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Abstract
Research activities in organic and perovskite solar cells have recently been
growing very fast due to their merits such as low cost of fabrication processes, flexibility,
light weight and large-scale production. In this thesis, theoretical studies on the operation
mechanisms of bulk heterojunction (BHJ) organic solar cells (OSCs) and planar
perovskite solar cells (PSCs) have been carried out, with the view of enhancing their
photovoltaic performance and stability. In this thesis, after the introductory chapter 1, in
chapter 2 are presented the studies of efﬁcient light absorption, exciton generation, and
recombination rate in BHJ OSCs with conventional and inverted conﬁgurations. In
chapter 3, BHJ OSCs with four different Urbach energies are simulated, and the combined
influence of Urbach energy and charge carrier mobility on the power conversion
efficiency (PCE) of OSCs is investigated. In chapter 4, the diffusion length of charge
carriers in the active layer of a PSC of the structure Glass/PEDOT: PSS/
CH3NH3PbI3/PC60BM/Al is modelled, and the combined influence of applied voltage,
temperature and Urbach energy on the diffusion length of charge carriers is investigated.
In chapter 5, a mathematical model is developed to calculate the operating temperature
of PSCs. The model has shown that by passivating the interfaces and hence reducing the
density of tail states, the operating temperature of a PSC can be decreased significantly
at higher applied voltages which may lead to the reduction in degradation and prevention
of phase transition. We have developed a model to calculate the operating temperature of
an illuminated PSC under the forward bias and that of a shaded one under the reverse bias
at different ambient conditions in chapter 6. In chapter 7, the experimental works that
have been done at the Hong Kong Baptist University, Charles Darwin University and
University of New South Wales are presented.

xvi

The results presented in this thesis are expected to provide useful insights in
fabricating OSCs and PSCs with higher efficiency and stability.
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Chapter 1 Introduction
Nowadays, one of the most worrying menaces is the global warming
phenomenon, which is the hazardous by product of greenhouse gas emissions. Without
any universal decisive action, energy-related greenhouse gas emissions would culminate
in significant climate degradation. Nonetheless among the various options available to
mitigate this serious problem, replacing fossil fuels for generating energy by renewable
sources of energy is the most practical one since burning of fossil fuels is the main cause
of greenhouse gas emissions [1]. Among diverse kinds of renewable sources of energy
available on earth such as wind, geothermal, hydropower, biomass, tidal and wave energy,
solar energy is the most accessible and reliable one. The solar energy is generated outside
the planet in huge quantity and is freely available to all living being on earth [2]. During
last years, different kinds of devices for using solar energy have been invented, such as
solar air heaters, solar water heaters and solar desalination systems. These devices do not
generate electricity from the solar energy. One of the most common devices that can
produce electricity from the solar energy is solar cell which operates on the basis of
photovoltaic effect. The production cost of solar cells used to be relatively high, but it has
dropped by 75% within the decade. As a result, solar cells have now emerged to be the
cost competitive solar energy harnessing devices [3]. The total photovoltaic (PV)
cumulative installed capacity by top ten countries in 2014 and 2019 is shown as a pie
chart in Figure 1.1 [3, 4]. However, most of these installations at present use silicon based
solar cells, monocrystalline, polycrystalline and amorphous silicon solar cells. According
to Fraunhofer Institute [6], during last 10 years the efficiency of commercial wafer-based
silicon modules increased from about 12% to 17%. At the same time, CdTe module
efficiency increased from 9% to 18%. The share of multi-crystalline technology is now
1

about 62% (compared to 70% in 2016) of total production [6]. The fabrication of silicon
based solar cells is relatively very expensive due to high temperature processing and uses
significant amount of silicon [5]. However, the price/KWh of solar electricity that is
produced by the silicon based solar cells is relatively low due to their high efficiency. The
energy payback time of photovoltaic systems is also dependent on the geographical
location of the installation [6]. A detailed cost analysis of silicon based solar cells is out
of the scope of this thesis. However, interested readers may refer to ref. [6].

Figure 1. 1 The total photovoltaic cumulative installed capacity by top ten countries in
2014 and 2019 [3,4].
In this view, it becomes attractive to search for solar cells that can be produced at
low temperature through chemical processing. Therefore, the research activities in
organic solar cells (OSCs) and perovskite solar cells (PSCs) have been growing very fast
due to their merits such as low temperature fabrication through chemical processes, light
weight and flexibility [7-9]. Therefore, this project focuses on improving the performance
and stability of OSCs and PSCs.

2

1.1 Solar cells
The development of solar cell technologies can be categorized into three
generations. The first generation and the oldest solar cells are fabricated from crystalline
silicon (c-Si), which are highly efficient and stable, but as stated above the cost of their
fabrication is very expensive because it involves high temperature technology and use of
substantial material. The second generation solar cells include hydrogenated amorphous
Si (a-Si:H) thin film solar cells, Cadmium Telluride/Cadmium Sulfide (CdTe/CdS) solar
cells and Copper Indium Gallium Selenide (CIGS) solar cells [10]. In comparison with
the first generation solar cells, the cost and power conversion efficiency (PCE) of second
generation are less, and as they are in the form of thin films, they use less material [5].
The third-generation solar cells refer to Dye-sensitized solar cells, OSCs, PSCs and
hybrid solar cells. These solar cells are fabricated through the solution processing at room
temperature, hence they are cost effective and have excellent potential for large-scale
deployment via roll-to-roll production [3, 11, 12]. The objective of developing the thirdgeneration solar cells is to reduce the cost without compromising on the power conversion
efficiency (PCE) and stability. However, both third generation cells OSCs and PSCs have
stability problems, and although PSCs are highly efficient very close to the crystalline
silicon solar cells, OSCs have reached about 16.4% [4], which is close to the a-Si:H solar
cells. Therefore, if we can solve the stability problem with PSCs and OSCs, PSCs may
replace by c-Si and OSCs may replace by a-Si:H solar cells in the future. However, this
may not occur in the very near future as inorganic solar cells are currently performing
dominantly in the market. Figure 1.2 shows the maximum PCE achieved in different types
of solar cells during 1975 to 2019, accordingly [13]. PCE of PSCs has been growing with
a high acceleration.
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Figure 1. 2 Illustration of the best research-solar cell efficiencies of the different kinds of solar cells records by the US National
Renewable Energy Laboratory (NREL).

In the following, the structure and operation mechanism of crystalline silicon solar cells,
amorphous silicon solar cells, OSCs and PSCs are described briefly.

1.1.1 Crystalline silicon solar cells
Silicon solar cells were fabricated first in Bell laboratories in the early 1940s [14], and
hence are referred to as the first generation solar cells which are fabricated from
crystalline silicon (c-Si). Silicon (Si) belongs to group four of the periodic table of
elements, so each silicon atom has four valence electrons in its outermost 3s and 3p
atomic orbitals. In crystalline Si, atoms form covalent bonds through sp3-hybridization
with their four surrounding Si atoms, each contributing one electron, then all valence
electrons would be occupied in bonding [15]. A brief mechanism of sp3- hybridization
can be given as: each free Si atom with the outer valence electron configuration of
…3s23p2 changes to … 3𝑠1 3𝑝𝑥1 3𝑝𝑦1 3𝑝𝑧1 in the crystalline structure. After sharing the
electrons between atoms through 𝑠𝑝3 hybridization, atomic energy levels split into
bonding and anti-bonding orbitals and form a pair of bands. The lower bonding band is
called the valence band which is completely filled with valence electrons and the upper
anti-bonding band is called the conduction band which is completely empty, and the
valence and conduction bands are separated by a band gap energy which is about 1.1 eV
[16]. If such a c-Si is doped with phosphorus (P), which has 5 valence electrons in the
outer shell, then one electron at each phosphorus will be in excess and becomes relatively
free in the doped material. This is because c-Si has a dielectric constant of about 11.7 and
that means the binding energy of the excess electron gets reduced by about 11.7 making
it relatively free. Thus, c-Si doped with phosphorus possesses many free electrons, and it
is called n-type c-Si, which means it has many negative charge carriers. Likewise, if the
c-Si is doped with Boron (B), which has only three valence electrons in the outer shell,
then each Boron atom within the doped Si will have a vacancy which is a positive charge,
5

called a hole. The hole is a vacant electronic state in the valence band of the
semiconductor. Thus, a c-Si doped with Boron possesses many positive charges or holes
is called a p-type c-Si [16, 17].
A crystal of silicon prepared with one side made of p-region, doped dominantly
with B atoms, and the other side made of n-region, doped dominantly with P atoms, is
called a p-n junction (shown in Figure 1.3). At the junction electrons from the n- region
recombine with holes in the p- region, making it depleted with free electrons and holes,
and hence it is called the depletion region. It contains only immobile ionized atoms,
positively charged ionized P atoms in the n-region and negatively charged ionized B
atoms in the p-region, which create a built-in electric field and acts like an open-circuit
battery [15, 16]. Unfortunately, some of the electrons and holes are lost owing to
recombination, and this leads to a reduction in the number of electrons and holes that
could contribute to the total current [18]. Thus, the structure of a c-Si solar cell is a p-n
junction sandwiched between a cathode and an anode as electrodes as illustrated in Figure
1.4. A detailed description of crystalline silicon solar cells is regarded beyond the scope
of this thesis. However, interested readers may like to refer to the references [15, 16, 1922].
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Figure 1. 3 Schematic diagram of depletion region (space charge) in a c-Si p-n junction.
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N-type semiconductor

P-type semiconductor
Transparent Electrode

Figure 1. 4 Schematic structure of a c-Si solar cell made from a c-Si p-n junction.

1.1.2 Hydrogenated amorphous silicon (a-Si:H) solar cells
The amorphous silicon (a-Si:H) solar cells are prepared by depositing thin films
on a substrate without involving any crystal growing as required for c-Si solar cells. As a
result, a-Si:H solar cells become more economical than c-Si solar cells [23]. For
fabricating a-Si:H solar cells silane (SiH4) gas mixed with diborane (B2H4) is passed
7

through a glow discharge chamber in vacuum to deposit a thin film of boron doped silicon
(p-layer) on an ITO coated glass substrate, then pure silane is deposited on the top of the
p-layer as the intrinsic silicon (i- layer) followed by the deposition of the n-layer from the
mixture of silane and phosphene (PH3) gases. Finally, a metal electrode (Al or Ag) is
deposited on the top of the n-layer. Thus, a single junction a-Si:H solar cell is a p-i-n
junction as schematically shown in Figure. 1.5. The p- and n- layers are a very thin,
typically 20 nm and the i-layer is much thicker (a few hundred nanometres). In this
structure, incident solar photons excite electron and hole pairs in the intrinsic layer, then
such photo-generated electrons get drifted towards the p-layer and electrons towards the
n-layer, creating a similar device as the p-n junction [16, 24, 25]. Although a-Si:H solar
cells are economical to fabricate, they have got two problems: 1) their PCE is not as high
as that of c-Si solar cells and 2) they suffer from the Staebler-Wronski effect, i.e., their
initial efficiency degrades over time due to the illumination [26].
Light (photons)
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Figure 1. 5 Schematic structure of a p-i-n type a-Si:H solar cell.
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1.1.3 Organic solar cells
Organic semiconductors are carbon-based materials possessing semiconductor
characteristics. Atoms within an organic semiconductor molecule are bonded by
conjugated π-bonds, while molecules are bonded to each other by weak van der Waal’s
forces, as opposed to the covalent bonding in inorganic semiconductors, like silicon (Si)
and germanium (Ge). This bonding structure gives organic semiconductors their unique
flexibility, light weight, and low sublimation point which allow easy processing [27].
Inasmuch as the inter-molecular separation in an organic solid is usually much larger than
those in inorganic solids, the overlap of inter-molecular electronic wavefunctions is
relatively small which results in very narrow electronic energy bands [28]. Bonding and
anti-bonding states of overlapping p-orbitals in the organic molecules form the so-called
HOMO (highest ocupied molecular orbital) and LUMO ( lowest unoccupied molecular
orbital) energy levels in molecuels with a conjugated π-electron system. HOMO and
LUMO in organic semiconductors are regarded to be the same as the valence and
conduction bands, respectively, in the inorganic semiconductors. Therefore, the
difference between the energies of HOMO and LUMO of an organic semiconductor
defines its energy gap [29]. The historical development of OSCs, their structure and
operation over the years have been briefly described below.
1.1.3.1 Single layer OSCs
A single layer OSC consists of only one layer of organic active material
sandwiched between two electrodes as shown in Figure 1.6. The anode consists of a
semitransparent oxide layer, usually indium tin oxide (ITO) and cathode is usually a metal
layer of Al, Mg, Ag, etc. When a photon is absorbed in the organic layer, it excites a pair
of electron and hole which form instantly an exciton due to their strong attractive
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Coulomb interaction in organic solids [30]. The binding energy between a pair of excited
electron and hole is given by [31]:

𝐸𝐵 =

𝐾 𝑒2
𝜀𝑟

(1.1)

where 𝐾 = (4𝜋𝜀0 )−1 = 8.9877 × 109 , e is the electronic charge, 𝜀 is the static dielectric
constant of the material, 𝜀0 is the vacuum permittivity (also known as the absolute
permittivity) and r is the average separation between the excited electron and hole. In
organic solids, the dielectric constant 𝜀 is small, usually equal to 3 - 4 in comparison with
12 in Si, and hence the binding energy in Eq. (1.1) is nearly four times larger which results
in the instant formation of excitons in OSCs. Excitons that are formed in organic
semiconductors are called Frenkel excitons. Another type of exciton is Wannier–Mott
exciton which is created in inorganic semiconductors, because in these materials the large
overlap of interatomic electronic wave functions enables electrons and holes to be far
apart but bound in an excitonic state [30]. In a single layer OSC, the excited excitons
should be dissociated into free charge carriers and collected at the opposite electrodes to
produce current. However, in single layer OSCs, the only external energy available to
dissociate excitons and draw the free charge carriers to opposite electrodes is due to the
electric field established by the difference in the work functions of the anode and cathode.
As an exciton is an electrically neutral entity, any electric field may not be able to
dissociate it effectively. Therefore, the single layer OSCs have very poor PCE, around
0.01% [32]. This problem remained unsolved until the concept of bilayer structure was
invented.
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Figure 1. 6 Schematic structure and operation of a single layer OSC.

1.1.3.2 Bilayer OSCs
The bilayer structure was invented by Tang in 1986 [33]. Bilayer OSCs consist of
two layers of organic materials sandwiched between two electrodes; the first layer is of a
donor organic material and the second layer is another organic material which acts as an
acceptor. A donor material usually has a lower ionization potential and an acceptor has
higher electron affinity [34]. The LUMO and HOMO energy levels of the donor and
acceptor materials are schematically shown in Figure. 1.7. The donor LUMO and HOMO
have usually higher energies than those of the acceptor LUMO and HOMO (see Figure.
1.7). In a bilayer OSC, the donor layer is below the anode (ITO) and sunlight penetrates
only this layer and excites excitons. When these excitons diffuse to the donor acceptor
interface, the electrons get transferred to the acceptor LUMO being at a lower energy and
holes remain in the donor. These excitons are called charge transfer (CT) excitons, and
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their formation occurs at a timescale of about 45 fs, allowing efficient exciton dissociation
at the heterojunction [35]. Thus, the formation of CT excitons liberates some excess
energy which, if equal or greater than the exciton binding energy, may dissociate the CT
excitons into electrons and holes, which can then be collected by their respective
electrodes due to the electric field created by the work function difference of the
electrodes. Thus, the condition of dissociation of a CT exciton at the interface is given by
[36]:
∆𝐸𝐿𝑈𝑀𝑂 ≥ 𝐸𝐵

(1.2)

where ∆𝐸𝐿𝑈𝑀𝑂 is the energy offset of LUMO levels of the donor and acceptor and
𝐸𝐵 is the exciton binding energy. Accordingly, the process of converting solar energy into
electricity in an OSC is achieved through four processes: 1) photon absorption and exciton
generation; 2) diffusion of excitons to the donor- acceptor (D-A) interface; 3) dissociation
of excitons and charge separation at the D-A interface; and 4) charge carriers collection
by the electrodes [37].
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Figure 1. 7 Schematic description of the four processes in the operation of a bilayer OSC:
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 it is described above, in bilayer structure, dissociation of excitons occurs at the
interface between the donor and acceptor layers. However, the exciton diffusion length
(the exciton diffusion length is given by 𝐿𝐷 = (𝐷 𝜏)0.5 where D is the diffusion
coefficient and τ is the exciton lifetime [38]) in organic materials is of the order of 10 nm,
which means that only excitons that are generated within such distance from the donoracceptor interface have the possibility of being dissociated into free charge carriers. This
is a weakness for bilayer OSCs because the excitons that are generated far away may
recombine before reaching the donor-acceptor interface. Therefore, only the active layer
13

is restricted to a small thickness less than 10 nm in bilayer structure [34]. Although a
bilayer OSC gives better PCE than a single layer OSC, it is still about only 1% [33]. In
order to solve this problem, the BHJ structure was invented.

1.1.3.3 BHJ OSCs
In this structure, the donor and acceptor organic materials are blended together to
avoid the large separation between them created in the layered structure of the bilayer. A
schematic structure of a BHJ OSC is shown in Figure 1.8. In a BHJ structure the
absorption of photons and hence the exciton generation can occur in both the materials,
donors and acceptors. As both the materials are blended the excited excitons can be close
to the D–A interface from both sides [37]. The excitons excited in the donor become CT
excitons by transferring electrons from the donor LUMO to the acceptor LUMO at the
interface and may dissociate though the process described above in the bilayer OSCs.
However, excitons excited in the acceptor become CT excitons at the interface by
transferring holes from the acceptor HOMO to the donor HOMO being at a lower energy
for holes and generate excess energy due to the HOMO offset energy which may also
dissociate such CT excitons. Thus, the absorption of solar radiation in both donor and
acceptor contributes to the performance of BHJ, and the condition of dissociation of
excitons given in Eqn. (1.2) can be extended to BHJ OSCs as:
∆𝐸𝐿𝑈𝑀𝑂 or ∆𝐸𝐻𝑂𝑀𝑂 ≥ 𝐸𝐵

(1.3)

where ∆𝐸𝐻𝑂𝑀𝑂 is the energy offset of HOMO levels of the donor and acceptor. In a BHJ
structure, the exciton recombination is reduced significantly because the probability of
generating an exciton next to a D-A interface is higher, where dissociation can occur. In
the structure of BHJ OSCs usually a hole transport layer (HTL) and an electron transport
layer (ETL) are incorporated between the anode and donor, and the acceptor and cathode
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interfaces, respectively. The purpose of the HTL is to reduce the barrier between the
donor’s HOMO and anode’s valence band and that of the ETL is to reduce the barrier
between the LUMO of acceptor and cathode’s conduction band [34]. Often the excited
electron–hole pairs recombine back to the ground state as geminate or non-geminate
recombination. In both kinds of recombination, the photo-excited charge carriers are lost
and hence fewer carriers are collected at the electrodes. Thus, the charge carrier
recombination is one of the key loss mechanisms in BHJ OSCs [39].
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Figure 1. 8 Schematic structure of a BHJ OSC.
1.1.3.4 Ternary OSCs
A ternary blend of organic materials by adding another organic material in the
above BHJ OSC with LUMO and HOMO energy levels lower than those of the donor but
higher than those of the acceptor can be used to enhance the absorption [26-28]. As an
exciton is electrically neutral, it cannot be directed by the built-in electric field to move
in any particular direction to reach the D–A interface. While it is excited within a material
sandwiched between an anode and cathode, it can only diffuse in random directions and
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when it encounters an interface it may dissociate through the formation of a CT exciton.
In this way, a ternary blend enhances the photon absorption and exciton generation
leading to higher 𝐽𝑠𝑐 . A cascade kind of structure of LUMO and HOMO in a ternary blend
of donor and acceptor is schematically shown in Figure 1.9. In this case, there are two
donors and two acceptors; the middle material (blue in Fig. 1.9) can act as an acceptor for
the green donor and a donor for the yellow acceptor. The excitons can be excited in each
of the three materials. If the exciton is excited in the first donor (green), then the CT
exciton can be formed at the first interface I1 in Figure 1.9 by transferring the electron to
1
the LUMO of the middle (blue) acceptor and thus releasing an excess energy of 𝛥𝐸𝐿𝑈𝑀𝑂
.

When the excitons are excited in the middle material (blue in Figure 1.9), they can form
CT excitons in two ways: 1) the electron of an exciton can be transferred to the third
2
material’s (yellow in Figure 1.9) LUMO by releasing an excess energy of 𝛥𝐸𝐿𝑈𝑀𝑂
and/or

2) the hole can be transferred to the HOMO of the green donor by releasing an excess
1
energy 𝛥𝐸𝐻𝑂𝑀𝑂
. These two processes may be regarded to be probable for the electron and

hole of a single exciton generated in the middle material (blue) in a blended structure.
Finally, if the excitons are excited in the third material (yellow), the CT excitons can be
formed by transferring holes to the of HOMO of the middle material (blue) and releasing
2
an energy of 𝛥𝐸𝐻𝑂𝑀𝑂
[40]. In a blended structure it may be considered to be possible that

the CT excitons formed at the interface I1 by transferring an electron in the middle (blue)
material can transfer their electrons to the third material (yellow) and form CT excitons
at the interface I2, in which case the hole will still be in the green material and electron in
1
2
the yellow material and the excess energy released will be equal to 𝛥𝐸𝐿𝑈𝑀𝑂
+ 𝛥𝐸𝐿𝑈𝑀𝑂
.

Likewise, excitons excited in the third (yellow) material in a blended structure can form
CT excitons by transferring their holes first to the middle (blue) material and then the
1
2
green material by releasing an excess energy equal to 𝛥𝐸𝐻𝑂𝑀𝑂
+ 𝛥𝐸𝐻𝑂𝑀𝑂
.
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Figure 1. 9 Schematic illustration of the formation of CT excitons in a ternary BHJ
OSC.
In view of the condition of dissociation given in Eqs. (1.2) and (1.3), the excess
released energy by the formation of CT excitons in a ternary BHJ OSC can be up to
1
2
1
2
𝛥𝐸𝐿𝑈𝑀𝑂
+ 𝛥𝐸𝐿𝑈𝑀𝑂
or 𝛥𝐸𝐻𝑂𝑀𝑂
+ 𝛥𝐸𝐻𝑂𝑀𝑂
which may exceed the binding energy of

both singlet and triplet excitons, and hence the rates of exciton dissociation in a ternary
blend may be expected to be higher than those in a binary blend.
1.1.3.5 Tandem OSCs
Tandem solar cells are based on the concept of combining two or more OSCs with
complementary regions of absorption to enhance the absorption of solar photons from a
wider range of the solar spectrum. The top OSC in a tandem structure has larger LUMOHOMO energy difference and the bottom OSC has narrower LUMO-HOMO energy
difference. Therefore, unabsorbed low energy photons from the top OSC can be absorbed
in the lower OSC [41-43]. Thus, the absorption gets enhanced in a tandem structure. Also,
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when the two solar cells are stacked in series, the open circuit voltage (𝑉𝑜𝑐 ) of the final
device gets increased [41-43]. Also, it should be mentioned that in order to enhance the
stability, an intermediate level is inserted between the sub cells as shown in Figure 1.10
[44]. Figure 1.10 illustrates a schematic structure of an organic tandem solar cell
comprised of two distinct devices stacked on top of each other. One of the most successful
tandem solar cells is perovskite-Si tandem structure which has achieved an efficiency of
more than 28%, recently [45]. Perovskites exhibit good band gap tuning ability and are
usually used in the top cell and the silicon as the bottom cell [46].
Light (Photon)
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Figure 1. 10 Schematic structure of a tandem OSC.
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1.1.3.6 Hybrid solar cells
In hybrid solar cells, organic and inorganic materials are combined with the aim
of taking advantage of the favourable properties of both the material groups. For example,
the organic materials are inexpensive and can be easily processed while inorganic
materials have high absorption coefficients and lower exciton binding energy. The only
difference between the hybrid and OSCs is that inorganic nanoparticles can be
incorporated in the BHJ structure which usually becomes ternary blend otherwise the
operation of hybrid solar cells are similar to that of BHJ OSCs [34, 47-49]. Figure 1.11
depicts the schematic structure of a hybrid solar cell.

Light (Photon)

Glass
Anode (ITO)
PEDOT: PSS
Organic/inorganic material blend

Cathode (Al)

Figure 1. 11 Schematic structure of a hybrid solar cell.

1.1.3.7 Inverted OSCs
In order to reduce the degradation in the traditional BHJ OSC structure, an
inverted device architecture, where the direction of the charge collection is reversed, has
been proposed. In such an inverted OSC architecture, the cathode is fabricated on the
19

glass for the electron collection, and the anode is fabricated from a metal with a higher
work function such as Au, Ag and Cu is used for the hole collection [50-53]. Figure 1.12
illustrates the schematic structure of an inverted OSC.

Glass
Cathode (ITO)
Interlayer (Al)
P3HT: PCBM blend
Interlayer (MoO3)
Anode (Ag)

Figure 1. 12 Schematic structure of an inverted OSC.

1.1.4 Operation of OSCs
A brief description of the operation of BHJ OSCs is given above in section 1.1.3.3.
Here, it is described including all the processes involved from photon absorption to
generation of electric current. The process of converting solar energy into electricity in
an OSC is achieved through four processes: 1) photon absorption and exciton generation;
2) diffusion of excitons to the D-A interface; 3) dissociation of excitons and charge
separation at the D-A interface; and 4) charge carriers collection by the electrodes [54].
These four processes are described below.

20

1.1.4.1 Photon absorption and exciton generation
Upon illumination of a BHJ OSC, photons of energy larger than or equal to the
band gap of the blended materials get absorbed and each absorbed photon excites an
electron from the HOMO to LUMO by leaving a hole in the HOMO. Thus, absorption of
a photon excites an electron hole pair, which instantaneously forms an exciton due to the
high binding energy in organic materials caused by their low dielectric constant. The
excitons thus excited in the organic layer of an OSC are Frenkel excitons [55] also known
as small radii excitons or molecular excitons as both electron and hole in an exciton are
localized on the same molecule, and hence these excitons have smaller exciton Bohr
radius in comparison with that of those excited in inorganic semiconductors. Inasmuch as
the absorption coefficient of organic materials is commonly high at~ 105 cm−1 , a few
hundreds of nanometers of the active layer is enough to absorb adequate photons [27, 56,
57]. These photoexcited excitons can be in singlet and triplet spin configurations; hence,
both singlet and triplet excitons are excited in OSCs [58]. When the spin of an exciton is
in the configuration of [↑↓ + ↓↑], it is a singlet exciton of multiplicity 1. A triplet exciton
has three fold spin configurations as [↑↑, ↓↓, ↑↓ - ↓↑] with multiplicity 3 [54]. As singlet
and triplet excitons have different binding energies and excitonic Bohr radii, they have
different rates and times of dissociation.
1.1.4.2 Exciton diffusion
The generation of excitons by the absorption of photons is not good for the
operation of OSCs because one needs free electrons and holes not in excitons. Therefore,
these excitons need to be dissociated into free electrons and holes, which can only occur
at the D-A interface. Therefore, excitons are required to diffuse to the D-A interface.
Diffusion of excitons in organic semiconductor materials are obtained through the Fӧrster
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resonance energy transfer (FRET) and Dexter transfer theories. In FRET, a singlet exciton
on a molecule recombines, and the energy is transferred non-radiatively to excite an
exciton on another identical molecule. As in this process the recombination is involved,
the process is only applicable for singlet excitons due to their spin configuration. In the
Dexter transfer mechanism, the charge carriers are transferred to excite a nearby molecule
due to overlap of electronic wave functions. Therefore, the Dexter transfer process is
applicable to both singlet and triplet excitons. However, transfer of excitons to the D-A
interface could be inefficient because an exciton created at a molecule can move in any
direction of outward solid angle. In other words, since the whole solid angle is 4𝜋, the
probability of an exciton created at a molecule to move in any one particular direction is
1/4𝜋. This probability will reduce when the exciton is created at a few molecules away
from the interface, and the rate of transfer should be multiplied by 1/4𝜋 at each such
molecular step. Therefore, the probability that an exciton created n molecules away from
1

the interface will reach the D-A interface becomes (4𝜋)𝑛 [28, 54, 59].
1.1.4.3 Exciton dissociation
After generation of excitons in the donor and their diffusion to the D-A interface,
the electrons get transferred from the LUMO of donor to the LUMO of acceptor being at
a lower energy. Likewise, when the excitons excited in the acceptor reach the D-A
interface, the holes get transferred to the HOMO of the donor material being at a lower
energy. Such excitons with electrons in the acceptor and holes in donor are called the
charge transfer excitons (CT excitons). The mechanism for the dissociation of CT
excitons takes place in two steps at the D-A interface [28, 39, 40, 60]. First the CT
excitons are formed as described above, which releases the excess energy as molecular
vibrations and second if this molecular vibrational energy is larger than the exciton
binding energy, it may impact back to the CT excitons to dissociate them into electrons
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and holes. These dissociated free charge carriers should be transferred away from the DA interface and be collected by their respective electrodes before getting recombined
again [61]. The mechanism of dissociation at D-A interface is shown in Figure 1.13.

Molecular vibrational energy
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LUMO
Donor

Acceptor
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HOMO
Interface

Free hole
CT exciton
Interface

Figure 1. 13 The Frenkel exciton relaxes to the CT exciton at the D-A interface. (b)
After absorbing molecular vibrational energy, the CT exciton is dissociated into free
charge carries.
In view of the mechanism of dissociation of excitons and collection of free charge
carriers collected at their respective electrodes as described above, the open circuit
voltage of a BHJ OSC is related with difference between the energy of acceptor LUMO
𝐴
𝐷
and that of donor HOMO as: 𝑉𝑜𝑐 ≈ 𝐸𝐿𝑈𝑀𝑂
− 𝐸𝐻𝑂𝑀𝑂
. In some cases, this difference may

be close to the work function difference between the electrodes and then the 𝑉𝑜𝑐 may be
approximated by 𝑉𝑜𝑐 ≈ 𝜑𝑐 − 𝜑𝑎 [62, 63].

1.1.4.4 Transport of free charge carriers to the electrodes
In the fourth process, the free charge carriers that are created by dissociation of
CT excitons may be drawn to their respective electrodes by the electric field generated
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by the difference between the ionisation potential of the anode and the electron affinity
of the cathode, which are represented by their work functions. This internal electric field
contributes to a field-induced drift of the charge carriers. The force generated by the
difference in work functions of anode and cathode can be written as [28, 61]:

𝐹=

𝜑𝑎 − 𝜑𝑐
,
𝑟

(1.4)

where 𝜑𝑎 and 𝜑𝑐 are the work functions of the anode and cathode, respectively, and r is
the inter-electrode distance.

1.1.5 Perovskite Solar Cells (PSCs)
PSCs, being highly efficient and cost effective [64, 65], have great potential to meet the
increasing domestic and industrial world energy demands with a PCE of higher than 24%
has been reported recently [4]. Kojima et al. [66, 67] started the ﬁeld by replacing the dye
in iodide/triiodide liquid electrolyte-based TiO2 mesoscopic solar cells with
CH3NH3PbBr3 and CH3NH3PbI3 perovskites and demonstrated PCEs of 3.1 and 3.8%,
respectively. In 2012, a strong eﬃciency improvement to 9% was achieved by replacing
the liquid electrolyte with a solid-state hole-transport layer of 2,2′,7,7′-tetrakis(N,N-di-pmethoxyphenylamine)-9,9′-spirobiﬂuorene (spiro-MeOTAD) [66, 68]. Then, Heo et al.
[69] achieved a PCE of 12% by using both flexible layers consisting of perovskite layer
overlying the scaffolding TiO2 infiltrated by perovskite [70]. In 2015, Zhang et al. [71]
fabricated pinhole-free perovskite films and achieved a PCE of 15.2% using non-halide
PbAc2. They prepared films using one-step coating method followed by annealing [70].
Meanwhile, researchers from KRICT achieved an efficiency around 20.1% [72]. Shin et
al. [73], investigated the superoxide colloidal solution route for preparing an LBSO
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electrode at a temperature below 300 °C [70]. The PSCs that were fabricated with LBSO
and methylammonium lead iodide (MAPbI3) showed a steady-state PCE of 21.2% and
recently a PSC with a PCE of higher than 24% has been reported [4].
The general formula for hybrid halide perovskites is AMX3, where A is an organic
cation, M is a metal cation, and X is a halide anion. A schematic illustration of the crystal
structure of organic-inorganic perovskite is shown in Figure 1.14. The cause of high PCE
in PSCs may be attributed to the high absorption coefficient, high carrier mobilities, and
long charge carrier diffusion lengths [74-77]. Both OSCs and PSCs, have the advantage
to be processed by a great versatility of methodologies, including solution or vacuum
processing techniques, and both types of devices are built in similar architectures. Most
of these techniques are low-cost and may be used for large-scale, industrial production,
which provides the potential for the commercialization of PSCs [78].

Figure 1. 14 The crystal structure of perovskite where A stands for metal cation, B is
Pb (II) or Sn (II) cation, and X is Cl-, Br-, or I- [79].
1.1.5.1 Operation of PSCs
The operation of PSCs is almost similar to that of OSCs; however, the photon
absorption in the active layer of PSCs excites electron and hole pairs which do form
excitons but with very small binding energy; only a few meV, and hence can easily be
dissociated even at room temperature [69]. This is one of the reasons of achieving high
PCE in PSCs in comparison with that in OSCs where the exciton binding energy is large
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and excitons cannot be dissociated without any excess energy and hence less PCE.
Therefore, the process of converting solar energy into electricity in a PSC is achieved
through three processes: 1) absorption of photons for the formation of free charge carriers,
2) charge transport and 3) charge extraction. The schematic structure of the energy band
diagram and the three processes are shown in Figure 1.15 [79].
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Figure 1. 15 The schematic structure of energy band diagram and the three processes of
a planar PSC: 1) absorption of photon and formation of free charge carriers, 2) charge
transport and 3) charge extraction.

