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Fill factor 𝐹𝐹 calculated from Eq. (4.15) and plotted as a function of 1⁄𝛽 for two of
blends MDMO-PPV:PC61BM and PCDTBT:PC71BM from Table 4.1.

Figure 5.1
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Open circuit voltage plotted as a function of the electron-hole mobility ratio
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𝑃=

𝜇𝑒
⁄𝜇ℎ at two different values of (𝐸𝐶 − 𝐸𝐹𝑒 ) = 0.18 and 0.20 eV in a CH3NH3PbI3
perovskite solar cell.
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Figure 5.2

Open circuit voltage plotted as a function of ln 𝑄 for 𝑄 = 𝑛⁄𝑁 for CH3NH3PbI3
𝑉
perovskite solar cells; all three perovskite combinations considered here show the same
dependence between 𝑉𝑂𝐶 and 𝑄.

Figure 5.3

Open circuit voltage plotted as a function of ln|𝐺| for two different values of
(𝐸𝐶 − 𝐸𝐹𝑒 ) = 0.18 and 0.20 eV in a CH3NH3PbI3 perovskite solar cell.

Figure 6.1
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𝑉𝑂𝐶 plotted as a function of effective band gap (𝐸𝐷𝐴 ⁄𝑞 ) for P3HT:PC60BM at different
energetic distances.
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xix

Abstract
In recent years, thin film organic solar cells (OSCs) and perovskite solar cells (PSCs) based on
solution processable organic semiconductors and perovskites, respectively, have attracted huge
research interests as promising alternatives to conventional silicon solar cells, owing to their appealing
features such as lightweight, large area production capabilities, low fabrication cost and mechanical
flexibility. Although, OSCs have achieved power conversion efficiency (PCE) of about 12 %, it is still
lower than 25 % obtained in silicon solar cells. In comparison, the PCE of perovskite solar cells has
reached more than 22 %, which is much better but both OSCs and PSCs have a stability problem; their
working lifetime is very short. As a result, both OSCs and PSCs have not reached the
commercialization stage yet. Hence, the understanding of physical processes that govern the operation
and stability of organic and perovskite solar cells is very crucial in order to find pathways to enhance
their PCE and stability.
One of the most efficient OSCs at present is the bulk heterojunction (BHJ) OSC, which
consists of a blend of organic donor material and fullerene acceptor as the active layer sandwiched
between two electrodes. In this thesis, in-depth theoretical studies of the device physics in bulk
heterojunction organic and perovskite solar cells have been carried out with the aim of enhancing their
photovoltaic performance. These studies include exciton diffusion to the donor-acceptor interface,
optimization of charge carrier collection and fill factor in bulk heterojunction organic solar cells (BHJ
OSCs), and the optimization of the open circuit voltage in both BHJ OSCs and PSCs.
The thesis is organized as follows: after the introduction in chapter 1, a comprehensive study of
exciton diffusion lengths and diffusion coefficients in BHJ OSCs is presented in chapter 2, where
diffusion lengths and diffusion coefficients of singlet and triplet excitons are derived as functions of
photophysical parameters such as spectral overlap integral, photoluminescence (PL) quantum yield,
dipole moment and refractive index. In chapter 3, the influence of photoexcitation of the donor and
acceptor materials separately and simultaneously on the open circuit voltage in BHJ OSCs is studied.
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The analytical studies of the factors that determine the fill factor of BHJ OSCs are presented in chapter
4, where the influence of material parameters such as effective charge carrier mobility, effective
charge carrier concentration, active layer thickness, and dielectric constant, on fill factor is analysed
through a newly derived extraction coefficient (𝛽). Finally, in chapter 5, the open circuit voltage loss
is analysed in perovskite solar cells by deriving two analytical expressions that relate the open circuit
voltage to other device parameters such as charge carrier mobility, charge carrier concentration,
effective density of states of holes at the valence band edge, photogeneration rate, active layer
thickness and electron drift velocity. The derived expressions are used to illustrate the influence of the
material parameters on open circuit voltage and the origin of the open circuit voltage loss in perovskite
solar cells.
The results presented in this thesis are expected to provide useful insights in synthesizing novel
organic and perovskite materials for the fabrication of high-efficiency bulk heterojunction organic and
perovskite solar cells.
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Chapter 1: Introduction
1.1 Research Background and Motivation
Energy is a fundamental human need in any nation and there is a very strong relation between
energy use and both the level of economic activity and economic growth. Therefore, energy growth is
directly related to economic growth, human well-being, and the attainment of a sustainable future.
Meeting the future growing energy demand in a sustainable and environmentally responsible manner is
a key challenge to mankind. The growth of energy-consuming activities in the developed and
emerging countries and dissipation of energy in rich countries bring about two primary concerns: (i)
the depletion of fossil fuels such as oil, gas and coal, and (ii) the issue of global warming caused by
burning fossil fuels which contributes to rapidly increasing carbon dioxide (CO2) and other greenhouse
gases in the earth’s atmosphere.
The total global energy consumption in 2015 was about 575 quadrillion British thermal units
(Btu) (1 quadrillion Btu = 2.9×1011 kWh = 1.055 × 1018 J) and it is predicted to increase by 28 % to
736 quadrillion Btu in 2040 [1], as shown in Figure 1.1. It is predicted that most of the global energy
growth will take place in countries outside of the Organization for Economic Cooperation and
Development (OECD) [1], where strong, long-term economic growth triggers the increasing demand
for energy. Non-OECD Asian countries such as India and China alone account for more than half of
the total global increase in energy consumption over the 2015 to 2040 prediction period. By 2040,
energy consumption in non-OECD Asia will surpass that of the entire OECD by 41 quadrillion Btu
[1].
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Figure 1.1 Growth in global energy use, 2015-2040: Global energy use increases by 28 % between
2015 and 2040 [1].

At present, fossil fuels such as petroleum, natural gas and coal respectively, account for 37 %,
29 % and 14 % of most of the total energy [2]. However, due to high demand of energy use, these
non-renewable energy sources will deplete soon and become increasingly uneconomical to produce.
Also, the power thus generated produces greenhouse gases causing global warming; as a result we are
obliged to replace most of the currently utilized power facilities with clean energy resources. Global
oil prices have increased significantly in recent years [3], which is another reason for moving towards
renewable energy technologies such as wind energy technology, solar energy (solar cells technology),
hydroelectric power systems, biomass technology, tidal wave etc.
“We have to get rid of coal, gas and uranium. They are 20 century energies.”
- Jeremy Rifkin, March 2010 [4].
The concentration of greenhouse gases in the atmosphere has increased during the 20th century,
significantly caused by human activities related to the utilization of fossil fuels (e.g. for electric power
generation), agricultural activities and land-use change (mainly deforestation) [5]. Figure 1.2 shows
the estimated greenhouse gas emissions in four distinct pathways.
2

Figure 1.2 Atmospheric greenhouse gas concentrations. This indicates projected greenhouse gas
concentrations for four different emissions pathways. The topmost pathway assumes that greenhouse gas
emissions will continue to rise throughout the current century. The bottom pathway assumes that emissions
reach a peak between 2010 and 2020, declining thereafter [5].

Unfortunately, the burning of fossil fuels to generate energy has caused huge emissions of
greenhouse gases and environmental pollution which have affected the life on earth [6]. Worldwide
CO2 emissions from the combustion of fossil fuels and industry exploration increased at a rate of 1.8 %
per year for the last decade (2007–2016), slowing down to +0.4 % per year during 2014 - 2016 [6].
The countries with the highest CO2 emissions were China and India. China’s emissions rose by +3.8 %
per year on average (increasing by +1.7 gigatonnes carbon (GtC) per year during the 10-year period)
dominating the global trends, followed by India’s emissions increase by +5.8 % per year (increasing
by +0.30 GtC per year), while emissions dropped in the European Union by 2.2 % per year (decreasing
by −0.23 GtC per year) and in the USA by 1.0 % per year (decreasing by −0.19 GtC per year). The
3

2016 greenhouse gas emissions consist of 81 % CO2, 10 % methane (CH4), 6 % nitrous oxide (N2O),
and 3 % fluorinated gas (F-gas) [7].
It is clear that over the next 50 years, sustained economic growth will require energy services
that are one order of magnitude greater than today, with majority of the developments in the parts of
the deprived developing countries. During this half century, protecting human health and the
environment will require that energy technologies produce much less pollution. Considering the
climate change threat seriously would require a reduction of CO2 emissions by probably two-thirds
compared to current levels. Moreover, humanitarian and moral concerns demand that modern forms of
energy be made available to the one third of the world’s population who are struggling today to
improve their lives without this advantage.
Further, establishing energy systems that support sustainable development in this century is in
fact feasible. This can be achieved through improvements in the efficiency with which modern energy
technologies are produced and used, together with a greater dependence on modern forms of
renewable energy using technologies now available or in the development phase. Hence, increasing the
development and utilization of renewable energy technologies to meet future growing energy demand
and to reduce environmental pollution is becoming more and more important and attractive.

1.1.1 Renewable Energy
“To truly transform our economy, protect our security, and save our planet from the ravages of
climate change, we need to ultimately make clean, renewable energy the profitable kind of energy.”
- Barack Obama, February 2009 [4].
Global energy demand will plateau from 2030 (about 35 % higher than in 2005), and the
demand for oil will flatten from 2020 and continue to drop tremendously afterwards [8]. The
International Energy Agency (IEA) has predicted that if the right policies proposed today are adhered
to, renewables could dominate the coal to become the largest source of electricity production.
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Renewables are the fastest-growing sources of electricity production over the period of 2015-2050,
rising by an average of 2.8 % annually; the global renewable energy share was 21 % in 2015 and it is
projected to increase to 29.8 % in 2050 [1]. In particular, the growth has been high for solar
photovoltaic (PV) and wind power, at about 45.5 % and 24.0 % respectively, from very low level in
1990 [9]. This implies that renewable energy technologies are capable of meeting the future global
energy need as their potential is vast 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 global warming [10]. The global transition towards renewable energy and climate-safe future will
be swift and more massive than most people perceive, and yet the energy transition will not be difficult
to finance.
Renewable energy generation plants derive their energy from sources such as solar, wind,
hydro, biomass, geothermal, wave or tidal energy etc. [10]. However, the amount of energy that can be
harnessed for electricity generation over a period of time depends on a number of factors such
geographic location, time of day, and weather conditions. Even though these technologies are
emission-free, their installation costs are somewhat high. Till we think of developing very low-cost
technologies for clean energy sources, we have to wish that the global leaders begin to include the cost
of environmental risks of most of the current power stations while planning of constructing other
power plants in future. It is therefore essential to realize that the construction of such power stations
should always be the preferred choice so long as they are not depleted and can supply more energy
throughout their lifespan. Renewable energy is sustainable, inexhaustible and emission-free, making it
feasible for the environment.
Of all the available renewable energy technologies, solar energy is regarded as the most
attractive, promising and inexhaustible, because, unlike other sources, it is generated outside the planet
earth and freely available to everyone living on Earth. The conversion of solar energy into electrical
energy is clearly a way to limit our dependence on fossil fuels and nuclear power, and a prudent way to
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mitigate global warming by reducing greenhouse gas emissions. It alone, if effectively converted to
electrical energy, can meet all our current and future global energy demand [13]. It is predicted that the
existing fossil and nuclear resources can be completely replaced by harnessing about 0.02 % [1] of the
daily solar energy reaching the earth’s surface.

1.2 Solar Energy and Solar Cells
Solar energy is generated by the sun and total power of the sun’s radiation that hits the earth’s
surface per year is massive: 1.75x1017 W, which is about 10, 000 times of the annual global energy
consumption 18 TW [12]. Although not all of this solar energy reaches the surface of the earth due to
absorption and scattering in the earth’s atmosphere, it is still adequate to supply power to the whole
world. However, the solar energy reaching the earth’s surface needs to be converted into electrical
energy for use as a source of electrical power. The conversion of solar energy into electrical energy is
not free and is achieved by using solar cells, which operate on the principle of photovoltaic effect.
The photovoltaic effect is the generation of voltage or electric current in a material when struck by
light.
The evolution of solar cell technology began with the 1839 research of French physicist
Antoine-César Becquerel [13]. Becquerel discovered the photovoltaic effect while performing
experiment with a solid electrode placed in a conductive solution when he saw a voltage develop when
light fell upon the electrode. This marked the first time in history when electrical power was generated
by the effect of light. In 1954 [14], three American researchers from Bell Laboratories, Daryl Chapin,
Calvin Fuller and Gerald Pearson, designed the first silicon solar cell with 6 % efficiency capable of
converting enough of the sun’s energy into electricity. These researchers formed an array of several
strips of silicon (each about the size of a razor blade), placed them in sunlight, trapped the free
electrons and converted them into electrical current. Early solar cells, however, used single crystals
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and hence their cost was very high. For instance, the cost of the first commercial solar cell was about
$1,785 per watt [15], and this made it impossible to use such technologies in daily life.
In 1957 and 1958, Hoffman Electronics achieved photovoltaic cells of 8 and 9 % power
conversion efficiencies, respectively. Then in 1958 again, Melvin Calvin had also demonstrated the
photovoltaic effect in organic semiconductors [16]. He reported the photovoltaic effect with organic
semiconductor active layers, such as magnesium phthalocyanine (MgPc), used as a single layer
sandwiched between two metal electrodes. In the 1970s and 1980s, scientists at Exxon and Kodak
studied about OSCs. Ching W. Tang produced nanometer thin layers of organic semiconductors by
vacuum processes. By using a layer sequence of a p- and an n- semiconductor (donor and acceptor), he
formed the first organic hetero-junction cell with an efficiency of 1 % [17]. During that period,
laboratory cells of crystalline silicon had achieved a record efficiency of about 20 % after 30 years of
breakthrough.
Solar cells are fabricated using semiconductor materials such as inorganic and organic
semiconductors. Solar cells are then connected together in series or in parallel to form solar panels
which are then combined to form solar arrays to generate the desired voltage and current output [18].
Solar cells offer a broad range of applications from large-scale to residential rooftops [19], as well
applications associated with transportation, wireless telecommunications, space power, emergency and
disaster relief, marine navigational aids etc. [20,21]. Additionally, solar cell technologies have a
number of other competitive advantages such as [22]:
•

Short installation time with low maintenance.

•

Low noise.

•

Potential for off-grid operation to support remote communities.

•

Being scalable from small devices to large solar facilities to suit diverse energy needs.

Additionally, solar cell technologies provide enormous economic benefits like the setup of
private businesses which also create employment opportunities [21]. However, the primary
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disadvantage of solar cell technologies is that their initial cost is extremely high compared to the
existing fossil fuels based electricity generators. The cost of solar power has declined substantially
over the last decade due to improvement in the technology and it is anticipated that the cost of these
devices will further decline in the near future [23]. Until now, several types of solar cells have been
invented with the aim of making them cost-effective and efficient in converting the solar energy into
electricity [24].

1.2.1 Solar Cell Technologies
As stated previously, among all the renewable energy technologies, solar photovoltaic (PV) or
solar cell technology is the most promising alternative to fossil fuel generators. Until now, several PV
technologies have been invented, however, only a few are commercialised and others still remain at
research level.
Crystalline silicon (c-Si) solar cells having the best power conversion efficiency have
dominated the solar cell industry since their discovery to date [25]. Silicon is non-toxic, abundant and
possess long-term stability, however, the fabrication of crystalline c-Si solar cells is expensive and
time-consuming [26]. So far two types of c-Si solar cells are used: (i) the first is monocrystalline
(mono c-Si) or single-crystal silicon solar cells, and (ii) polycrystalline silicon (poly c-Si) solar cells;
both solar cells use significant amount of silicon in their fabrication. The technique used to fabricate
poly c-Si is simpler and cost-effective since quantity of Si wasted is less relative to mono c-Si.
Therefore, the development trend at present is to move towards polycrystalline technology. However,
the cost of c-Si solar cells is continuously reducing, which might compete with that of polycrystalline
and be much more competitive in the next few decades.
Additionally, other solar cell technologies such as thin film amorphous silicon (a-Si) are
commercially available. Amorphous silicon solar cells require just 1 % of the material needed for the
fabrication of c-Si solar cells. Amorphous silicon solar cells can be fabricated on substrates of any
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shape or size, including flexible ones, and can be produced in an economical manner. These kinds of
solar cells were the first to be used in the application of consumer products like calculators and
watches. As a result of their low cost, they are used for other larger-scale applications [27] as well.
Figure 1.3 shows the types of silicon solar cells mentioned above.

(a)

(b)

(c)

Figure 1.3 Types of solar cells: (a) Monocrystalline solar cell (b) Polycrystalline solar cell
(c) Amorphous silicon solar cell [27].

Thin film amorphous silicon solar cells fabricated from the hydrogenated amorphous silicon
(a-Si:H) by depositing it on a low-cost substrate material such as glass or plastic. This technology has
lower fabrication cost in comparison with the c-Si technology; the mass fabrication costs of a-Si:H
solar cells is far lower than that of c-Si solar cells [27]. A price advantage which is compensated for
by lower power conversion efficiency of the various types of thin film solar cells, such as cadmium
telluride (CdTe), and copper-indium gallium selenide (CIGS) have attained commercialization to
certain degree.
Among the thin film solar cells also comes organic solar cells fabricated from the organic
semiconducting materials. In the class of organic solar cells, there are various technologies, such dyesensitized solar cells (DSSCs), antenna cells, small-molecule organic solar cells and polymer-based
organic solar cells. The DSSC is close to commercialization, while the other possible organic solar
9

cells are still under research. Thin film polymer based organic solar cells are very promising owing to
their simple fabrication technique, mechanical flexibility and potential for low cost fabrication of large
areas [28]. In addition, the material parameters of organic semiconductors can be varied by changing
their chemical composition, which can be used to manipulate their PCE; a process that cannot be
applied in silicon-based semiconductors.

1.2.1.1 Power Conversion Efficiency of Solar Cells
The main issues in PV technologies are the power conversion efficiency (PCE), 𝜂 and lifetime
of solar cells. Commercially available silicon solar cells convert about 15-20 % of the solar energy into
electricity [27]. Most solar cells usually break down at extreme temperature. Monocrystalline (mono cSi) solar cells are the most efficient (usually 17-21 %) and have the longest lifespan [27]; however
their fabrication cost is the highest. Contrarily, poly c-Si and thin-film a-Si:H solar cells are more costeffective but with lower PCE (14-16 % for poly c-Sin and, 13-15 % for thin film a-Si:H solar cells).
The best PCE obtained in the laboratory is from the advanced solar cells and is about 50%, using novel
technologies such as multi-junction designs and concentrated photovoltaics [27]. Figure 1.4 shows the
best power conversion efficiencies obtained in the laboratory from various solar cell technologies,
from 1975 to the 2020.
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Figure 1.4 Reported timeline of research efficiencies of solar cells since 1975 by the US National
Renewable Energy Laboratory (NREL).

At present, the solar cell industry is dominated by Si solar cells, which are expensive and use
relatively larger quantity of materials in their preparation; as a result researchers are investigating into
the development of solar cells from new materials.

1.3 Organic Solar Cells
Organic solar cells are a type of thin film solar cells that make use of organic solids as
absorbers within their design. As stated previously, there are two classes of organic solar cells: smallmolecule and polymer-based organic solar cells [29]. The small molecules have low molecular weight
and polymers are formed through bonding of monomers resulting in higher molecular weight [29].
Small molecule semiconductors have higher hole mobility, steady and well established molecular
structures, are easy to synthesize, and have low purity requirements which result in cheaper fabrication
techniques such as roll-to-roll printing [30]. Polymer-based semiconductors are suited for solution
processing techniques due to their unique film-forming characteristics [31].
Moreover, organic solar cells have attracted remarkable research interest over the past years
owing to their promising features such as lightweight, large area production, easy fabrication,
mechanical flexibility (see Figure 1.5) and cost-effective alternatives to Si- solar cells [28]. As a result
they have the potential to become a new generation of low-cost renewable energy devices.
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Figure 1.5 Flexible organic solar cell [32].

As organic materials can be synthesized through chemical technology at low temperature,
organic solar cells are easy to fabricate in comparison with inorganic solar cells. Earlier work done in
the field of organic solar cells produced very low power conversion efficiency [17], however, over the
past years the science and engineering of synthesizing organic solids have advanced very rapidly,
leading not only to the improvement of the power conversion efficiency of organic solar cells but also
of other organic-based solid-state devices like organic light-emitting diodes (OLEDs), field-effect
transistors, lasers and photodiodes [33]. Despite their advantages, organic solar cells are still at an
early stage of development; their poor long-term stability and low power conversion efficiency are
preventing their commercialization [34].
In the early stage, organic solar cell was fabricated using a single layer of organic material
sandwiched between two electrodes (anode and cathode) with different work functions. As stated
above, it had a very poor power conversion efficiency of less than 0.1 % [17]. Then the concept of bilayer organic solar cell was invented by Tang [17]. A bilayer OSC consists of donor layer (D) and an
acceptor layer (A) of different organic materials sandwiched between an anode and a cathode Tang
13

reported about 1 % power conversion efficiency, which was an order of magnitude higher than the
earlier single layer counterpart [19]. In a bi-layer organic solar cell, photoexcitation takes place in
either the donor or acceptor layer; a donor is an organic material with its Lowest Unoccupied
Molecular Orbitals (LUMO) located at a higher energy than that of the acceptor which is another
organic material [21]. The HOMO of an organic solid is equivalent to the valence band of inorganic
solids and the LUMO is equivalent to the conduction band [35]. Tables1.1 and 1.2 show the chemical
structures of some common organic donor and acceptor materials, respectively.
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Table 1.1 List of some common donor materials and their chemical structures
Donor material

Chemical structure

Poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4phenylenevinylene] (MDMO-PPV)

Poly(3-hexylthiophene-2,5-diyl) (P3HT)

Poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT )

N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′diamine (NPD (NPB))
4,4′-Bis(N-carbazolyl)-1,1′-biphenyl (CBP )

Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA)

Poly(9,9-dioctylfluorene-alt-bithiophene) (F8T2 )

Poly{di(2′-ethylhexyloxy)benzo[1,2-b:4,5-b′]dithiopheneco-octylthieno[3,4-c]pyrrole-4,6-dione} (PBDTTPD)

Poly{[2,7-(9,9-bis-(2-octyl)-fluorene)]-alt-[5,5-(4,7-di-20thienyl-2,1,3-benzothiadiazole)]} (PFDTBT )
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Table 1.2 List of some common acceptor materials and their chemical structures
Acceptor material
[6,6]-Phenyl

C61

Chemical structure
butyric

acid

methyl

ester

methyl

ester

([60]PCBM)

[6,6]-phenyl

C70-butyric

acid

([70]PCBM )

Bis-PCBM (mixture of isomers)

An incoming photon with energy ℏ𝜔 greater or equal to the band gap energy (ℏ𝜔 ≥ 𝐸LUMO −
𝐸HOMO ), is absorbed by the donor or acceptor, where 𝐸LUMO and 𝐸HOMO are the corresponding
energies of the LUMO and the HOMO, respectively. An electron is then excited from the HOMO to
LUMO by creating a hole in the HOMO, which instantly forms a Frenkel exciton, due to the low
dielectric constant of organic solids in the active organic material (either the donor or the acceptor). An
exciton is formed in most semiconducting materials due to the Coulomb interaction between the
excited electron and hole. An exciton is thus an excited electron and hole pair bound in a hydrogenic
state due to their Coulomb interaction. Thus, the energy of an excitonic state (𝐸𝑥 ) is smaller than the
energy difference between the LUMO (conduction band) and the HOMO (valence band) due to the
presence of exciton binding energy (𝐸𝐵 ), such that 𝐸LUMO – 𝐸HOMO = 𝐸𝑥 + 𝐸𝐵 .
There are two types of excitons that can be created in semiconductors upon light absorption:
Wannier and Frenkel excitons. The theory of Wannier excitons is applied to excitons generated in
inorganic semiconductors like Si, Ge, GaAs, etc. [36], because in these materials the large overlap of
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interatomic electronic wave functions enables electrons and holes to be far apart but bound in an
excitonic state and hence are also known as the large radii orbital excitons. Therefore in Wannier
excitons electron and hole can be far apart on different atoms of the crystalline material, hence they are
alternatively known as weakly-bound excitons. Wannier excitons, also referred as Wannier-mott
excitons, have smaller binding energy (𝐸𝐵 = 0.01 eV) due to their large excitonic Bohr radius (𝑎𝑥 =
100 Å). On the contrary, excitons generated in organic semiconductors, where the overlap of intermolecular electronic wavefunctions is very weak and results in exciting both electron and hole on the
same molecule bound in a hydrogenic state. These excitons are known as Frenkel excitons and as they
are formed on the same molecule, their excitonic Bohr radius is smaller and hence they are also called
small radii orbital excitons. Because of the weaker Van der Waals intermolecular interaction, the
electronic bands in organic semiconductors become very narrow and can be approximated by the
molecular orbitals of individual molecules, Frenkel excitons are also called molecular excitons [36].
Unlike Wannier excitons, Frenkel excitons have larger binding energy 𝐸𝐵 =

𝑘𝑒 𝑞 2
𝜀𝑟

due to the lower

dielectric constant, 𝜀~3 − 4 of organic semiconductors, where 𝑘𝑒 = (4𝜋𝜀)−1 = 8.987×109 is the
Coulomb’s constant and 𝑞 is the electronic charge, 𝑟 is the average separation between the excited
electron and hole. Thus, in organic semiconductors, the Frenkel excitons’ binding energy is obtained in
the range of 0.1 to 1.0 eV, and hence cannot be easily dissociated like Wannier excitons.
Therefore, the generation of Frenkel excitons is not favourable for the operation of organic
solar cells due to the fact that these have to be dissociated into free electrons and holes to be collected
at the opposite electrodes for photocurrent generation. The schematic representation for the photon
absorption and Frenkel exciton generation in an organic solid is shown in Figure 1.6.
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Figure 1.6 Schematic representation of generation of a Frenkel exciton with binding energy 𝐸𝐵 in an
OSC: 1. The absorption of photons leads to the excitation of electrons (e-) to the LUMO and leaves a
hole (h+) in the HOMO of the organic material. 2. Simultaneous generation of Frenkel exciton as a
result of large Coulombic interaction between e- and h+.

