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Abstract

Organic solar cell is one of the leading contender of the future of low cost photo-
voltaic cell. A great amount of experimental research has been done on this field.
In this thesis, a new model for bulk heterojunction organic solar cell considering
electric field dependent carrier mobility is presented for the advancement of the
organic solar cell. At first, photon absorption rate, hence exciton generation rate
in the active layer of organic solar cell is calculated using transfer matrix theory
by taking the complex refractive index data of the organic material. AM 1.5G
irradiance is taken into consideration for the calculation of photon absorption. An
oscillating pattern is observed in the generation profile of the organic solar cell
which can be attributed to the interference and reflectance of the layers. Gener-
ated excitons move to charge transfer state and they either dissociate or decay at
the donor-acceptor interface. Exciton dissociation, decay, charge carrier genera-
tion, recombination and transport; all are incorporated in this model. As mobility
is not constant for all applied voltages and electric field, so considering electric
field dependent mobility is necessary to be incorporated. Variation in active layer
thickness changes the electric field. Applying this model current-voltage charac-
teristics for active layer variation from 40nm to 140 nm of a bulk heterojunction
P3HT:PCBM solar cell is obtained. Open circuit voltage remains almost constant
for this region, whereas both short circuit current density and efficiency follow
oscillating pattern and exhibit maximum value at 60 nm. Efficiency of this bulk
heterojunction organic solar cell with a 60 nm active layer is found to be 2.2%. For
the bilayer structure, maximum efficiency is found to be 0.7% at 50 nm acceptor
thickness. For the same structure, at lower donor thickness, efficiency is found to
be higher. With the addition of a high mobility solvent carbon nano tube, 40%
increase in efficiency is observed for bulk heeterojunction organic solar cell. For
TAPC:C60 bulk heterojunction solar cell, at 50% donor concentration efficiency
is 1.05% due to reduction in dielectric constant and electron mobility. At lower
concentration, efficiency and other parameter increases. For high effective density
of states both open circuit voltage and short circuit current falls due to band bend-
ing near contacts. For high initial separation distance dissociation probability of

exciton is high and it is observed for a variation of it.
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Chapter 1

Introduction

1.1 Energy Sources

Sun is the primary energy sources which provides enormous amounts of energy
powering oceans, atmospheric currents, and cycle of evaporation and drives river
flow, hurricanes and tornadoes that peril our natural landscape. The devastating
San Francisco earthquake of 1906 (magnitude 7.8) released an estimated 107 joules
of energy which sun delivers in one second. Humans use about 4.6 x 10%° joules per
annum which sun supplies in one hour. Sun continuously supplies about 1.2 x 10%
terawatts of energy which is very much greater than any other renewable or non-
renewable sources of energy can provide. This energy is much greater than the
energy required by human beings which is about 13 terawatts. Total 0.16% of
earths land with 10% efficient solar cells would provide 20 Terawatts of energy
which is accounted as about twice of fossil fuel consumption of the whole world

including numerous nuclear fission reactors [1].

Human can use a little of abundance solar energy. On an account 80%-85% of
our total energy comes from fossil fuels which are non-renewable, quick depleting,
greenhouse gas producer and other environmental pollutants producer [2]. Emis-

sion of greenhouse gas like CO by fossil fuels imbalance the ecological equivalence.
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This problem can be resolute by using fossil fuels in conjunction with carbon se-
questration, nuclear power and solar power. Carbon sequestration is an extremely
difficult method since a large volume of space is required to store the emitted
greenhouse gases and its maintenance is a very critical one. On the other hand,
nuclear power seems to be a good option but the feasibility of deploying several
thousands of 1 Gegawatt power plants all over the world to meet the 10 tera watt
demand of the society is sceptical. The Uranium resource for these power plants
also gets exhausted in this process in about 10 years after which the processing
of sea water has to be adopted which is also exhaustible and difficult. On the
other hand shifting the focus on renewable sources of energy is the ideal choice
and solar power is by far the most prominent energy source owing to its versatility,

inexhaustible and environmental friendly features [1].

The exhaustible nature of fossil fuels has also pushed us into the adoption of
renewable sources of energy for the future. Figure 1.1 shows the plot of the annual

production of oil vs. year with a 2% annual growth and decline rate [3].

FIGURE 1.1 Annual oil production of the world. Figure is taken from [3]

High costs and conversion efficiency have been the major bottlenecks in the po-

tential of solar power becoming a primary source of energy. Now a days, major
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research done with the motive of improving the efficiency of these cells has brought
this dream closer to reality. New methods of harnessing the full spectrum of the
suns wavelength, multifunction solar cells (homojunctions and heterojunctions),
and new materials for making solar cells are paving way for solar power to be the
emerging power resource for the world at large. Efficiencies of different solar cells

that are investigated by the researcher are shown in Figure 1.2.

FIGURE 1.2 Timeline of highest efficiencies in various solar cell technology [4].

1.2 Solar Cells

The need to develop inexpensive renewable energy sources continues to stimu-
late new approaches to production of efficient, low-cost photovoltaic devices. Al-
though inorganic semiconductors (silicon, amorphous silicon, gallium arsenide, and
sulphide salts) have been the primary focus, the photosensitivity and the photo-
voltaic effects in devices made with organic materials have also been explored,
including conjugated polymers, organic molecules, stacked discostic liquid crys-

tals, and self-assembling organic semiconductors [5]. Because of the advantages
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that would be realized with polymer-based photovoltaics (such as low-cost fabri-
cation in large sizes and in desired shapes), efficient organic solar cells would have
a major impact [6]. Solar cells or Photovoltaic cells are the device that converts
the radiation of the sun to electricity. Many attempts have been done looking for
a high efficiency low cost solar cells, leaving significant milestone. Organic photo-
voltaic cells as potential renewable energy sources are of great interest and have
revealed significant potential for competition with conventional inorganic sources.
These cells are fabricated from inexpensive organic materials, easy preparation
methods and can be deposited on large scale [7]. The field was started by the ap-
plication of small organic molecules and since the development of semiconducting
polymers, these materials was incorporated into organic cells. Currently , most
OPYV cells have a bulk heterojunction structure composed of conjugated polymers
and fullerene derivatives. The best performance achieved from a BHJ-structured
OPV cell was recorded conversion efficiency of 8% [8]. On this background, or-
ganic bulk heterojunction solar cell have considered a potential source for use in

Organic Photovolataic Device (OPV) devices.

1.3 Background and Present State of the Prob-

lem

Organic Solar cell is considered as an alternative of conventional solar cell due to
its low fabrication cost and mechanical flexibility [9]. But as their efficiency is
low compared to existing solar cell [3], a great amount of experimental research
work is performed related to Organic solar cell to improve the device performance
[10-12]. The performance of organic solar cell is improved by the introduction of

bulk heterojunction as an active layer [13].