1.1.5.2 Commercialization of PSCs
In order to commercialize the PSCs, some challenges such as instability and
hysteresis phenomenon should be overcome. The instability of the device comes mostly
from the degradation of the perovskite materials [80]. Niu et al. [81] have shown that
there are four factors such as oxygen and moisture, UV light, solution processing and
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thermal effects causing degradation of the perovskite film [81, 82]. A mismatch of current
measured between forward scan (voltage biased from 0 to 𝑉𝑜𝑐 ) and reverse scan (voltage
biased from 𝑉𝑜𝑐 to 0) is called current (J)–voltage (V) hysteresis [83]. A strong hysteretic
behaviour in the J–V characteristics of PSCs has been observed in several device
configurations, which has however been reduced to some extent by advanced interface
engineering [84, 85]. The first hysteresis effect in PSCs was observed by Unger et al [86].
They have observed that hysteresis-free light IV curves can be obtained at both extremely
fast and slow voltage scan rates but only in the latter case are quasi-steady-state conditions
achieved for a valid power conversion efficiency measurement. It is shown that the
hysteric J-V behaviour of PSCs can be attributed to several factors such as ferroelectricity,
ion migration, unbalanced charge collection rates and trap recombination at the interfaces
and grain boundaries [3, 74, 87-90]. Snaith et al. [91] have observed that when the
scanning speed is fast (0.3V/s), J-V curves may not suffer from signiﬁcant hysteresis.
However, by slowing down the scan rate, hysteresis emerges, which progressively
becomes more and more severe as the scan rate is slowed from 0.3 to 0.011 V/s. They
have found that the cp-TiO2 ETL modiﬁed with C60-SAM could eﬀectively inhibit the
formation of trap states at the interfaces and thereby reduce the non-radiative
recombination in PSCs that suppresses the J−V hysteresis.
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1.1 Aim and organization of thesis
The work presented in this thesis is theoretical with the objective of increasing
the performance and stability of OSCs and PSCs. The objectives of the thesis are listed
below:
➢ Profiling exciton generation and recombination in conventional and inverted BHJ
OSCs.
➢ Studying the combined influence of Urbach's tail width energy and mobility of charge
carriers on the photovoltaic performance of BHJ OSCs.
➢ Studying the influence of Urbach energy, temperature, and longitudinal position in
the active layer on charge carrier diffusion length in PSCs.
➢ Studying the influence of interface passivation on the operating temperature of PSCs.
➢ Simulation of operating temperature of PSCs under reverse and forward bias
conditions.
Chapter 1 of this thesis presents the introduction of solar cells. In chapter 2, by
applying the optical transfer matrix method and the drift-diffusion equations, the exciton
generation and recombination in conventional and inverted bulk heterojunction organic
solar cells are investigated in detail. Analysing the inﬂuence of the electric ﬁeld
component of the electromagnetic radiation propagating through the layered structure of
BHJ OSCs and using contour plots of normalized modulus squared of the electric ﬁeld,
the constructive interference points (CIPs) which represent the positions of maximum
absorption of photons and hence generation of excitons within the active layer are
investigated for both the conventional and inverted BHJ OSCs. The inﬂuence of the
thicknesses of layers on the CIPs in both the inverted and conventional structures is
investigated. It is found that except the thickness of MoO3 in the inverted structure the
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thicknesses of other layers do not have any signiﬁcant inﬂuence on CIPs. The results of
3D plots of the normalized modulus squared of the electric ﬁeld reveal that the absorption
of photons at the end of the active layer in the inverted structure is higher than that in the
conventional structure for all the effective wavelengths in the solar radiation and different
active layer thicknesses. The content of this chapter is based on the journal article
published by H. Mehdizadeh-Rad, J. Singh Journal of Applied Physics, vol. 124, no. 8,
pp. 083103, 2018.
In Chapter 3, the combined influence of Urbach's tail width energy and mobility of
charge carriers on the photovoltaic performance of BHJ OSCs is studied. BHJ OSCs with
four different Urbach’s tail width energies (𝐸𝑈 ) are simulated, and the combined influence
of 𝐸𝑈 and charge carrier mobility on the short circuit current (𝐽𝑠𝑐 ), open circuit voltage
(𝑉𝑜𝑐 ), fill factor (FF), PCE and Langevin and tail state recombination is investigated. The
results show that 𝐽𝑠𝑐 decreases more drastically with increasing 𝐸𝑈 in the lower mobility
range and then asymptotically converges to a single value in the large mobility range.
Likewise, with the increase in mobility, 𝑉𝑜𝑐 decreases nearly linearly with different slopes
depending on the magnitude of 𝐸𝑈 in the lower mobility range and then different slopes
converge to a single slope in the larger mobility range. Thus, 𝑉𝑜𝑐 becomes 𝐸𝑈 independent
in the higher mobility range. Furthermore, it is found that by increasing 𝐸𝑈 , the maximum
values of FF and PCE shift towards the higher mobility range. It is shown that the
influence of combined optimization of 𝐸𝑈 and mobility enhances both FF and PCE, but
its effect on FF is much more significant than that on PCE. The content of this chapter is
based on the journal article published by H. Mehdizadeh-Rad and J. Singh, J Mater Sci:
Mater Electron (2019) 30: 10064.
In chapter 4, the influence of 𝐸𝑈 , temperature, and longitudinal position in the
active layer on carrier diffusion length in PSCs is investigated. The diffusion length of
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charge carriers in the active layer of a PSC of the structure Glass/PEDOT: PSS/
CH3NH3PbI3 /PC60BM/Al is modelled. By varying the applied voltage in the range
from zero to 𝑉𝑜𝑐 , it is shown that the dependence of diffusion length on the position x in
the active layer reduces at higher voltage. The combined influence of applied voltage and
temperature on the diffusion length of charge carriers is investigated and it is found that
in the low voltage range the diffusion length is temperature independent, but it becomes
significantly temperature dependent at higher voltages. Also, it is found that the diffusion
length decreases as the applied voltage increases and this reduction becomes much more
significant at higher voltage and temperatures. The combined influence of applied voltage
and 𝐸𝑈 on diffusion length of charge carriers reveals that the diffusion length decreases
when both the applied voltage and 𝐸𝑈 increase. However, the reduction in the diffusion
length due to the increase in 𝐸𝑈 becomes less significant at higher voltage. The content
of this chapter is based on the journal article published by H. Mehdizadeh-Rad, J. Singh,
ChemPhysChem, vol. 20, no. 20, pp. 2712-2717, 2019.
In chapter 5, by developing a mathematical model, the operating temperature of
PSCs under different operational conditions has been calculated. The model has shown
that by passivating the interfaces and reducing the tail state density, the temperature of a
PSC can be decreased significantly at higher applied voltages. The results of this paper
show the significance of passivating the interfaces in PSCs for reducing the temperature
of PSCs and subsequently degradation effects and preventing phase transition during their
operation. It is found that by decreasing the tail state densities at the interfaces by three
orders of magnitude (interface passivation), the active layer would not undergo any phase
change at an ambient temperature of 300 K, which otherwise would occur without the
passivation. Also, it is shown that the active layer of a perovskite solar cell can be
decomposed at ambient temperature of 320 K, while this may not occur if the interfaces
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are passivated. The power generation rate at each position in the active layer and at
different applied voltages presented as contours show the significance of the interface
passivation on the reduction of heat generation. It is expected that this study provides a
deeper understanding of the influence of interface passivation on the operating
temperature of PSCs. The content of this chapter is based on the journal article published
by H. Mehdizadeh-Rad and J. Singh, Materials, 2019.12(17): p. 2727.
In chapter 6, a mathematical model is developed to calculate the temperature of
an illuminated PSC under the forward bias and that of a shaded one under the reverse bias
at different ambient conditions. The results have shown that the dissipated power due to
the reverse bias (𝑃𝑅𝐵 ) should be more than about 6 W to have a higher temperature in the
shaded solar cell than that in the illuminated solar cell at the solar irradiance of 1000
W/m2 , and this result is almost ambient temperature and wind velocity independent. It
is also found that the generated thermal power due to the non-radiative recombination
(𝑃𝑅𝑒𝑐 ) becomes significant at the 𝑉𝑜𝑐 condition, leading to an illuminated solar cell
temperature 𝑇𝑐𝑟 higher than that at 𝐽𝑠𝑐 condition by about 12.7 K, 13.3 K and 13.9 K at
the ambient temperatures of 270 K, 300 K and 330 K, respectively. In addition, the
influence of thickness of the illuminated solar cell on its temperature at 𝑉𝑜𝑐 condition is
investigated, which reveals that by increasing the thickness from 100 nm to 300 nm the
solar cell temperature can increase by 20 K. The contents of this chapter are based on the
journal article published by H. Mehdizadeh-Rad and J. Singh, Journal of Applied Physics,
2019. 126: p. 153102.
In chapter 7 is presented the experimental work that the candidate has carried out
during his PhD candidature in setting up the organic electronics laboratory to fabricate
BHJ organic solar cells. Although, the experimental work may not be regarded of the
level of PhD, the candidate has spent a significant amount of time in setting up the
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laboratory from the very basics. Due to the lack of two pieces of equipment; a glovebox
and a solar simulator, an accurate characterization of OSCs is not yet possible, but they
can be fabricated and their basic operations can be measured. This was not possible earlier
and therefore it is desirable to describe this activity in the thesis not so much for
examination but for recording this achievement at CDU. In order to advance his skills in
the fabrication of OSCs and PSCs, he has spent some time in learning various techniques
at the Hong Kong Baptist University and University of New South Wales and now the
candidate is well skilled in this aspect.
Chapter 8 presents the concluding remarks by summarising the whole work
carried out during the candidate’s Ph.D. candidature and making recommendations for
future research directions. It may be noted that the chapters 2-6 present the original
published work in the corresponding journal articles by modifying the contents only for
consistency and continuity of the presentation in the thesis. For example, the numbering
of equations, sections, references, etc. has been modified.
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Chapter 2 Profiling exciton generation and recombination in
conventional and inverted bulk heterojunction organic solar cells
This work has been published in the following paper:

H.Mehdizadeh-Rad, F. Zhu, J. Singh, Journal of Applied Physics. 2018, 124, 083103.

Statement of contribution of each author:

The candidate H. Mehdizadeh-Rad has carried out all the research activities to obtain
the results presented in this chapter under the supervision of J. Singh.
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Abstract

Applying the optical transfer matrix method and the drift-diffusion equations the
efficient light absorption, exciton generation and recombination rate in bulk
heterojunction (BHJ) organic solar cells (OSCs) with conventional and inverted
configurations are studied. Analysing the influence of electric field component of the
electromagnetic radiation propagating through the layered structure of BHJ OSCs and
using contour plots of normalized modulus squared of the electric field, the constructive
interference points (CIPs) which represent the positions of maximum absorption of
photons and hence generation of excitons within the active layer are investigated for both
the conventional and inverted OSCs. Also, the influence of the thicknesses of other layers
in both the inverted and conventional structures are investigated. It is found that except
the thickness of MoO3 in the inverted structure the thicknesses of other layers do not have
any significant influence on CIPs. The maximum CIP occurs at an active layer thickness
of 190 nm, regardless of the thickness of the second layer, which is MoO3, Ag or ITO in
the inverted structure and PEDOT: PSS, Al or ITO in the conventional structure. The
results of 3D plots of the normalized modulus squared of the electric field reveal that the
absorption of photons at the end of the active layer in the inverted structure is higher than
that in the conventional structure for all the effective wavelengths and different active
layer thicknesses. It is expected that this study provides a deeper understanding of exciton
generation within the two structures.

2.1 Introduction
In a BHJ OSC structure, the donor and acceptor organic materials are blended together
to overcome the mismatch between the absorption depth and the charge transport scale.
Therefore, the excitons that are generated in either donor or acceptor material may reach
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the donor-acceptor (D–A) interface more readily for efficient dissociations [37]. Figure
2.1 (a) shows a conventional BHJ OSC structure with substrate (glass)/ anode (ITO)/ hole
transport layer or HTL (PEDOT: PSS)/ active layer (blend of P3HT and PCBM)/ cathode
(Al) which is found to degrade faster. In order to reduce the degradation in a conventional
BHJ structure, an inverted device architecture has been proposed as an alternative. In the
inverted BHJ OSCs, the polarity of charge collection is opposite of the conventional
architecture. As a result, the modified ITO fabricated on the glass substrate faces the
sunshine and acts as cathode, and the higher work function with less air-sensitive
electrode such as Ag is used as anode as shown in Figure2.1 (b) [50-53]. In this inverted
structure, PEDOT: PSS is replaced by an ultrathin layer of Al to reduce the degradation
problem [52].
The process of converting solar energy into electricity in an OSC is achieved through
four processes: 1) photon absorption and exciton generation; 2) diffusion of excitons to
the D-A interface; 3) dissociation of excitons and charge separation at the D-A interface;
and 4) charge carriers collection by the electrodes [37]. Upon illumination of a BHJ OSC,
photons of energy larger than or equal to the band gap of the blended materials get
absorbed and each absorbed photon excites an electron from the HOMO to LUMO by
leaving a hole in the HOMO. Thus absorption of a photon in an organic solid excites an
electron hole pair, which instantaneously becomes an exciton due to stronger Coulomb
interaction caused by the low dielectric constant of the organic materials [28]. The
formation of excitons by the absorption of photons is unfavourable for the operation of
OSCs because one needs free electrons and holes not bound in excitons. Therefore, these
excitons need to be dissociated into free electrons and holes, which can only occur at the
D-A interface. Therefore, excitons are required to diffuse to the D-A interface. After
generation of excitons in the donor and their diffusion to the D-A interface, the electrons
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get transferred from the LUMO of donor to the LUMO of acceptor being at a lower
energy. Likewise, when the excitons excited in the acceptor reach the D-A interface, the
holes get transferred to the HOMO of the donor material being at a lower energy. Such
excitons formed at the D-A interface, with electrons in the acceptor and holes in donor,
are called the charge transfer excitons (CT excitons). The dissociation mechanism of CT
excitons takes place in two steps at the D-A interface. First the CT excitons are formed
as described above, which releases the excess energy as molecular vibrations and second
if this molecular vibrational energy is larger or equal to the exciton binding energy and
impacts back to the CT excitons, it can dissociate these into electrons and holes [28, 39,
40, 60]. For the generation of photocurrent, these dissociated free charge carriers should
be transported away rapidly from the D-A interface to their respective electrodes before
recombining again [61]. In the fourth process, the dissociated free charge carriers created
at the interface are drawn to their respective electrodes by the electric field generated by
the difference in the work functions of the anode and cathode. However, often these free
electron–hole pairs recombine non-radiatively through geminate or non-geminate
recombination and cannot reach their electrodes to contribute to the photocurrent. Thus,
the non-radiative recombination is one of the key losses of charge carriers in BHJ OSCs.
A geminate recombination occurs between an electron-hole pair which are created by the
single same photon, and a non-geminate recombination occurs between the electron and
hole that are not originated from the same single photon. Also, there are two types of nongeminate recombinations: 1) bimolecular recombination which is applied to the
recombination between two free charge carriers, and 2) trap-assisted recombination
which is the recombination between one trapped and one free charge carrier [39].
Many research activities have been carried out to study the conventional and inverted
structures. Zhao et al. [92] have optimized an inverted BHJ OSC of the structure
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glass/ITO/Ca/P3HT:PCBM/MoO3/Ag. Kam et al. [52] have used optical admittance and
transient analysis to compare the conventional and inverted structures. They have shown
that inverted structure has higher efficiency than conventional one. However, not many
researches have been carried out on studying the profiles of constructive interference and
recombination within the active layer in both the conventional and inverted structures. In
this paper, applying the optical transfer matrix method (OTMM) and drift diffusion
equations on a conventional BHJ OSC of the structure: glass/ITO/PEDOT: PSS/P3HT:
PCBM/Al and an inverted BHJ OSC of structure: glass/ITO/Al/P3HT: PCBM/MoO3/Ag
their optoelectronic properties are compared and studied in detail. Using contour plots of
2

the normalized modulus squared of the electric field |𝐸𝑗𝑛 | as a function of wavelength
and position x in the active layer, the constructive interference points (CIPs) or peaks of
photon absorption within the active layer of both coneventional and inverted OSCs are
investigated in detail. Also, the influence of the thicknesses of different layers of inverted
structure such as MoO3, Ag and ITO and conventional structure such as PEDOT: PSS,
Al and ITO on the CIPs in the active layer is invetigated. The 3D plots of the normalized
modulus squared of the electric field are applied to study the influence of MoO3/Ag
electrode on the optical properties of the active layer for different active layer thicknesses.
Also, the J-V characteristics and rates of Langevin and tail state recombinations in the
active layers of conventional and inverted structures are investigated. It is expected that
this study provides a deeper understanding of the optoelectronic properties of both
conventional and inverted structures for designing high efficiency BHJ OSCs.
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Figure 2. 1 Schematic structure of a BHJ OSC with (a) the conventional structure: glass/
ITO/ PEDOT: PSS/ P3HT: PCBM/ Al and (b) inverted structure: glass/ ITO/ Al/ P3HT:
PCBM/ MoO3/ Ag.

2.2 Methods of simulation
In this section, two methods are used. First is the optical transfer matrix method
(OTMM) to study the optical properties and second is the drift-diffusion model to study
the electronic properties.
2.2.1 Optical transfer matrix method
In any layered structure devices, like OSCs, the light absorption is significantly
affected by the optical interference if the thickness of each layer is comparable with the
wavelength of light. Therefore, in order to consider reflection, refraction and interference
effects, OTMM is used here for simulating the light propagation through the OSC’s
layers. Let us consider that light is incident from the left side on a multilayered structure
as shown in Figure 2.2.
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Figure 2. 2 Schematic diagram of a multilayer structure, in which light is incident from
the left side. Here (m+1) layer is the substrate layer, 𝑰𝟎 is the intensity of incident
−
radiation and 𝑬+
𝒋 and 𝑬𝒋 are the magnitudes of electric field components in the
electromagnetic radiation incident and reflected in the jth layer from the left and right
directions, respectively. Here the variable 𝒙 denotes the position within the active layer
measured from the left interface.
The total electric field E j (x) entering in the jth layer at a distance 𝑥 from both left and
right hand directions (see Figure 2.2) can be written as:
𝐸𝑗 (𝑥) = 𝐸𝑗+ (𝑥)+ 𝐸𝑗− (𝑥) .

(2.1)

The energy absorbed at position x in the jth layer in a layered structure is proportional to
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the product of the square of the modulus of the electric field |𝐸𝑗 (𝑥)| , which directly
represents the number of absorbed photons 𝑄𝑗 (𝑥) at point x and is given by [93-95]:

𝑄𝑗 (𝑥) =

1
2
𝑐𝜀0 𝛼𝑗 𝜂𝑗 |𝐸𝑗 (𝑥)| ,
2

(2.2)

2
𝜂
2
𝑄𝑗 (𝑥) = 𝛼𝑗 ( 𝑗⁄𝜂0 ) |𝑡𝑗+ | 𝐼0 [𝑒𝑥𝑝(−𝛼𝑗 𝑥) + 𝜌𝑗′′ 𝑒𝑥𝑝 (−𝛼𝑗 (2𝑑𝑗 − 𝑥))

4𝜋𝜂𝑗
+ 2𝜌𝑗′′ 𝑒𝑥𝑝(−𝛼𝑗 𝑑𝑗 ) cos(
(𝑑𝑗 − 𝑥) + 𝛿𝑗′′ )] ,
𝜆

(2.3)

where 𝑐 is speed of light, 𝜀0 is the permittivity of free space, 𝛼𝑗 = 4𝜋𝜅𝑗 /𝜆 is the
absorption coefficient, 𝜆 is wavelength of light, 𝜅𝑗 is the extinction coefficient of the jth
layer, 𝜂𝑗 is refractive index of the jth layer, 𝜂0 is refractive index of ambient, 𝑡𝑗+ is the
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internal transfer coefficient which relates the incident plane wave to the internal electric
field propagating toward the positive x direction, 𝐼0 is the intensity of the incident light,
𝜌𝑗′′ and 𝛿𝑗′′ are the magnitude and angle of the complex reflection coefficient, respectively,
in the jth layer [94].
Using Eq. (2.3), the free charge carrier generation rate 𝐺𝑗 (𝑥, 𝜆), resulting from the
absorption of light of wavelength (𝜆) and dissociation of excitons, in the jth layer can be
written as:
𝜆
𝐺𝑗 (𝑥, 𝜆) = 𝑃 ( ) 𝑄𝑗 (𝑥) ,
ℎ𝑐

(2.4)

where 𝑃 is the dissociation probability and ℎ is Planck’s constant [93]. In BHJ OSCs, the
excitons should diffuse to the D-A interface to dissociate into free charge carriers.
However, some of the excitons may recombine (geminate recombination) before arriving
the D-A interface. The probability of dissociation of excitons at the D-A interface can be
written as [96]:

𝑃=

𝐾𝑗𝑑𝑖𝑠𝑠
,
𝐾𝑗𝑑𝑖𝑠𝑠 + 𝐾𝑗𝑓

(2.5)

where 𝐾𝑗𝑑𝑖𝑠𝑠 is the total dissociation rate of excitons and 𝐾𝑗𝑓 = 𝑍⁄𝑟0 is the geminate
recombination in the jth layer, where 𝑍 is the reactivity parameter and 𝑟0 is the initial
separation between bound electron and hole in an exciton. As binding energy of singlet
excitons (0.059 eV) is much less than that of triplet excitons (0.759 eV), the singlet
excitons have higher chance to be dissociated [31]. As discussed in ref. [60] both singlet
and triplet excitons may be excited if the spin-orbit interaction is adequate and also some
singlets may become triplets through the intersystem crossing. It is therefore important to
consider the dissociation of both singlet and triplet excitons in BHJ OSCs. The rate of
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dissociation of singlet excitons (𝐾𝑗𝑠𝑑𝑖𝑠𝑠 ) and that of triplet excitons (𝐾𝑗𝑡𝑑𝑖𝑠𝑠 ) are derived
in ref. [40], which are obtained here as 𝐾𝑗𝑠𝑑𝑖𝑠𝑠 = 1.78 × 1014 s-1 and 𝐾𝑗𝑡𝑑𝑖𝑠𝑠 =
1.5 × 108 s-1, which gives 𝐾𝑗𝑑𝑖𝑠𝑠 =𝐾𝑗𝑠𝑑𝑖𝑠𝑠 +𝐾𝑗𝑡𝑑𝑖𝑠𝑠 ≈ 1.78 × 1014 𝑠 −1 for the active layer
blend P3HT:PCBM, and the rate of geminate recombination is 𝐾𝑗𝑓 = 3.3 × 105 𝑠 −1.
Using these in Eq. (2.5), we get 𝑃 ≈ 1.
In order to calculate the total charge carrier generation rate at point x in the jth layer, Eq.
(2.3) should be integrated over the limits of effective wavelengths, which is considered
to be from 𝜆1 =350 (nm) to 𝜆2 =850 (nm) in this simulation. The charge carrier
generation rate 𝐺𝑗 (𝑥) thus obtained is given by:
𝜆2

(2.6)

𝐺𝑗 (𝑥) = ∫ 𝐺𝑗 (𝑥, 𝜆)𝑑𝜆 ,
𝜆1

𝜆2
𝜆
2
𝜂
𝐺𝑗 (𝑥) = ∫ 𝑃 ( ) 𝛼𝑗 ( 𝑗⁄𝜂0 ) |𝑡𝑗+ | 𝐼0 (𝜆) [𝑒𝑥𝑝(−𝛼𝑗 𝑥)
ℎ𝑐
𝜆1

(2.7)

2

+ 𝜌𝑗′′ 𝑒𝑥𝑝 (−𝛼𝑗 (2𝑑𝑗 − 𝑥))
+ 2𝜌𝑗′′ 𝑒𝑥𝑝(−𝛼𝑗 𝑑𝑗 ) cos(

4𝜋𝜂𝑗
(𝑑𝑗 − 𝑥) + 𝛿𝑗′′ )] 𝑑𝜆 .
𝜆

It is to be noted that in calculating 𝐺𝑗 (𝑥) from Eqs. (2.6) and (2.7), the values of spectral
irradiance 𝐼0 (𝜆) at AM1.5G are extracted manually from Figure 2.7 of ref. [97] at each
wavelength and used in the numerical evaluation of Eq. (2.7).
2.2.2 Drift-diffusion model
In order to simulate the current-voltage (J-V) characteristics of OSCs and
determine the rates of recombination through Langevin and exponential tail state
processes in the active layer, we need to solve the following Poisson’s equation:
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𝜕2
𝑞
𝜑(𝑥)
=
(𝑛 (𝑥) − 𝑝𝑗 (𝑥)),
𝜕𝑥 2
𝜀 𝑗

(2.8)

and continuity equations for electrons and holes [97-100], respectively as:

−𝑛𝑗 (𝑥) 𝜇𝑛

𝜕𝑛𝑗 (𝑥)
𝜕2
𝜕𝜑(𝑥)
𝜕2
𝜑(𝑥)
−
𝜇
+
𝐷
𝑛 (𝑥)
𝑛
𝑛
𝜕𝑥 2
𝜕𝑥
𝜕𝑥
𝜕𝑥 2 𝑗

(2.9)

= −𝐺𝑗 (𝑥) + 𝑅𝑗 (𝑥),

−𝑝𝑗 (𝑥) 𝜇𝑝

𝜕𝑝𝑗 (𝑥)
𝜕2
𝜕𝜑(𝑥)
𝜕2
𝜑(𝑥)
−
𝜇
−
𝐷
𝑝 (𝑥)
𝑝
𝑝
𝜕𝑥 2
𝜕𝑥
𝜕𝑥
𝜕𝑥 2 𝑗

(2.10)

= 𝐺𝑗 (𝑥) − 𝑅𝑗 (𝑥),
where 𝜑 is the electric potential, 𝑞 is elementary charge, 𝑛𝑗 (𝑥) and 𝑝𝑗 (𝑥) are the electron
and hole concentrations, respectively, 𝜇𝑛 (𝜇𝑝 ) is electron (hole) mobility, 𝐷𝑛 (𝐷𝑝 ) is
electron (hole) diffusion coefficient, 𝐺𝑗 (𝑥) is the generation rate, obtained from Eq. (2.7)
and 𝑅𝑗 (𝑥) is the recombination rate in the jth layer. For solving Eqs. (2.9) and (2.10), we
need to know the recombination rate 𝑅𝑗 (𝑥), which has contributions from both free and
trapped charge carriers. For the rate of recombination of free charge carriers, we have
used the Langevin recombination process and the rate 𝑅𝑗𝐿 (𝑥) at the position x in the jth
layer is given by [101, 102]:
𝑅𝑗𝐿 (𝑥) =

𝑞(𝜇𝑛 + 𝜇𝑝 )
(𝑛𝑗 (𝑥)𝑝𝑗 (𝑥) − 𝑛𝑖 2 ) ,
𝜀

(2.11)

𝑞𝐸𝑔

where 𝑛𝑖 = √𝑁𝑐 𝑁𝑣 exp(− 2𝐾 𝑇), is the intrinsic charge carrier concentration with
𝐵

𝑁𝑐 (𝑁𝑣 ) being the effective density of charge carriers at the conduction (valence) band
edges of bulk heterojunction OSCs, 𝐾𝐵 is the Boltzmann constant, 𝑇 is the temperature
and 𝐸𝑔 is effective band gap, which is defined as the energy difference between LUMO
of acceptor and HOMO of donor. The values of 𝑁𝑐 , 𝑁𝑣 , T and 𝐸𝑔 used in the calculation
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are given in Table 2.3. For the recombination of charge carriers trapped in the tail states,
we have followed Kirchartz et al. [101] and the rate 𝑅𝑗𝑡𝑎𝑖𝑙 (𝑥) at the position x in the jth
layer is obtained as:
𝑅𝑗𝑡𝑎𝑖𝑙 (𝑥) = 𝑅𝑗𝐶𝐵𝑇 (𝑥) + 𝑅𝑗𝑉𝐵𝑇 (𝑥) ,

(2.12)

where 𝑅𝑗𝐶𝐵𝑇 (𝑥) is the rate of recombination via conduction-band (CB) tail states and
𝑅𝑗𝑉𝐵𝑇 (𝑥) is the rate of recombination via valence-band (VB) tail states in the jth layer.
These rates are given by [101, 103, 104]:
𝑅𝑗𝐶𝐵𝑇 (𝑥)
𝛽𝑝− 𝛽𝑛0 (𝑛𝑗 (𝑥)𝑝𝑗 (𝑥) − 𝑛𝑖 2 )
𝑁𝑡𝑐
𝐸 − 𝐸𝑐
=∫
exp (
)
𝑑𝐸 ,
𝐾𝐵 𝑇𝑐0 𝛽 0 (𝑛 (𝑥) + 𝑁 exp (𝐸 − 𝐸𝑐 )) + 𝛽 − (𝑝 (𝑥) + 𝑁 exp (𝐸𝑣 − 𝐸 ) )
𝐸𝑣 𝐾𝐵 𝑇𝑐0
𝑗
𝑐
𝑝
𝑗
𝑣
𝑛
𝐾 𝑇
𝐾 𝑇
𝐸𝑐

𝐵

𝐵

(2.13)
𝑅𝑗𝑉𝐵𝑇 (𝑥)
𝐸𝑐

=∫
𝐸𝑣

𝛽𝑝0 𝛽𝑛+ (𝑛𝑗 (𝑥)𝑝𝑗 (𝑥) − 𝑛𝑖 2 )
𝑁𝑡𝑣
𝐸𝑣 − 𝐸
exp (
)
𝑑𝐸 ,
𝐾𝐵 𝑇𝑣0
𝐾𝐵 𝑇𝑣0 𝛽 + (𝑛 (𝑥) + 𝑁 exp (𝐸 − 𝐸𝑐 )) + 𝛽 0 (𝑝 (𝑥) + 𝑁 exp (𝐸𝑣 − 𝐸 ))
𝑗
𝑐
𝑗
𝑣
𝑛
𝑝
𝐾𝐵 𝑇
𝐾𝐵 𝑇
(2.14)

where 𝑁𝑡𝑐 (𝑁𝑡𝑣 ) is the density of trapped states, 𝑇𝑐0 (𝑇𝑣0 ) is the characteristic temperature
and 𝐸𝑐 (𝐸𝑣 ) is the energy level of conduction (valence) tail states. 𝛽𝑛+ is the capture rate
coefficient in the VB tail and represents the capture of an electron from the CB by a
trapped hole in the valence tail states, 𝛽𝑝0 is the capture rate coefficient for a hole in the
VB by an unoccupied VB tail state, 𝛽𝑝− is the capture rate coefficient in the CB tail states
for a hole created in the VB and 𝛽𝑛0 is the capture rate coefficient for an electron in the
CB by an unoccupied CB tail state. Substituting Eqs. (2.13) and (2.14) in Eq. (2.12), we
can get the total recombination rate involving the tail states.
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In order to solve the system of partial differential equations [Eqs. (2.8)- (2.10)],
we have followed Scharfetter and Gummel method [105, 106], which considers an
exponential variation of the carrier concentrations between two grid points. After,
discretising the Poisson and continuity equations, 𝜑, 𝑛𝑗 and 𝑝𝑗 can be determined by using
Gummel method [107]. For solving the above equations in the conventional structure of
OSCs, we have used the following boundary conditions for the charge carrier
concentrations and electric potentials:

𝑛𝑗 (𝑥 = 0) = 𝑁𝑐 exp [−

𝐸𝑔
],
𝐾𝐵 𝑇

(2.15)

𝑛𝑗 (𝑥 = 𝐿) = 𝑁𝑐 ,

(2.16)

𝑝𝑗 (𝑥 = 0) = 𝑁𝑣 ,

(2.17)

𝑝𝑗 (𝑥 = 𝐿) = 𝑁𝑣 exp [−

𝜑(𝐿) − 𝜑(0) =

𝐸𝑔
],
𝐾𝐵 𝑇

(2.18)

𝐸𝑔
−𝑉,
𝑞

(2.19)

where 𝑉 is the applied voltage. However, for the inverted structure, the boundary
conditions can be written as:
𝑛𝑗 (𝑥 = 0) = 𝑁𝑐 ,

(2.20)

𝑛𝑗 (𝑥 = 𝐿) = 𝑁𝑐 exp [−

𝐸𝑔
],
𝐾𝐵 𝑇

(2.21)

𝑝𝑗 (𝑥 = 0) = 𝑁𝑣 exp [−

𝐸𝑔
],
𝐾𝐵 𝑇

(2.22)

𝑝𝑗 (𝑥 = 𝐿) = 𝑁𝑣 ,

(2.23)
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𝜑(0) − 𝜑(𝐿) =

𝐸𝑔
−𝑉.
𝑞

(2.24)

2.3 Results and discussions
A numerical simulation of the optoelectronic properties of the conventional and
inverted BHJ OSCs is presented here. Using OTMM the number of absorbed photons in
the active layer can be calculated from Eq. (2.3). An absorbed photon is expected to excite
an exciton in the organic active layer and therefore, for simulating the photovoltaic
performance of a BHJ OSC it is important to assess how many excitons get dissociated
into free charge carriers. As discussed above, according to Eq. (2.5) the dissociation
probability 𝑃 ≈ 1 and therefore, we have assumed that all excitons generated in the active
layer get dissociated into free charge carriers in BHJ OSCs with P3HT: PCBM as the
organic active layer. Thus, the charge carrier generation rate due to the dissociation of
excitons in Eq. (2.4) becomes equal to the exciton generation rate.
2.3.1 Electric field
In order to study the photon absorption in the active layer j given in Eq. (2.3), one
2

needs to study the distribution of the total electric field |𝐸𝑗 (𝑥)| within the active layer.
2

The normalized modulus squared of the electric field |𝐸𝑗𝑛 | given in Eqs. (2.1) and (2.2)
as a function of the wavelength and position x in the active layer, is plotted as contours in
Figures 2.3 (a)- (c) and Figures 2.4 (a)- (c) for both the conventional and inverted
structures for three selected active layer thicknesses of 70 nm, 150 nm and 250 nm,
2

respectively. According to Eq. (2.1), |𝐸𝑗 (𝑥)| consists of incident 𝐸𝑗+ (𝑥) and reflected
𝐸𝑗− (𝑥) electric field components in the active layer as a result it involves the interference
of these two components. The CIPs within the active layer represent the positions of
maximum generation of photons within the active layer and calculated from the maximum
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values of 𝐺𝑗 (𝑥) obtained from Eq. (2.7). The number of CIPs that can occur within the
active layer depends on the thickness of the active layer as shown in the contour plots in
Figures 2.3 (a)– (c) for the conventional OSC of structure ITO (40 nm)/PEDOT: PSS (40
nm)/P3HT: PCBM/Al (100 nm) for the active layer thicknesses (a) 70 nm, (b) 150 nm
and (c) 250 nm and in Figures 2.4 (a)– (c) for the inverted OSC of structure ITO (40
nm)/Al (1.2 nm)/P3HT: PCBM/MoO3 (5 nm)/Ag (100 nm) for the active layer
thicknesses (a) 70 nm, (b) 150 nm and (c) 250 nm. In Figures 2.3 (a) and 2.4 (a) for the
active layer thickness of 70 nm, we find only one CIP which represents the position of
the maximum absorption of photons. In Figures 2.3 (b) and 2.4 (b), for the active layer
thickness of 150 nm we notice the emergence of a second CIP and hence another position
of absorption of photons. Finally in Figures 2.3 (c) and 2.4 (c), for the active layer
thickness 250 nm, two clear peaks of photon absorption appear and the second peak is
weaker than the first one. Also it may be noted that as the transmission of glass for the
radiation wavelength below 350 nm and the absorption of P3HT: PCBM above 850 nm
are negligible, the absorption from 350 nm to 850 nm wavelength range is considered in
this paper [108].
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𝟐

Figure 2. 3 Contour plot of the normalized modulus squared of the electric field |𝑬𝒋𝒏 |
as a function of wavelength and position x in the active layer for the conventional OSC
of structure ITO (40 nm)/PEDOT: PSS (40 nm)/P3HT: PCBM/Al (100 nm) for the active
layer thicknesses (a) 70 nm, (b) 150 nm and (c) 250 nm. The absorption of the solar
spectrum is considered in the range of 350 – 850 nm.
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𝟐

Figure 2. 4 Contour plot of the normalized modulus squared of the electric field |𝑬𝒋𝒏 |
as a function of wavelength and position x in the active layer for the inverted OSC of
structure ITO (40 nm)/Al (1.2 nm)/P3HT: PCBM/MoO3 (5 nm)/Ag (100 nm) for the
active layer thicknesses (a) 70 nm, (b) 150 nm and (c) 250 nm. The absorption of the solar
spectrum is considered in the range of 350 – 850 nm.
2

We have also shown |𝐸𝑗𝑛 | in a 3D plot in Figure 2.5 as a function of both the
wavelength and position 𝑥 in the active layer for the three different active layer
thicknesses as considered in Figures 2.3 and 2.4. According to Figure 2.5, for all the
wavelengths the absorption of photons at the end of the active layer in the inverted
structure is higher than that in the conventional structure, which may be attributed to the
reflectance from the rear electrode MoO3/Ag in the inverted structure.
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Figure 2. 5 The dependence of the normalized modulus squared of the electric field
𝟐

|𝑬𝒋𝒏 | in the active layer on the wavelength and position x for both the conventional and
inverted structures of active layer thicknesses (a) 70 nm, (b) 150 nm and (c) 250 nm. The
absorption of the solar spectrum is considered in the range of 350 – 850 nm.
2.3.2 Exciton generation rate
We have calculated the generation rate 𝐺𝑗 (x) as a function of the position x (see Figure
2.2) within the active layer of three selected thicknesses 70 nm, 150 nm and 250 nm from
Eq. (2.7) for both the conventional OSC of structure ITO (40 nm)/PEDOT: PSS (40
nm)/P3HT: PCBM/Al (100 nm) and inverted OSC of the structure ITO (40 nm)/Al (1.2
nm)/P3HT: PCBM/MoO3 (5 nm)/Ag (100 nm) and plotted it as a function of x in Figures
2.6 (a), 2.6 (b) – 2.6 (c), respectively. The total generation rate in the active layer can be
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𝑑

obtained by integrating 𝐺𝑗 = ∫0 𝑗 𝐺𝑗 (𝑥) 𝑑𝑥 numerically, and 𝐺𝑗 thus obtained is listed in
Table 2.1 for both the conventional and inverted structures.
Table 2. 1 Total exciton generation rate 𝑮𝒋 for different thicknesses and structures.
Structure
Conventional
Inverted
Conventional
Inverted
Conventional
Inverted

Thickness (nm)
(nm)
70
70
150
150
250
250

𝐺𝑗 (m-2 s-1)
1.45× 1022
1.94× 1022
2.04× 1022
2.16× 1022
2.61× 1022
2.71× 1022

According to the data in Table 2.1 the total exciton generation rate in the inverted
structure is found to be slightly higher than that in the conventional structure. However,
the difference between the total exciton generation rate in the inverted and conventional
structures reduces when the active layer thickness increases. Thus, one may need thinner
active layer to generate more excitons in the inverted structure than in the conventional
structure. In other words, one may require to use the less active material in the inverted
structure for generating more excitons than in the conventional structure. It is also obvious
from Figure 2.6 that the peak values of the generation rate in the inverted structure are
found to be higher than those in the conventional structure for the all three thicknesses of
the active layer. A higher generation rate implies higher absorption of photons and that
means the absorption gets enhanced in the inverted structure, which may be attributed to
the better reflectance from the rear electrode MoO3/Ag in the inverted structure, in
comparison with Al in conventional structure. This agrees with the results obtained by
Zhao et al. [92] who have investigated that the variation in the MoO3 layer thickness
varies the absorption in the active layer in the inverted structure: Glass/ITO/Ca/P3HT:
PCBM/MoO3/Ag.
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Figure 2. 6 Distribution exciton generation rate in the active layer for different
thicknesses (a) 70 nm, (b) 150 nm and (c) 250 nm. The absorption of the solar spectrum
is considered in the range of 350 – 850 nm.
It may be noted that in Figure 2.6 the position of CIPs changes with the three
selected thicknesses of the active layer. This variation in the generation rate is consistent
2

with that in the |𝐸𝑗𝑛 | shown in the Figures (2.3) - (2.5), which is expected because
2

according to Eq. (2.4), 𝐺𝑗 (𝑥) is proportional to |𝐸𝑗 (𝑥)| . In Figures 2.6 (a) and 2.6 (c) for
thicknesses 70 nm and 250 nm, CIPs occur within the first half of the active layer, which
is far from the cathode in the conventional structure and far from the anode in the inverted
structure. At these thicknesses of the active layer, the most generated free electrons in the
conventional structure and most free holes in the inverted structure will have to travel
longer distances in order to reach their respective electrodes. This may lead to higher
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chance of non-radiative recombination during their transport. Likewise, the generation
rates shown in Figure 2.6 (b) for the active layer thickness of 150 nm, reveal that CIPs
occur in the second half of the active layer for both the conventional and inverted
structures, which is far from the anode in the conventional and from the cathode in the
inverted structure. In this situation, holes in the conventional and electrons in the inverted
structure will have to move longer distances, which will also increase the chances of their
non-radiative recombination before reaching their respective electrodes. In view of the
above discussions based on the results shown in Figures 2.6 (a) - (c), it is desirable to
have CIPs in the centre of the active layer, which is shown in Figure 2.7. According to
Figure 2.7, for CIPs in the middle of the active layer one needs the active layer of
thickness 80 nm for the inverted structure and 120 nm for the conventional structure. This
also implies that light absorption in inverted OSCs is more efficient. Compare to the cells
with a conventional structure, the inverted OSCs with a thinner active layer have a higher
internal electric field and are adopted for efficient cell operation. Our calculation agrees
with the recent experiment results in showing that the high performing inverted BHJ
OSCs is enabled by a greater internal electric field in the cell, allowing suppression of
bimolecular recombination and enhancement of charge extraction probability [109].
However, generation of maximum charge carriers in the centre of the active layer
may lead to lower recombination and hence higher power conversion efficiency only if
both the charge carriers, electrons and holes have the same mobility. If the electron
mobility is not equal to the hole mobility, which is usually the case in most materials,
then a CIP in the centre of active layer may not reveal the optimal photovoltaic
performance. For example, in the active layer materials which have higher electron
mobility one should have CIP near the anode and in material of larger hole mobility the
peak generation should be near the cathode. This analysis is quite consistent with the
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study of Zou et al. [109] who have investigated the conventional and inverted OSCs with
the thickness of 90 nm, and they concluded that in the inverted structure, because the peak
of the exciton generation is located farther away from the cathode, a higher blending ratio
of fullerene is required to provide higher electron mobility in the BHJ for achieving good
device performance. Therefore, based on the thickness of active layer and the location of
peak of exciton generation rate, the ratio of fullerene can be varied for reducing the
recombination rate.