The photogenerated Frenkel excitons in OSCs can have two different spin configurations,
namely singlet and triplet [37], as shown in Figure 1.7. In a singlet exciton state, the electron is excited
in a spin direction similar to that of the ground state. Thus, the spin of the excited electron is still
paired with the ground state electron (according to Pauli Exclusion Principle, a pair of electron in the
same energy level must have opposite spins [38]). In triplet excitons, the excited electron and hole
remain in parallel spin states (see Figure 1.7). Compared to triplet excitons, singlet excitons have
smaller binding energy and can be easily dissociated. The disadvantage of having singlet excitons is
that they can recombine easily to the ground state but recombination triplet excitons is spin forbidden.
If necessary, a singlet exciton may be converted into triplet excitons through intersystem crossing
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(ISC) [37] and a triplet exciton may also be converted into singlet exciton through reverse intersystem
crossing (RISC) [37,39].

+

Singlet

-

Triplet

Figure 1.7 Schematic representations of singlet and triplet spin configurations: singlet has one spin,
whereas triplet has three spins.

1.3.1 Organic Solar Cell Architectures

1.3.1.1 Single Layer Organic Solar Cells
This is the simplest form of organic solar cells (OSCs) but with very low power conversion efficiency.
It is fabricated by sandwiching a single layer of organic material between two metallic electrodes of different
work functions; an anode of a transparent conducting oxide such as indium tin oxide (ITO) and a cathode of low
work function metal such as Ca, Al etc., as shown Figure 1.8.
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Transparent Anode (ITO)
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(Active material)
Cathode (Al)
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(a)
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Figure 1.8 (a) Schematic representation of the structure o f a single layer OSC: It consists of a single
organic polymer inserted an anode of ITO and a cathode of Aluminium (Al). (b) Operation principle of
single layer OSC: Absorption of a photon leads to generation of a Frenkel exciton in the active
organic layer (through the excitation of electron (e-) from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO) leaving a hole (h+) in the HOMO) and
subsequent dissociation of the exciton into free e- and h+ due to difference in the work functions of
electrodes.

According to Figure 1.8 (b), as explained previously, upon photon absorption with photon
energy (ℏ𝜔 ≥ 𝐸LUMO − 𝐸HOMO ), an electron in the organic layer is excited from HOMO to LUMO.
As described above, due to the low dielectric constant (3-4) of organic semiconductors, strong
Coulomb attraction between the photo-excited electron-hole pair creates Frenkel excitons. These
excitons need to be dissociated into free electrons and holes before they can contribute to the
generation of photocurrents in a single layer device. However, in this structure the photogenerated
excitons in the organic layer are only subjected to the electric field generated by the difference in the
work functions between the cathode and anode electrodes. As an exciton is an electrically neutral
entity, it cannot be dissociated only by a small electric field created by the difference between the work
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functions of the electrodes. Therefore, a single layer OSC gives very poor power conversion efficiency
of 0.1 % [17].

1.3.1.2 Bilayer Organic Solar Cells
In order to overcome the problem of poor dissociation in the single layer device, Tang [17]
fabricated the first bilayer structure, in which a donor layer of an organic material of lower ionization
potential and an acceptor layer of another organic material with higher electron affinity are deposited
together and sandwiched between an anode and a cathode as schematically presented in Figure 1.9. In
this structure also the bi-layered organic active layer is subjected only to the built-in field by the
difference in work functions. However, the Molecular orbital, LUMO of donor is located at a higher
energy than that of the acceptor as shown in Figure 1.10.
By shining light on the ITO side mainly the donor layer absorbs it and excitons are generated
only in this layer. Some of these excitons may reach the donor acceptor interface by diffusion and then
the electron can transfer from LUMO of the donor to the LUMO of acceptor being at lower energy to
form a charge transfer (CT) exciton. A CT exciton is not dissociated however if the excess energy
available from the creation of CT exciton can impact back on it, a CT exciton can be dissociated into
free electron and hole which can then be drawn away from each other by the built-in electric field from
the work function difference. In this way, the dissociation of excitons can occur in a bilayer more
efficiently than in a single layer. Therefore the efficiency of bilayer increased to 1%, 10 times more
than that of the single layer device.
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Electron Transport Layer (ETL)
Cathode (Al, Ca)
Figure 1.9 Schematic representation of the structure of a bilayer OSC.
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Figure 1.10 Schematic representation of the different energy levels, excitation of a Frenkel exciton
and formation of charge transfer exciton at the D-A interface in a bilayer OSC.
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It may be desirable to give the magnitude of the built-in electric field generated by the
difference in the work functions of the anode and cathode, and it is given by [40]:

𝐹=

𝜙𝑎 −𝜙𝑐
𝑑

,

(1.1)

where 𝜙𝑎 (𝜙𝑐 ) is the work function of the anode (cathode) and d is the separation between them. It may
also be noted that the electric field has little influence on a neutral charge entity as an exciton.
Therefore it cannot direct an exciton in any particular direction. As a result, the excitons generated in
the donor layer in a bilayer structure cannot be directed to go to the interface and get dissociated. They
reach the interface only by diffusion.
Therefore, an essential disadvantage in a bilayer structure is that the exciton diffusion length in
organic materials is small ~10 nm which limits excitons from reaching the interface if thicker than the
diffusion length and hence limits the thickness of the donor and acceptor layers [41].
From one viewpoint, a thicker absorbing layer (donor or acceptor) is preferable for enhancing
absorption and hence enhancing the exciton generation. On the other viewpoint, if the absorbing layer
is too thick, the excitons generated far away may recombine before reaching the donor-acceptor
interface. This introduces a constraint on the thickness of donor and acceptor layers and limits them
usually to tens of nanometers which leads to weak absorption. These correlative trade-off indicators
bring about low external quantum efficiency (𝜂EQE ) and generate challenging issue on the design of
bilayer OSCs [42]. To solve this problem, the bulk heterojunction OSC was fabricated, which is
discussed in detail in section 1.3.1.3.

1.3.1.3 Bulk Heterojunction Organic Solar Cells
A promising approach to solve the exciton dissociation problems associated with bilayer OSCs
as described above is to use a bulk heterojunction (BHJ) structure, instead of bi-layered structure,
which primarily consists of a blend of organic donor and acceptor materials as the active layer
sandwiched between two electrodes, as shown in Figure 1.11. Unlike the bilayer structure, because of
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the blending of donor and acceptor, the interface exists in close proximity for most excitons generated
and hence they do not have to travel very far to reach an interface. The bulk heterojunction structure
enables very fast exciton dissociation, as a result BHJ OSCs are found to be one of the most efficient
OSCs. Consequently, nearly 100 % internal quantum efficiency (𝜂IQE ) can be achieved in BHJ OSCs
[43], implying that nearly all photogenerated excitons are dissociated [42]. Also, charge carriers in
these devices can be efficiently extracted even if the exciton diffusion length and charge carrier
mobility are relatively low [44]. Although this does not imply that the total charge carriers will
contribute to photocurrent in BHJ OSCs as recombination, traps and barriers at the D-A interface may
still impede their performance.

Light (ħω)

Glass
Transparent Anode (ITO)
Hole Transport Layer (HTL)

Donor: Acceptor Blend
Electron Transport Layer (ETL)
Metallic Cathode (Al, Ca)

Figure 1.11 Schematic representation of the structure of a BHJ OSC.

Assuming a photon of energy greater than or equal to the band gap of the organic material is
absorbed, an electron is excited from the HOMO of the organic material to its LUMO, leaving a hole
in the HOMO. This photo-excited electron-hole pair forms a Frenkel exciton due to a strong Coulomb
attraction between the phot-excited electron-hole pair caused by the low dielectric constant of the
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organic material. After the formation of exciton, a singlet and triplet Frenkel excitons in the organic
material diffuses through the Förster resonance energy transfer and Dexter carrier exchange
mechanisms, receptively. An exciton generated in the donor material transfers its electron to the
LUMO of acceptor at the interface and forms a charge transfer (CT) exciton state. Likewise, when an
exciton is excited in the acceptor, its hole is transferred from the acceptor HOMO to the donor HOMO,
being at a lower hole energy, which also creates a CT exciton with an electron in the acceptor LUMO
and a hole in the donor HOMO. As a consequence, both the donor and acceptor materials have similar
dielectric constants, the generation of CT excitons from Frenkel excitons excited in the donor or
acceptor does neither make the CT exciton loosely bound nor make electron and hole in a CT exciton
become farther separated [45]. For an efficient dissociation to occur, it is required that both LUMO
and HOMO levels of the donor material must be at higher energies than those of the acceptor material
[46]. As the CT excitons are formed through the transfer of electrons or holes to the lower energy
states, it may be expected that the CT exciton states are even more stable than the Frenkel exciton
states and therefore cannot be dissociated in any way easier than the Frenkel excitons.
The binding energies (𝐸𝐵 ) of singlet and triplet excitons in most organic materials are
approximately 0.06 eV and 0.7 eV, respectively [45]. Hence, 𝐸𝐵 of the corresponding CT excitons is
expected to be at least the same, if not greater. As the creation of a CT exciton requires two molecules
with electron excited on an acceptor molecule and hole on a donor molecule, it is postulated that the
electron and hole become far apart in a CT exciton and therefore can easily be dissociated due to the
built-in electric field generated by the difference in the work functions of the electrodes. At present,
the power conversion efficiency (PCE) of BHJ OSCs has increased above 11 % over the past years in
laboratory level [27]; despite this significant progress achieved for interfacial layers towards enhancing
both PCE and stability, there is still room for future improvement by carefully synthesizing materials
with well-controlled electronic, optic, and chemical properties.
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1.3.1.4 Hybrid Organic Solar Cells
As stated previously, organic semiconductors have low charge carrier mobilities compared to
the inorganic counterpart; as a result, a combination (hybrid) of both organic and inorganic
semiconductors may be expected to give better photovoltaic performance. Hybrid OSCs combine the
advantages of both organic (easy fabrication techniques, flexibility, low cost etc.) and inorganic
material (high charge carrier mobility), where the organic material can be introduced/replaced with an
inorganic counterpart while keeping the BHJ configuration [47]. Therefore, hybrid OSCs may become
cost-effective potential alternatives to the inorganic Si solar cells.

1.3.2 General Working Principles of Organic Solar Cells
The operation mechanisms of OSCs are very critical to the performance of OSCs, and are one
of the most researched and debated areas at present. Using bulk heterojunction solar cells as example,
the operation of OSCs depends on the following four mutually-depended processes, as shown in
Figure 1.12: (i) photon absorption and exciton formation, (ii) diffusion of excitons to the D-A interface
leading to the formation of CT excitons, (iii) exciton dissociation into free electron and hole pairs at
the interface, and (iv) transport of free charge carriers to their respective electrodes; electron is
transported to the cathode and hole to the anode.
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Figure 1.12 Schematic description of the four interdependent processes in the operation of BHJ OSCs:
1. Photon absorption and exciton formation; 2. Diffusion of exciton to the donor-acceptor interface;
3. (a) Formation of CT exciton by electron transfer and (b) exciton dissociation into free electron and hole; and
4. Transport of free charge carriers through the respective transport layers (HTL – hole transport layer, ETL –
electron transport layer) to their respective electrodes.

As described above, an incoming photon, with energy greater or equal to the band gap energy
(ℏ𝜔 ≥ 𝐸𝐺 = 𝐸LUMO − 𝐸HOMO ), is absorbed by the donor or acceptor material, creating a Frenkel
exciton in the active organic material (step 1 in Figure 1.12). The Frenkel exciton diffuses to a D-A
A
interface (step 2 in Figure 1.12). As the LUMO energy of the acceptor (𝐸LUMO
) is lower than the
D
LUMO energy of the donor (𝐸LUMO
), an exciton generated in the donor material transfers its electron

to the LUMO of acceptor at the interface and forms a charge transfer (CT) exciton state (step 3(a),
Figure 1.12 ). Likewise, when an exciton is excited in the acceptor, its hole can be transferred from the
acceptor HOMO to the donor HOMO, being at a lower hole energy, which also creates a CT exciton
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with an electron in the acceptor LUMO and a hole in the donor HOMO. Notably, the CT exciton is not
yet dissociated because for dissociation to occur it requires an external energy at least equal to the
exciton binding energy (𝐸𝐵 ) [48]. If the excess energy equal or greater than the binding energy is
available then a CT exciton can dissociate into free electron and hole (step 3(b) Figure 1.12) which
are then transported to the cathode and anode (step 4, Figure 1.12), respectively, thereby generating
photocurrent in the external circuit.

1.4 Perovskite Solar Cells
Apart from thin film OSCs, compounds such as perovskites are being used in developing the
next generation of solar cells. Perovskite solar cells are very new but have achieved the power
conversion efficiency from 3.8 % in 2009 to 22.1 % in 2016, making them the most promising
candidate for the new generation of solar cells that may take the place of silicon-based solar cells in the
near future [49]. In recent times, in an effort to increase the power conversion efficiency of perovskite
solar cells above the theoretical efficiency limit of c-Si solar cells, perovskites/c-Si tandem solar cells
have been developed. It is expected that such development will increase the power conversion
efficiency of perovskite solar cells above 25 %, while maintaining the low fabrication costs [27].
In the narrow sense, perovskite is a calcium titanium oxide mineral made of calcium
titanate (CaTiO3) [50]; it is named after the Russian mineralogist Count Lev Aleksevich von Perovski.
Generally, perovskite is described as a material with the structure shown in Figure 1.13; A, B and X
represent three different types of ions. The standard perovskite materials used in solar cells are
methylammonium lead halide (MAPbX3, X = Cl, Br, I), MAPbClxI3-x and Formamidinium-leadiodide (FAPbI3). In these compounds, A is the organic ion, B is the lead ion, and X is the halogen ion.
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(a)

(b)

Figure 1.13 (a) General structure of a planar heterojunction p–i–n perovskite solar cell, (b) Crystal
structure of the perovskite absorber adopting the perovskite ABX3 form, where A is methylammonium,
B is Pb and X is I or Cl. (Modified from original figure; reprinted with permission from [51])

In addition, perovskite materials typically have different phases [51], for example, MAPbI3 has
𝛼 and 𝛽 phases, with its phase transition point being 333 K, close to the room temperature. It is worth
noticing that several ferroelectric materials like BaTiO3, PbTiO3, and BiFeO3 are tetragonal phase
perovskite materials [52,53]. This shows that the 𝛽 phase of MAPbI3 could be ferroelectric.
Unlike that observed in organic solar cells, in perovskite solar cells, photon absorption does not
lead to the formation of long lifetime excitons [54]. Generally, a perovskite solar cell consists of a
layered structure with an n-type electron transport layer (ETL) of mesoporous titanium dioxide or
alumina (mp-TiO2 or mp-Al2O3), a perovskite absorber layer (PSL) of a methylammonium lead halide
(CH3NH3PbX3, X = Cl, Br, I) and a spiro-OMeTAD p-type hole transport layer (HTL) [22],
sandwiched between anode (FTO) and cathode (Ag) electrodes as: FTO/ETL/PSL/HTL/Ag. A typical
planar perovskite solar cell is shown in Figure 1.13 (a). Th operation of perovskite solar cells is
illustrated in Figure 1.14. Light is absorbed in the PSL which generates free electrons and holes due to
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higher dielectric constant [54] than organic semiconductors. These free charge carriers then drift under
the influence of the electric filed created by the difference in work functions of the two electrodes.
Electrons get transported towards the n-type ETL and holes towards the p-type HTL, and eventually
both charge carriers get extracted to their respective electrodes. Electrons and holes may also
recombine in radiative and non-radiative ways without being extracted leading to loss of charge
carriers and hence poor device performance. Generally, photon absorption occurs in perovskite
absorbing layer, while electron and hole are separated at the interfaces between the PSL and the
transport layer.
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Perovskite
ETL
Figure 1.14 Schematic representation of the operation perovskite solar cells: 1. Photon absorption
and generation of free charge carriers [electron (e) and hole (h)]; 2. Transport of free charge carriers
through their respective transport layers; electron gets transported through ETL and hole through
HTL; 3. Extraction of free charge carriers at their respective electrodes.
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Perovskite solar cells are expected to be less expensive because they are fabricated through
solution processing at low temperatures. However, perovskite solar cells are unstable and degrade due
to long exposure to sunshine plus the involvement of lead in the structure is not regarded to be
environmentally friendly. Hence, the replacement of lead with a more environmental friendly element
as well as stability enhancement will be important objectives for researchers in this field.
Clearly, bulk heterojunction organic and perovskite solar cells are currently the most promising
types of solar cells and have attracted remarkable research interests owing to their low fabrication cost,
lightweight, mechanical flexibility, solution processability, etc. Therefore, the main focus of this thesis
is study the operation of these two types of solar cells with a view to optimising their photovoltaic
performance.

1.5 Stability of Organic and Perovskite Solar Cells
The instability of organic and perovskite solar cells upon exposure to moisture, heat and light is
a well-recognized problem [55,56]. The stability issues occur due to the degradation of the organic and
perovskite materials used for the fabrication of solar cells [55]. As a result, the initial power
conversion efficiency achieved at the time of fabrication degrades after prolong exposure to solar
radiation. It is well established that organic solids degrade when exposed to prolong solar radiation.
Such degradation also occurs in the hydrogenated amorphous silicon solar cells, where the existence of
hydrogen is known to be the source of such degradation. Although, the cause of degradation in organic
and perovskite solar cells is not yet fully understood, the problem is very common in all organic solids.
As perovskite materials are a kind of hybrid of organic and inorganic solids, the degradation may be
regarded to occur due to the organic component. In addition to prolong exposure to solar radiation, the
degradation is also affected by the ambient conditions. In the presence of moisture, hydrolysis of the
perovskite material occurs due to hygroscopic nature of methylammonium (MA) cation [57]. The
degradation possibly proceeds through generation of perovskite hydrate structures, followed by
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decomposition. Leguy et al [58] have reported that the exposure of methylammonium lead iodide
(MAPI) materials to water vapour led to reversible hydration, i.e. formation of monohydrate
CH3NH3PbI3·H2O, followed by the formation of dehydrate (CH3NH3)4PbI6·2H2O upon prolonged
exposure. Additionally, thermal stability of PSCs is expected to be an issue [59]. It was demonstrated
that MAPI perovskite materials can decompose during annealing at 85 °C in an inert atmosphere [60].
Thermal stability issues could probably be resolved with the use of Formamidinium (FA) instead of
MA [59]. However, it should be noted that MA is more stable than FA cation, and that replacing MA
with FA can have different influence on stability for different perovskite materials [57]. Despite the
common stability issues of the perovskite materials, there have been a several reports on the promising
device stability results. The stable performance of perovskite solar cells in ambient and without
encapsulation has been reported initially for a period of 500 h [61]. Hsu et al [62] have reported a good
stability (over 1000 h) for perovskite solar cells with storage in the dark and in inert atmosphere. Other
reports have however demonstrated less promising stability. For instance, Zhou et al [63] have
demonstrated that perovskite solar cells stored in dry air or nitrogen retain 80% of the initial
performance after 24 hours and 20% after 6 days, whereas those stored in ambient air retain less than
20% after 24 h. Moreover, there have been reports that the presence of TiO2 under ultraviolet (UV)
illumination can have negative impact on the device stability [57,59,64]. The choice of the hole
transport material also affects the stability of un-encapsulated cells in air [65]. Good stability was
discovered in perovskite cells fabricated with CH3NH3PbI2Br perovskite and poly (3-hexylthiophene)
as a hole transport layer for 250 h, however the power conversion efficiency obtained was far below
10% [66]. Various strategies have been proposed to enhance the stability of perovskite solar cells,
which include replacing the TiO2 with alumina or using UV filter or doping the TiO2 to decrease UV
induced photocatalysis, introducing buffer layers, replacing hole transport material, using additives to
enhance the quality of the perovskite material and replacing the top electrode, as well as developing
the perovskite materials with different molecular structure [55].
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Furthermore, it has been demonstrated that several degradation processes in organic solar cells
take place simultaneously at different interfaces within the devices [67]. The degradation, like other
types of solar cells, can occur due to extreme temperature, UV illumination, and exposure to ambient
atmosphere. Thus, like other devices which employ organic materials, we can identify the following
factors which contribute to the instability: intrinsic instability, oxygen ingress, moisture ingress, and
illumination induced degradation [68]. These factors lead to the following degradation processes in the
device: crystallization and/or morphological instability of the active layer, photo-bleaching, organic
layer oxidation, ITO instabilities, and top electrode instabilities [69]. Owing to the intrinsic
degradation processes which take place as a result of thermal stress and/or illumination, some
degradation will occur even in the absence of oxygen or water [70]. It has been demonstrated that the
blends of a polymer with PCBM may be more resistant to photo-degradation compared to a pure
polymer in absence of oxygen [71]. Furthermore, PCBM stabilizes P3HT in air, but it undergoes
oxidation which decreases conductivity because PCBM oxidation leads to electron traps [71].
Additionally, light-induced degradation of organic solar cells is also influenced by the annealing
temperature of PEDOT:PSS and polymer:fullerene ratio [72]. Thermal stress can also impact the
stability of the organic, since the morphology of the bulk heterojunction can be affected.
The performance of both organic and perovskite solar cells degrades in time due to the
instability caused by prolong exposure to radiation which generates more dangling bonds, resulting in
poor charge transfer within the material. Therefore, photocurrent reduces causing reduction in the 𝐽𝑆𝐶
and the diffusion length may also reduce. Thus the charge extraction will also be affected and hence
performance of solar cells reduces due to such instability or degradation of materials.

1.6 Characterization of Solar Cells
The power available from a photovoltaic device, dissipating in an external resistive load is the
product of the current and voltage (𝐼 × 𝑉). Consequently, the performance of the photovoltaic device
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does not depend only on the illumination power, but also on the load. A standard method of
determining the performance of a photovoltaic device is by performing current-voltage (𝐼𝑉)
measurement under Air mass (AM) 1.5G solar illumination at 1 sun intensity [73]. The applied voltage
sweep simulates different resistors and the resulting 𝐽𝑉 curve is shown in Figure 1.15, which includes
the maximum attainable power 𝑃Max and the current density (voltage) 𝐼MP (𝑉MP ) at the point of
maximum power. The power conversion efficiency (PCE) of a solar cell is defined as the ratio of
𝑃Max to incident solar power (𝑃𝑖𝑛 ). Three additional characteristic parameters determine the PCE: open
circuit voltage (𝑉OC ), short circuit current (𝐽SC ) and fill factor (𝐹𝐹).

Figure 1.15 I-V characteristic of a solar cell [74].

1.6.1 Open Circuit Voltage
The 𝑉OC is the voltage at which the net current flowing through the photovoltaic device is zero.
𝑉OC depends on the photogenerated current density as [33]:

𝑉𝑂𝐶 =

𝑘B 𝑇
𝑞

𝐽𝑝ℎ

ln (

𝐽0

+ 1)

(1.2)
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where 𝑘B is the Boltzmann constant, 𝑇 is the temperature, 𝑞 is the electronic charge, 𝐽𝑝ℎ is the
photocurrent upon illumination, and 𝐽0 is the reverse saturation current density.
In BHJ OSCs, 𝑉OC depends on the energetic difference between the lowest unoccupied
molecular orbital (LUMO) of the acceptor material and the highest occupied molecular orbital
(HOMO) of the donor material, called the donor-acceptor effective energy gap [75], which for the
perovskite solar cells are used as the energies of the conduction and valence bands of the absorber
perovskite, respectively. Besides, the 𝑉OC can also depend on the difference in work function of the
respective electrodes [76], the work function of the hole transport layer or electron transport layer in
perovskite solar cells [77], and the ratio of the donor to the acceptor material [78].

1.6.2 Short Circuit Solar Cells
The 𝐽SC is defined as the current at which the external applied voltage is zero. Further, 𝐽SC
depends strongly on the generation rate of photoexcited electron and hole pairs (𝐺) and the electron
(hole) diffusion lengths 𝐿𝑒𝐷 (𝐿ℎ𝐷 ) as [79]:

𝐽SC = 𝑞𝐺(𝐿𝑒𝐷 + 𝐿ℎ𝐷 )

(1.3)

Typically, 𝐽SC can be enhanced by improving the material parameters such as high absorption
coefficient, high charge carrier mobility etc. Also, optimized blend morphology using different
processing conditions, correct buffer layers and effective patterned device structures can also enhance
𝐽SC .

1.6.3 Fill Factor
The 𝐹𝐹 of a solar cell is the ratio of maximum attainable power to the product of the open
circuit voltage and short circuit current, which is given by:

𝐹𝐹 =

𝑃Max
𝐽𝑆𝐶 𝑉𝑂𝐶

=

𝐼MP 𝑉MP

(1.4)

𝐽𝑆𝐶 𝑉𝑂𝐶
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The 𝐹𝐹 denotes the dependence of current output on the internal field of the device, and it is related to
the series resistance (𝑅𝑠 ) and the parallel resistance (𝑅𝑝 ) of the device; higher 𝑅𝑝 and lower 𝑅𝑠 give
higher 𝐹𝐹.
For an ideal solar cell, 𝐹𝐹 can be expressed as a function of 𝑉OC as [80]:

𝐹𝐹 =

𝑣𝑜𝑐 −ln(𝑣𝑜𝑐 +0.72)
𝑣𝑜𝑐 +1

where 𝑣𝑜𝑐 = 𝑉𝑂𝐶 𝑘

𝑞
B𝑇

,

(1.5)

is the normalized voltage. Eq. (1.5) is a good approximation of ideal value of 𝐹𝐹

for 𝑣𝑜𝑐 > 10.

