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Abstract
Organic solar cells are a class of thin film solar cells that offer advantages of
low-cost, flexibility, inexpensive fabrication techniques and large-scale production.
However, the performance and stability of organic solar cells limit their
commercialization. In this thesis, a theoretical study is carried out on the various
operation mechanisms, including photo-generation of excitons, diffusion and
dissociation of excitons and separation of charge carriers to their respective
electrodes, in bulk-heterojunction organic solar cells. The analysis of results obtained
from the above theoretical works is used in simulating optimal designs for two types
of organic solar cells; bulk-heterojunction and hybrid structures. In this thesis, after
the introductory chapter 1, the rates of excitation, diffusion and dissociation of
excitons in bulk-heterojunction solar cells are derived, respectively, in the next three
chapters of this thesis using the corresponding interaction operators, transition matrix
elements and Fermi’s golden rule. The rate of excitation of singlet excitons is derived
using the usual exciton-photon interaction operator as perturbation and that of triplet
excitons is obtained using the new time-dependent exciton-spin-orbit-photon
interaction operator which depends on the atomic number of the constituting atoms.
Thus, the influence of incorporation of heavy metal atoms on the photo-generation of
triplet excitons is also studied. The effect of excitonic binding energy and diffusion
length on the performance of bulk-heterojunction solar cells is presented. A
dissociation mechanism for the Frenkel excitons into free charge carriers at the
donor-acceptor interface is proposed and possible loss mechanisms in bulkheterojunction organic solar cells are discussed.

xi

In addition, the study of the optical properties of bulk-heterojunction and
hybrid organic solar cells is presented in Chapter 5, together with their designs,
which are optimized using the semiconducting thin film optics simulation software
(SETFOS). The layer thicknesses have been optimized with respect to maximum
photon absorption in the active layer and the optimal designs thus obtained produce
high power conversion efficiencies of 12.87% and 4.70% in the bulk-heterojunction
and hybrid organic solar cells, respectively. These efficiencies are found to be
notable enhancements from their corresponding current experimental power
conversion efficiencies. The results of this investigation are expected to contribute
towards the fabrication of high-efficiency bulk-heterojunction and hybrid organic
solar cells.
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Chapter 1 Introduction
This introductory chapter presents the importance and necessity of renewable
energy technologies to combat climate change. The concept of photovoltaic is
introduced and a review is presented on the various types of solar cells used in the
photovoltaic industry, today. It also introduces and then provides a comprehensive
study on the various types and operation of organic solar cells. Finally, a brief
discussion is provided on the published research papers which have been
incorporated as chapters in this thesis.

1.1 Renewable energy
The demand for energy has increased drastically over the last few decades to
accommodate social and economic developments and improve human health and
welfare. Since the beginning of nineteenth century, the global use of fossil fuels has
accelerated to meet these demands and hence has become the most dominant form of
energy supply [1]. However, the use of fossil fuel resources to generate energy leads
to emission of harmful greenhouse gases into the Earth’s atmosphere. Eventually this
causes global warming, which results in meltdown of polar ice caps, rise of the sea
level, change in weather patterns, loss of species diversity and climate change [2-4].
The other very important issue is that fossil fuels are limited in supply and hence are
not going to last forever. Therefore, it has become very important to invent other
sources of energy which are renewable [5] and friendly to our environment [6].
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Examples of renewable energy resources include solar, hydropower, wind,
biomass, geothermal, tidal and wave energy [7]. Renewable energy technologies can
meet the present world energy demand as their potential is enormous and they offer
the capacity to secure long-term energy sustainability, enhance diversity in the
energy supply markets and most importantly, reduce the impact of climate change
[7].
The most important and everlasting source of energy is regarded to be the
solar energy and it is freely available to everyone living on Earth. However,
converting solar energy into electrical energy is not free and is done through a device
called a solar cell, which operates on the principle of photovoltaic effect and is
discussed below. Many kinds of solar cells have been invented to-date with an
objective to make them cost-effective and efficient in converting the solar energy
into electrical energy [2]. This project focuses on organic solar cells, which are
fabricated from organic semiconductors. The processing of organic solids to fabricate
solar cells involve mainly chemical technology which is very cost-effective in
comparison with the technologies used for fabricating inorganic solar cells, e.g.,
fabricated from crystalline and thin films of silicon.
The various low-cost and high-throughput technologies used in fabricating
OSCs include spin coating [8], inkjet printing [9], screen-printing [10], flexo printing
[11], slot-die coating [12]. These techniques of film-deposition are less expensive
than the techniques used to fabricate inorganic solar cells such as crystal growing
technique, plasma enhanced chemical vapour deposition (PECVD), radio frequency
chemical vapour deposition (RFCVD), etc. [13].
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1.2 Photovoltaics
Photovoltaic (PV) is the conversion of sunlight into electricity using solar
cells and is known to be one of the fastest growing renewable energy technologies
for energy generation [13, 14]. Solar cells are fabricated from semiconducting
materials, both inorganic and organic. Solar cells are then combined to form solar
panels and solar panels are combined to form solar arrays [6]. The solar panels offer
a wide range of applications from utilities to residential rooftops [15], transportation,
wireless telecommunications, space power, emergency and disaster relief, marine
navigation aids, etc. [16, 17]. Solar energy is regarded to be everlasting, abundant
and easily accessible. It alone, if converted to electricity, can meet all our current
world energy needs [18]. Other advantages of the solar energy technologies include:


Photovoltaic systems are versatile such as stand-alone, local grid, central
grid-connected and hybrid [17].



Short installation time with minimal maintenance requirement, even in harsh
environmental conditions [19].



Many PV modules are highly durable with a lifetime of at least 25 years [19].
In addition, PV technologies also provide substantial economic benefits such

as the setup of private businesses which also create employment opportunities [17].
However, the major disadvantage of PV technologies is that their initial cost is very
high relative to the existing fossil fuel based electricity generators. The cost of solar
electricity has reduced dramatically over the last decade due to advancement in the
technology and it is projected that the cost of these devices will reduce further in the
future [20]. Photovoltaic energy is typically stored in batteries, which increases the
cost, size and maintenance of such systems. Also, the weather conditions greatly
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influence the availability of input solar power for the solar panels, which leads to
variability in power generation [19].

1.3 Types of solar cells
A solar cell is an electrical device that converts solar energy into electrical
energy through the phenomenon known as the “photovoltaic effect”, which is the
creation of electric current or voltage within a material upon exposure to light [2]. It
was first reported by Edmund Bequerel in 1839 when he observed a voltage between
electrodes of an electrochemical cell upon illumination [21, 22]. Thereafter, PV cells
have been extensively studied and in 1954, the first crystalline silicon (c-Si) solar
cell was developed at Bell Laboratories with a power conversion efficiency of
around 6% [23]. Silicon (Si) is one of the most abundant materials in Earth and c-Si
solar cells have produced the best power conversion efficiency and stability in the
photovoltaic industry to-date, however, their production is very costly and timeconsuming [24-26].
Various other types of solar cells have been invented and over the last
century, major research and developments have led to their enhanced performance
and commercialization [2]. Solar cells can be fabricated from two types of
semiconductor materials: 1) inorganic and 2) organic. Inorganic solar cells are
mostly prepared from Si. The first solar cells were prepared from c-Si as stated
above. Then the polycrystalline silicon solar cells were also developed to reduce the
cost of growing Si crystals. Both these types of solar cells use considerable amount
of Si in their fabrication. In order to reduce the amount of Si used, thin film silicon
solar cells were developed and prepared from the hydrogenated amorphous silicon
(a-Si:H). Thin film solar cells are also fabricated from chalcogenide materials such as
4

Cadmium telluride (CdTe) and Copper indium gallium selenide (CIGS). The solar
cells fabricated from crystalline and polycrystalline Si are referred to as the first
generation solar cells and thin film solar cells of a-SiH, CdTe and CIGS are called
the second generation solar cells. Further development occurred in thin film solar
cells, which were fabricated as dye sensitized solar cells (DSSCs) and organic solar
cells (OSCs) [17], which are known as the third generation solar cells. Various types
of solar cells and their key features such as advantages, disadvantages and their
current power conversion efficiency ( η ) are listed in Table 1.1. The trend in the
power conversion efficiency of various solar cells from 1975 to-date has been
schematically illustrated by the National Renewable Energy Laboratory as shown in
Figure 1.1 [27].
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quality affects long-term stability (Stabler-

material

- low stability

- light weight

- flexible

- low power conversion efficiency

- natural photosensitisers

- low-cost

- low temperature stability

- light-weight

DSSC

OSC

- cost of the ruthenium dye is very high

semiconductor materials

based

- high recombination

- one of the best absorbing

Chalcogenide-

Wronski effect)

- light-induced degradation of material

- best developed thin film

total module cost i.e. very expensive

- stable performance

a-Si

- cost of Si wafers account for 50% of the

- well-recognized properties

c-Si

Disadvantages

Advantages

Types

Table 1.1 Key features of various types of solar cells.

10.7%

11.7%

CIGS-19.6%

CdTe-18.3%

10.1%

Polycrystalline-20.4%

Monocrystalline-25%

Power conversion efficiency ( η )

6

31,

[29, 33]

32]

[29,

[29, 30]

[21, 28]

[24-26]

Reference

Figure 1.1 Schematic illustration of the solar cell efficiency records by National Renewable Energy Laboratory from 1975 till 2013.
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1.4 Organic solar cells
The objective of this project is to study organic solar cells (OSCs) with a
view to optimize their photovoltaic performance. Organic materials are classified
into small molecules and polymers [34, 35]. Small molecules have low molecular
weight and many small molecules combined together (polymerization) into a
covalent bonded chain or network with a high molecular weight form a polymer [36].
Small molecule semiconductors have higher hole mobility, uniform and defined
molecular structures [37] and are easy to synthesize, functionalize and purify [38].
Polymeric semiconductors are better suited for solution processing techniques
because of their excellent film-forming characteristics [39].
OSCs are a class of thin film solar cells that employ organic materials as
absorbers within their design. They have attracted very active research interest over
the past decade as shown in Figure 1.1, and they have the potential to spawn a new
generation of low-cost renewable energy devices [40]. They also offer the
advantages of:


Broad source of materials, diversity and controllability of the structure [41].



Potential to be manufactured in a continuous printing process such as roll-toroll fabrication [42].



Easy integration into a wide variety of devices [42].



The possibility of being fabricated into large area modules [43].



Lightweight and plastic devices can be fabricated using simple techniques
leading to flexibility of the device [43].
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Earlier work done in the field of organic photovoltaic (OPV) produced very
low power conversion efficiencies [18], however, over the last decade the science
and engineering of organic semiconducting materials have advanced very rapidly,
leading not only to the enhancement of efficiency of OSCs but also of other organicbased solid-state devices such as organic light-emitting diodes (OLEDs), field-effect
transistors, lasers and photodiodes [44]. Despite their advantages, OPV is still a
young solar energy technology that lacks stability and high conversion efficiency for
commercialization [45].

1.4.1 Frenkel excitons in organic solids
In organic solids, the intermolecular overlap of electronic wavefunctions is
very weak as a result, the energy bands become very narrow and can be
approximated by the individual molecular energy levels, which are known as
molecular orbitals. Accordingly, the highest occupied molecular orbital (HOMO) of
individual molecules behaves like the valence band of inorganic solids and the
lowest unoccupied molecular orbital (LUMO) as the conduction band [46].
Analogous to the energy bandgap in inorganic semiconductors, the two orbitals are
separated by an energy bandgap, E g , given by: E g = E LUMO - E HOMO where E LUMO
is the LUMO energy and E HOMO is the HOMO energy. Once the solar radiation is
incident on an organic material, absorption of light of energy greater than or equal to
the bandgap of the material results in the production of an excited electron (e) and
hole (h) pair. An electron is excited to the LUMO, leaving a hole in the HOMO.
This excited pair of charged carriers is subjected to a Coulomb potential energy
given by [47]:

9

ke 2
E=εr

(1.1)

where k = (4πε0 ) -1 = 9x109, e is the electronic charge, ε is the static dielectric
constant of the material, ε o is the vacuum permittivity (also known as the absolute
permittivity) and r is the average separation between the excited electron and hole.
Due to this attractive Coulomb potential, the excited electron and hole get drawn
closer towards each other and become bound in a hydrogenic electronic state called
an exciton. This exciton state is located below the LUMO by an energy, E B , called
the exciton binding energy and is given by [48]:

EB =

ke2
εr

(1.2)

which is the absolute value of the energy in Eq. (1.1). Such an excited state is not a
free charge carrier state because it is located within the energy gap. An exciton is
neutral in charge and is capable of moving around throughout the material. As the
electronic intermolecular interaction is weak in organic solids, an exciton is formed
between an electron and a hole excited to the LUMO and HOMO, respectively, of
the same molecule. As a result such excitons are called the small radius orbital
excitons usually referred as Frenkel excitons [43], as opposed to the large radius
orbital excitons referred to as Wannier excitons in inorganic semiconductors like Si
[50].
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The formation of Frenkel excitons is unfavourable in OSCs because one
needs to generate free electrons and holes to be collected at the opposite electrodes to
generate current. However, the low dielectric constant of organic materials (ε = 3 -4),
leads to a high binding energy according to Eq. (1.2). Hence, for the successful
operation of an OSC, the Frenkel excitons must be dissociated into free charge
carriers with the aid of an energy greater than their binding energy. The schematic
diagram for the photon absorption and Frenkel exciton formation in an organic
material is shown in Figure 1.2.

LUMO
EB
2

Frenkel exciton
Energy level

1

Hole
Electron

HOMO
Figure 1.2 Schematic diagram of Frenkel exciton formation in an organic material.
1. photon absorption leading to excitation of electron to LUMO and leaving a hole
behind in the HOMO and 2. simultaneous formation of a Frenkel exciton due to
Coulomb interaction.
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1.4.2 Types of organic solar cells
The structure and operation of OSCs have been modified over the years to
improve their design, performance and stability as discussed below. In this section,
four different types of OSCs are discussed in detail: (1) single layer, (2) bilayer, (3)
bulk-heterojunction and (4) hybrid OSCs.

1.4.2.1 Single layer OSC
The simplest OSC comprises of a single organic layer sandwiched between
two electrodes; cathode and anode [51]. Such a simple structure of solar cell was
invented in 1958 and is called a single layer OSC [34]. In order to absorb the solar
energy in the organic layer, the top electrode (anode) has to be transparent and
therefore it is made of a thin film of suitable transparent conducting oxides (TCO)
for example, indium tin oxide (ITO), zinc oxide (ZnO), etc.
Upon absorption of a photon of energy greater or equal to the bandgap of the
organic material, a Frenkel exciton is created, which needs to be dissociated into free
charge carriers and should be drawn to the opposite electrodes to produce current
within the device. In Si solar cells, the drawing of charge carriers to the opposite
electrodes is achieved by the p-n junction [21]. However, as organic materials cannot
be doped to form a p-n junction, the only external energy available to dissociate
excitons and draw the free charge carriers to opposite electrodes is due to the electric
field established by the difference in the work functions, Φ anode and Φ cathode , of the
anode and the cathode, respectively. The workfunction of metal is the minimum
energy required to remove an electron from the metal to a point immediately outside
its surface. For creating this electric field, therefore, the anode workfunction, Φ anode ,
12

has to be higher than the cathode workfunction, Φ cathode , which gives a workfunction
difference of: ΔΦ = Φ anode - Φ cathode within the single layer device [52, 53]. The
structure a single layer OSC and its operation mechanism are shown in Figure 1.3.

Organic layer
4
1

Anode

22

Organic layer

3

Cathode

Anode

Cathode
4

(a)

(b)

Figure 1.3 (a) Schematic diagram and (b) Principle of operation of a single layer
OSC: 1. photon absorption, 2. exciton formation, 3. exciton dissociation due to the
workfunction difference and 4. electron moves to cathode and hole towards anode.

One of the examples of the performance of a single layer OSC is the work by
Ghosh et al. [54], where an organic material, Magnesium phthalocyanine (MgPh)
disc was sandwiched between Aluminium (Al) anode and Silver (Ag) cathode to
form a single layer OSC and a power conversion efficiency of only 0.01% was
obtained. In a single layer OSC, the workfunction difference is seldom sufficient to
overcome the binding energy of excitons in the organic material and efficiently
transport the free charge carriers to opposite electrodes [52]. As a result, the
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dissociation of Frenkel excitons as well as charge transport and collection become
very inefficient processes and result in poor performance of single layer OSCs [53,
55]. The problem remained unsolved until the concept of the bilayer structure was
invented by Tang [56], who replaced the single organic layer by two layer structure;
first layer of an organic donor material and the second layer of an acceptor material.
The operation of bilayer OSCs is described below.

1.4.2.2 Bilayer OSC
Because single layer OSCs were not able to deliver high conversion
efficiencies, bilayer devices were invented by Tang [56] in 1986, and proved to be a
great step forward in OPV. The idea was to introduce two layers of different organic
materials rather than one as traditionally used in single layer. The first organic layer
was of a donor material while the second organic layer was of an acceptor material,
which had different electron affinities and ionization potentials. A donor material
usually has a lower ionization potential and an acceptor has higher electron affinity.
An interface formed between them, which is recognized to be the site for exciton
dissociation and generation of free charge carriers [56].
In his work, Tang fabricated a bilayer OSC using copper phthalocyanine
(CuPc) and perylene tetracarboxylic (PV) derivative as donor and acceptor,
respectively. Indium tin oxide (ITO) and Ag were used as the anode and cathode,
respectively, forming the structure: ITO/CuPc/PV/Ag. Photon absorption and
Frenkel exciton creation occurred in CuPc and excitons dissociated at the interface of
CuPc and PV, after which hole drifted to ITO and electron to Ag due to the electric
field generated from the work function difference. The device produced a power
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conversion efficiency of 1%, which was an order of magnitude greater than single
layer OSC [56]. The structure and operation of a bilayer OSC is shown in Figure 1.4.
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Figure 1.4 (a) Schematic diagram and (b) Principle of operation of a bilayer OSC: 1.
photon absorption and exciton formation, 2. exciton diffusion to the donor-acceptor
interface 3. exciton dissociation at the interface and 4. electron moves to cathode and
hole towards anode.

