit, 2018; Bahrami
et al.,, 2019). The application is separated into multiple
panels, allowing the user to alter parameters and make
judgments on the outcome. For illumination we employed a
1.5AM spectrum.

The software numerically solves the generic semicon-
ductor equations provided below by Burgelman et al [23]
to create a working point solution in a steady state. This
software program is based on Poisson’s and continuity
differential equations for holes and electrons [24-27]. The
fundamental semiconductor equations like the Poisson
equation, continuity equations, drift and diffusion current

equations are used to determine the electrical performance
of electronic devices, shortly after applying stimulus to
them. This stimulus eventually takes the form of voltages,
photons, or thermal energy. This implies that we may use
these equations to compute the electrical performance of
the devices and obtain I-V relationships for them. Conse-
quentially, this serves as the theoretical foundation for
analyzing and interpreting the measured performance of
such devices. They can also be used to evaluate and esti-
mate the performance of new device structures and aid in
the reduction of expenses regarding experimental labour,
which in turn results in significant savings in both effort
and expense. They can be utilized to obtain the best device
structure parameters and make mathematical analysis
easier. These differential equations delineate the material’s
local microscopic behaviour. The Poisson equation repre-
sents the local change in the electric field owing to volu-
metric charge density at a given point within the material
[Eq. 1]. The continuity equations express the conservation
of electrons and holes at a position in the material [Egs. 2
and 3]. In this the electron and hole currents are either
driven by an electric field (drift current) or a concentration
gradient (diffusion current) [Egs. 4 and 5].

G- )
_gjp—UerG:Z—i (3)
g, = ) 2 @
J = ‘(i‘]”)ag (5)

In the above mentioned equations, the charge is denoted by
g, and the electrostatic potential is denoted by W. The
symbols p, n, p;, and n, represent free holes and electrons,
trapped holes, and trapped electrons respectively. Np and
N, represent ionised donor-like and ionised acceptor-like
doping concentrations. ¢ denotes absolute permittivity,
while ¢y denotes permittivity in a free space. The terms Jn
and Jp refer to electron and hole current densities. Un
denotes the rate of electron recombination, G is the gen-
eration rate, and Up is the rate of hole recombination. In
contrast Ep, and Ef, are the electron and hole quasi-Fermi
level values whereas n and p represent the electron and
hole mobility [27].

The software is calibrated using a solar structure that
includes P3HT:1C¢0BA as the active layer, PEDOT PSS as
the HTL, and ZnO NPS as the ETL [22]. Fig. 1 depicts the
framework of the BHJOSC for standardizing the SCAPS
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1D software. Table 1 compares the experimental and 0.0 0.2 04 06 08
simulation values for calibrating SCAPS 1-D. 2 .' Si;rlul o T i
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results. Table 2 displays the physical and technological 4 -/‘ -4
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Fig. 3 Comparison of experimental and simulated JV graphs

Table 2 Simulation parameters of bulk heterojunction organic solar

cell
_ Parameters HTL Active layer ETL
‘: G|aSSSUbStl'ate ‘ Thickness [nm] 27 250 46
Eg (eV) 1.6 [25] 1.68 [31] 3.2 [14]
Fig. 1 Device structure of bulk heterojunction organic solar cell ¥ (eV) 3.4 [25] 3.880 [32] 4.6 [29]
& 3.0 [25] 3.3 [22] 9.0 [14]
f,cm? Jvs 10! [25] 107 [22] 107 [29]
Tablle 1 Evaluation of simulated parameters with experimental ,upcmz /vs 400 107 107 [29]
results
Ny(em™3) 105 [25] 0 [33] 0
Parameters Experimental Simulated Np (cm_3) 0 [25] 32 % 1018 [31] 1.1 x 1018 [14]
Voc (V) 0.84 0.85 Nc(em™) 22 x 10" [24] 1.6 x 102 [32] 2.2 x 10" [29]
Jsc (mA/cm?) 8.36 8.21 Ny(cm™3) 1.8 x 10'8 [24] 10" [33] 1.8 x 10" [29]
FF (%) 59 57 N,(cm™3) 10 [24] 10' [31] 10 [30]
PCE (%) 4.1 3.97
PEDOT PSS Cul Cu20 PCBM TiO2 ZnONPs Sn02
T T T v T J T y T Y T i T "
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Fig. 2 Generalised structure for simulations with various ETL and
HTL Fig. 4 Energy level diagram of HTL and ETL layers
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Fig. 5 Energy level diagram of optimised organic solar cell structure

