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ABSTRACT

Organic photovoltaic (OPV) cell has several attractive features such as lightweight,
good transparency, mechanical flexibility, and low production cost. However, their
efficiencies are still relatively low to make OPV cell to be economically viable. A new
approach on how to improve the efficiency of OPV cell is therefore necessary. In this
thesis, how variation of light absorption at a specific position inside the active layer
affects the performance of organic photovoltaic (OPV) cell, namely the short-circuit
current density (Js), open-circuit voltage (V. ), fill factor (FF), and power

conversion efficiency (PCE), is investigated. To analyze the performance, a modified
analytical current-voltage model for OPV cell is applied. The updated version allows
the light absorption profile to be represented by any mathematical functions (e.g. an
exponential function). It is found that light absorption profile affects the performance
through the drift current. When the ratio of the mobility of the faster carrier to the
mobility of the slower carrier type is less than 103, the PCE is maximized when the
light absorption is concentrated at the center of the active layer (8.37%). When the
ratio of the mobility of the faster carrier to the mobility of the slower carrier type is
more than approximately 10 the PCE is maximized when the light absorption is
concentrated near the electrode (6.65%). Therefore, the light absorption profile in an
OPV cell needs to be properly tuned and adjusted in order to maximize the
performance of the OPV cell.
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CHAPTER ONE

INTRODUCTION

1.1 INTRODUCTION

Solar cell or photovoltaic cell is a semiconductor device that converts light energy into
electrical energy. It is a clean and renewable source of energy. Even though there are
many sources of renewable energy in this world such as wind energy, nuclear,
hydropower and geothermal energy, they could be difficult to be implemented by
many applications. For example, the photovoltaic cell is the most practical source of
energy for powering satellites in space. It has been subjected to extensive research
since the last few decades in order to improve its efficiency and also minimise the
production cost. In a conventional photovoltaic cell, the photoactive layer is made
from inorganic semiconductors (e.g. silicon crystal), whereby the semiconductors are
doped with n-type and p-type materials, and the layer of the two materials are stacked
on top of each other creating a p-n junction. When the light strikes the
semiconductors, photons are absorbed that cause free electrons and free holes to be
produced. The free electrons move to n-type material while the holes move to p-type
material by a driving force resulted from the electric field. The flow of the electrons
and holes generates current in the active layer. The current produced is a direct current
and a load that consumed low power can be used immediately by connecting it to the

positive and negative terminal of the photovoltaic cell.



1.2 PROBLEM STATEMENT

The photovoltaic cell based on organic semiconductors is considered as one of the
most exciting photovoltaic technologies. However, organic photovoltaic (OPV) cell
suffer from a relatively low efficiency as compared to inorganic photovoltaic. In the
future, it would be the most economically viable photovoltaic technology since their
fabrication cost is low. Considering that an OPV cell has other advantages that
inorganic photovoltaic is lacking (e.g. lightweight).

There are many factors that influence the efficiency of an OPV cell. In order to
improve the efficiency of the device, it is essential to gain knowledge and understand
how these factors influence its efficiency. As will be discussed in more details in the
literature review section, it has been shown that light absorption profile which
influences the charge carrier generation profile affects the performance of the device.
Although understanding the effect of the light absorption profile is clearly important
since it affects the device performance, there are still a few matters needed to be
addressed for our better understanding. For example, it has been shown that a profile
with high light absorption at certain position inside the active layer can improve the
performance of the device (Mescher et al., 2012; Tress et al., 2013; Islam et al., 2017).
However, as will be clarified later in the literature review section, there are still a few
issues that need to be improvised regarding the previous studies results, especially
concerning how the charge carrier mobility ratio affects the light absorption profile
and consequently, influences the device performance. Furthermore, it is possible to
control the light absorption profile inside the active layer to a certain extent by using
several techniques that will be discussed in more detail in the literature review section.

In this thesis, the effect of the light absorption profile on the performance of an

OPV cell will be investigated that includes how the charge carrier mobility ratio can



influence the said effect. The output of this research is expected to enlighten the issues
that concern the previous studies and improve the knowledge on how light absorption
profile affects the efficiency, and this knowledge could provide an additional strategy

on how the efficiency of the device could be further improved.