1.6.4 Power Conversion Efficiency
The 𝑃𝐶𝐸 denotes the efficiency of the solar cell, which is given by:

𝑃𝐶𝐸 =

𝑃Max
𝑃𝑖𝑛

=

𝐽𝑆𝐶 𝑉𝑂𝐶 𝐹𝐹
𝑃𝑖𝑛

,

(1.6)

1.6.5 Photon-to-Electron Conversion Efficiencies
Furthermore, the other two common terms used in the field of photovoltaics are the external
quantum efficiency (𝜂EQE ) and internal quantum efficiency (𝜂IQE ).

1.6.5.1 External Quantum Efficiency
The 𝜂EQE is defined as the ratio of the number of charge carriers collected at the electrodes
𝑝ℎ
𝑐ℎ
(𝑁𝑜𝑢𝑡
) to the number of incident photons (𝑁𝑖𝑛
), and is given as [81]:

𝜂EQE =

𝑐ℎ
𝑁𝑜𝑢𝑡
)

(1.7).

𝑝ℎ

𝑁𝑖𝑛

The 𝜂EQE depends on the energy of the photons and the optical property of the absorbing material in a
solar cell, and can be related to the 𝐽SC under AM 1.5G solar illuminations at 1 sun intensity as:
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𝐽SC = ∫ 𝜑𝑝 (𝐸)𝜂EQE (𝐸)𝑑𝐸

(1.8)

where 𝜑𝑝 (𝐸) is the photon flux.
For solar cells based on exciton dissociation mechanism at the D-A interface, 𝜂EQE is defined based on
the four mutually dependent processes as:

𝜂EQE = 𝜂abs 𝜂IQE = 𝜂abs 𝜂dif 𝜂dis 𝜂tran 𝜂ext

(1.9)

where 𝜂abs is the photon absorption efficiency, 𝜂dif is the efficiency of exciton diffusion to the D-A
interface, 𝜂dis efficiency of exciton dissociation at the interface and 𝜂tran is the free charge carrier
transport to their respective electrodes and 𝜂ext is the free charge carrier extraction efficiency.

1.6.5.2 Internal Quantum Efficiency
𝑐ℎ
The 𝜂IQE is ratio of the number of charge carriers collected at the electrodes (𝑁𝑜𝑢𝑡
) to the
𝑝ℎ
number of absorbed photons (𝑁𝑎𝑏𝑠
) [82]:

𝜂IQE =

𝑐ℎ
𝑁𝑜𝑢𝑡
)

(1.10).

𝑝ℎ

𝑁𝑎𝑏𝑠

𝑝ℎ
𝑝ℎ
Since 𝑁𝑎𝑏𝑠
can be related to 𝑁𝑖𝑛
through the absorption (𝐴 = 1 − 𝑇 − 𝑅) in the active layer, the 𝜂IQE

can also be expressed as:

𝜂IQE =

𝜂EQE

(1.11)

1−𝑇−𝑅

where 𝑇 and 𝑅 are the transitivity and reflectivity, respectively.
The 𝜂IQE is the product of the charge generation efficiency, free charge carrier transport efficiency and
charge carrier collection efficiency; it is related to the internal electric losses.
For inorganic and organic solar cells, the 𝜂EQE and 𝜂IQE values of 70-80 % and 80-100 % are
not so exceptional. Nevertheless, the total PCE of a solar cell does not only depend on mobility of the
photogenerated electrons, but also on the electrical potential. Hence, in our quest to enhance the PCE of
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thin film organic and perovskite solar cells, optimization and understanding of the photogenerated
voltage is equally vital as optimization of the photon-to-electron conversion efficiency.

1.7 Aim and Organisation of Thesis
1.7.1 Aim
Although thin film organic and perovskite solar cells are regarded as promising technologies
for harvesting of solar energy, they are not yet ready to compete with conventional silicon solar cells in
the photovoltaic market, since organic and perovskite solar cells have low power conversion efficiency
and low stability. For the commercialization of organic and perovskite solar cells researchers have to
meet with two challenges; increase power conversion efficiency and stability.
This thesis is based on theoretical and simulation works and its main aim is to enhance the
performance of bulk heterojunction organic and perovskite solar cells by conducting in-depth device
physics studies which include:
•

Study of the mechanism of exciton diffusion in bulk heterojunction organic solar cells.

•

Study of open circuit voltage in bulk heterojunction organic solar cells.

•

Study of charge carrier transport and recombination in bulk heterojunction organic solar
cells.

•

Study of open circuit voltage on material parameters in perovskite solar cells.

The results of this study are expected to assist the future development of thin film organic and
perovskite solar cells and provide useful guidelines in synthesizing new photovoltaic materials that
will eventually realize enhancement of power conversion efficiency of thin film bulk heterojunction
organic and perovskite solar cells.
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1.7.2 Organisation of Thesis
The structure of this thesis consists of the following chapters with references:
Chapter 1 - Introduction: This chapter gives a comprehensive review of the issues associated with
increased energy consumption, the main indicators of these issues, and the current approaches to
meeting these challenges including the integration of proven renewable energy technologies. Brief
fundamentals of emerging photovoltaic technologies with particular focus on organic and perovskite
solar cell technologies are also discussed.

Chapter 2 - Dependence of exciton diffusion length and diffusion coefficient on photophysical
parameters in bulk heterojunction organic solar cells: This chapter presents a theoretical study of
exciton diffusion lengths and diffusion coefficient in bulk heterojunction organic solar cells. Here, the
Förster resonance energy transfer and Dexter carrier exchange mechanisms coupled with EinsteinSmoluchowski diffusion equation are used to derive new analytical expressions for the diffusion
lengths and diffusion coefficients of singlet and triplet excitons in organic semiconductors. It is shown
in this chapter that the diffusion lengths and diffusion coefficients of singlet and triplet excitons in
organic semiconductors can be enhanced by varying the material parameters such as spectral overlap
integral, photoluminescence quantum yield, dipole moment and refractive index of the photoactive
material that govern exciton transfer. The validity of these expressions is further proven by comparing
the calculated exciton diffusion lengths with existing experimental values and they are in reasonably
good agreement. The content of this chapter is based on the peer-reviewed journal article published by
D. Yeboah and J. Singh, Journal of Electronic Materials 46, 6451 (2017).

Chapter 3 - Study of the contributions of donor and acceptor photoexcitations to open circuit
voltage in bulk heterojunction organic solar cells: A theoretical investigation of the processes of
exciting the donor and acceptor materials separately, and both simultaneously in bulk heterojunction

39

organic solar cells is presented in this chapter. Here, three different theoretical models of open circuit
voltage (𝑉𝑂𝐶 ) with respect to donor excitation and acceptor excitation, and simultaneous excitation of
both are derived and their similarities and differences are discussed in detail for some selected donoracceptor blends. It is shown in this chapter that the first expression, which is a result of photoexcitation
of the donor, mainly depends on the energetic difference between the hole quasi-Fermi level (𝐸𝐹ℎ ) and
D
the HOMO of the donor material (𝐸𝐹ℎ − 𝐸HOMO
) and the electron concentration (𝑛). The second

expression, which is as a result of photoexcitation of the acceptor, depends primarily on the energetic
difference between the LUMO and the electron quasi-Fermi level (𝐸𝐹𝑒 ) of the acceptor material
A
𝐸LUMO
− 𝐸𝐹𝑒 and the hole concentration (𝑝). Thus, the two open circuit voltages calculated in each

selected D-A blend are presented here and their influences on the performance of BHJ OSCs are
discussed. Also, the simultaneous excitation of both the donor and acceptor materials is considered and
the corresponding 𝑉𝑂𝐶 expression, which is different from the above two, is derived. It is found in this
chapter that all three 𝑉𝑂𝐶 s thus derived give similar results and agree reasonably well with the
measured values. Also, all three 𝑉𝑂𝐶 s scale linearly with the concentration of the photoexcited charge
carriers and hence incident light intensity, which agrees with experimental results. The content of this
chapter is based on the peer-reviewed journal article published by D. Yeboah and J. Singh, Electronics
6, 75 (2017).

Chapter 4 - Influence of charge carrier extraction parameters on the performance of bulk
heterojunction organic solar cells: This chapter primarily focuses on the fill factor (𝐹𝐹) of bulk
heterojunction organic solar cells, which is one of the important parameters for determining the
performance of solar cells and it has attracted less research attention. Here, the influence of extraction
parameters is first discussed in detail, by deriving an expression for the extraction coefficient 𝛽 of free
charge carriers in bulk heterojunction organic solar cells as a function of multiple material parameters,
such as the effective carrier mobility, effective carrier concentration, active layer thickness, dielectric
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constant and built-in voltage. Further, a relation between the extraction coefficient 𝛽 and fill factor 𝐹𝐹
is derived. It is shown in this chapter that 𝐹𝐹 increases when 𝛽 increases, which occurs as a result of
increase in extraction parameters such as effective mobility and dielectric constant, and decrease in
light intensity and the active layer thickness. The results in this chapter are found to agree well with
existing experimental observations. This content of this chapter is based on a peer-reviewed journal
article published by D. Yeboah and J. Singh, Journal of Materials Science: Materials in Electronics
(2018), DOI:10.1007/s10854-018-9460-y.

Chapter 5 - Study of the dependence of open circuit voltage on material parameters in
CH3NH3PBI3 perovskite solar cells: In this chapter, the influence of multiple material parameters on
open circuit voltage in perovskite solar cells is investigated in detail. Here, two analytical expressions
for 𝑉𝑂𝐶 in perovskite solar cells as a function of these material parameters, such as electron (hole)
mobility 𝜇𝑒 (𝜇ℎ ), charge carrier concentration (𝑛), effective density of states of holes at the at the
valence band edge (𝑁𝑉 ), photogeneration rate (𝐺), active layer thickness (𝑑) and electron drift
velocity (𝑣𝑒 ) are derived. In this chapter, it is found that using perovskite materials with low 𝑁𝑉 ,
higher electron-hole mobility ratio (𝜇𝑒 ⁄𝜇ℎ ), and larger active layer thickness 𝑑 at high light intensity
𝐼 can perovskite solar cells can realize a higher 𝑉𝑂𝐶 and hence higher PCE. The results in this chapter
are found to be comparable with experimental results. This chapter is based on a peer-reviewed journal
article published by D. Yeboah and J. Singh, International Journal of Materials and Nanotechnology 1,
43 (2018).

Chapter 6: Finally, a summary of the work conducted from Chapters 2 to 5 and the conclusions
drawn are presented in this chapter.
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Abstract
Recently, the dependence of exciton diffusion length on some photophysical parameters of
organic solids has been experimentally demonstrated, however no systematic theoretical analysis has
been carried out in this direction. We have carried out a theoretical study by using the Förster
resonance energy transfer and Dexter carrier transfer mechanisms together with the EinsteinSmoluchowski diffusion equation to derive analytical models for the diffusion lengths (𝐿𝐷 ) and
diffusion coefficients (𝐷) of singlet (𝑆) and triplet (𝑇) excitons in organic solids as functions of
spectral overlap integral (𝐽), photoluminescence (PL) quantum yield (𝜙𝐷 ), dipole moment (𝜇 𝑇 ) and
refractive index (𝑛) of the photoactive material. The exciton diffusion lengths and diffusion
coefficients in some selected organic solids were calculated, and we found that the singlet exciton
diffusion length (𝐿𝑆𝐷 ) increases with 𝜙𝐷 and 𝐽, and decreases with 𝑛. Also, the triplet exciton
diffusion length (𝐿𝑇𝐷 ) increases with 𝜙𝐷 and decreases with 𝜇 𝑇 . These may be achieved through
doping the organic solids into broad optical energy gap host materials as observed in previous
experiments. The calculated exciton diffusion lengths are compared with experimental values and a
reasonably good agreement is found between them. The results presented are expected to provide
insight in synthesizing new organic solids for fabricating bulk heterojunction (BHJ) organic solar cells
(OSCs) yielding better power conversion efficiency (PCE).
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2.1 Introduction
In the past few decades, organic solar cells (OSCs) have attracted remarkable interest owing to
their promising features such as lightweight, large area production, easy fabrication, mechanical
flexibility and cost-effective alternatives to commercial-scale electricity generation plants like fossil
fuel powered generators, and nuclear power plants [1,2]. Many researchers and engineers believe that
the power conversion efficiency (PCE) of OSCs should reach 10-15 % before they can be
commercialized [1-3]. One of the most efficient OSCs at present is the bulk heterojunction (BHJ)
OSC, which consists of a blend of organic donor material and fullerene acceptor as the active layer
sandwiched between two electrodes. Although the efficiency of BHJ OSCs has reached more than 10
% [2], one still needs to understand the energy loss mechanisms in the operation of OSCs, which are
known to reduce their efficiencies [1,2].
In BHJ OSCs, Frenkel excitons can arrive at the interface by diffusion if the exciton diffusion
length (𝐿𝐷 ) is larger than the distance to the donor and acceptor interface. At the interface an exciton
created by a donor molecule can transfer its electron to the acceptor molecule, which has a lowest
unoccupied molecular orbital (LUMO) with a lower energy and an exciton excited in the acceptor can
transfer its hole to the donor’s highest occupied molecular orbital (HOMO) being at a lower energy.
Such excitons with electron in the acceptor (A) and hole in the donor (D) are called charge transfer
(CT) excitons. These CT excitons need to be dissociated into free electron (e) and hole (h) which can
be collected at the opposite electrodes to generate photocurrent. In order to achieve efficient
dissociation of excitons excited in the donor, the energy difference between the LUMO of the donor
D
A
material (𝐸LUMO
) and LUMO of acceptor material (𝐸LUMO
), called LUMO energy offset (∆𝐸LUMO ),

must be larger than or equal to the exciton binding energy (𝐸𝐵 ), that is ∆𝐸LUMO ≥ 𝐸𝐵 . Likewise, for
efficient dissociation of excitons excited in the acceptor, the HOMO energy offset, ∆𝐸LUMO =
D
A
𝐸HOMO
− 𝐸HOMO
should be greater or equal to 𝐸𝐵 . Typically, the exciton diffusion length in organic

semiconductors is only a few tens of nanometers [4]. Excitons formed at a distance from the interface
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longer than the diffusion length will recombine before reaching the interface, resulting in no CT
excitons and hence no exciton dissociation. Therefore, the blend of heterojunction should be such that
the interface between the donor and acceptor is within the exciton diffusion length.
In BHJ OSCs, it is always advantageous to choose organic materials which have longer 𝐿𝐷 , and
therefore one needs to know how 𝐿𝐷 depends on material parameters. Until now, the most explored
approach to optimize 𝐿𝐷 is to decrease the donor-acceptor separation distance [5-10]. Several
theoretical and simulation works have also been performed over the past few years [11,15-19].
Recently, Stehr et al. [11] proposed a theoretical model to calculate the singlet exciton diffusion length
based on Marcus theory that employs a quantum chemical method. According to this model, the
singlet exciton diffusion lengths, 𝐿𝑆𝐷 =18 nm in naphthalene and 𝐿𝑆𝐷 =12 nm in anthracene are far lower
than their corresponding measured values 𝐿𝑆𝐷 =48 nm [12] and 60±10 nm [13], respectively, but in
diindenoperylene (DIP) the singlet exciton diffusion length was found to be 103 nm, which agrees
better with the corresponding experimental value 𝐿𝑆𝐷 >100 nm [14]. It could be deduced from their
results that the Marcus theory exhibits better performance for exciton diffusion in DIP but
underestimates the 𝐿𝑆𝐷 values of naphthalene crystal. Tamura and Matsuo [15] have recently calculated
the singlet exciton diffusion length in tetrabenzoporphyrin (BP) by applying Fermi’s golden rule and
the density functional theory (DFT), and found that the 𝐿𝑆𝐷 in the BP single crystals was a few hundred
nanometers (nm), which is typically larger than the reported measured values for comparable
molecular condensates [16,17]. Yost and co-workers have [18] calculated the exciton diffusion lengths
of singlet and triplet excitons by using purely ab- initio approaches. Using tetracene as an example,
they have examined the fundamental limits of increasing exciton diffusion length and concluded that
the only material parameter that could be varied to optimize the singlet exciton diffusion length was
the dipole moment. In addition, in their approach regarding triplet excitons, the diffusion coefficient
and exciton lifetime could be manipulated independently; hence there was no fundamental limit in
increasing the triplet diffusion length. In another study by Terao et al. [19], a virtually linear
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relationship between the short circuit current (𝐽𝑆𝐶 ) of a bilayer OSC and the singlet exciton diffusion
length 𝐿𝑆𝐷 has been presented. They have

calculated the diffusion length in several metal

phthalocyanines by generating a line of best fit using the action spectra of the external quantum
efficiency in solar cells and deduced that the 𝐽𝑆𝐶 was correlated with the 𝐿𝑆𝐷 in the metal
phthalocyanines. Another development in modeling the exciton diffusion was carried out by Movaghar
et al. [20], where Monte Carlo simulation and numerical analytic theory were employed to describe the
diffusion and energy relaxation of singlet excitons by Förster resonance energy transfer (FRET).
Another studies [7,21] reported a Monte Carlo simulation of exciton diffusion using random walks
based on Förster model for a bilayer OSC by taking into account a constant exciton lifetime.
In all the above theoretical models proposed to study the exciton diffusion dynamics in organic
semiconductors, no systematic theoretical analysis has been carried out to elucidate the factors which
directly influence the exciton diffusion length 𝐿𝐷 , especially for triplet excitons. However, recently,
the dependence of 𝐿𝐷 on some photophysical parameters of boron subphthalocyanine chloride (SubPc)
[22], and triphenylamine (TPA) [23] has been experimentally demonstrated. This paper presents a
comprehensive theoretical study of the dependence of 𝐿𝐷 in some selected organic solids as a function
of the material parameters that govern exciton transfer and how to optimize 𝐿𝐷 . Applying the Fӧrster
resonance energy transfer (FRET) and Dexter carrier transfer processes for singlet and triplet excitons,
we have derived analytical expressions for the 𝐿𝐷 and exciton diffusion coefficients (𝐷) as functions
of photophysical parameters such as the photoluminescence (PL) quantum yield (𝜙𝐷 ), the spectral
overlap integral (𝐽), the refractive index (𝑛), the dipole orientation factor (𝜅 2 ) and the dipole
moment (𝜇 𝑇 ). The calculated diffusion lengths in different organic materials are compared with
experimental values [14,16,22,24,27-30], and found to be in reasonable agreement. It is expected that
this work will add fabrication guidance in selecting the donor acceptor materials for optimal BHJ
OSCs.
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This chapter is structured as follows: the processes involved in the operation of BHJ OSCs are
briefly introduced in section 2.1. In section 2.2, the theory of both singlet and triplet exciton diffusion
to the interface is presented. In section 2.3, the calculated results for the diffusion lengths and diffusion
coefficients for some selected organic materials are presented, and these results are discussed in
section 2.4. Finally, the conclusions drawn are presented in section 2.5.

2.2 Mechanism of Exciton Diffusion
Although several techniques such as spectrally-resolved PL quenching [16,30,34,35], PL
surface quenching [17,19,31-33], exciton-exciton annihilation [36-39], bulk quenching with Monte
Carlo modelling [40,41] etc., have been employed to measure 𝐿𝐷 in organic semiconductors, the
results obtained vary from one and another. As a result, there is a growing interest in the basic
understanding and accurate determination of the diffusion length and diffusion coefficient in organic
semiconductors. Two general radiationless transfer mechanisms by which excitons can diffuse in
organic semiconductors are Förster resonance energy transfer (FRET) and Dexter carrier transfer
mechanisms. These mechanisms describe the exciton transfer with respect to the separation distance
between the donor and acceptor molecules [42] as shown below.
Förster resonance energy transfer is a singlet-singlet resonance energy transfer, and is suitable
for a long-range transfer. In this mechanism, an excited electron in an exciton on a molecule
recombines with the hole, rendering the exciton de-excited and its energy is transferred to excite an
exciton on a different identical molecule. It is an energy transfer process that takes place between
molecules of identical singlet excited states due to dipole-dipole interaction. The rate of transfer (𝑘𝐹 )
of FRET is given by [16,42-45]:

𝑘𝐹 =

1
𝑆
𝜏𝐻

=

1
𝜏𝑆

𝑅

6

(𝑅 𝐹 ) ,

(2.1)

𝐷𝐴
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where 𝑅𝐷𝐴 is the donor-acceptor (D-A) separation distance, 𝜏𝑆 (𝜏𝐻𝑆 ) is the lifetime (hopping time) of
singlet excitons, and 𝑅𝐹 is the Förster radius, given by [43,44]:

𝑅𝐹 =

78×10−3 𝜅2 Ø𝐷

(

𝜋

𝑛4

1⁄6

𝐽)

,

(2.2)

where 𝐽 is the spectral overlap integral, 0 ≤ 𝜅 2 ≤ 4 is the dipole orientation factor, 𝑛 is the
refractive index of the material and 𝜙𝐷 is the PL quantum yield, given by [44,46]:
𝑘rad

𝜙𝐷 = (𝑘

rad +𝑘nonrad )

,

(2.3)

where 𝑘rad (𝑘nonrad ) is the radiative (non-radiative) decay rate. It may be noted that the rate in Eq.
−6
(2.1) depends on the separation distance as 𝑅𝐷𝐴
.

Substituting Eq. (2.2) into Eq. (2.1), 𝑘𝐹 is obtained as:

𝑘𝐹 =

1
𝑆
𝜏𝐻

=

1
𝜏𝑆

78×10−3

(

𝜋

6

𝜅2 𝜙𝐷 𝐽

) (

𝑛4

1

) 𝑅6 .

(2.4)

𝐷𝐴

The Dexter carrier transfer mechanism is a close-range transfer process, which involves the
transfer of excited electron and hole in an exciton on a molecule to a neighbouring molecule in the
ground state. This mostly occurs when the donor and acceptor separation distance is around 1nm, so
there is an overlap of the electronic wavefunctions. This mechanism can be applied to both singlet and
triplet excitons but in our calculations we have applied it only to triplet excitons. The triplet exciton
transfer rate (𝑘𝐷 ) as a function of 𝑅𝐷𝐴 is given by [42,45-47]:

𝑘𝐷 =

1
𝑇
𝜏𝐻

=

1
𝜏𝑇

exp [

2𝑅𝐷
𝑑

(1 −

𝑅𝐷𝐴
𝑅𝐷

)],

(2.5)

where 𝜏 𝑇 (𝜏𝐻𝑇 ) is the lifetime (hopping time) of triplet excitons, 𝑅𝐷 is the Dexter radius, and 𝑑is the
average length of a molecular orbital. Unlike the inverse sixth-power 𝑅𝐷𝐴 dependence in FRET [Eq.
(2.4)], the rate of exciton transfer [Eq. (2.5)] in Dexter’s approach decays exponentially with the D-A
separation distance [45].
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The exciton diffusion coefficient for both singlet (𝑆) and triplet (𝑇) excitons based on
Smoluchowski-Einstein mechanism of random walks can be expressed as [48]:

𝐷𝑗 =

𝑗

2
𝑅𝐷𝐴

(𝐿𝐷 )

=

𝑗

6𝜏𝐻

2

𝜏𝑗

,

(2.6)

where j=S or T for singlet or triplet exciton.
1

Using 𝑘𝐹 = 𝜏𝑆 in Eq. (2.6), a relation between Förster transfer rate and the singlet exciton diffusion
𝐻

length 𝐿𝑆𝐷 is obtained as:
2

𝑘𝐹 =

6(𝐿𝑆𝐷 )

2
𝜏𝑆 𝑅𝐷𝐴

.

(2.7)

Using Eqs. (2.4) and (2.7) gives an approximate singlet exciton diffusion length as:

𝐿𝑆𝐷 =

48×10−6
2
√6𝜋𝑅𝐷𝐴

√

𝜅2 𝜙𝐷 𝐽
𝑛4

,

(2.8)

and the corresponding diffusion coefficient is obtained as:
2

𝐷𝑆 =

(𝐿𝑆𝐷 )
𝜏𝑆

.

(2.9)

Substituting Eq. (2.8) into Eq. (2.9) gives:

𝐷𝑆 =

3×10−10
4
√6𝜋𝜏𝑆 𝑅𝐷𝐴

(

𝜅2 𝜙𝐷 𝐽
𝑛4

).

(2.10)

According to Eq. (2.8), the singlet exciton diffusion length 𝐿𝑆𝐷 depends on the D-A separation distance

𝑅𝐷𝐴 , the dipole orientation factor 𝜅 2 , the quantum yield 𝜙𝐷 , Förster’s spectral overlap integral 𝐽 and
the index of refraction 𝑛.
𝑇
For Dexter’s mechanism, one can obtain the radiative decay rate (𝑘rad
) of the triplet from the

Einstein A-coefficient of spontaneous emission as [49,50]:
𝑇
𝑘rad
=

3 2
𝜔𝑇
𝜇𝑇

3𝜋𝜀0 ℏ𝑐 3

,

(2.11)

𝑇
𝑇
and the inverse of 𝑘rad
gives the radiative lifetime (𝜏rad
) of the triplet as:
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𝑇
𝜏rad
=

1

=

𝑇
𝑘rad

3𝜋𝜀0 ℏ4 𝑐 3
2
𝐸𝑇3 𝜇𝑇

.