Modeling of organic solar cell provides an opportunity to find new device de-
signs, examine properties that are out of reach or too expensive to measure, study
numerous device structures in a very short period of time and relate the exper-

imental result quantitatively to predict device performance. Various modeling
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schemes based on Poisson-continuity equation considering constant mobility, Dy-
namic Monte Carlo Simulation are proposed for organic bulk heterojunction solar
cells by the researchers [14-17]. A model considering both electric field dependence
mobility of charge carriers and dissociation probability of excitons in active layer
are necessary to consider the effect of active layer thickness on device performance.
Simulation based on charge carrier density and exciton density consistency in iter-
ations are required to be explored. Moreover, device performance with a variation
of active layer thickness, with the inclusion of solvent of high mobility, with a devi-
ation in density of states in active layer and with a change in donor concentration

in active layer can result in different performance.

1.4 Objectives

The objectives of this thesis are to:

e Model organic bulk heterojunction solar cell considering both field dependent
mobility of charge carrier and exciton dissociation probability with consis-

tency of charge carrier density and exciton density.

e Find out the effect of active layer thickness of solar cell on generation rate

and J-V characteristics of the device.

e Find out device J-V characteristics with the inclusion of high mobility solvent

such as Carbon Nano Tube (CNT) in active layer.

1.5 Thesis Layout

The thesis has been divided into four chapters. This chapter provides general in-
formation followed by the background, present state of the problem and objectives

of the thesis work.
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Chapter two covers the generations of solar cell technologies, basic of a solar cell,
different parameters of a solar cell, working principle of solar cell, difference be-
tween organic and inorganic solar cell, different kind of organic solar cells, pho-
togeneration mechanism in organic solar cell and challenges of organic solar cell,
different modeling schemes of solar cell. Overall chapter two gives the idea about
present state of organic solar cells and different modeling schemes used for mod-

eling them.

Chapter three covers the performance analysis of bilayer organic solar cell at first.
After that field dependent carrier mobility based model is explained. In the mod-
eling part there is two parts mainly optical modeling and electrical modeling. In
the optical modeling section, transfer matrix theory is used for the calculation
of photon absorption. After that electrical modeling is done considering exciton
dissociation, decay, charge carrier recombination, charge carrier generation and
transport. Thereafter, modeling is used to find the effect of active layer thickness,

mobility and donor concentration on device performance.

Chapter four provides conclusive discussions for this work. Some scopes for the

future work in relation with the present work are also presented.



Chapter 2

Review of Organic Solar Cell

2.1 Photovoltaic over the Years

The first record of the ‘photovoltaic effect’ is related to a French scientist back
in 1839. Edmond Becquerel found that by the action of a beam of sunlight over
two different liquids, chemically interacting and carefully superposed in a glass
container and an electric current was developed, as indicated by a very sensitive
galvanometer connected with two platinum plates dipping in the two different
solutions [18]. But the understanding of the PV effect came about later by Albert
Einstein’s paper on the photoelectric effect in 1905, which later led to him winning

the Nobel Prize in 1921.

Like many other electronic devices, a relatively efficient (6%) silicon based solar
cell was discovered at Bell Laboratories in 1953 and like many other scientific in-
novations, its discovery was accidental. Gerald Pearson, Calvin Fuller and Daryl
Chapin discovered photovoltaic while they were trying to improve silicon’s con-
ductivity [19]. Previous photovoltaic research was based on selenium, which has
less efficiency and is also more expensive. Therefore, this discovery was a break-
through for bringing PVs into everyday life. In the next year, Bell Laboratories

unveiled their very first solar cell.
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Later in 1955, the United States’ government announced that they had a plan to
launch satellites. Because of the impossibility of providing power to the satellite
from earth, there was a good opportunity for PV s to show their value. Therefore,
suddenly there was an application with a wealthy sponsor to support the research
on PV s. Most of the later innovations and development in the solar power field
happened in the Cold War years and during the adversary between Soviet Union
and United States over control of space, or in a better word in the famous ‘Space

Rac’.

The next applications for SCs apart from the space application were related to
oil rigs in the Gulf of Mexico. For security reasons it is needed for tall structures
to have a blinking light on them, but once again the distance to the source of

electricity made this the next job of SCs.

It is still far away from having solar cell as primary power source in every house’s
roof. To become compatible with other electrical sources and to become a domestic

power source, two major improvements had to happen, for the solar cells:

1. The size of each unit should shrink (improvement in efficiency)

2. The cost of manufacturing should have been reduced to improve the ratio of

cost per kwatt

To improve the efficiency, the quality of the materials had to be improved (bet-
ter crystal quality), fabrication methods had to be reformed and new structures
had to be introduced. However, all of the mentioned changes would increase the
cost of manufacturing. Therefore, at the same time, researchers were trying to
decrease the total cost of the solar cells by finding cheaper types of material (i.e.
amorphous semiconductors, organic material and so on) or cheaper structures with
lower manufacturing cost (i.e. planar SCs with printing technique as their fabri-

cation method [9]).

For organic photovoltaic, it was in early years of 60’s that researchers noticed the

potential of organic materials in imaging systems [20]. During the next couple
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of years, investigation in the field of organic photovoltaic (or OPV) continued
but efficiencies were really low. As an example, 0.001% efficiency reported by
C. W. Tang et.al. in 1975 was the state of the art. In 1977, it is discovered
that the conductivity of the conjugated polymer can be increased by the range of
eleven order of magnitude [21]. Later on, in 2000, they received a Nobel Prize in
Chemistry because of their great works on conductivity and superconductivity in
organic materials [22]. The first OSC with efficiency over 1% was reported in 1986
once again by C. W. Tang [23]. The latest development is related to Solarmer
Energy Inc. On 27 July 2010, Forbes.com reported that Solarmer broke the 8%
wall and reported an organic solar cell with 8.13% efficiency [24]. Forbes predicted
that by this discovery, the cost of energy production for OPVs will go down to
12-15 cents/kWh.

2.2 Generation of Solar cells

Solar cells are categorized into three generations based on the order of their promi-
nence. Research is being conducted on all the three generations concurrently to
improve their efficiencies while the first generation solar cells comprise the major

share of commercial production about 89.7% in 2007 [25].