In this design, exciton dissociation and charge carrier collection are far more
efficient than in a single layer OSC. However, the exciton diffusion length in a
bilayer is of the order of 10 nm, which means that only excitons generated within
such distance of the donor-acceptor interface have the possibility of being dissociated
into free charge carriers [57]. Other excitons generated farther away from the
interface cannot reach the interface before their recombination and hence cannot
contribute to the conversion efficiency. The short diffusion length also limited the
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thickness of the organic donor layer, which affected light absorption as well [58].
Hence, it was recognized that the character of the interface required further control
and must be large in area, but the morphology of the donor and acceptor should be
such that the charge carriers have unrestricted conduction pathways to their
respective electrodes [59]. This concept was introduced in the bulk-heterojunction
OSCs as described below.

1.4.2.3 Bulk-heterojunction OSC
In a bulk-heterojunction (BHJ) OSC, the donor and acceptor materials are
blended together. This was done so that the length scale of the blend is similar to the
exciton diffusion length, which decreased the distance a Frenkel exciton has to travel
to reach the interface because the heterojunction is distributed throughout the layer
[58]. In this structure, the exciton recombination is reduced drastically since in the
proximity of every generated exciton, there is a donor-acceptor interface, where
dissociation can take place. As a result, a BHJ structure enables charge carrier
generation everywhere within the active layer, which increases the photon to electron
conversion efficiency dramatically [60]. The main advantage of the bulkheterojunction is the increased interfacial area between the donor and acceptor
phases which enables charge separation within the bulk, instead of just at the planar
interface of a simple bilayer structure [61].
Additionally, a hole transport layer (HTL) and an electron transport layer
(ETL) are incorporated between the anode and donor, and the acceptor and cathode
interfaces, respectively, as support layers [62-64]. The purpose of the HTL is to
reduce the barrier between the donor’s HOMO and anode’s valence band and that of
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the ETL is to reduce the barrier between the LUMO of acceptor and cathode’s
conduction band.
There are four main processes that occur in a bulk-heterojunction OSC as
illustrated in Figure 1.5, and these are: 1) photon absorption leading to the creation of
a Frenkel exciton [65, 66], 2) exciton diffusion to the donor-acceptor interface [49],
3) Frenkel exciton relaxes into a charge transfer (CT) exciton and simultaneously
dissociates into free charge carriers [67, 68] and 4) collection of the dissociated hole
at the anode and electron at the cathode with the aid of the workfunction difference
between the two electrodes [67].
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1
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2
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2
4
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Figure 1.5 (a) Schematic diagram and (b) Principle of operation of a bulkheterojunction OSC: 1. photon absorption and exciton formation 2. exciton diffusion
to the donor-acceptor interface, 3. exciton dissociation at the interface and 4. electron
moves to cathode and hole towards anode.
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Polymer–fullerene bulk-heterojunction OSCs based on composites of an
electron-donating conjugated polymer and an electron-accepting fullerene derivative,
have proven to produce the best performance and stability to-date. For a single
junction bulk-heterojunction OSC, the highest experimental power conversion
efficiency of 9.20% has been achieved through a combination of low bandgap
semiconducting donor polymer, thieno[3,4-b]thiophene/benzodithiophene (PTB7),
and a small molecule fullerene-derivative acceptor, [6,6]-phenyl C71-butyric acid
methyl ester (PC71BM) [69]. However, the most popular and studied donor and
acceptor materials in bulk-heterojunction photovoltaic are known to be the
poly(thiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM),
respectively [70], which have produced power conversion efficiencies around 5-6.5%
[70-75]. PCBM is the most used acceptor material in organic photovoltaic because it
provides a high solubility, electron mobility and ultrafast photo-induced charge
transfer with the donor material [75, 76]. Besides their power conversion efficiency,
processing and stability also play important roles in bulk-heterojunction OSCs.

1.4.2.4 Hybrid OSC
Hybrid OSCs were discovered with an intent of combining the advantages of
both organic and inorganic materials whereby the organic acceptor layer was
replaced with an inorganic material but maintaining the bulk-heterojunction concept
[77, 78]. Organic materials are inexpensive, easily processable and their properties
can be tailored by molecular design and chemical synthesis while inorganic
semiconductors can be manufactured as nanoparticles (nanorods, nanowires) and
have high absorption coefficients and size tunability [79]. Also, the transition to the
charge transfer exciton state is expected to be more efficient in hybrid OSCs because
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of high electron affinity of inorganic semiconductors and relatively low ionization
potential of organic polymers [80]. Hybrid OSCs also present cheaper alternatives to
the conventional Si solar cells. The structure and operation mechanism of a hybrid
OSC is the same as illustrated in Figure 1.5, except that the organic acceptor is
replaced by the inorganic material. A combination of silicon nanowires (SiNWs) and
poly(3,4-ethylenedioxythiophene)

poly(styrenesulfonate)

(PEDOT:PSS)

have

produced the best power conversion efficiency of 8.40% in hybrid OSCs to-date
[81].
The external quantum efficiency, ηext , of a bilayer, bulk-heterojunction and
that of a hybrid OSC is thus dependent on the absorption efficiency of photons
(ηabs ), excitons diffusion efficiency (ηdif ) , exciton dissociation efficiency (ηdis ) and

charge carrier collection efficiency, (ηcc ) . Thus, the external quantum efficiency,
ηext , which is the overall efficiency of these OSCs can be written as [73, 82, 83]:
ηext = ηabs ηdif ηdis ηcc

(1.3)

The external quantum efficiency is the percentage of electrons collected per
incident photon, including the effect of reflection, transmission and absorption of
photons [84]. Internal quantum efficiency, on the other hand, is the ratio of the
number of collected electrons to the number of photons absorbed in the active layer
without the inclusion of reflection and transmission of photons [85].
The power conversion efficiency, η , of an OSC is defined by [51]:
η=

Voc J sc FF
Pin

(1.4)

where Voc is the open circuit voltage, J sc is the short-circuit current, Pin is the input
solar irradiation power and FF =

Vm J m
is the fill factor with Vm being the maximum
J scVoc
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voltage and J m is the maximum current. Bulk-heterojunction and hybrid are the
most successful types of OSCs and in this project, major focus is placed on
optimizing the conversion efficiency of these two types of solar cells.

1.5 Thesis structure
1.5.1 Aims
The work done in this thesis aims to optimize the design of bulkheterojunction and hybrid OSCs with the view of enhancing their performance. In
order to achieve this, the operation mechanism and design optimization of bulkheterojunction OSCs are studied. The objectives of this project are to study the:
1. Mechanism of exciton formation in the donor layer.
2. Exciton diffusion to the donor-acceptor interface.
3. Exciton dissociation into free electrons and holes at the donor-acceptor
interface and transport and collection of free charge carriers at their
respective electrodes.
4. Design optimization of bulk-heterojunction and hybrid OSCs for enhanced
photon absorption.
In addition to chapter 1, this thesis is divided into four chapters that broadly
address each of the above objectives. The work carried out in this project has
produced six research papers published in the peer reviewed international journals.
The contents of next four chapters are in the form of these published papers as
summarised below.
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1.5.2 Summary of chapters
Chapter 2: This chapter presents the mechanism of photon absorption and exciton
formation, which is the first operation mechanism of OSCs. Applying the first order
perturbation theory, the mechanism of absorption of a photon to form a singlet or
triplet exciton is studied using the exciton-photon interaction and exciton-spin-orbitphoton interaction operators, respectively. Using the interaction operators, respective
transition matrix elements are derived and then applying Fermi’s golden rule, the
rates of formation of singlet and triplet excitons are also derived and calculated in
several organic materials. The influence of the incorporation of heavy metal atoms
on the triplet absorption rate is emphasized in this chapter. With the exception of
some modifications to maintain the continuity in the thesis, the contents of this
chapter is exactly the same that of the paper by M. R. Narayan and J. Singh, Journal
of Applied Physics 114, 154515 (2013).

Chapter 3: The roles of binding energy and diffusion length of singlet and triplet
excitons (second operation principle) in bulk-heterojunction OSCs are presented in
this chapter. The binding energy and excitonic Bohr radii of singlet and triplet
excitons are calculated and compared. The Förster and Dexter transfer processes are
used to derive the diffusion coefficients and diffusion lengths of singlet and triplet
excitons, respectively. The relation between the diffusion coefficient and
corresponding diffusion length is derived and discussed in-detail. The content of this
chapter is based on the paper by M. R. Narayan and J. Singh, Phys Status Solidi C 9,
2386 (2012).
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Chapter 4: After exciton formation and diffusion, the third process that occurs in
OSCs is the dissociation of excitons at the donor-acceptor interface. In this chapter, a
new mechanism of exciton dissociation at the donor-acceptor interface is proposed to
derive the rate of exciton dissociation into free charge carriers. Accordingly, an
exciton first relaxes to a charge transfer (CT) exciton state by transferring the
electron from the donor’s LUMO to acceptor’s LUMO at the interface by releasing
the excess energy to phonons which then impact back to CT exciton and dissociate it.
The interaction operator between the CT exciton and molecular vibrational energy is
derived and using the transition matrix element and Fermi’s golden rule, the rate of
dissociation of exciton into free charge carriers is derived.
Using the proposed dissociation mechanism, a few points are also highlighted
that could provide possible explanations as to why the performance of bulkheterojunction OSCs is low. Also, the mechanism of transport and collection of
dissociated free charge carrier’s towards their respective electrodes is studied. The
contents of this chapter resembles with that of the paper by M. R. Narayan and J.
Singh, Journal of Applied Physics 114, 073510 (2013).
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Chapter 5: In this chapter, design optimization of bulk-heterojunction and hybrid
OSCs is carried out by studying their optical properties using the semiconducting
thin film optics simulation software (SETFOS). Flexible ITO-free OSCs are designed
using SETFOS by optimizing the thickness of each layer in the multilayer structure
with respect to maximum photon absorption in the active layer of OSCs. Upon
optimization, a comparison is made between the power conversion efficiencies of
bulk-heterojunction and hybrid OSCs and also between their theoretical and
experimental power conversion efficiencies. This chapter is based on the paper by M.
R. Narayan and J. Singh, Journal of nanoscience and nanotechnology 1, 8 (2014).

Chapter 6: In this final chapter, a summary of the work carried out from Chapter 2
to 5 is presented and future research directions are highlighted.
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Chapter 2 Effect of simultaneous excitation of singlet and
triplet excitons on the operation of organic solar cells
This work has been published in the following paper:

Narayan, M. R. and J. Singh (2013). "Effect of simultaneous excitation of singlet and
triplet excitons on the operation of organic solar cells." Journal of Applied Physics
114(15): 154515-154517.

Statement of contribution of each author:

M. R. Narayan performed literature review, aspects of methodology and results and
discussion. J. Singh assisted in methodology and results and guided and edited the
manuscript.

Formal permission from the publisher is granted and attached in Appendix, A.1.1.

24

Abstract
Primary steps of exciton formation in organic solar cells are presented here.
The rates of absorption of photons to excite singlet and triplet excitons are derived
using exciton-photon and exciton-spin-orbit-photon-interaction, respectively, as
perturbation operators. In both singlet and triplet absorptions, the rates are found to
depend on the absorption energy, excitonic Bohr radius and the dielectric constant of
the donor organic material. Incorporation of heavy metal atoms enhance the excitonspin-orbit-photon interaction and hence the rate of excitation of triplet excitons
because it depends on the square of the heaviest atomic number. The new excitonspin-orbit-photon interaction operator flips the spin to a singlet form leading to faster
dissociation into charge carriers and resulting in higher photon to electron-hole pair
conversion efficiency in organic solar cells.

25

2.1 Introduction
Absorption of light of energy larger than or equal to the bandgap of an
organic solid results in the production of excited electron (e) and hole (h) pairs. An
electron is excited to the lowest unoccupied molecular orbital (LUMO), leaving a
hole in the highest occupied molecular orbital (HOMO), which instantly form an
exciton due to strong Coulomb interaction between e and h caused by the low
dielectric constant ( ε =3-4) of organic solids. The energy bandgap is equal to the
energy difference between the LUMO and HOMO energy levels. As the electronic
intermolecular interaction is weak in organics, the formation of such excitons is
usually of Frenkel type [43, 44, 48, 49]. A simple heterojunction organic solar cell
(OSC) consists of donor-acceptor layer sandwiched between the two electrodes, an
anode (TCO) and a cathode (Al, Ag, Ca, etc.) and by shining light on the transparent
anode, excitons are excited within the donor material [86].
In a study carried out by Narayan and Singh [49], it is shown that singlet
excitons diffuse and dissociate faster than triplet excitons in organic solids, which is
advantageous in OSCs. A singlet exciton has a higher diffusion length than triplet
exciton because of its larger diffusion coefficient as investigated using the Förster
and Dexter energy transfer mechanisms [49]. In a previous study [87], the diffusion
lengths of singlet and triplet excitons have been measured and calculated but not for
the same material. The calculated diffusion length of a singlet exciton in one material
is found to be larger than that for triplet in another material. However, the measured
values appear to be not very different and the limitation of the experiment technique
is also discussed [87]. This agrees with our calculations [49] as well, where we have
calculated the singlet and triplet exciton diffusion lengths in the same material and
found that the singlet diffusion length is larger than that of triplet. In addition, a
26

singlet exciton has a lower binding energy than a triplet exciton, which makes
dissociation of a singlet exciton more efficient [88].
It has been recently discovered that incorporation of Iridium (Ir) complexes in the
donor enhances the photon to electron-hole pair conversion efficiency in OSCs [8891] as well as it enhances the emission efficiency in organic light emitting devices
(OLEDs) [92-96]. In OLEDs, this enhancement has been attributed to the enhanced
recombination of triplet excitons due to enhanced spin-orbit interaction and also has
been studied theoretically through the new time-dependent exciton-spin-photon
interaction operator [97]. However, it has not yet been clearly understood how the
introduction of heavy metal atoms can enhance both, dissociation of triplet excitons
in OSCs and their radiative recombination in OLEDs. To the best of our knowledge,
no theory has yet been developed to understand this mechanism in OSCs. The
objective of this paper is to present a comprehensive study on the excitation
mechanisms of excitons to singlet and triplet states, calculate their rates and
determine their effect on the performance of OSCs. This work is expected to provide,
for the first time, insights on how the incorporation of heavy metal atoms can
enhance the conversion efficiency from photons to electron-hole pairs in OSCs,
which has recently been observed [88-91].
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2.2 Method
Rates of absorption of a photon to excite singlet and triplet excitons are
derived in this section. Absorption of a photon in any semiconductor can excite an
electron from the valence to the conduction band leaving a hole in the valence band.
Such an excited state will usually be a singlet because of the spin conservation. In
organic semiconductors, usually a triplet state lies at a lower energy than a singlet
state and hence it can be excited from the singlet excited state through intersystem
crossing. The excess singlet energy helps flipping the spin of singlet excited electron
which then relaxes to the triplet state [98]. The triplet state can also be excited
directly by photons of energy larger than or equal to the triplet mediated by the
exciton-spin-orbit-photon interaction operator as described below. The mechanism of
absorption of a photon and formation of a singlet exciton due to exciton-photon
interaction is presented in section 2.2.1 and for a triplet exciton due to the excitonspin-orbit-photon interaction in section 2.2.2.
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2.2.1 Formation of singlet excitons due to exciton-photon interaction
We consider an organic solid in which an electron is excited directly from
HOMO to LUMO upon photon absorption without any change in its spin
configuration. The interaction operator, Ĥ Is , between radiation and a pair of electron
and hole is given by [72]:

e
e
Hˆ Is = _ ( * p e _ * p h ) • A
me
mh

(2.1)

where the subscript I and s denote interaction and singlet, respectively, me* and mh*
are the effective masses and p e and p h are the linear momenta of the excited
electron and hole, respectively, e is the electronic charge and A is the vector
potential of photons given by:

(

A = ∑Aos εˆλ c λ+ e -iω λ t + ε λ c λ eiω λ t
λ



where Aos  
2
 2 0 n V

)

(2.2)

1/ 2






and n is the refractive index, V is the illuminated

volume of the material, ωλ is the photon frequency, εo is the vacuum permittivity, 
is the reduced Planck’s constant and ε̂ λ is the unit polarization vector of photons.
c λ+ (c λ ) is the creation (annihilation) operator of a photon in mode λ . The first term of

A represents the emission while the second term relates to absorption of a photon. In

this study, only the absorption term is considered from here onwards.
Using the centre of mass coordinate,

R x = (me*re + mh*rh ) / M

where

M = me* + mh* and relative coordinate, r = re - rh , the absorption interaction operator,
Ĥ as for singlet, can now be written as:
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ec 

Hˆ as     
 x   2 o n 2V

1/ 2

 i t
 e (   p)



(2.3)

where the subscript a denotes absorption, μ x is the reduced mass of exciton:

 x 1  me*1  mh*1 and p = -i∇r is the relative momentum between e and h .


The field operator of an electron in the LUMO level (L) , ΨL (re ) , can be
expressed as [99]:

L (re )  N 1/ 2  L (re )a L

(2.4)



where N is the number of molecules in the sample,  L (re ) is the wave function of an
electron at the excited molecular site  and a L is the annihilation operator of an
electron.