(2.12)

𝑇
The triplet exciton lifetime 𝜏 𝑇 is thus obtained from 𝜏rad
as [45,51]:

𝑇
𝜏 𝑇 = 𝜏rad
𝜙𝐷 =

3ℏ4 𝑐 3
2
4𝑘𝑒 𝐸𝑇3 𝜇𝑇

𝜙𝐷 ,

(2.13)

where 𝜇 𝑇 is the dipole moment for triplet exciton, 𝑐 is the speed of light, 𝜀0 is the permittivity of free
space, 𝑘𝑒 = (4𝜋𝜀0 )−1 = 8.987 × 109 and 𝐸𝑇 = ℏ𝜔 𝑇 is the triplet exciton energy: ℏ is the reduced
Planck’s constant and 𝜔 𝑇 is the oscillation frequency. According to Eq. (2.13), the triplet lifetime
given depends inversely on the square of the corresponding dipole moment.
1

Using 𝑘𝐷 = 𝜏𝑇 in Eq. (2.6) and substituting Eq. (2.13) into Eq. (2.6) gives:
𝐻

2
𝑘𝐷 𝑅𝐷𝐴

6

2

2 𝑇
4𝑘𝑒 𝐸𝑇3 𝜇𝑇
(𝐿𝐷 )

=

3ℏ4 𝑐 3 𝜙𝐷

.

(2.14)

Using Eqs. (2.5) and (2.14), we obtain an approximate triplet exciton diffusion length as:

𝐿𝑇𝐷 =

ℏ2
2𝜇𝑇

√

𝑐 3 𝑘𝐷 𝜙𝐷
2𝑘𝑒 𝐸𝑇3

𝑑

[𝑅𝐷 − ln(𝜏𝑇 𝑘𝐷 )],

(2.15)

2

and the corresponding diffusion coefficient as:

𝐷𝑇 =

1
2𝜏
8𝜇𝑇
𝑇

ℏ4 𝑐 3 𝑘𝐷 𝜙𝐷

(

𝑘𝑒 𝐸𝑇3

𝑑

2

) [𝑅𝐷 − 2 ln(𝜏 𝑇 𝑘𝐷 )] .

(2.16)

We have thus derived the diffusion lengths and diffusion coefficients for singlet [Eqs. (2.8) and
(2.10)] and triplet [Eqs. (2.15) and (2.16)] excitons as functions of the material parameters 𝜅 2 , 𝐽, 𝑛,

𝑅𝐷𝐴 , 𝜙𝐷 , 𝜏 𝑇 and 𝜇 𝑇 . It may be noted that the singlet diffusion length in Eq. (2.8) does not depend on
the singlet exciton lifetime 𝜏𝑆 , and the triplet diffusion length in Eq. (2.15) does not depend on 𝑅𝐷𝐴
and the refractive index 𝑛 of the material.
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2.3 Results
Table 2.1 presents different donor materials with their corresponding input parameters required
for calculating the diffusion length 𝐿𝑆𝐷 and diffusion coefficient 𝐷𝑆 of singlet excitons. Using Eqs. (2.8)
and (2.10), and the parameters listed in Table 2.1, we have calculated 𝐿𝑆𝐷 and 𝐷𝑆 ; these are listed in
Table 2.2. The D-A separation distance 𝑅𝐷𝐴 = 0.45 nm, is used in the calculation for all the materials.

Table 2.1 Input parameters required for calculating 𝐿𝑆𝐷 [Eq. (2.8)] and 𝐷𝑆 [Eq. (2.10)] for singlet
excitons in NPD, CBP, SubPc, PTCDA, DIP, CBP:10% PtOEP, and Nile Red/PCBM.
Organic material

𝜙𝐷

𝑛

𝜅2

NPD

0.29b

2.00c

CBP

0.61b

SubPc

0.69c

𝜏𝑆
(ns)
3.5b

𝑅𝐹
(nm)
1.9c

𝐽 calc.a ×1014
(M-1cm-1nm4)
0.16

1.90c

0.69c

0.7b

2.2c

0.15

0.02c

3.10c

0.69c

≤ 1c

1.5c

3.30

PTCDA

0.09d

2.30c

0.92c

3.2c

1.4c

0.11

DIP - (upright)

0.02c

1.70c

1.55c

1.8c

2.0c

0.74

DIP - (flat)

0.02c

1.60c

0.65c

1.8c

1.7c

0.52

CBP:10% PtOEP

0.37e

1.79c

0.69f

30×103e

3.2f

1.90

Nile Red/PCBM

0.51g

1.58g

0.67g

-

2.7g

0.30

PtOEP

0.001e

1.80c

1.00c

800c

0.7c

0.053

a

From Eq. (2.2); b[52]; c[16]; d[53]; e[51]; f[29]; g[57].
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Table 2.2 Calculated diffusion length (𝐿𝑆𝐷 calc.) from Eq. (2.8), diffusion coefficient (𝐷𝑆 calc.) from
Eq. (2.10) and measured diffusion length (𝐿𝑆𝐷 meas.) of singlet excitons in NPD, CBP, SubPc, PTCDA,
DIP, CBP:10% PtOEP, and Nile Red/PCBM using input parameters in Table 2.1.
𝐿𝑆𝐷 calc.
(nm)
13.8

𝐿𝑆𝐷 meas.
(nm)
5.1

Ref.

NPD

𝐷𝑆 calc.
(nm2s-1)
54.4

CBP

654.2

21.4

16.8

[16]

SubPc

46.2

6.8

7.7-16

[16,22,29,30]

PTCDA

9.5

5.6

7-25; and 86-225

[16,27,28,30]

DIP – (upright)

144

16.1

16-100

[14,16,24]

DIP – (flat)

54.5

9.9

21.8

[16]

CBP:10% PtOEP

0.15

66.9

5.3

[29]

Nile Red/PCBM

-

39.2

-

-

PtOEP

0.00059

0.69

13.1/18

[16]

Organic material

[16]

According to Table 2.2, the calculated values of 𝐿𝑆𝐷 for all the chosen materials, with the
exception of neat layer of PtOEP range from 5.6 to 66.9 nm, and are found to be in reasonable
agreement with the available experimental values, which range from 5.1 to 225 nm [14,16,22,24,2730] . Although the application of FRET for Nile Red/PCBM has been discussed earlier [57], the
diffusion coefficient 𝐷𝑆 for this material has not been calculated because the singlet exciton lifetime
𝜏𝑆 is not known. It may be noted that although PTCDA has a longer singlet exciton lifetime, the
calculated 𝐿𝑆𝐷 =5.6 nm is smaller than those in all the materials with the exception of PtOEP (see Table
2.2). This is because 𝐿𝑆𝐷 depends directly on 𝜙𝐷 and 𝐽, and inversely on 𝑛 [Eq. (2.8)], and PTCDA
has relatively lower 𝜙𝐷 , the lowest 𝐽 and a higher 𝑛 (Table 2.1). According to Eq. (2.8), (i) the
dependence of singlet diffusion length 𝐿𝑆𝐷 on spectral overlap integral 𝐽 and PL quantum yield 𝜙𝐷 is
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parabolic, and is therefore expected to be similar, as it can be seen from Figures 2.1 and 2.2 and (ii) 𝐿𝑆𝐷
increases as the refractive index 𝑛 decreases (not shown here).
Using Eq. (2.8), the diffusion length of singlet excitons 𝐿𝑆𝐷 is plotted as a function of the
spectral overlap integral 𝐽 in Figure 2.1 for all the materials listed in Table 2.1, excluding SubPc and
pure PtOEP. This is because SubPc has the lowest value at all 𝐽, and PtOEP has similar behaviour as
CBP:10% PtOEP. As seen in Figure 2.1, Nile Red/PCBM has the highest 𝐿𝑆𝐷 followed by CBP and
CBP:10% PtOEP at all values of 𝐽.

Figure 2.1 Singlet exciton diffusion length 𝐿𝑆𝐷 in various organic materials plotted as a function of
spectral overlap integral 𝐽.
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Using Eq. (2.8), the 𝐿𝑆𝐷 is also plotted as a function of the PL quantum yield 𝜙𝐷 in Figure 2.2
for all the materials listed in Table 2.1, excluding PTCDA and PtOEP. This is because PTCDA has the
lowest value at all values of 𝜙𝐷 , and PtOEP has similar behaviour as CBP:10% PtOEP. Figure 2.2
shows that for 𝜙𝐷 =1, DIP (upright) has the highest 𝐿𝑆𝐷 followed by CBP:10% PtOEP.

Figure 2.2 Singlet exciton diffusion length 𝐿𝑆𝐷 in various organic materials plotted as a function of PL
quantum yield 𝜙𝐷 .

Table 2.3 presents different donor materials with their corresponding input parameters required
for calculating the diffusion length 𝐿𝑇𝐷 and diffusion coefficient 𝐷𝑇 of triplet excitons. Using Eqs.
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(2.15) and (2.16), and parameters listed in Table 3.2, we have calculated 𝐿𝑇𝐷 and 𝐷𝑇 ; these are listed in
Table 4.2.
Table 2.3 Input parameters required for calculating 𝐿𝑇𝐷 [Eq. (2.15)] and 𝐷𝑇 [Eq. (2.16)] for triplet
excitons in Ir(ppy)3 and PtOEP.
Organic material

𝜙𝐷

𝜏𝑇
(ns)

𝐸𝑇
(eV)

𝑅𝐷
(nm)

𝜇 𝑇 ×10-21
(eV1/2m3/2)

𝑘𝐷 cal.b ×1010
(s-1)

Ir(pp)3:PMMA

0.86

1330c

2.4d

1.05c

4.4

4.11

PtOEP

0.001e,f

800g

1.91h

0.70g

0.28

0.0118

a

From Eq. (2.13); bFrom Eq. (2.5); c[42]; d[55]; e[51]; f[26]; g[16]; h[54].

Table 2.4 Calculated diffusion length (𝐿𝑇𝐷 calc.) from Eq. (2.15), diffusion coefficient (𝐷𝑇 calc.) from
Eq. (2.16) and measured diffusion length (𝐿𝑇𝐷 meas.) of triplet excitons in Ir(ppy)3:PMMA and PtOEP
using input parameters in Table 2.3.
𝐿𝑇𝐷 calc.
(nm)
42.5

𝐿𝑇𝐷 meas.
(nm)
-

Ref.

Ir(ppy)3:PMMA

DT calc.
(nm2s-1)
1.36

PtOEP

0.0038

1.75

13-30

[16,25,26]

Organic material

-

The D-A separation distance 𝑅𝐷𝐴 =0.45 nm, is used in the calculation for all the materials.
Following [42], the average length of a molecular orbital 𝑑=0.11 nm found in Ir(ppy)3:PMMA is
assumed in our simulation for all triplet materials.
We find the calculated 𝐿𝑇𝐷 = 42.5 nm for Ir(ppy)3:PMMA, which is comparable to the diffusion
lengths in several organic materials, such as PtOEP (𝐿𝑇𝐷 =30 nm) [25, 26], [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) (𝐿𝑇𝐷 =21 nm) [25], polyfluorene (F8-F6) (𝐿𝑇𝐷 =50nm) [59], poly(9,9′-di-noctylfluorene-ran-N,N′-bis(4-n-butylphenyl)-N,N′-diphenyl-1,4-benzenediamine) (F8-PDA) (𝐿𝑇𝐷 =41
nm) [58], polycations bearing tris(2,2′-bipyridine)ruthenium(II) (Ru) moieties (P(CM-Rux)) (𝐿𝑇𝐷 =36
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nm) [59] and palladium tetrakis(4-carboxyphenyl)porphyrin (PdTPPc) (𝐿𝑇𝐷 =30 nm) [60]. There are no
measured values of 𝐿𝑇𝐷 for Ir(ppy)3:PMMA reported in the literature, however the application of closerange Dexter carrier transfer mechanism for this material has been discussed [42]. According to Table
2.4, the calculated values of 𝐿𝑇𝐷 = 1.75 nm [Eq. (2.15)] and 𝐷𝑇 = 0.0038 nm2s-1 [Eq. (2.16)] in PtOEP
are much shorter than the corresponding measured values given in Table 2.4; this may be attributed to
the much lower value of 𝜙𝐷 =0.001(Table 2.3), used in the calculations. However, 𝐿𝑇𝐷 =1.75 nm agrees
very well with a related triplet material (Ir(ppy)3-cored dendrimers) with 𝐿𝑇𝐷 =2 nm [61]. The smaller
𝐿𝑇𝐷 in neat layer PtOEP implies that the diffusion length of triplets may be comparable to that of
singlets in fluorescent materials.
Using Eq. (2.15), the diffusion length of triplet excitons 𝐿𝑇𝐷 is plotted as a function of the dipole
moment 𝜇 𝑇 in Figure 2.3 for Ir(ppy)3:PMMA and PtOEP. Figure 2.3 illustrates that the triplet diffusion
length increases as the dipole moment decreases, as it is obvious from Eq. (2.15) and here again the
diffusion length in Ir(ppy)3:PMMA is much higher than that in pure PtOEP at all 𝜇 𝑇 .
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Figure 2.3 Triplet exciton diffusion length 𝐿𝑇𝐷 in Ir(ppy)3:PMMA and PtOEP plotted as a function of
dipole moment 𝜇 𝑇 .

Using Eq. (2.15), the 𝐿𝑇𝐷 is plotted as a function of the PL quantum yield 𝜙𝐷 in Figure 2.4 for
Ir(ppy)3: PMMA and PtOEP, which illustrates that the diffusion length increases with the PL quantum
yield 𝜙𝐷 .
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Figure 2.4 Triplet exciton diffusion length 𝐿𝑇𝐷 in Ir(ppy)3:PMMA and PtOEP plotted as a function of
PL quantum yield 𝜙𝐷 .

According to these results shown in Figures 2.1-2.4, it may be deduced that if one can vary the
photophysical parameters such as spectral overlap integral, PL quantum yield, refractive index and
dipole moment of the organic active layer by incorporating other host materials [22,23,51,62], one can
increase the singlet and triplet exciton diffusion lengths. Therefore, present results may be expected to
be very useful in manipulating these parameters with a view to improve the performance of BHJ
OSCs.
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2.4 Discussions
A comprehensive study of diffusion lengths, diffusion coefficients, lifetimes of excitons in
organic solids has been carried out. The above results suggest the following: 1) the singlet exciton
diffusion length 𝐿𝑆𝐷 can be increased by; (i) increasing the PL quantum yield (𝜙𝐷 ); (ii) increasing the
spectral overlap integral (𝐽) and (iii) decreasing the refractive index (𝑛) of the material, and 2) the
triplet exciton diffusion length 𝐿𝑇𝐷 can be enhanced by increasing the PL quantum yield (𝜙𝐷 ) and
reducing the dipole moment 𝜇 𝑇 . These may be achieved through doping the organic solids into broadoptical-energy-gap host materials like CBP, tris(8-hydroxyquinoline)-aluminium (III) (Alq3), pbis(triphenylsilyl)benzene (UGH2) , m-bis(triphenylsilyl)benzene (UGH3), 9,9’-spirobisilaanthracene
(UGH4),

N,N’-diphenyl-N,N’-bis(3-methylphenyl)-1,1-biphenyl-4,4’-diamine

(TPD)

and

2,9-

dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) [22,23,51,62]. This is in direct contrast with
previous studies [5-10], where the 𝐿𝐷 was found to decrease with increasing dopant concentrations due
to an increase in D-A separation distance 𝑅𝐷𝐴 . In addition, the calculated 𝐿𝐷 values for the various
organic materials in Tables (2.2) and (2.4) are found to be comparable with the diffusion lengths in
several organic solids (small molecular donor, polymer donor materials, and acceptor materials) [6478].
A commonly used hole transporting material-NPD in organic light emitting diodes (OLEDs),
has been used as a donor material in OSCs [16,63]. According to Table 2.2, we obtain 𝐿𝑆𝐷 =13.8 nm in
NPD, which is comparable to the diffusion length in organic solids, such as poly[3,4-dihexyl
thiophene-2,2′:5,6′-benzo[1,2-b:4,5-b′]dithiophene]

(PDHBDT)

(𝐿𝑆𝐷 =13

nm)

[64],

poly(9,9-

dioctylfluorene-2,7-diyl-co-benzothiadiazole) (PFBT) (𝐿𝑆𝐷 =12 nm) [65] and ladder-type poly(pphenylene) (LPPP) (𝐿𝑆𝐷 =14) [66]. Similarly, the calculated 𝐿𝑆𝐷 =5.6 nm in PTCDA and 6.8 nm in SubPc
are comparable to the measured values in PTCDA (𝐿𝑆𝐷 =7 nm) [30], SubPc (𝐿𝑆𝐷 =7.7 nm) [20] and
dicyanovinyl-terthiophene (DCV3T) (𝐿𝑆𝐷 =5.6 nm) [67]. Small diffusion lengths have also been
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measured for polymer donor materials such as polyphenylene-vinylene (PPV) (𝐿𝑆𝐷 =7nm) [68], poly (3(4′-(1′′,4′′,7′′-trioxaoctyl)phenyl)thiophene) (POEPT) (𝐿𝑆𝐷 =5.0 nm) [69], and poly(3-hexylthiophene)
(P3HT) (𝐿𝑆𝐷 = 4.8 nm [70]; ~5.3 nm [70] and ~4 nm [71]).
For DIP-(flat), we obtain 𝐿𝑆𝐷 =9.9 nm, which is comparable to the diffusion length in materials
like blue-emitting 4,4′4,4′-bis(2,2′2,2′-diphenylvinyl)-1,1′1,1′-biphenyl (DPVBi) (𝐿𝑆𝐷 =8.7 nm) [72],
poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT) (𝐿𝑆𝐷 =10) [73], P3HT (𝐿𝑆𝐷 = 9
nm) [70], copper phthalocyanine-CuPc (𝐿𝑆𝐷 =10 nm) [74], and Ni-phthalocyanine (NiPc) (𝐿𝑆𝐷 =9.1 nm)
[19]. Also we obtain 𝐿𝑆𝐷 =16.1 nm in DIP-(upright), which is comparable to its experimental value
(𝐿𝑆𝐷 =16 nm) [16], and the 𝐿𝑆𝐷 =15 nm in tetrabenzoporphyrin (BP) [75]. These values are in contrast
with the measured values reported by Topczak et al. (𝐿𝑆𝐷 =60 nm) [24], and Kurrle and Pflaum ( LSD
=80-100 nm) [14]. The difference in calculated 𝐿𝑆𝐷 between DIP-(flat) and DIP-(upright) is mainly
attributed to the difference in their dipole orientation factors (𝜅 2 ) (see Table 2.1).
Although, the measured singlet exciton diffusion length for Nile Red/PCBM is not known, its
calculated value (𝐿𝑆𝐷 =39.2 nm) in Table 2.2 is comparable to the singlet exciton diffusion length in
some organic materials such as buckminsterfullerene-C60 (𝐿𝑆𝐷 =40 nm) [74] and zinc phthalocyanineZnPc (𝐿𝑆𝐷 =30 nm) [76].
For neat layer PtOEP, we obtain 𝐿𝑆𝐷 =0.69 nm, which is considerably smaller than its measured
value [16]; this may be due to the substantially lower PL quantum yield 𝜙𝐷 and spectral overlap
integral 𝐽 used in the calculation, and it is clearly the shortest diffusion length in the organic materials
studied herein.

However,

𝐿𝑆𝐷 =0.69 nm

agrees

reasonably with

𝐿𝑆𝐷 =0.7 nm

in

meso-

tetraphenylporphyrin (TPP) [78], 𝐿𝑆𝐷 =1 nm in triphenylamine-cored compounds (TPA-cored materials)
[23], 𝐿𝑆𝐷 =1 nm in Fe-phthalocyanine (FePc) [19], 𝐿𝑆𝐷 =1.4 nm in co-phthalocyanine (CoPc) [19], and
𝐿𝑆𝐷 =2 nm in copper tetrabenzoporphyrin (CuBP) [75].
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In view of the various experimental results presented herein, it is obvious that different
experimental techniques reveal somewhat different diffusion lengths. For example, the technique used
to measure the diffusion lengths in DIP-(upright) by Topczak et al. (𝐿𝑆𝐷 =60 nm) [24] and Kurrle and
Pflaum ( LSD =80-100 nm) [14] is known to give overestimated values [16]. The discrepancies in the
experimental values may also be attributed to neglecting the radiationless transfer from the donor to
the quenching layer [16,70]. In addition, the discrepancies may also occur due to the varying
magnitude of the crystallinity in different samples [16]. Mostly, the organic materials with higher
degree of crystallinity exhibit longer exciton diffusion length 𝐿𝑆𝐷 . For instance, the 𝐿𝑆𝐷 of PTCDA has
been measured by Lunt et al. [16], using spectrally resolved PL quenching, where they observed an
increase in 𝐿𝑆𝐷 from 6 to 20 nm as the average diameter of crystalline medium increases from 100 to
400 nm. Yang et al. [78] have measured the singlet exciton diffusion length of ZnPc films with
different level of crystallinity and observed an increase in 𝐿𝑆𝐷 from 9 to 16 nm. Rim et al. [31] have
demonstrated that a more ordered trans-isomer has 𝐿𝑆𝐷 =5 nm compared to a disordered cis-isomer with
𝐿𝑆𝐷 =2.6 nm in perylene derivative. The 𝐿𝑆𝐷 of P3HT has been measured by Sim et al. [79], using
spectrally-resolved PL quenching in bi-layer OSCs as a function of annealing temperature and
observed an increase in 𝐿𝑆𝐷 from 3.3 to 7 nm with the annealing temperature, which results in an
increase in the level of crystallinity. However, it has been proven that processing organic solids with
high boiling point supplement can lead to a decrease of 𝐿𝑆𝐷 , despite a concomitant increase in the level
of crystallinity [80].
Triplet excitons are known to possess longer 𝐿𝑇𝐷 than singlet excitons owing to their much
longer lifetime 𝜏 𝑇 [see Eq. (2.6)]. However, 𝐿𝑇𝐷 values ranging from 10-20 nm have been measured
recently, which are comparable to the diffusion length of singlet excitons 𝐿𝑆𝐷 [16,60,81-84]. On the
contrary, several studies have reported 𝐿𝑇𝐷 values of more than 100 nm [85-89]. Furthermore, different
𝐿𝑇𝐷 values varying from 10-250 nm have been reported for the same materials [82,85,90-92]. As stated
above, such discrepancies in the experimental values may be attributed to the different techniques used
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to measure the diffusion length. Phosphorescence quenching has therefore been recommended as the
only simple method suitable for measuring the 𝐿𝑇𝐷 in phosphorescent materials [16,93].
To elucidate the factors which directly influence the exciton diffusion length, we perform a few
simulations by varying the different photophysical parameters. According to Figures 2.1 and 2.2, if
the spectral overlap integral 𝐽 and PL quantum yield 𝜙𝐷 can be increased to compensate the increase
in 𝑅𝐷𝐴 with dilution or doping [22,23,51,62], the exciton diffusion length can still be increased or kept
constant. For example, the exciton diffusion length in pure SubPc and mixed with UGH2 to increase
𝑅𝐷𝐴 has been measured by Menke et al. [22], where they observed that mixing of 25 wt% SubPc in
the host material (UGH2) resulted in an increase in 𝐿𝑆𝐷 from 10.7 to 15.4 nm. Although, by increasing
𝑅𝐷𝐴 in SubPc by mixing it with UGH2, according to Eq. (2.8), one expects a decrease in 𝐿𝑆𝐷 ; the
increase in the diffusion length was attributed to increase in 𝐽 and 𝜙𝐷 , and decrease in 𝑛. Here, the
increase in 𝜙𝐷 is due to a decrease in non-radiative decay rate (𝑘nonrad ) [Eq. (2.3)]. Similarly, 𝐽
increased due to a reduction of the Stokes-shift in SubPc fluorescence. It was also observed that the
reduction in 𝑛 was attributed to the low relative permittivity of UGH2 [22]. Rasys et al. [20] have
measured the exciton diffusion length in triphenylamine (TPA)-based amorphous films upon blending
them with phenylethenyl side-arms. The resulting increase in the number of phenylethenyl side-arms
resulted in an increase in 𝐿𝑆𝐷 from 1 to 7 nm. This increase was due to an increase of 𝐽, which is
attributed to a decrease in Stokes-shift [23]. In another study [62], it has been reported that Ir(ppy)3 has
a higher 𝜙𝐷 of 0.97 ± 0.02 when doped in the large optical energy gap host, CBP. A similar result was
observed [51], where 8.4 wt% PtOEP was doped into CBP host to increase 𝜙𝐷 from 0.001 to 0.37 and
the corresponding triplet lifetime 𝜏 𝑇 increased from 0.10 𝜇𝑠 to 30 𝜇𝑠 [Eq. (2.13)].
In a previous work [26], a neat layer of PtOEP was used as donor in association with the
electron acceptor C60 to form a multilayer heterojunction cell (ITO/PEDOT/PtOEP/C60/BCP/Al) and
the measured 𝜙𝐷 was found to be very low (see Table 2.3). Generally, Förster mechanism is applied to
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only singlet excitons; however, a triplet exciton that is located at a phosphorescent donor can also
undergo long-range Förster resonance energy transfer [94-99]. By doping 10 wt% PtOEP into CBP
host [29], 𝜙𝐷 and 𝐽

have increased due to the increase in the spin-orbit interaction [99]. The

significantly large spectral overlap of CBP:10% PtOEP (𝐽 = 1.9×1014 M-1cm-1nm4) implies that PtOEP
has the tendency of undergoing FRET [19], although PtOEP is often considered as a triplet state that
undergoes close-range Dexter carrier transfer [30]. As a result, doping PtOEP into CBP increases 𝐿𝑆𝐷 of
PtOEP from 0.69 to 66.9 nm (Table 2.2). The large calculated 𝐿𝑆𝐷 =66.9 nm compared to its
corresponding smaller measured value 𝐿𝑆𝐷 =5.1 nm may be as a result of the higher 𝐽.
According to Figure 2.3, one may increase the triplet exciton diffusion length in organic
semiconductors by decreasing the dipole moment 𝜇 𝑇 , which in accordance with Eq. (2.13) means
choosing organic materials or blended-organic materials with longer exciton lifetimes, and higher
exciton mobility. It is established that the lifetime of triplet excitons is about three orders of magnitude
greater than that of singlet excitons [100-102]. For instance, 𝜏 𝑇 = 1.33 𝜇𝑠 of Ir(ppy)3:PMMA is longer
than any singlet exciton lifetime. Also, comparing 𝐿𝑇𝐷 =1.75 nm and 𝐿𝑆𝐷 =0.69 nm in PtOEP (Tables 2.2
and 2.4), it is obvious that diffusion length in triplet excitons is higher than the diffusion length in
singlet excitons. As shown in Figure 2.3, at 𝜇 𝑇 = 5.0×10-22 eV1/2m3/2, for Ir(ppy)3:PMMA we have
obtained 𝐿𝑇𝐷 = 382.1 nm, which is much higher than that observed experimentally. An exciton with a
longer diffusion length has a higher probability of reaching the D-A interface before recombination.
As a triplet exciton has higher diffusion length, one may be tempted to generate more triplet excitons
in a BHJ OSC. However, it may also be kept in mind that the binding energy of triplet excitons (𝐸𝐵𝑇 ) is
much higher and hence they are difficult to dissociate unless one can find pairs of donor and acceptor
materials with their LUMO offsets more than or equal to the triplet exciton binding energy [103,104].
These results may be expected to develop new organic materials (especially donor materials) which
can further improve the performance of BHJ OSCs.
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2.5 Conclusions
In summary, we have derived expressions for singlet and triplet exciton diffusion lengths and
diffusion coefficients using Föster resonance energy transfer and Dexter carrier transfer mechanisms,
respectively, for BHJ OSCs. The calculated diffusion lengths for the selected materials are comparable
with the experimental values, with the exception of neat layer of PtOEP, which has its calculated 𝐿𝐷
far below the experimental values. The dependence of singlet and triplet diffusion lengths on the
spectral overlap integral 𝐽, PL quantum yield 𝜙𝐷 , refractive index 𝑛 and dipole moment 𝜇 𝑇 has been
analyzed theoretically. It is found that by varying 𝐽, 𝜙𝐷 and 𝑛, upon diluting the organic solid in a host
material, one can increase the singlet exciton diffusion length 𝐿𝑆𝐷 , despite an increase in 𝑅𝐷𝐴 . Likewise,
triplet exciton diffusion length 𝐿𝑇𝐷 can be increased by increasing 𝜙𝐷 upon doping, or by decreasing