Large area, high quality and single junction devices form the first generation solar
cells. Reduction in production costs of this technology is nullified owing to high
energy and labor costs, material costs mostly for the silicon wafer, strengthened
low-iron glass cover sheet and costs of other encapsulation. This trend is contin-
uing as the photovoltaic industry is expanding. Although it has a broad spectral
absorption range, the high energy photons at the blue and violet end of the spec-
trum is wasted as heat [26]. Producing solar cells using high-efficiency processing
sequences with high energy conversion efficiency are thus favored provided they
do not increase the complexity of the solar cell. Theoretical limit on efficiency
for single junction silicon solar cells i.e. 33% and this is also being reached very

rapidly.
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To address these problems of energy requirements and production costs of solar
cells a switch from first generation to second generation of thin-film cell technology
has been imminent. By eliminating the silicon wafer a major reduction in material
costs have been possible in the thin-film technology. They also have an advantage
of increasing the unit size from silicon ( 100cm?) to glass plate ( 1m?). Over
time the second generation solar cells are expected to bridge the gap between
them and the first generation cells with respect to energy conversion efficiency.
With the increase in dominance of this technology the costs of the constituent
materials also goes up for top cover and other encapsulation to give it a longer
life [20]. The materials generally used in this thin film technology are cadmium
telluride, copper indium gallium arsenide, amorphous silicon and micromorphous
silicon. These materials reduce mass and therefore cost by forming substrates for
supporting glass and ceramics. Not only do they reduce costs but also promise very
high energy conversion efficiency. A trend towards shifting to second generation
from first generation is showing up but the commercialization of this technology
has proven to be difficult [20]. Fortunately with the development of new materials
over the coming decades the future of thin-film technology seems to be promising
[26]. Research for improving solar cell performance by enhancing its efficiency and
pushing it closer to the thermodynamic limits has led to the development of third
generation solar cells [27]. To improve upon the poor electrical performance of the
thin-film technology by maintaining low production costs this technology includes
among others, non semiconductor technologies (including polymer based cells and

biometrics) [28].

The devices comprising the third generation solar cells are quantum dot technolo-
gies, tandem /multi junction cells, hot-carrier cells, up conversion technologies and
solar thermal technologies like thermo photonics, organic solar cells. This solar
cells exhibit low efficiency but can be produced at a very low cost with increased

mechanical flexibility.
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2.3 Organic Solar Cell

2.3.1 Why Organic Solar Cell?

Compared to conventional solar cells, organic solar cells are relatively cheaper to
produce. The obvious reason is that the type of materials used in organic solar cells
are less expensive, needs less preparation and is more abundant than conventional

crystalline solar cells.

Organic materials are polymers and oligomers as well as organic molecules very
similar to the plastic bags that we use every day. Similar to plastic bag, they are
products of oil. Therefore, in the case of mass production, their price can be really

low.

On the other hand, unlike conventional solar cells that are based on crystalline
semiconductors, which need high purity in material and therefore, costly prepa-
ration and purification processes, organic materials that are used in organic solar

cells are easy to process with very cost effective processes.

Because of malleability of organic materials, organic solar cells are capable of get-
ting into any shape during the process of fabrication and the final production can
also be a flexible sheet that can be wrapped and packed for example into a sol-
dier’s backpack and in the case of necessity for recharging an electrical equipment

be unwrapped and used.

Moreover, the fabrication methods for organic solar cells are much cheaper than
conventional solar cells. As an example they do not need a clean room facility
for their fabrication procedure. The deposition processes in the case of molecular
and polymeric thin film are spin-coating, screen printing, spray coating and ink
jet coating, reel to reel printing [9], which are low cost, simple and they are also
suitable for large area and ultra thin layer fabrication, which in the case of mass

production make the whole process of fabrication extremely cost effective.
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Furthermore, a reel to reel printing process can print 1G watt capability of solar
cells with five months printing. All of the mentioned reasons and the low efficiency
of organic solar cell, compared to the conventional solar cells, make the organic

solar cell a prospective and interesting research topic.

2.3.2 Differences Between Organic and Inorganic Solar Cell

The first difference between organic and inorganic Solar cell (SC) is the materials
that are used to make them. As it can be deduced from the names, in the inor-
ganic SCs, inorganic materials such as crystalline materials are used. These solar
cells have good electrical properties, which are mostly because of their crystalline
structure. On the other hand, they have a relatively low light absorption, which
can be corrected using a multi-stage structure. On the other hand, organic solar
cells are made of organic materials. Organic SCs based on their materials can be

divided to the following categories:

1. Dye-sensitized Organic Solar Cell
2. Molecular Solar Cell
3. Polymeric Solar Cell

4. Mixed Solar Cell

Organic dye-sensitized SCs (ODSSC) are made of a liquid electrolyte that trans-
ports generated carriers created by organic molecules inside the electrolyte. This
type of OSC is very cheap but at the same time its external efficiency is really
low (< 1%). Figure 2.1 shows the chemical structure of organic material that are

usually used in DSSCs.

Both molecular and polymeric SCs are made of non-crystalline amorphous molecules.
Molecular and polymeric materials are usually used together to increase both ab-
sorption and electrical conductivity. The molecular section has better optical

power absorption while polymers have a better electrical conductivity. Therefore,
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FIGURE 2.1 Chemical structure of organic material that is used in DSSC [29].

optical power is absorbed by the molecular section and electrical conductivity is

provided by a network made of polymer strings.

Figure 2.2 and 2.3 respectively show the chemical structures of some molecular

and polymeric materials that are used in fabrication of Organic solar cells.

Another major difference between conventional and organic SCs is due to the
mechanism of charge generation and charge transport. In inorganic SCs, after
the absorption of a photon, an electron is excited and an electron-hole pair is
generated. Then, because of the built-in potential, they are separated from each
other. After separation, because of electrostatic charges that each one of them
has, electrons would be drifted towards anode and holes would be drifted towards
cathode. Figure 2.4 shows a schematic depiction of a conventional SC that mimics
the mechanism of charge generation inside a conventional SC. In the case of organic
SCs, electron and holes are tightly bound together and make an exciton due to

low dieelectric constant of the organic material.

The binding energy of organics’ excitons and their separation energy is a little
different than conventional semiconductor excitons. In both of them coulomb at-

traction between the electron and hole exist and to break the exciton that barrier
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FIGURE 2.2 Chemical structures of molecular semiconductors used in OPVs.
(a) PTCBI, (b) PTCDA, (c¢) Me-PTCDI, (d) Pe-PTCDI, (e) H2Pc, (f) MPc
(MZn, Cu), (g) TPyP, (h) TPD, (i) CBP, (j) C60, (k) 5,6-PCBM [29].

of energy should be overcome. However, in the case of organic excitons, the situa-
tion is a little different. An exciton in an organic segment is one of the stable states
in the discontinuous energy states of that segment and is related to a stable orbital
form of electron cloud of that segment. Therefore, breaking an organic exciton is
equivalent to a change in a stable state, which requires an amount of energy that

is more than the coulomb attraction. Thermal excitation cannot break it.