Likewise, the field operator of a hole, ΨH (r h ) , in the HOMO (H ) , can be
expressed as:


H (rh )  N 1/ 2  mH (rh )d Hm

(2.5)

m

where  mH (rh ) is the wave function of a hole at the excited molecular and d Hm is the
annihilation operator of a hole in the HOMO of site m .
Now using Eqs. (2.4) and (2.5), the interaction operator in Eq. (2.3) can be
written in the second quantized form as:
e 

Hˆ as  
 
 x   2 o n 2V

where B +LHm =

1
2

1/ 2

 i t
 e Z lm B  c
LHm



(2.6)

+
+
[a L+ (+1/ 2)d Hm
(-1/ 2) + a L+ (-1/ 2)d Hm
(+1/ 2)] [47] is the creation

operator of a singlet exciton by exciting an electron in the LUMO denoted by, L at
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site

and a hole in the HOMO denoted by,

H

at site

m

and

Z lm   L (re )   p mH (rh )dre drh [72].

For deriving the rate of absorption, we consider the initial state i consisting
of a photon in mode λ and the final state f

has a singlet exciton. Such initial and

final states can be, respectively, expressed as:

| i  c | 0 | 0 p 

(2.7)

and
| f |

1
2

[a L (1 / 2)d H (1 / 2)  a L (1 / 2)d H (1 / 2)] | 0 | 0 p 

(2.8)

where |0> represents the vacuum states of the solid where HOMO is completely
occupied and LUMO is empty and |0p> is the vacuum state of photons (no photons).
Using these, the transition matrix element for transition from the initial to the
final state is obtained as:
e 

f Hˆ as i    
 x   2 o n 2V

1/ 2

 i t
 e p

LH


(2.9)

where
p LH = N -1 ∑∑Z lmλ δ,m
 m

(2.10)

and δ, m represents that the matrix element is non-zero only when e and h are
created on the same site.
Now applying Fermi’s golden rule, the rate of absorption, Ra , of a photon to
excite an exciton can be written as [100]:
Ra 

2
2
 | f | Hˆ a | i |  ( E f  Ei )
 

(2.11)

where Ei and E f are the initial and final state energies given by:
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Ei = ωλ

(2.12a)

where  is the energy of the absorbed photon in mode  and
E f  ELUMO  EHOMO

(2.12b)

where ELUMO is the LUMO energy and EHOMO is the HOMO energy.
Substituting Eqs. (2.9) and (2.12) into Eq. (2.11), we get the rate of formation
of singlet exciton, Ras , by absorption of a photon as:
Ras 

2e 2 
1
2 
 x  2 o n 2V


2

p LH  ( E LUMO  E HOMO   )
 E E
 LUMO HOMO

(2.13)

Applying the two-level approximation, the rate of singlet excitation in
organic solids can be written as:

Ras =

πe 2

2

εo n 2ωμ x2

p LH δ ( E LUMO_ E HOMO_ ωλ )

(2.14)

Now using the dipole approximation, the transition matrix element, p LH , is
obtained as [72]:
p LH = iωμx ε λ • r

(2.15)

where r is the dipole length and ε λ • r denotes integration over the photon wave
vector k for all photon modes  , which can be evaluated as follows: Considering
that a wave vector k can be associated with every photon mode, one can write:
 


2V
1
9
3
 d k with k   c , where k  (4 o )  9 10 , c is the speed of light
(2 ) 3

and k 2 dk 

2
c 3

d ( ) , we get [101]:

2V
2V
3
∑ =
3 ∫d k =
λ
(2π )
(2π ) 3

ωλ2
2
∫∫ 2 sin θ sin φλ d (ωλ )dθ dφλ (2.16)
0 0 c 

ELUMO- EHOMO π 2π

∫

o
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Replacing Eq. (2.16) into Eq. (2.14) by such a triple integration and
substituting   n 2 , we get Ras as:
2

Ras =

4ke2 ε rs ( ELUMO _ EHOMO ) 3
3 4 c 3

(2.17)

where rs = ε λ • r is the average separation between e and h in a singlet exciton,
which is evaluated in Eq. (2.15) and appears as modulus because it is an integrated
average over the orbital wave functions [102].

2.2.2 Triplet excitation due to exciton-spin-orbit-photon interaction
By absorption of a photon of adequate energy, an electron can be excited to a
triplet spin configuration through the electron-spin-orbit-photon interaction, Ĥ It ,
given by [39]:
Hˆ It  

N
eg
s   p   E n 
2 2
n1
2me c



(2.18)

where the subscript t denotes triplet, g  2 is the gyromagnetic ratio, E n  Vn is
the electric field of the electron generated by the n th nucleus in the molecule, where
Vn is the gradient of the scalar nuclear potential and s and p are the spin angular

and orbital momenta of the electron, respectively. Once light shines on the sample,
the interaction operator in Eq. (2.18) modifies to:
eg
e
1 A N
eg
Hˆ It   2 2 s  (p  A)  (
  Vn ) 
sH
c
c

t
m
n

1
2me c
ec

(2.19)

where H = ∇× A is the magnetic field of the electromagnetic radiation and
Vn   (Z n ek ren3 )ren where ren is the position vector of the electron from the

nucleus and ren  ren . For Z n >>1, the interaction between the excited electron and
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other valence electrons in the atom is considered to be negligible. A is the vector
potential of photons suitable for the exciton-spin-orbit-photon interaction through the
triplet excitation given by:



A   Aot ˆ c e it    c eit




where Aot  2 c 2   0 V



1/ 2



(2.20)

. Like in Eq. (2.2), here the first term of A

corresponds to the emission while the second term is the absorption of a photon.
The operator in Eq. (2.19) can be further simplified by taking into account
that within the dipole approximation, we get   A  0 , which eliminates a few terms
as shown below [103]:
e
A
s  (A  )  0
2
t
c

(2.21a)

1
A
i
A
i 
sp
  s 
  s  (  A)  0
c
t
c
t
c t

(2.21b)

Substituting Eq. (2.21) into Eq. (2.19), we get the interaction operator as:
Hˆ It  

N

eg  N Z n ek s  L n e




s

(
A


V
)


n

c
n 1
2me2 c 2  n1
ren3


(2.22)

where L n  ren  p is the orbital angular momentum of electron. The first term of Eq.
(2.22) is the well-known stationary spin-orbit interaction operator [103] and is
obtained in the absence of radiation. Its inclusion in the Hamiltonian as a
perturbation can only split the degeneracy of a triplet state. As this term is a
stationary operator, it cannot cause any transition. Only the last term, which depends
on spin, radiation and time can be considered as the time-dependent perturbation
operator and hence can cause transition.
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Substituting the absorption term for A from Eq. (2.20) into Eq. (2.22), the
time-dependent interaction operator for triplet absorption, Ĥ at , becomes:
Z  2
e 3 gk
Hˆ at   2 2  2n 
2me c  ,n ren   0 V

1/ 2

 i  t
 e s  (   ren )c


(2.23)

where ren  ren ren is a unit vector. For evaluating the triple scalar product of three
vectors, without the loss of any generality, we may assume that vectors ε λ and ren
are in the xy-plane at an angle  , then we get    ren  sin n ˆ , ˆ being a unit
vector perpendicular to the xy-plane. This gives s  (   ren )  s ˆ sin n  s z sin n ,
which simplifies Eq. (2.23) to:
Z n  2
e3 gk

Hˆ at  
2 2  2 
2me c  ,n ren   0 V

1/ 2

 i  t
 e
sin n s z c


(2.24)

The electron spin-orbit-photon interaction operator in Eq. (2.24) represents
interaction for an electron with spin-orbit. For exciting an electron and hole pair, this
interaction can be written as [104]:
Z
Z
e3 gk
2 1/ 2
2 1/ 2
Hˆ at   2 2  [ 2n (
) sin en sez   2n (
) sin hn shz ]eit c (2.25)
 ,n rhn  0 V
2 x  c  ,n ren  0 V

where ren and rhn are the electron and hole distances from their nuclear site n and
sez and s hz are the spin projections along the z-axis of the electron and hole,

respectively. It may be noted that the interaction operator in Eq. (2.25) remains the
same for an electron-hole pair and an exciton, excited in a triplet state.
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Using the field operators in Eqs. (2.4) and (2.5) in Eq. (2.25), the timedependent operator of spin-orbit-exciton-photon interaction is obtained in second
quantization as:
e3 gZk
Hˆ at   2 2 2
 x c  rt

 2

  0V

1/ 2










 e , h

sin 



eit  ( sez  s hz )aL ( e )d H ( h )  e , h c (2.26)

where rt is the average separation between electron and hole in a triplet exciton and
-2
is approximated by  HOMO | ren-2 | LUMO  HOMO | rhn
| LUMO  (rt / 2) 2 .

It may be noted that the sum over sites n does not appear in Eq. (2.26). This
is because the interaction operator depends on the atomic number, Z n , and the
inverse square of the distance between an electron and nucleus and a hole and
nucleus. Therefore, only the contribution of the nearest heaviest atom is significant
while contributions from the other atomic sites become negligible. Hence the
summation over n may be removed as an approximation.
For simplifying the sum over spins in Eq. (2.26), one needs to consider the
three spin configurations of a triplet exciton state which are expressed as [70]:
aL (1/ 2)d H (1/ 2)  aL (1/ 2)aH (1/ 2)
1
2

[a L (1 / 2)d H (1 / 2)  a L (1 / 2)d H (1 / 2)] 

aL (1/ 2)d H (1/ 2)  aL (1/ 2)aH (1/ 2)

(2.27a)
1
2

[a L (1 / 2)a H (1 / 2)  a L (1 / 2)a H (1 / 2)] (2.27b)

(2.27c)
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1
2

1
2

1
2

Using the property of sez and s hz operators as sez a L ( )   a L ( ) and
1
1
1
shz d H ( )   d H ( ) , we find that only the contribution from Eq. (2.27b) is non2
2
2

zero. This reduces the operator in Eq. (2.26) to the following term:
2e 3 gZk  2
Hˆ at   2 2 2 
 x c  rt   0V

1/ 2








sin 



e

i  t

[

1
(a L (1/ 2)d H (1/ 2)  a L (1/ 2)d H (1/ 2))]c
2

(2.28)
It may be noted in Eq. (2.28) that the operator s z has flipped the spin from
the triplet configuration to singlet configuration. Thus, the exciton-spin-photon
interaction plays two roles:
a. Enhances the rate of triplet excitation due to incorporation of heavy metal
atoms and
b. Flips the spin from triplet to singlet configuration which facilitates
dissociation and is schematically presented in Figure 2.1.

Exciton-spinor

orbit-photon

or

interaction

Figure 2.1 Schematic diagram of the effect of exciton-spin-orbit-photon interaction
in directly exciting a triplet exciton state by absorption of a photon.

37

We now consider a transition from an initial state | i  given in Eq. (2.7) to
the final state | f  in Eq. (2.8), whose spin has been flipped by the spin-orbit
interaction. Then the transition matrix element is obtained as:
2e3 gZk  2
 f | Hˆ at | i   2 2 2 
 x c rt   0V

1/ 2





sin 



e

i  t

(2.29)

Applying Fermi’s golden rule as in Eqs. (2.11) and (2.12) and simplifying the
sum over  as carried out in Eq. (2.16) with g  2 , Rat is obtained as:
Rat =

32e 6 Z 2 k 2 ( E LUMO _ E HOMO )
μ x4 c 7 ε0 ε 3 rt4

(2.30)

2.3 Results and discussion
In this section, the rates of singlet and triplet excitations for organic solids are
calculated using rs = a xs / ε and rt = a xt / ε where a xs and a xt are the excitonic
Bohr radii of singlet and triplet excitons, respectively. Now substituting these into
Eqs. (2.17) and (2.30), we get the rate of a photon absorption for a singlet excitation
due to exciton-photon interaction and triplet excitation due to exciton-spin-orbitphoton interaction, respectively as:
2
4ke2 ( E LUMO _ E HOMO ) 3 a xs
Ras =
3c 3 ε1.5  4

(2.31)

32e 6 Z 2 k 2 ε ( E LUMO _ E HOMO )
Rat =
c 7 εo μ x4 a xt4

(2.32)

where, a xs =

με
α2
, a xt = ao where α is a material dependent constant
_ 2 a xt
μx
(α 1)

representing the ratio of the magnitude of the Coulomb and exchange interactions
between the electron and hole in an exciton, ao is the Bohr radius and μ is the
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reduced mass of electron in a hydrogen atom [70]. The values of the singlet and
triplet excitonic Bohr radii in organic materials have been calculated by Narayan and
Singh [49].
The rates of singlet and triplet absorption derived in Eqs. (2.31) and (2.32)
are sensitive to the bandgap, ( ELUMO _ EHOMO ) of the material. Hence for various
donor organic materials used in OSCs, the rates of formation of singlet and triplet
excitons are calculated as a function of ( ELUMO _ EHOMO ) obtained from the
experimental studies and presented in Table 2.1. The inverse of these rates gives the
time of formation of the corresponding exciton, ( τ i = Rai-1 , i = s or t ) .
According to Eqs. (2.31) and (2.32), Ras does not depend on Z but Rat
depends on Z 2 . Thus in the case of triplet excitation, the higher the Z value, the
faster will be Rat . Normally, organic materials consist of hydrocarbons, where
carbon, C, has the highest atomic number. In experimental studies [27, 105-107],
doping with the heavy metal atoms such as Iridium (Ir) in the donor organic
materials is observed to enhance the conversion efficiency of OSCs. Therefore, we
have calculated the rates and corresponding formation times of triplet excitons with
Z=6 for C and Z=77 for Ir, for several organic materials used as donors and the
results are presented in Table 2.1.
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( ELUMO - EHOMO )

(eV)

2.40

2.94

2.10

3.10

1.83

1.91

2.17

2.80

2.20

1.75

1.70

1.90

1.80

2.81

3.59

Organic

Material

PCBM

PFPy

P3HT

α-NPD

P3OT

Pt[OEP]

MEV-PPV

PPV

MDMO-PPV

PEOPT

PTPTB

BBL

F8BT

PFB

TFB

6.36

3.05

0.80

0.94

0.68

0.74

1.46

3.02

1.41

0.96

0.84

4.10

1.27

3.49

1.57

3.28

12.5

10.6

14.8

13.6

6.83

3.31

7.12

10.4

11.9

2.44

7.85

2.86

5.26

(s)

(s-1)
1.90

τ as ×10-11

Ras ×1010

3.20

2.51

1.61

1.70

1.52

1.56

1.96

2.50

1.94

1.70

1.63

2.77

1.87

2.62

2.14

(s-1)

Rat (C)×103

3.12

3.99

6.22

5.90

6.59

6.40

5.09

4.00

5.16

5.87

6.12

3.61

5.34

3.81

4.67

(s)

τ at (C)×10-4

5.28

4.13

2.65

2.79

2.50

2.57

3.23

4.12

3.19

2.81

2.69

4.56

3.09

4.32

3.53

(s-1)

Rat (Ir)×105

1.89

2.42

3.78

3.58

4.00

3.89

3.09

2.43

3.13

3.56

3.72

2.19

3.24

2.31

2.83

(s)

τ at (Ir)×10-6

[113]

[40]

[112]

[111]

[110]

[79]

[109]

[108]

[105]

[107]
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Reference

spin-orbit interaction calculated using Eqs. (2.31) and (2.32), respectively, as a function of energy gap of various donor organic materials.

Table 2.1 Rates of absorption of a photon to form a singlet exciton due to exciton-photon interaction and triplet exciton due to exciton-photon-

where,
PCBM = 1-(3-methyloxycarbonyl)propy(1-phenyl[6,6])
PFPy = poly(fluorene-alt-pyridine)
P3HT = poly(thiophene)
α-NPD = N,N´-diphenyl-N,N´-bis(1-naphthyl)-1-1´biphenyl-4,4´´diamine
P3OT = poly(3-octylthiophene-2,5-diyl)
Pt(OEP) = platinum octaethyl porphyrin
MEV-PPV= poly(2-methoxy-5-(2´-ethylhexyloxy)-1,4-phenylenevinylene)
PPV = poly(1,4-phenylene vinylene)
MDMO-PPV = poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylenevinylene]
PEOPT = poly(3-(4´-(1´´,4´´,7´´-trioxaoctyl)phenyl)thiophene)
PTPTB = poly-( N -dodecyl-2,5-bis(2′-thienyl)pyrrole-(2,1,3-benzothiadiazole))
BBL = poly(benzimidazobenzophenanthroline ladder)
F8BT = poly(9,9-dioctylfluorene-cobenzothiadiazole)
PFB = poly(9,9-dioctylfluorene-co-bis-N,N-(4 -butylphenyl)-bis-N,N-phenyl-1,4phenylenediamine)
TFB = poly(9,9-dioctylfluoreneco-N-(4-butylphenyl) diphenylamine)
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For all organic materials used as donors and listed in Table 2.1, the rate of
excitation of singlet excitons is five orders of magnitude greater than that of triplet
excitons. This is because Ras is highly sensitive to the absorption energy,

ELUMO  EHOMO 3 while

Rat

is only linearly dependent on

ELUMO  EHOMO  .