𝜇 𝑇 . This implies that several organic solids with different morphologies and functions can be blended
to optimize the performance of BHJ OSCs.
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Abstract
One of the key parameters in determining the power conversion efficiency (PCE) of bulk
heterojunction (BHJ) organic solar cells (OSCs) is the open circuit voltage (𝑉𝑂𝐶 ). The processes of
exciting the donor and acceptor materials individually in a BHJ OSC are investigated and are found
to produce two different expressions for 𝑉𝑂𝐶 s. Using the contributions of electron and hole quasiFermi levels and charge carrier concentrations, the two different 𝑉𝑂𝐶 expressions are derived as
functions of the energetics of the donor and acceptor materials and the photo-generated charge carrier
concentrations, and calculated for a set of donor-acceptor blends. The simultaneous excitation of both
the donor and acceptor materials is also considered and the corresponding 𝑉𝑂𝐶 , which is different
from the above two, is derived. The 𝑉𝑂𝐶 calculated from the photoexcitation of the donor is found to
be somewhat comparable with that obtained from the photoexcitation of the acceptor in most
combinations of the donor and acceptor materials considered here. It is also found that the 𝑉𝑂𝐶
calculated from the simultaneous excitations of donor and acceptor in BHJ OSCs is also comparable
with the other two 𝑉𝑂𝐶 s. All three 𝑉𝑂𝐶 s thus derived produce similar results and agree reasonably well
with the measured values. All three 𝑉𝑂𝐶 s depend linearly on the concentration of the photoexcited
charge carriers and hence incident light intensity, which agrees with experimental results. The
outcomes of this study are expected to help in finding materials that may produce higher 𝑉𝑂𝐶 and
hence enhanced PCE in BHJ OSCs.
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3.1 Introduction
It is well known that poor material properties such as low charge carrier mobilities, low
dielectric constants, and poor band offsets have led to the low power conversion efficiency (PCE) of
organic solar cells (OSCs) relative to their silicon counterparts [1]. Hence, optimization of these
parameters is essential for improving the performance of OSCs. Considerable attention has recently
been focused on exploring strategies for the further optimization of the PCE, guided by a thorough
understanding of the fundamental mechanisms that govern the photovoltaic performance of OSCs [2].
The following four processes distinguish BHJ OSCs from their inorganic counterparts: (i) photon
absorption and exciton formation; (ii) exciton diffusion to the donor-acceptor (D-A) interface; (iii)
exciton dissociation into free charge carriers at the D-A interface; and (iv) charge transport and
collection at their respective electrodes [3,4]. These processes should be efficient enough to achieve an
enhanced PCE of BHJ OSCs.
As stated previously, one of the important parameters of BHJ OSCs is the open-circuit voltage
𝑉𝑂𝐶 , which is the voltage at which the net current flowing through the device is zero. It is established
that in BHJ OSCs, 𝑉𝑂𝐶 depends on the energetic difference between the lowest unoccupied molecular
A
orbital (LUMO) of the acceptor material (𝐸LUMO
) and the highest occupied molecular orbital (HOMO)
D
of the donor material (𝐸HOMO
), called the donor-acceptor effective energy gap 𝐸𝐷𝐴 [5-9]. Until now,

the most explored approach to increasing 𝑉𝑂𝐶 of BHJ OSCs has been to increase the energy of the
LUMO of the fullerene acceptor material or decrease the energy of the HOMO of the donor material,
or both [5–10]. Scharber and co-workers [5] empirically defined VOC as:
A
D
𝑞𝑉𝑂𝐶 = 𝐸LUMO
− 𝐸HOMO
− ∆𝐸loss

(3.1)

where 𝑞 is the elementary charge and ∆𝐸loss is an empirical value denoting the energy losses occurring
in transporting the charge carriers to the electrodes [11–13].
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The validity of Eq. (3.1) has been established for a number of donor-acceptor (fullerene) blends
with a voltage loss ∆𝐸loss ranging from 0.3−0.6 eV [14,15]. The question that may be asked is: what
are the possible causes of the voltage loss ∆𝐸loss and how can it be reduced? The origin of ∆𝐸loss is
still being debated, with several possible mechanisms such as bimolecular recombination, coulombic
interactions, energetic disorder, etc., [7,11–13,16,17]. An important loss mechanism in BHJ OSCs is
the bimolecular recombination of free charge carriers with its rate 𝑅 given by [18,19]:

𝑅 = 𝛾𝑛𝑝
where 𝛾 = 𝛾𝑝𝑟𝑒 𝜀

(3.2)
𝑞
0 𝜀𝑟

(𝜇𝑒 + 𝜇ℎ ) is the bimolecular recombination coefficient: 𝛾𝑝𝑟𝑒 is the dimensionless

reduction prefactor, 𝜀0 is the permittivity of free space, 𝜀𝑟 is the dielectric constant, and 𝜇𝑒 (𝜇ℎ ) is the
electron (hole) mobility in the active organic layer.
By minimizing the nonradiative bimolecular recombination in BHJ OSCs [20], one can
minimize the voltage loss and eventually increase 𝑉𝑂𝐶 . Recent studies [21,22] have shown that 𝑉𝑂𝐶 can
be determined more accurately by measuring the bimolecular recombination rate. These studies have
also considered the influence of light intensity on 𝑉𝑂𝐶 by varying the carrier concentration due to
photoexcitation. Lange et al. [23] studied the dependence of 𝑉𝑂𝐶 on the charge carrier concentration in
polymer:fullerene blends using bias amplified charge extraction (BACE) measurements. In addition, as
stated above, the energy loss also occurs due to the energetic disorder, which reduces the 𝑉𝑂𝐶 . A few
recent studies have shown the effect of energetic disorder on VOC using a Gaussian density of states
(DOS) [24–26]. Garcia et al. [24] developed a model to predict the VOC values by introducing DOS
distributions of the HOMO in donor and the LUMO in acceptor materials. In their study, the energetic
A
disorder is modeled by the Gaussian DOS with the mean energy equal to 𝐸LUMO
and standard
D
deviation 𝜎𝑒 for the acceptor material and corresponding 𝐸HOMO
and 𝜎ℎ for the donor material. In other

studies [11,20,17–31], the role of energetics with respect to charge carrier dynamics and coulombic
interactions have been analyzed. Credgington and Durrant [27] studied the dependence of 𝑉𝑂𝐶 on the
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generation and recombination dynamics; they studied the dependence of 𝑉𝑂𝐶 on the charge carrier
concentration and carrier recombination lifetime. Vandewal et al. [20,28–30] derived a relationship
between 𝑉𝑂𝐶 and the energy of the charge transfer (CT) exciton state 𝐸𝐶𝑇 by incorporating the energetic
disorders. However, other works [11,31] have derived different expressions relating 𝑉𝑂𝐶 and 𝐸𝐶𝑇 in
OSCs which exclude the influence of energetic disorder.
Despite numerous attempts to study 𝑉𝑂𝐶 and the associated energetic loss mechanisms in BHJ
OSCs, there appears to be few attempts being made to understand whether it depends on the
concentration of photoexcited charge carriers in the donor and acceptor materials. This may be due to
the fact that as the two materials, donor and acceptor are blended together in a BHJ structure, they
cannot be separately excited experimentally. However, in order to understand the contributions of
photoexcitation of donor and acceptor materials to the performance of a BHJ OSC, one may seek to
assess the performance considering the two cases separately: (1) when absorption and photoexcitation
occur only in the donor and (2) when these occur only in the acceptor. Such a study can only be carried
out theoretically, as presented here. When an exciton is excited in the donor in a BHJ OSC, its electron
can be transferred from the donor LUMO to the acceptor LUMO at the D-A interface because the
acceptor LUMO lies at a lower energy [see Figure 3.1(a)]. In this process, an exciton becomes a CT
exciton as its electron is transferred to the acceptor and its hole remains in the donor, as shown in
Figure 1c. Likewise, when an exciton is excited in the acceptor, its hole can be transferred from the
acceptor HOMO to the donor HOMO, being at a lower hole energy [see Figure 3.1(b)], which also
creates a CT exciton with an electron in the acceptor LUMO and a hole in the donor HOMO, as shown
in Figure 3.1(c).
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Figure 3.1 Schematic representations of (a) the photoexcitation of the donor and the transfer of
an electron to the acceptor at the interface; (b) the photoexcitation of the acceptor and the
transfer of a hole to the donor at the interface; and (c) the formation of charge transfer excitons
(CT) through both (a,b) processes in bulk heterojunction (BHJ) organic solar cells (OSCs).

This has prompted several researchers to investigate the above two processes in more detail
[32–41]. Recently, two different external quantum efficiencies (𝜂EQE ) due to different donor and
acceptor absorption bands have been reported [32]. The difference in the absorption bands can be
attributed to the difference in the energy levels involved. The times of transfer of electrons from the
donor LUMO to the acceptor LUMO and that of holes from the HOMO of the acceptor to the HOMO
of the donor have been measured [33,34] and have been found to be different; the hole transfer was
found to be faster than the electron transfer. This may be expected to lead to generating different
concentrations 𝑛 and 𝑝 of electrons and holes. Different charge generations by exciting the donor and
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acceptor individually have also been reported in some donor-acceptor combinations [35], and different
internal quantum efficiencies (𝜂IQE ) have also been observed [36]. Some studies have demonstrated
that BHJ OSCs based on thienothiophene-substituted diketopyrrolopyrrole (DPP) polymers
(PDPP2TT-T) possess an EQE of 0.63-0.78 within the wavelength range of acceptor-fullerene
absorption (400–650 nm), whereas a lower EQE of 0.35-0.50 is achieved within the range of donorpolymer absorption (650–900 nm) [36,37]. Such a difference may not be attributed to a difference in
absorption of photons in the different materials, but may be due to the difference in charge generation.
In another study, Baulin et al. [38] compared the dynamics of CT states generated through electrontransfer and hole-transfer exciton-dissociation pathways in three BHJ OSCs, and they found that the
dynamics of CT state recombination are very similar for the two charge-generation processes,
implying that the nature of the generated CT states is independent of the pathways of CT formation.
They did, however, observe that the generation of CT states and free charge carriers greatly depends
D
A
on the actual LUMO energy offset ∆𝐸LUMO = 𝐸LUMO
− 𝐸LUMO
(electron transfer) and the HOMO
D
A
energy offset ∆𝐸HOMO = 𝐸HOMO
− 𝐸HOMO
(hole transfer) of the blended system [39]. These energy

offsets are independent of the pathway of the formation of CT excitons. Singh et al. [40,41] recently
studied the contribution of exciton generation in the donor and acceptor materials and its dissociation
to the performance of BHJ OSCs. They found that the absorption and dissociation rates as well as
exciton diffusion lengths are comparable whether excitons are generated in the donor or acceptor.
In this paper, we investigate in detail the difference in the open circuit voltage from the
photoexcited donor and photoexcited acceptor separately in the following seven different
polymer:fullerene

blends:

poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylenevinylene]

(MDMO-PPV), regioregular poly(3-hexylthiophene) (P3HT), poly[N-9′-heptadecanyl-2,7-carbazolealt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT), poly[2-(3,7-dimethoxyoctyloxy)-5methoxy-1,4-phenylene vinylene] (OC1C10-PPV), poly[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5b′]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]
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(PTB7),

mono-DPP, and bis-DPP blended with different derivatives of methano-fullerene[6,6]-phenyl C61,butyric acid methyl ester (PCBM). We derived two different expressions for 𝑉𝑂𝐶 in BHJ OSCs. The
first expression, which is a result of photoexcitation of the donor, depends primarily on the energetic
difference between the hole quasi-Fermi level (𝐸𝐹ℎ ) and the HOMO of the donor material (𝐸𝐹ℎ −
D
𝐸HOMO
) and the electron concentration 𝑛. The second expression, which is a result of photoexcitation

of the acceptor, depends primarily on the energetic difference between the LUMO and the electron
A
quasi-Fermi level (𝐸𝐹𝑒 ) of the acceptor material 𝐸LUMO
− 𝐸𝐹𝑒 and the hole concentration 𝑝. Thus, the

two open circuit voltages calculated in each selected D-A blend are presented here and their influences
on the performance of BHJ OSCs are discussed. Following this, the simultaneous photoexcitation of
both the donor and acceptor materials is also considered and the corresponding 𝑉𝑂𝐶 , which is different
from the above two, is derived, and the calculated 𝑉𝑂𝐶 s are compared with their corresponding
measured values and a reasonably good agreement is found between them.

3.2 Theoretical Formalism
Under no illumination condition of equilibrium, assuming the condition of the open circuit
voltage in a BHJ OSC, the electron and hole current densities are assumed to be independently zero,
and under this condition the quasi-Fermi levels in the donor and acceptor materials are iso-energetic at
energy 𝐸𝐹 throughout the device. Once such a BHJ OSC is illuminated, charge carriers are
continuously generated in the active layer. As the concentration of charge carriers increases, the quasiFermi level 𝐸𝐹 splits into the hole and electron quasi-Fermi levels located, respectively, at energies 𝐸𝐹ℎ
in the donor material and at 𝐸𝐹𝑒 in the acceptor, as shown in Figure 3.2.
Under the condition of illumination, 𝑉𝑂𝐶 in any BHJ OSC is given by [42]:

𝑞𝑉𝑂𝐶 = 𝐸𝐹𝑒 −𝐸𝐹ℎ

(3.3)
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DONOR (D)
D
𝐸LUMO

ACCEPTOR (A)
A
𝐸LUMO

𝐸𝐹𝑒
A
D
𝐸𝐷𝐴 = 𝐸LUMO
− 𝐸HOMO

𝑞𝑉𝑂𝐶
𝐸𝐹ℎ
D
𝐸HOMO

A
𝐸HOMO

Figure 3.2 Schematic representation consisting of the different energy levels, quasi-Fermi energy
levels, and 𝑉𝑂𝐶 in a BHJ OSC with a donor-acceptor blend under the open circuit condition.

The Fermi energies 𝐸𝐹𝑒 and 𝐸𝐹ℎ may be expected to be different for excitations of the donor and
acceptor individually. Although the difference may not be expected to be significant, this may lead to
two different values of 𝑉𝑂𝐶 according to Eq. (3.3).

3.2.1 Photoexcitation of the Donor
We consider the photoexcitation of only the donor material here, where an excited exciton at
the D-A interface forms a CT exciton by transferring its electron to the acceptor’s LUMO, being at a
lower energy [43]. The electron concentration 𝑛 in the LUMO of the fullerene-acceptor material and
the hole concentration 𝑝 in the HOMO of the polymer-donor material are, respectively, given by the
Boltzmann distribution as [44]:

𝑛 = 𝑁𝐶 exp (−
𝑝 = 𝑁𝑉 exp (−

A
𝐸LUMO
−𝐸𝐹𝑒

𝑘B 𝑇

),

D
𝐸𝐹ℎ −𝐸HOMO

𝑘B 𝑇

(3.4)

),

(3.5)
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where 𝑁𝐶 (𝑁𝑉 ) (m−3) is the effective density of states for the LUMO (HOMO) of the acceptor (donor)
material, 𝑇 is the temperature, and 𝑘B is the Boltzmann constant.
Under the conditions of 𝑉𝑂𝐶 and bimolecular recombination, the generation rate of
photoexcited electron and hole pairs 𝐺 is equal to the bimolecular recombination rate given in Eq.
(3.2), which gives:

𝐺 = 𝑅 = 𝛾𝑛𝑝

(3.6)

Assuming a non-optimized BHJ OSC with unbalanced charge carrier mobilities(𝜇𝑒 ≠ 𝜇ℎ ), we
assume that 𝑛 ≠ 𝑝 [34,35], and then divide Eq. (3.6) by 𝑛2 to obtain:
𝑝
𝑛

=

𝐺

(3.7)

𝛾𝑛2

Dividing Eq. (3.5) by Eq. (3.4) and using it in Eq. (3.7) gives:
𝐺
𝛾𝑛2

=

𝑁𝑉
𝑁𝐶

exp [

1
𝑘B 𝑇

D
A
+ 𝐸LUMO
− 𝐸𝐹ℎ − 𝐸𝐹𝑒 )]
(𝐸HOMO

(3.8)

A
D
Substituting 𝐸LUMO
= 𝐸HOMO
+ 𝐸𝐷𝐴 into Eq. (3.8) and using Eq. (3.3), we get:

𝑘B 𝑇ln

𝑁𝑉 𝐺
𝛾𝑛2 𝑁𝐶

D
= (2𝐸HOMO
− 2𝐸𝐹ℎ − 𝑞𝑉𝑂𝐶 + 𝐸𝐷𝐴 )

(3.9)

Assuming 𝑁𝐶 = 𝑁𝑉 [33,36], and rearranging Eq. (3.9), we obtain 𝑉𝑂𝐶 related to the excitation of donor
only as:
1

𝐷
𝑉𝑂𝐶
= (𝐸𝐷𝐴 − 𝐴 + 2𝑘B 𝑇ln 𝑛),

(3.10)

𝑞

where:
D
𝐴 = 2(𝐸𝐹ℎ − 𝐸HOMO
) + 𝑘B 𝑇ln (𝐺 ⁄𝛾)

(3.11)
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3.2.2 Photoexcitation of the Acceptor
Next, we consider the photoexcitation of only the acceptor material, where the excited exciton
at the D-A interface forms a CT exciton by transferring its hole to the donor’s HOMO, being at a lower
energy [43]. This gives a different open circuit voltage, which is derived as follows.
Here, we divide both sides of Eq. (3.6) by 𝑝2 to obtain:
𝑛
𝑝

=

𝐺

(3.12)

𝛾𝑝2

Dividing Eq. (3.4) by Eq. (3.5) and using it in Eq. (3.12) gives:
𝐺
𝛾𝑝2

=

𝑁𝐶
𝑁𝑉

exp [

1
𝑘B 𝑇

D
A
− 𝐸LUMO
+ 𝐸𝐹ℎ )]
(𝐸𝐹𝑒 − 𝐸HOMO

(3.13)

D
A
Substituting 𝐸HOMO
= 𝐸LUMO
− 𝐸𝐷𝐴 into Eq. (3.13) and using Eq. (3.3), we get:

𝑘B 𝑇ln

𝑁𝐶 𝐺
𝛾𝑝2 𝑁𝑉

A
= (2𝐸𝐹𝑒 − 2𝐸LUMO
− 𝑞𝑉𝑂𝐶 + 𝐸𝐷𝐴 ).

(3.14)

Assuming 𝑁𝐶 = 𝑁𝑉 [33,36] and rearranging Eq. (3.14), we obtain 𝑉𝑂𝐶 for this case as:
1

𝐴
𝑉𝑂𝐶
= (𝐸𝐷𝐴 − 𝐵 + 2𝑘B 𝑇ln 𝑝),

(3.15)

𝑞

where:
A
𝐵 = 2(𝐸LUMO
− 𝐸𝐹𝑒 ) + 𝑘B 𝑇ln (𝐺 ⁄𝛾).

(3.16)

We have thus derived two different expressions for the 𝑉𝑂𝐶 ; the first one in Eq. (3.10) is obtained when
the donor material is excited and the second in Eq. (3.15) is obtained when the acceptor is excited.

3.2.3 Simultaneous Photoexcitation of the Donor and Acceptor
The theoretical developments presented in Sections 3.2.1 and 3.2.2, where only the donor or
acceptor is excited, are mostly applicable in layered structures of donor and acceptor organic solar
cells. However, in a BHJ OSC where the donor and acceptor are blended together in the active layer,
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both the donor and acceptor may be excited simultaneously. In this case, we obtain a different 𝑉𝑂𝐶 as
follows.
Multiplying Eqs. (3.4) and (3.5), we obtain:

𝑛𝑝 = 𝑁𝐶 𝑁𝑉 exp [

1
𝑘B 𝑇

D
A
− 𝐸LUMO
(𝐸𝐹𝑒 − 𝐸𝐹ℎ + 𝐸HOMO
)] .

(3.17)

D
A
Substituting −𝐸𝐷𝐴 = 𝐸HOMO
− 𝐸LUMO
and using Eq. (3.3) in Eq. (3.17) we thus get:

1

𝐷𝐴
𝑉𝑂𝐶
= (𝐸𝐷𝐴 − 𝐶 + 2𝑘B 𝑇ln √𝑛𝑝),
𝑞

(3.18)

where:

𝐶 = 𝑘B 𝑇ln 𝑁𝐶 𝑁𝑉 .

(3.19)

It may be noted that, unlike 𝑉𝑂𝐶 s obtained in Eqs. (3.10) and (3.15), which depend on the electron (𝑛)
and hole (𝑝) concentrations, respectively, Eq. (3.18) depends on both 𝑛 and 𝑝. The dependence of 𝑉𝑂𝐶
in Eq. (3.18) on √𝑛𝑝 is presented mainly to compare it with the results derived in Eqs. (3.10) and
(3.15).

3.3 Results
For calculating the 𝑉𝑂𝐶 using Eqs. (3.10), (3.15), and (3.18), we require some materialdependent input parameters. For this, as stated above, we chose seven donor-acceptor blends with
known input parameters available in the literature, as listed in Table 3.1.
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Table 3.1 List of input parameters required for calculating 𝑉𝑂𝐶 from Eqs. (3.10), (3.15), and (3.18):
A
D
𝐸𝐷𝐴 ⁄𝑞 = (𝐸LUMO
− 𝐸HOMO
)/𝑞, generation rate of bound polaron pairs (𝐺) and bimolecular

recombination coefficient𝛾, electron (hole) mobility 𝜇𝑒 (𝜇ℎ ), and dielectric constant 𝜀𝑟 of each donoracceptor (D-A) blend.

MDMO-PPV:PC61BM

𝐸𝐷𝐴 ⁄𝑞
(V)
1.30a

𝐺 ×1027 𝛾 ×10−17
(m−3s−1) (m3s−1)
2.70h
5.73

𝜇𝑒 × 10−7
(m2V−1s−1)
2.0h

𝜇ℎ × 10−8
𝜀𝑟
(m2V−1s−1)
2.0h
3.4h

P3HT:PC60BM

1.00b

6.25b

7.08

1.0b

1.0b

3.4b

PCDTBT:PC71BM

1.20c

1.00i

0.10

2.9i

0.30i

3.4i

OC1C10-PPV:PC61BM

1.30d

2.70j

7.30

2.5j

3.0j

3.4j

PTB7:PC71BM

1.09e

10.00k

5.91

1.0k

2.0k

3.5k

mono-DPP:PC71BM

1.16f

4.99 l

5.30

1.0l

0.20l

4.0l

bis-DPP:PC71BM

1.20g

4.12l

2.60

1.5l

3.4l

4.0l

Active Layer Blend

[45]; b[46]; c[47]; d[48]; e[49]; f[50]; g[51]; h[52]; i[53]; j[54]; k[55]; l[56].

a

The values of 𝛾 for PCDTBT:PC71BM [53], mono-DPP:PC71BM [56], and bis-DPP:PC71BM
[56] are taken from the literature, and those of the remaining four blends, MDMO-PPV:PC61BM
P3HT:PC60BM, OC1C10-PPV:PC61BM, and PTB7:PC71BM, are calculated using the bimolecular
recombination coefficient equation described in the text. In addition, we need the values of (𝐸𝐹ℎ −
D
A
𝐸HOMO
) and (𝐸LUMO
− 𝐸𝐹𝑒 ), as well as the carrier concentrations 𝑛 and 𝑝 in each blend to calculate 𝑉𝑂𝐶

from Eqs. (3.10), (3.15), and (3.18), which are also listed in Tables 3.2 and 3.3. However, it may be
noted that both 𝑛 and 𝑝 are only available for PTB7:PC71BM [57] as given in Tables 3.2 and 3.3. In
mono-DPP:PC71BM and bis-DPP:PC71BM, only the electron concentration 𝑛 is known in the literature
[58]. Consequently, to find the hole concentration 𝑝 in these two blends, we used Eq. (3.7) and
calculated 𝑝; these 𝑛 and 𝑝 thus obtained are listed in Tables 3.2 and 3.3. We first used the 𝑛 and 𝑝
values determined above for PTB7:PC71BM, mono-DPP:PC71BM, and bis-DPP:PC71BM in Eqs. (3.4)
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A
D
and (3.5), and calculated their energetic distances (𝐸LUMO
− 𝐸𝐹𝑒 ) and (𝐸𝐹ℎ − 𝐸HOMO
), respectively, at

300 K by assuming the effective density of states 𝑁𝐶 = 𝑁𝑉 = 1 × 1025 m−3 in each blend.

D
Table 3.2 The calculated values of (𝐸𝐹ℎ − 𝐸HOMO
)/𝑞 and electron concentration 𝑛 used in calculating
𝐷
𝐷 )
the open circuit voltage 𝑉𝑂𝐶
from Eq. (3.10), the calculated voltage offset (𝐸𝐷𝐴 ⁄𝑞 − 𝑉𝑂𝐶
for
meas.
comparison with other known results, and the corresponding measured open circuit voltage 𝑉𝑂𝐶
.