represented as (,) and (u,). Np and N4 denote donor and
acceptor density. Nv and Nc shows the effective density of
states in the valence and conduction bands, while Nt rep-
resents the defect density [25]. The anode and cathode
work functions are set at 4.8 and 4.2 eV respectively. The
surface recombination velocity for electrons on the anode
is set at 107 cm/s, whereas for holes it is fixed at 10° cm/s.
In the cathode electrons have a surface recombination

Table 3 Device parameters of HTL layers

velocity of 10° and holes have a value of 107 centimeters
per second. The thermal velocity is set at 107 cm/s, and the
capture cross-section of both holes and electrons are set at
1 x 1072 ¢m? across all layers. The primary output
parameters of a solar cell are Voc (open circuit voltage),
Jsc (short circuit current), FF (fill factor), and PCE (power
conversion efficiency). The needed material parameters for
simulation and absorption spectra are obtained from the
literature [14, 19, 20, 22, 28-38].

The solar cell structure is simulated with different HTL
and ETL layers, and the most efficient combination is
chosen. The thickness of HTL and ETL is maintained at 27
and 46 nm, respectively. The HTL layers considered are
Poly (3,4-ethylene dioxythiophene)-poly(styrene sulfonate)
(PEDOT:PSS), Copper Iodide (Cul), Cuprous oxide
(Cuy0), and the ETL layers considered are Zinc oxide nano
particles (ZnO NPs), Phenyl-C61-butyric acid methyl ester
(PCBM), Tin dioxide (Sn0,), Titanium dioxide (TiO,),
and Indium gallium zinc oxide (IGZO). The device
parameters and absorption profiles of these layers were
taken from the literature by Nithya.K.S and Sudheer.K.S
[27], Md. Samiul Islam Sadek et al. [12, 39, 40]. Figure 4
depicts the energy level diagram for the various HTL and
ETL layers under consideration.

Parameters PEDOT: PSS Cul Cu, O
Thickness [nm] 27 27 27

Eg (eV) 1.6 [27] 2.98 [27] 2.17 [39]

7 €V) 3.4 [27] 2.1 [27] 3.2 [39]

& 3.0 [27] 6.5 [27] 7.1 [39]

W, (cm? /vs) 1.0 1.69 x 107* [27] 200 [39]

1, (cm? /vs) 4 x 10? [27] 1.69 x 107* [27] 800 [39]
Nc(em™3) 2.2 x 10V [27] 1072 [27] 2.5 x 10'8 [39]
Ny (em™3) 1.8 x 10¥ [27] 10?2 [27] 1.8 x 10" [39]
N;(cm™3) 105 [27] 10" [27] 10 [3]

Table 4 Device parameters of ETL layers

Parameters 7ZnO NPs PCBM Sn0, TiO; 1GZ0O
Thickness [nm] 46 46 46 46 46

Eg (eV) 3.2 [14] 1.9 [41] 3.6 [27] 3.2 [27] 3.05 [27]
7 (€V) 4.6 [29] 3.9 [41] 4.4 [27] 4.1 [27] 4.0 [27]
&r 9.0 [14] 4.0 [41] 9.0 [27] 9.0 [27] 9.0 [27]
w, (cm? [vs) 2 x10? [14] 0.5 [27] 240 [27] 2.0 [27] 100 [27]
,up(cmz/vs) 5.0 1.5 x1072 [41] 25 [27] 1.0 [27] 2.5 [27]
Ne(em™) 2.2 x10' [29] 1.8 x10% [41] 4.36 x10'8 [27] 2.2 x10'8 [27] 10% [27]
Ny(em™3) 1.8 x10' [29] 2.2 x10?! [27] 2.52 x10" [27] 10" [27] 10% [27]
N,(em™3) 105 [30] 10 [41] 105 [27] 10" [39] 10" [27]
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Table 5 Device performance of OSC with different combinations of HTL and ETL