According to Table 2.1, TFB has the highest absorption energy of 3.59 eV and
provides the fastest rate of absorption of 6.36×1010 s-1 for singlet excitons and
5.28×105 s-1 for triplet excitons as compared to other organic materials. Therefore,
utilizing wide bandgap materials as donors can be expected to greatly enhance the
singlet and triplet absorption rates in OSCs.
The rates are also sensitive to the singlet and triplet excitonic Bohr radii as
shown in Eqs. (2.31) and (2.32), respectively. In the case of a singlet exciton, the rate
is proportional to a 2xs while for a triplet exciton, it is proportional to a -xt4 . Hence, the
larger the distance between electron and hole in a singlet exciton, the faster will be
the rate of formation of singlet excitons by photon absorption. However, in the case
of triplet excitation, the smaller the electron-hole distance in the triplet exciton, the
faster will be the triplet absorption rate. In addition, the dielectric constant of the
donor organic material also plays a key role in the absorption rates. Organic solids
with low ε favours singlet excitation while a larger value leads to faster triplet
excitation as obtained in Eqs. (2.31) and (2.32), respectively.
The rate of emission of photons in OLEDs [97, 98] is equal to the rate of
absorption of photon in OSCs as derived in Eqs. (2.31) and (2.32). These results are
in agreement with the well-known Einstein’s equation that states that “in thermal
equilibrium, the rate at which photons of any particular frequency are emitted must
be equal to the rate at which they are absorbed” given that light is emitted and
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absorbed by atoms independently and thermal equilibrium is preserved by interaction
with atoms [114].
According to Table 2.1, the rate of triplet excitation by incorporating Ir atom
(Z=77) increases by two orders of magnitude in all donors than without it. This
clearly shows that the incorporation of heavy metal atom enhances the rate of triplet
excitation in OSCs due to enhanced exciton-spin-orbit-photon interaction. As
described above, this exciton-spin-orbit-photon interaction also flips the spin to
singlet configuration to facilitate the absorption by spin conservation. At the same
time, flipped spins to singlet configuration makes it easier to dissociate the exciton
into free charge carriers which is essential for the operation of a solar cell. This can
lead to higher conversion efficiencies assuming that faster dissociation means faster
collection of charge carriers at the opposite electrodes. Such an enhancement in the
conversion efficiency of OSCs incorporated with Ir complexes is in agreement with
the experimental results [27, 105-107].
Without doping with any heavy metal atom, the spin-orbit interaction
becomes negligible in organic solids and only singlet excitons can be excited
efficiently through the exciton-photon interaction. The incorporation of heavy metal
atom facilitates the excitation and dissociation of triplet excitons as well and hence
enhances the number of excited charge carriers. This enhances the photocurrent
leading to enhanced conversion efficiency in OSCs. These results clearly explain for
the first time, theoretically, why the incorporation of heavy metal atoms increases the
conversion efficiency in OSCs and enhances the emission efficiency in OLEDs, as
stated in section 2.1.
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Overall, the rate of singlet excitations as derived in Eq. (2.31) shows that
larger absorption energy, greater excitonic Bohr radius and smaller dielectric
constant in donor organic materials will favour formation of singlet excitons. While
in the case of triplet excitations in Eq. (2.32), larger absorption energy, doping of
heavy metal atoms, smaller excitonic Bohr radius and a larger dielectric constant in
donor organic materials provide a faster rate of formation of triplet excitons.
The question may arise that how the above calculated rates without
considering any homogeneities in OSCs may be applied to real polymer systems with
inhomogeneous regions. Although the incorporation of inhomogeneities theoretically
is beyond the scope of the work presented in this thesis, the calculated results of the
rates and their use in achieving the conversion efficiency appear to be in well
agreement with the experimental results [115, 116]. This implies that such
inhomogeneities may not influence the rates significantly.
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2.4 Conclusions
In this study, the rates of excitation of singlet and triplet excitons by the
exciton-photon

interaction

and

the

exciton-spin-orbit-photon

interaction,

respectively, have been derived and calculated for various donor organic materials.
The rate of formation of singlet excitons is found to be larger than that of triplet
excitons because it is dependent on the third power of the absorption energy of the
donor organic material. In the case of a triplet excitation, incorporation of heavy
metal atom enhances the rate of absorption of triplet excitons due to the enhanced
spin-orbit-interaction which flips the spin to a singlet form. This leads to a faster
dissociation of triplet excitons as well and hence an overall enhancement in the
conversion efficiency of organic solar cells. The present results provide very clear
explanation as to why the incorporation of heavy metal atoms lead to higher
conversion efficiency in OSCs which has not been clearly understood before.
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Abstract
The conditions for the effective diffusion and dissociation of excitons into
free charge carriers are that the excitonic binding energy must be less than the
LUMO offset of around 0.30 eV and the excitonic Bohr radius must be greater than
or equal to 1.60 nm. The singlet excitons are favoured over the triple excitons in both
circumstances. Förster and Dexter energy transfer mechanisms are used to calculate
the exciton diffusion coefficients and exciton diffusion lengths for singlet and triplet
excitons, respectively. In this case, the singlet state is also dominant over the triplet
state over small separation between the donor and acceptor. At a separation larger
than 2 nm, the singlet and triplet exciton diffusion lengths become insignificant.
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3.1 Introduction
Organic solar cells (OSCs) are a class of thin film solar cells that are
fabricated from organic solids/polymers. OSCs offer advantages of fabrication into
lightweight, plastic devices and large area modules [43] and easy integration in a
wide variety of devices [42]. A small binding energy and a large diffusion length are
advantageous in the performance of OSCs. This will allow excitons to reach the
interface effectively and hence will lead to favourable dissociation of excitons into
free charge carriers. The excitons in OSCs exist in singlet or triplet states which lead
to different exciton binding energy ( E B ) , lifetime (τ ) , diffusion coefficient (D) and
diffusion length ( LD ). In the case of OSCs, Frenkel excitons generally tend to have a
high E B , which is one of the major drawbacks as it makes the dissociation of
excitons into the electron hole pairs ( e - h ), difficult. Also, LD should be larger than
or equal to the donor layer thickness for efficient exciton transport to the donoracceptor interface.
In this work, the roles of singlet and triplet excitons are discussed in view of
optimizing the performance of OSCs. The main focus is placed on the exciton
diffusion to the donor acceptor interface for effective dissociation. The excitonic
Bohr radius and E B for both singlet and triplet excitons will be calculated and a
comparison between the singlet and triplet exciton diffusion lengths, will be
presented using the Förster and Dexter transfers, respectively.

48

3.2 Exciton dynamics in OSCs
3.2.1 Exciton formation
In organic materials, the dielectric constant (ε ) is usually low (3-4) in
comparison to inorganic semiconductors, for example, Silicon has ε =12. Hence, E B
in OSCs is much larger than in inorganic solar cells. Upon illumination, both electron
and hole ( e - h ) are excited on the same molecule of the donor and are tightly bound
forming a Frenkel exciton [50]. Electrons are excited to the highest occupied
molecular orbital (HOMO) leaving holes in the lowest unoccupied molecular orbital
(LUMO). Hence, the binding energy between a pair of excited e - h is given by:
EB =

ke2
εr

(3.1)

where k = (4πε0 ) -1 = 9x109, e is the electronic charge and r is the average separation
between the excited electron and hole. As energy ≥ E B is required for effective
dissociation of an exciton, it becomes more difficult to dissociate it into free e-h.
This is one of the main problems in achieving high efficiency in OSCs [117]. For an
amorphous solid, the excitonic energies of singlet and triplet excitons can be
obtained as [47]:
E ( S = 0) = _

(α _ 1) 2 μ x e 4 k 2
α 2 2 2 ε 2

E ( S = 1) = _

μxe4k 2
2 2 ε 2

(3.2)

(3.3)

where S is the spin of an exciton (S = 0 for singlet and S = 1 for triplet), α is a
material dependent constant representing the ratio of the magnitude of the Coulomb
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and exchange interactions between the electron and hole in an exciton, μ x is the
reduced mass of an exciton and  is the reduced Planck’s constant [102].
The excitonic Bohr radius is the separation between the electron and hole in
an exciton and is also different for singlet and triplet excitons. The Bohr radii for
singlet and triplet excitonic states are obtained as:
α 2 με
a x ( S = 0) = _ 2
ao
(α 1) μ x
a x ( S = 1) =

με
a
μx o

(3.4)

(3.5)

where ao is the Bohr radius of hydrogen atom in its ground state (5.29×10−11 m) and
μ is the reduced mass of electron in hydrogen atom. E (S = 0,1) and a x (S = 0,1) will

be calculated and compared in this paper and the suitability of excitation to singlet or
triplet state will be determined.

3.2.2 Exciton diffusion
The two common exciton transfer mechanisms between the donor and
acceptor materials are obtained through the Förster and Dexter transfer theories.
They describe the transfer process of excitons as a function of the distance between
the donor and acceptor materials [118]. The Förster and Dexter transfer processes are
described below for the singlet and triplet exciton diffusion, respectively:
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3.2.2.1 Förster transfer
Förster transfer is a singlet to singlet energy transfer and is suitable for a long
range process. It is a non-radiative, dipole-dipole (Columbic) interaction mechanism
based on resonance theory of energy transfer and hence is also known as the
fluorescent resonance energy transfer (FRET). In this process, a singlet exciton on a
molecule in the donor gets deexcited and transports its energy to excite another
singlet exciton on a molecule in the acceptor. The rate of Förster transfer between
donor and acceptor is given by [119]:
kf =

6
1 Rf
τ S Rda 6

(3.6)

where R f is the Förster radius that determines the actual distance between the donor
and acceptor, Rda is the donor-acceptor separation distance and τ S is the lifetime of
a singlet exciton. If R f = Rda , one gets an efficiency of 50% for the Förster’s transfer.

3.2.2.2 Dexter transfer
The theory of resonance energy transfer was subsequently extended by
Dexter to triplet excitons with electric dipole-forbidden transitions [120]. The nearest
neighbour diffusion of charge carriers is enabled through the electron exchange
interaction between triplet excitons. The transfer rate of such exchange is described
by the Dexter theory. This is a very short range process since it requires the overlap
of the electronic wavefunctions of two molecules. It is also a non-radiative energy
transfer by exchange interaction where a resonant transfer can be obtained by
transition of an excited electron in a triplet exciton in donor and acceptor. The Dexter
rate of transfer is given by [119].
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kd =

2 Rd _ 2 Rd
1
exp(
(1
))
τT
L
L

(3.7)

where L is the average length of a molecular orbital, τT is the lifetime of a triplet
exciton and Rd is the Dexter radius between donor and acceptor at which the
efficiency of such transfer remains at 50% [118].

3.3 Results
3.3.1 Excitonic binding energy and Bohr radius
The exchange energy (ΔEex ) between singlet and triplet is Eqs. (3.3) _ ( 3.2)
and is written as:
ΔEex = 1_

(α _ 1) 2 μ x e 4 k 2
α2

2 2 ε 2

(3.8)

In conjugated polymers, the measured value of ΔEex is about 0.7 eV [121]. In
organic polymers, the effective masses of electrons and holes are not expected to be
very different from the free electron mass, hence it is assumed that me* = mh* = me
(free electron mass), giving μ x =0.5 me [122]. Using ε =3, we get α =1.37 from Eq.
(3.8) and using these values in Eqs. (3.2) and (3.3), one gets singlet and triplet
excitonic binding energies, respectively, as EB (S ) = E (S ) . The excitonic Bohr radius
for singlet and triplet excitons is calculated using Eqs. (3.4) and (3.5), respectively.
The values of binding energies and Bohr radii, thus calculated, are listed in Table
3.1.
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Table 3.1 Binding energy and excitonic Bohr radius for singlet and triplet excitons in
organic solids/polymers.
Parameters

Singlet (S=0) Triplet (S=1)

Binding energy EB (S ) (eV)

0.059

0.759

Excitonic bohr radius a x (S ) (nm) 4.352

0.317

3.3.2 Diffusion coefficient and excitonic diffusion length
Diffusion coefficient, D, is the mean square diffusion length divided by the
lifetime and can be determined for singlet and triplet excitons using the Förster and
Dexter transfer mechanisms [87], respectively, as:
D( S ) =

D(T ) =

R 6f

(3.9)

4
6τR da

2
R da

6τ T

exp(

2 Rd _ 2 Rd
(1
))
L
L

(3.10)

where S denotes the singlet state and T denotes the triplet state.
The relationship between D(T) and D(S) using Eqs. (3.9) and (3.10) is given
by:
R 2d R 4da

D(T ) =

6

Rf

exp(

2 Rd _ 2 Rd
(1
))
L
L

(3.11)

Diffusion length, LD , for singlet and triplet excitons are dependent on the
Förster and Dexter rates. LD (S ) and LD (T ) for singlet and triplet states are obtained
as:
3
1 Rf
, for singlet excitons and
LD ( S ) =
6 Rda 2

LD (T ) =

Rda
6

, for triplet excitons

(3.12)

(3.13)
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Using Eqs. (3.11) and (3.12), we get LD (T ) as:
LD (T ) = (

Rda 3
2R
2 Rd
) exp( d (1_
) ) LD ( S )
Rf
L
L

(3.14)

The values of R f , Rd and τ for various organic materials in their singlet and
triplet states are listed in Table 3.2.

Table 3.2 Values of R f , Rd and τ for various organic materials as used in the
calculations.
Organic Material

Singlet (S)/Triplet (T)

R f or Rd (Å)

τ (ns)

Reference

NPD

S

19.0

3.5

[87]

CBP

S

22.0

0.7

SubPc

S

15.0

1

PTCDA

S

14.0

3.2 (±0.7)

DIP

S

17.0

1.8 (±0.5)

PtEOP

T

07.0

800

Meo-POV

S

19.0

0.055

PDHFV

S

22.0

0.05

PTEH

S

24.0

0.23

PDHFHPPV

S

43.0

0.71

Ir(ppy)3

S

35.8

1330

[118]

in PMMA

T

10.5

Nile Red/PCBM

S

27.0

-

[123]

Ir(ppy)3/PVK

S

31.7

-

[124]

Ir(ppy)3/PFHP

S

30.7

-

[97]
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Using the parameters listed in Table 3.2, D from Eq. (3.9) and (3.10) are
calculated and plotted as a function of donor acceptor separation for PDHFHPPV,
PDHFV, Ir(ppy)3 in PMMA and Meo-POV in Figure 3.1. The other polymers listed
in Table 3.1 show similar behaviour as Meo-POV and hence have not been shown in
Figure 3.1.

160
140

2

-1

D (cm s )

120
PDHFHPPV (S)
PDHFV (S)
Ir(ppy)3 in PMMA (S)

100

Meo-POV (S)
Ir(ppy)3 in PMMA (T)

80
60
40
20
0
0.1

0.2

0.3

0.4

0.5

Rda (nm)
Figure 3.1 Diffusion coefficients for singlet (S) and triplet (T) state calculated using
Eqs. (3.9) and (3.10), respectively, are plotted as a function of Rda for a few organic
materials.

55

Figure 3.1 shows that for Rda at 0.10 nm, PDHFHPPV has the highest D of
singlet excitons followed by PDHFV and Meo-POV. Using Eqs. (3.12) and (3.13),
the diffusion lengths for the Förster and Dexter rates are plotted in Figure 3.2 for
PDHFHPPV, Ir(ppy)3 in PMMA, PDHFV and Ir(ppy)3/PVK. The other polymers
listed in Table 3.2 shows similar behaviour as Meo-POV and hence have not been
shown in the plot. The highest LD =3.25×103 nm was for PDHFHPPV at Rda =0.10
nm.

3500

3000

LD (nm)

2500

2000

PDHFHPPV (S)
PDHFV (S)
Ir(ppy)3 in PMMA (S)

1500

Meo-POV (S)
Ir(ppy)3 in PMMA (T)

1000

500

0
0.5

1.0

1.5

2.0

Rda (nm)
Figure 3.2 Exciton diffusion lengths for singlet (S) and triplet (T) excitons calculated
using Eqs. (3.12) and (3.13), respectively, in various organic materials are plotted as
a function of Rda .
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3.4 Discussions
A comprehensive study of exciton binding energies, lifetimes, diffusion
coefficients and diffusion lengths for the singlet and triplet excitons have been
presented. The binding energy and Bohr radius for singlet excitons is about an order
of magnitude greater than that of triplets. In OSCs, the difference in the energy levels
between the donor and acceptor contributes to exciton dissociation. Calculations
performed by Scharber et al. [125] on LUMO levels of donor and acceptor showed
A
D
that the energy required to dissociate the excitons is ΔE = ELUMO
- E LUMO
= 0.30 eV,
A
D
where, ELUMO
is the LUMO energy of the donor and E LUMO
the LUMO energy of

the acceptor and is sufficient for charge separation, providing an efficiency of 10% in
single bulk-heterojunction solar cells. This also agrees with Koster et al. [126], that a
more efficient charge separation is achieved when donor-acceptor offset is about 0.4
eV. The underlying condition is ΔE ≥EB , in order to effectively dissociate Frenkel
excitons into free e-h. The condition is satisfied only in the singlet case which has
E B (S = 0) =0.059 eV. The excitonic binding energy for triplet state E B (S = 1) =0.755

eV, which is close to nearly three times greater than the LUMO offset. This implies it
easier to dissociate singlet excitons rather than triplet excitons. Hence in the context
of the binding energies, excitation to singlet state is favoured over the triplet state.
Furthermore at LUMO offset = 0.30 eV, the separation between electron and
hole in an exciton (r ) should be ≥ 1.60 nm (calculated from Eq. (3.1)), to dissociate
it into free e-h pairs. Both the singlet and triplet exciton Bohr radii satisfy this
condition. However, the singlet excitonic Bohr radius of a x (S = 0) =4.352 nm [118]
is an order of magnitude greater than that of triplet state. Both cases present enough
separation between the electron and hole for effective dissociation of excitons, but
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the radius at singlet state is an order of magnitude greater than the triplet state. Hence
it maybe concluded that singlet excitons are dissociated more easily than triplet.
Most organic polymers show similar D with respect to Rda as shown in
Figure 3.1. Lower D is found in most polymers except for PDHFHPPV and
PDHFV. This may be attributed to the low values of R f . The highest D = 1.48 × 102
cm2 s-1 for PDHFHPPV is found at a separation of 0.10 nm. D reached a minimum
when Rda > 0.25 nm in most organic materials for both singlet and triplet excitons.
Excitons in triplet states have a lower D than that in singlet state. However, the
lifetime of excitons in triplet state is always greater than that of singlet state as
labelled for various organic materials shown in Table 3.2, for example, for PtEOP, τ
= 800 ns, which is greater than singlet excitons. One mostly assumes that if τ is
longer, then LD would also be larger. However, this assumption ignores the role of
D , which in this case, has a substantial effect on LD .