Figure 2. 7 Distribution of exciton generation rate in the active layer for conventional
and inverted structures with thicknesses 120 nm and 80 nm, respectively, showing CIPs
exactly in the middle of the active layer. The absorption of the solar spectrum is
considered in the range of 350 – 850 nm.
So far, we have investigated only the influence of the thicknesses of active layer
on the CIPs; however, it may be desirable to study the influence of the thickness of other
layers as well in both structures. For this reason, we have plotted CIPs as a function of
both the active layer thickness and the thicknesses of HTL (MoO3), in Figure 2.8 (a),
electrodes Ag in Figure 2.8 (b) and ITO in Figure 2.8 (c) for the inverted BHJ OSC.
According to Figure 2.8 (a), for high active layer thicknesses, the CIPs are nearly
independent of the MoO3 thickness when the active layer thickness is larger than 240 nm
but they depend on the thickness of MoO3 significantly when the active layer thickness
is less than 220 nm. Considering that the exciton generation should be highest in the
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middle of the active layer, as discussed above, the results of Figure 2.8 (a) suggest that if
the thickness of MoO3 layer is 5 nm then the peak of exciton generation will occur at the
centre of a 70 nm thick active layer.
The results shown in Figure 2.8 (b), illustrate that if the thickness of Ag electrode
is more than 40 nm it may not influence CIPs significantly. According to Figure 2.8 (c),
CIPs are independent of the thickness of ITO at all active layer thicknesses considered
here. It may therefore be concluded that only the thickness of MoO3, the hole transport
layer has much stronger influence on the CIPs in the inverted BHJ OSCs.

Figure 2. 8 Constructive interference points (CIPs) as a function of active layer thickness
and a) MoO3, b) Ag and c) ITO thicknesses for inverted BHJ OSCs of structure
ITO/Al/P3HT: PCBM/MoO3/Ag.
In order to investigate the influence of the thickness of different layers on the
position of CIPs in the active layer of conventional structure, we have plotted the CIPs as
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a function of the thickness of active layer and that of PEDOT: PSS in Figure 2.9 (a),
thickness of Al electrode in Figure 2.9 (b) and ITO in Figure 2.9 (c). According to Figure
2.9 (a), except at a thickness of < 30 nm of PEDOT: PSS and < 120 nm of the active layer
where the influence is very small, CIP is independent of the thickness of PEDOT: PSS at
all active layer thicknesses. Likewise, as shown in Figure 2.9 (b), for Al electrode
thicknesses more than 30 nm, CIPs are independent of the thickness of Al electrode at all
active layer thicknesses. The results shown in Figure 2.9 (c) are similar to those of Figure
2.8 (c) and CIPs are independent of ITO thickness.
It may be of interest to point out that according to Figures 2.8 (a), (b) and (c) for
the inverted and 2.9 (a), (b) and (c) for the conventional structure, the maximum of CIP
occurs at active layer thickness around 190 nm regardless of the thickness of the second
layer, which is MoO3, Ag or ITO in the inverted structure and PEDOT: PSS, Al or ITO
in the conventional structure. This implies that at 190 nm thickness, the CIP is located at
a position closest to the anode electrode in the inverted structure and cathode in the
conventional structure. That means, at this thickness of the active layer in the inverted
structure, most of the generated holes can reach the anode electrode easily but the
electrons will have to move to the cathode electrode which will be farther away and hence
may recombine before reaching the cathode. Likewise, in the conventional structure most
of the electrons will move easily to the nearby cathode but holes will have to move farther
away to the anode and will be subjected to recombination.
If other thicknesses remain unchanged, it is shown in Figure 2.7 that the CIP
occurs in the middle of the active layer if this thickness is 80 nm in the inverted and 120
nm in the conventional structure. According to Figures 2.8 and 2.9, except for MoO3 in
the inverted structure, the CIP still occurs in the middle for the active layer thickness of
80 nm in the inverted and 120 nm in the conventional structure and variations in
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thicknesses of other layers have no influence. In Figure 2.7, the MoO3 layer is 5 nm thick
which gives CIP in the middle. However, if one increases this to be more than 5 nm then
according to Figure 2.8 (a), the thickness of the active layer will have to be less than 80
nm.

Figure 2. 9 Constructive interference points (CIPs) as a function of active layer thickness
and a) PEDOT: PSS, b) Al and c) ITO thicknesses for conventional BHJ OSCs of
structure ITO/PEDOT: PSS/P3HT: PCBM/Al.
2.3.3 Charge carrier recombination rates
Solving Poisson’s and continuity equations [Eqs. (2.8) – (2.10)], the Langevin and
tail state recombination rates in the active layer for both the conventional and inverted
structures at the open circuit voltage (𝑉𝑜𝑐 ) condition for three different active layer
thicknesses considered in Figure (2.6), are calculated and plotted in Figures 2.10 (a) – (c).
The results shown in Figure 2.10 illustrate that the rate of Langevin recombination is
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higher than the tail state recombination for different active layer thicknesses in both
structures. This agrees with the results obtained by Cowan et al. [110] who have shown
that bimolecular recombination dominates for applied voltages near 𝑉𝑜𝑐 . We have
calculated the total recombination rate in the active layer by integrating 𝑅𝑗𝐿 =
𝑑

𝑑

∫0 𝑗 𝑅𝑗𝐿 (𝑥) 𝑑𝑥 and 𝑅𝑗𝑡 = ∫0 𝑗 𝑅𝑗𝑡 (𝑥) 𝑑𝑥 numerically for the conventional and inverted
structures, and the results are shown in Table 2.2.
Table 2. 2 Total tail state and Langevin recombination rates for different thicknesses
and structures.
Structure
Conventional
Inverted
Conventional
Inverted
Conventional
Inverted

Thickness (nm)
𝑅𝑗𝐿 (m-2 s-1)
(nm)
70
1.14× 1022
70
1.58× 1022
150
1.69× 1022
150
1.75× 1022
250
2.04× 1022
250
2.14× 1022

𝑅𝑗𝑡 (m-2 s-1)
3.06× 1021
3.56× 1021
3.43× 1021
4.05× 1021
5.63× 1021
5.62× 1021

As expected, Figure 2.10 shows that as the thickness of the active layer increases,
both tail state and Langevin recombination increase in both conventional and inverted
structures. According to the results given in Table 2.2 for the total recombination rates,
both the total Langevin and tail state recombination rates are slightly higher in the
inverted structure than those in the conventional structure for the three selected active
layers, which may be attributed to the higher exciton generation rate in the active layer of
inverted structure than that of the conventional structure. As at 𝑉𝑜𝑐 condition there is no
current extraction, all the generated charge carriers recombine [111]. Therefore, the total
recombination should be equal to the charge carrier generation rate, and this is satisfied
by comparing the total recombination rates of different active layer thicknesses in this
section and the total exciton generation rate in section 2.3.2.
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Figure 2. 10 The distribution of the Langevin and exponential tail state recombination at
the open circuit voltage condition in the active layer for both the conventional and
inverted structures for three different active layer thicknesses: (a) 70 nm, (b) 150 nm and
(c) 250 nm.
2.3.4 Power conversion efficiency
The drift-diffusion equations presented in section 2.2.2 are solved by considering
both Langevin and exponential tail state recombination and the input parameters listed in
Table 2.3. Solving Poisson’s and continuity equations, the total photocurrent 𝐽 = 𝐽𝑛 +𝐽𝑝
and applied voltage V defined in Eqs. (2.19) and (2.24) are obtained. The J -V
characteristics thus calculated and plotted in Figure 2.11 for both the conventional and
inverted OSCs at the spectral irradiance AM 1.5. For comparison, we have also plotted
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the J-V characteristics measured experimentally in Figure 2.11 for both the structures. As
it can be seen from Figure 2.11, our calculated results agree very well with the
experimental results. According to Figure 2.11, from the simulation we obtained 𝑉𝑜𝑐 =
0.59 V, 𝐽𝑠𝑐 = 102.5 𝐴𝑚−2 , 𝐹𝐹 = 0.66, which give 𝑃𝐶𝐸 = 4.0% for the inverted
structure and for the conventional structure we get 𝑉𝑜𝑐 = 0.58 V, 𝐽𝑠𝑐 = 99.2 𝐴𝑚−2,
𝐹𝐹 = 0.61 and 𝑃𝐶𝐸 = 3.5%. Thus, according to our simulation the inverted structure
gives a PCE about 14% higher than the conventional structure with the same active layer
thicknesses for both structures. This agrees reasonably well with 13% increase in the
efficiency of inverted structure measured experimentally [52].

Figure 2. 11 J-V characteristics of an inverted OSC with the structure ITO (40 nm)/Al
(1.2 nm)/P3HT: PCBM (200 nm)/MoO3 (5 nm)/Ag (100 nm), and a conventional OSC of
structure ITO (40 nm)/PEDOT: PSS (40 nm)/P3HT: PCBM (200 nm)/Al (100 nm).
Experimental curves of the corresponding structures are also plotted for comparison.
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Table 2. 3 Input parameters used for simulation in this paper [82, 91, 92].
Parameter

Value

𝐸𝑔 (eV)

1

𝑍 (cm𝑠 −1 )

0.05

𝑟0 (nm)

1.5

𝑁𝑐 , 𝑁𝑣 (𝑚−3 )

1.65 × 1026

𝜇𝑛 (𝑚2 𝑉 −1 𝑠 −1 )

3.5 × 10−8

𝜇𝑝 (𝑚2 𝑉 −1 𝑠 −1 )

10−9

𝑁𝑡𝑐 , 𝑁𝑡𝑣 (𝑐𝑚−3 )

7× 1016

𝛽𝑛0 , 𝛽𝑛+ (𝑐𝑚3 𝑠 −1 )

2.5× 10−10

𝛽𝑝0 , 𝛽𝑝− (𝑐𝑚3 𝑠 −1 )

5× 10−10

𝑇𝑐0 = 𝑇𝑣0 (𝐾)

500

𝑇 (𝐾)

300

2.4 Conclusions
In this work, a comprehensive study of the exciton generation and recombination
rates is carried out by simulation in the conventional and inverted BHJ OSCs structures.
Analysing the influence of electric field component of the electromagnetic radiation
propagating through the layered structure of BHJ OSC by using optical transfer matrix
method, the charge carrier generation dependence on the active blended layer thickness
of donor and acceptor is studied in detail. The results show that for active layer
thicknesses of 120 nm for conventional and 80 nm for inverted structures, the peak of
exciton generation rate takes place at the middle of active layer which implies that the
free electrons or holes (depends on the thickness and structure) must travel equal distances
to their respective electrodes, which may reduce their recombination. Also, the influence
of the thicknesses of other layers in the inverted structure such as MoO3, Ag and ITO and
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PEDOT: PSS, Al and ITO in the conventional structure on the constructive interference
points (CIPs) in the active layers is invetigated. It is found that except for the thickness
of MoO3 layer in the inverted structure, the thickness of other layers has only very small
influence on CIPs. From this view point and based on the assumption that the magnitude
of electron and hole mobilities is the same, it is concluded that if the thickness of the
active layer in the inverted structure is about 70 nm and that of MoO3 is about 5 nm, CIPs
may occur in the centre of the active layer. By varying the thickness of other layers, the
maximum CIP occurs at an active layer thickness of 190 nm for both conventional and
inverted structures, regardless of the thickness of the second layer, which is MoO3, Ag or
ITO in the inverted structure and PEDOT: PSS, Al or ITO in the conventional structure.
Using the 3D plots of normalized modulus squared of the electric field, it is found that
the absorption of photons at the end of the active layer in the inverted structure is higher
than that in the conventional structure for all the effective wavelengths. In agreement with
the experiments, the power conversion efficiency of inverted structure is found to be
higher than that of the conventional structure.
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Chapter 3 Combined influence of Urbach's tail width energy and
mobility of charge carriers on the photovoltaic performance of bulk
heterojunction organic solar cells
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10064.
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Abstract
Bulk heterojunction (BHJ) organic solar cells (OSCs) with four different Urbach’s
tail width energies (𝐸𝑈 ) are simulated, and the combined influence of 𝐸𝑈 and charge
carrier mobility on the short circuit current (𝐽𝑠𝑐 ), open circuit voltage (𝑉𝑜𝑐 ), fill factor
(FF), power conversion efficiency (PCE), Langevin and tail state recombination is
investigated. The results show that 𝐽𝑠𝑐 decreases more drastically with increasing 𝐸𝑈 in
the lower mobility range and then asymptotically converges to a single value in the large
mobility range. Likewise, with the increase in mobility, 𝑉𝑜𝑐 decreases nearly linearly with
different slopes depending on different 𝐸𝑈 in the lower mobility range and then different
slopes converge to a single slope in the larger mobility range. Thus, 𝑉𝑜𝑐 becomes 𝐸𝑈
independent in the higher mobility range. Furthermore, it is found that by increasing 𝐸𝑈 ,
the maximum values of FF and PCE shift towards the higher mobility range. It is shown
that the influence of combined optimization of 𝐸𝑈 and mobility enhances both FF and
PCE, but its effect on FF is much more significant than that on PCE.

3.1 Introduction
As recombination in bulk investigate the recombination processes in detail for
maximizing the power conversion efficiency (PCE) of OSCs [110]. Various types of
recombination processes, both geminate and non-geminate, may take place on the way
leading to the eventual generation of electricity by OSCs. A geminate recombination is
defined to be the recombination of an electron- hole pair excited by the same photon and
a non-geminate recombination occurs between an electron- hole excited by different
photons. The non-geminate recombination heterojunction (BHJ) OSCs reduces the short
circuit current (𝐽𝑠𝑐 ) and fill factor (FF), it is very important to between two free charge
carriers (electrons and holes) is also known as the Langevin recombination. As most
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OSCs are fabricated from amorphous organic materials, which involve the localized tail
states, another type of non-geminate recombination should be considered which is the
trap-assisted recombination which occurs between one trapped and one free charge
carriers [39, 102, 111]. Figure 3.1 illustrates different types of recombination processes
which may take place at different states in BHJ OSCs. Photo excited excitons and charge
transfer excitons may recombine directly to the ground state with rates 𝐾𝑓1 and 𝐾𝑓2 ,
respectively, due to the geminate recombination. The photo generated excitons then
become CT excitons at the interface and dissociate into free electrons and holes, some of
which may get trapped in the tail states and others remain free. The free pairs of electrons
and holes may recombine with rates 𝑅𝐿 , through the Langevin and the trapped pairs with
rate 𝑅𝑡𝑎𝑖𝑙 through the trap-assisted recombination processes. It may be noted that the
existence of localized band tail states in disordered semiconductors has been well
established [103, 112, 113]. According to Figure 3. 1, the trap-assisted recombination is
a non-geminate recombination because it involves recombination of a free charge carrier
with a trapped one of opposite charge and thus it becomes a first order process in which
one electron and one hole recombine through a localized energetic trap [39]. Though it
involves two carriers, it is still considered monomolecular recombination because it
involves one carrier at a time; first, one carrier is trapped and then the second, oppositely
charged carrier must find the trapped carrier. If both carriers are free to recombine then it
becomes a bimolecular recombination or Langevin recombination. It is relatively easier
to reduce/eliminate the bimolecular recombination by using a more efficient hole
extraction layer [114] but the trap assisted recombination being intrinsic part of any
disordered material cannot be easily controlled and hence it is important to study the
influence of trapped states on the performance of OSCs. There are sub-gap states in the
active layer of OSCs that contribute to the well-known tail states in non-crystalline solids,
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where the absorption coefficient 𝛼 is found empirically to depend exponentially on the
energy below the conduction band edge. This exponential relation was first formulated
by Urbach [115] as: 𝛼(ℎ𝜈, 𝑇) = 𝛼0 exp((ℎ𝜈 − 𝐸0 )/𝐸𝑈 (𝑇)), where 𝛼0 is the absorption
coefficient at the band edge, ℎ𝜈 < 𝐸0 is the photon energy absorbed in the tail states with
𝐸0 being the band edge energy and 𝐸𝑈 (𝑇) is the Urbach energy which depends on
temperature and the steepness of the exponential function [116]. The steepness parameter
is a major of the density of disorders present in the tail states and hence the Urbach energy
is proportional to the energetic disorder and is one of the parameters that influences the
rate of trap assisted recombination in OSCs performance. By increasing the defects and
subsequently 𝐸𝑈 the edge spectrum would decrease. Moreover, by increasing the Urbach
energy, the non-radiative recombination would increase, and this would lead to thermal
relaxation of charge carriers. 𝐸𝑈 appears in the low crystalline, poor crystalline, the
disordered and amorphous materials because these materials have localized tail states
which extend in the band gap [2].
Figure 3.2 illustrates the four processes of recombination of charge carriers through
the tail states, which involve the recombination of (1) a free electron in the conduction
band with a trapped hole in the valence tail states, (2) a free hole in the valence band with
a trapped electron in the conduction band tail states, (3) a free hole in the valence band
with an unoccupied valence tail state and (4) of an electron in the conduction band by an
unoccupied conduction band tail state. The trap sites in the active layer of a BHJ OSC act
as centres for non-radiative recombination [101, 111].
The recombination in the trapped states has been investigated recently by several
research groups. Kirchartz et al. [101] have proposed a model by considering the
exponential trap states and studied the ideality factor under illumination and dark
conditions in BHJ OSCs. Kuik et al. [111] have investigated the trap-assisted
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recombination in organic semiconductors and shown that it is governed by the diffusion
of free charge carriers towards the trapped charge carriers. Cowan et al. [110] have shown
that the recombination kinetics are voltage dependent, and monomolecular recombination
which occurs in the tail states is dominant at short circuit current condition, while
bimolecular recombination is dominant at open circuit voltage condition. Also, the
influence of mobility on photovoltaic performance of OSCs has been investigated by
several groups. For example, Mandock et al. [117] have determined the optimum charge
carrier mobility in OSCs by varying it in the range 10−14 to 106 (𝑚2 𝑉 −1 𝑠 −1 ) in their
simulation. Thus, although the individual influence of 𝐸𝑈 and mobility on photovoltaic
performance of OSCs has been studied, the combined influence of 𝐸𝑈 and mobility on
photovoltaic performance has not yet been carried out.
In this paper, we have simulated the performance of OSCs with four different 𝐸𝑈
values by varying the charge carrier mobility. The objective is to address two issues: 1)
determine the optimal mobility of charge carriers leading to the highest PCE at different
𝐸𝑈 values and 2) how the performance of OSCs depends on 𝐸𝑈 in different regimes of
mobility of charge carriers. The simulation is carried out by solving Poisson’s and drift
diffusion equations and considering both Langevin and tail state recombination. The
combined influence of 𝐸𝑈 and mobility on the 𝐽𝑠𝑐 , 𝑉𝑜𝑐 , FF, PCE, Langevin and tail state
recombination is investigated in detail. It is shown that the influence of combined
optimization of 𝐸𝑈 and mobility enhances both FF and PCE, but its effect on FF is much
more significant than that on PCE.
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Figure 3. 1 The schematic presentation of recombination processes which may occur in
BHJ OSCs. Photo excited excitons and charge transfer excitons may recombine directly
to the ground state with rates 𝑲𝒇𝟏 and 𝑲𝒇𝟐 , respectively, due to the geminate
recombination. Free charge carriers generated by the CT exciton dissociation may
recombine with rates 𝑹𝑳 and 𝑹𝒕𝒂𝒊𝒍 , respectively, due to the non-geminate recombination
through the Langevin and trap state recombination processes.
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Figure 3. 2 The schematic presentation of different processes for loss of free charge
carriers involving the tail states: (1) recombination of a free electron in the conduction
band (LUMO) with a trapped hole in the valence band (HOMO) tail states, (2)
recombination of a free hole in the valence band (HOMO) with a trapped electron in the
conduction band (LUMO) tail states, (3) capture of a free hole in the valence band
(HOMO) by a vacancy in the valence band (HOMO) tail states and (4) capture of a free
electron in the conduction band (LUMO) by a vacancy in the conduction band (LUMO)
tail states.
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3.2 Methodology
In order to determine the J-V characteristics and rates of recombination through
Langevin and exponential tail state processes in the active layer, we need to solve the
following Poisson’s, electron and hole continuity equations, respectively [97, 99, 100,
118, 119]:
𝜕 2 𝜑(𝑥) 𝑞
= (𝑛(𝑥) − 𝑝(𝑥)),
𝜕𝑥 2
𝜀

(3.1)

𝜕𝐽𝑛 (𝑥)
= 𝑞(−𝐺(𝑥) + 𝑅(𝑥)) ,
𝜕𝑥

(3.2)

𝜕𝐽𝑝 (𝑥)
= 𝑞(𝐺(𝑥) − 𝑅(𝑥)) ,
𝜕𝑥

(3.3)

where 𝜑 is the electric potential, 𝑞 is elementary charge, 𝜀 is dielectric constant, 𝑛(𝑥) and
𝑝(𝑥) are the electron and hole concentrations, respectively, 𝐽𝑛(𝑝) is the electron (hole)
current density, 𝐺(𝑥) and 𝑅(𝑥) are the generation and recombination rates, respectively.
For solving Eqs. (3.2) and (3.3), we need to know the recombination rate 𝑅(𝑥),
which is a sum of the recombination rates of both, free and trapped charge carriers, i.e.,
𝑅(𝑥) = 𝑅𝐿 (𝑥) + 𝑅𝑡𝑎𝑖𝑙 (𝑥). Here 𝑅𝑡𝑎𝑖𝑙 (𝑥) is the tail state recombination and 𝑅𝐿 (𝑥) is the
recombination rate of free charge carriers at the position x in the active layer calculated
using the Langevin recombination process as [101, 102]:

𝑅𝐿 (𝑥) =

(3.4)

𝑞(𝜇𝑛 + 𝜇𝑝 )
(𝑛(𝑥)𝑝(𝑥) − 𝑛𝑖 2 ) ,
𝜀

where 𝑛𝑖 is the intrinsic carrier concentration and 𝜇𝑛(𝑝) is electron (hole) mobility.
𝑅𝑡𝑎𝑖𝑙 (𝑥) can be calculated by using 𝑅𝑡𝑎𝑖𝑙 (𝐸, 𝑥) which is the rate of tail state recombination
at position 𝑥 in the active layer at an energy 𝐸 in the tail states and is given by:
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𝑅𝑡𝑎𝑖𝑙 (𝐸, 𝑥) = 𝑅𝐶𝐵𝑇 (𝐸, 𝑥) + 𝑅𝑉𝐵𝑇 (𝐸, 𝑥) ,

(3.5)

where 𝑅𝐶𝐵𝑇 (𝐸, 𝑥) and 𝑅𝑉𝐵𝑇 (𝐸, 𝑥) are the rates of recombination in the conduction band
(CB) and valence band (VB) tail states, respectively, given by [101, 103, 104, 113]:
𝑅𝐶𝐵𝑇 (𝐸, 𝑥) = 𝑁𝐶𝐵𝑇 (𝐸)𝜂𝑅𝐶 (𝐸, 𝑥) ,

(3.6)

𝑅𝑉𝐵𝑇 (𝐸, 𝑥) = 𝑁𝑉𝐵𝑇 (𝐸)𝜂𝑅𝑉 (𝐸, 𝑥) ,

(3.7)

where 𝜂𝑅𝐶 (𝐸, 𝑥) and 𝜂𝑅𝑉 (𝐸, 𝑥) are the recombination efficiencies in the CB and VB,
respectively. In the non-equilibrium steady-state conditions, the recombination efficiency
is equal to the net rate at which electrons are captured by a trap state [103]. 𝜂𝑅𝐶 (𝐸, 𝑥) and
𝜂𝑅𝑉 (𝐸, 𝑥) can, respectively, be given by [101]:
𝜂𝑅𝐶 (𝐸, 𝑥)

(3.8)

𝛽𝑝− 𝛽𝑛0 (𝑛(𝑥)𝑝(𝑥) − 𝑛𝑖 2 )
=
,
𝐸−𝐸
𝐸𝑣 − 𝐸
𝛽𝑛0 (𝑛(𝑥) + 𝑁𝑐 exp ( 𝐾 𝑇 𝑐 )) + 𝛽𝑝− (𝑝(𝑥) + 𝑁𝑣 exp ( 𝐾
)
)
𝐵
𝐵𝑇
and
(3.9)
𝛽𝑝0 𝛽𝑛+ (𝑛(𝑥)𝑝(𝑥) − 𝑛𝑖 2 )
𝜂𝑅𝑉 (𝐸, 𝑥) =
,
𝐸−𝐸
𝐸𝑣 − 𝐸
𝛽𝑛+ (𝑛(𝑥) + 𝑁𝑐 exp ( 𝐾 𝑇 𝑐 )) + 𝛽𝑝0 (𝑝(𝑥) + 𝑁𝑣 exp ( 𝐾
))
𝐵
𝐵𝑇
where 𝐾𝐵 is the Boltzmann constant, 𝑇 is the temperature, 𝑁𝑐 (𝑁𝑣 ) is the effective
concentration of electrons (holes) at the conduction (valence) edges with energy 𝐸𝑐 (𝐸𝑣 ).
𝛽𝑛+ is the capture rate coefficient in the VB tail and represents the capture of an electron
from the CB by a trapped hole in the valence tail states, 𝛽𝑝0 is the capture rate coefficient
for a hole in the VB by an unoccupied VB tail state, 𝛽𝑝− is the capture rate coefficient in
the CB tail states for a hole created in the VB and 𝛽𝑛0 is the capture rate coefficient for an
electron in the CB by an unoccupied conduction band tail states. 𝑁𝐶𝐵𝑇 (𝐸) and 𝑁𝑉𝐵𝑇 (𝐸)
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in Eqs. (3.6) and (3.7) are the energy dependent carrier concentrations in the conduction
and valence tail states, respectively, with exponential distributions and are given by:
𝐸 − 𝐸𝑐
),
𝐸𝑈𝑐

(3.10)

𝐸𝑣 − 𝐸
𝑁𝑉𝐵𝑇 (𝐸) = 𝑁𝑣0 exp (
),
𝐸𝑈𝑣

(3.11)

𝑁𝐶𝐵𝑇 (𝐸) = 𝑁𝑐0 exp (

where 𝑁𝑐0 (𝑁𝑣0 ) is the density of tail states per energy interval and 𝐸𝑈𝑐 (𝐸𝑈𝑣 ) is Urbach’s
tail width energy of conduction (valence) band tail states. Using Eqs. (3.8) - (3.11) in Eqs.
(3.6) and (3.7) and integrating over the energy, the recombination rates 𝑅𝐶𝐵𝑇 (𝑥) and
𝑅𝑉𝐵𝑇 (𝑥) in the conduction and valence tail states at position 𝑥 in the active layer can,
respectively, be written as:
𝑅𝐶𝐵𝑇 (𝑥)
𝐸𝑐

= ∫ 𝑁𝑐0 exp (
𝐸𝑣

𝛽𝑝− 𝛽𝑛0 (𝑛(𝑥)𝑝(𝑥) − 𝑛𝑖 2 )
𝐸 − 𝐸𝑐
)
𝑑𝐸 ,
𝐸𝑈𝑐 𝛽 0 (𝑛(𝑥) + 𝑁 exp (𝐸 − 𝐸𝑐 )) + 𝛽 − (𝑝(𝑥) + 𝑁 exp (𝐸𝑣 − 𝐸 ) )
𝑐
𝑝
𝑣
𝑛
𝐾 𝑇
𝐾 𝑇
𝐵

𝐵

(3.12)
𝑅𝑉𝐵𝑇 (𝑥)
𝐸𝑐
𝛽𝑝0 𝛽𝑛+ (𝑛(𝑥)𝑝(𝑥) − 𝑛𝑖 2 )
𝐸𝑣 − 𝐸
= ∫ 𝑁𝑣0 exp (
)
𝑑𝐸 .
𝐸𝑈𝑣 𝛽 + (𝑛(𝑥) + 𝑁 exp (𝐸 − 𝐸𝑐 )) + 𝛽 0 (𝑝(𝑥) + 𝑁 exp (𝐸𝑣 − 𝐸 ))
𝐸𝑣
𝑐
𝑣
𝑛
𝑝
𝐾 𝑇
𝐾 𝑇
𝐵

𝐵

(3.13)
For calculating 𝑅𝐶𝐵𝑇 (𝑥) [Eq. (3.12)] and 𝑅𝑉𝐵𝑇 (𝑥) [Eq. (3.13)], we need 𝛽𝑛0 , 𝛽𝑝0 , 𝛽𝑛+ and
𝛽𝑝− . 𝛽𝑛0 and 𝛽𝑝0 are known parameters as listed in Table 3.1 and 𝛽𝑛+ and 𝛽𝑝− can be
obtained as [101, 111]:
𝛽𝑛+ =

𝑞 𝜇𝑛
,
𝜀

(3.14)
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𝛽𝑝− =

𝑞 𝜇𝑝
.
𝜀

(3.15)

Finally, the tail state recombination at position 𝑥 can be determine as:
𝑅𝑡𝑎𝑖𝑙 (𝑥) = 𝑅𝐶𝐵𝑇 (𝑥) + 𝑅𝑉𝐵𝑇 (𝑥) .

(3.16)

In this paper, Poisson’s and drift diffusion equations are numerically solved using
Gummel’s method [105, 106] to determine 𝜑, 𝑛 and 𝑝 from Eqs. (3.1) – (3.3).