Since an exciton has both types of charges, it cannot be attracted towards any
of the electrodes due to the internal built-in potential. However, like many other
particles, they can diffuse. If an exciton gets to a conductive layer, electron and

hole will be recombined at the surface of that conductive layer and as a result,
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FIGURE 2.3 Chemical structures of conjugated polymers used in OPVs: (a)
PPV, (b) MEHPPV, (c) CNPPV (various alkoxy cyano-derivatives have been
prepared), (d) MDMO-PPV, (e) P3HT, (f) POPT, (g) EHHPpyPz, (h) PTPTB,
(i) BBL, (j) F8BT, (k) PFMO [29].
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FIGURE 2.4 Difference between organic and inorganic solar cell [30].
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no electrical power will be generated. Consequently, electrons and holes should
be separated before that. To generate an electron-hole pair out of an exciton, one
of the following conditions should exist either High electrical fields or Interface of

two materials with two different energy bands.

Because of the low built-in potential in organic solar cells, using heterojunctions,
the second condition is used in the structure of the OSCs to break up the excitons.

In the next section, different structures of Organic solar cells are discussed.

2.3.3 Different Types of Organic Solar Cell

Two different type of organic solar cell will be discussed. One is called bilayer
organic solar cell or Planar Heterojunction solar cell and another is called bulk
heterojunction solar cell. Now the common structure of heterojunction solar cell

is shown in Figure 2.5

FIGURE 2.5 Schematic and energy band diagram of heterojunction solar cell[29)].

2.3.3.1 Bilayer Organic Solar Cell

In this structure, by incoming light from a transparent anode an exciton is gen-
erated and it will diffuse all the way (7-10 nm) to the interface of donor and
acceptor layers where they are separated into a hole and an electron. Later, these
generated charges will reach the electrodes by means of drift and diffusion, and
will create electrical current. Because of the exciton’s short diffusion length, most
of the excitons cannot make it all the way to the DA interface and a recombina-

tion will happen. Therefore, the total amount of electrical power will be reduced
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and the efficiency will decrease. As a result, one way of increasing the efficiency
is to fabricate very thin active layers but this may result in low optical power

absorption.

2.3.3.2 Bulk Heterojunction Organic Solar Cell

One idea is to mix donor and acceptor molecules to increase the interface areas,
so that excitons before recombination get the chance of being separated at an
interface. This type of OSC is called bulk heterojunction OSC (BHJOSC). Figure
2.6 shows a very rudimentary comparison between bilayer heterojunction and bulk
heterojunction structures. In this picture the black color represents acceptor layer

and the white color stands for donor layer.

Bilayer Heterojunction Buik Heterojunction

Doner

Acceptor

FIGURE 2.6 Difference between bulk and bilayer organic solar cell [30]

As it can be seen in the picture, in bulk heterojunction SCs these two materials
are mixed together. Therefore, in bulk heterojunction SCs, the interface of the
donor and acceptor layers is increased and as a result the number of excitons that
get separated into electrons and holes is increased, which will lead to an increase
in the ratio of generated carriers over the number of absorbed photons. This ratio
is called the quantum efficiency and is one of the characteristic figures-of-merit

that are used to evaluate the performance of a solar cell.

2.3.3.3 Tandem Organic Solar Cell

Tandem solar cells provide one way of increasing the overall absorption and effi-

ciency of a solar cell. A tandem cell is essentially two (or more) solar cells stacked
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directly on top of each other with a transparent electrode (recombination layer) in
the middle. Light will travel through the front cell, past the transparent electrode,
and into the back cell. Ideally, a tandem cell will behave like two cells in series.
Therefore, the voltages produced by the two cells will add, and the current of
the tandem cell will be limited by the lower current of the two cells. If the same
material is used for the front and back cell, a tandem configuration can allow for
an overall thicker cell to absorb more light, though the layers must be carefully
designed to ensure similar photocurrent in both cells. Alternatively, materials with
complementary absorption spectra can be used in the two cells to cover a broader
portion of the solar spectrum, which may also reduce energy lost if photons are
absorbed in materials with a band gap closer the energy of the photons. Tandem
solar cell can absorb light of different wavelengths depending on the stack config-
uration. However, most organic, tandem solar cells to date have a lower efficiency
than single-heterojunction cells with optimized geometries because of difficulties
matching the photocurrent of the series-connected cells. Much research is still
needed to take full advantage of the larger absorption of the solar spectrum in

tandem cells and increase the overall efficiency.

2.3.4 Photocurrent Generation in Organic Solar Cell

The absorption of a photon in an inorganic solar cell can promote an electron from
the valence band into the conduction band and lead to a free electron-hole pair
because the binding energy between the electron and hole is small and easily over-
come by the thermal energy (kT) at room temperature. The low binding energy
is largely the result of the high dielectric constant of the materials and the period-
icity and rigidity that create in the band structure. However, geometry relaxation
effects, lower dielectric constant and electron correlation, and stronger Coulomb
attraction in organic materials lead to a bound electron-hole pair, called an exci-
ton, when light is absorbed in an organic semiconductor [31]. Excitons in organics,
which typically have large binding energies on the order of 500 meV [32], must be

dissociated into separate charges before they can contribute to photocurrent in an
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organic cell. This dissociation can be accomplished at the interface between an
appropriately chosen electron donating material (donor) and an electron accepting
material (acceptor) where it is energetically favorable for the exciton to dissociate
with the electron in the acceptor and the hole in the donor. Figure 2.7(a) shows

a simple energy-level diagram of this situation.

FIGURE 2.7 (a) Basic energy-level diagram for an organic solar cell. Based
on the energy level diagram, overview of the photocurrent generation process:
(b) light absorption to create an exciton; (c) exciton diffusion to donor / ac-
ceptor interface; (d) exciton dissociation and charge separation; and (e) charge
transport and collection at the electrodes.

Photocurrent generation in an organic solar cell generally occurs in four main steps

(Figure 2.7). First, the absorption of a photon excites an electron from the HOMO



Chapter 2. Review of Organic Solar Cell 20

of the organic material to create an exciton (Figure 2.7 b). Next, the exciton
must diffuse to the donor / acceptor interface to dissociate into charge carriers
(Figure 2.7 ¢). Because excitons have no net charge, their diffusion is generally
treated as a random process based on concentration gradients without influence
from electric fields [32]. However, excitons can recombine during the diffusion
process before reaching the donor / acceptor interface, leading to absorbed photons
that do not contribute to the current. The characteristic length an exciton travels
before recombining is described by the exciton diffusion length. Exciton diffusion
length affects device design because of the trade-off between light absorption and

recombination as layer thickness is changed.