1.3 RESEARCH OBJECTIVE

The objective of this research as the following:

e To investigate on how the light absorption profile at different positions inside the
active layer affect the photovoltaic parameters of an OPV cell at various charge
carrier mobility ratios using the modified drift-diffusion model charge carrier

mobility.

14 RESEARCH SCOPE

In this thesis, the research focusses on how light absorption profile influences the
performance of an OPV cell for different cases of charge carrier mobility ratios. To
achieve the objective, a parabolic light absorption profile will be used since its
equation parameters can be easily changed to make the profile to have a high intensity
of light absorption at different position inside the active layer. An analytical drift-
diffusion model that was recently developed is used for determining the photovoltaic
parameters (lbrahim, 2018). The parabolic light absorption profile will be used as the
input to the drift-diffusion model. As will be discussed in the literature review section,
light absorption inside the active layer can be controlled to a certain extent by using a
few available techniques such as plasmonic nanoparticles, back reflector and optical
spacers. The details of how parabolic light absorption profiles with the peak

absorption at different positions inside the active layer can be created and controlled



are not within the scope of this thesis. Basically, the scope of the research will only
involve the detail of the electrical part of an OPV cell, but not the detail of its optical

part.

15 THESIS ORGANISATION

This thesis is divided into five chapters and organised as the following. In Chapter 1,
the background of a photovoltaic cell is briefly reviewed with a proper explanation of
how conventional photovoltaic cell works. After that, the problem statement, research
objectives and research scope are described in Chapter 1. In Chapter 2, a literature
review on the factors that can influence the performance of an OPV is presented. In
Chapter 3, the methodology of this study is explained in detail. In Chapter 4, the
modelling results are presented and discussed. In Chapter 5, the conclusion of the

overall research findings and recommendation for future works are stated.



CHAPTER TWO

LITERATURE REVIEW

2.1 INTRODUCTION

Photovoltaic technology is growing very rapidly as it seems to be an alternative
solution of a renewable source of energy to generate electricity. The release of
greenhouse gases especially carbon dioxide from the non-renewable source of energy
such as steam, coal, crude oil, and gas to generate electricity generating pollution that
will deplete the ozone layer and causes global warming. Because of this problem,
people must start looking and practicing other mechanisms to generate power supply
that are more environmentally friendly so that the ecosystem can be conserved. Hence,
many industries nowadays, commenced with harnessing solar energy as it has many
advantages such as low maintenance cost, low electricity bill, clean and renewable
energy. For example, Malaysia already built a solar farm in Cypark, Kuala Perlis that

can contribute up to 5SMW of power supply as shown in Figure 1.
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Figure 1 Solar power plant (solar farm) in Perlis, Malaysia (Kassim et al., 2015).



2.2 PHOTOVOLTAIC CELL

Photovoltaic cell and photodiodes have the same device structures and operational
principles, whereby both devices are used to convert light (i.e. electromagnetic wave)
into electric current. The difference is that a photovoltaic cell is operated such that the
electric current is used to store energy, while a photodiode is operated such that the
electric current functions as a signal or sensor. Moreover, there are many applications
of a photodiode that make people’s daily life easier today in various scientific,
industrial, medical, defense, and domestic applications. Therefore, since both devices
are essentially the same, improving the understanding of photovoltaic cell working
operation also directly improves the understanding on the working operation of
photodiodes.

Nowadays, scientists are exploring several new types of photovoltaic cells. One
of the photovoltaic cells that have been gaining attention is photovoltaic cell based on
organic semiconductors. This is because an organic photovoltaic (OPV) cell has many
advantages as compared to their inorganic counterparts such as lightweight,
mechanically flexible, simple to produce, and low fabrication cost (Scharber &
Sariciftci, 2013). Therefore, OPVs are viewed as an attractive alternative to
supplement or probably replace the conventional photovoltaic technologies. For
example, an OPV cell has a great potential to be used as an energy source for
wearable devices (Scharber & Sariciftci, 2013), next generation of self-driven
biomedical devices (Park et al., 2018), and off-grid devices for the Internet of Things
(10T) (Teng et al., 2018). The recorded power conversion efficiency (PCE) of an OPV
cell has been improving steadily from 11% (Green et al., 2016) several years ago to
17.3% (Meng et al., 2018). Therefore, the investigation to improve the performance of

OPV cell has been the focus by many researchers, persistently. The 17.3% efficiency



has been achieved partly by implementing the existing knowledge on how various
factors affects the device efficiency (Meng et al., 2018). This achievement has proved
the importance of exploration to gain knowledge on how various factors can improve
the efficiency of an OPV cell. However, the PCE of an OPV cell is still quite low as
compared to other emerging photovoltaic technologies, especially the perovskite solar
cell that was reported to be 19.7% efficiency (Green et al., 2016).