3.3 Results and discussion
A comprehensive simulation study of the combined influence of 𝐸𝑈 and mobility
on photovoltaic performance of BHJ OSCs is carried out. Solving Poisson’s and drift
diffusion equations [Eqs. (3.1) - (3.3)] with 𝑅(𝑥) as a sum of both Langevin
recombination rate (𝑅𝐿 ) and tail state recombination (𝑅𝑡𝑎𝑖𝑙 ) as described above and
using the input parameters [101] listed in Table 3.1, 𝐽𝑛 and 𝐽𝑝 are calculated to give
the total current density 𝐽 = 𝐽𝑛 + 𝐽𝑝 as a function of the Urbach’s tail width energy
𝐸𝑈 and the charge carrier mobility 𝜇. It may be noted that in this simulation we have
assumed that 𝐸𝑈 = 𝐸𝑈𝑐 = 𝐸𝑈𝑣 and 𝜇 = 𝜇𝑛 = 𝜇𝑝 and all the input parameters listed
in Table 3.1 are taken from [101]. However, prior to showing the results of simulation
in this paper, we have compared the 𝐽 − 𝑉 characteristics of our simulation with those
obtained by Kirchartz et al. [101] in Figure 3.3, which shows a good agreement with
their work. The objective of this comparison in Figure 3.3 is to establish the
quantitative confidence in our simulation results presented in this paper.
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Table 3. 1 Input parameters used for the simulation are all taken from [101].
Parameter

Value

𝐸𝑔 (eV)

1.1

𝑑 (𝑛𝑚)

150

𝐺(𝑚−3 𝑠 −1 )

3.85 × 1027

𝑁𝑐 , 𝑁𝑣 (𝑚−3 )

1026

𝜇𝑛 (𝑚2 𝑉 −1 𝑠 −1 )

7.3 × 10−8

𝜇𝑝 (𝑚2 𝑉 −1 𝑠 −1 )

7.3 × 10−8

𝑁𝑐0 , 𝑁𝑣0 (𝑐𝑚−3 𝑒𝑉 −1 )

1020

𝛽𝑛0 (𝑐𝑚3 𝑠 −1 )

2.3× 10−10

𝛽𝑝0 (𝑐𝑚3 𝑠 −1 )

2.6× 10−10

𝑇 (𝐾)

300

Figure 3. 3 The 𝑱 − 𝑽 characteristics of our simulation and those of Kirchartz et al.
[101] to show that the agreement is very quantitative.
The Urbach’s energy shows the energetic disorder and is one of the parameters
that influence the rate of recombination and OSC performance. Kirchartz et al. [101] have
used 𝐸𝑈 = 80 meV in their simulation of the tail states recombination. However, it is not
stated how this value was obtained. Therefore, here we have used it as a guidance and
varied the value of 𝐸𝑈 in the range of 45 – 180 meV in our simulation below. In Figure
3.4 we have plotted the simulated 𝐽𝑠𝑐 as a function of mobility for four different Urbach’s
energies such as 𝐸𝑈 = 45, 90, 135 and 180 meV as stated above. According to Figure 3.4,
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𝐽𝑠𝑐 increases with the increase in mobility of charge carries, which is expected as well as
it is in agreement with the results of Deibel et al. [120, 121]. Figure 3.4 also shows that
𝐽𝑠𝑐 decreases by increasing 𝐸𝑈 , which is also expected because an increase in 𝐸𝑈 implies
an increase in the tail states recombination. According to Figure 3.4, by increasing the
mobility, the slope of the curves is reducing which implies that the dependency of 𝐽𝑠𝑐 on
mobility is reducing by increasing the mobility. Figure 3.4 illustrates it further, for
example, when 𝐸𝑈 = 45 meV, any increase in mobility from 10-6 m2/Vs to 10-2 m2/Vs
makes little change in 𝐽𝑠𝑐 but at 𝐸𝑈 = 180 meV, 𝐽𝑠𝑐 increases from almost 72 A/m2 to 82
A/m2 in this mobility range. This implies that by reducing 𝐸𝑈 , the dependency of 𝐽𝑠𝑐 on
the mobility reduces. According to Figure 3.4, if the mobility is very high, the influence
of 𝐸𝑈 on 𝐽𝑠𝑐 reduces, which is due to the fact that the tail state recombination will have
negligible influence if the mobility is very high.

Figure 3. 4 Simulated 𝑱𝒔𝒄 is plotted as a function of the mobility for four different
Urbach’s energies 𝑬𝑼 = 45, 90, 135 and 180 meV.
In Figure 3.5 we have plotted the simulated 𝑉𝑜𝑐 as a function of mobility for the
same four different values of 𝐸𝑈 as in Figure 3.4. According to Figure 3.5, for all 𝐸𝑈 , the
𝑉𝑜𝑐 is found to decrease sharply which agrees well with the simulation results of Deibel
et al. [120, 121]. However, Figure 3.5 also illustrates that 𝑉𝑜𝑐 increases in the lower
mobility range if the 𝐸𝑈 is reduced but in the very high mobility range this effect gets
nearly eliminated. In other words, at higher mobility range 𝑉𝑜𝑐 is 𝐸𝑈 independent.
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Figure 3. 5 Simulated 𝑽𝒐𝒄 is plotted as a function of the mobility for four different
Urbach’s energies 𝑬𝑼 = 45, 90, 135 and 180 meV.
The dependence 𝑉𝑜𝑐 on the mobility shown in Figure 3.5 is nearly linear with a
negative slope, which means 𝑉𝑜𝑐 ≈ −𝑐ln𝜇, where c is a constant but as a function of 𝐸𝑈 .
This can be written as:

𝜇 ≈ exp(−

𝑉𝑜𝑐
)
𝑐

(3.17)

In Figure 3.6, FF is plotted as a function of mobility for the same four values of 𝐸𝑈 .
From Figure 3.6, one can see that FF has a maximum value at a particular mobility
corresponding to each 𝐸𝑈 . Accordingly, FF is maximum at mobility values
of 6 × 10−6 m2/Vs, 3 × 10−5 m2/Vs, 10−4 m2/Vs and 10−3 m2/Vs for 𝐸𝑈 values 45 meV,
90 meV, 135 meV and 180 meV, respectively. Obtaining a maximum FF at a certain
carrier mobility may be attributed to the fact that by increasing the mobility the 𝐽𝑠𝑐
increases as shown in Figure 3.4 which increases the fill factor. However, according to
Figure 3.5, an increase in mobility reduces 𝑉𝑜𝑐 which reduces FF and as a result of this
competition between an increase in 𝐽𝑠𝑐 and decrease in 𝑉𝑜𝑐 we get a maximum point in
FF.
It may be noted that as 𝐸𝑈 increases in Figure 3. 6, two points are observed: (i) FF
decreases and (ii) the maximum of FF shifts towards the higher mobility range. The point

74

(i) may be attributed to the fact that an increase in 𝐸𝑈 is expected to increase the carrier
recombination in the tail states which will reduce 𝐽𝑠𝑐 and hence FF. The second point may
also be attributed to the same effect. As 𝐸𝑈 increases 𝐽𝑠𝑐 decreases so the only way that
the 𝐽𝑠𝑐 can be increased is by increasing the mobility. As a result, the maximum of FF
shifts towards the higher mobility when 𝐸𝑈 increases. As stated above and shown in
Figure 3.6, for 𝐸𝑈 = 45 meV (black curve) the peak of FF = 0.66 occurs at a mobility of
6 × 10−6 m2/Vs. However, when 𝐸𝑈 increases to 180 meV (purple curve) at this mobility
FF is only 0.48; not maximum. The maximum FF = 0.56 for 𝐸𝑈 = 180 meV occurs at a
much higher mobility of 10−3 m2/Vs. Thus, in relation with the transport of charge
carriers this result explains clearly that the effect of deeper traps in the tail states can be
compensated by increasing the mobility of charge carriers.

Figure 3. 6 Simulated FF is plotted as a function of the mobility for four different
Urbach’s energies 𝑬𝑼 = 45, 90, 135 and 180 meV.
In Figure 3.7, PCE is plotted as a function of mobility for the same four different 𝐸𝑈
values. According to Figure 3.7, the dependence of PCE on the carrier mobility and 𝐸𝑈 is
similar to that of FF shown in Figure 3.6, i.e., Corresponding to each 𝐸𝑈 , PCE first
increases with the increase in mobility and reaches a maximum value and then it starts
decreasing again as the mobility increases. Also, the maximum value of PCE decreases
and gets shifted to higher mobility as 𝐸𝑈 increases. This agrees with the results obtained
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by Mandoc et al. [117] who have also reported an optimum PCE with respect to the
mobility. The PCE is lower for lower mobilities because of the higher recombination of
charge carriers, then it becomes maximum at a certain mobility and starts decreasing
again at higher mobility due to decrease in the 𝑉𝑜𝑐 as shown in Figure 3.5. As FF and
PCE are related, these behaviours of PCE may also be attributed to the enhanced
recombination in the tail states at larger 𝐸𝑈 values, as explained for the results shown in
Figure 3.6. However, by comparing the results of Figures 3.6 and 7, the influence of
combined optimization of mobility and 𝐸𝑈 on FF is much more significant than that of
PCE. Furthermore, according to Figure 3.7, the values of PCE for different 𝐸𝑈 values
converge to a single value by increasing the mobility. This implies that the dependence
of PCE on 𝐸𝑈 converges in higher mobility range (> 10−3 m2/Vs) which is consistent
with the results of Figures 3.4 and 5 as well.

Figure 3. 7 Simulated PCE is plotted as a function of the mobility for four different
Urbach’s energies 𝑬𝑼 = 45, 90, 135 and 180 meV.
Furthermore, according to Eqs. (3.14) and (3.15), both the capture coefficients for a free
electron on a trapped hole in a valence band tail state (𝛽𝑛+ ) and that for a free hole by an
electron trapped in a conduction band tail state (𝛽𝑝− ) increase with the increase in mobility.
As a result, on one hand, the tail state recombination rates 𝑅𝐶𝐵𝑇 (𝑥) [Eq. (3.12)] and
𝑅𝑉𝐵𝑇 (𝑥) [Eq. (3.13)] are expected to increase with increase in mobility. On the other
hand, by increasing the mobility, the charge transport becomes faster as the drift
76

component of current density equation directly depends on the mobility, and this may
lead to a decrease in charge carrier concentration and subsequently the recombination rate
[39].
It may be desirable to understand the influence of 𝐸𝑈 on the absorption and the
charge carrier transport in OSCs. According to the results in Figures 3.4-7, all four
photovoltaic quantities, 𝐽𝑠𝑐 , 𝑉𝑜𝑐 , FF and PCE, reduce if 𝐸𝑈 increases from 45 meV to 180
meV. 𝐽𝑠𝑐 is known to depend directly on the absorption; more absorption of photons, more
charge carrier generation and hence more photocurrent. If 𝐸𝑈 is large that means more
presence of tail states and hence more absorption in the tail states creating trapped charge
carriers which cannot contribute to the current and hence 𝐽𝑠𝑐 decreases. Therefore,
𝐸𝑈 influences both the absorption as well as the charge carrier transport; the absorption
increases in the tail states producing trapped charge carriers which cannot contribute to
current and hence reduction in the charge carrier transport.
In order to investigate the influence of mobility and 𝐸𝑈 on the total rate of tail state
recombination and Langevin recombination, we have plotted the integrated rate over the
whole active layer thickness of tail state recombination (blue curves in Figure 3.8) and
Langevin recombination (red curves in Figure 3.8) as a function of mobility and 𝐸𝑈 under
short circuit current and open circuit voltage conditions in Figures 3.8 (a) and (b),
respectively. It may be noted that because of integration over the layer thickness, the unit
(m-3s-1) of the position dependent recombination rates given in Eqs. (3.12) and (3.13) has
changed to m-2s-1 for integrated rates plotted in Figures 3.8 and 9. According to Figure
3.8, by increasing 𝐸𝑈 , the tail state recombination at both short circuit current and open
circuit voltage conditions increases due to the increase in the density of tail states,
although the increase reduces gradually by increasing the 𝐸𝑈 values. However, the
Langevin recombination rate shows the opposite effect; it decreases under both short
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circuit current and open circuit voltage conditions as 𝐸𝑈 increases. This may be attributed
to the fact that as 𝐸𝑈 increases density of tail states increases and hence the concentration
of trapped charge carriers increases leading to a reduction in free charge carriers and
hence reduction in the rate of Langevin recombination. However, as the bimolecular
recombination reduces the concentration of free charge carriers, a reduction in the
bimolecular recombination alone, keeping the trap-assisted recombination constant, is
expected to enhance the extraction of free charge carriers leading to better performing
OSCs as it has been observed by Wang et al. [122].
It may also be noted that in Figure 3.8 (a), by increasing the mobility at short
circuit current condition, both the tail state recombination and Langevin recombination
decrease when mobility increases from almost 7×10-8 to 10-6 m2/Vs. This decrease is very
drastic (large negative slope) in Langevin recombination rate (red curves). This is because
of the fact that at low mobilities, the charge carriers cannot be collected efficiently, which
may lead to charge carrier accumulation in the active layer leading subsequently higher
recombination rates. After the mobility increases beyond > 10-6 m2/Vs, the reduction in
slope reduces nearly to zero, particularly in the tail state recombination rate. This
behaviour may be attributed to the fact that at higher mobility most of the photo generated
charge carriers get collected at the electrodes and recombination rates stabilize to a
constant low value. More drastic decrease in the Langevin recombination rate occurs
because at higher mobility these are the free charge carriers which will be collected more
efficiently leading to drastic reduction in the Langevin free charge carriers’
recombination rate.
Figure 3.8 (b) shows that by increasing the mobility at open circuit voltage
condition, the rate of tail state recombination decreases and Langevin recombination
increases slightly except for the lowest 𝐸𝑈 = 45 meV. As there is no current at the open
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circuit voltage condition, all the charge carriers may recombine through the tail state or
Langevin recombination. In this condition, increasing the mobility will not lead to more
efficient charge carrier collection since there is no current. Therefore, the increase of the
mobility culminates in an increase in the Langevin recombination rate. On the other hand,
all the charge carriers are recombined at open circuit voltage condition, which means that
the tail state recombination rate should decrease as the total recombination rate should be
remain constant.

Figure 3. 8 Tail state (blue curves) and Langevin recombination (red curves) rates as a
function of 𝑬𝑼 and mobility at (a) short circuit current (b) open circuit voltage conditions
for four different Urbach’s energies 𝑬𝑼 = 45 (solid line), 90 (dashed line), 135 (dotted
line) and 180 (dashed-dotted line) meV.
Using Eqs. (3.4) and (3.16), we have plotted the total recombination rate, 𝑅 =
𝑑

∫0 (𝑅𝐿 (𝑥) + 𝑅𝑡𝑎𝑖𝑙 (𝑥))𝑑𝑥 as a function of mobility and for the four values of 𝐸𝑈 at the
short circuit current and open circuit voltage conditions in Figures 3.9 (a) and (b),
respectively. According to Figure 3.9 (a), the total recombination rate R (m-2s-1) decreases
with a steeper slope when the mobility increases to 10-6 m2/Vs and then decreases with a
lesser slope for 𝜇 > 10-6 m2/Vs under the short circuit current condition for all four values
of 𝐸𝑈 . This behaviour is not new and it is obvious from the sum of the blue and red curves
in Figure 3.8 (a). However, it may also be noted that in the short circuit current condition,
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the total recombination R increases when 𝐸𝑈 increases. This result is also consistent with
that shown in Figure 3.8 (a) and implies that the increase rate of tail state recombination
is higher than the reduction in Langevin recombination rate with the increase of 𝐸𝑈 .
The total rate R in the open circuit voltage condition shown in Figure 3.9 (b)
appears to remain constant with the increase in mobility and 𝐸𝑈 . This is also consistent
with the results plotted in Figure 3.8 (b) where the sum of the corresponding blue and red
curves remain nearly constant as the mobility and 𝐸𝑈 increase. This may also be attributed
to the fact that under open circuit voltage condition, with no current; most of the charge
carriers may only be subjected to the recombination [111]. Therefore, when the tail state
recombination increases, the Langevin recombination decreases and the total
recombination remains constant.

Figure 3. 9 Total recombination rate as a function of 𝑬𝑼 for different mobility values at
a) short circuit current and b) open circuit voltage conditions for four different Urbach’s
energies 𝑬𝑼 = 45, 90, 135 and 180 meV.
It may be desirable to discuss the implication of the present theoretical work in
fabricating better performing BHJ OSCs. According to Figure 3.7, the maximum PCE is
obtained when 𝐸𝑈 is smallest which means that the active layer should have least
disorders or non-crystallinity for better photovoltaic performance. Although, it may not
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be easy to control the structural disorders in organic materials prepared from solution,
one may be able to change the charge carrier mobility by changing the blending ratio of
donor and acceptor in a BHJ OSC to get the optimal photovoltaic performance. For
example, in fullerene based OSCs, the charge carrier mobility can be varied by varying
the blending ratio of fullerene [123]. In this way, the blending may be optimized to get
an optimal mobility leading to optimal PCE. It is interesting to note that in one of the best
performing BHJ OSCs of P3HT: PCBM, the experimentally measured carrier mobility of
about ~10−7 m2/Vs [117] is close to at which the maximum PCE is obtained in Figure 3.7.
This may imply that a BHJ OSC of P3HT: PCBM has a lower 𝐸𝑈 .

3.4 Conclusions
In this paper, the influence of both 𝐸𝑈 and mobility on 𝐽𝑠𝑐 , 𝑉𝑜𝑐 , FF, PCE and the rates
of Langevin and tail state recombination in the active layer of BHJ OSCs is investigated
in detail. The results show that (i) 𝐽𝑠𝑐 is higher when 𝐸𝑈 is smaller in the lower mobility
range and (ii) it increases rapidly by increasing the mobility in the lower mobility range
and then asymptotically converges to a single higher value in the large mobility range.
Likewise, with the increase in mobility, 𝑉𝑜𝑐 decreases nearly linearly with different slopes
depending on different 𝐸𝑈 in the lower mobility range and then different slopes converge
to a single slope in the larger mobility range, which implies that at higher mobility range
𝑉𝑜𝑐 is 𝐸𝑈 independent. This is because in the lower mobility range the effect of 𝐸𝑈 will
become more prominent and hence according to Eq. (3.17) the value of c will depend
more prominently on 𝐸𝑈 which essentially changes 𝑉𝑜𝑐 . Also, it is found that by increasing
𝐸𝑈 , the maximum of FF and PCE shift towards the higher mobility range. It is shown that
the influence of combined optimization of 𝐸𝑈 and mobility enhances both FF and PCE,
but its effect on FF is much more significant than that on PCE. It is shown that by
increasing the 𝐸𝑈 , the tail state recombination increases, however, the Langevin
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recombination reduces at both short circuit current and open circuit voltage conditions.
Also, it is found that by increasing the mobility at the short circuit current condition, the
rates of both tail state recombination and Langevin recombination reduce and the
reduction is much more significant at lower mobility values. Furthermore, by increasing
the mobility at open circuit voltage condition, the rate of tail state recombination
decreases and Langevin recombination increases nearly linearly leading to the total rate
of recombination to become almost constant and independent of the mobility and 𝐸𝑈 .
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Chapter 4 Influence of Urbach Energy, Temperature, and Longitudinal
Position in the Active Layer on Carrier Diffusion Length in Perovskite
Solar Cells
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Abstract
The diffusion length of charge carriers in the active layer of a perovskite solar cell
(PSC) of the structure Glass/PEDOT: PSS/ CH3NH3PbI3 /PC60BM/Al is modelled. It is
found that the diffusion length depends on the position x in the active layer measured
from the PEDOT: PSS interface, Urbach energy and temperature. By varying the voltage
in the range from zero to 𝑉𝑜𝑐 , it is shown that the dependence of diffusion length on the
position x in the active layer reduces at higher voltage. The combined influence of applied
voltage and temperature on the diffusion length of charge carriers is investigated and it is
found that in the low voltage range the diffusion length is temperature independent, but
it becomes significantly temperature dependent at higher voltages. Also, it is found that
the diffusion length decreases as the applied voltage increases and this reduction becomes
much more significant at higher voltage and temperatures. The combined influence of
applied voltage and Urbach energy on diffusion length of charge carriers reveals that the
diffusion length decreases when both the applied voltage and Urbach energy increase.
However, the reduction in the diffusion length due to the increase in Urbach energy
becomes less significant at higher voltage.

4.1 Introduction
Solar cells based on hybrid halide perovskites of the structure AMX3, where A is
an organic cation, M is a metal cation, and X is a halide anion, have achieved a power
conversion efficiency (PCE) higher than 22% [124, 125]. High PCE in PSCs may be
attributed to the high absorption coefficient, high carrier mobilities, and long charge
carrier diffusion lengths [74-77]. In contrast to organic solar cells (OSCs), the photon
absorption in the active layer of PSCs excites electron and hole pairs which do form
excitons but with very small binding energy; only a few meV, and hence can easily be
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dissociated even at room temperature [79]. This is one of the reasons of achieving high
PCE in PSCs in comparison with that in OSCs where the exciton binding energy is larger
and excitons cannot be dissociated without any excess energy available which leads
energy loss and hence less PCE. However, there are energy losses that occur in PSCs too
which need to be reduced/eliminated in order to get even higher PCE. Various types of
recombination may take place in the active layer of PSCs, however, the analyses of the
electroluminescence efficiency and the diode ideality factor show that the dominant
recombination mechanism in PSCs is the non-radiative trap-assisted recombination [79,
126-128]. In the past few years, it is noted through the study of charge transport dynamics
that the diffusion length of charge carriers in the PSCs plays a significant role in their
performance [129]. Stranks et al. [130] have used transient absorption and
photoluminescence-quenching measurements to determine the electron-hole diffusion
lengths, diffusion constants, and lifetimes in the mixed halide (CH3NH3PbI3-xClx) and
triiodide (CH3NH3PbI3) perovskite absorbers. They found that the charge carrier diffusion
length is larger than 1 μm in the mixed halide perovskites, which is an order of magnitude
higher than the absorption depth in these materials. Milot et al. [131] have investigated
the temperature dependent charge-carrier dynamics in CH3NH3PbI3 perovskite thin films
and studied the temperature dependence of charge carrier diffusion length. They have
shown that the charge carrier diffusion length gradually decreases with increasing
temperature from about 3 μm at −93 °C to 1.2 μm at 67 °C. Johnston et al. [132] have
investigated charge carrier recombination and diffusion in PSCs and they have calculated
charge carrier diffusion lengths for CH3NH3PbI3 as a function of charge carrier density
for a range of different monomolecular recombination rates. Xie et al. [133] have
investigated the influence of chloride on the diffusion length in PSCs. They have shown
that addition of chloride increases the diffusion length of charge carriers and reduces the
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trap

states

in

PSCs.

Wetzelaer et al. [134] have shown that the non-radiative trap-assisted recombination
plays an important role in perovskite solar cells. It is well established that perovskites are
known to suffer from a significant density of sub gap states leading to non-negligible
recombination losses [135-137]. These sub-gap states contribute to the well-known tail
states in non-crystalline solids, where the absorption coefficient 𝛼 is found empirically to
depend exponentially on the energy below the conduction band edge. This exponential
relation was first observed by Urbach [115] and is given by: 𝛼(ℎ𝜈, 𝑇) = 𝛼0 exp((ℎ𝜈 −
𝐸0 )/𝐸𝑈 (𝑇)), where 𝛼0 is the absorption coefficient at the band edge, ℎ𝜈 < 𝐸0 is the
photon energy absorbed in the tail states with 𝐸0 being the band edge energy and 𝐸𝑈 (𝑇)
is the Urbach energy which depends on temperature and the steepness of the exponential
function [116]. The steepness parameter is a major of the density of disorders present in
the tail states and hence the Urbach energy depends on the energetic disorder and is one
of the parameters that influences the rate of trap assisted recombination and PSCs
performance. Urbach energy appears in the low crystalline, poor crystalline, the
disordered and amorphous materials because these materials have localized tail states
which extend in the band gap [138].
In this paper, we have calculated the diffusion length and tail state recombination
rate, which depends on Urbach energy, as a function of position and voltage in the active
layer of methylammonium lead triiodide (CH3NH3PbI3 or MAPbI3), which is the most
widely used material for fabricating high performing PSCs. In this simulation, we have
considered a PSC of structure: Glass/PEDOT: PSS/CH3NH3PbI3/PC60BM/Al as shown
in Figure 4.1. For simulating the J-V characteristics of the solar cell a voltage is applied
from zero (short circuit current condition) to 𝑉𝑜𝑐 (zero current- open circuit voltage
condition). Thus in our simulation, we have assumed the tail state recombination in the
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active layer and then implementing Kirchartz et al. model [101], the tail state and
subsequently the charge carrier diffusion length in the active layer of PSCs have been
calculated. The dependence of the diffusion length of charge carriers on the position,
applied voltage, Urbach energy and temperature have been investigated in detail.

-

+

𝑥=𝑑
Al
PC60BM

x
𝑥=0

CH3NH3PbI3
PEDOT: PSS
Glass

Figure 4. 1 Schematic structure of a PSC of structure: Glass/ PEDOT: PSS/
CH3NH3PbI3/ PC60BM/ Al. x denotes the position in the active layer of thickness d from
0 to d.

𝟒. 𝟐 Methodology
In order to calculate the diffusion length (𝐿𝐷 (𝑥)) at position x in the active layer,
we have used the following equation [131, 132]:

𝐿𝐷 (𝑥) = √

(4.1)

𝐷
,
𝑅𝑇 (𝑥)

where 𝐷 is the temperature dependant diffusion coefficient and 𝑅𝑇 (𝑥) is the total
recombination rate at position x in the active layer which can be determined as:
𝑅𝑇 (𝑥)= 𝑅𝐴 (𝑥)+ 𝑅𝐵 (𝑥)+ 𝑅𝑀 (𝑥),

(4.2)
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where 𝑅𝐴 (𝑥), 𝑅𝐵 (𝑥) and 𝑅𝑀 (𝑥) are rates of Auger, bimolecular and monomolecular
recombinations, respectively, at position x in the active layer. However, many studies
have found that the monomolecular recombination is the dominant recombination in
PSCs [79, 126-128]. Therefore, we have considered only the influence of monomolecular
recombination on the diffusion length here. According to Kirchartz et al. [101], the
monomolecular recombination rate 𝑅𝑀 (𝑥) is dominantly governed by the exponential tail
state recombination rate 𝑅𝑡𝑎𝑖𝑙 (𝑥), accordingly, Eq. (4.2) can be written as:
𝑅𝑇 (𝑥) ≈ 𝑅𝑀 (𝑥) ≈ 𝑅𝑡𝑎𝑖𝑙 (𝑥),

(4.3)

where 𝑅𝑡𝑎𝑖𝑙 (𝑥) is as a function of position x in the active layer and can be determined as
[101, 103, 104, 113]:
𝑅𝑡𝑎𝑖𝑙 (𝑥) = 𝑅𝐶𝐵𝑇 (𝑥) + 𝑅𝑉𝐵𝑇 (𝑥) ,

(4.4)

where 𝑅𝐶𝐵𝑇 (𝑥) and 𝑅𝑉𝐵𝑇 (𝑥) are the rates of recombination in the conduction-band (CB)
and valence-band (VB) tail states, respectively, given by [101, 103, 104, 113]:
𝑅𝐶𝐵𝑇 (𝑥)
𝐸𝑐

= ∫ 𝑁𝑐0 exp (
𝐸𝑣

𝛽𝑝− 𝛽𝑛0 (𝑛(𝑥)𝑝(𝑥) − 𝑛𝑖 2 )
𝐸 − 𝐸𝑐
)
𝑑𝐸 ,
𝐸𝑈𝑐 𝛽 0 (𝑛(𝑥) + 𝑁 exp (𝐸 − 𝐸𝑐 )) + 𝛽 − (𝑝(𝑥) + 𝑁 exp (𝐸𝑣 − 𝐸 ) )
𝑐
𝑝
𝑣
𝑛
𝐾 𝑇
𝐾 𝑇
𝐵

𝐵

(4.5)
𝑅𝑉𝐵𝑇 (𝑥)
𝛽𝑝0 𝛽𝑛+ (𝑛(𝑥)𝑝(𝑥) − 𝑛𝑖 2 )
𝐸𝑣 − 𝐸
= ∫ 𝑁𝑣0 exp (
)
𝑑𝐸 .
𝐸𝑈𝑣 𝛽 + (𝑛(𝑥) + 𝑁 exp (𝐸 − 𝐸𝑐 )) + 𝛽 0 (𝑝(𝑥) + 𝑁 exp (𝐸𝑣 − 𝐸 ))
𝐸𝑣
𝑐
𝑣
𝑛
𝑝
𝐾𝐵 𝑇
𝐾𝐵 𝑇
𝐸𝑐

(4.6)
Here 𝑛(𝑥) and 𝑝(𝑥) are electron and hole concentrations, 𝐾𝐵 is the Boltzmann constant,
𝑇 is the temperature, 𝑛𝑖 is intrinsic carrier concentration. 𝑁𝑐 (𝑁𝑣 ) is the effective
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concentration of electrons (holes) at the conduction (valence) edges with energy 𝐸𝑐 (𝐸𝑣 ).
𝑇𝑐0 (𝑇𝑣0 ) is the characteristic temperature and 𝐸𝑈𝑐 ( 𝐸𝑈𝑣 ) is Urbach energy of conduction
(valence) band tail states. 𝛽𝑛+ is the capture rate coefficient in the VB tail and represents
the capture of an electron from the CB by a trapped hole in the valence tail states, 𝛽𝑝0 is
the capture rate coefficient for a hole in the VB by an unoccupied VB tail state, 𝛽𝑝− is the
capture rate coefficient in the CB tail states for a hole created in the VB and 𝛽𝑛0 is the
capture rate coefficient for an electron in the CB by an unoccupied conduction band tail
states. For calculating 𝑅𝐶𝐵𝑇 (𝑥) [Eq. (4.12)] and 𝑅𝑉𝐵𝑇 (𝑥) [Eq. (4.13)], 𝛽𝑛0 and 𝛽𝑝0 are
known parameters as listed in Table 4.1 , and 𝛽𝑛+ and 𝛽𝑝− can be obtained as [101, 111]:
𝛽𝑛+ =

𝑒 𝜇𝑛
,
𝜀

(4.7)

𝛽𝑝− =

𝑒 𝜇𝑝
,
𝜀

(4.8)

where 𝜇𝑛(𝑝) is electron (hole) mobility, 𝑒 is the elementary charge and 𝜀 is the static
dielectric constant. It is assumed here in the simulation that 𝜇𝑛 = 𝜇𝑝 which makes 𝛽𝑛+ =
𝛽𝑝− in Eqs. (4.7) and (4.8).
The diffusion coefficient in Eq. (4.1) can be calculated by [131]:

𝐷=

𝜇 𝐾𝐵 𝑇
.
𝑒

(4.9)

It is assumed that D in Eq. (4.9) is position independent. Using Eqs. (4.3) and (4.9) in Eq.
(4.1), the diffusion length as a function of energy and position can be obtained as:

𝐿𝐷 (𝑥) = √

(4.10)

𝜇 𝐾𝐵 𝑇
𝑒𝑅𝑡𝑎𝑖𝑙 (𝑥)
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For this calculation we have used the finite difference method used by Scharfetter and
Gummel [105, 106], which considers an exponential variation in the carrier
concentrations between two grid points. Finally, 𝐿𝐷 (𝑥) is calculated using the charge
carrier concentrations 𝑛(𝑥) and 𝑝(𝑥), determined by solving the Poisson and continuity
equations by applying Gummel method [107] (the details are described elsewhere [139]).

𝟒. 𝟑 Results and discussions
The exponential tail state recombination and the diffusion length at each position
through the active layer is calculated. For carrying out this calculation first we have
checked the validity of our simulation method by calculating the J-V characteristics of a
PSC of the structure Glass/PEDOT: PSS/ CH3NH3PbI3 (200 nm)/PC60BM/Al and
compared it with the experimental results obtained by Kim et al. [140]. The input data
required in the simulation are listed in Table 4.1 and both experimental and theoretical J
– V characteristics are shown in Figure 4.2, which illustrates that our simulation results
agree very well with the experimental ones.
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Table 4. 1 Input parameters used for simulation in this paper [101, 140].
Parameter

Value

Ref

𝐸𝑔 (eV)

1.5

[140]

𝐺(𝑚−3 𝑠 −1 )

6 × 1027

Fitting parameter

𝑑 (𝑛𝑚)

200

[140]

𝑁𝑐 , 𝑁𝑣 (𝑐𝑚−3 )

1020

[101]

𝜇𝑛 (𝑚2 𝑉 −1 𝑠 −1 )

0.5 × 10−4

Fitting parameter

𝜇𝑝 (𝑚2 𝑉 −1 𝑠 −1 )

0.5 × 10−4

Fitting parameter

𝑁𝑐0 , 𝑁𝑣0 (𝑐𝑚−3 𝑒𝑉 −1 )

1020

[140]

𝛽𝑛0 (𝑐𝑚3 𝑠 −1 )

2.5× 10−10

Fitting parameter

𝛽𝑝0 (𝑐𝑚3 𝑠 −1 )

5× 10−10

Fitting parameter

𝐸𝑈𝑐 = 𝐸𝑈𝑐 (𝑚𝑒𝑉)

45

[101]

𝑇 (𝐾)

300

[140]

Figure 4. 2 The 𝑱 − 𝑽 characteristics of a PSC of structure Glass/ PEDOT: PSS/
CH3NH3PbI3 (200nm)/ PC60BM/ Al obtained from our simulation and experimental
work [140] to check the validity of our simulation.
In planar PSCs, high diffusion length is an important factor to achieve high PCE
in solar cells. However, the diffusion length 𝐿𝐷 (𝑥) of charge carriers in the active layer
depends on the position x, temperature, applied voltage, charge carrier concentration and
the rate of recombination in the tail states 𝑅𝑡𝑎𝑖𝑙 (𝑥). The dependence of diffusion length
on recombination rate at a position x in the active layer is derived in Eq. (4.10), which
shows that at any particular temperature the diffusion length is inversely proportional to
the square root of recombination rate. To study the relation between 𝐿𝐷 (𝑥) and 𝑅𝑡𝑎𝑖𝑙 (𝑥)
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more profoundly, we have plotted both as contours as a function of position x in the active
layer of thickness 200 nm at different voltages used in plotting the J-V curve in Figure
4.2 and shown in Figures 4.3 (a) and (b), respectively. According to Figure 4.3 (a), the
diffusion length decreases from 40 𝜇m to 0.01 𝜇m at different positions within the active
layer when the applied voltage increases from 0 to 0.9 V. As it is shown in Figure 4.3 (a),
the maximum diffusion length occurs within the active layer between 60 and 80 nm at
zero applied voltage (under short circuit current condition). The minimum diffusion
length is nearly independent of the position in the active layer and is found to occur under
the open circuit voltage condition (zero current) at an applied voltage = 0.87 V. It may
also be noted in Figure 4.3 (a) that the dependence of the diffusion length on the position
x within the active layer reduces as the applied voltage increases.
The above noted behaviour of the diffusion length can also be explained from the
plot of the recombination rate shown in (Figure 4.3 (b)). According to Eq. (4.10), as stated
above, the square of the diffusion length is inversely proportional to 𝑅𝑡𝑎𝑖𝑙 (𝑥). As a result,
in Figure 4.3 (b), the minimum of recombination rate occurs within the active layer
between 60 and 80 nm from the interface under the short circuit current condition and the
maximum 𝑅𝑡𝑎𝑖𝑙 (𝑥) is found to occur under the open circuit voltage condition nearly
independent of the position within the active layer. These characteristics are nearly
inverse of those of 𝐿𝐷 (𝑥) shown in Figure 4. 3 (a) and consistent with Eq. (4.10). Under
short circuit current condition (V = 0), the highest recombination occurs at the electrode
interfaces due to the charge carrier accumulation as it is shown in Figure 4.3 (b) leading
to lower diffusion length at these positions as shown in Figure 4.3 (a). However, under
the open circuit voltage condition (zero current) the charge carriers may get uniformly
distributed along the whole active layer resulting into high recombination rate and lower
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diffusion length throughout. This behaviour is clearly illustrated in Figures 4.3 (a) and (b)
in the higher voltage range.