Excitons that do reach the donor / acceptor interface can then dissociate into
electrons and holes (Figure 2.7 d). However, there is still no clear understanding
of exactly how exciton dissociation occurs on a molecular level [32]. Generally,
the process is described as the changing of the exciton state at the interface into
a charge transfer state between an adjacent donor and acceptor followed by either
recombination or dissociation into a charge-separated state. While this is the
most repeated description, the entire picture is most likely more complicated,
involving processes such as the interaction of additional states, the possibility of
energy transfer, and the formation of different types of excitons, with the ultimate
outcome determined by the relative rates of all the interactions [32]. While the
full story is still the subject of much research, it appears that the energy change
in going from a bound electron-hole pair to a hole in the donor (with an energy
roughly estimated by the ionization potential) and an electron in the acceptor

(roughly estimated by the electron affinity) is what ultimately leads to free charges.

Finally, the charges are transported through the semiconductors and collected
by their respective electrodes (Figure 2.7 e). Unlike inorganic semiconductors,
the charges in organic materials are generally more localized and travel through
hopping processes. The different transport mechanisms lead to mobility values
typically below 1 em?V ~!s7! that can have different dependences on temperature
and electric field compared to in inorganic materials. Also, choice of electrode

materials and modification of the contact between the electrode and organic is
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another area undergoing active research that can significantly affect the ability to

extract the generated charges.

2.3.5 Challenges

While the primary factor preventing the commercial application of organic solar
cells is their limited efficiency, other major challenges that must be addressed in-
clude stability and scaling. The oxygen and water present in ambient air are known
to degrade the performance of most organic solar cells [33-36]. Therefore, either
structures that are insensitive to air must be developed or organic cells must be
encapsulated to protect them from the ambient atmosphere. For example, struc-
tures that remove the low work function electrode from the top layer of the device
are being developed to help improve air stability [37, 38]. However, developing
completely air stable molecules is a big challenge, so encapsulation methods are

still needed.

To take full advantage of the potential for lightweight and flexible organic solar
cells, encapsulation technologies that are also lightweight, thin, and flexible must
be developed. The encapsulation must also be processed at temperatures that
are compatible with the organic materials and flexible substrates. It has been
suggested that water vapor transmission rates and oxygen transmission rates on
the order of 107* to 107 %¢gm2day~! and 1073 to 10 °ecm®m2day‘atm™!, re-
spectively, are necessary to maintain long shelf lifetime in organic solar cells [39].
Currently, the most promising candidates for encapsulation are alternating thin
films of inorganic and organic materials. The inorganic layers serve as the primary
barrier to water and oxygen, while the organic layers serve to interrupt defects that
would propagate though a single, continuous inorganic film [40]. Thin-film encap-
sulation layers on top of organic solar cells are now starting to be demonstrated

with improved performance [35, 36, 41].

The issues that arise when scaling up to large-area devices must also be addressed.

Presently, many of the high-efficiency devices that are reported in the literature
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have active areas of 1 em? or less. The large-area devices that have been reported
are usually modules consisting of several smaller cells with overall efficiencies less
than half that of a single, optimized, small-area cell [39]. The main problem with
increasing cell size stems from the use of a transparent electrode with a relatively
high sheet resistance. The low conductivity of the transparent electrodes results
in low fill factor and short-circuit current in large-area devices; therefore, overall
efficiency is expected to decrease as device area is increased. Strategies must be
developed to deal with these losses as area increases. While significant progress
has been made in the field of organic solar cells, it is clear that many challenges

still remain.

2.4 Different Parameters of Solar Cell

For solar cell characteristics, current-voltage curve is obtained first. From that
curve different parameters are obtained. Each of this parameter will be described

below:

2.4.1 Open Circuit Voltage (V)

The open circuit voltage is the voltage across the solar cell when J=0, which is
the same as device being open circuited. Because J=0, and power is the product
of current and voltage no power is actually produced at this voltage. Howeverr,
the V,. marks the boundary for voltages at which power can be produced. The
open-circuit oltage can also be thought of as the point at which the photocurrent

generation and dark current processes compensated one another.

2.4.2 Short Circuit Current Density (Jy.)

Similar to V,. the short circuit current density .J,. is the current density when

V = 0 which is the same conditions as the two electrodes of the cell being short
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circuited together. Again, there is no power produced at this point, but the J,.
will mark the onset of power generation. In ideal devices, the J,. will be same as
photocurrent density. However, it will be seen later that several effects can lower
the J. from this ideal value. Although J,. is technically a negative number with
the conventions used here, discussions of different J,. values will focus primarily

on the magnitude of the value and treat it as a positive number.

2.4.3 Fill Factor (FF)

While V,. and J,. mark the boundaries of power production in a solar cell, the
maximum power density produced P,,,, occurs at the voltage V,,,., and the current
density .J,,4 Where the product of J and V is at a minimum. Because of the diode
behaviour and additional resistance and recombination losses, |Jyaz| and V4. are

always less than |J,.| and V,. respectively. The fill factor is defined as

o Jmaa: Vmaa:

FF = 2.1
JscVoc (21)

FF is an indication of how close J,,.; and V,,., come to the boundaries of power
production of J,. and V,. and also indication of the sharpness of the bend in the
exponential J-V curve. Since higher FF means higher maximum power, high FF
is desired. Now it is evident from the fact that J,,.. and V.. is always less than

Jse and V., FF is always less than one.

2.4.4 Power Conversion Efficiency

The most discussed performance parameter of a solar cell is the power conversion
efficiency 7 and is defined as the percentage of incident irradiance P, that is
converted into output power. Because of the point where the cell operates on the
J-V curve changes depending on the load, the output power depends on the load.
For consistency, the maximum power is used for calculating efficiency. It can be

defined as,
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Jmaxvmaz sc‘/:)cFF
= ——— % 100% = J—

in imn

U + 100% (2.2)

This form clearly shows that FF, J,. and V,. all have effects on 1. Furthermore,
the area used to calculate J can affect  and should include inactive areas that are
integral to the solar cell. This efficiency is also dependent of the solar irradiation

spectrum.

Power conversion efficiency is important since it determines how effectively the
space occupied by a solar cell is being used and how much area must be covered
with solar cells to produce a given amount of power. Since larger areas require more
resources to cover with solar cells, higher is often desirable. However, there are

tradeoffs between n and cost for each solar cell technology that must be balanced.

Power conversion efficiency is also very dependent on the power and spectrum of
the light source since solar cells do not absorb and convert photons to electrons at
all wavelengths with the same efficiency. A standard spectrum must be chosen for
the calculation of n in order to compare among various solar cells. Although the
spectrum of the sunlight at the earths surface varies with location, cloud coverage,
and other factors, the AM 1.5 G spectrum in Figure 2.8 is the most commonly used
standard spectrum for measuring and comparing the performance of photovoltaics

that are intended for outdoor use.

