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ABSTRACT

To maximize the performance of an organic photovoltaic device, the use of light
trapping is necessary. In this thesis, the effect of active layer thickness on the
performance of organic photovoltaic (OPV) cells with ideal light trapping is
investigated. Although actual light trapping schemes are not ideal, this study can still
be a useful guide to maximize the performance of actual OPVs with light trapping. In
this study, the effect of active layer thickness on the power conversion efficiency (PCE),
short-circuit current, open-circuit voltage and fill factor (FF) of OPVs with ideal light
trapping is described. The analytical model for bulk heterojunction OPVs developed
by Inche Ibrahim (2018) is used to calculate the current-voltage characteristics in order
to determine the PCE, short-circuit current, open-circuit voltage and FF of OPVs with
ideal light trapping. For a low-recombination-loss OPV with ideal light trapping, the
active layer thickness weakly affects the PCE. For a high-recombination-loss OPV with
ideal light trapping, the active layer thickness strongly affects the PCE. To maximize
the PCE of high-recombination-loss OPV with light trapping, the active layer thickness
must be very thin enough (around 10nm). This study proves that it is important for
OPVs to have a low recombination loss so that the active layer thickness does not
become a hindrance or an additional factor in creating highly efficient light trapping
schemes that can maximize the PCE. This study also shows that it is equally (if not
more) important to develop light trapping schemes that are highly efficient at very thin
active layers (around 10nm) so that the PCE of any OPVs can be more or less
maximized, whether the OPVs have low or high recombination losses. Finally, the use
of uniform light absorption profile and non-uniform light absorption profile in
modelling OPVs is being compared in this study. To avoid complexity, a uniform light
absorption profile is usually used when modelling organic photovoltaic cells (OPVs).
However, the actual light absorption profile is not uniform. It is found that a uniform
light absorption profile can be used as a replacement for the actual non-uniform light
absorption profile in modelling an OPV provided that the actual light absorption profile
inside the OPV has a peak absorption that is roughly less than twice its average
absorption. Nevertheless, the use of a uniform light absorption profile in investigating
the effect of a certain parameter on the performance of OPVs should always be used
with care if variations in the value of the said parameter lead to different light absorption
profiles, for example when the effect of active layer thickness is investigated by varying
its value.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Electrical energy is one of the most important forms of energy used in our daily life
activities. This form of energy is used to run most appliances such as home appliances,
medical equipment, communication equipment, and even transportation. Therefore, it
is important to secure the continuous supply of electrical energy in order to fulfill the
growing demand of electrical energy use.

Solar energy is considered as the potential candidate to provide a continuous
source of electrical energy since it has the most abundant source of energy due to the
unlimited and endless supply of sunlight. It is also one of the important sources of
renewable energy. Other examples of renewable energy are wind energy, hydropower,
biomass, and geothermal energy. These renewable energy sources are advantageous
compared to non-renewable energy sources such as oil, fossil fuels and natural gas
which are limited (Campbell, 2008).

The energy output of the solar irradiation exceeds the yearly global power
demand by several thousand times (Demirbas, 2006). However, solar energy power is
still not being able to be fully harvested according to global needs. Photovoltaic
technologies are well-known methods that can generate electric power by converting
solar energy into electrical energy. Therefore, extensive research on photovoltaic
technologies has been conducted by scientists and engineers to enhance the photovoltaic
cell's performance and then, make this source of renewable energy relevant for the

future energy market.



1.2 RESEARCH MOTIVATION

1.2.1 Problem Statement

Organic photovoltaic cells are an emerging photovoltaic technology that possesses
several unique advantages over traditional photovoltaic cells as mentioned earlier.
However, the efficiency of OPVs remains significantly lower than the efficiency of
traditional photovoltaics. This limitation is a major barrier for OPVs to be commercially
viable in the market. Therefore, one of the main focuses in OPV research is to improve
the device efficiency. To maximize the efficiency of OPVs, the use of light trapping is
essential. Light trapping enhances the light absorption by the active layer through the
enhancement of light confinement inside the active layer. The enhanced light absorption
leads to the increase of charge carrier generation inside the active layer, and thus,
increases the output electrical current.

Note that when light reaches a photovoltaic device, some of the incident light
may be reflected away and some may be absorbed by the components above the active
layer before the light reaches the active layer. Ideally, when light trapping schemes are
employed, all the remaining photons (with energies within the absorption range of the
active layer) that reach the active layer are absorbed by the active layer. Therefore, an
ideal light trapping can be described here as an array of light trapping techniques that
makes the active layer to absorb all the absorbable light that reaches the active layer
irrespective of the active layer thickness. In other words, ideal light trapping makes the
light absorption by the active layer of an OPV to be independent of the active layer
thickness.

Since the use of light trapping is necessary to maximize the performance of
OPVs, it is therefore necessary to understand the effect of device parameters on the

performance of OPVs with light trapping. The active layer thickness is one of the most



basic parameters of an OPV. The effect of active layer thickness on the performance of
OPVs without light trapping has been extensively studied (Apaydin et al., 2013;
Namkoong et al., 2013; Fallahpour et al., 2014; Zang et al.,2018), but, the effect of
active layer thickness on the performance of OPVs with light trapping has never been
investigated before.