Figure 4. 3 Plot of (a) diffusion length and (b) recombination rate as a function of applied
voltage and position x in the active layer of a PSC of the structure Glass/ PEDOT: PSS/
CH3NH3PbI3 (200nm)/ PC60BM/ Al.
According to Eq. (4.1), the diffusion length depends on the position x in the active
layer because of the position dependent recombination rate 𝑅𝑡𝑎𝑖𝑙 (𝑥). By using the
𝑑

integrated recombination rate as 𝑅𝑡𝑎𝑖𝑙 = ∫0 𝑅𝑡𝑎𝑖𝑙 (𝑥)𝑑𝑥 in Eq. (4.10) we get the total
diffusion length 𝐿𝐷 as:
(4.11)

𝜇 𝐾𝐵 𝑇
𝐿𝐷 = √
𝑒𝑅𝑡𝑎𝑖𝑙

Using Eq. (4.11), the diffusion lengths thus obtained are 1.46 𝜇𝑚 and 0.06 𝜇𝑚 under the
short circuit current and open circuit voltage conditions, respectively.
According to Eqs. (4.10) and (4.11), as 𝑅𝑡𝑎𝑖𝑙 depends on the temperature and
applied voltage the diffusion length also becomes temperature and applied voltage
dependent. For investigating the influence of temperature on the diffusion length, we have
simulated the diffusion length 𝐿𝐷 in Eq. (4.11) in the temperature range between 220 K
and 340 K in which perovskite exists in both tetragonal and cubic phases. It may be noted
that for calculating such temperature dependent 𝐿𝐷 , the temperature dependent
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recombination rates as given in Eqs. (4.5) and (4.6) will also have to be calculated at each
temperature. The diffusion length thus calculated using Eq. (4.11) is plotted in Figure 4.4
as a function of the applied voltage at five different temperatures. However, the actual
temperature of solar cell depends on different conditions such as wind speed, panel
installation angle, and heating from solar irradiance. In a solar cell with a power
conversion efficiency of 20% operating in an ambient temperature of 40 °C, the actual
working temperature can exceed 70 °C [131]. It has been reported that a phase transition
from tetragonal to cubic takes place at temperature about 330 K in MAPbI3 [141].
According to Figure 4.4, in the low applied voltage range, 0 < 𝑉𝑎 < 0.3 V, the diffusion
length decreases gradually with the increasing applied voltage but this decrease remains
temperature independent, i.e., nearly the same at all five temperatures. However, at 𝑉𝑎 >
0.3, although the diffusion length continues to decrease further with the increasing voltage
the decrease becomes temperature dependent leading to a maximum decrease at the
highest temperature of 340 K and lowest decrease at the lowest temperature of 220 K at
the applied voltage of 0.9 V. In particular, by increasing the applied voltage from 0 to
0.9 V, the diffusion length reduces from 1.98 (𝜇𝑚) to 0.28 (𝜇𝑚) at temperature 220K,
while at temperature 340K the diffusion length reduces from 1.93 (𝜇𝑚) to 0.024 (𝜇𝑚).
Reduction in diffusion length of charge carriers with increasing temperature as found here
agrees with the simulation results of Milot et al. [131], but its dependence on the applied
voltage has not yet been studied. It may be noted that by increasing the applied voltage,
the recombination rate is expected to increase and hence the reduction in the diffusion
length with the increase in the applied voltage as shown in Figure 4.4 may be attributed
to the increase in the recombination rate. Consequently, it may be concluded that although
at low applied voltage, the influence of both temperature and applied voltage on diffusion
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length of charge carriers is not very significant, their influences on diffusion length
become very significant at high applied voltages.

Figure 4. 4 Diffusion length calculated at five different temperatures in the range 220 –
340 K and plotted as a function of applied voltage in the active layer of a PSC of the
structure Glass/ PEDOT: PSS/ CH3NH3PbI3 (200 nm)/ PC60BM/ Al.
The diffusion length is plotted as a function of the applied voltage for four
different values of Urbach energy as shown in Figure 4.5. According to Figure 4.5, the
diffusion length decreases by increasing Urbach energy, which is expected because an
increase in Urbach energy leads to higher recombination rates that causes lower diffusion
length. However, at all applied voltages < 0.9 V, the magnitude of reduction in diffusion
length due to the increase in Urbach energy in step of 45 meV reduces as latter increases
from 45 meV to 180 meV, or in other words the dependence of diffusion length on Urbach
energy reduces in the higher Urbach energy range at all applied voltages. Furthermore,
according to Figure 4.5, the dependence of diffusion length on Urbach energy reduces by
increasing the applied voltage such that the diffusion lengths of charge carriers at all four
different Urbach energies appear to be converging to a single value near the open circuit
voltage shown by the arrow. The points of intersections of each curve with the arrow in
Figure 4.5 show the corresponding open circuit voltage which reduces from 0.84 to 0.78
V by increasing Urbach energy from 45 meV to 180 meV. This may be explained as
follows: by increasing the applied voltage from zero to 𝑉𝑜𝑐 , all the charge carriers may be
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subjected to recombination in the absence of any current, leading nearly very small
diffusion length. Therefore, it may be concluded that at low applied voltages, the Urbach
energy plays more dominant role in the diffusion length of charge carriers than at higher
applied voltages.

Figure 4. 5 Diffusion length plotted as a function of the applied voltage in the active layer
of a PSC of the structure Glass/ PEDOT: PSS/ CH3NH3PbI3 (200nm)/ PC60BM/ Al for
four different Urbach energies.

𝟒. 𝟒 Conclusions
A comprehensive theoretical study of the diffusion length of the charge carriers
in the active layer of a PSC of the structure Glass/PEDOT: PSS/ CH3NH3PbI3
/PC60BM/Al is carried out. Calculations of the diffusion length of charge carriers as a
function of position x in the active layer show that the diffusion length within the active
layer changes from one position to another by more than two orders of magnitude under
short circuit current condition (zero applied voltage). Also, it is shown that the
dependence of diffusion length on the position x in the active layer reduces by increasing
the applied voltage. The combined influence of applied voltage and temperature on the
diffusion length of charge carriers is investigated and it is found that at low applied
voltage the diffusion length is temperature independent but by increasing the applied
voltage the influence of temperature on the diffusion length becomes significant. Also, it
is shown that the reduction of diffusion length due to the increase in the applied voltage
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is much more significant at higher temperatures. The combined influence of applied
voltage and Urbach energy on diffusion length of charge carriers reveals that the diffusion
length decreases when both the applied voltage and Urbach energy increase. However,
the reduction in the diffusion length due to increase in Urbach energy becomes less
significant at higher voltage.
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Chapter 5 Influence of Interfacial Traps on the Operating Temperature
of Perovskite Solar Cells
This work has been published in the following paper:

H.Mehdizadeh-Rad, J. Singh, “Influence of Interfacial Traps on the Operating
Temperature of Perovskite Solar Cells”, Materials, 12, (2019) 2727.

Statement of contribution of each author:

The candidate H. Mehdizadeh-Rad has carried out all the research activities to obtain
the results presented in this chapter under the supervision of J. Singh.
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Abstract
In this paper, by developing a mathematical model, the temperature of PSCs under
different operating conditions has been calculated. It is found that by reducing the density
of tail states at the interfaces through some passivation mechanisms, the operating
temperature can be decreased significantly at higher applied voltages. The results show
that if the density of tail states at the interfaces is reduced by three orders of magnitude
through some passivation mechanisms, then the active layer may not undergo any phase
change up to an ambient temperature 300 K and it may not degrade up to 320 K. The
calculated heat generation at the interfaces at different applied voltages with and without
passivation shows reduced heat generation after reducing the density of tail states at the
interfaces. It is expected that this study provides a deeper understanding of the influence

of interface passivation on the operating temperature of PSCs.
5.1 Introduction
The power conversion efficiency (PCE) of perovskite solar cells (PSCs) has grown
drastically during last years, and a PCE of higher than 23% for single PSCs and about
28% for perovskite/silicon tandem solar cells have been reported recently [142-147]. One
of the factors that can influence the PCE of solar cells is their temperature during the
operation or the operating temperature T. It is well-known that if the operating
temperature decreases then the diffusion length of charge carriers and PCE of PSCs
increase for T>200 K [131, 148]. A high operating temperature may lead to the
degradation in PSCs due to the decomposition of active layer. Conings et al. [149-151]
have investigated the thermal stability of PSCs and found that perovskite may decompose
into PbI2 even at as low temperature as 85℃. Philippe et al. [150-152] have investigated
the thermal stability of PSCs by maintaining them for 20 minutes at room temperature,
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100 °C and 200 °C and observed that MAPbl3 starts to decompose into Pbl2 at 100 °C.
They carried out this experiment under high vacuum of 10−8 mbar. Also, it is found that
the temperature becomes much too high at the points of creation of localized defects
which may lead to physical or chemical changes in any semiconductor device [153].
Another challenge with the perovskites is that their crystal structure becomes unstable by
increasing the temperature, leading to phase changes. For example, it is reported that the
phase change from tetragonal to cubic can occur at around 327 K in PSCs [141, 154, 155].
However, methylammonium (MA) based perovskites show a higher phase stability in
comparison to formamidinium (FA) [156, 157]. Therefore, understanding and controlling
the factors that may lead to an increase in the operating temperature of PSCs is crucial
for increasing their efficiency and stability.
In this paper only the non-radiative recombination in the tail-states is considered and
the higher order Auger type recombination is neglected. In Auger recombination, an
excited pair of charge carriers recombines and the energy released is transferred nonradiatively to another charge carrier to excite it to higher energy states [158]. Thus, an
Auger recombination is a secondary process and its rate of occurrence is usually much
lower unless the excitation density is very high. The eventual recombination of high
energy charge carrier in an Auger process may occur at any trapping centres as considered
here. Therefore, the non-radiative recombination as considered here where a charge
carrier can be trapped at a trapping centre in the tail states is considered to be dominant
[79, 126-128]. It is known that in a PSC, the interfaces of the active layer - ETL (electron
transport layer) and active layer - HTL (hole transport layer) are found to have more
defects than within the active layer which act as trapping centres leading to non-radiative
recombination [159, 160]. It is shown that the hysteric J-V behaviour of PSCs can be
attributed to several factors such as ferroelectricity, ion migration, unbalanced charge
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collection rates and trap recombination at the interfaces and grain boundaries [3, 74, 8790]. However, as the non-radiative recombination generates heat leading to an increase
in the operating temperature of solar cells and may reduce PCE and stability of PSCs.
Snaith et al. [91] have found that the cp-TiO2 ETL modiﬁed with C60-SAM could
effectively passivate the formation of trap states at the interfaces which reduces the nonradiative recombination and suppresses the J−V hysteresis in PSCs thus fabricated. Thote
et al. [150] have achieved efficient and stable ZnO based PSCs using a high-working
pressure sputtering technique. This technique produces higher quality ZnO films with
fewer surface defects compared with conventional sputtering or sol−gel ZnO solution
processes. However, the influence of passivation of the interfaces on the operating
temperature which may lead to phase transition and degradation in the active layer of
PSCs has not yet been clearly understood.
In this paper, by assuming that the reduction in the density of tail states at the
interfaces occurs due to passivation, a mathematical model is developed to calculate the
operating temperature of PSCs. Our results show that by reducing the interfacial density
of tail states, the operating temperature of PSCs can be decreased significantly at higher
applied voltages. Thus, by passivating the interfaces in PSCs and hence reducing the
operating temperature, the degradation effects and phase transitions may be prevented.

5.2 Methods
For an illuminated solar cell, the factors which may influence the operating
temperature are solar radiation, heat generation due to the non-radiative recombination,
wind velocity, ambient temperature and the heat transfer in solar cell’s material. An
illuminated solar cell can transfer heat by radiation to sky, surroundings and ground and
by convection to the ambient air. The thermal power generation (𝑃) due to the non-
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radiative recombination in the active layer of an illuminated PSC can be considered as a
heat source. Figure 5.1 presents different heat transfer mechanisms described above in an
illuminated solar cell schematically.

Sky
Radiation
to sky
Convection to
ambient from above
of the panel

Convection to
ambient form
Radiation to
bottom of the panel
ground

Radiation to
surrounding

Generated heat due to the nonradiative recombination

Ground

Figure 5. 1 Schematic of heat transfer mechanisms in an illuminated solar cell: yellow
arrows show incident solar power, orange arrow represents heat generation due to nonradiative recombination, blue arrows represent heat loss to the ambient air due to
convection and black arrows represent heat loss due to radiation.
Although several simulations have been carried out by solving the drift diffusion
equations, the effect of non-radiative recombination contributing to the heat generation
and hence enhancing operating temperature in PSCs and organic solar cells has not yet
been considered to the best of authors’ knowledge [74, 97, 161]. Therefore, in this paper,
the temperature is considered as non-radiative recombination dependent and it is varied
in the iteration of solving drift-diffusion equations. The simulation is started using an
initial temperature which gets changed after the first iteration and used as initial
temperature in the second iteration and so on until the convergence is achieved. For our
simulation, the active layer of PSC is divided into meshes as shown in Figure 5.2. As the
non-radiative recombination rate can be different at different points in the active layer,
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Surrounding

here it is considered as position dependent within the active layer starting from the HTL
interface to the ETL interface, but it is assumed to be position independent in the lateral
directions. Therefore, the heat generated power through the non-radiative recombination
is considered to be position x dependent as P(x). However, as the Biot number is usually
very small in thin films of perovskites, the heat gets distributed instantly in the active
layer and the solar cell temperature can be assumed to be uniform within the whole active
layer leading to the same temperature in all meshes considered in Figure 5.2. To show
this, we have applied the lumped capacitance method for a PSC with the active layer
CH3NH3PbI3 as discussed later in Results and Discussion section.
For simulating the influence of the non-radiative recombination at the two
interfaces of active layer and HTL (A: HTL) and active layer and ETL (A: ETL), it is
assumed that the most non-radiative recombination may occur in an area within 5 nm in
the perovskite active layer from each interface as shown in Figure 5.2.

Two areas considered in the simulation as the span of non-radiative recombination from the
interfaces of A: HTL and A: ETL

Interface of
active layer and
ETL (A: ETL)

Interface of
active layer and
HTL (A: HTL)

5 nm

5 nm

Figure 5. 2 Division of the active layer of a PSC into meshes considered in the simulation.
A distance of 5 nm from A: HTL and A: ETL interfaces into the active layer has been
considered as the main areas of non-radiative recombination.
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It is also assumed that the heat transfer through conduction in the adjacent solar
cells is negligible in a module. This assumption can be justified from the conduction heat
transfer equations in the x-, y- and z- directions (z- towards the sun see Figure 5.3) given,
respectively, by [162]:

𝑄𝑥 = 𝑘𝐴𝑦𝑧 𝜕𝑥

𝜕𝑇

(5.1)

𝑄𝑦 = 𝑘𝐴𝑥𝑧

𝜕𝑇
𝜕𝑦

(5.2)

𝑄𝑧 = 𝑘𝐴𝑥𝑦

𝜕𝑇
𝜕𝑧

(5.3)

𝑄𝑧

z

𝑥
y

𝑄𝑥
𝐴𝑥𝑦
𝐴𝑦𝑧

𝐴𝑥𝑧

𝑄𝑦

Figure 5. 3 The conduction heat transfer directions in a solar cell.
where 𝑄𝑥 (𝑄𝑦 and 𝑄𝑧 ) is the thermal energy transferred through conduction mechanism
in the 𝑥 (𝑦 and 𝑧) direction, and 𝐴𝑦𝑧 (𝐴𝑥𝑧 and 𝐴𝑥𝑦 ) is the area of the lateral surface of the
cell in the yz- (xz- and xy-) plane.

𝜕𝑇
𝜕𝑥

𝜕𝑇

(𝜕𝑦 and

𝜕𝑇
𝜕𝑧

) is the gradient of temperature along

the x (y and z) direction and 𝑘 is the thermal conductivity of the solar cell material.
According to Eqs. (5.1) and (5.2), in thin film solar cells such as PSCs, as 𝐴𝑦𝑧 and 𝐴𝑥𝑧
are of the nanoscale and hence very small, leading to negligible conduction heat transfer
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(𝑄𝑥 , 𝑄𝑦 → 0) towards the x- and y- directions. In addition, the conduction heat transfer
along the z-axis is also negligible because the thickness of PSCs is of the nm scale leading
𝜕𝑇

to the gradient of temperature ( 𝜕𝑧 ) negligibly small and hence according to Eq. (5.3) the
conduction heat transfer along the z-direction becomes negligible (𝑄𝑧 → 0). However,
PSCs are encapsulated before being used and the effect of encapsulation should be
considered in this analysis. As the thickness of encapsulation is only a few millimetres
𝜕𝑇

[163], the temperature gradient in the encapsulation layer can be neglected ( 𝜕𝑧 ≈ 0, in
the encapsulation layer).Therefore, it is justified to assume that the solar cell temperature
and the temperature of the surface of the encapsulation are the same. This also leads one
to assume that there is no air gap between the solar cell and encapsulation and then the
only heat transfer from the surface of solar cell to the encapsulation can occur through
the conduction heat transfer but without the temperature gradient this will be zero and
thus no heat transfer may occur through the conduction.
In accordance with the above discussions, the operating temperature T of an
illuminated PSC will depend on the radiation and convection heat transfers and nonradiative recombination of the photoexcited charge carriers. Thus, we need to solve the
following energy balance equation to determine 𝑇 [162]:

𝐼𝑟𝛼𝑒𝑓𝑓 𝐴𝑥𝑦 + 𝑃
= ℎ𝑐,𝑒−𝑎𝑚𝑏 𝐴𝑥𝑦 (𝑇 − 𝑇𝑎𝑚𝑏 ) + ℎ𝑟,𝑒−𝑠𝑘𝑦 𝐴𝑥𝑦 (𝑇 − 𝑇𝑠𝑘𝑦 )
+ ℎ𝑟,𝑒−𝑔𝑟𝑜𝑢𝑛𝑑 𝐴𝑥𝑦 (𝑇 − 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 ) + ℎ𝑟,𝑒−𝑠𝑢𝑟 𝐴𝑥𝑦 (𝑇 − 𝑇𝑠𝑢𝑟 )

(5.4)

where 𝐼𝑟𝛼𝑒𝑓𝑓 𝐴𝑥𝑦 ≡ 𝐼𝑟𝛼𝐴𝑥𝑦 − 𝑃𝐺 and 𝛼𝑒𝑓𝑓 is called effective absorption coefficient, 𝐼𝑟
is the incident solar radiation and 𝑃𝐺 is the rate of energy absorbed to generate the photoexcited electron hole pairs, and it can be determined by 𝑃𝐺 = 𝐺𝐸𝑔 𝐴𝑥𝑦 𝑑 where 𝐺 is the
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total electron hole pair generation, 𝐸𝑔 is band gap energy and 𝑑 is active layer thickness.
In Eq. (5.4), 𝑃 is the thermal power generated through the non-radiative recombination
given b:
𝑃 = 𝑅𝑡𝑎𝑖𝑙 𝐸𝑅 𝐴𝑥𝑦 𝑑

(5.5)

where 𝑅𝑡𝑎𝑖𝑙 (m-3s-1) is the rate of tail state recombination calculated by solving the Poisson
and drift-diffusion equations [101, 139, 164], 𝐸𝑅 (eV) is the heat energy generated per
recombination and 𝑑 (nm) is the active layer thickness. ℎ𝑐,𝑒−𝑎𝑚𝑏 is convection heat
transfer from encapsulation surface to ambient, ℎ𝑟,𝑒−𝑠𝑘𝑦 , ℎ𝑟,𝑒−𝑔𝑟𝑜𝑢𝑛𝑑 and ℎ𝑟,𝑒−𝑠𝑢𝑟 in Eq.
(5.4) are the radiation heat transfer coefficients from encapsulation surface to sky, ground
and surrounding, respectively, 𝑇𝑎𝑚𝑏 is ambient temperature, 𝑇𝑠𝑘𝑦 is sky temperature
which can be determined by 𝑇𝑠𝑘𝑦 = 0.0552 𝑇𝑎𝑚𝑏 1.5 [165]. 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 and 𝑇𝑠𝑢𝑟 are ground
and surrounding temperatures which are considered equal to 𝑇𝑎𝑚𝑏 .
The radiation heat transfer coefficients from encapsulation surface to sky, ground and
surrounding can be determined, respectively, by [1, 162]:
ℎ𝑟,𝑒−𝑠𝑘𝑦 = 𝜀𝑐 𝜎𝑠𝑏 (𝑇 + 𝑇𝑠𝑘𝑦 )(𝑇 2 + 𝑇𝑠𝑘𝑦 2 )

(5.6)

ℎ𝑟,𝑒−𝑔𝑟𝑜𝑢𝑛𝑑 = 𝜀𝑐 𝜎𝑠𝑏 (𝑇 + 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 )(𝑇 2 + 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 2 )

(5.7)

ℎ𝑟,𝑒−𝑠𝑢𝑟 = 𝜀𝑐 𝜎𝑠𝑏 (𝑇 + 𝑇𝑠𝑢𝑟 )(𝑇 2 + 𝑇𝑠𝑢𝑟 2 )

(5.8)

where 𝜀𝑐 is the emissivity coefficient of solar cell and 𝜎𝑠𝑏 = 5.67 × 10−8 is Stefan–
Boltzmann constant. The convection heat transfer coefficient from encapsulation surface
to the ambient air can be determined by [166]:
ℎ𝑐,𝑒−𝑎𝑚𝑏 = 5.62 + 3.9 𝑣

(5.9)

where 𝑣 is the wind velocity in the ambient.
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The thermal power generated through the non-radiative recombination in the
illuminated PSC is found to be the dominant [79, 126-128] and can be considered as a
heat source [167]. In the non-radiative recombination, it is assumed that one of the charge
carriers (electron or hole) is trapped in the tail states and other (electron or hole) is free
in the conduction band (CB) or valence band (VB). Thus, sum of the thermal energy
released due to the non-radiative recombination of free electrons in the CB with the
trapped holes in the VB tail states, and free holes in VB with the trapped electrons in the
CB tail states may be assumed to be equal to the band gap energy, i.e., 𝐸𝑅 ≈ 𝐸𝑔 in Eq.
(5.5). Using this in Eq. (5.4), the temperature 𝑇 can be determined by solving the
following transcendental equation in T:
𝑇 = (𝐼𝑟𝛼𝐴𝑥𝑦 + 𝑅𝑡𝑎𝑖𝑙 𝐸𝑔 𝐴𝑥𝑦 𝑑 + ℎ𝑐,𝑒−𝑎𝑚𝑏 𝐴𝑥𝑦 𝑇𝑎𝑚𝑏 + ℎ𝑟,𝑒−𝑠𝑘𝑦 𝐴𝑥𝑦 𝑇𝑠𝑘𝑦 +

(5.10)

ℎ𝑟,𝑒−𝑔𝑟𝑜𝑢𝑛𝑑 𝐴𝑥𝑦 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 + ℎ𝑟,𝑒−𝑠𝑢𝑟 𝐴𝑥𝑦 𝑇𝑠𝑢𝑟 )/(ℎ𝑐,𝑒−𝑎𝑚𝑏 𝐴𝑥𝑦 + ℎ𝑟,𝑒−𝑠𝑘𝑦 𝐴𝑥𝑦 +
ℎ𝑟,𝑒−𝑔𝑟𝑜𝑢𝑛𝑑 𝐴𝑥𝑦 + ℎ𝑟,𝑒−𝑠𝑢𝑟 𝐴𝑥𝑦 )
where, ℎ𝑐,𝑒−𝑎𝑚𝑏 , ℎ𝑟,𝑒−𝑠𝑘𝑦 , ℎ𝑟,𝑒−𝑔𝑟𝑜𝑢𝑛𝑑 and ℎ𝑟,𝑒−𝑠𝑢𝑟 are used as a function of 𝑇 given in
Eqs. (5.6) – (5.8) and the rate of tail state recombination 𝑅𝑡𝑎𝑖𝑙 is calculated by solving
Poisson and drift-diffusion equations. We solve Eq. (5.10) by iteration. First, we start
with an initial temperature T to solve the drift- diffusion equations and calculate the heat
transfer coefficients in Eqs. (5.6) – (5.8). Then, by substituting back these calculated 𝑅𝑡𝑎𝑖𝑙
, ℎ𝑐,𝑒−𝑎𝑚𝑏 , ℎ𝑟,𝑒−𝑠𝑘𝑦 , ℎ𝑟,𝑒−𝑔𝑟𝑜𝑢𝑛𝑑 and ℎ𝑟,𝑒−𝑠𝑢𝑟 in Eq. (5.10), we determine the new solar
cell temperature. The iteration is continued until the self-consistency is achieved. The
above procedure of simulation of temperature is presented in the data flow chart as shown
in Figure 5.3.
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Figure 5. 4 The data flow chart for solving the proposed simulation.

5.3 Results and Discussions
The simulation of the operating temperature of an illuminated PSC of the structure
Glass/ ITO/ PEDOT: PSS/ CH3NH3PbI3/ PCBM/ Al is presented here. However, first we
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would like to present the validation of our simulation by calculating the J-V
characteristics of the above PSC considered in this paper and compare these with the
experimental results measured by Kim et al. [140]. The input data required for the
simulation of the J-V characteristics and operating temperature are listed in Table 5.1.
The J-V characteristics obtained from the simulation are shown as a solid curve in Figure
5.5 along with the experimental results as the dotted curve. As it can be seen from Figure
5.5, our simulation results agree very well with the experimental ones.

Figure 5. 5 The 𝑱 − 𝑽 characteristics of a PSC of structure Glass/ PEDOT: PSS/
CH3NH3PbI3/ PC60BM/ Al obtained from our simulation (solid curve) and from
experiment [140] (dotted curve) to check the validity of our simulation.
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Table 5. 1 Input parameters used for simulation in this paper [2].
Parameter

Value

Ref.

𝜀𝑐

0.9

Fitting parameter

𝐼𝑟 (wm−2 )

1000

[2]

𝑈 (m/s)

0.1

Fitting parameter

𝑇𝑎𝑚𝑏 (𝐾)

300

Fitting parameter

𝛼𝑒𝑓𝑓

0.3

Fitting parameter

𝐸𝑔 (eV)

1.5

[2]

𝑑 (nm)

200

[2]

𝑁𝑐 , 𝑁𝑣 (m−3 )

1026

[2]

𝑁𝑡𝑖 (density of tail state

1015

Fitting parameter

1014

Fitting parameter

𝜇𝑛 (m2 V −1 s−1 )

0.5 × 10−4

Fitting parameter

𝜇𝑝 (m2 V −1 s−1 )

0.5 × 10−4

Fitting parameter

𝛽𝑛0 (cm3 s −1 )

2.5× 10−10

[2]

𝛽𝑝0 (cm3 s −1 )

5× 10−10

[2]

𝐸𝑈𝑐 = 𝐸𝑈𝑣 (meV)

45

[2]

at interface) ((m−3 (𝑒𝑉)−1 )
𝑁𝑡𝑎 (density of tail state in
−3 (𝑒𝑉)−1

the active layer) (m

)
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In our simulation, following the observed density of tail states by thermal
admittance spectroscopy [134] before and after the passivation of the interfaces, it has
been found that the density of tail states at the interfaces (𝑁𝑡𝑖 ) may reduce from 1018 to
1015 m−3 (𝑒𝑉)−1 by passivating the interfaces. Using this experimental result, here
simulation is carried out for 𝑁𝑡𝑖 =1018 and 1015 m−3 (𝑒𝑉)−1 . The operating temperature
is calculated for 𝑁𝑡𝑖 = 1018 and 1015 m−3 (𝑒𝑉)−1 at two different ambient temperatures
of 300 K and 320 K and plotted as a function of the applied voltage 𝑉𝑎 as shown in Figure
5.6. According to Figure 5.6, for low applied voltages, 𝑉𝑎 ≤ 𝑉𝑚𝑎𝑥 , where 𝑉𝑚𝑎𝑥 is the
voltage at the maximum power point, it is found that the (i) operating temperature remains
constant and (ii) influence of the density of tail states in the interface on the temperature
of solar cell is not very significant. It may be noted that in Figure 5.6 the maximum
voltage is 𝑉𝑚𝑎𝑥 ≈ 0.77 V at the ambient temperature 𝑇𝑎𝑚𝑏 = 300 𝐾 and 𝑉𝑚𝑎𝑥 ≈ 0.75 V
at 𝑇𝑎𝑚𝑏 = 320 𝐾. However, at 𝑉𝑎 ≥ 𝑉𝑚𝑎𝑥 the operating temperature increases by nearly
21 K at the 𝑉𝑜𝑐 at both the ambient temperatures of 300 K and 320 K in the PSC without
the passivation of the interfaces with the higher density of tail states 𝑁𝑡𝑖 = 1018
m−3 (𝑒𝑉)−1. This is in contrast with the passivated PSC with the lower density of tail
states 𝑁𝑡𝑖 = 1015 m−3 (𝑒𝑉)−1 where the operating temperature remains nearly constant
with the increase in the voltage. At the ambient temperature 𝑇𝑎𝑚𝑏 = 300 K and applied
voltage 𝑉𝑎 ≈ 0.81 V, the temperature in the active layer of PSC without interface
passivation increases to 327 K (red arrow), which is the temperature of phase transition
in perovskite from tetragonal to cubic.
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It may be noted that the decomposition of perovskite can be started at 358 K [149151]. According to Figure 5.6, although the operating temperature of PSC without the
interface passivation at the ambient temperature 300 K (red dotted curve) increases with
applied voltage, it may never reach the decomposition temperature of 358 K because the
maximum increase in temperature at the 𝑉𝑎 = 𝑉𝑜𝑐 is only about 343 K. However, at
𝑇𝑎𝑚𝑏 = 320 K, the PSC without interface passivation may reach 358 K at 𝑉𝑎 ≈ 0.85 V
(black dashed curve) and may decompose, which will not occur in the passivated PSC. It
should be mentioned that the 𝑉𝑜𝑐 of solar cells decreases slightly by the increase in the
ambient temperature.

Figure 5. 6 The operating temperature in the active layer plotted as a function of the
applied voltage at two ambient temperatures of 300 K and 320 K.
It may be desirable to investigate the influence of thermalisation due to the non-

radiative recombination on the open circuit voltage (𝑉𝑜𝑐 ), short circuit current (𝐽𝑠𝑐 ) and
fill factor (FF). To address this issue, we have calculated 𝑉𝑜𝑐 , 𝐽𝑠𝑐 and FF using the
proposed iteration method by: (i) varying the operating temperature due to non-radiative
recombination and (ii) keeping it constant equal to the ambient temperature during the
iteration. The results obtained show that 𝑉𝑜𝑐 decreases from 0.90 to 0.87 V and FF from
78% to 77% due to the rise in the operating temperature from the non-radiative
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recombination. However, 𝐽𝑠𝑐 remains almost unchanged in both calculations. Thus, as
expected, a slight reduction in 𝑉𝑜𝑐 and FF are found due to the thermalization effects
caused by the non-radiative recombination.
In order to investigate the heat generation due to the non-radiative recombination
at an applied voltage 𝑉𝑎 and at a position (x) in the active layer measured from the anode,
we have shown the contour plots of the power generated by the non-radiative
recombination P in Eq. (5.5) as a function of the applied voltage 𝑉𝑎 and position x with
𝑁𝑡𝑖 of 1018 and 1015 m−3 (𝑒𝑉)−1 in Figures 5.7 (a) and (b), respectively. As it can be seen

in Figure 5.7 (a) for 𝑁𝑡𝑖 = 1018 m−3 (𝑒𝑉)−1 , 𝑃 increases when x approaches the interfaces
at all the applied voltages, and becomes red in colour at the interfaces, which means that
it becomes high at the interfaces. This is expected because more non-radiative
recombinations occur at the interfaces and hence more heat generation at the interfaces.
However, according to Figure 5.7 (b) for 𝑁𝑡𝑖 = 1015 m−3 (𝑒𝑉)−1 , the power generation
at the interfaces is much less (blue in colour), showing much less heat generation at the
interfaces due to the passivation. It may be noted that the power P plotted in Figures 5.7
(a) and (b) is nearly independent of the ambient temperature 𝑇𝑎𝑚𝑏 .
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Figure 5. 7 The contour plot of heat generation rate due to the non-radiative
recombination as a function of position x in the active layer and applied voltage 𝑽𝒂 .
In order to calculate the total 𝑃 through the active layer, we have integrated 𝑃 over
the active layer and the results are shown in Figure 5.8 at different applied voltages for
18

𝑁𝑡𝑖 = 10

m−3 (𝑒𝑉)−1 and 1015 m−3 (𝑒𝑉)−1. According to Figure 5.8, 𝑃 is almost

constant and close to 0 for 𝑁𝑡𝑖 = 1015 m−3 (𝑒𝑉)−1 at the interfaces, while it grows to
roughly 5 W by increasing the voltage of the cell with 𝑁𝑡𝑖 = 1018 m−3 (𝑒𝑉)−1. Therefore,
it may be concluded that at an ambient temperature higher than 300 K, PSCs may degrade
faster without the passivation of the interfaces if subjected to higher applied voltage.

Figure 5. 8 The total heat generation rate (𝑷 in W) due to the non-radiative recombination
through the active layer as a function of the applied voltage 𝑽𝒂 .
As mentioned in mathematical model section, by using lumped capacitance
method, we can assume the temperature of the solid is spatially uniform at any instant
and the temperature gradient within the solid is negligible [162]. To validate this method,
the Biot number, which is a dimensionless number for validation of lumped capacitance
method, should be less than 1 (Biot<<1). The Biot number can be determined by [162]:

Biot =

𝐿𝑐 ℎ𝑐,𝑐−𝑎𝑚𝑏
𝑘

(5.11)
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Where 𝐿𝑐 is characteristic length and can be determined by 𝐿𝑐 = 𝑉𝑜𝑙/𝐴𝑥𝑦 and 𝑉𝑜𝑙 is
volume of solar cell. Also, we have calculated ℎ𝑐,𝑐−𝑎𝑚𝑏 by using Eq. (5.9), and it is 5.62
to 44.62 (W/m2 K) for wind velocities between 0 to 10 m/s. Heiderhoff et al. [168] have
found that the thermal conductivity (k) of CH3NH3PbX3 single crystals with X= I, Br, and
Cl is 0.34 ± 0.12, 0.44 ±0.08, and 0.50 ± 0.05 W/(mK), respectively, at room temperature.
By considering CH3NH3PbI3 with a thickness of 200 nm and with wind velocity=10 m/s,
the Biot ≈ 2.6 × 10−5 which is much less than 1. Therefore, lumped capacitance method
is validated very well for a PSC. This implies that the temperature of the PSCs is spatially
uniform at any instant, and the temperature gradient within the solar cell is negligible.

5.4 Conclusions
In this paper, the temperature in the active layer of a PSC before and after the
interface passivation is simulated. It is found that by passivating the interfaces, which
means by reducing the density of tail state recombination centres, the operating
temperature of a PSC can be significantly lowered at higher applied voltages. Thus,
the degradation of the active layer in PSCs can be reduced. It is shown that the
operating temperature of a PSC can be lowered by 21 K by reducing the density of
tail states at the interfaces by three orders of magnitude at the open circuit voltage
condition. Such a reduction in the tail state densities at the interfaces may prevent
phase change at the ambient temperature of 300 K, which may occur otherwise
without the passivation. Also, it is shown that the decomposition of the active layer
of a perovskite solar cell may be prevented at an ambient temperature of 320 K with
the passivation.
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Chapter 6 Simulation of perovskite solar cell temperature under reverse
and forward bias conditions
This work has been published in the following paper:

H.Mehdizadeh-Rad, J. Singh, “Simulation of perovskite solar cell temperature under
reverse and forward bias conditions”, Journal of Applied Physics, 2019. 126: p. 153102.

Statement of contribution of each author:

The candidate H. Mehdizadeh-Rad has carried out all the research activities to obtain
the results presented in this chapter under the supervision of J. Singh.
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Abstract
We have developed a model to calculate the temperature of an illuminated perovskite solar cell
(PSC) under the forward bias and that of a shaded one under the reverse bias at different
ambient conditions. The results show that the dissipated power due to the reverse bias
(𝑃𝑅𝐵 ) should be more than around 6 W to have a higher temperature in the shaded solar cell
than that in the illuminated solar cell at the solar irradiance of 1000 W/m2 , and this result is
almost ambient temperature and wind velocity independent. It is also found that the generated
thermal power due to the non-radiative recombination (𝑃𝑅𝑒𝑐 ) becomes significant at the open
circuit voltage (𝑉𝑜𝑐 ) condition, leading to illuminated solar cell temperature (𝑇𝑐𝑟 ) higher than
that at short circuit current (𝐽𝑠𝑐 ) condition by about 12.7 K, 13.3 K and 13.9 K at the ambient
temperatures of 270 K, 300 K and 330 K, respectively. In addition, the influence of thickness
of the illuminated solar cell on its temperature at 𝑉𝑜𝑐 condition is investigated, which reveals
that by increasing the thickness from 100 nm to 300 nm, the solar cell temperature can increase
by 20 K.