As shown in Figure 3.2, LD for all organic materials show similar decrease at
larger Rda and it eventually becomes a minimum as Rda > 2 nm. The highest LD =
3.25×103 nm was for PDHFHPPV because of a higher D . It can be concluded that
LD (S ) > LD (T ) , such as, at a separation greater than 0.5 nm, the singlet diffusion

length of Ir(ppy)3 is greater than that of triplet for example at Rda =1.50 nm, LD (S ) =
8.32 nm and LD (T ) is only, 0.72×10-2 nm. In this case, LD (S ) is around two orders
of magnitude larger than LD (T ) . Both singlet and triplets diffusion lengths have
significant values for Rda < 2 nm but reduce to zero as the separation increases.
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3.5 Conclusions
The effects of binding energy, excitonic Bohr radius, diffusion coefficient
and diffusion length on the dissociation of singlet and triplet states are investigated.
It is found that singlet excitons dissociate more easily than triplet excitons because of
low binding energy and large excitonic Bohr radius. The Förster and Dexter models
are used to study the singlet and triplet diffusion coefficients and diffusion lengths,
respectively. The singlet exciton diffusion length is larger than that of triplets at
small separation between the donor and acceptor which is attributed to its large
diffusion coefficient. On the basis of this study, one may conclude that diffusion and
dissociation of singlet excitons occurs more easily than triplet excitons.
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Chapter 4 Study of the mechanism and rate of exciton
dissociation at the donor-acceptor interface in bulkheterojunction organic solar cells
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Abstract
In this paper, a comprehensive study is carried out on the dissociation
mechanism of excitons in bulk-heterojunction organic solar cells. It is proposed that
at the donor-acceptor interface, Frenkel exciton relaxes to charge transfer exciton and
then dissociates into free charge carriers with the aid molecular vibrational energy.
The interaction operator between the charge transfer exciton and molecular
vibrational energy is derived and is used to formulate and calculate the rates of
dissociation of singlet and triplet excitons into free charge carriers. The dissociation
rates are found to be dependent on the binding energy, lowest unoccupied molecular
orbital offset between the donor and acceptor, the phonon energy, reduced excitonic
mass, the excitonic Bohr radius and the dielectric constant of the organic materials.
Using the proposed dissociation mechanism, three points have also been highlighted
that could provide possible reasons as to why the performance of bulk-heterojunction
OSC is low.
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4.1 Introduction
Research interest in organic solar cells (OSCs) has escalated recently due to
their cost effectiveness, easy fabrication techniques and large scale production [40].
There are various types of OSCs, but the most prominent and successful at present is
the bulk-heterojunction OSC [70]. Here, the donor and acceptor organic materials are
mixed together to form an interface [124]. In bulk-heterojunction OSCs, the principle
processes of operation include: 1) Photon absorption and exciton formation [65, 66]
2) exciton diffusion to the donor-acceptor interface [49] 3) exciton dissociation at the
interface [127] and 4) transport of respective free charge carriers to opposite
electrodes [128].
These four processes are interdependent and contribute to the conversion
efficiency of bulk-heterojunction OSCs. If any of the above processes gets hindered,
it affects the overall performance of an OSC. This is one of the reasons why the
conversion efficiency of OSCs prepared to-date is relatively low (5-9.2%) [69, 72,
76, 129]. When photons are absorbed, the excited electron and hole pairs instantly
form excitons due to the higher binding energy, E B , in organic materials having low
dielectric constant ( ε =3-4) [43, 44, 48]. After this process, excitons have to be
dissociated to form free electrons and holes, a process that is known to occur at the
donor-acceptor interface. Thus, after their creations, first the excited excitons are
required to diffuse to the interface and then dissociate. Finally, free charge carriers
thus created, need to be separated and transported to the opposite electrodes.
Apparently only few research efforts have been made in studying these processes in
OSCs, systematically [56, 130-132]. We have recently studied the first two processes
of exciton formation [65, 66] and diffusion theoretically [49]. However, the third and
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fourth processes have not yet been studied explicitly, neither experimentally nor
theoretically.
Following the seminal work of Tang et al. [56] it is very well accepted that
the exciton dissociation is facilitated by the presence of a donor-acceptor interface in
OSCs and most of the OSCs to-date are fabricated with such a design. However, the
mechanism of the exciton dissociation occurring at the interface is not yet understood
very well. To the best of our knowledge, no interaction operator between an exciton
and a donor-acceptor interface has yet been discovered to dissociate excitons in
OSCs. In this study, a time-dependent interaction operator responsible for the
dissociation of excitons at the donor-acceptor interface is derived. Using this
interaction operator, the rate of exciton dissociation is derived and calculated for the
dissociation of singlet and triplet excitons. It is expected that such rates of exciton
dissociation may help in understanding the operation of OSCs and improving their
photovoltaic performance.
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4.2 Mechanism of exciton dissociation at the donor-acceptor
interface
In this section, we have derived a time-dependent exciton-donor acceptor
interaction operator responsible for the dissociation of excitons at the interface in
bulk-heterojunction OSCs. Considering that the absorption of a photon of energy
larger than or equal to the bandgap of the donor organic material, excites a pair of
electron ( e ) and a hole ( h ); the electron is excited to the lowest unoccupied
molecular orbital (LUMO), leaving a hole in the highest occupied molecular orbital
(HOMO). These excited pairs of charge carriers instantly form excitons due to their
strong Coulomb interaction caused by the low dielectric constant, ε , in organic
solids [43, 44, 48]. As the electronic intermolecular interaction is weak in organics,
the formation of such excitons is usually of Frenkel type with a high binding energy,
E B , (0.06-0.80 eV) [49]. The formation of Frenkel excitons in OSCs has been

extensively studied in our previous works [49, 65, 66].
The Hamiltonian of a free Frenkel exciton, Ĥ FE , is given by [133]:
N

Hˆ FE = ∑ En Bn+ ( S ) Bn ( S )

(4.1)

n=1

where En = ELUMO - EHOMO - E B is the exciton’s energy, E LUMO is the LUMO energy
and EHOMO is the HOMO energy of the donor organic molecule at site, n . Bn+ ( S ) and
Bn (S ) are the exciton creation and annihilation operators, respectively, with spin S

and are expressed as:
+
+
Bn+ ( S ) = ∑ anL
(σ e )d nH
(σ h )

(4.2a)

Bn ( S ) = ∑ anL (σ h )d nH (σ h )

(4.2b)

σe ,σ h

σe ,σ h
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+
(anL ) represents the creation (annihilation) operator of an electron with
where anL
+
spin σ e in the LUMO level and d nH
(d nH ) represents the creation (annihilation)

operator of a hole with spin σ h in the HOMO level. The sums over spin in Eq. (4.2)
give rise to a singlet and triplet exciton state, S = σ e + σ h , whereby S = 0 and S = 1
for a singlet and triplet exciton, respectively.
After its formation, a singlet Frenkel exciton in the donor diffuses via the
Förster energy transfer and a triplet exciton through the Dexter transfer mechanism
[49] to the interface and dissociates. Here we propose that the mechanism of exciton
dissociation occurs through two steps: 1) As the energy of acceptor’s LUMO is lower
than that of donor’s LUMO, a Frenkel exciton relaxes to a charge transfer (CT)
exciton state where electron gets transferred to the acceptor’s LUMO [134] as shown
in Figure 4.1 (a). It is to be noted that the CT exciton is not yet dissociated because
for dissociation it requires an external energy at least equal to the binding energy
[132]. This external energy comes from the excess vibrational energy released due to
the formation of CT exciton. This excess vibrational energy, if adequate, may impact
back to the CT exciton causing it to dissociate into free charge carriers as shown in
Figure 4.1 (b). Free electrons, thus generated are drawn towards the cathode and
holes towards the anode due to the potential energy difference caused by the
difference in work functions of the two electrodes [124, 135] which will be discussed
later in this study.
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Figure 4.1 (a) The Frenkel exciton in the donor relaxes to the CT exciton at the
donor-acceptor interface whereby the electron moves to the acceptor LUMO.
Molecular vibrational energy in the form of phonons is released when the Frenkel
exciton relaxes to the CT state. (b) The excess molecular vibrational energy, thus
released, causes the CT exciton to dissociate into free charge carriers. Finally,
dissociated electrons move to the cathode and holes to the anode due to the potential
energy difference provided by the difference in work functions of the two electrodes.
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In organic solids, the intramolecular vibrations play more significant role in
the exciton dissociation than the intermolecular vibrations due to the larger
intermolecular separation. The vibrational Hamiltonian,


Hv ,

in organic solids may be

written as [136]:
N n

+
H v = ∑ ∑ωv bnv
bnv + 1 / 2

(

)

(4.3)

n=1 v =1

+
where  is the reduced Planck’s constant, ωv is the phonon frequency and bnv
( bnv )

is the phonon creation(annihilation) operator in the vibrational mode, v and N is the
number of molecules.
As shown in Figure 4.1, the formation of a CT exciton involves emission of
phonons at the donor-acceptor interface site which then impacts back to CT exciton
and dissociates it into free charge carriers. Following the theory of molecular
vibration, the interaction operator,


Hd ,

between excitons and phonons can be written

as:
N n

+
H d = ∑ ∑ωnv Gv Bn+ ( S ) Bn ( S ) bnv
+ bnv

(

)

(4.4)

n=1 v =1

where Gν is the exciton-phonon coupling constant which is a dimensionless linear
displacement in the excited state of a molecule associated with the vibrational mode,
ν and is given by:

Gν =

μ x ωv
(qvo _ qoo )
2

where μ x =

(4.5)

me mh
is the reduced excitonic mass and me and mh are the free
me + mh

electron and hole masses [49], respectively, qvo denotes the displacement associated
with the νth vibrational mode by which a molecule gets shifted when excited from
HOMO to LUMO and qoo is the equilibrium position in the ground state along the
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dimensionless coordinate, λ , which is given by λ = (qvo _ qoo ) μ x ω 2 as shown in
Figure 4.2 [137]:

Figure 4.2 Schematic energy diagram for the vibrational potentials of ground (Vo )
and excited (V1 ) state along the dimensionless coordinate, λ . The excited state
potential is displaced on the λ -axis by qvo .



Substituting Eq. (4.2) into Eq. (4.4), H d is obtained as:

Hd =

∑

∑

g ,h,i , j ,k ,v2 σ1 ,σ 2 ,σ 3 ,σ 4

+
+
+
ω kv2 Gv2 a gL
(σ )d + (σ 2 )aiL
(σ 3 )d +jH 2 (σ 4 )(bkv
+ bkv2 ) (4.6)
2 1 hH 2
2
2

For the dissociation of an exciton at the donor-acceptor interface in a bulkheterojunction OSC, the initial state, i , can be considered to consist of a CT
exciton and a phonon, and the final state, f , consists of dissociated free electron
and hole. Thus, the initial state can be expressed as [138]:
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i = N -3 / 2 ∑

+
+
∑ a+L (σ e )d mH
(σ h )bnv
0; v

(4.7)

,m,n σ ,σ ,v
e h

where the electron is created at a site  of the acceptor’s LUMO, L and hole at the
site m of the donor’s HOMO, H , and

0; v = 0 v ,where

0 represents the

electronic vacuum state with the LUMO completely empty and HOMO completely
full and v represents the occupation of the vibration state. And the final state can be
written as:
f = N -3 / 2 ∑

∑ a+ L (σ ′
)d + (σ ′
) 0; v1
1 1 e m1H1 h

1,m1 σe′,σ′
h ,v1

(4.8)

where the electron is created at site  1 of LUMO, L1 of the acceptor molecule and
hole at site m1 of HOMO, H 1 of the donor molecule.
Using Eqs. (4.6)-(4.8), the transition matrix element can be obtained as:
f H d i = N -1 ∑ωnv Gv nv

(4.9)

n

where nv is the number of phonons required to dissociate a CT exciton.
Using Fermi’s Golden Rule, the rate of exciton dissociation, Rd , can be
expressed as [66]:
Rd =

2π
f Hd i


2

(

)

δ E f _ Ei + ω

(4.10)

where Ei is the initial energy and E f is the final energy of the dissociation process
and in an organic donor ( D ) and acceptor ( A ) interface can be expressed as:
D
A
Ei = E LUMO
= E LUMO
+ nv ω

(4.11)

A
E f = E LUMO
+ E B + n1ω

(4.12)

where (n1 ≥0) is the remaining number of phonons after dissociation of the CT
excitons. Substituting Eqs. (4.9, 4.11 and 4.12) into Eq. (4.10), we get Rd as:

69

Rd 


2
2 2 2  
1  (nv  n1 ) v
 ( ) nv Gv
 n1
EB 
EB

Using (nv - n1 )





(4.13)

ωv
E
=1 within Eq. (4.13), we get n1 = nv - B , and then the
EB
ωv

rate, Rd , becomes:
Rd 

2
2 v  2 
E
Gv  nv  B
E B

v






2

(4.14)

In Figure 4.2, qvo  qoo  r cos , where r is the average separation between
an e and h in a CT exciton before its dissociation. Using this in Eq. (4.5) and
integrating over the whole solid angle, d  cosdd , we get:


2 2

(qvo  qoo )  r   cos2 cosdd 
2

2



 0

8 2
r
3

(4.15)

2

where the average separation, r , can be written in terms of excitonic Bohr radius, a x
as r = a x ε [49].
Substituting Eqs. (4.15) and (4.5) in Eq. (4.14), we get Rd as:
Rd =

μ ω 8π ax 2
2π
(nv ωv - E B ) 2 x v
( )
E B
2 3 ε

(4.16)

Finally, substituting Eq. (4.11) into Eq. (4.16), Rd , in bulk-heterojunction
OSCs is obtained as:
Rd =

8π 2
3 2

3 ε E B

2
D
A
[(ELUMO
- E LUMO
) - E B ] (ωv ) μ x a x2

(4.17)

D
A
- ELUMO
) ≥EB . The advantage of obtaining the rate of dissociation
Provided ( ELUMO

in the above form is that all quantities can be estimated from the known parameters
of materials used as donor and acceptor in bulk-heterojunction OSCs.
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4.3 Results and discussions
From the rate derived in Eq. (4.17), the dissociation of a Frenkel exciton into
free charge carriers at the interface of any pair of donor and acceptor can be
calculated in bulk-heterojunction OSCs. According to Eq. (4.17), the exciton
dissociation rate depends on the binding energy of an exciton, LUMO offset between
donor and acceptor, molecular vibrational energy produced when the Frenkel exciton
relaxes to CT exciton, reduced excitonic mass, excitonic Bohr radius and the
dielectric constant of the donor material. The inverse of the rate in Eq. (4.17) gives
the time of dissociation of a Frenkel exciton into free charge carriers: τ d = ( Rd ) -1 .
Thus the rate and time of dissociation of a Frenkel exciton can be calculated for any
D
A
- ELUMO
) > EB .
LUMO offset between the donor and acceptor provided ( ELUMO

In this study, we have proposed that that upon light absorption in a bulkheterojunction OSC, a Frenkel exciton (either singlet or triplet type) is formed in the
donor. It may then diffuse to the donor-acceptor interface [49] and relax to a CT
exciton because the LUMO of the acceptor is at a lower energy. The excess
molecular vibrational energy thus generated is released in the form of phonons which
can be transferred back to the CT exciton thus formed and simultaneously dissociate
it into free charge carriers. However, it is important to note that dissociation can only
occur if the excess molecular vibrational energy is greater than or equal to the
exciton binding energy.
As singlet and triplet excitons have different binding energies and excitonic
Bohr radius, different rates and times of dissociation will be obtained, respectively.
Using Eq. (4.17), the rate, RdS and time, τ dS (where the superscript S denotes singlet)
of dissociation for singlet exciton, can be calculated if E BS , μ x , a xS and ε are known.
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For organic semiconductors, RdS and time, τ dS was calculated using the following
input parameters: E BS = 0.059 eV, μ x = 4.66×10-31 kg, a xS = 4.352 nm and ε = 3 [49].
These calculated rates and times of dissociation are plotted as a function of the
LUMO offset in Figure 4.3.

Figure 4.3 The rate, RdS , [Eq. (4.17)] and time, τ dS , of dissociation of a singlet
exciton as plotted as a function of LUMO offset between donor and acceptor,
D
A
( ELUMO
- ELUMO
) in a bulk-heterojunction OSC.
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We have also calculated the corresponding dissociation rate, RdT and time,
τ dT (where the superscript T denotes triplet) in organic semiconductors, using E BT =

0.759 eV and a Tx = 0.317 nm [49]. Other parameters remain the same as for the case
of singlet excitons. These rates and times of dissociation for a triplet exciton are
plotted as a function of the LUMO offset in Figure 4.4.