The active layer of an OPV cell is made of two different organic
semiconductor materials that have different energy levels, namely lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular orbital (HOMO). One of
the organic semiconductor material acts as an electron donating material (called
donor), and the other acts as an electron accepting material (called acceptor). To
maximise the performance, the OPV cell must employ bulk heterojunction design
whereby the donor and the acceptor are finely mixed together. This is unlike the
photovoltaic cell based on inorganic semiconductors where bilayer design is
employed.

Unfortunately, organic semiconductors also have disadvantages in terms of low
electrical properties as compared to inorganic semiconductors such as low charge
carrier mobility and low dielectric constant (Koster et al., 2012), and it is widely
known that these factors contribute to the relatively low efficiency of an OPV cell.
Several studies focus on developing organic semiconductors with high electrical
properties (e.g. by annealing) to improve the device performance (Mhamdi et al.,
2018). In general, there are many factors that can affect the efficiency of an OPV cell,
and some are not properly understood yet. A proper understanding on how these
factors affect the efficiency of an OPV cell surely could contribute to a better

performance. For example, it has been shown that active layer morphology is one of



the important parameters that should be considered because it can also affect the
device performance (Weng et al., 2020). Besides, the work function of the electrode
can also influence the device performance (Lee et al., 2015; Chen et al., 2016). The
studies have proven that by increasing the work function to its optimum value would
increase the efficiency of an OPV cell. In fact, there are numerous studies on how the
work function can be optimised so that it improved the performance of organic
photovoltaics (Erray et al., 2018). This shows that it is important to discover new
knowledge on how various factors could influence and enhance the performance of an

OPV cell.

2.3 WORKING PRINCIPLE OF ORGANIC PHOTOVOLTAIC CELL
The fundamental distinction between the OPV cell and inorganic photovoltaic cell is
the materials used to build the photoactive layer (i.e. the light absorbing layer). As the
name suggests, the photoactive layer of an OPV cell is made from the combination of
organic semiconductor materials that have different energy levels. One of the organic
semiconductors is called donor, acting as an electron donating material, and the other
is called acceptor, acting as an electron accepting material. Sometimes, a buffer layer
is inserted between each electrode and the active layer (Notarianni et al., 2014). Buffer
layers are used to ensure that a charge selective transport occurs that can prevent
charge carriers from being extracted by the wrong electrodes that would reduce the
performance of the device (electrons and holes should be extracted by the cathode and
anode, respectively).

When the light is absorbed by the organic photoactive layer, excitons (strongly
bound electron-hole pair) are generated. These excitons must be transported to the

donor-acceptor interface in order for the excitons to be dissociated into free charge



carriers (i.e. electrons and holes) before they can be extracted by the electrode (anode
and cathode) to produce electricity. An OPV cell can be built using two different
structures; bilayer structure and bulk heterojunction structure (see Figure 2). The
excitons generated have very short lifetimes with recombination distances between 5
nm and 20 nm (Mikhnenko et al., 2015; Luhman & Holmes, 2011). If the distance
between an exciton to the nearest donor-acceptor interface is too far, the exciton will
recombine before it can reach the donor-acceptor interface. Hence, the difficulty for
the exciton to reach donor-acceptor interface can cause free electrons and free holes
which cannot be extracted, and this contributes to the decrease in the device
performance. Due to this reason, bulk heterojunction design is the solution in terms of
high performance because it provides a short distance for an exciton to reach the

donor-acceptor interface.

Photoactive
layer

CATHODE

Bulk Heterojunction

Donor

Figure 2 Illustrations of the difference between bilayer and bulk heterojunction model
for organic photovoltaics. The h represents holes, whereas e represents electrons.