HTL ETL Voc [Volts] Jsc [mA/cm?] FF % PCE %
PEDOT:PSS Sn0O, 0.9596 9.30 59.98 5.35
TiO, 0.8750 9.50 63.48 5.27
IGZO 0.9646 9.78 60.26 5.68
ZnO NPs 0.8546 8.20 56.65 3.97
PCBM 0.9798 12.46 59.58 7.27
Cul Sn0, 0.8797 7.63 66.20 4.45
TiO, 0.6467 7.86 59.14 3.00
IGZO 0.9104 1279 62.06 7.22
ZnO NPs 0.7586 6.47 61.72 3.03
PCBM 0.6468 7.87 59.13 3.01
Cu 0 SnO, 1.3190 10.75 78.34 11.11
TiO, 1.3213 10.93 78.47 11.34
1GZO 1.3221 11.26 78.20 11.64
ZnONPs 1.1985 12.13 72.75 10.57
PCBM 1.3261 11 78.41 11.41

Bold values indicate the combinations used for the simulation study and the combination expressed in optimized performance at best [Cu,O as
HTL and IGZO as ETL]
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Fig. 6 Influence of active layer thickness on cell performance . . .
Fig. 7 Influence of defect density of active layer on cell performance
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Fig. 8 Influence of electron affinity of HTL on cell performance
3. Results and discussion

The organic solar cell fuelled with P3HT:IC¢0BA as the
active layer is simulated with various HTL and ETL layers.
As a result of these simulations, the optimal cell structure
was identified and created using Cu,O as the hole transport
layer (HTL) and IGZO as the electron transport layer
(ETL). The energy level diagram of the optimized organic
solar cell structure is given in Fig. 5. The following sec-
tions outline the various strategies employed to simulate
the generalized structure to develop an optimal model.

3.1. Simulation studies of P3HT:ICszBA organic solar
cell with different HTL and ETL Layers

During the study,different HTL and ETL materials are
employed to simulate bulk heterojunction organic solar cell
with P3HT:IC¢BA as active layer. The functional prop-
erties of the organic cell are examined for each combina-
tion. Tables 3 and 4 list the simulation parameters for the
various HTL and ETL layers.

Table 5 shows the output parameters for the various HTL
and ETL layer combinations. We found that the optimized
cell structure with Cu;O as HTL and IGZO as ETL outper-
formed the other combinations. The structure yielded
1.3221V as Voc, 11.26mA/cm? as Jsc, 78.20% as FF, and
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11.64% as PCE as outputs. The performance is determined by
the band alignment of the materials used in the cell structure
as well as other device-specific parameters.

Using CuyO as HTL and TiO, as ETL results in the
highest FF of 78.47%. In the coupling of PEDOT:PSS as
the HTL and ZnONPs as the ETL, FF has a minimum value
of 56.65%. The power conversion efficiency varies from
3% for Cul as HTL and TiO, as ETL to a maximum of
11.64% for Cu,O as HTL and IGZO as ETL. The opti-
mized organic cell structure using Cu, O as HTL and IGZO
as ETL is further examined after changing various cell-
related variables. Simulation studies on the organic solar
cell construction employing P3HT:ICsBA as the active
layer aid in achieving optimal results under various
circumstances.

4. Optimization of the cell structure ITO/Cu,0/
P3HTIC,BA/IGZO/Al

4.1. Influence of active layer thickness on cell
performance

As shown in Fig. 6, the active layer thickness is increased
from 50 nm to 300 nm, and the effect on cell parameters is
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investigated. Jsc reaches a maximum value of 11.84 mA/
cm? at a thickness of 300 nm, whereas Voc reaches a
maximum value of 1.3240V at the same thickness. The FF
reduces with thickness and peaks at 79.88% at 50 nm,
while efficiency increases with thickness and peaks at
12.19% at 300 nm. These data show how the thickness of
the active layer impacts light absorption and thus solar cell
efficiency.

The difference between the HOMO level of the donor
and the LUMO level of the acceptor determines Voc val-
ues. To promote exciton dissociation at the interface, a
thick layer allows for increased electron and hole trapping
in the film as well as considerable photon absorption which
results in a rise in Voc with thickness [42].