Figure 4.4 The rate, RdT , [Eq. (4.17)] and time, τ dT , of dissociation of a triplet
exciton as plotted as a function of LUMO offset between donor and acceptor,
D
A
( E LUMO
- E LUMO
) in a bulk-heterojunction OSC.
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According to Figure 4.3 and Figure 4.4, the time of dissociation of both
singlet and triplet excitons decreases and the corresponding rate increases, with
increasing LUMO offset between the donor and acceptor. This is because a higher
LUMO offset means a higher excess energy is available to overcome the exciton
binding energy and hence a quicker dissociation is observed. The rate of dissociation
of a singlet exciton is about three orders of magnitude faster than that of a triplet
exciton. For example, at an offset of 0.10 eV, the rate of singlet exciton dissociation
is 1.8.4×1015 s-1 and the corresponding dissociation time is 0.54×10-15 s (less than 1
fs). While for a triplet exciton, at 0.80 eV offset, the rate of dissociation is 6.08×1012
s-1 and the corresponding time is 0.16×10-12 s (less than 1 ps). The dissociation time
of a singlet exciton agrees very well with experimental results [126, 139].
Conversely, the underlying question arises that if the rate of singlet and triplet
exciton dissociations are so high, then why the conversion efficiencies of bulkheterojunction OSCs obtained so far are limited to 5-8%, experimentally [71, 74,
140, 141]? An attempt is made to answer this question below.
On the experimental side, the LUMO offset in bulk-heterojunction OSCs vary
from 0.3-0.5 eV [142-144]. In the case of triplet exciton, dissociation can only
commence at an offset of ≥ 0.759 eV. Hence a triplet exciton cannot be dissociated at
such an experimentally available offset and hence cannot contribute to the
photovoltaic performance of bulk-heterojunction OSCs.
Comparing the formation of singlet and triplet excitons in OSCs with that in
the organic light emitting devices (OLEDs), where electrons and holes are injected
from the opposite electrodes, one may think that it is more probable to create triplet
excitons than singlet excitons. This is because statistically, on average the formation
of triplet excitons in OLEDs is three times more probable than singlet excitons [50,
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97, 98]. As the triplet exciton energies are lower, one may expect to excite more
triplets than singlets. This implies that unless one can dissociate triplet excitons in
OSCs, more than half of the absorbed energy may be lost through triplet excitons. It
is to be noted that triplet excitons cannot also recombine radiatively due to spin
restrictions and cannot dissociate due to insufficient LUMO offset. Hence they may
lose their energy through non-radiative recombinations. One of the possibilities of
such loss may be the creation of high density triplet excitons within a thin film to
enable them to interact and dissociate each other non-radiatively. The net effect of
such non-radiative recombinations will be the loss of photocurrent and hence low
conversion efficiency in bulk-heterojunction OSCs. However, on our previous study
it has been found out that in triplet excitation, incorporation of heavy metal atom
enhances the rate of absorption of triplet excitons due to the enhanced spin-orbitinteraction which flips the spin to a singlet form. This leads to a faster dissociation of
triplet excitons and hence an overall enhancement in the conversion efficiency of
organic solar cells [65].
In addition, contributing to the loss of energy due to high density triplet
excitons, there are other possibilities as well which need to be considered. These are
due to three different inefficient processes: 1) transport of created excitons towards
the interface, 2) transfer of vibrational energy back to CT for its dissociation and 3)
transport of dissociated charge carriers to opposite electrodes. Impact of these three
possibilities on the performance of an OSC is discussed below:
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1. Inefficient transfer of excitons to the donor-acceptor interface
An exciton created by the absorption of a solar photon is an electrically
neutral entity as electron and hole are bound together through Coulomb interaction.
An exciton created at a molecule can move in any direction of outward solid angle,

Ω . Considering the fractional solid angle, d  sin  d d , we get the whole solid
angle as ∫dΩ =4π . This means that the probability of an exciton, created at a
molecule to move to any one particular direction is 1 4π . If this molecule is next to
the interface then the transfer should be multiplied by 1 4π . However, if this interface
is a few molecules away from the excited molecule, the rate of transfer should be
multiplied by 1 4π at each such molecular step. Thus, the probability that an exciton
created n molecules away from the interface will reach the interface becomes
(1 / 4π) n . As 4 ~10, the further the exciton is from the interface, much less is the

probability that it will reach the interface to form a CT exciton. This basically means
that every single step away from the interface will reduce the probability by at least
one order of magnitude.
From this analysis, one may conclude that the only efficient way of ensuring
that an exciton reaches the interface is that each donor molecule must be next to an
acceptor molecule. If the fabrication is based on solution method, this implies that in
a heterojunction OSC, donor-acceptor concentration should be equal (1:1).
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2. Inefficient transfer of vibrational energy back to CT exciton for dissociation
When an exciton from a donor molecule converts itself to a CT exciton by
transferring its electron to an acceptor molecule, the excess energy released will
excite molecular vibrations. This vibrational energy can be dissipated in any
direction from the excited molecule. The probability that it will be transferred back
to the CT exciton to dissociate it is only one of the possible directions of a solid
angle. Therefore, the transition matrix element of dissociation [Eq. (4.9)] of excitons
must be multiplied by 1 / 4π . This means that the rate of dissociation reduces by a
factor of (1 / 4π ) 2 , which is nearly three orders of magnitude less than that obtained
from Eq. (4.17) and hence the dissociation time will be longer by three orders of
magnitude.

3. Inefficient transport of free charge carriers to opposite electrodes
After the dissociation of an exciton, free charge carriers are drawn to the
opposite electrodes, solely by the difference between the ionisation potential of the
anode and the electron affinity of the cathode. The difference in the work functions,
Φ (in eV) between the anode and cathode is given as: ΔV = Φ a - Φ c , where Φ a and
Φc

are the work functions of the anode and cathode, respectively. The force, F,

required for a charge carrier to be drawn towards the electrode is given as:
F=

Φa - Φc
r

(4.18)

where r is the inter-electrode distance. In bulk-heterojunction OSCs, normally ITO
is used as the anode, Φ ITO = 4.7 eV [145] and Aluminium (Al) as the cathode,
Φ Al = 4.3 eV [146] which provides ΔV = 0.4 eV. The inter-electrode distance is

around 100 nm [147] and using Eq. 4.18, the effective force for charge diffusion to
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the electrode is, F = 0.64 pN. According to Eq. 4.18, in order to enhance the force for
charge diffusion to the electrodes, the potential difference should be larger and the
inter-electrode distance should be smaller. Hence, Calcium (Ca), ΦCa = 2.9 eV [148]
and Caesium (Cs), ΦCs = 2.1 eV may be employed as potential cathodes to enhance
the potential difference to strengthen the force. The charge mobilities should also be
high for efficient charge diffusion to the electrodes.
Furthermore, the exciton dissociation rate in Eq. (4.17) can also be postulated
for bulk-heterojunction hybrid OSCs. These OSCs are similar to bulk-heterojunction
OSCs but the acceptor material is usually an inorganic semiconductor such as
cadmium selenide, zinc oxide and titanium oxide [77, 103, 149]. In bulkheterojunction hybrid OSCs, blends of the organic nanoparticles are mixed with the
organic polymer to form an active layer [112]. The inorganic semiconductor
nanoparticles provide the advantages of high absorption coefficients and tuning
ability of the optical bandgap and electron affinity to the nanoparticle size [79]. The
rate of exciton dissociation in a bulk-heterojunction hybrid OSC can be written as:
Rd =

8π 2
3 2

3 ε E B

2
D
A
[(ELUMO
- ECB
) - E B ] (ωv ) μ x a x2

(4.19)

A
where ECB
is the energy level at the conduction band of the inorganic acceptor

material. Other parameters remain the same as in Eq. (4.17). This dissociation rate
can be modelled for various organic donor and inorganic acceptor materials.
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4.4 Conclusions
A time-dependent interaction operator for the dissociation of an exciton into
free charge carriers in bulk-heterojunction OSCs has been derived. It is proposed that
at the donor-acceptor interface, the molecular vibrational energy generated when a
Frenkel exciton relaxes to a charge transfer exciton provides the excess energy for
the self-dissociation of the charge transfer exciton into free charge carriers. For such
a mechanism of dissociation, the rate of dissociation of a Frenkel exciton into free
charge carriers is derived, which depends on the LUMO offset between the donor
and acceptor, molecular vibrational energy, reduced excitonic mass, binding energy,
dielectric constant and the excitonic Bohr radius.
For a bulk-heterojunction OSC, increasing the LUMO offset between the
donor and acceptor may lead to faster dissociation of both singlet and triplet excitons
and hence may enhance the conversion efficiency. However, despite the dissociation
rate being very fast, the conversion efficiency is still low. Possible reasons for this
are inefficient transport of created excitons excited towards the interface, transfer of
vibrational energy back to CT for its dissociation and transport of dissociated charge
carriers to opposite electrodes. The exciton dissociation rate is also postulated for
bulk-heterojunction hybrid OSCs.
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Chapter 5 Optimizing the design of flexible PTB7:PC71BM
bulk-heterojunction and P3HT:SiNW hybrid organic solar
cells

This work has been published in the following paper:
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Abstract
The design of flexible PTB7:PC71BM bulk-heterojunction and P3HT:SiNW
hybrid organic solar cells is optimized for maximum photovoltaic performance. The
thickness of each layer is optimized for maximum photon absorption in the active
layer

of

a

bulk-heterojunction

organic

solar

cell

with

structure,

PET/PEDOT:PSS/TFB/PTB7:PC71BM/Ca and a hybrid solar cell with structure,
PET/PEDOT:PSS/TFB/P3HT:SiNW/Ca. The optimal design thus obtained produces
a power conversion efficiency of 12.87% in bulk-heterojunction and 4.70% in hybrid
organic solar cells. High photon absorbance is found to occur within a wide range of
the solar spectrum for PTB7:PC71BM bulk-heterojunction OSC while a high
transmittance and reflectance is found in the P3HT:SiNW hybrid OSC. This
difference may be attributed to the wide bandgap of P3HT and mismatch between the
electron and hole mobilities in the hybrid organic solar cell. Nevertheless, the
optimized design of the hybrid organic solar produces a power conversion efficiency
greater than 50% measured experimentally.
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5.1 Introduction
Research interest in organic solar cells (OSCs) has escalated drastically over
the last decade due to their low-cost, flexibility, easy fabrication techniques and
large-scale production [49, 66, 67]. However, low power conversion efficiencies (59.2%) [69, 72, 129] and stability [150] still limit their commercialization. The two
most studied classes of OSCs are the bulk-heterojunction and hybrid types [151].
Former is the most efficient OSC known to-date with the donor and acceptor organic
materials blended together forming an interface [43, 70, 152]. The concept of hybrid
OSCs was developed with an intent of combining the advantages of both organic and
inorganic materials, where the organic acceptor layer was replaced with an inorganic
material for enhanced absorption and stability in the structure but maintaining the
bulk-heterojunction concept [77, 78].
The standard structure of an OSC comprises of a substrate, an anode, active
layer (blend of donor and acceptor) and a cathode [51]. In addition, a hole transport
layer (HTL) and an electron transport layer (ETL) can be incorporated within the
design as support layers [62-64]. The role of each of the layers in a multilayered
structure is discussed below. The operation of an OSC depends primarily on the
following four mechanisms: 1) photon absorption leading to the creation of excitons
[65, 66], 2) exciton diffusion to the donor-acceptor interface [49], 3) exciton
relaxation into a charge transfer exciton state and simultaneous dissociation into free
charge carriers [67] and 4) collection of holes at the anode and electrons at the
cathode with the aid of the electric field created by the workfunction difference
between the two electrodes [67].
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In OSCs, the top-most layer is a substrate that provides support for growing
the anode, for example, glass or transparent plastic. Glass is highly transparent over
the visible spectrum, has advanced thermal properties such as high temperature
stability and provides an excellent barrier against water and oxygen, however, it is
very rigid [153]. On the other hand, plastic is highly flexible, inexpensive and
compatible with roll-to-roll OSC fabrication but lack thermal stability. Common
examples

of

plastic

substrates

include

polyethylene

terephthalate

(PET),

polyethylene naphthalate (PEN), polycarbonate (PC) and polyethersulfone (PES)
[66, 154, 155]. For fabrication and modelling of flexible and lightweight OSCs, such
as the ones used in this study, plastics are preferred over glass substrate.
The anode acts as a window for light penetration through to the active layer
and provides the site for hole collection after exciton dissociation as mentioned in
step 4 above. It must be highly transparent and conductive and common examples
include indium tin oxide (ITO) [156], carbon nanotubes [157], grapheme [158],
poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) [159, 160]
and zinc oxide (ZnO) [161]. ITO is the most popular choice because of its high
electrical conductivity and optical transparency, however, it lacks flexibility due to
high mechanical brittleness [162] and is one of the expensive materials in the OSC
design because indium is a very rare metal [153]. Cathode provides the site for
electron collection after exciton dissociation and common examples include low
work function metals such as Aluminium (Al), Calcium (Ca) and Silver (Ag) [163].
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In the bulk-heterojunction and hybrid OSCs, the most important component is
the active layer where majority of the processes take place [mechanisms (1)-(3)]. In
bulk-heterojunction OSCs, the highest experimental power conversion efficiency ( η )
of 9.20% has been achieved through a combination of low bandgap semiconducting
donor polymer, thieno[3,4-b]thiophene/benzodithiophene (PTB7) and a small
molecule fullerene-derivative acceptor, [6,6]-phenyl C71-butyric acid methyl ester
(PC71BM) [69]. In hybrid solar cells, a combination of silicon nanowires (SiNWs)
and PEDOT:PSS have produced the best power conversion efficiency of 8.40% [81].
Furthermore, the HTLs facilitate hole transport between anode and active layer and
ETLs help transport electron between the active layer and cathode. Examples of HTL
include PEDOT:PSS [62], nickel oxide (NiOx) [164], graphene oxide [165] and
poly[9,9-dioctylfluorene-co-N-[4-(3-methylpropy1)]-diphenylamine] (TFB) [166]
and those of ETLs include lithium fluoride (LiF) [64, 167], titanium dioxide (TiO2)
and ZnO [63].
OSCs are considered to be optically active devices [168], which means more
the absorption, better the performance. For efficient absorption of photons
(mechanism 1), the absorption spectrum of the active layer must match with the solar
spectrum. Also, the thickness of each layer within the design should be optimum to
allow maximum absorption of photons in the active layer. However, upon
illumination, the light is not only absorbed in a solar cell but is also reflected and
transmitted at each layer [169]. The aim of this work is to optimize the design of
OSCs using the semiconducting thin film optics simulation software (SETFOS), to
achieve minimal reflectance and transmittance and optimal absorbance and power
conversion efficiencies in the bulk-heterojunction and hybrid OSCs.
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5.2 Optimization using SETFOS
Semiconducting thin film optics simulation (SETFOS) is an optical and
electrical simulation software developed to simulate novel optoelectronic thin-film
based solar cells [170]. The photovoltaic parameters are calculated by calculating the
optical properties of an OSC as described below:

5.2.1 Optical Properties
The absorption profile in SETFOS is derived by considering the complex
refractive index, N = n + ik , of each layer, where n is the refractive index and k is
the extinction coefficient. To calculate the optical properties of a multilayer structure
device, the admittance analysis method (AAM) is employed within SETFOS, which
requires the thickness of individual layers and wavelength dependent complex
indices of refraction for each layer material as input parameters. The schematic
structure of a single layer thin film on a substrate is shown in Figure 5.1 [171].
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d

Figure 5.1

Incident plane wavefront
No
Incident medium
Boundary a
Physical
N1
thickness
Thin film
of the film
Boundary b
Normal to film z
N2
Substrate
boundaries

Schematic representation of the solar radiation electromagnetic waves

incident on a thin film. No denotes the complex index of refraction of the incident
medium, N1 is the complex index of refraction of the thin film layer material between
boundaries a and b and N2 is the complex index of refraction for the substrate.

A thin film solar cell consists of a few thin layers. Using AAM, the
absorbance, transmittance and reflectance of such a multilayer structure is calculated.
In order to use AAM, data of complex refractive indices of all layers as a function of
wavelength (λ) of the incident light is required. The objective is to calculate the
absorbance in the active organic layer as a function of its thickness and maximize it
by minimising the reflectance and transmittance from this layer [172].
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AAM is applied first to a single layer deposited on the top of a substrate.
Assuming that the incident electromagnetic wave on such a solar cell has electric
→

→

field E , magnetic field H and unit vector s in the direction of propagation, the
optical admittance , for such a structure can be given by:
→

→

(5.1)

y(s × E ) = H
→

→

where vectors E , H and s are perpendicular to each other in an electromagnetic
field. For studying the optical properties of the thin film, one can consider the two
boundaries (a, b) and the three media of incidence, film and substrate as shown in
Figure 5.1. Using the boundary condition that the magnitude of the tangential
→

→

components of E and H at each interface must be continuous, the relationship
→

→

→

→

between electric field ( Ea , Eb ) and the magnetic field ( H a , H b ) at the boundaries

(a, b) can be expressed in the matrix form as [173, 174]:
 
 Ea    cos  j
 
 H a  iy1 sin 

i sin     
E
y1   b 

cos  j   H b 

(5.2)

where y1 is the admittance of the film and δ is the angular phase difference
expressed as:
δ=

2πd
N cosθ
λ

(5.3)

where θ is the angle of incidence at the boundary a (for normal incident, θ is zero)
and d is the film thickness. Eq. (5.2) enables one to express the tangential
→

→

component of E and H at the incident boundary a , as a function of that at the
substrate b . The effective admittance, y eff of the assembly is then obtained as:
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→

y eff =

| Ha |

(5.4)

→

| Eb |

Using Eq. (5.4) one gets:
  1   cos 
j

Ea 

y
 eff  iy1 sin 


i sin  
1
y1   

cos  j   ys 

(5.5)

where y s is the admittance of the substrate ( Hb  ys Eb ) . This can be expressed as:

y s = N s y o [Siemens]

(5.6)

where N s is the complex refractive index of the substrate and y o 

1
Siemens is
337

the admittance of the vacuum. In general, admittance y of a layer with complex
refractive index N can be expressed as:

y = Ny o

(5.7)

Therefore Eq. (5.5) can also be written as:

 B   cos  j

C  
  iy1 sin 


i sin  
1
y1   

cos  j   ys 

(5.8)

→

→

where B and C are functions of | E | and | H | . The matrix in Eq. (5.8) is known as
the characteristic matrix of such an assembly. Hence yeff can be written as:
yeff =

B
C

(5.9)

The above theory can be extended to a multilayer system, consisting of m
layers deposited on a substrate and then the corresponding characteristic matrix
equation can be written as [174]:

 B  m  cos  j

C   
  j 1 iy sin 
j
 j

i sin  
1
y j  
 y
cos  j   s 

(5.10)
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where j =1,2...m denotes the number of layers and  j and y j are the corresponding
angular phase differences and admittances, respectively.
The matrix in Eq. (5.10) takes into account the effect of multiple reflections
at the boundaries in a multilayer structure. Using Eqs. (5.9) and (5.10), one can
calculate the reflectance R(λ) as:

R( λ) = r.r *

(5.11)

where

r

( yair  yair )
( yair  yair )

(5.12)

and yair  Nair ( ) y o is the admittance of air and N air is the complex refractive index
of the medium (air) above the top boundary of the assembly.
The total transmittance T(λ) can be expressed as:
m

T ( )  [1  R( )]   j

(5.13)

j 1

where

is the ratio of the time average numerical magnitude of Poynting’s vector at

the j th and the ( j  1)th boundaries and determined by:
j 

Re( y j 1 )
Re( y j ) cos  j 

2

sin  j

(5.14)

Nj

where Re( y j 1) and Re( y j ) represent real parts of the effective admittance for ( j  1)th
and j th layers, respectively.
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The total absorbance A(λ) of the multilayer system can then be calculated as:
A( λ) = 1_ T ( λ) _ R( λ)

(5.15)

However, in most cases, one is not interested in the total absorbance of the whole
structure, instead one requires only the absorbance in a particular layer in a solar cell.
For calculating the absorbance in the j th layer Al ( ) is given by:
m

Al ( )  [1  R( )][1   j ( )]   j
j 1

(5.16)

And the transmittance through the l layers Tl ( ) can be expressed as:
m

Tl ( )  [1  R( )]   j
j 1

(5.17)

Using the known incident flux of solar radiation, F (λ) , the normalized
integrated reflectance R , normalised integrated transmittance through l layers, Tl
and normalized integrated absorbance Al in the l th layer are obtained as [173]:
R( ) F ( )d
R 
 F ( )d

(5.18)

T ( ) F ( )d
Tl   l
 F ( )d

(5.19)

A ( ) F ( )d
Al   l
 F ( )d

(5.20)

The integrated quantities R , Tl and Al are functions of the thickness of the
individual layers [175]. Thus, by maximizing Al in the donor layer with respect to its
thickness, the optimal thickness can be determined.
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Using Eq. (5.20), SETFOS calculates the absorbance in any desired layer as a
function of its thickness [166]. For this simulation the SETFOS requires the
following input parameters: n and k values, layer thickness, energies of the highest
occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO),
electron and hole mobilities and dielectric constant etc., for each layer incorporated
within the multilayer design as shown in Figure 5.2.