𝑛 ×1022
(m−3)

𝐷
𝑉𝑂𝐶
(V)

𝐷 )
(𝐸𝐷𝐴 ⁄𝑞 − 𝑉𝑂𝐶
(V)

meas.
𝑉𝑂𝐶
(V)

MDMO-PPV:PC61BM

D
𝐸𝐹ℎ − 𝐸HOMO
(
)
𝑞
(V)
0.20

1.80

0.95

0.35

0.83 [59]

P3HT:PC60BM

0.26

1.80

0.51

0.49

0.63 [46]

PCDTBT:PC71BM

0.22

1.80

0.73

0.47

0.85 [60]

OC1C10-PPV:PC61BM

0.20

1.80

0.96

0.34

0.85 [54]

PTB7:PC71BM

0.18

1.90

0.75

0.34

0.75 [49]

mono-DPP:PC71BM

0.20

2.50

0.81

0.35

0.78 [56]

bis-DPP:PC71BM

0.17

1.00

0.85

0.35

0.52 [56]

Active Layer Blend
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A
Table 3.3 The calculated values of (𝐸LUMO
− 𝐸𝐹𝑒 )/𝑞 and hole concentration 𝑝 used in calculating
𝐴
𝐴 ),
open-circuit voltage 𝑉𝑂𝐶
from Eq. (3.15), the calculated voltage offset (𝐸𝐷𝐴 ⁄𝑞 − 𝑉𝑂𝐶
and the
meas.
corresponding measured open circuit voltage 𝑉𝑂𝐶
.

𝑝
×1022
(m−3)

A
𝑉𝑂𝐶
(V)

𝐴 )
(𝐸𝐷𝐴 ⁄𝑞 − 𝑉𝑂𝐶
(V)

meas.
𝑉𝑂𝐶
(V)

MDMO-PPV:PCBM

A
𝐸LUMO
− 𝐸𝐹𝑒
(
)
𝑞
(V)
0.18

0.95

0.93

0.37

0.83 [59]

P3HT:PC60BM

0.24

0.95

0.52

0.48

0.63 [46]

PCDTBT:PC71BM

0.20

0.95

0.73

0.47

0.85 [60]

OC1C10-PPV:PC61BM

0.19

0.95

0.94

0.36

0.85 [54]

PTB7:PC71BM

0.16

0.89

0.75

0.34

0.75 [49]

mono-DPP:PC71BM

0.16

0.38

0.79

0.37

0.78 [56]

bis-DPP:PC71BM

0.18

1.58

0.85

0.35

0.52 [56]

Active Layer Blend

For the other four blends considered here, MDMO-PPV:PC61BM, P3HT:PC60BM,
PCDTBT:PC71BM, and OC1C10-PPV:PC61BM, the 𝑛 and 𝑝 concentrations are not known. As the 𝑛
and 𝑝 concentrations in all the three materials are of the order of 1022 m−3 (see Tables 3.2 and 3.3), we
used the average values of 𝑛, which is 1.8 × 1022 m−3, and 𝑝, which is 0.95 × 1022 m−3, for
PTB7:PC71BM, mono-DPP:PC71BM, and bis-DPP:PC71BM, and calculated the energetic distances
D
A
(𝐸𝐹ℎ − 𝐸HOMO
) and (𝐸LUMO
− 𝐸𝐹𝑒 ) for the other four blends (see Tables 3.2 and 3.3). That is to say,

using Eqs. (3.4) and (3.5) with 𝑁𝐶 = 𝑁𝑉 = 2.5 × 1025 m−3 known for MDMO-PPV:PC61BM [12,52],
𝑁𝐶 = 𝑁𝑉 = 2 × 1026 m−3 for P3HT:PC60BM [1], 𝑁𝐶 = 𝑁𝑉 = 5 × 1025 m−3 for PCDTBT:PC71BM [47],
and 𝑁𝐶 = 𝑁𝑉 = 2.5 × 1025 m−3 for OC1CI0-PPV:PC61BM [1,54], in addition to the corresponding
average charge carrier concentrations 𝑛 = 1.8 × 1022 m−3 and 𝑝 = 0.95 × 1022 m−3, we calculated
A
D
(𝐸LUMO
− 𝐸𝐹𝑒 ) and (𝐸𝐹ℎ − 𝐸HOMO
), respectively, in the other four blends.
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Using these parameters in Eqs. (3.10) and (3.15), the 𝑉𝑂𝐶 is calculated in all seven blends for
the photoexcitation of the donor and acceptor as given in Tables 3.2 and 3.3, respectively. The
calculated values of 𝑉𝑂𝐶 from Eq. (3.10) when the donor is excited in most selected materials are
somewhat comparable with those calculated from Eq. (3.15) when the acceptor is excited, as also
shown in Figure 3.3. In addition, considering the case of simultaneous photoexcitation of donor and
acceptor materials, the open circuit voltage in each blend is calculated from Eq. (3.18) as given in
Table 3.4. All the three 𝑉𝑂𝐶 s obtained from the asynchronous and simultaneous photoexcitations of
donor and acceptor are found to be comparable and agree well with the corresponding measured values
[46,49,54,56,59,60].
The open circuit voltages 𝑉𝑂𝐶 s calculated from Eqs. (3.10) and (3.15) are plotted as a function
of the effective band gap 𝐸𝐷𝐴 ⁄𝑞 as shown in Figure 3.3, which illustrates that 𝑉𝑂𝐶 calculated from Eq.
(3.10) is slightly higher than that from Eq. (3.15).
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Figure 3.3 Open circuit voltage 𝑉𝑂𝐶 plotted as a function of effective band gap 𝐸𝐷𝐴 ⁄𝑞 for nonoptimized P3HT:PC60BM with large photocarrier mobility mismatch (𝜇𝑒 ≠ 𝜇ℎ ), at energetic distances
𝐷
𝐴
(𝐸𝐹ℎ − 𝐸𝐻𝑂𝑀𝑂
)/𝑞 = 0.26 V with 𝑛 = 1.80 × 1022 m−3 and (𝐸𝐿𝑈𝑀𝑂
− 𝐸𝐹𝑒 )/𝑞 = 0.24 V with 𝑝 = 0.95 ×

1022 m−3 in the donor and acceptor materials, respectively.

Finally, as stated previously, in a BHJ OSC the donor and acceptor materials are blended
together. Consequently, both the donor and acceptor are excited simultaneously, resulting in one
𝐷𝐴
open circuit voltage as derived in Eq. (3.18), which is used to calculate the 𝑉𝑂𝐶
for simultaneous

photoexcitations of both the donor and acceptor in each of the selected blends, as listed in Table
meas.
3.4. The measured values of open circuit voltage 𝑉𝑂𝐶
are also given in Table 3.4 for

comparison.
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𝐷𝐴
Table 3.4 The calculated values of open circuit voltage 𝑉𝑂𝐶
from Eq. (3.18) using the 𝑛 and 𝑝
𝐷𝐴 )
values listed in Tables 3.2 and 3.3, respectively, voltage offset (𝐸𝐷𝐴 ⁄𝑞 − 𝑉𝑂𝐶
upon simultaneous

excitation of both the donor and acceptor materials, and the corresponding measured open circuit
meas.
voltage 𝑉𝑂𝐶
.

MDMO-PPV:PC61BM

𝐷𝐴
𝑉𝑂𝐶
(V)
0.91

𝐷𝐴 )
(𝐸𝐷𝐴 ⁄𝑞 − 𝑉𝑂𝐶
(V)
0.39

meas.
𝑉𝑂𝐶
(V)
0.83 [59]

P3HT:PC60BM

0.50

0.50

0.63 [46]

PCDTBT:PC71BM

0.77

0.43

0.85 [60]

OC1C10-PPV:PC61BM

0.91

0.39

0.85 [54]

PTB7:PC71BM

0.74

0.35

0.75 [49]

mono-DPP:PC71BM

0.79

0.37

0.78 [56]

bis-DPP:PC71BM

0.85

0.35

0.52 [56]

Active Layer Blend

3.4 Discussions
A comprehensive study of the open circuit voltage in BHJ OSCs has been carried out. Three
different expressions for 𝑉𝑂𝐶 are derived; the first in Eq. (3.10) is obtained when the donor material in
a BHJ OSC is excited, the second in Eq. (3.15) is obtained when the acceptor material is excited, and
the third in Eq. (3.18) is obtained when both the donor and acceptor materials are excited
simultaneously. As stated previously, when the photoexcitation occurs in the donor, an electron is
transferred from the LUMO of the donor to the LUMO of the acceptor, and conversely, when
photoexcitation occurs in the acceptor, a hole is transferred from the HOMO of the acceptor to the
HOMO of the donor [43]. The photoexcitation of the donor and acceptor individually produces
comparable 𝑉𝑂𝐶 values from Eqs. (3.10) and (3.15), as shown in Figure 3.3. Moreover, according to
Figure 3.3, the linear correlation between 𝑉𝑂𝐶 and 𝐸𝐷𝐴 ⁄𝑞 agrees well with previous studies
𝐷𝐴
[15,25,27,28,59]. The third open circuit voltage 𝑉𝑂𝐶
calculated in Eq. (3.18) from the simultaneous
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excitations of both the donor and acceptor, as given in Table 3.4, is also comparable with the other two
𝑉𝑂𝐶 s. All three 𝑉𝑂𝐶 s thus derived produce comparable results and agree reasonably well with the
experimental values (see Tables 3.2-3.4). However, the calculated 𝑉𝑂𝐶 values in Tables 3.2-3.4 are
obtained from slightly different energetic parameters; as a result, we obtained three different sets of
𝑉𝑂𝐶 s for the photoexcitation of the donor, photoexcitation of the acceptor, and simultaneous
photoexcitation of both. However, experimentally, there is only one set of measured values of 𝑉𝑂𝐶 to
compare the theoretical results with. As a result, the calculated range of 𝑉𝑂𝐶 for the materials
considered here is 0.50–0.96 V, which is slightly different from the range of experimental values
(0.52–0.85 V). Thus, as stated above, this discrepancy may be attributed to the different energies
D
(𝐸𝐹ℎ − 𝐸HOMO
)/𝑞 used in the calculation of 𝑉𝑂𝐶 from Eqs. (3.10), (3.15), and (3.18).

In addition, the two 𝑉𝑂𝐶 s in Eqs. (3.10) and (3.15) depend linearly on ln 𝑛 and ln 𝑝,
respectively, and this agrees well with previously measured results [23,58]. This also holds for 𝑉𝑂𝐶
derived from Eq. (3.18), which depends on ln(√𝑛𝑝) . By setting 𝑛 = 𝑝 in Eqs. (3.10), (3.15), and
(3.18), we found that all three 𝑉𝑂𝐶 s increase linearly with ln 𝑛 and have the same slope equal to
𝑘B 𝑇
𝑞

/ log(exp(1)) = 2.3 × 2

𝑘B 𝑇
𝑞

=119 mV. This implies that the materials with higher photo-generated

charge carrier concentration will have higher 𝑉𝑂𝐶 in comparison with materials with lower carrier
concentration.
It is also worth noting that the dependence of 𝑉𝑂𝐶 on the incident light intensity has been
studied [12,19]. Substituting 𝑛𝑝 =

𝐺
𝛾

∝ 𝐼𝑎𝑏𝑠 = [1 − exp(−𝛼𝑎𝑏𝑠 𝑑)] into Eq. (3.18), where 𝐼𝑎𝑏𝑠 is the

absorbed light intensity, 𝐼0 is the incident light intensity, 𝛼𝑎𝑏𝑠 is the absorption coefficient, and 𝑑 is
the thickness of the active layer, we get:
1

𝐷𝐴
𝑉𝑂𝐶
= [𝐸𝐷𝐴 + 𝑘B 𝑇ln𝐼0 + costant].

(3.20)

𝑞

The 𝑉𝑂𝐶 in Eq. (3.20) depends linearly on ln𝐼0 with a slope of 𝑘B 𝑇⁄𝑞 , which agrees perfectly well with
the plotted 𝑉𝑂𝐶 as a function of ln I 0 in [12,19].
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Orlowski et al. [61] used the energetics of quasi-Fermi levels to study 𝑉𝑂𝐶 in a heterojunction
solar cell. They found that for a particular donor (p-type)-acceptor (n-type) heterojunction, the electron
concentration (𝑛) in the conduction band (LUMO) of the acceptor and the hole concentration (𝑝) in
the valence band (HOMO) of the donor, coupled with their respective quasi-Fermi levels, can create
open circuit voltages like two independent cells. This agrees very well with our concept of deriving
two different 𝑉𝑂𝐶 s in Eqs. (3.10) and (3.15), although both the expressions produce similar results.
𝐷
Furthermore, we find that the 𝑉𝑂𝐶
lies 0.34-0.49 V below the 𝐸𝐷𝐴 ⁄𝑞 in column 5 of Table 3.2

when the donor is excited, comparable to 0.34–0.48 V below the 𝐸𝐷𝐴 ⁄𝑞 in column 5 of Table 3.3
when the acceptor is excited. This implies that both the donor and acceptor photoexcitations can
contribute to the achievable open circuit voltage as well as the photovoltaic performance of BHJ
𝑗

OSCs; this agrees with our earlier results [40]. The voltage offsets (𝐸𝐷𝐴 ⁄𝑞 − 𝑉𝑂𝐶 ) (where 𝑗 =
𝐷, 𝐴 𝑜𝑟 𝐷𝐴) of the various blends listed in Tables 3.2-3.4, ranging from 0.34-0.50 V, agree well with
the experimental values measured at room temperature in the range of 0.25-0.48 V for small molecule
OSCs [62], 0.32 V for polymer:fullerene solar cells of indacenoedithiophene (IDT) polymer [63],
0.34–0.44 V for a range of donor-acceptor blends [64], 0.38 V for OC1C10-PPV:PCBM solar cells [7],
𝑗

and 0.30–0.60 V for BHJ OSCs [15]. Other low voltage offsets (𝐸𝐷𝐴 ⁄𝑞 − 𝑉𝑂𝐶 ) that have been reported
recently are 0.25 V for an evaporated bilayer OSC [65], 0.23 V and 0.26 V for diketopyrrolopyrrolethieno[2,3-f]benzofuran (DTD):PC60BM and DTD:naphthalene diimide acceptor-polymer (N2200)
systems, respectively [66], and 0.34–0.40 V for BHJ OSCs [67], with which our calculated values also
somewhat agree in the range.
Overall, it may be deduced from our results that separate and simultaneous photoexcitations of
the donor and acceptor produce comparable 𝑉𝑂𝐶 s, and the highest loss in 𝑉𝑂𝐶 is found to be contributed
by the energetics of the donor and acceptor materials. Therefore, to achieve a high 𝑉𝑂𝐶 , it is necessary
to choose higher efficiency polymer-donor and acceptor materials, as well as control the donor and
acceptor material energetics, which may lead to improvements in the PCEs of BHJ OSCs [27].
97

3.5 Conclusions
In summary, we have derived two different expressions for the calculation of the 𝑉𝑂𝐶 in BHJ
OSCs; one is used when the exciton is excited in the donor material and the other is employed when
the exciton is excited in the acceptor material. We have also derived an expression for 𝑉𝑂𝐶 when both
the donor and acceptor materials are excited simultaneously, and its calculated values agree better with
their measured values. All three 𝑉𝑂𝐶 s obtained from separate and simultaneous excitations are found to
be comparable, implying that the contributions of both donor and acceptor photoexcitations are
comparable in BHJ OSCs. Also, it is found that materials that generate higher photo-generated charge
D
A
carrier concentrations and have lower energetic distances of (𝐸𝐹ℎ − 𝐸HOMO
) or (𝐸LUMO
− 𝐸𝐹𝑒 ) may lead

to higher 𝑉𝑂𝐶 . Invention and application of such materials in the fabrication of BHJ OSCs may lead to
higher 𝑉𝑂𝐶 s and hence enhanced PCEs.
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Abstract
An expression for the extraction coefficient (𝛽) of free charge carriers in bulk heterojunction
(BHJ) organic solar cells (OSCs) is derived as a function of the effective carrier mobility, effective
carrier concentration, active layer thickness, dielectric constant and built-in voltage. Also a relation
between the extraction coefficient 𝛽 and fill factor (𝐹𝐹) is derived. The results show that 𝐹𝐹 increases
when 𝛽 increases, which occurs due to increase in extraction parameters like effective mobility and
dielectric constant, and decrease in light intensity and the active layer thickness. These results agree
well with the experimental observations. This study provides an alternative way of optimizing the
material parameters crucial in the synthesis of new materials in order to achieve a high charge carrier
extraction efficiency and hence a high PCE in BHJ OSCs.
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4.1 Introduction
The efficient transport of charge carriers to their respective electrodes is an essential
requirement for a well performing BHJ OSC, which is impeded by charge carrier recombination as a
main loss mechanism [1]. The PCE of a BHJ OSC is determined by the current-voltage (𝐼𝑉)
characteristics given by:

𝑃𝐶𝐸 = 𝐹𝐹

𝐽𝑆𝐶 𝑉𝑂𝐶
𝑃𝑖𝑛

,

(4.1)

where

𝐹𝐹 =

𝐼MP 𝑉MP
𝐽𝑆𝐶 𝑉𝑂𝐶

.

(4.2)

Here, 𝐹𝐹 is the fill factor, 𝐼MP (𝑉MP ) is the current density (voltage) at the point of maximum power,
𝐽𝑆𝐶 is the short circuit current, 𝑉𝑂𝐶 is the open circuit voltage of the OSC and 𝑃𝑖𝑛 is the incident solar
power.
The fill factor (𝐹𝐹) is one of the essential parameters that governs PCE of BHJ OSCs. As a
result of this, several analyses have been presented to assess the importance of various parameters on
𝐹𝐹. However there is still room for further studies and developments in attaining higher FF and
hence higher PCE in BHJ OSCs. According to Eq. (4.1), higher 𝐹𝐹 results in higher PCE in OSCs,
which is usually attributed to faster extraction of charge carriers to their respective electrodes. It may
be noted that the rate of extraction of charge carriers depends on material parameters like charge
carrier mobility 𝜇, photocarrier lifetime 𝜏 and recombination coefficient 𝛾 [2].
It is well known that absorption in organic solar cells can be improved by increasing the active
layer thickness; however the charge carrier extraction as well as the overall PCE will not improve
when thickness of the active layer is increased more than 100 nm [3]. In addition, an increase in the
active layer thickness is expected to cause an increase in the charge carrier recombination due to
subsequent increase in carrier drift length [3,4]. In addition, an increase in the active layer thickness is
expected to cause an increase in the charge carrier recombination due to subsequent increase in carrier
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drift length [4]. From a device perspective, the reduced performance with increasing active layer
thickness is mostly attributed to a reduction in 𝐹𝐹 [4]. As a result, further developments are required to
understand how to optimize extraction and recombination of charge carriers to achieve high 𝐹𝐹 and
hence high PCE. For studying the charge carrier extraction and recombination, in a more recent report,
Stolterfoht et al. [5] have discussed the role of space charge effects on the competition between charge
carrier extraction and bimolecular recombination in OSCs. Stolterfoht et al. [6] have further
demonstrated that the device performance becomes limited due to the accumulation of slower charge
carriers (holes) which causes recombination and space charge effects. In another recent study by Neher
et al. [7], a figure of merit, 𝛼 2 that is independent on the applied voltage has been derived as:

𝛼2 =

𝛾𝐺𝑞 2 𝑑 2
4𝜇𝑒 𝜇ℎ (𝑘B 𝑇)2

,

(4.3)

where 𝐺 is the generation rate of photoexcited electron and hole pairs, 𝑑 is the thickness of the active
layer, 𝛾 is the bimolecular recombination coefficient, 𝑞 is the elementary charge (𝜇𝑒 𝜇ℎ ) is the electron
(hole) mobility, where 𝑇 is the temperature in Kelvin (K) and 𝑘B is the Boltzmann constant. The
parameter 𝛼 2 has been proposed by assuming a steady quasi-Fermi level tilt within the device, without
considering space charge effects, and it has been applied in an improved Shockley-limited expression
to rectify the ideality factor for transport recombination, which may guide one to relate the entire 𝐽𝑉
curve reasonably with a good match.
Bartesaghi et al. [8] have also presented another figure of merit 𝜃, which describes the ratio of
recombination to extraction of free charge carriers as:

𝜃=

𝛾𝐺𝑑 4
2
8𝜇𝑒 𝜇ℎ 𝑉𝑂𝐶

.

(4.4)

They have demonstrated that the figure of merit correlates well with 𝐹𝐹 in several BHJ OSCs. Also
Kaienburg et al. [9] have proposed an electronic quality factor, which was based on the figure of merit
proposed by Bartesaghi et al. [8], with a strong focus on the hole mobility which is usually slower than
the electron mobility. It may be noted that both figures of merit, 𝛼 2 [Eq. (4.3)] and 𝜃 [Eq. (4.4)]
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present a measure of the ratio of the rate of recombination to that of extraction of charge carriers which
are the two main processes in evaluating the performance of any solar cell. This ratio should be as
small as possible for better photovoltaic performance of any solar cell.
In all the above studies of correlation between extraction and recombination of free charge
carriers which is vital for determining the 𝐹𝐹 in OSCs [7-9], no analytical expression has been
presented to directly define the relation between 𝐹𝐹 and the individual material parameters. In this
paper, have derived an extraction coefficient 𝛽, which depends on materials parameters like effective
carrier mobility, effective carrier concentration, thickness of the active layer, bimolecular
recombination prefactor, dielectric constant and built-in voltage. We have used the concept of effective
carrier mobility, which is the geometric average of the electron and hole mobilities 𝜇𝑒𝑓𝑓 = √𝜇𝑒 𝜇ℎ ,
because it presents the combined motion of both electron and hole in the blended active layer of a BHJ
OSC. As a result, it is a suitable concept to quantify the extraction in competition with recombination
of free charge carriers. Next, we have derived an expression for the relation between 𝐹𝐹 and 𝛽, which
provides a useful insight on how 𝐹𝐹 depends on multiple material parameters. The influence of the
extraction coefficient 𝛽, which governs the 𝐹𝐹 is further analyzed by varying the multiple material
parameters such as effective carrier mobility (𝜇𝑒𝑓𝑓 ), light intensity (𝐼0 ), dielectric constant 𝜀𝑟 and
active layer thickness (𝑑) with respect to 𝐹𝐹. This analysis provides an alternative way to modify the
device fabrication parameters to optimize the 𝐹𝐹 and hence the PCE.

4.2 Theoretical Formalism
4.2.1 Derivation of Extraction Coefficient
The extraction coefficient 𝛽 is defined as the ratio of the rate of extraction to that of
recombination of charge carriers in OSCs; the two key processes that measure the performance of any
solar cell. Thus 𝛽, may be regarded as another figure of merit, inverse of 𝛼 2 [Eq. (4.3)] and 𝜃 [Eq.
(4.4)], to measure the performance of a solar cell and it should be larger in better performing solar
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cells. The derivation of 𝛽 is described here in detail. The photocurrent generated in any solar cell
involves the combined movement of electrons and holes within its active layer, which means the
mobility of both the charge carriers needs to be taken into account. For this reason it is more
appropriate to use the effective mobility, which is the geometric average of the mobility of electrons
and holes in the active layer (𝜇𝑒𝑓𝑓 = √𝜇𝑒 𝜇ℎ ), in defining the effective drift velocity 𝑣𝑒𝑓𝑓 as:

𝑣𝑒𝑓𝑓 =

𝜇𝑒𝑓𝑓 𝑉int
𝑑

,

(4.5)

where 𝑉int is the built-in voltage. For a BHJ OSC, when there is no applied voltage,
1

A
D
A
D
𝑉int = 𝑞 (𝐸LUMO
− 𝐸HOMO
) − 0.3 V, where 𝐸LUMO
and 𝐸HOMO
are the energies of

the lowest

unoccupied molecular orbital (LUMO) of the acceptor and the highest occupied molecular orbital
(HOMO) of the donor materials, respectively, and 0.3 V is an empirical value used to represent the
energy loss due to the band bending. It may be noted that the expression for 𝑉int given above is the
same as that used for open circuit voltage in OSCs; this is because the built-in voltage can have several
impact on the open circuit voltage if it is too small.
Under short circuit condition, the probability of extraction approaches one 𝑃𝑖𝑛𝑡 → 1 in the
optimized solar cell limit and the short circuit current 𝐽𝑆𝐶 is influenced by drift current 𝐽drift from the
charge carriers within the internal field and hence diffusion current is neglected here; this gives [10]:

𝐽drift =

𝑞𝑛𝑒𝑓𝑓 𝜇𝑒𝑓𝑓 𝑉int
𝑑

,

(4.6)

where 𝑛𝑒𝑓𝑓 = √𝑛𝑝 is the effective carrier concentration: 𝑛(𝑝) is the electron(hole) concentration.
The extraction rate of charge carriers, which is the measure of the amount of free charges
carriers that are extracted at their respective electrodes, is given by [10]:

𝑘𝑒𝑥𝑡 =

𝜇𝑒𝑓𝑓𝑉int
𝑑2

.