2.5 Different Modeling Scheme for Bulk Hetero-

junction Organic Solar Cell

Modeling of a device is necessary to understand device performance, find out the
effect of different parameters which are too expensive or very much difficult to
measure and propose new devices with increased performance. To support the
experimental data, it is necessary to get a model that can describe obtained data.

As, organic solar cell is being researched extensively by the researchers to get a low
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FIGURE 2.8 Spectral irradiance of AM1.5G solar spectrum up to 1350 nm [42]

cost and flexible solar cell, various models are proposed by numerous researcher.

A couple of widely used models are described below.

2.5.1 Koster Model

Koster Model is described in [43-45]. The model calculates the photon absorption
using transfer matrix theory. By calculating the absorbed photon rate, exciton
generation rate is calculated. It is assumed that the carrier mobility is constant for
all electric field. At first,a potential, electron density and hole density is assumed.
Exciton diffusion is considered. Recombination of the charge carriers are modeled
by reduced bimolecular recombination due to the fact that only slowest carrier
determines the recombination rate in bulk heterojunction organic solar cell. After
assuming, voltage, electron density and hole density Poisson equation is used.
Now if the change in potential is greater than the convergence parameter then

loop is continued. If the convergence is achieved then charge transport equation
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is used and new electron and hole density is calculated. Current is modeled by
drft-diffusion term. Now if the change in electron and hole density is less than
convergence parameter, total current density is calculated otherwise loop starts

again. Flow chart of this model is given in Figure 2.9

FiGure 2.9 Koster model for calculation of current-voltage characteristics of
organic solar cell with constant carrier mobility [43]
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2.5.2 Analytical Model

Analytical models deal with different equation and assumptions [46]. It varies from
author to author. If anyone wants to develop an analytical model he or she has
to assume some phenomena and modify equations according to his assumptions.
If the modeled data is consistent with the experimental results then the model is

valid.

2.5.3 Morphological Model

Bulk Heterojunction device performance depends on annealing and morphology
[47]. As when annealing is done then the solvent mixes and morphology changes.
With the change in morphology, mobility and other parameter of the device
changes. So researchers model the morphology first using dynamic Monte Carlo

method and then model the device performance [17, 48].
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Results and Discussions

3.1 Performance Analysis of Bilayer Organic So-

lar Cell

Bilayer organic solar cell is considered as Planar Heterojunction Device [23]. Both
bilayer and bulk heterojunction solar cell fabrication are reported in the literature
[49-56]. So at first, performance of bilayer organic solar cell will be analysed in this
chapter. For the analysis of the device P3HT is selected as donor layer, PCBM is
selected as acceptor layer, Indium Tin Oxide (ITO) is used as anode material and
Aluminium (Al) is used as cathode material. Now organic photovoltaic operation
in bilayer solar cell can be divided into four steps as discussed in Chapter 2. Each
step is modeled by the following equations. All the simulation is done by the OPV

tool available online [47].

e Photon Absorption: Photon absorption process occurs when light is ab-
sorbed in the photoactive layer of the organic solar cell. Photon absorption
in different layer of the device is calculated using transfer matrix formalism
considering AM 1.5G solar irradiance. The absorption profile depends on

refractive index and thickness of different layer.

28
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¢ Exciton Diffusion: Absorbed photon creates a tightly bound electron-hole
pair namely exciton in the organic material. As exciton has to travel Donor-
Acceptor (DA) interface to create free charge carriers, travelling of excitons

are modeled by the following exciton diffusion equation in this tool.

DorV?ney = Goy (r) — Rex (Nex) (3.1)

where,

G, = Exciton generation rate

R., = Exciton recombination rate

D., = Exciton diffusion coefficient

T... = Exciton life time

Now the exciton diffusion can be defined as L., = v/DeyTer and it is used as

an input parameter for the simulation.

e Charge Carrier Generation: Excitons that arrive at the DA interface
will be dissociated into free charge carriers. In the tool exciton dissociation
probability is considered as high so that it is assumed that exciton concen-
tration at the DA interface is zero. Only the excitons generated within a
distance of exciton diffusion length will contribute to the photocurrent as

other excitons will be decayed.

e Charge Transport: After the dissociation of excitons holes travel through
the donor layer and electrons travel through the acceptor layer. Both charge
carrier is driven through by the electric field in the active layer originated
from the work function difference of the electrodes. Charge transport is

modeled by the following drift-diffusion transport equation in this tool.

Jn = qunn (z) E (z) + ¢D,,Vn () (3.2)
Jp = qupp () E (x) — qDpVp (2) (3.3)

where,

tn = Electron mobility
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1, = Hole mobility

D,, = Hole diftusion coefficient

D,, = Electron diffusion coefficient
n (z) = Electron concentration

p (x) = Hole concentration

E (x) = Electric field

Electric field is calculated by the self consistent simulation of Poisson equa-

tion and transport equations.

3.1.1 Effect of Acceptor Layer Thickness on Device Per-

formance

Using the simulation tool, bilayer solar cell performance with a variation of active
layer thickness is analysed. Exciton diffusion length of P3HT organic layer can
vary from 3nm to 7 nm [57]. In this simulation it is assumed that donor exciton
diffusion length is 5 nm. Typical values of electron and hole mobility 0.001 cm?/V.s

and 0.0001 ¢cm?/V.s are used respectively in this simulation.

FI1GURE 3.1 Effect of Acceptor Layer Thickness on Current-Voltage Character-
istics.



Chapter 3. Results and Discussions 31

From the Figure 3.1 it is evident that, upto 50 nm of acceptor layer the short
circuit current increases and open circuit voltage remains same. But after that
short circuit current decreases with the increase of acceptor layer thickness. It
can be attributed to the fact that at the beginning from 30 nm to 50 nm increas-
ing acceptor layer thickness results more photon absorption and hence increases
current. But after that most of the charges recombine so that current decreases.

Efficiency also follows the same pattern as current as shown in Figure 3.2.

FI1GURE 3.2 Effect of Acceptor Layer Thickness on Solar Cell Efficiency.

3.1.2 Effect of Donor Layer Thickness on Device Perfor-

mance

As bilayer organic solar cell has both donor and acceptor layer, so thickness of
each layer has an impact on the performance. In order to find out the effect of
donor layer thickness all parameters are kept as same as previous section 3.1.1.
Acceptor layer thickness is kept at 50 nm as this thickness gives the maximum
efficiency and current. Now, donor layer thickness is varied from 30 nm to 100 nm

and obtained current-voltage characteristics is shown in the following figure.