Figure 5.2 Schematic layer design of an organic solar cell as a function of the
vertical position, z , inside the device measured from the top layer as used in
SETFOS.

Incorporating the input parameters in SETFOS, the thickness of each layer is
optimized for maximum photon absorption in the active layer. The spectral, optical
and electrical profiles are generated and their key current-voltage (I-V)
characteristics are obtained by SETFOS. After optimizing the structure, SETFOS
calculates the power conversion efficiency, η , of the solar cells using [51]:
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η=

Voc J sc FF
Pin

(5.21)

where Voc is theopen circuit voltage, J sc is the short-circuit current, Pin is the input
power (100 mW cm-2) and FF =

Vm J m
is the fill factor with Vm being the maximum
J scVoc

voltage and J m maximum current. For calculating  from Eq. (5.21), one needs to
calculate Jsc and Voc for an OSC. This is carried out as explained below:

5.2.2 Electrical Properties - Calculation of Jsc and Voc
Short-circuit current density is the product of the photon flux of the incident
radiation, F (λ) , and the wavelength dependent collection efficiency, Q(λ) and is
given by [173]:
J SC = q ∫F ( λ)Q( λ)dλ

(5.22)

At open-circuit conditions, there is no net current and the generation rate is
equal to the recombination rate at any site within the active layer of bulkheterojunction OSCs. Applying the Boltzmann approximation, Voc is given by [176]:
qV oc= ( HOMOD _ LUMO A ) + k BT In (

G
)
γN D N A

(5.23)

where HOMOD is the HOMO energy of the donor, LUMOA is the LUMO energy of
the acceptor, k B is the Boltzmann constant, T is the temperature, G is the generation
rate,  is the recombination rate and N A and N D are the density of hole and
electron states, respectively. Other factors that influence Voc are the illumination
intensity, workfunction of the electrodes and the material microstructures. For
example, when the contact between the electrode and active layer deviates too far
from Ohmic contacts, Voc is largely affected by the cathode work function [176].
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Substituting Eqs. (5.22) and (5.23) into Eq. (5.21), the overall conversion
efficiency of bulk-heterojunction OSCs can be calculated in SETFOS, which first
calculates the J-V characteristic to determine JM and VM. Here, the optimization has
been carried out for two kinds of OSCs: 1. PTB7:PC71BM bulk-heterojunction and 2.
P3HT:SiNW hybrid solar cells.

5.2.3 Optimization of PTB7:PC71BM bulk-heterojunction OSC
Within the absorption and drift diffusion setting of SETFOS, the wavelength
region is set in the range of 380-780 nm and the illumination to AM 1.5 with 1 sun.
For modelling the bulk-heterojunction OSCs, PTB7 and PC71BM are chosen as the
donor and acceptor organic materials, respectively, because of their more desirable
optoelectronic properties leading to a higher conversion efficiency [69, 130]. PET is
chosen as the substrate and PEDOT:PSS as the anode. TFB and Ca are chosen as the
HTL and cathode, respectively, in the flexible ITO-free PTB7:PC71BM bulkheterojunction OSC. The following input data are used in the optimization of the
design of a bulk-heterojunction OSC. The work function (Φ) of the electrodes are:
Φ PEDOT:PSS = -5 eV [159] and Φ Ca = -2.9 eV [153] and their optical data ( n and k

values) are obtained from the work done by Palik and Ghosh [177]. For TFB, LUMO
= -2.3 eV, HOMO = -5.3 eV and μ h = 5×10-4 cm2V-1s-1 [166]. For PTB7:PC71BM
active layer, LUMOPTB 7 = -3.31 eV, HOMOPTB 7 = -5.15 eV, LUMOPC71BM = -4.30 eV
and HOMOPC71BM = -6.10 eV [130], dielectric constant (ε ) = 3.9, μ e = 4.4×10-4 cm2V1 -1

s and μh = 5.8×10-4 cm2V-1s-1 [178]. The n and k values of PTB7:PC71BM are

obtained from the work of Zhicai et al. [69]. The structure of the bulk-heterojunction
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OSC

used

in

the

optimization

by

SETFOS

is:

PET/PEDOT:PSS/TFB/PTB7:PC71BM/Ca.

5.2.4 Optimization of P3HT:SiNW hybrid OSC
For the simulation of hybrid OSCs, P3HT (polythiophene) and silicon nanowires
(SiNWs) are chosen as the organic donor and inorganic acceptor, respectively [179].
P3HT is a wide bandgap polymer and is the most popular and studied donor material
used in organic photovoltaics [70, 71] and SiNWs ensure large donor-acceptor
intefacial area with continous interpenetrating pathways for better charge transport to
the electrodes [180]. In this simulation, PET is chosen as the substrate, PEDOT:PSS
as the anode, TFB as the HTL and Ca as the cathode, forming flexible ITO-free
P3HT:SiNW hybrid OSC. For the P3HT:SiNW active layer, n and k values [181,
182] are generated using the effective medium approximation within SETFOS with
LUMOP3HT = -3.20 eV, HOMOP3HT = -5.2 eV [183], μ h =2×10-3 cm2V-1s-1 [168],

conduction band energy, CB SiNW = -4.0 eV, valence band energy, VB SiNW = -5.10 eV
[184] and μe = 350 cm2V-1s-1 [185]. The optical and electrical data for the other
layers are the same as for the PTB7:PC71BM bulk-heterojunction OSC described in
5.2.1. The structure of the hybrid OSC used in the optimization by SETFOS is:
PET/PEDOT:PSS/TFB/P3HT:SiNW/Ca.
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5.3 Results and discussion
In

this

section,

the

optimized

structures

of

PET/PEDOT:PSS/TFB/

PTB7:PC71BM/Ca and PET/PEDOT:PSS/TFB/P3HT:SiNW/Ca and their optical,
spectral and electrical profiles are presented. In both the optimizations, the thickness
of the substrate, PET, is fixed at 1000 nm [186].

5.3.1 Results of optimization of PTB7:PC71BM bulk-heterojunction OSC
Having chosen the anode, HTL, active layer and cathode, the thickness of each of
the layers is optimized for maximum photon absorption in the active layer. The
thickness of each layer in the optimal design is obtained as given in Table 5.1.

Table 5.1 Thicknesses of each layer in the optimal design of a PTB7:PC71BM bulkheterojunction OSC.
Layer

PEDOT:PSS

TFB

PTB7:PC71BM

Ca

Thickness (nm)

25

1

69

100

The reflectance, transmittance and absorbance [calculated from Eq. (5.1)] and
photon generation rate [calculated from Eq. (5.2)] for the optimal structure of
PET/PEDOT:PSS/TFB/PTB7:PC71BM/Ca bulk-heterojunction OSC are shown in
Figure 5.3: (a) reflectance (b) transmittance (c) absorbance and (d) the photon
generation rate.
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(a)

(b)
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(c)

(d)
Figure 5.3 Plots of (a) Reflectance (b) Transmittance and (c) Absorbance as a
function of the solar spectrum wavelength and (d) Photon generation rate as a
function

of

the

layer

position,

z

[Eq.

(5.2)]

in

the

PET/PEDOT:PSS/TFB/PTB7:PC71BM/Ca bulk-heterojunction OSC.
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According to Figure 5.3: (a)-(c), the absorbance in the optimized structure of
an OSC is found to be very high ~ 0.90 (90%) within a spectrum range 380-650 nm,
after which it declines due to high transmittance and reflectance as obtained from the
conservation Eq. (5.1). Reflectance is greater than transmittance in the higher
wavelength region. In order to reduce the reflection, a possible solution would be to
employ a layer of anti-reflection coating on PET. The highest absorbance is found to
occur in the PTB7:PC71BM layer, followed by that in Ca, with only a negligible
absorbance appearing to occur in PEDOT:PSS and TFB. The absorbance in the
whole OSC structure occurs mostly in the active layer, as it can be seen from Figure
5.3: (c). Also, the photon generation rate gets intensified in the active layer as shown
in Figure 5.3: (d) with a maximum rate of 1.7×1019 m-2nm-1s-1 at z =1050 nm layer
position in the optimized structure. Overall, the combination of PTB7 and PC 71BM
as the active layer is found to be very effective as it provides a broad range
absorption of the solar spectrum.
The

current-voItage

(I-V)

characteristics

of

the

optimized

PET/PEDOT:PSS/TFB/PTB7:PC71BM/Ca bulk-heterojunction OSC is shown in
Figure 5.4. The measured values of Voc , J sc , Vm , J m , FF and η [(Eq. (5.3)]
obtained from Figure 5.4.are listed in Table 5.2.
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Figure 5.4 I-V curve of the optimized PET/PEDOT:PSS/TFB/PTB7:PC71BM/Ca
OSC.

Table

5.2

I-V

parameters

obtained

from

the

optimized

structure

of

PET/PEDOT:PSS/TFB/PTB7:PC71BM/Ca OSC.
Parameter

Voc (V)

J sc (mA cm-2)

Vm (V)

J m (mA cm-2)

FF

η (%)

Value

1.32

-13.61

1.10

-11.7

0.72

12.87

According to Figure 5.4, the optimized structure produces a conversion
efficiency of 12.87%, which is 56.19% higher than the measured efficiency to-date
of 9.2% [69]. This enhancement in the conversion efficiency can be attributed to the
optimized

design

of

the

PET/PEDOT:PSS/TFB/PTB7:PC71BM/Ca

bulk-

heterojunction OSC simulated by SETFOS.
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5.3.2 Results of optimization of P3HT:SiNW hybrid OSC
For the hybrid structure, the thicknesses of the anode, HTL, active layer and
cathode are optimized for maximum photon absorption in the active layer. The
thicknesses in the optimal structure thus obtained are given in Table 5.3.

Table 5.3 Optimized thickness of each layer in the P3HT:SiNW hybrid OSC.
Layer

PEDOT:PSS

TFB

P3HT:SiNW

Ca

Thickness (nm)

25

1

100

100

The reflectance, transmittance and absorbance [calculated from Eq. (5.1)] and
photon generation rate [calculated from Eq. (5.2)] for the optimal structure of
PET/PEDOT:PSS/TFB/ P3HT:SiNW/Ca hybrid solar cell are shown in Figure 5.5 (a)
reflectance (b) transmittance (c) absorbance and (d) the photon generation rate.

100

(a)

(b)

101

(c)

(d)
Figure 5.5 Plots of (a) Reflectance (b) Transmittance and (c) Absorbance as a
function of the solar spectrum wavelength and (d) Photon generation rate as a
function

of

the

layer

position,

z

[Eq.

(5.2)]

in

the

optimized

PET/PEDOT:PSS/TFB/P3HT:SiNW/Ca hybrid OSC.
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In the optimized structure of PET/PEDOT:PSS/TFB/P3HT:SiNW/Ca hybrid
OSC, the reflectance and transmittance are found to increase drastically at
wavelengths higher than 500 nm of the solar spectrum and as a result, low
absorbance is obtained from the whole structure in this region as shown in Figure 5.5
(a)-(c). The highest absorbance is found to occur in the P3HT:SiNW active layer,
followed by that in Ca cathode. PEDOT:PSS and TFB both show negligible
absorbance. Overall, the highest absorbance of 0.84 (84%) occurs at a wavelength of
490 nm and the maximum photon generation rate of 1.05×1019 m-2nm-1s-1 occurs at
z =1075 nm in the optimized structure as shown in Figure 5.5 (d). The combination

of P3HT:SiNW as the active layer thus provides an absorption in the narrower region
of the solar spectrum as compared to the PTB7:PC71BM bulk-heterojunction OSC.
The current-voItage (I-V) characteristics of the optimized PET/PEDOT:PSS/TFB/
P3HT:SiNW/Ca hybrid OSC is shown in Figure 5.6 and the values of Voc , J sc , Vm ,
J m , FF and η [(Eq. (5.3)] are listed in Table 5.4.
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Figure 5.6 I-V curve of the optimized PET/PEDOT:PSS/TFB/P3HT:SiNW/Ca OSC.

Table

5.4

I-V

parameters

obatined

from

the

optimized

structure

of

PET/PEDOT:PSS/TFB/P3HT:SiNW/Ca OSC.
Parameter

Voc (V)

J sc (mA cm-2)

Vm (V)

J m (mA cm-2)

FF

η (%)

Value

1.22

-8.03

0.90

-5.22

0.48

4.70

According to Figure 5.6 and Table 5.4, the conversion efficiency from the
optimized structure is found to be 4.70%, which is 143.52% higher than the
measured conversion efficiency to-date of 1.93% [179]. This enhancement in the
conversion efficiency may be attributed to the optimized design of the
PET/PEDOT:PSS/TFB/P3HT:SiNW/Ca hybrid solar cell simulated by SETFOS.
However, the optimal conversion efficiency of the hybrid is only half of that
obtained from the optimal PTB7:PC71BM bulk-heterojunction OSC.

104

5.3.3 Comparative performance of optimized PTB7:PC71BM bulkheterojunction and P3HT:SiNW hybrid OSCs
In the above optimal designs, the HTL is found to be the thinnest layer in the
overall structure and the active layers are obtained to be 69 nm for PTB7:PC71BM
bulk-heterojunction and 100 nm for P3HT:SiNW hybrid OSC as shown in Table 5.1
and Table 5.3, respectively. Comparing Figure 5.3 and Figure 5.5, PTB7:PC71BM
bulk-heterojunction OSC shows a higher absorbance and photon generation rate
compared to P3HT:SiNW hybrid OSC. This can be attributed to the lower bandgap
of PTB7 (1.84 eV) [130] than P3HT (2 eV) [183], which allows more photon
absorption from a broader range of the solar spectrum [187].
According to the dissociation mechanism outlined in our previous work [67],
after the photon absorption and Frenkel exciton formation, the exciton diffuses to the
interface and relaxes to a charge transfer (CT) exciton state by releasing the excess
energy to molecular vibrations (phonons). If this excess vibrational energy released
impacts back to the CT exciton, it can dissociate into free charge carriers. In
PTB7:PC71BM bulk-heterojunction OSC, this vibrational energy is provided by the
LUMO offset between the PTB7 and PC71BM. Likewise in P3HT:SiNW hybrid
OSC, the vibrational energy is generated from the offset between the LUMO of
P3HT and conduction band of SiNWs. In PET/PEDOT:PSS/TFB/PTB7:PC71BM/Ca
bulk-heterojunction

OSC,

the

vibrational

energy

is

0.99

eV

and

in

PET/PEDOT:PSS/TFB/P3HT:SiNW/Ca hybrid OSC, it is 0.80 eV. This much excess
vibrational energy is adequate to dissociate both singlet and triplet excitons in both
heterojunction and hybrid OSCs. Also, at such a large available excess energy, the
dissociation of an exciton may be faster than the non-radiative recombination, which
enhances the performance of an OSC [65, 67]. The dissociated free electrons and
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holes are collected by the workfunction difference between the electrodes i.e.
Φ PEDOT:PSS - Φ Ca = 2.10 eV, which creates a reasonably large built-in field for

efficient transport and collection of holes at PEDOT:PSS and electrons at Ca, in both
OSCs.
The power conversion efficiency is dependent on the photon absorption
efficiency (ηabs ) , exciton diffusion efficiency (ηdif ) , exciton dissociation efficiency
(ηdis ) and free charge carrier collection efficiency (ηcc ) [188]. The external quantum

efficiency (ηext ) of an OSC is then given as [82, 83]:
ηext = ηabs ηdif ηdis ηcc

(5.24)

In the optimal design obtained here for both the OSCs, ηdif and ηdis have
increased because of the bulk-heterojunction concept of the OSCs and the sufficient
available excess vibrational energy at the donor-acceptor interface to overcome the
exciton binding energy [49, 67]. According to Table 5.2 and Table 5.4, the power
conversion efficiency of the PTB7:PC71BM bulk-heterojunction OSC is about three
times larger than that of P3HT:SiNW hybrid OSC. This may be attributed to the fact
that ηabs and ηcc are higher in PTB7:PC71BM bulk-heterojunction OSC than in
P3HT:SiNW hybrid OSC. The lower bandgap of PTB7 leads to a high photon
absorption efficiency in PTB7:PC71BM bulk-heterojunction. On the other hand, in
P3HT:SiNW hybrid OSC, the wide bandgap of P3HT reduces ηabs because in the
lower energy range, photons cannot be absorbed [189]. This affects the J sc of each
device [190] as can be seen from Table 5.2 and Table 5.4, where the absolute value
of J sc in P3HT:SiNW hybrid is 1.6 times smaller than that of PTB7:PC71BM bulkheterojunction OSC.
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Also, considering the charge transport in P3HT:SiNW hybrid OSC, the
electron mobility is much higher than the hole mobility, μe > μh i.e. electron will
reach the Ca electrode much faster than the hole can reach PEDOT:PSS. This leads
to hole accumulation within the bulk which may lead to non-radiative quenching of
holes and a low free carrier collection efficiency. On the other hand, for
PTB7:PC71BM bulk-heterojunction OSC, the electron and hole mobilities are nearly
the same, which leads to high free charge carrier collection efficiency. Charge
transport affects the fill factor of the device [190] as shown in Table 5.2 and Table
5.4 i.e. the FF of P3HT:SiNW hybrid is 1.5 times less than that of PTB7:PC71BM
bulk-heterojunction OSC.