(4.7)

Substituting Eq. (4.6) in Eq. (4.7) gives:
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𝑘𝑒𝑥𝑡 =

𝐽𝑆𝐶
𝑞𝑛𝑒𝑓𝑓 𝑑

.

(4.8)

The bimolecular recombination rate can be expressed as:

𝑘𝑟𝑒𝑐 = 𝛾𝑛𝑒𝑓𝑓 .
where 𝛾 = 𝛾𝑝𝑟𝑒 𝜀

(4.9)
𝑞

(𝜇𝑒 + 𝜇ℎ ) is the bimolecular recombination coefficient: 𝛾𝑝𝑟𝑒 is the dimensionless

0 𝜀𝑟

reduction prefactor, 𝜀0 is the permittivity of free space and 𝜀𝑟 is the static dielectric constant of the
blend. Although Eq. (4.9) is very well applicable for inorganic solar cells, where recombination of
charge carriers is dominantly bimolecular and may not be regarded applicable to OSCs where other
mechanisms also play some roles [11]. It is used here for BHJ OSCs assuming that the bimolecular
recombination of charge carriers is dominant.
Using Eqs. (4.6) and (4.9), we obtain:

𝑘𝑟𝑒𝑐 =

𝐽𝑆𝐶 𝑑𝛾𝑝𝑟𝑒 (𝜇𝑒 +𝜇ℎ )
𝑞𝜀0 𝜀𝑟 𝜇𝑒𝑓𝑓 𝑉int

.

(4.10)

Also, using Eqs. (4.8) and (4.10), we obtain an expression for the extraction coefficient 𝛽 as:

𝛽=

𝜀0 𝜀𝑟 𝜇𝑒𝑓𝑓 𝑉int
𝑑2𝑛

𝑒𝑓𝑓 𝛾𝑝𝑟𝑒 (𝜇𝑒 +𝜇ℎ )

.

(4.11)

We have thus derived an analytical expression for the extraction coefficient 𝛽 for BHJ OSCs, which is
a dimensionless parameter describing the fraction of charge carriers that are collected at the electrodes.
It is as a function of the effective carrier mobility, effective carrier concentration, thickness of the
active layer, bimolecular recombination prefactor, dielectric constant and built-in voltage.

4.2.2 Relation between Fill Factor and Extraction Coefficient
Following Green [12], we have used an empirical expression for 𝐹𝐹, given as:

𝐹𝐹 =

𝑣𝑜𝑐 +1

,

(4.12)

1.015𝑣𝑜𝑐 +5.7
𝑉

where 𝑣𝑜𝑐 = 𝑞 𝑘 𝑂𝐶𝑇 is the normalized voltage, which can be used to rewrite Eq. (4.12) as:
B
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1

1−5.7𝐹𝐹

𝑉𝑜𝑐 = (
) 𝑘B 𝑇 .
𝑞 1.015𝐹𝐹−1

(4.13)

Replacing 𝑉int with 𝑉𝑂𝐶 in Eq. (4.13) and using Eqs. (4.11) and (4.13) we get:
1

1−5.7𝐹𝐹

(
) 𝑘B 𝑇 =
𝑞 1.015𝐹𝐹−1

𝑑 2 𝑛𝑒𝑓𝑓 𝛾𝑝𝑟𝑒 (𝜇𝑒 +𝜇ℎ )𝑞
𝜀0 𝜀𝑟 𝜇𝑒𝑓𝑓 𝛽

,

(4.14)

which gives:

𝐹𝐹 =

𝑎+𝛽𝑏
1.015𝛽𝑏+5.7𝑎

,

where 𝑎 = 𝜇𝑒𝑓𝑓 𝑘B 𝑇 and 𝑏 =

(4.15)
𝑑2 𝑛𝑒𝑓𝑓 𝛾𝑝𝑟𝑒 (𝜇𝑒 +𝜇ℎ )𝑞
𝜀0 𝜀𝑟

. The study of the relationship between 𝐹𝐹 and 𝛽

derived in Eq. (4.15) provides a useful insight on the dependence of 𝐹𝐹on multiple material
parameters.

4.3 Results
Using the input parameters of the various donor-acceptor combinations given in Table 4.1, the
extraction coefficient 𝛽 in Eq. (4.11), and 𝐹𝐹 in Eq. (4.15) are calculated and listed in Table 4.2.
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Table 4.1 List of input parameters required for the calculations 𝛽 and 𝐹𝐹. These are the bimolecular
recombination coefficient 𝛾, electron (hole) mobility 𝜇𝑒 (𝜇ℎ ), electron (hole) concentration 𝑛(𝑝), and
measured open circuit voltage 𝑉𝑂𝐶 . Here, active layer thickness 𝑑=100 nm is used in the calculation for
all the blends.
Active layer blend
MDMO-PPV:PC61BM

𝛾 ×10-17 𝜇𝑒 ×10-7
𝜇ℎ ×10-8
(m3s-1)
(m2V-1s-1) (m2V-1s-1)
5.73
2.0
2.0

𝑛×1022 𝑝×1022
(m-3)
(m-3)
1.80
0.95

𝑉𝑂𝐶
(V)
0.83

Ref.
[13]

P3HT:PC60BM

7.08

1.0

1.0

1.80

0.95

0.63

[13]

PCDTBT:PC71BM

0.10

2.9

0.3

1.80

0.95

0.85

[13]

OC1C10-PPV:PC61BM

7.30

2.5

3.0

1.80

0.95

0.85

[13]

PTB7:PC71BM

5.91

1.0

2.0

1.90

0.89

0.75

[13]

mono-DPP:PC71BM

5.30

1.0

0.2

2.50

0.38

0.78

[13]

bis-DPP:PC71BM

2.60

1.5

3.4

1.00

1.58

0.52

[13]

Table 4.2 Using the input parameters in Table 4.1 for all the blends, the calculated values of effective
carrier mobility 𝜇𝑒𝑓𝑓 , effective carrier concentration 𝑛𝑒𝑓𝑓 , 𝛽 from Eq. (4.11) and calculated values of
fill factors 𝐹𝐹 from Eq. (4.15).
𝑛𝑒𝑓𝑓 ×1022
(m-3)
1.31

𝛽

FF
FF
[Eq.(4.15)] [Eq.(4.17)]

MDMO-PPV:PC61BM

𝜇𝑒𝑓𝑓 ×10-8
(m2V-1s-1)
6.32

6.99

0.86

0.69

P3HT:PC60BM

3.16

1.31

2.15

0.83

0.67

PCDTBT:PC71BM

2.95

1.31

200

0.87

0.70

OC1C10-PPV:PC61BM

8.66

1.31

7.75

0.87

0.70

PTB7:PC71BM

4.47

1.30

4.37

0.85

0.69

mono-DPP:PC71BM

1.41

0.97

2.14

0.86

0.69

bis-DPP:PC71BM

7.14

1.26

11.34

0.81

0.65

Active layer blend

112

Using Eq. (4.11), the extraction coefficient β is plotted as a function of effective mobility 𝜇𝑒𝑓𝑓
in Figure 4.1 for the active layer blend MDMO-PPV:PC61BM of four different selected thicknesses 𝑑,
as expected, which shows β increases linearly with the effective mobility. The other blends also show a
similar behaviour and hence not shown here.

Figure 4.1 𝛽 plotted as a function of the effective carrier mobility 𝜇𝑒𝑓𝑓 for four different active layer
thicknesses 𝑑 for the blend MDMO-PPV:PC61BM using Eq. (4.11).

A larger β means larger rate of extraction and smaller rate of recombination of charge carriers which is
favourable for better photovoltaic performance in any OSC. According to Eq. (4.11), 𝛽 depends on as
𝑑−2 , which means larger 𝛽 can be obtained when the active layer thickness d is smaller. This is what
can be expected because the extraction of charge carriers will be higher and recombination will be
lower at smaller thickness d.
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The fill factor 𝐹𝐹 calculated from Eq. (4.15) as a function 1⁄𝛽 is shown in Figure 4.2 for two
of the blends MDMO-PPV:PC61BM and PCDTBT:PC71BM given in Table 4.1.

Figure 4.2 Fill factor 𝐹𝐹 calculated from Eq. (4.15) and plotted as a function of 1⁄𝛽 for two of
blends MDMO-PPV:PC61BM and PCDTBT:PC71BM from Table 4.1.

According to Figure 4.2, one can obtain higher 𝐹𝐹 at lower values of 1⁄𝛽 , which means at
higher extraction and/or lower recombination of charge carriers. This is expected because solar cells
with lower values of 1⁄𝛽 give better photovoltaic performance. Accordingly, comparing 𝐹𝐹 for the
two blends shown in Figure 4.2, it is apparent that the 𝐹𝐹 remains nearly constant for 1⁄𝛽 <0.05 in the
blend MDMO-PPV:PC61BM but reduces nearly by 50% in PCDTBT:PC71BM. That means the former
blend can be expected to give a better photovoltaic performance.

114

4.4 Discussions
The dependence of fill factor 𝐹𝐹 on the extraction coefficient β in bulk heterojunction organic
solar cells is studied here in detail. Several approaches [7-9] have been developed in the past to
analyze the influence of 𝐹𝐹 on organic material parameters. However an analytical relation between
𝐹𝐹 and these parameters like the expression in Eq. (4.15), has not yet been presented in detail.
According to Eq. (4.11) and Figure 4.1, 𝛽 is directly proportional to the effective mobility 𝜇𝑒𝑓𝑓
and hence 𝛽 can be increased by increasing the effective mobility. An increase in mobility by
manipulating the materials has been achieved experimentally [14,15]. The increase in 𝛽 thus achieved
implies an increase in extraction rate or reduction in recombination rate or both. Such a linear
dependence of 𝛽 on effective carrier mobility 𝜇𝑒𝑓𝑓 is consistent with the experimental observations as
well as the numerical simulations [14, 15]. Although, increasing the active layer thickness 𝑑 enhances
photon absorption, it also increases recombination. As a result, an increase in the active layer thickness
results in slower carrier extraction, since the charge carriers will require more time to move away from
the active layer [see Eq. (4.11)]; this agrees reasonably well with previous experimental [16] and
theoretical [17] studies. According to Eq. (4.11), an increase in the dielectric constant (𝜀𝑟 ) results in
an increase in extraction and hence an increase in extraction coefficient 𝛽. This is also consistent with
the known experimental and theoretical results [18-22]. For instance, the dielectric constant in organic
solids has been measured and found to be increased by introducing salt [18], nitrile side chains [19],
polarizable glycol chains [20], and mixing the organic solid with high dielectric small molecule solids
[21], which resulted in a decrease in the charge carrier recombination. Similarly, Korster et al. [22]
have argued that an increase in the dielectric constant of an organic active layer is useful since this
concept could possibly reduce bimolecular recombination rates, space charge effects and exciton
binding energy.
Comparing Eq. (4.11) with Eq. (4.3) derived by Neher et al. [7], we get:
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1 𝑉𝑂𝐶 2 1

𝛼2 = (
4

𝑉𝑡

)

𝛽

,

(4.16)

Where 𝑉𝑡 = 𝑘B 𝑇⁄𝑞 is the thermal voltage. Thus, 𝛼 2 is proportional to 1⁄𝛽 if 𝑉𝑂𝐶 and 𝑉𝑡 remain
constant, which is the case considered here. Also, comparing  in Eq. (4.11) with 𝜃 in Eq. (4.4) used
by Bartesaghi et al. [8], we find that 1⁄𝛽 = 8𝜃. As both figures of merit (FOM) 𝛼 2 [7] and 𝜃 [9] are
proportional to 1⁄𝛽 , we have plotted 𝐹𝐹 in Eq. (4.15) as a function of 1⁄𝛽 in Figure 4.2 for two of the
blends in Table 4.1. The results of Figure 4.2 agree well with those of Neher et al. [7] and Bartesaghi
et al.[8].
However, the empirical expression for 𝐹𝐹 as a function of 𝑣𝑜𝑐 given in Eq. (4.12), is not
considered to be suitable for organic semiconductors because it overestimates 𝐹𝐹 due to the fact that
OSCs have significantly large series and shunt resistances as compared to inorganic solar cells with
negligible resistances [12]. This is also evident from the simulation results shown in Figure 4.2 using
Eq. (4.15) which give 𝐹𝐹≥ 0.8 [7] as listed in Table 4.2. Such a high 𝐹𝐹 is not obtained for OSCs
because of their non-ideal 𝐽𝑉 characteristics which produce low 𝐹𝐹s in the range of 0.5-0.7 [23].
The problem of getting higher 𝐹𝐹 in OSCs may be tackled by reducing the contribution of 𝑣𝑜𝑐
in the numerator of Eq. (4.12) to 0.8 𝑣𝑜𝑐 . We have used 0.8 mainly to reduce 𝐹𝐹 to be in the range
usually applicable for OSCs. Although there is no rational justification for this reduction, it is
interesting to note that then 𝐹𝐹 thus obtained as:

𝐹𝐹 =

0.8𝑣𝑜𝑐 +1
1.015𝑣𝑜𝑐 +5.7

,

(4.17)

gives its values in the range of 0.65-0.7 as given in Table 4.2 above which is more applicable for OSCs
and also agree with those obtained experimentally by Ray and Alam [23]. The empirical expression of
𝐹𝐹 in Eq. (4.12) was mainly used to demonstrate that it produces enhanced 𝐹𝐹 and hence not suitable
for applying it to OSCs.
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According to Figure 4.2, 𝐹𝐹 increases rapidly when 1⁄𝛽 decreases from 101 to 10-1.25 for
MDMO-PPV:PC61BM and from about 100 to 10-2 for PCDTBT:PC60BM, which agree with the
experimental and numerical results by Neher et al. [7] and Bartesaghi et al. [8] and Figure 4.2 also
shows that high 𝐹𝐹s above 0.8 can be achieved at very low 1⁄𝛽 < 10-0.5 for MDMO-PPV:PC61BM and
1⁄ <10-2 for PCDTBT:PC60BM which means at very high extraction and/or very low recombination
𝛽
rates. This agrees well with the results of Ray and Alam [23], who have obtained a high 𝐹𝐹 above 0.8
in P3HT:PCBM-based BHJ OSCs by introducing a fixed charge layer at the donor (D)-acceptor (A)
interface, resulting in reduced recombination at the D-A interface. Similarly, Trukhanov et al. [24]
have reported another high 𝐹𝐹 =0.91, at a 𝑉𝑂𝐶 =0.79 V for a bilayer layer OSC through doping which
increases the electric field at the D-A interface and hence increases 𝐹𝐹. They have further deduced that
increasing the electric field at the D-A interface reduces the recombination rate and hence increases the
𝐹𝐹.
In addition, it is known that the effective carrier concentration 𝑛𝑒𝑓𝑓 of the blend is proportional
to the absorbed light intensity 𝐼𝑎𝑏𝑠 as [11, 13]:

𝑛𝑒𝑓𝑓 ∝ 𝐼𝑎𝑏𝑠 = 𝐼0 [1 − exp(−𝛼𝑡)],

(4.18)

where 𝐼0 is the incident light intensity, 𝛼𝑎𝑏𝑠 is the absorption coefficient and 𝑑 is the thickness of the
active layer. The relation in Eq. (4.18) implies that for a fixed 𝑑 and 𝛼𝑎𝑏𝑠 , 𝑛𝑒𝑓𝑓 is proportional to the
incident light intensity 𝐼0 . That means if 𝐼0 increases 𝑛𝑒𝑓𝑓 will increase, which in accordance with Eq.
(4.9) or (4.11), increases the recombination rate krec and hence decreases 𝛽 and 𝐹𝐹 (see Figure 4.2).
This agrees with results where a decrease in the 𝐹𝐹 with 𝐼0 has also been observed [25, 26] and
discussed [27] in detail for Squaraine (SQ)-based OSCs. Further, by relating the results of Figure4.1 to
those of Figure 4.2 it is clear that 𝐹𝐹 basically increases with effective mobility 𝜇𝑒𝑓𝑓 and decreases
with an increase in active layer thickness 𝑑, which agrees with the simulation results [16,17].
Accordingly, a reduction in the charge carrier recombination rate as a result of an increase in dielectric
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constant (𝜀𝑟 ) (see Eq. 4.11) may result in an increase in 𝐹𝐹 (see Figure 4.2) and hence better
photovoltaic performance. This agrees very well the experimental results of enhancing the dielectric
constant through salt doping [18], by incorporating high permittivity small molecules in polymerfullerene BHJOSCs [28], by doping the active layer with a ferroelectric polymer [29] and by
increasing the dielectric constant of fullerene synthetically [30]. It is well established as one of the key
differences between silicon based solar cells with dielectric constant of 12 and OSCs with dielectric
constant 3-4, leading to a better performance of the former due to easy dissociation or no formation of
excitons. Inche Ibrahim et al. [31] have also theoretically shown that higher dielectric constant may
lead to higher 𝐹𝐹 and hence higher PCE. In this view, the analysis of our results may be regarded to be
consistent with these well-known results.
Overall, it can be deduced from our results that higher charge carrier extraction gives higher
𝐹𝐹s whereas higher charge carrier recombination gives lower 𝐹𝐹s in OSCs. This study of the
correlation between 𝐹𝐹 and 𝛽 provides a basis for comparing several devices to regulate material
parameters for their design and fabrication.

4.5 Conclusions
In summary, we have analytically studied the dependence of the extraction coefficient  on
different material parameters such as effective charge carrier mobility, bimolecular recombination
prefactor, dielectric constant, active layer thickness and light intensity. Also, it is found that an
increase in 𝛽 leads to an increase in fill factor 𝐹𝐹 and hence an increase in the PCE with increasing
dielectric constant as well as decreasing light intensity and active layer thickness. In the BHJ OSCs
considered here, 𝐹𝐹 increases rapidly from ~0.30 to 0.90 in MDMO-PPV:PC61BM if 1⁄𝛽 decreases
from 101 to 10-1.25, and ~0.20 to 0.76 in PCDTBT:PC60BM if 1⁄𝛽 decreases from 10-0.5 to 10-2. We
thus deduce that the materials of active layer with higher dielectric constant and high effective carrier
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mobility will produce high 𝐹𝐹 and eventually improve the performance of BHJ OSCs. Moreover,
since an increase in light intensity could generate more free charge carriers, further development in
device fabrication is required to limit carrier recombination at high illumination intensity. This work
therefore provides a possibility of optimizing the parameters required for the design and fabrication of
BHJ OSCs to increase their fill factor and hence their power conversion efficiency.
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Abstract
Perovskite solar cells are regarded as a promising alternative for the next generation solar cells.
Despite a significant improvement in their power conversion efficiency (PCE), the dependence of open
circuit voltage (𝑉𝑂𝐶 ) on material parameters has not been fully understood. We have derived two
analytical expressions for the 𝑉𝑂𝐶 in perovskite solar cells as a function of material parameters, such
as electron (hole) mobility 𝜇𝑒 (𝜇ℎ ), electron-carrier concentration 𝑛, effective density of states of holes
at the at the valence band edge 𝑁𝑉 , photogeneration rate 𝐺, active layer thickness 𝑑 and electron drift
velocity 𝑣𝑒 . It is found that using perovskite materials with low 𝑁𝑉 , higher electron-hole mobility ratio
(𝜇𝑒 ⁄𝜇ℎ ), and larger active layer thickness 𝑑 at high light intensity 𝐼 can lead to higher 𝑉𝑂𝐶 and hence
higher PCE in perovskite solar cells, which agree well with experimental results. These results may
provide useful guidance in selecting materials leading to higher 𝑉𝑂𝐶 and hence PCE in perovskite
solar cells.
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5.1 Introduction
Inorganic-organic perovskite-based solar cells have attracted considerable attention due to their
high power conversion efficiency (PCE) reaching up to 22% [1-3] in a short time. This high PCE
arises from a combination of several properties such as long electron and hole diffusion lengths [4,5],
low exciton binding energy [6,7], high charge carrier mobility [8,9] and high absorption coefficient
[10]. Several theoretical [11-13] and experimental studies [14,15] have also been conducted to
elucidate the other factors responsible for perovskite solar cells’ high PCE. For example, it has been
experimentally demonstrated that the PCE of perovskite solar cells depends on the interface losses,
film morphology and crystal quality [16-18]. In other studies, high PCE has also been attributed to the
high dielectric constant and larger band gap [19-21] of perovskites. Generally, a perovskite solar cell
consists of a layered structure with an electron transport layer (ETL) of mesoporous titanium dioxide
or alumina (mp-TiO2 or mp-Al2O3), a perovskite absorber layer (PSL) of a methylammonium lead
halide (CH3NH3PbX3, X = Cl, Br, I) and a spiro-OMeTAD hole transport layer (HTL) [22],
sandwiched between anode and cathode electrodes as ITO/ETL/PSL/HTL/Ag. Light is absorbed in the
PSL which generates free electrons and holes [23] due to higher dielectric constant. These free charge
carriers then drift under the influence of the electric filed created by the difference in work functions of
the two electrodes. The ETL and HTL are responsible for transporting the electrons and holes to
respective electrodes for efﬁcient extraction; electrons move towards the ETL and holes towards the
HTL and eventually get extracted to their respective electrodes. Electrons and holes may also
recombine in radiative and non-radiative ways without being extracted leading to loss of charge
carriers and hence poor device performance. A radiative recombination results from the annihilation of
an electron in the conduction band (CB) and an hole in the valence band (VB) to emit a photon of
energy equal to the band-gap (𝐸𝐺 ) of the perovskite. On the other hand, nonradiative recombination
takes place via an intermediate, such as a defect or a trap (an energy level in the band gap of the
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perovskite), occupied with either an electron or a hole (depending on the energy level of the trap) and
an eventual annihilation with a hole in VB or electron in CB
The optoelectronic properties of perovskite solar cells depend strongly on the distribution of
localised states in the band gap of the perovskite as the absorbing layer. This is because if there is low
density of states (DOS) within the band gap, which acts as traps for the charge carriers, then the
generation of free charge carriers within the perovskite active layer will be enhanced. Experimental
information on the distribution of defects cannot be obtained directly; various techniques such as
ultraviolet photoelectron spectroscopy, Kelvin probe force microscopy, electron spin resonance
spectroscopy and space-charge-limited-current spectroscopy [13-17,22] have been proposed to extract
information regarding the energy distribution of the DOS in thin-film semiconductors. On the other
hand, thin-film transistors have been used to determine the density of localised states in the optical gap
of inorganic semiconductors, such as polycrystalline silicon or hydrogenated amorphous silicon [24],
and more recently in the study of organic semiconductors [25]. Clearly, the presence of charge carrier
traps at interfaces and grain boundaries significantly affects the performance of perovskite solar cells
[26]. A higher DOS distribution causes more charge trapping and reduces carrier mobility, which is
detrimental to charge carrier extraction that limits performance parameters such as short-circuit current
(𝐽𝑆𝐶 ) and fill factor (𝐹𝐹) values [18]. Furthermore, it causes hysteresis in the current-voltage (I-V)
curves, which is regarded as a critical issue in the operation of perovskite solar cells [26].
The other essential parameter that has still not been fully discussed in relation to the material
parameters such as density of states (DOS) and carrier mobility in perovskites is the open circuit
voltage (𝑉𝑂𝐶 ). Recently, Zhou and Long [27] have used numerical models based on ab initio method
to quantify the losses in 𝑉𝑂𝐶 with respect to the DOS distribution in amorphous silicon, CdTe, and
perovskites. The influence of charge carrier mobility on 𝑉𝑂𝐶 is less direct, because at open circuit
conditions there is no direct current extraction. As a result the influence of various material parameters
on 𝑉𝑂𝐶 is not yet fully understood in perovskite solar cells and there exists more room for further
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theoretical developments. In this work, we study theoretically the influence of charge carrier mobility,
charge carrier concentration, energetics, active layer thickness and DOS on the open circuit voltage
𝑉𝑂𝐶 in perovskite solar cells.