In this simulation, Jsc increases with active layer
thickness because nearly all electron-hole pairs generated
by photons are effectively collected at the electrode before
recombination. This indicates a higher production of
charge carriers. The fill factor (FF) diminishes in thicker
films due to uneven charge extraction rates for holes and
electrons [43]. This demonstrates that efficiency will
increase because a thicker active layer allows for the for-
mation of a continuous network throughout, producing the

highest number of dissociated excitons and delaying charge
recombination due to Coulombic attraction at the interface.

4.2. Effect of active layer defect density on cell
performance

Figure 7 demonstrates how the active layer defect density
influences the functionality of organic cells. The graph
shows that Voc declines with defect density and peaks at
10%em—3. Jsc achieves its peak value of 9.003mA/cm? at a
defect density of 102%cm~3.

While PCE is found to grow with defect density and
finds an optimal value of 9.31% efficiency for defect
density of 10?°%cm™3, FF is found to decrease with defect
density of the active layer and peaks at 10"°cm™3 with a
value of 79.66%.

The defect concentrations in the absorber layer also
result in faster film deterioration, decreased stability, and
poor device performance due to increased pinhole gener-
ation and recombination [44]. More defects result in shorter
charge carrier diffusion lengths and an increase in recom-
bination carriers in the absorber layer, hence defect density
has a direct impact on efficiency [45].

4.3. Effects of HTL’s electron affinity on cell
performance

Figure 8 illustrates the influence of the HTL’s electron
affinity on cell performance. The electron affinity is closely
related to the lowest unoccupied molecular orbital
(LUMO) of the hole transport layer representing the energy
(measured in eV) required to move a free electron from the
lowest level of that orbital to the vacuum level.

According to the study, Voc, Jsc, and PCE vary simi-
larly, while FF behaves differently. The optimized values
of Voc and Jsc were discovered to be 1.3673V and 9.527
mA/cm? at 3.9¢V. At 3.5 eV, the optimal FF value is 80%,
while at 3.9 eV, the optimal PCE value is 10.42%.

4.4. Electron affinity of ETL’s impact on cell
performance

Throughout the research the impacts of changing ETL’s
electron affinity from 3.6 to 4 eV on cell performance were
explored. FF has a maximum value of 79.66% at 4 eV, Voc
has an optimal value of 1.3237V at 3.6 eV electron affinity,
Jsc has an optimum value of 11.842 mA/cm?, and PCE has
an optimized value of 12.16% at 3.6 eV. Figure 9 shows
the variations.
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4.5. Influence of doping density of HTL on cell
performance

The significance of the doping density of HTL on cell
performance is stated here.When the doping density of
HTL was increased from 107 to 10*'ecm?, Voc, FF, and
PCE fell accordingly. The greatest values of these output
parameters found at a doping density of 10'7cm?® are
1.3142V, 79.66%, and 9.24% respectively. Jsc increased by
8.833mA/cm? at the optimal doping density of 10?'cm?.
Fig. 10 shows the relevant graphs.The electric field inten-
sity at the HTL/absorber interface is altered by the doping
density of HTLs, which regulates the performance of the
solar cell. The device gets more conductive as the HTL
doping density increases, lowering the series resistance
[24, 30].

4.6. Effects of HTL/active layer interface defect
density on cell performance

The research testifies that changing the defect density of
the HTL/Active Layer Interface from 10'° to 10'“cm?
revealed a drop in Voc, Jsc, FF, and PCE. We got values of
1.3899V, 11.2571 mA/cm?2,78.7% and 12.33% respectively
for output parameters when the defect density becomes
10"%cm?®. Figure 11 shows the comparable graph. The rate
of change of fill factor is slower than the rates at which Jsc
and Voc are dropping, resulting in a significantly lower
PCE at output [27]. At the HTL/Active interface, output
parameters steadily decrease as defect density increases.
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Table 6 Optimized material parameters

Parameters HTL Active layer ETL
Doping density [cm ™3] 10" 1016 1020
Thickness [nm] 30 300 46

4.7. Effects of active Layer/ETL interface defect
density on cell performance

Changing the defect density of the Active Layer/ETL
Interface from 10'' to 10"°cm? resulted in a drop in Voc,
Jsc, and PCE, while FF is increased.At a defect density of