The effect of active layer thickness on OPVs with ideal light trapping is expected
to be vastly different compared with the effect of active layer thickness on OPVs
without light trapping. In an OPV with ideal light trapping, the number of photons
absorbed, and thus the number of excitons generated, are the same as the active layer
thickness is reduced. This can be understand from the fact that the use of light trapping
can help to prevent the exciton loss in OPVs when the light is absorbed (Ko et al., 2011;
Nirmal etal., 2017; Novas et al., 2019). Therefore, as the active layer thickness in OPVs
is varied, the number of photons absorbed and thus, the number of excitons generated
inside the active layer of OPVs will be ideally the same irrespective of its active layer
thickness. The exciton density keeps increasing as the active layer thickness of an OPV
with ideal light trapping is reduced. However, the situation is different for an OPV
without light trapping where the number of excitons generated may increase or decrease
when the active layer thickness is reduced. (Apaydin et al., 2013; Namkoong et al.,
2013; Fallahpour et al., 2014).

Finally, the influence of different light absorption profiles on the current-voltage
characteristics of OPV will be investigated. The investigation will be carry out by
comparing how the use of uniform and non-uniform light absorption profiles differ in
modelling OPV. Previously, a lot of studies use a uniform light absorption profile when
modelling OPV since this assumption can greatly simplify the calculation by

eliminating the need to use the optical transfer matrix method (Gevaerts et al., 2011).



In (Koster et al., 2005), a device model has been developed by assuming a uniform light
absorption profile. According to (Koster et al., 2005), the assumption of uniform profile
while developing the model will not result to any inconsistency.

However, the actual light absorption is not uniform. Therefore, in order to make
accurate predictions on the device performance, it is essential to determine how the use
of a uniform light absorption differs from the use of a non-uniform light absorption
profile in producing the current-voltage characteristics of OPVs. The results from this
investigation provide useful information when performing OPV modelling. For
example, when modelling the effect of active layer thickness on OPV performance
where the value of the thickness is varied. Different active layer thickness produces
different light absorption profiles (Fallahpour et al., 2014). Thus, it is important to know
the effect of light absorption profiles on OPV performance when the active layer
thickness is varied to make sure that there are no mistakes made when investigating the

influence of active layer thickness on the OPVs performance.

1.2.2 Research Objectives
There are four main objectives in this study which are:
e To theoretically investigate the influence of active layer thickness on the
performance of OPVs with ideal light trapping.
e To determine and understand how the active layer thickness influences the
performance of OPVs with ideal light trapping.
e To investigate on how the use of uniform light absorption profile differs from
the use of non-uniform light absorption profile in producing the current-voltage

characteristics of OPVs.



e To suggest how the efficiency of actual photovoltaics with ideal light trapping

can be improved using the knowledge gained from the study.

The main purpose of this study is to theoretically investigate the effect of active
layer thickness on the performance of OPVs with ideal light trapping. This study aims
to determine and understand how the active layer thickness influences the performance,
namely the short-circuit current, the open-circuit voltage, the fill factor, and ultimately
the power conversion efficiency, of OPVs with ideal light trapping. The outcomes of
this study can be used as a guidance on how to maximize the performance of actual
OPVs. Although actual light trapping may not be ideal, the results obtained from this
study can still be used to suggest appropriate actions that can be taken so that the
performance of actual OPVs can be maximized as much as possible.

Another objective of this study is to determine the accuracy of using a uniform light
absorption profile in modelling OPVs. Since many studies simplify the actual light
absorption profile in performing their investigations (including in this thesis where the
same profile is assumed when the active layer thickness is varied), it is therefore

important to know how light absorption profiles affects the modelling of OPVs.

1.2.3 Research Scopes

The details of how light is being trapped inside the active layer and the
performance of various light trapping schemes are not within the scope of this thesis.
Basically, the light trapping will be simply assumed as ideal as defined earlier in section
1.2.1 without detailing what light trapping schemes are being used. Therefore, scope of
research will only involve the electrical characteristics of OPVs but not the details of

the optical part.



1.3 THESIS ORGANIZATION

This thesis is organized as follows. In chapter 2, the literature reviews of the study will
be provided including the background of photovoltaic technologies, the working
operations of OPVs and the light trapping. In chapter 3, the methodology in carrying
out this study is described, where the basic equations that govern the charge carriers in
OPVs, the analytical modelling used to calculate the current-voltage characteristics and
the procedures of calculation are described. In chapter 4, the results of the influence of
the active layer thickness on the performance of OPVs with ideal light trapping, namely
the short-circuit current, open-circuit voltage, fill factor, and power conversion
efficiency, are presented, discussed, and summarized. In chapter 5, the results between
the use of uniform and non-uniform light absorption profiles in modelling OPVs are
compared, discussed, and summarized. In chapter 6, the thesis is concluded, and

possible future works are suggested.



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

Photovoltaic cells are electronic devices that capture the electromagnetic waves
(including sunlight) and turn it directly into electricity. Instead of generating electricity
from chemicals (e.g. battery cell), photovoltaic cells generate power from light
absorption to create electrical energy. The development of photovoltaic devices is
preliminarily based on inorganic material (e.g. crystalline silicon) (Miles, Zoppi, &
Forbes, 2007). The crystalline silicon photovoltaic cells have been the most efficient
devices to convert the light irradiation into electrical energy. However, there are some
limitations of these photovoltaic devices that hinder them from being used in large
scales such as high manufacturing cost (Tao, 2008) and inflexible design. Figure 2.1
and 2.2 show the examples of the current application of typical photovoltaic cells in the

industry.
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Figure 2.1 The 40 kWp facade of the Northumberland building at Northumbria
University, United Kingdom, which uses the crystalline silicon solar modules
manufactured by BP Solar (Saturn modules) (Miles, Zoppi, & Forbes, 2007).