From Figure 3.3, it can be seen that increasing donor layer thickness decreases

current and open circuit voltage remains same as the difference between work
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F1GURE 3.3 Effect of donor layer thickness on current-voltage characteristics of
bilayer organic solar cell

function of the two electrode does not change with the variation of donor layer
thickness. As, exciton diffusion length in P3HT is very small, so if the donor
layer thickness is increased very much then most of the excitons cannot reach to
the donor-acceptor(DA) interface. Though photon will be absorbed more with
the increase in donor layer thickness but as most excitons are decayed instead of
dissociation into free charge carriers current decreases with the increase in donor

layer thickness.

FIGURE 3.4 Effect of Donor Layer Thickness on efficiency of bilayer organic
solar cell
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From Figure 3.4, it is seen that efficiency of the bilayer organic solar cell decreases
with the increase in donor layer thickness. The loss in current with the increase

of thickness can be attributed as the reason of reduced efficiency.

3.1.3 Effect of Electron Mobility on Device Performance

Variation of electron mobility in acceptor can change the device performance.
Higher mobility means electrons move faster in the acceptor material and electron
can easily transport from Donor Acceptor interface to electrode. So at higher
mobility device performance should be better which is evident from the obtained
J-V characteristics shown in the following figure. In this simulations all parameters
are as same as section 3.1.1 except electron mobility is varied and acceptor layer

thickness is kept at 50nm.

FicURE 3.5 Effect of Electron Mobility on Current-Voltage Characteristics

From Figure 3.5, it is seen that at higher mobility performance is almost constant
but when the mobility is reduced then the performance of the device falls in a
destructive way which is expected. From the efficiency curve in Figure 3.6 the

claim can be validated.
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F1GURE 3.6 Effect of Electron Mobility on efficiency of bilayer organic solar cell

3.1.4 Discussion

From the result of this section, it can be inferred that efficiency and short circuit
current of bilayer organic solar cell is very low. It can be attributed to the fact
that excitons created by the absorbing photon decays to ground state before reach-
ing to the donor acceptor interface. Moreover small exciton diffusion length also
emphasises the outcome. So, a device structure where donor-acceptor interface
will be more readily available is sought for better efficiency. Hence, bulk hetero-
junction solar cell structure comes. In the next section, modeling scheme of bulk

heterojunction solar cell considering electric field mobility is discussed.

3.2 Modeling of Bulk Heterojunction Organic
Solar Cell

The goal of modeling organic solar cells is to find new device designs, to enhance
the understanding of the power generation in these devices and to improve the
performance of these devices based on the understanding. Modeling provides
an opportunity to examine properties that are out of reach or too expensive to

measure. On the other hand, modeling is much faster and makes it possible to
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study numerous device structures and configurations in a very short period of
time, which can provide valuable information. These abilities are beyond what
an experiment can do. By taking the device as a light-in current-out device the

performance of solar cells can be divided into the following processes:

1. In-coupling of the photons

2. Absorption of the photons

3. Formation of the excitons from absorbing photons
4. Diffusion of excitons into Donor-Acceptor interface
5. Dissociation of excitons

6. Transport of charge carriers

7. Collection of the charges at the electrode

Now as seen in Figure 3.2 efficiency of bilayer organic solar cell is very low, Bulk
heterojunction (BHJ) solar cell where acceptor and donor and acceptor are mixed
in a solution used as active layer and cast into a thin film sandwiched between
two electrode are introduced [58-62]. All of these above mentioned processes are
incorporated in this modeling considering electric field dependent carrier mobility.
As it is known that, if the active layer thickness is varied then the electric field in
the active layer will be changed. So the effect of this change in electric field result
in different carrier mobility which needs to be incorporated in the modeling. Now
the first three points will be discussed in Optical Modeling section and the last

four will be discussed in Electrical Modeling Section.

3.2.1 Optical Modeling of Bulk Heterojunction Organic
Solar Cell

Optical modeling of bulk organic solar cell deals with the photon absorption in

the active layer and these photons transfer their energy to create excitons in the
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device. In this model, light is assumed to be injected at a normal angle to the
device. The injected light is assumed to be planar waves. As mobility of organic
materials is low and there is requirement of strong electric field for the dissociation
of the exciton, active layer needs to be thin. So, interference effect is needed to be

considered to calculate total absorbed photon.

Since excitons generated in Organic Photovoltaic (OPV) devices can diffuse to the
Donor-Acceptor (DA) interface and dissociate, the location of the exciton gen-
eration has impact on the device performance. Therefore, in order to correctly
model the organic solar cell devices, we need to calculate the photon absorption
at each position. In other words, we need to calculate the photon absorption at

each monolayer after dividing the device into different discrete monolayers.

FIGURE 3.7 Diagram of the photon absorption in typical BHJ devices. E;r and
E; are the components of the optical electric field propagating in the positive

and negative directions in the j#* monolayer, E,j and F are the corresponding
parameters for the adjacent k" monolayer.

The absorption in BHJ devices is modeled by the transfer matrix theory [63, 64].
Figure 3.7 shows the diagram of the photon absorption in OPV devices. Because
of the reflectance of the back cathode, the optical electric field at any position can
be decomposed into two components; one component propagating in the positive
direction and the other in the negative direction. Given that E;r and L are the
components of the optical electric field propagating in the positive and negative
directions in the j™ monolayer respectively, and E;" and E, are the corresponding

parameters for the adjacent k* monolayer.
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In the transfer matrix method solar cell is modeled by two types of matrices and

they are:

e Interface Matrix: It models the phenomena of transportation and reflec-
tion of incoming beam of light at the interface of two adjoining layers. The

matrix can be defined as:

1 1 Tk
L=+ (3.4)
jk rjk: 1
where 7, and ¢, are the Fresnel complex reflection and transmission co-

efficients at interface jk. As, it is assumed that light is injected normally,

Fresnel reflection and transmission coefficients are defined by,

n; —ng

P — 3.5

T'jk A + (3.5)
2N

tip = ——— 3.6

jk nj+nk ( )

where 7; and 7y, are the complex refractive index in the 5 monolayer and the
k' monolayer, respectively. Absorption strength depends on the imaginary

part of the refractive index, namely extinction coefficient.

e Layer Matrix: It models the effect of each layer’s material on transporting
beam of light.It describes the propagation through that layer. For layer j,

layer matrix is given by,

. 2mn;d;
ix— 1L

Lj = i*%md» (37)

J ]
where, d; is the thickness of monolayer.

Now, by using this interface matrix from Equation 3.4 and layer matrix from Equa-
tion 3.7, relation between the two adjacent layer’s electric field can be calculated.