Table 7 Comparison of organic solar cell with standard and opti-
mized designs

Parameters Initial Optimised
Voc [V] 0.84 1.1873
Jsc [mA/cm?] 8.36 22.094
FF [%] 59 53.74
PCE [%] 39 14.10

10'cm?, the best values for Voc, Jsc, and PCE are
1.3337V, 15.411mA/cm?, and 15.47% respectively. The
best FF result was 78.20% at 10 cm?. Figure 12 depicts
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the equivalent graphs. Increased defect density at interfaces
increases the possibility of trap recombination resulting in
device deterioration. A lower interface defect density will
result in better output performance [27].

Table 6 displays the improved material properties.
Table 7 compares the device’s performance for the initial
and upgraded values. The simulation produces better
results than the experimental structure.

5. Conclusions

The work emphasizes the importance of selecting appro-
priate charge transport layers to design highly efficient bulk
heterojunction organic solar cells ensuring favourable
interfacial stability and improved device performance.This
study examines a bulk heterojunction organic solar cell
with P3BHT:IC¢0BA as the active layer complemented by
various HTL and ETL layers. The design showcasing
cuprous oxide as the HTL (hole transport layer) and Indium
gallium zinc oxide as the ETL (electron transport layer)
respectively attains the highest power conversion effi-
ciency (PCE).Ensuring compatible charge transport layers
facilitates the seamless transition of charge carriers towards
their respective electrodes.It’s crucial to have a relatively
low energy gap for the active layer to ensure smooth and
efficient absorption of incident photons.The updated design
is further refined to meticulously analyze the impact of
various material parameters on the output performance.
The optimized parameters for the new structure are Voc =
1.1873V, Jsc = 22.09 mA/cm?, FF = 53.74%, and PCE =
14.10%. The findings hold significant promise for the OPV
community, offering valuable insights for designing highly
efficient bulk heterojunction organic solar cells in the near
future.
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Abstract: Bulk heterojunction Polymer solar cells [BHIPSCs] are considered as a promising option in the field of organic
solar cells due to their features like low cost, light weight, ease in fabrication and roll-to-roll compatibility. In this work we
considered P3HT:IC60BA based BHJ PSC and studied the influence made by Cul Hole transport layer on the solar cell
parameters. Cul is preferred over PEDOT:PSS hole transport layer which is commonly used due to its features like wider
band gap, low cost and high stability. On optimization, the new structure gives Voc of 1.2170 V, Jsc of 6.9243 mA/cm?,
Fill factor of 73.95 %, Power conversion efficiency of 6.23 %. The results are really encouraging and promising.

INTRODUCTION

In Photovoltaics, the overall performance of Organic solar cells has progressed a lot in current years[1-4].
Bulk Heterojunction Polymer Solar Cells [BHJ PSCs] are one off the alternatives withinside the subject of
nonconventional energy sources due to their features like low cost, ease of fabrication, light weight and easily
availability [5-7]. Hole Transport Layer [HTL] performs an essential function in the performance of a BHJ PSCs.
Usually PEDOT:PSS is considered as HTL due to its features like high conductivity, transparency and high work
function [8-9], it’s instability and influence of moisture and electron mobility are not consistent [10-13]. Hole
transport Layer has an important role in taking holes to the respective electrodes while blocking electrons. Cul as
a hole transport layer for BHJ solar cells is shown to have greater performance than the traditional structure with
PEDOT:PSS as HTL [14].

The BHJ PSC with P3HT:IC60BA as Active Layer has shown a high Voc of 0.84 V and a higher PCE [15-
17]. So far, no computational research were carried out to for the usage of Cul as HTL in BHJ PSC with
P3HT:IC60BA as Active Layer and simulation research is a beneficial for developing a high-overall performing
BHJ PSC in the future.

In this study, we looked at the SCAPS 1-D software [35] with an illumination of AM 1.5 G spectrum. SCAPS
1-D is used to simulate BHJ PSC with P3HT:1C60 BA blend as active layer, Cul serves as the hole transport layer,
and ZnO Nanoparticles as the electron transport layer (ETL). Numerous forms of solar cells, including polymer
solar cells, have been modelled using SCAPS. The software is calibrated by experimental paper on BHJ PSC [18]
and device modelling is used to investigate how Cul affects the calibrated BHJ PSC performance.