5.2 Theoretical Approach
First, in order to study the influence of material parameters on 𝑉𝑂𝐶 in perovskite solar cells we
need an expression for the open circuit voltage. Following our earlier work [28] on organic solar cells,
we can define 𝑉𝑂𝐶 as [29]:

𝑞𝑉𝑂𝐶 = 𝐸𝐹𝑒 − 𝐸𝐹ℎ ,

(5.1)

where 𝑞 is the electronic charge, 𝐸𝐹𝑒 is the electron quasi-Fermi level of the electron transport layer and
𝐸𝐹ℎ is the hole quasi-Fermi level of the hole transport layer. The right-hand side of Eq. (5.1) can be
determined using [30]:

𝑛 = 𝑁𝐶 exp (−

𝐸𝐶 −𝐸𝐹𝑒
𝑘B 𝑇

),

(5.2)

and

𝑝 = 𝑁𝑉 exp (−

𝐸𝐹ℎ −𝐸𝑉
𝑘B 𝑇

),

(5.3)

where 𝑛(𝑝) is the concentration of electrons(holes) and, 𝑁𝑉 (𝑁𝐶 ) is the effective density of states of
holes (electrons) at the valence (conduction) band edge, respectively in the perovskite layer at the
thermal equilibrium, 𝑇 is the temperature and 𝑘B is the Boltzmann constant. 𝐸𝐶 and 𝐸𝑉 are energies of
the conduction and valence bands of the absorber perovskite, respectively, which for the organic solar
cells (OSCs) are used as the energies of LUMO of acceptor and HOMO of donor, respectively.
At open circuit voltage condition, the rates of generation of electron and hole pairs and
bimolecular recombination are equal. As a result, we assume that the current densities for electrons
𝐽𝑒 = 𝜇𝑒 𝑛∇𝐸𝐹𝑒 and holes 𝐽ℎ = 𝜇ℎ 𝑝∇𝐸𝐹ℎ are equal, which gives:

𝜇𝑒 𝑛∇𝐸𝐹𝑒 = 𝜇ℎ 𝑝∇𝐸𝐹ℎ ,

(5.4)
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where 𝜇𝑒 (𝜇ℎ ) is the electron (hole) mobility and ∇𝐸𝐹𝑒 (∇𝐸𝐹ℎ ) is the gradient of the quasi-Fermi energies
for electrons (holes), which are assumed to be constant here [30,31]. Thus, ∇𝐸𝐹𝑒 = ∇𝐸𝐹ℎ = const. and
then Eq. (5.4) can be written as:

𝑝=

𝜇𝑒
𝜇ℎ

𝑛

(5.5)

Substituting Eq. (5.3) into Eq. (5.5), we get:
𝜇𝑒
𝜇ℎ

𝑛 = 𝑁𝑉 exp[(𝐸𝑉 − 𝐸𝐹ℎ )/𝑘B 𝑇]

`

(5.6)

One can replace 𝐸𝐹ℎ by 𝐸𝐹𝑒 − 𝑞𝑉𝑂𝐶 according Eq. (5.1) and 𝐸𝑉 by 𝐸𝐶 − 𝐸𝐺 for the perovskite absorber
using 𝐸𝐺 = 𝐸𝐶 − 𝐸𝑉 , then Eq. (5.6) can be written as:

𝐸𝐶 − 𝐸𝐺 + 𝑞𝑉𝑂𝐶 − 𝐸𝐹𝑒 = 𝑘B 𝑇ln

𝜇𝑒 𝑛

(5.7)

𝜇ℎ 𝑁𝑉

Rearranging Eq. (5.7), we get 𝑉𝑂𝐶 as:

𝑞𝑉𝑂𝐶 = 𝐸𝐺 − (𝐸𝐶 − 𝐸𝐹𝑒 ) + 2𝑘B 𝑇ln√𝑃𝑄 = 𝐸𝐺 − ∆
where ∆= (𝐸𝐶 − 𝐸𝐹𝑒 ) − 2𝑘B 𝑇ln√𝑃𝑄 is the voltage loss: 𝑃 =

(5.8)
𝜇𝑒
⁄𝜇ℎ and 𝑄 = 𝑛⁄𝑁 .
𝑉

The expression of 𝑉𝑂𝐶 , thus obtained in Eq. (5.8), is comparable to that derived in [28] for OSCs where
the effective band gap 𝐸𝐷𝐴 has been used instead of 𝐸𝐺 .
The 𝑉𝑂𝐶 obtained in Eq. (5.8) depends on the energy difference between the conduction band
and the electron quasi-Fermi level of the hole transport layers (𝐸𝐶 − 𝐸𝐹𝑒 ), the ratio of electron to hole
mobility (𝜇𝑒 ⁄𝜇ℎ ), the electron-carrier concentration (n) and the effective density of states of holes at
the valence band edge (𝑁𝑉 ).
In another case, 𝑉𝑂𝐶 is considered to be determined by diffusion-limited transport and the
recombination within the bulk of the device. Here, we use the well-known electron drift velocity (𝑣𝑒 )
equation, which is given as [32]:

𝑣𝑒 =

2𝜇𝑒 𝑉int
𝑑

,

(5.9)
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and

𝑛=

𝐺𝑑 2
2𝜇𝑒 𝑉int

,

(5.10)

where 𝐺 is the photogeneration rate and 𝑉int is the built-in voltage.
Using Eqs. (5.9) and (5.10), the expression for 𝑉𝑂𝐶 in Eq. (5.8) can be rewritten as:

𝑞𝑉𝑂𝐶 = 𝐸𝐺 − (𝐸𝐶 − 𝐸𝐹𝑒 ) + 2𝑘B 𝑇ln√

𝜇𝑒 𝐺𝑑

𝜇ℎ 𝑣𝑒 𝑁𝑉

,

(5.11)

The expression in Eq. (5.11) shows that 𝑉𝑂𝐶 also depends on the active layer thickness (𝑑) and the
electric field (𝐹) and increases with an increase in 𝑑 and a decrease in the magnitude of 𝐹, as
𝑣𝑒 = 𝜇𝑒 |𝐹|. This agrees quite well with the results obtained by Sandberg et al. [33].

5.3 Results and Discussions
A comprehensive study of the influence of multiple material parameters on the open circuit
voltage in perovskite solar cells has been carried out. For calculating the open circuit voltage using Eq.
(5.8), we require several input parameters, which have been listed in Table 5.1 for CH3NH3PbI3
perovskite material commonly used as active layer with and without hole transport layer (HTL). Using
the parameters in Table 5.1, the calculated values of voltage loss ∆ and 𝑉𝑂𝐶 are listed in Table 5.2.

Table 5.1 List of input parameters required for calculating 𝑉𝑂𝐶 using Eq. (5.8) are 𝐸𝐺 = (𝐸𝐶 − 𝐸𝑉 ),
𝐸𝐶 − 𝐸𝐹𝑒 , 𝑁𝑉 , calculated 𝑛 values, 𝜇𝑒 and 𝜇ℎ for each material.
𝐸𝐶 − 𝐸𝐹𝑒
(eV)

CH3NH3PbI3 (mp-TiO2)

𝐸𝐺
(eV)
[34]
1.57

CH3NH3PbI3 (mp-Al2O3)
CH3NH3PbI3 (no HTL)

Perovskite material

𝑛×1021
(m-3)

0.20

𝑁𝑉 ×1024
(m-3)
[27]
2.49

3.185

𝜇𝑒 ×10-4
(m2V-1s-1)
[22]
0.60

𝜇ℎ ×10-4
(m2V-1s-1)
[22]
19.00

1.57

0.20

2.49

3.185

3.00

7.00

1.57

0.20

2.49

3.185

3.00

17.00
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𝜇

𝑛

𝑒
Table 5.2 The voltage loss ∆= (𝐸𝐶 − 𝐸𝐹𝑒 ) − 2𝑘B 𝑇ln√
, the calculated 𝑉𝑂𝐶 from Eq. (5.8)
𝜇ℎ 𝑁𝑉

and the corresponding measured values.
Perovskite material

∆
(eV)

cal.
𝑉𝑂𝐶
(V)

CH3NH3PbI3 (mp-TiO2)

0.46

1.11

meas.
𝑉𝑂𝐶
(V)
[35]
1.01

CH3NH3PbI3 (mp-Al2O3)

0.40

1.17

1.02

CH3NH3PbI3 (no HTL)

0.42

1.15

0.77

As listed in Table 5.1, we have assumed (𝐸𝐶 − 𝐸𝐹𝑒 )= 0.2 eV, which is consistent with the
values reported by Leijtens et al. [36], and used it in Eq. (5.8) for calculating 𝑉𝑂𝐶 for all the materials
given in Table 5.2. Using 𝐸𝐶 − 𝐸𝐹𝑒 and 𝑁𝐶 [27] in Eq. (5.2) the values of electron-carrier
concentration (𝑛) are calculated at room temperature and listed in Table 5.1; these values are also
consistent with those reported by Leijtens et al. [36]. According to Table 5.2, the voltage losses ∆ of
the perovskites listed in Table 5.2, ranging from 0.40-0.46 eV agree well with the value 0.45 eV
measured at room temperature for CH3NH3PbI3 [37]. Additionally, the calculated values of 𝑉𝑂𝐶 agree
reasonably well with the measured values [27,35].
𝜇

𝑛

According to Eq. (5.8), there are four ways one can reduce ∆= (𝐸𝐶 − 𝐸𝐹𝑒 ) − 2𝑘B 𝑇ln√𝜇 𝑒 𝑁 :
ℎ

𝑉

(i) by reducing the magnitude of the energy difference 𝐸𝐶 − 𝐸𝐹𝑒 . This is consistent with the simulation
analysis [38], where a reduction of the energetic barrier is found to increase with 𝑉𝑂𝐶 ; (ii) by
increasing the electron-carrier concentration 𝑛; (iii) by using materials with smaller 𝑁𝑉 ; and (iv) by
increasing the electron to hole mobility ratio (𝜇𝑒 ⁄𝜇ℎ ). Therefore, with a careful selection of materials
for the transport layers one may be able to minimise the voltage loss ∆ by optimizing the above four
conditions.
Using Eq. (5.8), the 𝑉𝑂𝐶 is plotted as a function of electron: hole mobility ratio 𝑃 =
two different values of (𝐸𝐶 − 𝐸𝐹𝑒 )= 0.18 eV and 0.20 eV in CH3NH3PbI3 in Figure 5.1.
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𝜇𝑒
⁄𝜇ℎ for

Figure 5.1 Open circuit voltage plotted as a function of the electron-hole mobility ratio 𝑃 =

𝜇𝑒
⁄𝜇ℎ at

two different values of (𝐸𝐶 − 𝐸𝐹𝑒 ) = 0.18 and 0.20 eV in a CH3NH3PbI3 perovskite solar cell.

𝜇
According to Figure 5.1 and Eq. (5.8), 𝑉𝑂𝐶 depends linearly on ln( 𝑒⁄𝜇ℎ ). However, if 𝑃 = 1 (𝜇𝑒 =
𝜇ℎ ) then the mobility will have no influence on 𝑉𝑂𝐶 , which may be the case studied by Sherkar et al.
[38] who have indicated that the carrier mobility has no influence on the 𝑉𝑂𝐶 . Our result of 𝑉𝑂𝐶 being
independent of mobility for 𝑃 = 1 also agrees with that of Würfel et al. [39] who have assumed 𝜇𝑒 =
𝜇ℎ and found that the 𝑉𝑂𝐶 is independent of charge carrier mobility ranging from 10-10 to 10-4 m2V-1s1

.
In Figure 5.2, we have plotted 𝑉𝑂𝐶 in Eq. (5.8) as a function of ln 𝑄 where 𝑄 = 𝑛⁄𝑁 and as
𝑉

expected 𝑉𝑂𝐶 increases linearly with ln 𝑄. This implies that materials with higher electron-carrier
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concentration (𝑛) and/or lower 𝑁𝑉 may have higher 𝑉𝑂𝐶 and agrees well with the measured results
[40,41].

Figure 5.2 Open circuit voltage plotted as a function of 𝑙𝑛 𝑄 for 𝑄 = 𝑛⁄𝑁 for CH3NH3PbI3
𝑉
perovskite solar cells; all three perovskite combinations considered here show the same dependence
between 𝑉𝑂𝐶 and 𝑄.

For comparing 𝑁𝑉 of silicon (Si) with that of perovskite, we have used 𝑁𝐶 =1.85 ×1025 m-3 [42] and
Eq. (5.2) to obtain 𝑛=8.441 ×1021 m-3 at room temperature in Si, which is comparable with the values
of electron-carrier concentration (𝑛) listed for the perovskites in Table 5.1. However, the value of
𝑁𝑉 =2.85 ×1025 m-3 [42] in Si is about an order of magnitude higher than that in perovskite (see Table
5.1). A lower 𝑁𝑉 in perovskites agrees well with that reported by Endres et al. [23] and it may be
regarded as another cause of achieving higher 𝑉𝑂𝐶 in perovskites.
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Using Eq. (5.11), 𝑉𝑂𝐶 is plotted as a function of ln|𝐺| in Figure 5.3, and as expected, 𝑉𝑂𝐶
increases linearly with ln|𝐺|. As 𝐺 is proportional to the absorbed light intensity 𝐼𝑎𝑏𝑠 given by

𝐺
𝛾

∝

𝐼𝑎𝑏𝑠 = 𝐼0 [1 − exp(−𝛼𝑡)] [28], this implies that 𝑉𝑂𝐶 increases linearly with ln|𝐼𝑎𝑏𝑠 | as well, which
agrees well with the numerical simualtions [43-45].

Figure 5.3 Open circuit voltage plotted as a function of 𝑙𝑛|𝐺| for two different values of (𝐸𝐶 − 𝐸𝐹𝑒 )
= 0.18 and 0.20 eV in a CH3NH3PbI3 perovskite solar cell.

Figure 5.3 illustrates clearly that for a lower (𝐸𝐶 − 𝐸𝐹𝑒 )=0.18 eV, 𝑉𝑂𝐶 is higher than that for higher
(𝐸𝐶 − 𝐸𝐹𝑒 )=0.20 eV and this difference in 𝑉𝑂𝐶 is independent of 𝐺. According to Eq. (5.11) 𝑉𝑂𝐶 also
depends linearly on the natural log of the active layer thickness 𝑑, which agrees well with previous
theoretical analysis [33] and experimental results [46,47].
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On the basis of the above results, it may be concluded that using perovskite materials with
lower 𝑁𝑉 , higher 𝜇𝑒 ⁄𝜇ℎ , larger active layer thickness 𝑑, and higher electron-carrier concentration 𝑛
can lead to higher 𝑉𝑂𝐶 and hence higher PCE in perovskite solar cells. The magnitude of (𝐸𝐶 − 𝐸𝐹𝑒 ) is
dependent on the choice of transport layers having dissimilar band gaps. Reduction of the distance by
careful selection of materials is crucial for increasing device 𝑉𝑂𝐶 .

5.4 Conclusions
The influence of multiple material parameters such as mobility 𝜇, electron-carrier concentration
𝑛, effective density of states of holes at the valence band edge 𝑁𝑉 , active layer thickness 𝑑, energetics
(𝐸𝐶 − 𝐸𝐹𝑒 ), and photoactivation parameter like light intensity on open circuit voltage in perovskite
solar cells has been analyzed. In this paper, we have derived two analytical expressions for 𝑉𝑂𝐶 as a
function the above material parameters and the calculated results are in good agreement with existing
experimental and numerical results. The analytical and simulation results indicate that perovskite
materials with higher electron-carrier concentration and/or lower 𝑁𝑉 , higher 𝜇𝑒 ⁄𝜇ℎ and larger 𝑑 at
higher light intensity will give higher 𝑉𝑂𝐶 and better photovoltaic performance. It is expected that the
results presented here may guide selecting materials that may give higher 𝑉𝑂𝐶 and eventually enhance
the PCE of perovskite solar cells.
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Chapter 6: Summary of Thesis and
Conclusions
6.1 Summary of Thesis
Bulk heterojunction organic and perovskite solar cells continue to be the most promising types
of solar cells for the conversion of solar energy into electricity and have attracted huge research
interests due to their low fabrication cost, lightweight, mechanical flexibility, solution processability,
etc. However, their low power conversion efficiency still remains one of the major bottlenecks on the
path to their commercialization, and has paved the way for more research and development to
understand the underlying physical mechanisms that influence the photovoltaic properties of these solar
cells.
The work carried out in this thesis is motivated by these considerations. In Chapter 1, a general
introduction to the research topic is presented in detail. Here, the background study is presented, the
man topic and aim are introduced and a brief overview of the thesis is provided. Chapter 2 presents
theoretical models for determining the diffusion length and diffusion coefficient of singlet and triplet
excitons in some selected organic materials used for fabricating bulk heterojunction (BHJ) organic
solar cells (OSCs), where Förster resonance energy transfer (FRET) for singlet and Dexter carrier
transfer mechanism for triplet excitons together with the Einstein’s diffusion equation are used. The
calculation of the diffusion length and diffusion coefficient is found to be in good agreement with
experimental results.
The diffusion length (𝐿𝐷 ) and the corresponding diffusion coefficient for singlet (S) and triplet
(T) excitons are, respectively, derived as:

𝐿𝑆𝐷 =

48×10−6
2
√6𝜋𝑅𝐷𝐴

√

𝜅2 𝜙𝐷 𝐽
𝑛4

,

(6.1)
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𝐷𝑆 =
𝐿𝑇𝐷 =
𝐷𝑇 =

3×10−10
4
√6𝜋𝜏𝑆 𝑅𝐷𝐴

ℏ2
2𝜇𝑇

√

1
2𝜏
8𝜇𝑇
𝑇

(

𝜅2 𝜙𝐷 𝐽
𝑛4

𝑐 3 𝑘𝐷 𝜙𝐷
2𝑘𝑒 𝐸𝑇3

(6.2)

𝑑

[𝑅𝐷 − ln(𝜏𝑇 𝑘𝐷 )],

ℏ4 𝑐 3 𝑘𝐷 𝜙𝐷

(

).

𝑘𝑒 𝐸𝑇3

(6.3)

2

𝑑

2

) [𝑅𝐷 − 2 ln(𝜏 𝑇 𝑘𝐷 )] .

(6.4)

The above expressions reveal that by varying the parameters such as spectral overlap integral,
photoluminescence quantum yield, refractive index and dipole moment, by blending an organic solid
with a high-energy gap host organic material, one can optimise the exciton diffusion length. The
singlet exciton diffusion length (𝐿𝐷 s) can be increased by increasing the PL quantum yield, and
spectral overlap integral, and/or by decreasing the refractive index of the material. Likewise, the triplet
exciton diffusion length can be increased by increasing the PL quantum yield and/or by reducing the
dipole moment. This implies that several organic solids with different morphologies and functions can
be blended to optimize the performance of BHJ OSCs.
It is found in this chapter that diffusion length of triplet excitons is higher than that of singlet
excitons; as a result, one may be expected to generate more triplet excitons in a BHJ OSC. However,
the triplet excitons have larger binding energy than singlet excitons and are difficult to dissociate
unless one can find pairs of donor and acceptor materials with their LUMO offsets more than or equal
to the triplet exciton binding energy.
In Chapter 3, three different expressions for the open circuit voltage (𝑉𝑂𝐶 ) are derived as given
below under three different conditions: (ii) only donor is excited [Eq. (6.5)], (ii) only acceptor is
excited [Eq. (6.6)] and (iii) both are simultaneously excited [Eq. (6.7)] in BHJ OSCs.
1

D
𝐷
𝑉𝑂𝐶
= (𝐸𝐷𝐴 − 2(𝐸𝐹ℎ − 𝐸HOMO
) + 𝑘B 𝑇ln (𝐺 ⁄𝛾) + 2𝑘B 𝑇ln 𝑛),
𝑞
1

A
𝐴
𝑉𝑂𝐶
= (𝐸𝐷𝐴 − 2(𝐸LUMO
− 𝐸𝐹𝑒 ) + 𝑘B 𝑇ln (𝐺 ⁄𝛾) + 2𝑘B 𝑇ln 𝑝),
𝑞
1

𝐷𝐴
𝑉𝑂𝐶
= (𝐸𝐷𝐴 − 𝑘B 𝑇ln 𝑁𝐶 𝑁𝑉 + 2𝑘B 𝑇ln √𝑛𝑝),
𝑞
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(6.5)

(6.6)

(6.7)

The individual contributions of donor and acceptor materials, and a combination of both, are
thus analyzed using Eqs. (6.5) – (6.7). It is found that all three expressions derived for 𝑉𝑂𝐶 produce
similar values which also agree well with the experimental results.
The three 𝑉𝑂𝐶 s are plotted as a function of 𝐸𝐷𝐴 ⁄𝑞 in Figure 6.1 which shows that they increase
linearly with 𝐸𝐷𝐴 ⁄𝑞 as expected from Eqs. (6.5) – (6.7). According to Eqs. (6.5) -(6.7) all three 𝑉𝑂𝐶 s
𝑘 𝑇

vary linearly the natural log of the chare carrier concentration and have the same slope of 2.3 × 2 B𝑞 .

Figure 6.1 𝑉𝑂𝐶 plotted as a function of effective band gap (𝐸𝐷𝐴 ⁄𝑞 ) for P3HT:PC60BM at different
energetic distances.
This may also be noted that all three 𝑉𝑂𝐶 s depend linearly on the natural log of the absorbed light
2
intesnity. This is because the intrinsic carrier concentration 𝑛𝑝 = 𝑛int
is proportional to the incident

photon flux.
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The work presented in Chapter 4 addresses a theoretical investigation of the fill factor 𝐹𝐹 by
deriving an analytical expression that directly relates 𝐹𝐹 to multiple material parameters, through an
extraction coefficient 𝛽 in BHJ OSCs given in Eqs. (6.8) and (6.9). The results in this chapter show that
𝐹𝐹 increases when 𝛽 increases, which occurs due to increase in extraction parameters like effective
mobility and dielectric constant, and decrease in light intensity and the active layer thickness. This
implies that 𝐹𝐹 deteriorates as a result of slow charge carrier extraction competing with bimolecular
recombination.
The expressions derived are as follows:

𝛽=

𝜀0 𝜀𝑟 𝜇𝑒𝑓𝑓 𝑉int
𝑑 2 𝑛𝑒𝑓𝑓 𝛾𝑝𝑟𝑒 (𝜇𝑒 +𝜇ℎ )

𝐹𝐹 =

𝑎+𝛽𝑏
1.015𝛽𝑏+5.7𝑎

.

(6.8)

,

where 𝑎 = 𝜇𝑒𝑓𝑓 𝑘B 𝑇 and 𝑏 =

(6.9)
𝑑2 𝑛𝑒𝑓𝑓 𝛾𝑝𝑟𝑒 (𝜇𝑒 +𝜇ℎ )𝑞
𝜀0 𝜀𝑟

.

The above expressions, Eqs. (6.8) and (6.9) provide useful insight on the dependence of 𝐹𝐹 on
multiple materials parameters through 𝛽. According to Eq. (6.9), one can obtain higher 𝐹𝐹 at higher
values of 𝛽, which means at higher extraction and/or lower recombination of charge carriers. This is
expected because solar cells with higher values of 𝛽 give better photovoltaic performance.
Finally, in Chapter 5, the open circuit voltage (𝑉𝑂𝐶 ) in perovskite solar cells is investigated by
deriving two different expressions for 𝑉𝑂𝐶 . The dependence of 𝑉𝑂𝐶 on various material parameters
such as charge carrier mobility, charge carrier concentration, effective density of states of holes at the
valence band edge, photogeneration rate, active layer thickness and electron drift velocity is studied in
detail.
The two 𝑉𝑂𝐶 s derived in Eqs. (5.8) and (5.11) of chapter 5 are as follows:

𝑞𝑉𝑂𝐶 = 𝐸𝐺 − (𝐸𝐶 − 𝐸𝐹𝑒 ) + 2𝑘B 𝑇ln√

𝜇𝑒 𝑛

(6.10)

𝜇ℎ 𝑁𝑉
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𝑞𝑉𝑂𝐶 = 𝐸𝐺 − (𝐸𝐶 − 𝐸𝐹𝑒 ) + 2𝑘B 𝑇ln√

𝜇𝑒 𝐺𝑑

𝜇ℎ 𝑣𝑒 𝑁𝑉

,

(6.11)

The above expressions are dependent on several material parameters that can be varied to understand
and optimize the open circuit voltage in perovskite solar cells. Eq. (6.10) reveals that 𝑉𝑂𝐶 depends
𝜇
linearly on ln( 𝑒⁄𝜇ℎ ). It is obvious in Eqs. (6.10) and (6.11) that when the mobilities are the same,
their influence on 𝑉𝑂𝐶 diminishes. Further, Eq. (6.10) reveals that 𝑉𝑂𝐶 increases linearly with
ln (𝑛⁄𝑁 ) , implying that using materials with lower 𝑁𝑉 can enhance 𝑉𝑂𝐶 in perovskite solar cells. Eq.
𝑉

(6.11) also reveals that 𝑉𝑂𝐶 increases linearly with ln|𝐺|. As 𝐺 is proportional to the absorbed light
intensity 𝐼𝑎𝑏𝑠 given by

𝐺
𝛾

∝ 𝐼𝑎𝑏𝑠 = 𝐼0 [1 − exp(−𝛼𝑡)] , this implies that 𝑉𝑂𝐶 increases linearly with

ln|𝐼𝑎𝑏𝑠 | as well. Moreover, the 𝑉𝑂𝐶 in Eq. (6.11) depends linearly on the natural log of the active layer
thickness 𝑑, implying that an increase in 𝑑 will result in an increase in 𝑉𝑂𝐶 .
In conclusion, the four mutually-dependent mechanisms associated with the operation of
organic and perovskite solar cells have been thoroughly studied, and the exciton diffusion lengths and
diffusion coefficients as well as extraction coefficients have been derived. Also, alternative ways to
optimize the characteristic parameters, such as fill factor and open circuit voltage, in bulk
heterojunction organic and perovskite solar cells have been presented in this thesis.

6.2 Conclusions
This thesis presents a number of studies conducted on exciton diffusion and the competition
between extraction and recombination of free charge carriers in bulk heterojunction organic solar cells,
as well as open circuit voltage in both bulk heterojunction and perovskite solar cells. The works
presented in this thesis provide useful models to determine the photovoltaic performance of these
organic and perovskite solar cells. Firstly, the derivation of diffusion lengths and diffusion coefficients
of singlet and triplet excitons have been presented. Further, a theoretical study of the open circuit
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voltage in bulk heterojunction solar cells has been presented. Next, analytical expression relating the
fill factor to relevant device parameters through an extraction coefficient in bulk heterojunction organic
solar cells has also been derived. Finally, two different analytical expressions for the open circuit
voltage as a function of several material parameters in perovskite solar cells have been derived. The
results presented in this thesis are expected to provide useful insights in synthesizing new materials that
could lead to the improvement in the performance of bulk heterojunction organic and perovskite solar
cells.
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