6.1 Introduction
Perovskite solar cells (PSCs), which have achieved a power conversion efficiency (PCE)
higher than 23%, have great potential to meet the increasing world’s domestic and industrial
energy demands [142-144]. However, the poor stability of PSCs hinders their
commercialisation [169]. There are four factors such as oxygen and moisture, UV light,
solution processing and thermal effects which degrade perovskite films [81, 82]. Mei et al.
[118] have fabricated a hole- conductor free PSC which has worked more than 1000 hours
under full sunlight and ambient conditions. These studies have been carried out on the
illuminated solar cells which operate under the forward bias condition. However, only a few
researches have been carried out about the stability of PSCs under reverse bias condition.
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Bowring et al. [170] have investigated the stability of a PSC of the structure of
ITO/NiO/Cs0.17FA0.83Pb (I0.83 Br0.17)3/C60/SnO2/ITO under reverse bias condition. This
structure is found to have a low breakdown voltage, although the J-V characteristics are
different in solar cells fabricated at different times. If two solar cells are connected in series,
but only one of these is illuminated and the other is in dark, then the dark cell operates in the
reverse bias [170]. Silverman et al. [153] have studied the thermal and electrical effects of
partial shade in monolithic thin-film photovoltaic modules. When a current flows in the reverse
bias in the shaded cell, it consumes the power to generate heat instead of generating solar
power, and this can damage the cell due to the rise in temperature [153]. However, the
temperature of the illuminated solar cell which is operating under the forward bias can also rise
higher than that of the shaded solar cell due to the incident solar radiation. Bowring et al. [170]
have measured the temperature of PSC under reverse bias at a voltage of -5 V without the
mention of any current density in their studies. It is commonly understood that the shaded solar
cells could get damaged in the reverse bias situation due to the high temperature [170]. This is
a very well-known old problem, and by-pass diodes are used to protect the array of solar cells
from the destructive effects caused by partial shading[171-173]. It may be noted that for
calculating the operating temperature of both the forward and reverse biased PSCs, the present
work incorporates all the sources of heat generation and heat transfer in both dark and
illuminated cells, including solar radiation, ambient conditions and thickness of the active
layer, which has not been done before in any simulation work.
In this paper, a mathematical model is developed to solve the energy balance and driftdiffusion equations for determining the temperature of both the shaded and illuminated solar
cells. In previous mathematical models used for solving the drift-diffusion equations, the
operating temperature of solar cells has been assumed to be constant [174]. In addition, to the
best of the authors’ knowledge, no other simulation works have considered the heat generation
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due to the excess energy absorbed from the sun above the band gap and non-radiative
recombination of charge carriers within the active layer. However, the model presented in this
paper, calculates the operating temperature at each iteration attributed by the non-radiative
recombination of charge carriers to use it in the next iteration and so on. As a result, our model
may be regarded to be more innovative and produce more accurate results. We have found that
starting from the zero, until the reverse biased voltage increases to a certain critical value, the
temperature of the illuminated solar cell remains higher than that of the dark cell. Only after
this critical voltage, the temperature of the dark cell becomes higher than that of the illuminated
cell and both cells operate at the same temperature at the critical voltage. We have also
investigated the influence of environmental factors such as ambient temperature and wind
velocity and found that the critical voltage is not very sensitive to these factors. As the
temperature of solar cell under forward bias can be effected by the generated thermal energy
due to the non-radiative recombination, we have also calculated the thermal energy generated
𝑃𝑅𝑒𝑐 at the short circuit current 𝐽𝑠𝑐 , open circuit voltage 𝑉𝑜𝑐 and the maximum power point
𝑃𝑚𝑎𝑥 = 𝐽𝑚𝑎𝑥 × 𝑉𝑚𝑎𝑥 . Also, the influence of the illuminated solar cell thickness on the solar
cell temperature under the 𝑉𝑜𝑐 condition (zero current) is investigated. The simulation results
agree well with the available experimental results in the literature. As the degradation of a PSC
depends on the operating temperature, it is expected that this study will provide crucial
conditions for their fabrication.

6.2 Methodology
To calculate the temperature of a shaded (under reverse bias condition) and illuminated
(under forward bias condition) solar cell, one should solve the energy balance equations as
described below. The heat transfer in a solar cell can occur through three different mechanisms;
conduction, convection and radiation. However, in thin film structure solar cells like that of
perovskites considered here, the conduction may be neglected as shown below. A solar cell
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operating in a real environment can have heat transfer through radiation to sky, surroundings
and ground and through convection to the ambient air. In addition, in a shaded solar cell a
thermal power 𝑃𝑅𝐵 can be dissipated within the solar cell due to the reverse bias and in an
illuminated solar cell a thermal power 𝑃𝑅𝑒𝑐 is generated due to non-radiative recombination of
charge carriers photoexcited by solar irradiation leading to an increase in solar cell temperature
[167]. Thus, the reverse bias applied to the shaded solar cell and non-radiative recombination
in an illuminated solar cell can be considered as heat sources. Accordingly, the temperature of
a shaded solar cell depends on the power 𝑃𝑅𝐵 dissipated through the reverse bias and that of
an illuminated solar cell depends on the thermal power 𝑃𝑅𝑒𝑐 generated through non-radiative
recombination of the photogenerated charge carriers due to incident solar irradiance. In
addition, the temperature of both the solar cells, shaded and illuminated, in a module depend
on the wind velocity and ambient temperature. Figure 6.1 shows different heat transfer
mechanisms schematically in shaded and illuminated solar cells.

Sky
Radiation
to sky

Convection
to ambient

Radiation to
surrounding

Surrounding

Shaded solar cell that is under
reverse bias due to the
unshaded adjacent solar cells
Wind

Generated heat due to the nonradiative recombination
Convection
to ambient

Radiation to
ground

Ground

Figure 6. 1 A schematic of the heat transfer mechanisms in a module of solar cells.
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The following three assumptions are made in carrying out the simulation presented
here: 1) solar cells operate under the steady state condition, i.e.

𝜕𝑇
𝜕𝑡

= 0, where 𝑇, is the

temperature and 𝑡 is time, 2) the temperature of individual solar cell is considered to be
uniform, i.e., no temperature gradient exists within a solar cell and 3) the conduction heat
transfer from adjacent solar cells is assumed to be negligible as explained below. The
assumption 1 is justified on the basis that any small change in temperature due to the solar
radiation may occur over a long period of day time and hence

𝜕𝑇
𝜕𝑡

may be regarded to be

negligible. The conduction heat transfer equations in the x- y- and z- directions (z- towards the
sun) as shown in Figure 6.2 (a) can be, respectively, written as [162]:

𝑄𝑥 = 𝑘𝐴𝑦𝑧 𝜕𝑥

𝜕𝑇

(6.1)

𝜕𝑇
𝜕𝑦

(6.2)

𝑄𝑦 = 𝑘𝐴𝑥𝑧

(6.3)

𝜕𝑇
𝑄𝑧 = 𝑘𝐴𝑥𝑦
𝜕𝑧
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(b)

(a)

Ground state
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𝑄𝑧

z

𝐸0

𝐴𝑥𝑦
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𝐴𝑦𝑧
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Figure 6. 2 (a) The conduction heat transfer directions in a solar cell, and (b) schematic
presentation of generation of heat through the non-radiative recombination.
where 𝑄𝑥 (𝑄𝑦 and 𝑄𝑧 ) is the thermal energy transferred through conduction mechanism in the
𝑥 (𝑦 and 𝑧) direction, and 𝐴𝑦𝑧 (𝐴𝑥𝑧 and 𝐴𝑥𝑦 ) is the area of the lateral surface of the cell in the
yz- (xz- and xy-) plane.

𝜕𝑇
𝜕𝑥

𝜕𝑇

(𝜕𝑦 and

𝜕𝑇
𝜕𝑧

) is the gradient of temperature along the x (y and z)

direction and 𝑘 is the thermal conductivity of the solar cell material. According to Eqs. (6.1)
and (6.2), in thin film solar cells such as PSCs, as 𝐴𝑥𝑧 and 𝐴𝑦𝑧 are of the nanoscale and hence
very small, leading to negligible conduction heat transfer (𝑄𝑥 , 𝑄𝑦 → 0) towards the x- and ydirections. In addition, the conduction heat transfer along the z-axis (towards the sun) is also
negligible because the thickness of PSCs is of the nm scale leading to the gradient of
𝜕𝑇

temperature (𝜕𝑧 ) negligibly small and hence according to Eq. (6.3) the conduction heat transfer
along the z-direction becomes negligible (𝑄𝑧 → 0).
In order to calculate the solar cell temperature, we need to solve the energy balance
equations for the shaded and illuminated solar cells. In the shaded one, only thermal power
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generation 𝑃𝑅𝐵 is expected to occur due to the reverse biased and hence the energy balance
equation can be written as:
𝑃𝑅𝐵 = ℎ𝑐,𝑐−𝑎𝑚𝑏 𝐴𝑥𝑦 (𝑇𝑐 − 𝑇𝑎𝑚𝑏 ) + ℎ𝑟,𝑐−𝑠𝑘𝑦 𝐴𝑥𝑦 (𝑇𝑐 − 𝑇𝑠𝑘𝑦 )

(6.4)

+ ℎ𝑟,𝑐−𝑔𝑟𝑜𝑢𝑛𝑑 𝐴𝑥𝑦 (𝑇𝑐 − 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 ) + ℎ𝑟,𝑐−𝑠𝑢𝑟 𝐴𝑥𝑦 (𝑇𝑐 − 𝑇𝑠𝑢𝑟 )
where 𝑃𝑅𝐵 = 𝐽𝑉, with 𝐽 being the current density, 𝑉 the reverse biased voltage, 𝑇𝑐 is the
temperature of shaded solar cell. ℎ𝑐,𝑐−𝑎𝑚𝑏 is convection heat transfer coefficient from solar
cell to ambient, ℎ𝑟,𝑐−𝑠𝑘𝑦 , ℎ𝑟,𝑐−𝑔𝑟𝑜𝑢𝑛𝑑 and ℎ𝑟,𝑐−𝑠𝑢𝑟 (Wm−2 𝐾 −1 ) are radiation heat transfer
coefficients from solar cell to sky, to ground and to surrounding, respectively. 𝑇𝑎𝑚𝑏 is ambient
temperature, 𝑇𝑠𝑘𝑦 is sky temperature which can be determined by 𝑇𝑠𝑘𝑦 = 0.0552 𝑇𝑎𝑚𝑏 1.5
[165], 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 and 𝑇𝑠𝑢𝑟 are ground and surrounding temperatures, respectively, which are
considered equal to 𝑇𝑎𝑚𝑏 . In the illuminated solar cell, the generation of thermal power is due
to (1) the excess energy absorbed from the sun above the band gap and (2) the non-radiative
recombination of the photo-generated electron and hole pairs 𝑃𝑅𝑒𝑐 . If 𝐼𝑟 is the solar radiation,
𝛼 is absorption coefficient, and 𝑇𝑐𝑟 is the temperature of the illuminated (radiated) solar cell,
then (𝐼𝑟𝛼𝐴𝑥𝑦 − 𝑃𝐺 ) gives the total power absorbed above the band gap, where 𝑃𝐺 is the rate of
energy absorbed to generate the photo-excited electron hole pairs and it can be written as:
𝑃𝐺 = 𝐺𝐸𝑔 𝐴𝑥𝑦 𝑑

(6.5)

where 𝐺 is the total electron hole pair generation, 𝐸𝑔 is band gap energy and 𝑑 is active layer
thickness. Thus, the energy balance equation for the illuminated cell can be given by:
𝐼𝑟𝛼𝑒𝑓𝑓 𝐴𝑥𝑦 + 𝑃𝑅𝑒𝑐

(6.6)

= ℎ𝑐,𝑐−𝑎𝑚𝑏 𝐴𝑥𝑦 (𝑇𝑐𝑟 − 𝑇𝑎𝑚𝑏 ) + ℎ𝑟,𝑐−𝑠𝑘𝑦 𝐴𝑥𝑦 (𝑇𝑐𝑟 − 𝑇𝑠𝑘𝑦 )
+ ℎ𝑟,𝑐−𝑔𝑟𝑜𝑢𝑛𝑑 𝐴𝑥𝑦 (𝑇𝑐𝑟 − 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 ) + ℎ𝑟,𝑐−𝑠𝑢𝑟 𝐴𝑥𝑦 (𝑇𝑐𝑟 − 𝑇𝑠𝑢𝑟 )
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where 𝐼𝑟𝛼𝑒𝑓𝑓 𝐴𝑥𝑦 ≡ 𝐼𝑟𝛼𝐴𝑥𝑦 − 𝑃𝐺 and 𝛼𝑒𝑓𝑓 is a fitting parameter to experimental results and
its value is given in Table 6.1.
The radiation heat transfer coefficients from cell to sky ℎ𝑟,𝑐−𝑠𝑘𝑦 , to the ground ℎ𝑟,𝑐−𝑔𝑟𝑜𝑢𝑛𝑑
and to the surrounding ℎ𝑟,𝑐−𝑠𝑢𝑟 can be determined by [1, 162]:
ℎ𝑟,𝑐−𝑠𝑘𝑦 = 𝜀𝑐 𝜎𝑠𝑏 (𝑇𝑐(𝑐𝑟) + 𝑇𝑠𝑘𝑦 )(𝑇𝑐(𝑐𝑟) 2 + 𝑇𝑠𝑘𝑦 2 )

(6.7)

ℎ𝑟,𝑐−𝑔𝑟𝑜𝑢𝑛𝑑 = 𝜀𝑐 𝜎𝑠𝑏 (𝑇𝑐(𝑐𝑟) + 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 )(𝑇𝑐(𝑐𝑟) 2 + 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 2 )

(6.8)

ℎ𝑟,𝑐−𝑠𝑢𝑟 = 𝜀𝑐 𝜎𝑠𝑏 (𝑇𝑐(𝑐𝑟) + 𝑇𝑠𝑢𝑟 )(𝑇𝑐(𝑐𝑟) 2 + 𝑇𝑠𝑢𝑟 2 )

(6.9)

where 𝜀𝑐 is the emissivity coefficient of solar cell and 𝜎𝑠𝑏 = 5.67 × 10−8 (Wm−2 𝐾 −4 ) is the
Stefan–Boltzmann constant.
The convection heat transfer coefficient ℎ𝑐,𝑐−𝑎𝑚𝑏 (Wm−2 𝐾 −1 ) from cell to the ambient air is
given by the empirical equation [1, 166]:
ℎ𝑐,𝑐−𝑎𝑚𝑏 = 5.62 + 3.9 𝑣

(6.10)

where 𝑣 is the wind velocity and the numbers 5.62 and 3.9 are extracted empirically by
experiment.
The non-radiative recombination in the illuminated PSC is found to be the dominant
[79, 126-128] and it converts the absorbed solar energy into heat in the active layer of solar
cells. Thus, the non-radiative recombination can be considered as a heat source [167]. Most
recombination occurring in the tail states are non-radiative and the thermal power thus
generated in an illuminated PSC can be given by:

124

𝑃𝑅𝑒𝑐 = 𝑅𝑡𝑎𝑖𝑙 𝐸𝑅 𝐴𝑥𝑦 𝑑

(6.11)

where 𝑅𝑡𝑎𝑖𝑙 is the rate of tail state recombination calculated by solving the Poisson and driftdiffusion equations model described in [101, 139, 164] and 𝐸𝑅 is the heat energy generated per
recombination. In the non-radiative recombination, it is assumed that one of the charge carriers
(electron or hole) is trapped in the tail states and other (electron or hole) is free in the CB or
VB, respectively. Thus, the thermal energy released due to the non-radiative recombination of
free electrons in the CB with the trapped holes in the VB tail states, and free holes in VB with
the trapped electrons in the CB tail states may be assumed to be equal to be nearly the band
gap energy 𝐸𝑔 , as shown in Figure 6.2 (b), and this gives 𝐸𝑅 ≈ 𝐸𝑔 .

In order to determine 𝑇𝑐 and 𝑇𝑐𝑟 , we have to solve Eqs. (6.4) and (6.6) numerically.
For doing this first we express 𝑇𝑐 and 𝑇𝑐𝑟 from Eqs. (6.4) and (6.6), respectively, as:
𝑇𝑐 = [𝑃𝑅𝐵 + 𝐴𝑥𝑦 (ℎ𝑐,𝑐−𝑎𝑚𝑏 𝑇𝑎𝑚𝑏 + ℎ𝑟,𝑐−𝑠𝑘𝑦 𝑇𝑠𝑘𝑦 + ℎ𝑟,𝑐−𝑔𝑟𝑜𝑢𝑛𝑑 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 +

(6.12)

ℎ𝑟,𝑐−𝑠𝑢𝑟 𝑇𝑠𝑢𝑟 )]/𝐴𝑥𝑦 (ℎ𝑐,𝑐−𝑎𝑚𝑏 + ℎ𝑟,𝑐−𝑠𝑘𝑦 + ℎ𝑟,𝑐−𝑔𝑟𝑜𝑢𝑛𝑑 + ℎ𝑟,𝑐−𝑠𝑢𝑟 )

𝑇𝑐𝑟 = (𝐼𝑟𝛼𝑒𝑓𝑓 + 𝑅𝑡𝑎𝑖𝑙 𝐸𝑅 𝑑 + ℎ𝑐,𝑐−𝑎𝑚𝑏 𝑇𝑎𝑚𝑏 + ℎ𝑟,𝑐−𝑠𝑘𝑦 𝑇𝑠𝑘𝑦 + ℎ𝑟,𝑐−𝑔𝑟𝑜𝑢𝑛𝑑 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 + (6.13)
ℎ𝑟,𝑐−𝑠𝑢𝑟 𝑇𝑠𝑢𝑟 )/(ℎ𝑐,𝑐−𝑎𝑚𝑏 + ℎ𝑟,𝑐−𝑠𝑘𝑦 + ℎ𝑟,𝑐−𝑔𝑟𝑜𝑢𝑛𝑑 + ℎ𝑟,𝑐−𝑠𝑢𝑟 )

By substituting ℎ𝑟,𝑐−𝑠𝑘𝑦 , ℎ𝑟,𝑐−𝑔𝑟𝑜𝑢𝑛𝑑 and ℎ𝑟,𝑐−𝑠𝑢𝑟 from Eqs. (6.7) – (6.9) in Eqs. (6.12) and
(6.13), we get two transcendental equations which can be solved numerically by iteration [175].
In order to solve Eqs. (6.12) and (6.13) by iteration, first we start with a chosen temperature of
both shaded and illuminated solar cells to determine the heat transfer coefficients in Eqs. (6.7)
– (6.9). Then, use these ℎ𝑟,𝑐−𝑠𝑘𝑦 , ℎ𝑟,𝑐−𝑔𝑟𝑜𝑢𝑛𝑑 and ℎ𝑟,𝑐−𝑠𝑢𝑟 in Eqs. (6.12) and (6.13) to get new

125

values of 𝑇𝑐 and 𝑇𝑐𝑟 which are then used in the next iteration and so on until a convergence is
achieved.

6.3 Results and discussions

We have calculated the temperature of the shaded solar cell for different range of 𝑃𝑅𝐵 and
that of the illuminated solar cell at an incident solar radiation of 1000 W/m2 (AM 1.5G) for
different wind velocities and ambient temperatures.
In order to validate our model, first we have calculated the J-V characteristics of an
illuminated PSC of the structure ITO/ NiO/ Cs0.17FA0.83Pb (I0.83 Br0.17)3 / C60/ SnO2/ ITO and
compared with the experimental results. The input data required for this simulation are listed
in Table 6.1 and both experimental and theoretical J-V characteristics of the illuminated PSC
are shown in Figure 6.3 (a), which illustrate that our simulation results agree very well with the
experimental ones. We have also simulated the dark J-V characteristics of the PSC and
compared with the experimental results as shown in Figure 6.3 (b), which are in good
agreements with experiments. The simulation results give a breakdown voltage of about -1 V
(see Figure 6.3 (b)), which also agrees with the experimental results. It may therefore be
concluded that the drift diffusion model can be expected to account for the breakdown
behaviour in the dark characteristics as well.
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Table 6. 1 Input parameters used in the simulation [2].
Parameter

Value

𝜀𝑐 emissivity coefficient

0.9

𝐼𝑟 (Wm−2 ) Solar irradiance
𝛼𝑒𝑓𝑓 Effective absorption coefficient

1000
0.3

G (𝑚−3 𝑠 −1 ) Electron and hole pair generation
𝐸𝑔 (eV) Band gap
𝑑 (nm) Active layer thickness
𝑁𝑐 , 𝑁𝑣 (m−3 ) Effective concentration of electrons and holes
𝜇𝑛 (m2 V −1 s −1 ) Mobility of electrons
𝜇𝑝 (m2 V −1 s −1 ) Mobility of holes
𝑁𝑐0 , 𝑁𝑣0 (cm−3 eV −1 ) Density of tail state per energy interval
𝛽𝑛0 (cm3 s −1 ) Capture rate coefficient for the conduction band tail

3.5 × 1027

𝛽𝑝0 (cm3 s −1 ) Capture rate coefficient for the valence band tail
𝐸𝑈𝑐 = 𝐸𝑈𝑣 (meV) Urbach’s energy of conduction and valence band

5× 10−10
45

1.6
300
1026
0.5 × 10−4
0.5 × 10−4
1020
2.5× 10−10

tail states

Figure 6. 3 Comparison of simulated J-V characteristics of a) an illuminated PSC and b) a
shaded (in dark condition) PSC of structure ITO/ NiO/ Cs0.17FA0.83Pb (I0.83 Br0.17)3 / C60/ SnO2/
ITO with the experimental results [170].
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In Figures 6.4 (a), (b) and (c), we have plotted the temperature of the shaded solar
cell at three different ambient temperatures 270 K, 300 K and 330 K, respectively, as a
function of the dissipated power 𝑃𝑅𝐵 due to the reverse bias and at three different wind
velocities of 0, 5 m/s and 10 m/s. In Figures 6.4, we have also indicated the corresponding
temperature of the illuminated solar cell at the incident solar radiation of 1000 W/m2 by
arrows and at the maximum power 𝑃𝑚𝑎𝑥 . We call the intersect of the temperature of
illuminated and shaded solar cells as threshold of dissipation due to the reverse bias.
According to Figures 6.4 (a), (b) and (c), the temperature of shaded solar cell under
reverse bias condition is less than that of illuminated solar cell under forward bias
condition when 𝑃𝑅𝐵 < 6 W at all the three wind velocities and three ambient temperatures.
This implies that the temperature rise in the illuminated solar cell due to the incident solar
radiation is higher than that due to the heat generated in the shaded solar cell under the
reverse bias when 𝑃𝑅𝐵 < 6 W and this condition is independent of the ambient
temperature and wind velocity. Therefore, in order to prevent solar cells from degradation
under reverse bias of more than 6 W, it is important to use the by-pass diodes. The bypass diodes may also protect solar cells operating, at reverse bias less than 6 W, when the
influence of solar radiation is more pronounced and may induce degradation.
Furthermore, according to Figures 6.4 (a), (b) and (c), increasing the wind velocity from
0 to 5 m/s leads to a more significant reduction in the solar cell temperature at any
dissipated power 𝑃𝑅𝐵 > 2 W than that due to the increase in wind velocity from 5 to 10
m/s. It may also be noted that in Figures 6.4 at a low 𝑃𝑅𝐵 the solar cell temperature is
nearly wind velocity independent but as the 𝑃𝑅𝐵 increases the influence of wind velocity
on the solar cell temperature becomes very significant at all the three ambient
temperatures. This effect is due to the fact that as 𝑃𝑅𝐵 increases the temperature rises, but
at the same time, the effect of increase of wind velocity will lose the heat through
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convection and hence the temperature will decrease. Bowring et al. [170] have measured
the temperature of perovskite solar cells at -5 V and found it to be about 70 ℃. However,
they have not provided information about the current and experimental conditions such
as ambient temperature and wind velocity. As the lab temperature is around 300K and
without wind velocity, according to red curve of Figure 6.4 (b), the solar cell temperature
can reach 70 ℃ at a reverse biased power 𝑃𝑅𝐵 ≈ 12 𝑊.
It may be noted that a solar cell in a module is expected to be surrounded by four
solar cells, and the condition of each adjacent solar cell may influence the reverse bias
condition of the shaded solar cell. Also, the condition of the four adjacent solar cells
depends on other solar cells in the module. Therefore, the dissipated power due to the
reverse bias in a shaded solar cell depends on the condition of all solar cells in the module.

Figure 6. 4 The shaded solar cell temperature under reverse bias condition as a function
of the dissipated power due to the reverse bias and wind velocity at three different ambient
temperatures: a) 270 K, b) 300 K and c) 300 K. The arrows show the temperature of
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illuminated solar cell under forward bias condition at the AM1.5G solar irradiance 1000
𝐖/𝐦𝟐 for different wind velocities at 𝑷𝒎𝒂𝒙 .

As the illuminated PSC operates under forward bias condition, we have calculated 𝑃𝑅𝑒𝑐
and solar cell temperature 𝑇𝑐𝑟 at 𝐽𝑠𝑐 , 𝑉𝑜𝑐 and 𝑃𝑚𝑎𝑥 at three different ambient temperatures,
270, 300 and 330 K and listed them in Table 6.2. In our calculations, we have assumed
that the wind velocity is zero, the area of solar cell is 1 cm2 and the solar cell thickness
is 300 nm. The results presented in Table 6.2 show that 𝑃𝑅𝑒𝑐 is less than 0.01 W and 0.05
W at 𝐽𝑠𝑐 and 𝑃𝑚𝑎𝑥 , respectively, for all the three temperatures and it does not increase 𝑇𝑐𝑟
significantly. However, 𝑃𝑅𝑒𝑐 becomes significant at the 𝑉𝑜𝑐 condition, leading to 𝑇𝑐𝑟
higher than that at 𝐽𝑠𝑐 by about 12.7 K, 13.3 K and 13.9 K at the ambient temperatures of
270 K, 300 K and 330 K, respectively. This implies that the influence of non-radiative
recombination in increasing 𝑇𝑐𝑟 is significant under the 𝑉𝑜𝑐 condition and may lead to
faster degradation of PSC. It is known that in PSCs, the interface of ETL (electron
transport layer) and active layer and that of active layer and HTL (hole transport layer)
act as trapping centres leading to non-radiative recombination [159, 160]. Thus, by
passivating the interfaces and reducing the non-radiative recombination at the interfaces
not only the current density would increase but also the operating temperature of PSCs
would decrease, which may increase their stability by reducing the possibility of
degradation. Also, according to Table 6.2, 𝑃𝑅𝑒𝑐 increases as the 𝑇𝑐𝑟 increases, which may
be attributed to the higher recombination rate at higher temperatures and agrees well with
the previous results [131].
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Table 6. 2 𝑻𝒄𝒓 and 𝑷𝑹𝒆𝒄 under forward bias and different ambient temperatures [2].
Condition
𝐽𝑠𝑐

𝑃𝑚𝑎𝑥

𝑉𝑜𝑐

𝑇𝑎𝑚𝑏 (K)
𝑇𝑎𝑚𝑏 = 270
𝑇𝑎𝑚𝑏 = 300
𝑇𝑎𝑚𝑏 = 330
𝑇𝑎𝑚𝑏 = 270
𝑇𝑎𝑚𝑏 = 300
𝑇𝑎𝑚𝑏 = 330
𝑇𝑎𝑚𝑏 = 270
𝑇𝑎𝑚𝑏 = 300
𝑇𝑎𝑚𝑏 = 330

𝑃𝑅𝑒𝑐 (W)
0.008
0.009
0.01
0.03
0.04
0.05
3.3
3.31
3.32

𝑇𝑐𝑟 (K)
296.6
322.3
350.2
296.7
322.5
350.3
309.3
335.6
364.1

By increasing the thickness of the absorbing layer in an illuminated PSC, it is
expected that the non-radiative recombination and subsequently the temperature of solar
cell will increase. In order to investigate the influence of thickness on 𝑃𝑅𝑒𝑐 and 𝑇𝑐𝑟 , we
have calculated 𝑃𝑅𝑒𝑐 and 𝑇𝑐𝑟 for three different thicknesses of 100 nm, 200 nm and 300
nm at 𝑉𝑜𝑐 , 𝑇𝑎𝑚𝑏 = 300 K and the zero-wind condition. Under such conditions, we have
calculated 𝑃𝑅𝑒𝑐 = 1 W, 3.3 W and 5.53 W and 𝑇𝑐𝑟 = 325.9 K, 335.6 K and 345.8 K for
thicknesses 100 nm, 200 nm and 300 nm, respectively. The increase in the solar cell
temperature for increasing the thickness from 100 nm to 300 nm at 𝑉𝑜𝑐 condition is nearly
20 K, which is very significant.
It may be desirable to assess the assumption that the temperature of a solar cell
remains uniform during its operation. To do this, we have applied the lumped capacitance
method for a PSC. By using this method we can assume that the temperature of a solid is
spatially uniform at any instant, and the temperature gradient within the solid is negligible
[162]. To validate this method, the Biot number, which is a dimensionless number for
validation of lumped capacitance method, should be less than 0.1 (Biot<<0.1). The Biot
number can be determined by [162]:
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Biot =

𝐿𝑐 ℎ𝑐,𝑐−𝑎𝑚𝑏
𝑘

(6.14)

where 𝐿𝑐 is the characteristic length and can be determined by 𝐿𝑐 = 𝑉𝑜𝑙/𝐴𝑥𝑦 , 𝑉𝑜𝑙 being
the volume of solar cell, ℎ𝑐,𝑐−𝑎𝑚𝑏 is the convection heat transfer coefficient from solar
cell to ambient. We have calculated ℎ𝑐,𝑐−𝑎𝑚𝑏 from Eq. (6.10) and found it to be in the
range of 5.62 to 44.62 W/m2 K for wind velocities in the range 0 to 10 m/s. Using the
thickness of the active layer of CH3NH3PbX3 as 𝐿𝑐 = 300 nm and in a wind velocity of
10 m/s, we get Biot ≈ 3.9 × 10−5 from Eq. (6.14) which is much less than 0.1 and
supports our assumption of uniform temperature.

6.4 Conclusions
A mathematical model is developed to calculate the temperature of shaded (under
reverse bias condition) and illuminated (under forward bias condition) perovskite solar
cells under various ambient conditions. The results have shown that the dissipated power
due to the reverse bias should be more than around 6 W to have a higher temperature in
the shaded solar cell than that in the illuminated solar cell at the solar irradiance of
1000 W/m2 , and this result is almost ambient temperature and wind velocity
independent. Using the mathematical model, 𝑃𝑅𝑒𝑐 in an illuminated PSC becomes
significant at the 𝑉𝑜𝑐 condition, leading to 𝑇𝑐𝑟 higher than that at 𝐽𝑠𝑐 by about 12.7 K, 13.3
K and 13.9 K at the ambient temperatures of 270 K, 300 K and 330 K, respectively. The
influence of solar cell thickness on the solar cell temperature is investigated and it is found
that by increasing the thickness from 100 nm to 300 nm, the solar cell temperature can
increase by 20 K at 𝑉𝑜𝑐 and under the same ambient conditions. The results of this paper
may be used in the fabrication of PSCs by passivating the interfaces and incorporating
built-in by pass diodes. The use of by-pass diodes can protect PSCs from degradation at
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both the reverse bias higher as well as lower than 6 W and the passivation of interfaces
also can reduce the operating temperature of PSCs which may increase their stability.
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Chapter 7 Experimental works
For fabricating organic solar cells (OSCs) at Charles Darwin University (CDU),
there was only a spin coater and some consumable organic materials in the so called the
Organic Laboratory before the candidate commenced his Ph.D. thesis work. Then, a
thermal evaporator was acquired through an internal grant to deposit the metal electrodes
on OSCs. However, before one could start fabricating OSCs, one needed to get some
training in getting the skills to do it. The candidate first went to Hong Kong Baptist
University (HKBU) to get trained in fabricating OSCs and perovskite solar cells (PSCs),
and then also spent some time at the University of New South Wales (UNSW) during his
Ph.D. in learning the skills. After that he set up the laboratory and fabricated first OSCs
at CDU. He has successfully fabricated OSCs with the structure: ITO/ PEDOT: PSS/
P3HT: PCBM/ Al and measured their open circuit voltage (𝑉𝑜𝑐 ) for the first time in CDU.
Although very basic, it has been a very worthwhile project and has successfully engaged
the final year engineering undergraduates and master thesis students in carrying out their
projects at CDU. As described above, this experimental work is basic and may not be
regarded of the Ph.D. level, the candidate has devoted significant amount of time, and
hence it is desirable to assign it to his credit. In this chapter after the introductory part,
are described the works the candidate has carried out and skills learnt in fabricating OSCs
and PSCs in HKBU, CDU and UNSW.

7.1 Introduction
Coating and printing are two techniques that can be used for producing solution
processed devices such as OSCs and PSCs. There are different coating techniques such
as spin coating, doctor blading and spray coating for depositing thin films. Spin coating
technique has several advantages over other coating techniques, such as formation of very
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homogenous films over a large area and highly reproducible formation of films. The
spinning angular velocity of the substrate with the overlying solution results in the
ejection of most of the liquid from the solution leaving only a thin film on the substrate.
The thickness, morphology and surface topography of the final film obtained from a
particular material in a given solvent at a given concentration is highly reproducible [176].
Although this technique is precise and reproducible, it has some disadvantages such as
large material losses (>90%) and the incompatibility with roll to- roll processing [177].
The doctor blading technique overcomes many of the disadvantages of spin coating, and
it is compatible with role-to-role processing [178]. Doctor blading is comparable to knife
coating, whereby a knife homogenously spreads ink as the blade is drawn over a substrate,
and in this technique the loss of material can be reduced to less than 5% [176, 177]. Four
parameters determine the film formation: the concentration (responsible for the viscosity
of the ink), the temperature of the solution, the speed of the blade and the distance between
the blade and the substrate [177]. Another coating technology is spray coating, which is
even easier than the doctor blading to perform, is also used as an alternative [179]. Spray
coating transfers small droplets (from microns to tens of microns) of ink onto a substrate,
where they dry upon impact [177].
Likewise, there are different printing methods which are also used to fabricate
OSCs and PSCs from solution. Most printing methods require relatively high-viscosity
inks; however, coating is more compatible with low viscosity-inks such as OSCs
materials [177]. There are three printing methods that work well with low-viscosity inks:
inkjet, flexography and gravure printing. The ink jet printing process has the advantage
of quite high resolution, and the disadvantage is possibly a limitation in printing speed
[176]. In flexography printing, soft and flexible printing plates are used in combination
with low-viscosity inks and low transfer pressures. In gravure printing, the printing
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pattern is engraved into the printing plate. During inking, the engraved cells of the plate
are filled, and during imprinting, the substrate removes and takes up the ink from the cells
[177]. It should be mentioned that there are many more film-forming techniques available
that have been developed for high volume processing of paper, plastic and textile
materials where the substrate is in the form of a continuous roll of material which is called
roll-to-roll coating or reel-to-reel coating [176]. The spin coating technique has been used
for preparing OSCs and PSCs in our laboratories as described below.