Device Structure and Modelling

SCAPS 1D software is standardized by successfully simulating the polymer solar cell structure [18] given in
Fig 1. The simulated output matches the experimental findings for BHJ PSC [18] as given in Table 1. This
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demonstrates that the simulation parameters are identical to the device's real-world values, and the software is
fully calibrated for simulating BHJ PSC.

TABLE 1. Evaluation of simulated parameters with experimental results

Parameters Experimental Simulated
Voc (V) 0.84 0.955
Jsc (mA/cm?) 8.36 6.280
FF (%) 65.0 69.90
PCE (%) 4.22 4.19

FIGURE 1. P3HT:IC60BA Bulk Heterojunction Polymer Solar Cell Device Structure

Bulk heterojunction structure [Fig 2a] of polymer solar cell using the Glass/ITO/Cul/P3HT:IC60BA/ZnO
NPs/Al is simulated using SCAPS 1-D. Figure 2b depicts the energy band alignment. At the Active/Cul
interface, the valence band offset is +0.12 eV, allowing holes to readily travel to the back metal contact, while
the conduction band offset at the ZnO NPs/Active interface is +0.5 eV, allowing produced photoelectrons to
migrate to the front contact.

A summary of the configuration's simulation parameters is provided in Table 2. The parameters provided:
Energy bandgap, relative permittivity, electron affinity, electron and hole mobilities, and defect density are all
represented by the symbols Eg, &, pn, tp, and Ny, respectively. The effective densities of the conduction band
and valence band are Nc and Ny, while the densities of the acceptor and donor materials are Na and Np,
respectively [33]. All layers have the same values for the parameters that aren't listed in the table. The typical
energy of the neutral gaussian distribution defect is chosen to 0.1 eV. The electron and hole capture cross
sections are adjusted to 9 x 10"*> cm? and the thermal velocity of both carriers is fixed at 107 cm/s. [34]. Two
defect interfaces (HTL/Active and ETL/Active) are defined at a concentration of 10° cm. The work function
of the front electrode is set to 4.7 eV, while that of the back electrode is at 4.125 eV. The absorption profile of
active layer and HTL were obtained from literature [18]. The simulation does not take into account optical
reflectance, and to optimise the numerical parameters used in the study, we used the control variable method.

We determined the solar cell output parameters by employing the parameters listed in Table 2 aS open
circuit voltage (Voc), short circuit current density (Jsc), fill factor (FF), and power conversion effectiveness
(PCE). Figure 3 illustrates the J-V curve. By refining the characteristics of the polymer solar cells, the
calibrated structure is used to create BHJ PSC with inorganic Cul as the HTL.
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TABLE 2. Simulation Parameters used

Parameters HTL Active layer ETL
Thickness [nm] 40 250 46

Eg (eV) 2.98 [27] 1.68  [24] 32 [21]

x (eV) 2.1 [28] 3.880 [25] 46 [22]

& 6.5 [29] 3.3 [18] 9 [21]

1 (cm?/vs) 1x 107 1x107 [18] 1x107[22]
1p (cm?/vs) 1 x 107 [30] 1x107 [18] 1x107 [22]
Na (cm 3) 2x108 [31] 0 [26] 0 [23]
Np(cm ) 0 3.2x 108 [24] 1.1 x 10%8[21]
Nc(cm 3) 1x10% 1.6x 102 [25] 2.2x10% [22]
Ny(cm3) 1x10% [32] 1x10%°  [26] 1.8x10% [22]
Ni(cm ) 1x10%1 1x1016  [24] 1x10% [23]