5.3.3.1 Comparison with experimental results
For comparison, the calculated and experimental values of the J-V parameters
for PTB7:PC71BM bulk-heterojunction and P3HT:SiNW hybrid OSCs, are listed in
Table 5.5 and Table 5.6, respectively:

Table 5.5 Comparion between calculated and experimental J-V parameters of
PTB7:PC71BM bulk-heterojunction OSC.
Parameter

Voc (V)

J sc (mA cm-2)

FF

η (%)

Calculated

1.32

-13.61

0.72

12.87

Experimental [69]

0.754

-17.46

0.69

9.21
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According to Table 5.5, the calculated Voc is significantly higher than the
experimental value but the calculated J sc is only a little smaller than its measured
value. The calculated FF is not very different from that measured experimentally.
However, the significant enhancement in Voc is apparently responsible for enhancing
the overall optimized efficiency. As one can see from the table 5.5, the optimized
calculated values of Voc shows a 75% increase, J sc decreases by 22%, FF increases
only by 4.35%, which enhance the overall conversion efficiency by 39.74% from
their current experimental value.

Table 5.6 Comparion between calculated and experimental J-V parameters of
P3HT:SiNW hybrid OSC.
Parameter

Voc (V)

J sc (mA cm-2)

FF

η (%)

Calculated

1.22

-8.03

0.48

4.70

-11.61

0.39

1.93

Experimental [179] 0.425

In the case of P3HT:SiNW hybrid OSC, the optimized calculated Voc is
found to be nearly three times higher than the experimental value, as it can be seen
from Table 5.6. According to Table 5.6, the optimized calculated values of Voc is
187% higher, J sc is 31.1% lower and FF is 23.08% higher than their corresponding
measured values, which result in an increase in the overall conversion efficiency by
143.52% from its current experimental value.
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The significant increase in the optimized calculated Voc may be attributed to
the fact that Voc depends on the energy difference between the HOMO of donor and
LUMO of acceptor and it also depends on the built-in potential due to the difference
between the workfunctions of the anode and cathode. Although, the donor and
acceptor materials selected in the present optimization are the same as used in
experiments, the optimization of the structure used here may be considered to be the
main cause of obtaining the enhanced Voc. Also the difference in the work functions
of the anode and cathode used in this optimization is 2.10 eV [176, 191] which is
much higher than 0.5 eV used in the experimental OSCs. Hence, it may be concluded
that the fabrication of both types of OSCs according to our designs may be expected
to result in more efficient bulk-heterojunction and hybrid solar cells.
Based on the above results, it may be stated that the optimization of the
structure and selection of different materials in the structure lead to successful
simulation of OSCs with higher conversion efficiency. The optimization procedure
used here may also be applied to the most opto-electronic devices, such as OLEDs
and other thin film solar cells.
Some further improvements on the simulation may be achieved by
incorporating the influence of other parameters such as the rates of excitation and
diffusion and diffusion lengths of excitons, which have been studied in this thesis in
chapters 2-4.
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5.4 Conclusions
The design of PET/PEDOT:PSS/TFB/PTB7:PC71BM/Ca bulk-heterojunction
and PET/PEDOT:PSS/ TFB/P3HT:SiNW/Ca hybrid OSCs has successfully been
optimized using SETFOS. The thickness of the layers within each structure is
optimized with respect to the maximum photon absorption in their active layers.
High conversion efficiencies of 12.87% and 4.70% are obtained for PTB7:PC71BM
bulk-heterojunction and P3HT:SiNW hybrid OSCs, respectively. PTB7:PC71BM
absorbs a broad region of the solar spectrum due to its low bandgap. The offset at the
donor and acceptor interface also generates adequate vibrational energy to dissociate
both singlet and triplet excitons and the large built-in field between PEDOT:PSS and
Ca work functions facilitate the transport and collection of free charge carriers in
both OSCs. However, the wide bandgap of P3HT and the unbalanced electron and
hole mobilities affect the performance of the optimized P3HT:SiNW hybrid OSC.
Overall, after the design optimization of both PTB7:PC71BM bulk-heterojunction and
P3HT:SiNW hybrid OSCs, a higher power conversion efficiency is obtained in both
types of OSCs. It is expected that these optimal designs will help in the fabrication of
higher efficiency OSCs.
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Chapter 6 Thesis synthesis
6.1 Summary of chapters
In this final chapter, a culmination of the work presented in Chapters 2-5 is
presented. A discussion on the theoretical and computational work carried out in the
bulk-heterojunction and hybrid OSCs is summarized. Each process in the operation
mechanism of bulk-heterojunction OSCs is interdependent and has been studied
comprehensively as outlined in Chapters 2-4. Design optimization of bulkheterojunction and hybrid OSCs is successfully performed and enhanced
performance has been achieved as described in Chapter 5.
In Chapter 2, the first step in the operation of bulk-heterojunction OSCs is the
photon absorption and exciton formation which are studied comprehensively.
Absorption of light of energy larger than or equal to the bandgap of the donor
organic solid results in the production of excited electron and hole pairs. An electron
is excited to LUMO, leaving a hole in the HOMO, which instantly form a Frenkel
exciton (singlet or triplet). The rates of absorption of a photon to excite singlet and
triplet excitons using the exciton-photon and exciton-spin-orbit-photon-interaction,
respectively, as perturbation operators are derived. The rates of formation of singlet
and triplet excitons thus derived are, respectively, found to be:
Ras =

Rat =

2
4ke 2 ( E LUMO - E HOMO ) 3 a xs

3c 3 ε1.5  4

32e 6 Z 2 k 2 ε ( E LUMO - E HOMO )
4
c 7 εo μ x4 a xt

(6.1)

(6.2)
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According to Eqs. (6.1) and (6.2), the rates are dependent on the absorption
energy, excitonic Bohr radius and the dielectric constant of the organic material. The
rate of formation of a singlet exciton is found to be faster than that of a triplet exciton
because it is dependent on the third power of the absorption energy in the donor
material. Also, the incorporation of heavy metal atoms enhances the exciton-spinorbit-photon interaction which enhances the rate of excitation of triplet excitons
because it depends on the square of the heaviest atomic number. The new excitonspin-orbit-photon interaction operator flips the spin of the triplet exciton into a
singlet form resulting in direct excitation to a triplet exciton state leading to faster
dissociation and higher conversion efficiency in bulk-heterojunction organic solar
cells.
After an exciton is formed in the donor organic material, it must diffuse to the
donor-acceptor interface, which is the second step in the operation principle for a
bulk-heterojunction OSC. This process is outlined in Chapter 3 and role of exciton
binding energy is also discussed. The binding energies in singlet and triplet excitons
are, respectively, determined to be:
EB (S = 0) = 0.059eV

(6.3)

EB (S = 1) = 0.759 eV

(6.4)

And the excitonic Bohr radii of singlet and triplet excitons are, respectively,
calculated to be:
a x (S = 0) = 4.352

nm

(6.5)

a x (S = 1) = 0.317 nm

(6.6)

It is found that the singlet excitons dissociate more easily than triplet excitons
because of their lower binding energy.
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The exciton transfer mechanisms that govern the transfer of singlet and triplet
excitons to the donor-acceptor interface are the Förster and Dexter transfer theories,
respectively. The exciton diffusion coefficients and diffusion lengths for singlet and
triplet excitons are, respectively, found to be:
D( S ) =

Rf 6

D(T ) 

LD ( S ) =

LD (T ) 

(6.7)

6τRda 4
 2R
Rd 2
exp  d
6
 L


R 
1  da 
Rd 


3
1 Rf

(6.9)

6 Rda 2
R
exp  d
6
 L

Rda

(6.8)

 Rda 
1 

Rd 


(6.10)

The singlet diffusion length is dependent on the Förster radius and the donoracceptor separation distance while the triplet diffusion length is dependent on the
average length of a molecular orbital, Dexter radius and the donor-acceptor
separation. The diffusion coefficient of a singlet exciton is larger than that of a triplet
which results in a larger singlet exciton diffusion length. Hence, the diffusion of a
singlet exciton can occur more easily than that of a triplet exciton in bulkheterojunction OSCs.
After diffusion to the donor-acceptor interface, the exciton must dissociate
into free charge carriers, which is the third step in the operation mechanism of bulkheterojunction OSCs. After the dissociation, the free charge carriers move to the
opposite electrodes (final operation step) as discussed in Chapter 4. In this thesis, a
new mechanism of exciton dissociation is proposed, which is a two-step process: 1)
as the energy of acceptor’s LUMO is lower than that of donor’s LUMO, a Frenkel
exciton first relaxes to a CT exciton state where electron gets transferred to the
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acceptor’s LUMO, by releasing the excess energy to molecular vibrations. It is to be
noted that the CT exciton is not yet dissociated because for dissociation, it requires
an external energy at least equal to the binding energy. 2) This external energy comes
from the excess vibrational energy released due to the formation of a CT exciton in
step 1. This excess vibrational energy, if adequate, may impact back to the CT
exciton causing it to dissociate into free charge carriers.
The interaction operator between the charge transfer exciton and molecular
vibrational energy is derived and together with the transition matrix element and
Fermi’s golden rule, is used to derive the rate of dissociation of an exciton into free
charge carriers as:
Rd =

8π 2
3 2

3 ε E B

2
D
A
[(ELUMO
- E LUMO
) - E B ] (ωv ) μ x a x2

(6.11)

The above rate is dependent on the LUMO offset between the donor and
acceptor, molecular vibrational energy, reduced excitonic mass, binding energy,
dielectric constant and the excitonic Bohr radius. The rate of dissociation is also
obtained for a hybrid bulk-heterojunction OSC by substituting the conduction band
energy of the inorganic nanoparticles material in place of the acceptor’s LUMO
energy in Eq. (6.11).
Free electrons, thus generated are drawn towards the cathode and holes
towards the anode due to the electric field generated by the difference in work
functions of the two electrodes. Upon dissociation, the force required by a charge
carrier to move towards the electrode is given by:
F=

Φa - Φc
r

(6.12)
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The rates of dissociation of excitons calculated in Chapter 4 are found to be
very high which, contrary to the experimental observations, imply high conversion
efficiencies for OSCs. Three processes are identified that could affect the
performance of OSCs and hence result in poor conversion efficiency. These
processes occur due to the inefficient 1) transfer of excitons to the donor-acceptor
interface, 2) transfer of vibrational energy back to CT exciton and 3) dissociation and
transport of free charge carriers to opposite electrodes.
The

optical

properties

of

PTB7:PC71BM

bulk-heterojunction

and

P3HT:SiNW hybrid OSCs are investigated using simulation software, SETFOS, as
described in Chapter 5. The thickness of each layer is optimized for maximum
photon absorption in their active layer. Flexible ITO-free OSCs are designed for
PET/PEDOT:PSS/TFB/PTB7:PC71BM/Ca

bulk-heterojunction

and

PET/PEDOT:PSS/TFB/P3HT:SiNW/Ca hybrid OSCs.
The optimal design thus obtained produces a power conversion efficiency of
12.87% in the bulk-heterojunction and 4.70% in hybrid solar cell, which represent
>50% enhancement from their current experimental conversion efficiencies. The
bandgap, LUMO offset, charge carrier mobilities and work function difference play
significant roles in the power conversion efficiency achieved from an OSC. It is
expected that these optimal designs of two types of OSCs will help in their
fabrication as higher efficiency OSCs.
In conclusion, successful designs of bulk-heterojunction and hybrid OSC are
presented in this thesis. The four major processes have been studied successfully and
the rates of exciton formation, diffusion and dissociation have been derived.
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6.2 Future Directions
In this work, we could not perform laboratory work due to the limited
funding and unavailability of any experimental facility at Charles Darwin University.
Hence, in the future, the results obtained from this work may be extended to
experimental fabrication. The optimized design of bulk-heterojunction and hybrid
OSCs highlighted in Chapter 5 can be fabricated experimentally and a comparison
can be made between the theoretical and experimental power conversion efficiencies,
thus obtained.
Furthermore, the power conversion efficiency of bulk-heterojunction OSCs
can be enhanced by optimizing the rate of excitation, diffusion and dissociation of
excitons outlined in Chapters 2, 3 and 4. According to Eqs. (6.1)-(6.12), the
parameters influencing the corresponding rates can be tuned to optimize the design
of bulk-heterojunction OSCs, experimentally, in order to obtain high conversion
efficiencies.
This work can also be extended to hybrid OSCs, as their conversion
efficiencies are still lower than bulk-heterojunction OSCs. Since only the acceptor
material is replaced, the rate of exciton dissociation can be calculated for various
combinations of organic donor and inorganic acceptor materials. Also, few other
combinations of donor and acceptor materials in bulk-heterojunction can be
simulated in SETFOS to optimize their designs with a possibility of attaining
enhancements in their power conversion efficiency.
The present theoretical work may be extended to develop a mechanism which
can assist moving all Frenkel excitons formed to reach the donor-acceptor interface.
In the present work, it is assumed that every Frenkel exciton forms a CT exciton at
the donor-acceptor interface. This assumption needs further development to assess its
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validity. Further studies on the recombination and loss mechanisms that can occur in
each step of the operation mechanism can also be carried out, theoretically.
Most research efforts on OSCs have currently focussed on improving the
conversion efficiency and not much has been done on their stability. It is well
established that the organic materials degrade by prolong use of irradiation and
become unstable. Now that the efficiency of over 12% has been achieved in OSCs, it
is very desirable to focus on the stability of these materials as well, both theoretically
and experimentally.
These future studies may assist the researchers and manufacturers to invent
OSCs

with

higher conversion efficiency and stability leading to

their

commercialisation. Such research developments are expected to provide costeffective OSCs for domestic and industrial use to the whole mankind.

6.3 Conclusions
This thesis brings together a comprehensive theoretical study on bulkheterojunction organic solar cells. The rates of excitation, diffusion and dissociation
of excitons have been derived. Using SETFOS, bulk-heterojunction and hybrid OSCs
are designed and optimized to achieve maximum photon absorption in their active
layer and high power conversion efficiencies have been obtained. Future directions
have also been highlighted that could possibly lead to the commercialization of bulkheterojunction OSCs in the near future. The results presented in this thesis are
expected to be the genuine advancement towards achieving optimal design and
performance for bulk-heterojunction organic solar cells.
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A.2 Input and output of SETFOS simulations
The results given here in figures are those which have not been published in
the journal articles but may be considered of interests to some readers and
researchers. Therefore these are listed here in the appendix as additional information.

A.2.1 PTB7:PC71BM bulk-heterojunction OSC

(a)
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(b)
Figure A.1 (a) Absorption setting and (b) Drift Diffusion setting in SETFOS for
PTB7:PC71BM bulk-heterojunction OSC.

Figure A.2 Layer structure for PTB7:PC71BM bulk-heterojunction OSC.
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Figure A.3 Energy Level diagram for PTB7:PC71BM bulk-heterojunction OSC.

Figure A.4 Energy flux at 550 nm for PTB7:PC71BM bulk-heterojunction OSC.
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Figure A.5 Penetration at 550 nm for PTB7:PC71BM bulk-heterojunction OSC.

Figure A.6 Electric field for PTB7:PC71BM bulk-heterojunction OSC.
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Figure A.7 Electric power density for PTB7:PC71BM bulk-heterojunction OSC.

160

A.2.2 P3HT:SiNW hybrid solar cell

(a)
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(b)
Figure A.8 (a) Absorption setting and (b) Drift Diffusion setting in SETFOS for
P3HT:SiNW Hybrid Solar Cell.
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Figure A.9 Energy flux at 550 nm for P3HT:SiNW Hybrid Solar Cell.

Figure A.10 Penetration at 550 nm for P3HT:SiNW Hybrid Solar Cell.
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Figure A.11 Electric field for P3HT:SiNW Hybrid Solar Cell.

Figure A.12 Electric power density for P3HT:SiNW Hybrid Solar Cell.
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