7.2 Experimental work in Hong Kong Baptist University
7.2.1 Fabricating the inverted OSCs with the structure of ITO/ ZnO/ P3HT:
PCBM/ MoO3/ Ag
The candidate has fabricated OSCs of the inverted structure with ITO/ ZnO/
P3HT: PCBM/ MoO3/ Ag in HKBU.
In order to fabricate an OSC of the structure: ITO/ ZnO/ P3HT: PCBM/ MoO3/
Ag, a prefabricated glass strip of dimensions 25×25×1.1 mm coated with ITO which has
a thickness series resistance of 10 𝛀 is used as the substrate as shown in Figure 7.1. First,
the substrate is cleaned by a nitrogen gun, then by ultra-sonication sequentially with dilute
detergent solution, deionized water, acetone, and isopropanol for 30 minutes each.

Figure 7. 1 The ITO substrate that has been used for fabricating OSCs.
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In the next step, we use 12.5 mg P3HT and 10 mg PCBM (1:0.8) and pour them
in an amber vial as shown in Figures 7.2 (a) and (b).

(b)

(a)

Figure 7. 2 (a) Weighting P3HT and PCBM and (b) pouring them in an amber vial.
Then, we add 500 μL ODCB to P3HT: PCBM, and the solution is placed on a hot
plate (50 ℃) with magnetic stirring bar for one day. Next, using spin coater, 30 μL ZnO
is deposited on the cleaned ITO substrate with a spin speed of 2500 rpm for 15 seconds,
which deposits ZnO with a thickness of roughly 10 nm. In the next step, with the same
technique, we deposit a 40 μL of organic active layer blend of P3HT: PCBM with a spin
speed of 2000 rpm for 30 seconds, which deposits a thickness of 90 nm. However, it
should be mentioned that the film thickness is controlled by a combination of spinning
speed, acceleration, solution viscosity, and temperature [177]. In order to check the
thickness of ZnO and P3HT: PCBM layers, we have deposited ZnO and P3HT: PCBM
in another ITO substrate with the same spin coating processes, and we have measured the
thicknesses of active layer and ZnO by profilometer shown in Figure 7.3. The measured
thicknesses of ZnO and P3HT: PCBM are obtained 10 nm and 90 nm, respectively.
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Figure 7. 3 The profilometer that we have used to measure the thickness of layers in
OSCs.
Thus, deposited active layer was then annealed on a hot plate (Figure 7.4) at a
temperature of 150 ℃ for 10 minutes. It was then cooled in the vacuum place of glovebox
for 20 minutes. Next, we have bleached the active layer from a part of the surface by
acetone and a cotton bud to deposit MoO3 and Ag. For depositing MoO3 and Ag, the
active layer surface thus prepared is then masked and put in a thermal evaporator to
deposit 2 nm of MoO3 first and then 100 nm Ag. We have thus completed the fabrication
of an OSC without encapsulation. Each OSC thus fabricated is subjected to the
measurement of its PCE first by the solar simulator assembled within the glove box. If
the measured PCE of an OSC is reasonably high, only then it is encapsulated using the
following procedures.
For encapsulation, first we choose a glass slide of an area smaller than that of the
prepared OSC and cover it with a high temperature tape (thermal resistant tape) on one
side. The other side of this slide is placed on the OSC, and its periphery is glued to the
OSC by a syringe 90°. Next, we put the cell in the UV box (encapsulation machine which
is shown in Figure 7.5) for encapsulation.
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Figure 7. 4 Annealing the sample on the hot plate. The samples are covered to be
protected from light.

Figure 7. 5 Encapsulation machine which is used in HKBU for encapsulating OSCs.
One of the inverted OSCs fabricated and encapsulated by the candidate is shown
in Figure 7.6, and we measured its characteristics and found with PCE=3.1%, 𝐹𝐹 =56%,
𝑉𝑜𝑐 =0.53 V, 𝐽𝑠𝑐 =10.35 mA/cm2 .
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Figure 7. 6 The inverted OSC that the candidate fabricated in HKBU.

7.2.2 Fabricating the conventional OSC with the structure of ITO/ PEDOT: PSS/
P3HT: PCBM/ ZnO/ Ag
The processes of fabricating the conventional structure OSCs are similar to those
of inverted ones as they have several common layers. However, in order to deposit
PEDOT: PSS layer some extra precautions are required which are described below.
Getting a high quality PEDOT: PSS film is critical for an effective device
performance. For depositing PEDOT: PSS, first, we pipet it in a vial and put it in the
ultrasonic machine for 10 minutes to become uniform. Also, before depositing PEDOT:
PSS, we put the substrate in the UV plasma machine for 10 minutes for a better
deposition. The PEDOT: PSS is first filtered, and then we pipet it on the substrate by a
syringe for spin coating with a spin speed of 5000 rpm for 30 seconds, which deposits a
thickness of 40 nm. The deposition of other layers including the fabrication of cathode
and encapsulation are carried out through the procedures described above for the inverted
structure. The conventional OSC that prepared and encapsulated exhibited a PCE=2.9%,
𝐹𝐹 =55%, 𝑉𝑜𝑐 =0.52 V, 𝐽𝑠𝑐 =10.02 mA/cm2 . These results show that inverted structure has
slightly higher PCE, 𝐹𝐹, 𝑉𝑜𝑐 and 𝐽𝑠𝑐 than the conventional structure. This agrees with the
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results that we have presented in chapter 3 by simulation for conventional and inverted
structures, although the active layer thickness in the simulation has been considered to be
200 nm instead of 90 nm. Figure 7.7 shows the conventional OSC that the candidate
fabricated at the HKBU.

Figure 7. 7 The conventional OSC that the candidate fabricated at the HKBU.

7.3 Experimental work at Charles Darwin University
At the Organic Electronics Laboratory, CDU the candidate has fabricated
conventional OSCs of the structure Glass/ ITO/ PEDOT: PSS/ P3HT: PCBM/ Al
following the steps described below.
7.3.1 Preparation of the substrate
Pre-patterned ITO on the glass slides of the dimensions 15×20 mm shown in
Figure 7.8 are bought from Ossila company. First these slides are cleaned by distilled
water in an ultrasonic cleaning machine for 30 minutes as shown in Figure 7.9. In order
to identify which surface of glass slides is ITO coated, we measure the resistance using a
Multi-metre, and then mark the glass surface with a permanent marker.
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Figure 7. 8 Pre-patterned ITO on glass slide.

Figure 7. 9 Ultrasonic cleaning machine that we use to clean the glass slides.
7.3.2 Depositing the hole transport layer (PEDOT: PSS) on ITO
First, we filter PEDOT: PSS through a 0.45 𝜇m PVDF filter, which has also been
bought from Ossila Company. Then, we spin coat 30 μL PEDOT: PSS at 5000 rpm for
30 seconds to produce a film of thickness about 40 nm. After spinning, we check visually
the PEDOT: PSS films for defects, all visually imperfect looking depositions are
discarded until a prefect deposition is achieved. On such a selected slide then a part of
PEDOT: PSS film is removed with a cotton bud and water for depositing the cathode
electrode later as the last step. Such a slide is then annealed for 5 min at 150 ℃ to remove
any residual water. As we do not have a glovebox yet, we have done all these processes
in a fume cabin as shown in Figure 7.10.
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Figure 7. 10 Fume cabin that has been used in CDU.
7.3.3 Depositing the active layer
For initial fabrication of OSCs, we have used the blend of well-known organic
materials P3HT: PCBM as the active layer. First, we have blended P3HT: PCBM in the
ratio of 1:0.6 in Chlorobenzene with the total concentration of 25 mg/ml. Then, using a
stirring bar inside the vial the blend is put on a hot plate to be mixed as shown in Figure
7.11. After that 30 μL of the solution is pipetted on the substrate which spins with speed
of 2000 rpm for 15 seconds as shown in Figure 7.12. This spin speed produces an active
layer thickness of around 90 nm. A part of the active layer then removed and the surface
is cleaned by a cotton bud and Chlorobenzene solvent for preparing the cathode.
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Figure 7. 11 Mixing the active layer blend.

Figure 7. 12 Depositing the active layer.
7.3.4 Depositing aluminium (Al) cathode
In order to deposit Al on the substrate as cathode, we have used the thermal
evaporator that we have bought from Plasmionique company as shown in Figure 7.13.
John Morris group has installed this device in our lab, and trained the candidate with all
the details on its operation in 2017.
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Figure 7. 13 Thermal evaporator which has been used to deposit cathode.
After depositing the active layer and cleaning the cathode strip, we have used a
tape as mask for our sample. Then, we install the sample in the substrate holder as shown
in Figure 7.14.

Figure 7. 14 Installing the sample in the substrate holder of the thermal evaporator.
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After that the thermal evaporator is used to evaporate Al in vacuum ~ 10−5 Torr on the
masked sample, and the thickness and rate of deposition of Al is monitored by the
computer of the thermal evaporator as shown in Figure 7.15. A thickness of 100 nm with
deposition rate of 0.1 nm/s is deposited for the cathode of Al.

Figure 7. 15 The computer monitor of the thermal evaporator for controlling and
monitoring the deposition of a metal electrode.
Finally, we measure the 𝑉𝑜𝑐 of an OSC thus prepared by exposing it to the solar
radiation. It should be mentioned that we do not yet have a solar simulator to measure the
accurate J-V characteristics of solar cells. The best 𝑉𝑜𝑐 that we have achieved so far is
about 0.42 V. A conventional OSC that we have fabricated at CDU is shown in Figure
7.16.

Figure 7. 16 The conventional OSC that has been fabricated at CDU.
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7.4 Fabrication of Perovskite Solar Cells (PSCs) at the University of New
South Wales
In this section are described the fabrication of two PSCs carried out at the UNSW
laboratory:
7.4.1 Fabrication of (1) PSC of the structure: Glass/ ITO/ SnO2/
FA0.4MA0.6PbI2.8Br0.2/ SPIRO/ Ag
The procedure of fabrication of a PSC of the structure: Glass/ ITO/ SnO2/
FA0.4MA0.6PbI2.8Br0.2 /SPIRO/ Ag is similar to that described above in sections 7.2 and
7.3 and briefly described below:
In order to clean the substrate, first they are kept in deionized water and
Hellmanex III and super sonicated for 10 minutes as it is shown in Figure 7.17. Then,
they are washed in deionized water ultra-sonication for 10 minutes to remove the
Hellmanex III.

Figure 7. 17 Cleaning of the substrate by super sonication.
Then, it is washed first by Acetone, and then 2-Propanol for 10 minutes each in
ultrasonic cleaning machine. The substrates are then dried and placed in a UV Zone
Clearer for 10 minutes as shown in Figure 7.18.
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Figure 7. 18 Drying the substrates using the UV Zone clearer.
On the substrate thus prepared, SnO2 is spin coated at 5000 rpm for 1 minute as shown
in Figure 7.19 to get a SnO2 layer of thickness 20 to 30 nm.

Figure 7. 19 Depositing SnO2 on the substrate using the spin coater.
The sample thus prepared is placed on a hot plate for annealing at a temperature of 150℃
for 30 minutes as shown in Figure 7.20.

Figure 7. 20 Annealing of the sample using a hot plate at 150℃ for 30 minutes.
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Next, we have spin coated the active layer of FA0.4MA0.6PbI2.8Br0.2 with a spin speed of
2500 rpm for 30 seconds to deposit an active layer thickness of 350 nm. A hole transport
layer of 70 mg of SPIRO with 1 μL chlorobenzene and 30 μL FK209 is then spin coated
on the top of the active layer. Finally, the electrode of Ag is deposited by thermal
evaporator as shown in Figure 7.21. The thickness of Ag electrode is 100 nm, and it is
deposited at a rate of 0.2 nm/s.

Figure 7. 21 The thermal evaporator used for depositing Ag layer.
Figure 7.22 shows the PSC thus fabricated, and its photovoltaic properties are measured
by a solar simulator. We have thus measured 𝐽𝑠𝑐 =23 mA/cm2 , 𝑉𝑜𝑐 =1.1 V, shunt resistance
𝑅𝑠ℎ𝑢𝑛𝑡 = 4.9× 104 𝛀, 𝑃𝑚𝑎𝑥 =0.84 W, FF=71.7 and PCE=18.6%.
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Figure 7. 22 The solar cell with structure Glass/ ITO/ SnO2/ FA0.4MA0.6PbI2.8Br0.2 /
SPIRO/ Ag that is fabricated at UNSW.
The morphology of the above PSC was scanned using a SEM as shown in Figure 7.23,
which reveals large grain boundaries.

(b)

(a)

Figure 7. 23 a) SEM used for measuring the morphology and b) the grain boundaries of
the active layer of the PSC of the structure Glass/ ITO/ SnO2/ FA0.4MA0.6PbI2.8Br0.2/
SPIRO/ Ag.

7.4.2 Fabrication of (2) PSC of structure: Glass/ ITO/ PEDOT: PSS/ Cs0.15 FA0.85
PbI3/ PC71BM / Ag
Here the preparation of the substrate was carried out in the same way as described
above for PSC (1). Then, a filtered PEDOT: PSS is spin coated on the substrate with a
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spin speed of 4000 rpm for 30 seconds and annealed at temperature 120 ℃ for 15 minutes.
In order to prepare the active layer solution, we have used 117 mg CsI, 438.6 mg FAI and
1383 mg PbI2 and mixed them with 2.7 mL DMF and 0.3 mL DMSO solvents. The
solution of the active layer is then filtered, and spin coated at a spin speed of 4500 rpm
for 30 seconds to get the active layer thickness about 300 nm. Then, the electron transport
layer is prepared using a solution of 13 mg PC71BM mixed with 650 ml chlorobenzene
which is stirred over night for proper dissolution. The solution of PC71BM thus prepared
is spin coated on the active layer at a spin speed of 3000 rpm for 30 seconds to have a
thickness of around 20-30 nm. Finally, the electrode of 100 nm Ag is deposited by thermal
evaporator as described above in (1). The solar cell thus prepared is shown in Figure 7.24,
which exhibits 𝐽𝑠𝑐 = 20.78 mA/cm2 , 𝑉𝑜𝑐 =0.89V, FF= 65.82 and PCE=12.16%.

Figure 7. 24 Fabricated PSC of the structure Glass/ ITO/ PEDOT: PSS/ Cs0.15 FA0.85 PbI3/
PC71BM/ Ag at UNSW laboratory.
The morphology of this PSC as revealed by the SEM is shown in Figure. 7.25, which has
smaller grain boundaries in comparison with those in Fig. 7.23 (b).
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Figure 7. 25 The grain boundaries of the active layer of the PSC of the structure Glass/
ITO/ PEDOT: PSS/ Cs0.15 FA0.85 PbI3/ PC71BM/ Ag.

7.5. Conclusions
In this chapter, the candidate has presented the experimental works that he has
carried out and the skills developed in fabricating OSCs and PSCs in collaboration with
HKBU, CDU and UNSW. Both types of OSCs, conventional and inverted structures were
fabricated. The inverted OSC had the structure of ITO/ ZnO/ P3HT: PCBM/ MoO3/ Ag
and the conventional one had: ITO/ PEDOT: PSS/ P3HT: PCBM/ ZnO/ Ag, and both
were fabricated first at HKBU. Following that, the candidate has fabricated the
conventional OSCs of the structure Glass/ ITO/ PEDOT: PSS/ P3HT: PCBM/ Al at the
Organic Electronics Laboratory, CDU. Finally, the fabrication of two PSCs of the
structures: (1) Glass/ ITO/ SnO2/ FA0.4MA0.6PbI2.8Br0.2/ SPIRO/ Ag and (2) Glass/ ITO/
PEDOT: PSS/ Cs0.15 FA0.85 PbI3/ PC71BM/ Ag has been carried out at UNSW.
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Chapter 8 Thesis synthesis
8.1 Summary of chapters
Research activities in OSCs and PSCs have escalated recently due to their merits
such as light weight and low fabrication cost. However, OSCs have still relatively poor
PCE, and both organic and perovskite devices suffer from the degradation problem.
This thesis focuses on enhancing the efficiency of OSCs and enhancing the
efficiency and stability of PSCs. This thesis advances the understanding of the operation
of OSCs by studying the physics of the processes involved in the operation principle such
as light absorption, exciton generation, mechanisms of recombination, and charge
transport dynamics in BHJ OSCs as presented in chapters 2 and 3. Also, the thesis
contributes to the understanding of the operation of PSCs by studying their charge carrier
transport dynamics and recombination mechanisms for improving their efficiency as
presented in chapter 4. Moreover, as presented in chapters 5 and 6, the stability of PSCs
has also been studied by considering the influence of passivation of interfaces, failure of
operation of PSCs and environmental effects on their operating temperature.
In chapter 2, by analysing the influence of the electric field component of the
electromagnetic radiation propagating through the layered structure of BHJ OSCs and the
constructive interference points (CIPs), and hence points of peak generation of excitons
within the active layer are investigated for both the conventional and inverted OSCs. It is
shown that for active layer thicknesses of 120 nm for conventional and 80 nm for inverted
structures, the peak of exciton generation rate occurs in the middle of the active layer
which implies that the free electrons or holes must travel equal distances to their
respective electrodes, which may reduce their recombination. The results also show that
except for the thickness of MoO3 layer in the inverted structure, the thickness of other
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layers has only very small influence on CIPs. From this view point and based on the
assumption that the magnitude of electron and hole mobilities is the same, it is concluded
that if the thickness of the active layer in the inverted structure is about 70 nm and that of
MoO3 is about 5 nm, CIPs may occur in the centre of the active layer. Also, the exciton
generation rate, recombination rate and efficiency of conventional and inverted structures
have been compared by simulation, and it is shown that inverted structure gives a better
performance.
Mobility and Urbach energy are important factors that may influence the PCE of
OSCs. In chapter 3, combined influence of Urbach energy and mobility of charge carriers
on the photovoltaic performance of BHJ OSCs is investigated. Solving Poisson and driftdiffusion equations BHJ OSCs with four different Urbach energies are simulated. The
simulation results show that with the increase in mobility, 𝑉𝑜𝑐 decreases nearly linearly
with different slopes depending on different Urbach energies in the lower mobility range
and then different slopes converge to a single slope in the larger mobility range. This
implies that in the higher mobility range 𝑉𝑜𝑐 becomes Urbach energy independent.
Moreover, it is found that by increasing Urbach energy, the maxima of FF and PCE shift
towards the higher mobility range. It is shown that the influence of combined optimization
of Urbach energy and mobility enhances both FF and PCE, but its effect on FF is much
more significant than that on PCE. The influence of Urbach energy on the tail state and
Langevin recombination is investigated at both short circuit current and open circuit
voltage conditions in detail. The results of this work can be useful for designing high
efficient OSCs by considering combined optimization of mobility and Urbach energy.
As the diffusion length of charge carriers in the active layer of PSCs is an
important factor that influences the PCE, we have studied the influence of Urbach energy,
temperature, and longitudinal position on carrier diffusion length in chapter 4. We have
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simulated the diffusion length of charge carriers in the active layer of a PSC of the
structure Glass/PEDOT: PSS/ CH3NH3PbI3 /PC60BM/Al, and it is shown that the
diffusion length of charge carriers within the active layer changes from one position to
another by more than two orders of magnitude under short circuit current condition.
Furthermore, it is shown that the dependence of diffusion length on the position x in the
active layer reduces by increasing the applied voltage. The combined influence of applied
voltage and temperature on the diffusion length of charge carriers is investigated, and it
is found that at low applied voltage the diffusion length is temperature independent but
by increasing the applied voltage the influence of temperature on the diffusion length
becomes significant. Also, it is shown that the reduction of diffusion length due to the
increase in the applied voltage is much more significant at higher temperatures. The
combined influence of applied voltage and Urbach energy on diffusion length of charge
carriers reveals that the diffusion length decreases when both the applied voltage and
Urbach energy increase. However, the reduction in the diffusion length due to increase in
Urbach energy becomes less significant at higher voltage.
Increasing the stability of PSCs is very crucial for their commercialization, and
one of the important factors that may influence the stability of PSCs is the operating
temperature. In chapter 5, by developing an innovative mathematical model, we have
calculated the operating temperature of PSCs. In this model, we have solved the energy
balance equations, Poisson and drift- diffusion equations by iteration method as shown in
Figure 8.1.

155

Figure 8. 1 The data flow chart of the proposed simulation.
The operating temperature of a PSC before and after the interface passivation is
simulated, and it is found that by passivating the interfaces, which means by reducing the
density of tail state recombination centres, the operating temperature of a PSC can be
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significantly lowered at higher applied voltages. Thus, the degradation of the active layer
in PSCs can be reduced by passivation of interfaces. It is shown that the operating
temperature of a PSC can be lowered by 21 K if the density of tail states at the interfaces
is reduced by three orders of magnitude at the open circuit voltage condition. The contour
plots of heat generation due to the non-radiative recombination (P) as a function of
applied voltage and position x in the active layer reveals that P reduces significantly at
interfaces after passivation and this is the reason of lowering the operating temperature
after passivation. Such a reduction in the tail state densities at the interfaces may prevent
phase change at the ambient temperature of 300 K, which may occur otherwise without
the passivation. Also, it is shown that the decomposition of the active layer of a perovskite
solar cell may be prevented at an ambient temperature of 320 K with the passivation.
In chapter 6, a mathematical model is developed to solve the energy balance and driftdiffusion equations for determining the temperature of both the shaded and illuminated
solar cells. It is found that the dissipated power due to the reverse bias should be more
than around 6 W to have a higher temperature in the shaded solar cell than that in the
illuminated solar cell at the solar irradiance of 1000 W/m2 , and this result is almost
ambient temperature and wind velocity independent. Using the mathematical model, 𝑃𝑅𝑒𝑐
in an illuminated PSC becomes significant at the 𝑉𝑜𝑐 condition, leading to 𝑇𝑐𝑟 higher than
that at 𝐽𝑠𝑐 by about 12.7 K, 13.3 K and 13.9 K at the ambient temperatures of 270 K, 300
K and 330 K, respectively. The influence of solar cell thickness on the solar cell
temperature is investigated and it is found that by increasing the thickness from 100 nm
to 300 nm, the solar cell temperature can increase by 20 K at 𝑉𝑜𝑐 and under the same
ambient conditions. The results of this paper may be used in the fabrication of PSCs by
passivating the interfaces and incorporating built-in by pass diodes. The use of by-pass
diodes can protect PSCs from degradation at both the reverse bias higher as well as lower
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than 6 W and the passivation of interfaces also can reduce the operating temperature of
PSCs which may increase their stability.
In chapter 7, the experimental works, which the candidate has done in Hong Kong
Baptist University, Charles Darwin University and University of New South Wales, are
presented.

8.2 Conclusions
This thesis presents a number of studies conducted on the exciton and charge
carrier dynamics in organic and perovskite solar cells. The influence of different
parameters on the operating temperature of perovskite solar cells is investigated. The
works presented in this thesis provide useful models to determine the photovoltaic
performance of organic and perovskite solar cells. The exciton generation in the
conventional and inverted organic solar cells is modelled, and the combined influence of
mobility and Urbach energy on the photovoltaic performance of organic solar cells is
investigated in detail. The Urbach energy, temperature, and longitudinal position
dependant diffusion length of charge carriers in the active layer of perovskite solar cells
is also simulated. The operating temperature of perovskite solar cells is simulated to study
influence of different parameters and environmental conditions on the stability of PSCs.
Finally, the experimental work that the candidate has done during his PhD candidature is
presented. 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.

158

References
1.

Rad, H.M. and M. Ameri, Energy and exergy study of unglazed transpired collector2stage. Solar Energy, 2016. 132: p. 570-586.

2.

Mehdizadeh-Rad, H. and J. Singh, Influence of Urbach Energy, Temperature, and
Longitudinal Position in the Active Layer on Carrier Diffusion Length in Perovskite Solar
Cells. ChemPhysChem, 2019. 20(20): p. 2712-2717.

3.

Ansari, M.I.H., A. Qurashi, and M.K. Nazeeruddin, Frontiers, opportunities, and
challenges in perovskite solar cells: A critical review. Journal of Photochemistry and
Photobiology C: Photochemistry Reviews, 2018. 35: p. 1-24.

4.

Green, M.A., et al., Solar cell efficiency tables (version 54). Progress in Photovoltaics:
Research and Applications, 2019. 27(7): p. 565-575.

5.

Green, M.A., Third generation photovoltaics: solar cells for 2020 and beyond. Physica E:
Low-dimensional Systems and Nanostructures, 2002. 14(1): p. 65-70.

6.

Systems, F.I.f.S.E.; Available from:
https://www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/studies/
Photovoltaics-Report.pdf.

7.

Wang, W., et al., In operando morphology investigation of inverted bulk heterojunction
organic solar cells by GISAXS. Journal of Materials Chemistry A, 2015. 3(16): p. 83248331.

8.

Rizzo, A., et al., Characterization and modeling of organic (P3HT:PCBM) solar cells as a
function of bias and illumination. Solar Energy Materials and Solar Cells, 2016.
157(Supplement C): p. 337-345.

9.

Darling, S.B. and F. You, The case for organic photovoltaics. RSC Advances, 2013. 3(39):
p. 17633-17648.

159

10.

Mohammad Tawheed Kibria, et al., A Review: Comparative studies on different
generation solar cells technology, in 5th International Conference on Environmental
Aspects of Bangladesh. 2014.

11.

Yan, J. and B.R. Saunders, Third-generation solar cells: a review and comparison of
polymer:fullerene, hybrid polymer and perovskite solar cells. RSC Advances, 2014.
4(82): p. 43286-43314.

12.

Khalil, A., et al. Review on organic solar cells. in 2016 13th International MultiConference on Systems, Signals & Devices (SSD). 2016.

13.

Available from: https://www.nrel.gov/pv/cell-efficiency.html.

14.

Green, M.A., et al., Progress and outlook for high-efficiency crystalline silicon solar
cells. Solar Energy Materials and Solar Cells, 2001. 65(1): p. 9-16.

15.

Gray, J.L., The Physics of the Solar Cell, in Handbook of Photovoltaic Science and
Engineering. 2011, John Wiley & Sons, Ltd. p. 82-129.

16.

Nelson, J., The Physics of Solar Cells. 2003: Imperial College Press.

17.

Kalogirou, S.A. Solar energy engineering : processes and systems. 2014; Available from:
http://public.eblib.com/choice/publicfullrecord.aspx?p=1517436_0.

18.

Fonash, S.J., Solar cell device physics. 2010, Amsterdam: Academic Press : Elsevier.

19.

Semiconductors, in Physics of Solar Cells. p. 37-84.

20.

Basic Structure of Solar Cells, in Physics of Solar Cells. p. 109-136.

21.

Kirchartz, T. and U. Rau, What Makes a Good Solar Cell? Advanced Energy Materials,
2018. 8(28): p. 1703385.

22.

Materials Concepts for Solar Cells Thomas Dittrich: Imperial College Press, 2014 552
pages, $118.00 (hardcover) ISBN 978-1-78326-444-5. MRS Bulletin, 2015. 40(6): p. 533534.

23.

Qarony, W., et al., Efficient amorphous silicon solar cells: characterization,
optimization, and optical loss analysis. Results in Physics, 2017. 7: p. 4287-4293.
160

24.

Schiff, E.A., S. Hegedus, and X. Deng, Amorphous Silicon-Based Solar Cells, in Handbook
of Photovoltaic Science and Engineering. 2011, John Wiley & Sons, Ltd. p. 487-545.

25.

Schiff, X.D.a.E.A., Amorphous Silicon Based Solar Cells. 2003, John Wiley & Sons,
Chichester, p. 505 - 565.

26.

Shimizu, T., Staebler-Wronski Effect in Hydrogenated Amorphous Silicon and Related
Alloy Films. Japanese Journal of Applied Physics, 2004. 43(6A): p. 3257-3268.

27.

Choy, W.C.H., Organic Solar Cells. 2012, London, UNKNOWN: Springer London.

28.

Narayan, M.R. and J. Singh, Excitonic Processes in Organic Semiconductors and Their
Applications in Organic Photovoltaic and Light Emitting Devices, in Excitonic and
Photonic Processes in Materials, J. Singh and R.T. Williams, Editors. 2015, Springer
Singapore: Singapore. p. 229-251.

29.

Dittrich, T., Materials concepts for solar cells. 2015: New Jersey Imperial College Press.

30.

Singh, J. and H.E. Ruda, Concept of Excitons, in Optical Properties of Condensed Matter
and Applications. 2006, John Wiley & Sons, Ltd. p. 63-73.

31.

Narayan, M.R. and J. Singh, Roles of binding energy and diffusion length of singlet and
triplet excitons in organic heterojunction solar cells. physica status solidi (c), 2012.
9(12): p. 2386-2389.

32.

Ghosh, A.K. and T. Feng, Merocyanine organic solar cells. Journal of Applied Physics,
1978. 49(12): p. 5982-5989.

33.

Tang, C.W., Two‐layer organic photovoltaic cell. Applied Physics Letters, 1986. 48(2): p.
183-185.

34.

Narayan, M.R., Design of thin film organic solar cells for optimum photovoltaic
performance, in Designing organic solar cells, D.N.T.d.g.i. Charles Darwin University,
Editor. 2013, Thesis (Ph.D.)--Charles Darwin University, 2014.

161

35.

Fung, D.D.S. and W.C.H. Choy, Introduction to Organic Solar Cells, in Organic Solar
Cells: Materials and Device Physics, W.C.H. Choy, Editor. 2013, Springer London:
London. p. 1-16.

36.

Singh, J., et al., Dissociation of charge transfer excitons at the donor–acceptor interface
in bulk heterojunction organic solar cells. Journal of Materials Science: Materials in
Electronics, 2017. 28(10): p. 7095-7099.

37.

Yeh, N. and P. Yeh, Organic solar cells: Their developments and potentials. Renewable
and Sustainable Energy Reviews, 2013. 21: p. 421-431.

38.

Tamai, Y., et al., Exciton Diffusion in Conjugated Polymers: From Fundamental
Understanding to Improvement in Photovoltaic Conversion Efficiency. The Journal of
Physical Chemistry Letters, 2015. 6(17): p. 3417-3428.

39.

Proctor, C.M., M. Kuik, and T.-Q. Nguyen, Charge carrier recombination in organic solar
cells. Progress in Polymer Science, 2013. 38(12): p. 1941-1960.

40.

Singh, J., et al., Dissociation of charge transfer excitons at the donor–acceptor interface
in bulk heterojunction organic solar cells. Journal of Materials Science: Materials in
Electronics, 2017: p. 1-5.

41.

Ameri, T., et al., Organic tandem solar cells: a review. Energy & Environmental Science,
2009. 2(4): p. 347-363.

42.

Dennler, G., et al., Enhanced spectral coverage in tandem organic solar cells. Applied
Physics Letters, 2006. 89(7): p. 073502.

43.

Kim, J.Y., et al., Efficient Tandem Polymer Solar Cells Fabricated by All-Solution
Processing. Science, 2007. 317(5835): p. 222-225.

44.

Yuan, Y., J. Huang, and G. Li, Intermediate Layers in Tandem Organic Solar Cells, in
Green. 2011. p. 65.

45.

Mehdizadeh-Rad, H. and J. Singh, Influence of Interfacial Traps on the Operating
Temperature of Perovskite Solar Cells. Materials, 2019. 12(17): p. 2727.
162

46.

Albrecht, S. and B. Rech, Perovskite solar cells: On top of commercial photovoltaics.
Nature Energy, 2017. 2(1): p. 16196.

47.

Chandrasekaran, J., et al., Hybrid solar cell based on blending of organic and inorganic
materials—An overview. Renewable and Sustainable Energy Reviews, 2011. 15(2): p.
1228-1238.

48.

Huynh, W.U., J.J. Dittmer, and A.P. Alivisatos, Hybrid Nanorod-Polymer Solar Cells.
Science, 2002. 295(5564): p. 2425-2427.

49.

Wright, M. and A. Uddin, Organic—inorganic hybrid solar cells: A comparative review.
Solar Energy Materials and Solar Cells, 2012. 107: p. 87-111.

50.

Hau, S.K., H.-L. Yip, and A.K.Y. Jen, A Review on the Development of the Inverted
Polymer Solar Cell Architecture. Polymer Reviews, 2010. 50(4): p. 474-510.

51.

Kyaw, A.K.K., et al., An inverted organic solar cell employing a sol-gel derived ZnO
electron selective layer and thermal evaporated MoO3 hole selective layer. Applied
Physics Letters, 2008. 93(22): p. 221107.

52.

Kam, Z., et al., Enhanced absorbance and electron collection in inverted organic solar
cells: Optical admittance and transient photocurrent analyses. Organic Electronics,
2014. 15(7): p. 1306-1311.

53.

Wu, B., et al., Improvement of Charge Collection and Performance Reproducibility in
Inverted Organic Solar Cells by Suppression of ZnO Subgap States. ACS Applied
Materials & Interfaces, 2016. 8(23): p. 14717-14724.

54.

Ompong, D. and J. Singh, Diffusion length and Langevin recombination of singlet and
triplet excitons in organic heterojunction solar cells. Chemphyschem, 2015. 16(6): p.
1281-5.

55.

Singh, J., Excitation energy transfer processes in condensed matter : theory and
applications. 1994, New York: New York : Plenum Press.

163

56.

Brütting, W., Introduction to the Physics of Organic Semiconductors, in Physics of
Organic Semiconductors. 2006, Wiley-VCH Verlag GmbH & Co. KGaA. p. 1-14.

57.

Coakley, K.M. and M.D. McGehee, Conjugated Polymer Photovoltaic Cells. Chemistry of
Materials, 2004. 16(23): p. 4533-4542.

58.

Ompong, D. and J. Singh, Study of intersystem crossing mechanism in organic
materials. 2016, Wiley - V C H Verlag GmbH &amp; Co. KGaA.

59.

Waite, T.R., Theoretical Treatment of the Kinetics of Diffusion-Limited Reactions.
Physical Review, 1957. 107(2): p. 463-470.

60.

Narayan, M.R. and J. Singh, Study of the mechanism and rate of exciton dissociation at
the donor-acceptor interface in bulk-heterojunction organic solar cells. 2013, American
Institute of Physics.

61.

Zhu, F., Organic and Excitonic Solar Cells, in Excitonic and Photonic Processes in
Materials, J. Singh and R.T. Williams, Editors. 2015, Springer Singapore: Singapore. p.
81-125.

62.

Brabec, C.J., et al., The influence of materials work function on the open circuit voltage
of plastic solar cells. Thin Solid Films, 2002. 403-404: p. 368-372.

63.

Yan, W., et al., Increasing open circuit voltage by adjusting work function of holetransporting materials in perovskite solar cells. Nano Research, 2016. 9(6): p. 16001608.

64.

Boix, P.P., et al., Current progress and future perspectives for organic/inorganic
perovskite solar cells. Materials Today, 2014. 17(1): p. 16-23.

65.

Graetzel, M., et al., Materials interface engineering for solution-processed
photovoltaics. Nature, 2012. 488: p. 304.

66.

De Wolf, S., et al., Organometallic Halide Perovskites: Sharp Optical Absorption Edge
and Its Relation to Photovoltaic Performance. The Journal of Physical Chemistry
Letters, 2014. 5(6): p. 1035-1039.
164

67.

Kojima, A., et al., Organometal Halide Perovskites as Visible-Light Sensitizers for
Photovoltaic Cells. Journal of the American Chemical Society, 2009. 131(17): p. 60506051.

68.

Kim, H.-S., et al., Lead iodide perovskite sensitized all-solid-state submicron thin film
mesoscopic solar cell with efficiency exceeding 9%. Scientific reports, 2012. 2: p. 591591.

69.

Heo, J.H., et al., Efficient inorganic–organic hybrid heterojunction solar cells containing
perovskite compound and polymeric hole conductors. Nature Photonics, 2013. 7: p.
486.

70.

Assadi, M.K., et al., Recent progress in perovskite solar cells. Renewable and
Sustainable Energy Reviews, 2018. 81: p. 2812-2822.

71.

Zhang, W., Q. Jin, and D.E. Baz, Enabling the Social Internet of Things and Social Cloud.
IEEE Cloud Computing, 2015. 2(6): p. 6-9.

72.

Yang, W.S., et al., High-performance photovoltaic perovskite layers fabricated through
intramolecular exchange. Science, 2015. 348(6240): p. 1234-1237.