RESULTS AND DISCUSSION

Active layer thickness's impact

A polymer solar cell's output performance is significantly influenced by the thickness of its active layer.
As illustrated in Fig. 4, the output is examined when the active layer thickness is changed from 50 to 400 nm.
Jsc, PCE and Voc all increase when the active layer is 400 nm thick, reaching maximum values of 8.24487
mA/cm?, 4.13 %, and 0.8298 V. Increased thickness may be responsible for this by boosting light absorption

and photogenerated carriers. As thickness increases, more photons are absorbed and hence PCE increases. Jsc
rises because of a higher likelihood of exciton dissociation or a lower rate of recombination of non-geminate
charge couples. When the thickness is increased, FF first rises before beginning to fall. The maximum value
of 62.29 % occurs at a thickness of 150 nm. This could be due to the cell's series resistance increasing with
thickness
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Effect of HTL (Cul) properties

On the thickness of HTL

The output of BHJ PSC is heavily influenced by the hole transporting layer. Better hole transport and charge collection
at the electrodes are made possible by a superior HTL selection. On solar cell performance, the effects of HTL layer
[Cul] parameters including thickness, doping concentration, electron affinity, and mobility were examined. The HTL
layer thickness was increased from 50 to 400 nm, and Fig. 5. illustrates the impact on output parameters. From the
graph we find that Voc, Jsc and PCE increases, while for FF it is found to decrease initially with HTL thickness and
then increases. The highest possible Voc, Jsc and PCE occurs at a thickness of 250nm

3 0.8216 | = A
>

0.8190 |- .

0 100 200 300 400
HTL(Cul) Thickness (nm)

FIGURE 5. Effect of output parameters on HTL [Cul] layer thickness
On doping density of HTL layer

Figure 6 depicts the effect of hole transport layer doping density on output characteristics. As can be seen,
raising the HTL doping concentration leads to increase of Voc, FF and PCE while Jsc is found to decrease
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initially and then increases. This can be explained by the fact that conductivity has risen due to increase in
concentration.
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FIGURE 6. Effect of output parameters on HTL [Cul] doping density

On Hole Mobility of HTL

Figure 7 depicts the effect of hole mobility. The HTL layer's hole mobility is raised from 10 to 1 cm?/Vs
and the outcomes are investigated. The output appears to validate the material's increased conductivity due to

the mobility effect. The PCE is maximum at 10 cm?/Vs
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FIGURE 7. Effect of HTL [Cul] Hole Mobility on output parameters
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On Electron Affinity of HTL

HTL's electron affinity is changed between 1.8 and 2.6 eV, and the influence on output performance is
displayed in Fig.8. At 2.4 eV, PCE of 3.56 % and Voc of 0.9234V are attained for the best value. At 2.8V, an
FF of 61.82 % is obtained. The BHJ PSC's active and transport layers benefit from better energy alignment and
improved charge transport when the bandgap effect is reduced by the best electron affinity
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FIGURE 8. Effect of output parameters and HTL [Cul] Electron Affinity
Effect of defect density at interface layers [HTL/Active]
One interface has been considered: HTL/Active. The defect densities of the HTL/Active layer contact are
varied from 107 cm? to 10'? cm? in the simulations. Increased defect density results in more traps and lowers

cell production. For better output, low interface defect densities are desirable. The effects of changing defect
density at the HTL/Active layer contact are depicted in Fig 9. The optimized values are obtained at 107 cm2
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FIGURE 9. Effect of HTL/Active Layer Interface Defect Density on Output Parameters

In this work, the impact of key HTL parameters on the functionality of the BHJ PSC was examined. The results
demonstrated that the cell performance can be improved by increasing thickness to 400 nm and reducing defect
density. The defect density at the HTL/Active contact influences the output parameters. To boost efficiency in
the simulation, the transport layer's characteristics are optimised. With the optimised numerical parameters,
the cell performance is Voc =1.2170 V, Jsc = 6.9243 mA/cm?, FF = 73.95%, and PCE = 6.23%. The parameters
for the optimised device performance are provided in Table 3. The improved outcome encourages the usage of
Cul as a substitute HTL on BHJ polymer solar cell. After optimization and simulation, we successfully

CONCLUSION

constructed a BHJ PSC with inorganic Cul HTL with good performance.

TABLE 3. Optimized Device Performance Parameters

Device Parameters x Wp Final
eV cm?/Vs

Voc [V] 0.9234 0.8173 1.2170

Jsc [mA/cm?] 6.4802 6.4829 6.9243

FF [%] 59.57 62.01 73.95

PCE [%] 3.56 3.29 6.23
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