73.

Shin, S.S., et al., Colloidally prepared La-doped BaSnO<sub>3</sub> electrodes for
efficient, photostable perovskite solar cells. Science, 2017. 356(6334): p. 167-171.

74.

Sherkar, T.S., et al., Recombination in Perovskite Solar Cells: Significance of Grain
Boundaries, Interface Traps, and Defect Ions. ACS Energy Letters, 2017. 2(5): p. 12141222.

75.

Mehrdad, N., et al., Highly Efficient and Stable Flexible Perovskite Solar Cells with
Metal Oxides Nanoparticle Charge Extraction Layers. Small, 2018. 14(12): p. 1702775.

76.

Jeon, N.J., et al., Compositional engineering of perovskite materials for highperformance solar cells. Nature, 2015. 517: p. 476.

77.

Zhou, H., et al., Interface engineering of highly efficient perovskite solar cells. Science,
2014. 345(6196): p. 542-546.
165

78.

Song, Z., et al. Pathways toward high-performance perovskite solar cells: review of
recent advances in organo-metal halide perovskites for photovoltaic applications.
2016. SPIE.

79.

Marinova, N., S. Valero, and J.L. Delgado, Organic and perovskite solar cells: Working
principles, materials and interfaces. Journal of Colloid and Interface Science, 2017. 488:
p. 373-389.

80.

Wang, R., et al., A Review of Perovskites Solar Cell Stability. Advanced Functional
Materials. 0(0): p. 1808843.

81.

Niu, G., X. Guo, and L. Wang, Review of recent progress in chemical stability of
perovskite solar cells. Journal of Materials Chemistry A, 2015. 3(17): p. 8970-8980.

82.

Wang, D., et al., Stability of perovskite solar cells. Solar Energy Materials and Solar
Cells, 2016. 147: p. 255-275.

83.

Kang, D.-H. and N.-G. Park, On the Current–Voltage Hysteresis in Perovskite Solar Cells:
Dependence on Perovskite Composition and Methods to Remove Hysteresis. Advanced
Materials, 2019. 31(34): p. 1805214.

84.

Guerrero, A., et al., Switching Off Hysteresis in Perovskite Solar Cells by Fine-Tuning
Energy Levels of Extraction Layers. Advanced Energy Materials, 2018. 8(21): p.
1703376.

85.

Tan, H., et al., Efficient and stable solution-processed planar perovskite solar cells via
contact passivation. Science, 2017. 355(6326): p. 722-726.

86.

Unger, E.L., et al., Hysteresis and transient behavior in current–voltage measurements
of hybrid-perovskite absorber solar cells. Energy & Environmental Science, 2014. 7(11):
p. 3690-3698.

87.

Shao, Y., et al., Origin and elimination of photocurrent hysteresis by fullerene
passivation in CH3NH3PbI3 planar heterojunction solar cells. Nature Communications,
2014. 5: p. 5784.
166

88.

Tress, W., et al., Understanding the rate-dependent J–V hysteresis, slow time
component, and aging in CH3NH3PbI3 perovskite solar cells: the role of a compensated
electric field. Energy & Environmental Science, 2015. 8(3): p. 995-1004.

89.

Wei, J., et al., Hysteresis Analysis Based on the Ferroelectric Effect in Hybrid Perovskite
Solar Cells. The Journal of Physical Chemistry Letters, 2014. 5(21): p. 3937-3945.

90.

Bergmann, V.W., et al., Real-space observation of unbalanced charge distribution
inside a perovskite-sensitized solar cell. Nature Communications, 2014. 5: p. 5001.

91.

Snaith, H.J., et al., Anomalous Hysteresis in Perovskite Solar Cells. The Journal of
Physical Chemistry Letters, 2014. 5(9): p. 1511-1515.

92.

Zhao, D.W., et al., Optimization of an inverted organic solar cell. Solar Energy Materials
and Solar Cells, 2010. 94(6): p. 985-991.

93.

Islam, M.S., Analytical modeling of organic solar cells including monomolecular
recombination and carrier generation calculated by optical transfer matrix method.
Organic Electronics, 2017. 41: p. 143-156.

94.

Pettersson, L.A.A., L.S. Roman, and O. Inganäs, Modeling photocurrent action spectra
of photovoltaic devices based on organic thin films. Journal of Applied Physics, 1999.
86(1): p. 487-496.

95.

Sievers, D.W., V. Shrotriya, and Y. Yang, Modeling optical effects and thickness
dependent current in polymer bulk-heterojunction solar cells. Journal of Applied
Physics, 2006. 100(11): p. 114509.

96.

Braun, C.L., Electric field assisted dissociation of charge transfer states as a mechanism
of photocarrier production. The Journal of Chemical Physics, 1984. 80(9): p. 4157-4161.

97.

Li, G., et al., Recent Progress in Modeling, Simulation, and Optimization of Polymer
Solar Cells. IEEE Journal of Photovoltaics, 2012. 2(3): p. 320-340.

98.

Liang, C., et al., Modeling and simulation of bulk heterojunction polymer solar cells.
Solar Energy Materials and Solar Cells, 2014. 127(Supplement C): p. 67-86.
167

99.

Knapp, E., et al., Numerical simulation of charge transport in disordered organic
semiconductor devices. Journal of Applied Physics, 2010. 108(5): p. 054504.

100.

Liu, L. and G. Li, Investigation of recombination loss in organic solar cells by simulating
intensity-dependent current–voltage measurements. Solar Energy Materials and Solar
Cells, 2011. 95(9): p. 2557-2563.

101.

Kirchartz, T., et al., Recombination via tail states in polythiophene:fullerene solar cells.
Physical Review B, 2011. 83(11): p. 115209.

102.

Lakhwani, G., A. Rao, and R.H. Friend, Bimolecular Recombination in Organic
Photovoltaics. Annual Review of Physical Chemistry, 2014. 65(1): p. 557-581.

103.

Pieters, B.E., Characterization of thin-film silicon materials and solar cells through
numerical modeling, in Electrical Engineering, Mathematics and Computer Science.
2008, TU Delft.

104.

Nazerdeylami, S. and H. Rezagholipour Dizaji, Influence of exponential tail states on
photovoltaic parameters and recombination of bulk heterojunction organic solar cells:
an optoelectronic simulation. Optical and Quantum Electronics, 2016. 48(4): p. 260.

105.

Scharfetter, D.L. and H.K. Gummel, Large-signal analysis of a silicon Read diode
oscillator. IEEE Transactions on Electron Devices, 1969. 16(1): p. 64-77.

106.

Selberherr, S., Analysis and simulation of semiconductor devices. 1984, Wien, Austria ;
New York: Wien, Austria ; New York : Springer-Verlag.

107.

Koster, L.J.A., et al., Device model for the operation of polymer/fullerene bulk
heterojunction solar cells. Physical Review B, 2005. 72(8).

108.

Min Nam, Y., J. Huh, and W. Ho Jo, Optimization of thickness and morphology of active
layer for high performance of bulk-heterojunction organic solar cells. Solar Energy
Materials and Solar Cells, 2010. 94(6): p. 1118-1124.

168

109.

Zou, J., et al., High-Performance Inverted Polymer Solar Cells: Device Characterization,
Optical Modeling, and Hole-Transporting Modifications. Advanced Functional
Materials, 2012. 22(13): p. 2804-2811.

110.

Cowan, S.R., A. Roy, and A.J. Heeger, Recombination in polymer-fullerene bulk
heterojunction solar cells. Physical Review B, 2010. 82(24): p. 245207.

111.

Kuik, M., et al., Trap-Assisted Recombination in Disordered Organic Semiconductors.
Physical Review Letters, 2011. 107(25): p. 256805.

112.

Tiedje, T., et al., Evidence for Exponential Band Tails in Amorphous Silicon Hydride.
Physical Review Letters, 1981. 46(21): p. 1425-1428.

113.

Willemen, J.A., Modelling of amorphous silicon single- and multi-junction solar cells.
1998, Delft University.

114.

Zhang, W., et al., A versatile solution-processed MoO3/Au nanoparticles/MoO3 hole
contact for high performing PEDOT:PSS-free organic solar cells. Organic Electronics,
2018. 52: p. 1-6.

115.

Urbach, F., The Long-Wavelength Edge of Photographic Sensitivity and of the Electronic
Absorption of Solids. Physical Review, 1953. 92(5): p. 1324-1324.

116.

Ihor Studenyak, M.K., Mykhailo Kurik, , Urbach Rule in Solid State Physics,.
International Journal of Optics and Applications,, 2014, . Vol. 4(3): p. 76-83.

117.

Mandoc, M.M., L.J.A. Koster, and P.W.M. Blom, Optimum charge carrier mobility in
organic solar cells. Applied Physics Letters, 2007. 90(13): p. 133504.

118.

Mei, A., et al., A hole-conductor–free, fully printable mesoscopic perovskite solar cell
with high stability. Science, 2014. 345(6194): p. 295-298.

119.

Profiling exciton generation and recombination in conventional and inverted bulk
heterojunction organic solar cells. Journal of Applied Physics, 2018. 124(8): p. 083103.

169

120.

Deibel, C., A. Wagenpfahl, and V. Dyakonov, Influence of charge carrier mobility on the
performance of organic solar cells. physica status solidi (RRL) – Rapid Research Letters,
2008. 2(4): p. 175-177.

121.

Wagenpfahl, A., C. Deibel, and V. Dyakonov, Organic Solar Cell Efficiencies Under the
Aspect of Reduced Surface Recombination Velocities. IEEE Journal of Selected Topics in
Quantum Electronics, 2010. 16(6): p. 1759-1763.

122.

Wang, Y., et al., Origin of Efficient Inverted Nonfullerene Organic Solar Cells:
Enhancement of Charge Extraction and Suppression of Bimolecular Recombination
Enabled by Augmented Internal Electric Field. The Journal of Physical Chemistry
Letters, 2017. 8(21): p. 5264-5271.

123.

Zou, J., et al., High-Performance Inverted Polymer Solar Cells: Device Characterization,
Optical Modeling, and Hole-Transporting Modifications. Advanced Functional
Materials, 2012. 22(13): p. 2804-2811.

124.

Chen, M., et al., Profiling Light Absorption Enhancement in Two-Dimensional PhotonicStructured Perovskite Solar Cells. IEEE Journal of Photovoltaics, 2017. 7(5): p. 13241328.

125.

Nie, R., et al., Mixed Sulfur and Iodide-Based Lead-Free Perovskite Solar Cells. Journal
of the American Chemical Society, 2018. 140(3): p. 872-875.

126.

Bi, D., et al., Efficient luminescent solar cells based on tailored mixed-cation
perovskites. Science Advances, 2016. 2(1).

127.

Marinova, N., et al., Light Harvesting and Charge Recombination in CH3NH3PbI3
Perovskite Solar Cells Studied by Hole Transport Layer Thickness Variation. ACS Nano,
2015. 9(4): p. 4200-4209.

128.

H., W.G.J.A., et al., Trap‐Assisted Non‐Radiative Recombination in Organic–Inorganic
Perovskite Solar Cells. Advanced Materials, 2015. 27(11): p. 1837-1841.

170

129.

Peng, J., et al., Insights into charge carrier dynamics in organo-metal halide
perovskites: from neat films to solar cells. Chemical Society Reviews, 2017. 46(19): p.
5714-5729.

130.

Stranks, S.D., et al., Electron-Hole Diffusion Lengths Exceeding 1 Micrometer in an
Organometal Trihalide Perovskite Absorber. Science, 2013. 342(6156): p. 341-344.

131.

Milot, R.L., et al., Temperature-Dependent Charge-Carrier Dynamics in CH3NH3PbI3
Perovskite Thin Films. Advanced Functional Materials, 2015. 25(39): p. 6218-6227.

132.

Johnston, M.B. and L.M. Herz, Hybrid Perovskites for Photovoltaics: Charge-Carrier
Recombination, Diffusion, and Radiative Efficiencies. Accounts of Chemical Research,
2016. 49(1): p. 146-154.

133.

Xie, F.X., et al., Evolution of Diffusion Length and Trap State Induced by Chloride in
Perovskite Solar Cell. The Journal of Physical Chemistry C, 2016. 120(38): p. 2124821253.

134.

Wetzelaer, G.-J.A.H., et al., Trap-Assisted Non-Radiative Recombination in Organic–
Inorganic Perovskite Solar Cells. Advanced Materials, 2015. 27(11): p. 1837-1841.

135.

Stranks, S.D., et al., Recombination Kinetics in Organic-Inorganic Perovskites: Excitons,
Free Charge, and Subgap States. Physical Review Applied, 2014. 2(3): p. 034007.

136.

Yamada, Y., et al., Photocarrier Recombination Dynamics in Perovskite CH3NH3PbI3 for
Solar Cell Applications. Journal of the American Chemical Society, 2014. 136(33): p.
11610-11613.

137.

Leijtens, T., et al., Carrier trapping and recombination: the role of defect physics in
enhancing the open circuit voltage of metal halide perovskite solar cells. Energy &
Environmental Science, 2016. 9(11): p. 3472-3481.

138.

Hassanien, A.S. and A.A. Akl, Effect of Se addition on optical and electrical properties of
chalcogenide CdSSe thin films. Superlattices and Microstructures, 2016. 89: p. 153-169.

171

139.

Rad, H.M., F. Zhu, and J. Singh, Profiling exciton generation and recombination in
conventional and inverted bulk heterojunction organic solar cells. Journal of Applied
Physics, 2018. 124(8): p. 083103.

140.

Kim, K., et al., Modulation of light absorption by optical spacer in perovskite solar cells.
physica status solidi (RRL) – Rapid Research Letters, 2016. 10(8): p. 592-595.

141.

Baikie, T., et al., Synthesis and crystal chemistry of the hybrid perovskite (CH3NH3)PbI3
for solid-state sensitised solar cell applications. Journal of Materials Chemistry A, 2013.
1(18): p. 5628-5641.

142.

Schmager, R., et al., Nanophotonic perovskite layers for enhanced current generation
and mitigation of lead in perovskite solar cells. Solar Energy Materials and Solar Cells,
2019. 192: p. 65-71.

143.

Jeon, N.J., et al., A fluorene-terminated hole-transporting material for highly efficient
and stable perovskite solar cells. Nature Energy, 2018. 3(8): p. 682-689.

144.

Yang, D., et al., High efficiency planar-type perovskite solar cells with negligible
hysteresis using EDTA-complexed SnO2. Nature Communications, 2018. 9(1): p. 3239.

145.

2018; Available from: https://www.oxfordpv.com/news/oxford-pv-perovskite-solarcell-achieves-28-efficiencyhttps://www.oxfordpv.com/news/oxford-pv-perovskitesolar-cell-achieves-28-efficiency.

146.

Prochowicz, D., et al., Engineering of Perovskite Materials Based on Formamidinium
and Cesium Hybridization for High-Efficiency Solar Cells. Chemistry of Materials, 2019.
31(5): p. 1620-1627.

147.

Vidal, S., et al., Site-selective Synthesis of β-[70]PCBM-like Fullerenes: Efficient
Application in Perovskite Solar Cells. Chemistry – A European Journal, 2019. 25(13): p.
3224-3228.

148.

Zhang, H., et al., Effect of temperature on the efficiency of organometallic perovskite
solar cells. Journal of Energy Chemistry, 2015. 24(6): p. 729-735.
172

149.

Conings, B., et al., Intrinsic Thermal Instability of Methylammonium Lead Trihalide
Perovskite. Advanced Energy Materials, 2015. 5(15): p. 1500477.

150.

Thote, A., et al., High-Working-Pressure Sputtering of ZnO for Stable and Efficient
Perovskite Solar Cells. ACS Applied Electronic Materials, 2019. 1(3): p. 389-396.

151.

Kim, H.-S., J.-Y. Seo, and N.-G. Park, Material and Device Stability in Perovskite Solar
Cells. ChemSusChem, 2016. 9(18): p. 2528-2540.

152.

Philippe, B., et al., Chemical and Electronic Structure Characterization of Lead Halide
Perovskites and Stability Behavior under Different Exposures—A Photoelectron
Spectroscopy Investigation. Chemistry of Materials, 2015. 27(5): p. 1720-1731.

153.

Silverman, T.J., et al., Thermal and Electrical Effects of Partial Shade in Monolithic ThinFilm Photovoltaic Modules. IEEE Journal of Photovoltaics, 2015. 5(6): p. 1742-1747.

154.

Quarti, C., et al., Structural and optical properties of methylammonium lead iodide
across the tetragonal to cubic phase transition: implications for perovskite solar cells.
Energy & Environmental Science, 2016. 9(1): p. 155-163.

155.

Whitfield, P.S., et al., Corrigendum: Structures, Phase Transitions and Tricritical
Behavior of the Hybrid Perovskite Methyl Ammonium Lead Iodide. Scientific Reports,
2017. 7: p. 42831.

156.

Stoumpos, C.C., C.D. Malliakas, and M.G. Kanatzidis, Semiconducting Tin and Lead
Iodide Perovskites with Organic Cations: Phase Transitions, High Mobilities, and NearInfrared Photoluminescent Properties. Inorganic Chemistry, 2013. 52(15): p. 90199038.

157.

Thote, A., et al., Stable and Reproducible 2D/3D Formamidinium–Lead–Iodide
Perovskite Solar Cells. ACS Applied Energy Materials, 2019. 2(4): p. 2486-2493.

158.

Ma, F.-J., et al., Impact of Auger recombination parameterisations on predicting silicon
wafer solar cell performance. Journal of Computational Electronics, 2014. 13(3): p.
647-656.
173

159.

Wu, X., et al., Trap States in Lead Iodide Perovskites. Journal of the American Chemical
Society, 2015. 137(5): p. 2089-2096.

160.

Cui, P., et al., Reduced surface defects of organometallic perovskite by thermal
annealing for highly efficient perovskite solar cells. RSC Advances, 2015. 5(92): p.
75622-75629.

161.

Wei, X., et al., Numerical simulation and experimental validation of inverted planar
perovskite solar cells based on NiOx hole transport layer. Superlattices and
Microstructures, 2017. 112: p. 383-393.

162.

Incropera, F.P. and D.P. Dewitt, Fundamentals of Heat and Mass Transfer, 2007, pp. A5. Wiley: Asia.

163.

Cheacharoen, R., et al., Design and understanding of encapsulated perovskite solar
cells to withstand temperature cycling. Energy & Environmental Science, 2018. 11(1):
p. 144-150.

164.

Mehdizadeh-Rad, H. and J. Singh, Combined influence of Urbach’s tail width energy
and mobility of charge carriers on the photovoltaic performance of bulk heterojunction
organic solar cells. Journal of Materials Science: Materials in Electronics, 2019. 30(11):
p. 10064-10072.

165.

Adelard, L., et al., Sky temperature modelisation and applications in building
simulation. Renewable Energy, 1998. 15(1): p. 418-430.

166.

McAdams, W.H., Heat transmission. 1954.

167.

Ullbrich, S., et al., Electrothermal Feedback and Absorption-Induced Open-CircuitVoltage Turnover in Solar Cells. Physical Review Applied, 2018. 9(5): p. 051003.

168.

Heiderhoff, R., et al., Thermal Conductivity of Methylammonium Lead Halide
Perovskite Single Crystals and Thin Films: A Comparative Study. The Journal of Physical
Chemistry C, 2017. 121(51): p. 28306-28311.

174

169.

You, J., et al., Improved air stability of perovskite solar cells via solution-processed
metal oxide transport layers. Nature Nanotechnology, 2015. 11: p. 75.

170.

Bowring, A.R., et al., Reverse Bias Behavior of Halide Perovskite Solar Cells. Advanced
Energy Materials, 2018. 8(8): p. 1702365.

171.

Suryanto Hasyim, E., S.R. Wenham, and M.A. Green, Shadow tolerance of modules
incorporating integral bypass diode solar cells. Solar Cells, 1986. 19(2): p. 109-122.

172.

Pannebakker, B.B., A.C. de Waal, and W.G.J.H.M. van Sark, Photovoltaics in the shade:
one bypass diode per solar cell revisited. Progress in Photovoltaics: Research and
Applications, 2017. 25(10): p. 836-849.

173.

Investigation of the Relationship between Reverse Current of Crystalline Silicon Solar
Cells and Conduction of Bypass Diode. International Journal of Photoenergy, 2012.
2012: p. 5.

174.

Koster, L.J.A., et al., Device model for the operation of polymer/fullerene bulk
heterojunction solar cells. Physical Review B, 2005. 72(8): p. 085205.

175.

Mehdizadeh-Rad, H. and J. Singh, Influence of Interfacial Traps on the Operating
Temperature of Perovskite Solar Cells. Materials (Basel), 2019. 12(17).

176.

Krebs, F.C., Fabrication and processing of polymer solar cells: A review of printing and
coating techniques. Solar Energy Materials and Solar Cells, 2009. 93(4): p. 394-412.

177.

Brabec, C.J. and J.R. Durrant, Solution-Processed Organic Solar Cells. MRS Bulletin,
2011. 33(7): p. 670-675.

178.

F. Padinger, C.J.B., T. Fromherz, J.C. and N.S.S. Hummelen, Fabrication of large area
photovoltaic devices containing various blends of polymer and fullerene derivatives by
using the doctor blade technique. Optoelectron. 8(4): p. 280.

179.

Vak, D., et al., Fabrication of organic bulk heterojunction solar cells by a spray
deposition method for low-cost power generation. Applied Physics Letters, 2007. 91(8):
p. 081102.
175

Appendix A Copyright permissions
A.1 Chapter 2
H. Mehdizadeh-Rad, J. Singh Journal of Applied Physics, vol. 124, no. 8, pp. 083103,
2018.

176

177

A.2 Chapter 3
H. Mehdizadeh-Rad & J. Singh, J Mater Sci: Mater Electron (2019) 30: 10064.

178

SPRINGER NATURE LICENSE
TERMS AND CONDITIONS
Oct 25, 2019

This Agreement between Charles darwin University -- Hooman Mehdizadeh-Rad ("You") and
Springer Nature ("Springer Nature") consists of your license details and the terms and conditions
provided by Springer Nature and Copyright Clearance Center.
License Number

4693901170405

License date

Oct 21, 2019

Licensed Content Publisher

Springer Nature

Licensed Content Publication Journal of Materials Science: Materials in Electronics
Licensed Content Title

Combined influence of Urbach’s tail width energy and mobility of
charge carriers on the photovoltaic performance of bulk
heterojunction organic solar cells

Licensed Content Author

Hooman Mehdizadeh-Rad, Jai Singh

Licensed Content Date

Jan 1, 2019

179

Licensed Content Volume

30

Licensed Content Issue

11

Type of Use

Thesis/Dissertation

Requestor type

non-commercial (non-profit)

Format

electronic

Portion

full article/chapter

Will you be translating?

no

Circulation/distribution

1 - 29

Author of this Springer
Nature content

yes

Title

DESIGNING OF THIN FILM ORGANIC AND PEROVSKITE SOLAR
CELLS FOR OPTIMAL PHOTOVOLTAIC PERFORMANCE AND
STABILITY

Institution name

n/a

Expected presentation date

Nov 2019

Requestor Location

Charles darwin University
Charles Darwin University, Casuarina
Darwin, Northern Territory 0810
Australia
Attn: Charles darwin University

Total

0.00 USD

Terms and Conditions

Springer Nature Customer Service Centre GmbH
Terms and Conditions
This agreement sets out the terms and conditions of the licence (the Licence) between you
and Springer Nature Customer Service Centre GmbH (the Licensor). By clicking
'accept' and completing the transaction for the material (Licensed Material), you also
confirm your acceptance of these terms and conditions.
1. Grant of License
1. The Licensor grants you a personal, non-exclusive, non-transferable, world-wide
licence to reproduce the Licensed Material for the purpose specified in your order
only. Licences are granted for the specific use requested in the order and for no
other use, subject to the conditions below.
2. The Licensor warrants that it has, to the best of its knowledge, the rights to
license reuse of the Licensed Material. However, you should ensure that the
material you are requesting is original to the Licensor and does not carry the
copyright of another entity (as credited in the published version).
3. If the credit line on any part of the material you have requested indicates that it
was reprinted or adapted with permission from another source, then you should
also seek permission from that source to reuse the material.
2. Scope of Licence

180

1. You may only use the Licensed Content in the manner and to the extent
permitted by these Ts&Cs and any applicable laws.
2. A separate licence may be required for any additional use of the Licensed
Material, e.g. where a licence has been purchased for print only use, separate
permission must be obtained for electronic re-use. Similarly, a licence is only
valid in the language selected and does not apply for editions in other languages
unless additional translation rights have been granted separately in the licence.
Any content owned by third parties are expressly excluded from the licence.
3. Similarly, rights for additional components such as custom editions and
derivatives require additional permission and may be subject to an additional fee.
Please apply to
Journalpermissions@springernature.com/bookpermissions@springernature.com
for these rights.
4. Where permission has been granted free of charge for material in print,
permission may also be granted for any electronic version of that work, provided
that the material is incidental to your work as a whole and that the electronic
version is essentially equivalent to, or substitutes for, the print version.
5. An alternative scope of licence may apply to signatories of the STM Permissions
Guidelines, as amended from time to time.

• Duration of Licence
1. A licence for is valid from the date of purchase ('Licence Date') at the end of the relevant
period in the below table:

Duration of Licence

Scope of Licence
Post on a website 12 months
Presentations

12 months

Books and journals Lifetime of the edition in the language purchased
• Acknowledgement
1. The Licensor's permission must be acknowledged next to the Licenced Material in print. In
electronic form, this acknowledgement must be visible at the same time as the
figures/tables/illustrations or abstract, and must be hyperlinked to the journal/book's
homepage. Our required acknowledgement format is in the Appendix below.

• Restrictions on use
1. Use of the Licensed Material may be permitted for incidental promotional use and minor
editing privileges e.g. minor adaptations of single figures, changes of format, colour
and/or style where the adaptation is credited as set out in Appendix 1 below. Any other
changes including but not limited to, cropping, adapting, omitting material that affect the
meaning, intention or moral rights of the author are strictly prohibited.
2. You must not use any Licensed Material as part of any design or trademark.
3. Licensed Material may be used in Open Access Publications (OAP) before publication by
Springer Nature, but any Licensed Material must be removed from OAP sites prior to final
publication.

181

• Ownership of Rights
1. Licensed Material remains the property of either Licensor or the relevant third party and
any rights not explicitly granted herein are expressly reserved.

• Warranty

IN NO EVENT SHALL LICENSOR BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER PERSON OR
FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL OR INDIRECT DAMAGES, HOWEVER CAUSED,
ARISING OUT OF OR IN CONNECTION WITH THE DOWNLOADING, VIEWING OR USE OF THE
MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH OF CONTRACT,
BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING,
WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS
OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. THIS
LIMITATION SHALL APPLY NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY
LIMITED REMEDY PROVIDED HEREIN.
• Limitations
1. BOOKS ONLY:Where 'reuse in a dissertation/thesis' has been selected the following
terms apply: Print rights of the final author's accepted manuscript (for clarity, NOT the
published version) for up to 100 copies, electronic rights for use only on a personal
website or institutional repository as defined by the Sherpa guideline
(www.sherpa.ac.uk/romeo/).

• Termination and Cancellation
1. Licences will expire after the period shown in Clause 3 (above).
2. Licensee reserves the right to terminate the Licence in the event that payment is not
received in full or if there has been a breach of this agreement by you.

Appendix 1 — Acknowledgements:
For Journal Content:
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article name,
Author(s) Name), [COPYRIGHT] (year of publication)
For Advance Online Publication papers:
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article name,
Author(s) Name), [COPYRIGHT] (year of publication), advance online publication, day
month year (doi: 10.1038/sj.[JOURNAL ACRONYM].)

182

For Adaptations/Translations:
Adapted/Translated by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article name,
Author(s) Name), [COPYRIGHT] (year of publication)
Note: For any republication from the British Journal of Cancer, the following credit line
style applies:
Reprinted/adapted/translated by permission from [the Licensor]: on behalf of Cancer
Research UK: : [Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL NAME]
[REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT] (year of publication)
For Advance Online Publication papers:
Reprinted by permission from The [the Licensor]: on behalf of Cancer Research UK:
[Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE
CITATION (Article name, Author(s) Name), [COPYRIGHT] (year of publication), advance
online publication, day month year (doi: 10.1038/sj.[JOURNAL ACRONYM])
For Book content:
Reprinted/adapted by permission from [the Licensor]: [Book Publisher (e.g. Palgrave
Macmillan, Springer etc) [Book Title] by [Book author(s)] [COPYRIGHT] (year of
publication)
Other Conditions:

Version 1.2
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1978-646-2777.

A.3 Chapter 4
H. Mehdizadeh-Rad, J. Singh, ChemPhysChem, vol. 20, no. 20, pp. 2712-2717, 2019.

183

JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS
Oct 25, 2019

This Agreement between Charles darwin University -- Hooman Mehdizadeh-Rad ("You") and John
Wiley and Sons ("John Wiley and Sons") consists of your license details and the terms and
conditions provided by John Wiley and Sons and Copyright Clearance Center.
License Number

4693890325142

License date

Oct 21, 2019

Licensed Content Publisher

John Wiley and Sons

Licensed Content Publication

ChemPhysChem

Licensed Content Title

Influence of Urbach Energy, Temperature, and Longitudinal
Position in the Active Layer on Carrier Diffusion Length in
Perovskite Solar Cells

Licensed Content Author

Hooman Mehdizadeh‐Rad, Jai Singh

Licensed Content Date

Feb 7, 2019

184

Licensed Content Volume

20

Licensed Content Issue

20

Licensed Content Pages

6

Type of use

Dissertation/Thesis

Requestor type

Author of this Wiley article

Format

Electronic

Portion

Full article

Will you be translating?

No

Title of your thesis /
dissertation

DESIGNING OF THIN FILM ORGANIC AND PEROVSKITE SOLAR
CELLS FOR OPTIMAL PHOTOVOLTAIC PERFORMANCE AND
STABILITY

Expected completion date

Nov 2019

Expected size (number of
pages)

180

Requestor Location

Charles darwin University
Charles Darwin University, Casuarina
Darwin, Northern Territory 0810
Australia
Attn: Charles darwin University

Publisher Tax ID

EU826007151

Total

0.00 USD

Terms and Conditions

TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
(collectively "WILEY"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).

Terms and Conditions
•

The materials you have requested permission to reproduce or reuse (the "Wiley Materials")
are protected by copyright.

•

You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-alone
basis), non-transferable, worldwide, limited license to reproduce the Wiley Materials for
the purpose specified in the licensing process. This license, and any CONTENT (PDF or
image file) purchased as part of your order, is for a one-time use only and limited to any
maximum distribution number specified in the license. The first instance of republication or
reuse granted by this license must be completed within two years of the date of the grant
185

of this license (although copies prepared before the end date may be distributed
thereafter). The Wiley Materials shall not be used in any other manner or for any other
purpose, beyond what is granted in the license. Permission is granted subject to an
appropriate acknowledgement given to the author, title of the material/book/journal and
the publisher. You shall also duplicate the copyright notice that appears in the Wiley
publication in your use of the Wiley Material. Permission is also granted on the
understanding that nowhere in the text is a previously published source acknowledged for
all or part of this Wiley Material. Any third party content is expressly excluded from this
permission.
•

With respect to the Wiley Materials, all rights are reserved. Except as expressly granted by
the terms of the license, no part of the Wiley Materials may be copied, modified, adapted
(except for minor reformatting required by the new Publication), translated, reproduced,
transferred or distributed, in any form or by any means, and no derivative works may be
made based on the Wiley Materials without the prior permission of the respective
copyright owner.For STM Signatory Publishers clearing permission under the terms of the
STM Permissions Guidelines only, the terms of the license are extended to include
subsequent editions and for editions in other languages, provided such editions are for
the work as a whole in situ and does not involve the separate exploitation of the
permitted figures or extracts, You may not alter, remove or suppress in any manner any
copyright, trademark or other notices displayed by the Wiley Materials. You may not
license, rent, sell, loan, lease, pledge, offer as security, transfer or assign the Wiley
Materials on a stand-alone basis, or any of the rights granted to you hereunder to any
other person.

•

The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or their
respective licensors, and your interest therein is only that of having possession of and the
right to reproduce the Wiley Materials pursuant to Section 2 herein during the continuance
of this Agreement. You agree that you own no right, title or interest in or to the Wiley
Materials or any of the intellectual property rights therein. You shall have no rights
hereunder other than the license as provided for above in Section 2. No right, license or
interest to any trademark, trade name, service mark or other branding ("Marks") of WILEY
or its licensors is granted hereunder, and you agree that you shall not assert any such right,
license or interest with respect thereto

•

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR REPRESENTATION OF ANY
KIND TO YOU OR ANY THIRD PARTY, EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO
THE MATERIALS OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE MATERIALS,
INCLUDING, WITHOUT LIMITATION, ANY IMPLIED WARRANTY OF MERCHANTABILITY,
ACCURACY, SATISFACTORY QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES ARE HEREBY
EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED BY YOU.

•

WILEY shall have the right to terminate this Agreement immediately upon breach of this
Agreement by you.

•

You shall indemnify, defend and hold harmless WILEY, its Licensors and their respective
directors, officers, agents and employees, from and against any actual or threatened
claims, demands, causes of action or proceedings arising from any breach of this
Agreement by you.

186

•

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY OTHER PARTY OR
ANY OTHER PERSON OR ENTITY FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL,
INDIRECT, EXEMPLARY OR PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR USE OF THE
MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH OF CONTRACT,
BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING,
WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER OR NOT THE
PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION
SHALL APPLY NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED
REMEDY PROVIDED HEREIN.

•

Should any provision of this Agreement be held by a court of competent jurisdiction to be
illegal, invalid, or unenforceable, that provision shall be deemed amended to achieve as
nearly as possible the same economic effect as the original provision, and the legality,
validity and enforceability of the remaining provisions of this Agreement shall not be
affected or impaired thereby.

•

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition of
this Agreement. No breach under this agreement shall be deemed waived or excused by
either party unless such waiver or consent is in writing signed by the party granting such
waiver or consent. The waiver by or consent of a party to a breach of any provision of this
Agreement shall not operate or be construed as a waiver of or consent to any other or
subsequent breach by such other party.

•

This Agreement may not be assigned (including by operation of law or otherwise) by you
without WILEY's prior written consent.

•

Any fee required for this permission shall be non-refundable after thirty (30) days from
receipt by the CCC.

•

These terms and conditions together with CCC's Billing and Payment terms and conditions
(which are incorporated herein) form the entire agreement between you and WILEY
concerning this licensing transaction and (in the absence of fraud) supersedes all prior
agreements and representations of the parties, oral or written. This Agreement may not be
amended except in writing signed by both parties. This Agreement shall be binding upon
and inure to the benefit of the parties' successors, legal representatives, and authorized
assigns.

•

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions, these
terms and conditions shall prevail.

•

WILEY expressly reserves all rights not specifically granted in the combination of (i) the
license details provided by you and accepted in the course of this licensing transaction, (ii)
these terms and conditions and (iii) CCC's Billing and Payment terms and conditions.

•

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was
misrepresented during the licensing process.

187

•

This Agreement shall be governed by and construed in accordance with the laws of the
State of New York, USA, without regards to such state's conflict of law rules. Any legal
action, suit or proceeding arising out of or relating to these Terms and Conditions or the
breach thereof shall be instituted in a court of competent jurisdiction in New York County
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WILEY OPEN ACCESS TERMS AND CONDITIONS
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journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and nonCreative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)
Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
Use by commercial "for-profit" organizations
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:
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A.4 Chapter 5
H. Mehdizadeh-Rad, J. Singh, Materials, 2019.12(17): p. 2727.
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A.5 Chapter 6
H. Mehdizadeh-Rad, J. Singh, Journal of Applied Physics, 2019. 126: p. 153102.
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