This relation can be expressed as,
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+ E}
= I L; (3.8)
E- E;

J

After calculating all the transfer matrices in the devices and multiplying them
together, we can achieve a final matrix. The final matrix connects the optical
electric fields of the 0™ monolayer (layer in front of the BHJ device) and the
(N + 1)'h monolayer (layer at the back of the BHJ device) and it can be defined

as,

Er E7
L e (3.9)
Ly By
where, S is scattering matrix and it can be written as,
S Stz al
S = =[] Zo-voLo | Inv+a) (3.10)
So1 Saz v=1

Now, Ej is related to the incident light, and that Ey_, = 0 as no light come back
after it get out of the device, we can figure out the other two variables E; and
E} +1 by solving the matrix equation. For the total layered structure the complex

transmission and reflection coefficients can be expressed as

E(; 521
_Lfo _ P2 3.11
r ES» Sll ( )
Ey., 1
=24 - = 3.12
B~ 5n (3.12)

With the optical electric field in 0** monolayer, optical electric field in other mono-
layers can be calculated by using transfer matrix iteratively. Reflection of the glass
substrate is taken into account to calculate the initial optical electric field at the

glass-ITO interface by the following equation [65].
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1-R"

FEol? = ——M—
‘ 0g| T]g(l o RR*)‘

Eol? (3.13)
where R* represents the reflectance of air/glass interface, R the reflectance for the
stack structure, 7, the refraction coefficient of glass and |Ep|* (modulus squared
of the optical electric filed) the initial intensity of optical electric field when light

arrives at air/glass interface.

After calculating the optical electric field at each monolayer average absorbed
power can be calculated for each wavelength. The average absorbed light power

is given by,

. 47TC€0]€]'TL]‘

_2
Q= 7 |Ef + E;| (3.14)

where @; is the absorption rate at j”* monolayer, n; is real part of refractive
index, k; is imaginary part of refractive index, c is velocity of light and ¢, is
vacuum dielectric constant. Now total absorbed photon is calculated considering

AM 1.5G irradiance with integrated intensity 100 mW/cm? using Equation 3.15.

900nm A

N = QM)

A=300nm he

A (3.15)

Each photon then transfer their energy and become excitons after that. So at the

end of the optical modeling, total generation rate of exciton is obtained.

3.2.2 Electrical Modeling of Bulk Heterojunction Organic
Solar Cell

The electrical model considers the generation,recombination, drift, diffusion, and

collection process of the electron and hole in the active BHJ layer. At first exciton
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dissociates in the DA interface. After that free charge carrier generation, recombi-
nation and transport of charges occur. All of these processes will be incorporated

in the modeling considering electric field dependent carrier mobility.

3.2.2.1 Exciton Dissociation in BHJ Device

Excitons, rather than free charge carriers, are formed after the photon absorption
in OPV devices because of the low dielectric constant and strong exciton binding
energy. Excitons can diffuse to the donor acceptor (DA) interface and dissociate
efficiently. For bulk heterojunction devices it is assumed that DA interfaces are
uniformly distributed all over the active layer and exciton dissociate immediately
after its creation. So, diffusion of exciton is ignored in this model. To calculate
the exciton dissociation, we assume that the charge transfer (CT) process takes
place immediately after excitons arrive at the DA interface [43-45]. The new CT
state can either dissociate into free charge carriers with a field dependent rate k,
and or decay to the ground state with a constant rate k;. The dissociation rate
kq of CT state is calculated through the Braun-Onsager model [43, 48, 66]. The

equation is given by,

4ma? €-€0 4dre, eqakT

_ 2 3
kq = ¢ *e*(“p+”")*exp(—e)*<1+b+b—+b—+ ....... ) (3.16)

where,

e F

"~ 8mercok?T? (3.17)

E = Electric Field
1, = Electron mobility
i, = Hole mobility

a = Charge carrier initial separation distance in the CT state



Chapter 3. Results and Discussions 41

¢, = Relative dielectric constant
e = Elecron charge
k = Boltzman Constant

T = Temperature

The model was originated by Onsager for analysis of geminate recombination of
an ion pair in an isotropic medium [45, 66]. The model has been used in [43] for
calculating the photogeneration of charges in bulk hetorojunction OPV cells. The
two key parameters that control the dissociation efficiency are a and k;. A large
separation distance can help to dissociate the CT state while a large £y can make

the CT state more likely to decay rather than dissociate.

3.2.2.2 Charge Carrier Generation, Transport and Recombination

The BHJ layer is a mixture of donors and acceptors exhibiting a complex mor-
phology. In the following figure P3HT:PCBM BHJ solar cell structure and energy
level is shown. The photogenerated excitons in the donor and the acceptor dis-
sociate into free charge carriers at the interface. The photogenerated electrons
and holes are transported in the acceptor and donor phases, respectively. In the
effective medium model the BHJ layer is considered a homogeneous semiconductor
(62, 67-69]. The energy difference between the LUMO of the acceptor(PCBM )and
the HOMO of the donor (P3HT) is called as effective bandgap E,.

Due to the amorphous structure of organic materials, charge carriers mainly move
by hopping between molecules. The energy and position disorder impedes the
transport and cause a low mobility for organic materials. As a result of the dis-
ordered structure, most organic materials have electric field dependent mobility.
The electric field dependence of mobility can be described by the Poole-Frenkel
equation [48, 70, 71] as follows

p(E) = poexp (7\@) (3.18)



Chapter 3. Results and Discussions 42

FIGURE 3.8 (a) Configuration of P3HT:PCBM based BHJ OSC and (b)
Schematic energy potential diagram of the considered cell (before the materials
are brought into contact). The picture is adapted from [46]

where E is the electric field, p (F) is the charge carrier mobility under electric
field E, po is the mobility under zero electric field, and « is the Poole-Frenkel
field dependence factor. Since py and ~ are both constant, the mobility of the
organic material under any given electric field can be calculated through the above

equation

To correctly model the charge carrier transport in organic semiconductor devices,
it is needed to calculate the electric field and charge carrier density distributions
across the whole device. The device is treated as one-dimensional cells along the
direction normal to the electrode surfaces. Therefore, the one-dimensional Poisson
equation describes the electric field distribution across the organic layer, and the
applied voltage across the device provides the necessary boundary condition [43,

62, 63]. The electric field in the device is calculated by the following equations.

8E_e(p—n)

or €-€0

(3.19)
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V(L) =V (0)=—"-V, (3.20)

where V, is applied voltage, p is hole concentration, n is electron concentration and
E is electric field. Charge carriers transport through drift diffusion equation and
diffusion constant is assumed to follow Einstein relation [72, 73]. So the equation

of current becomes,

on

Jn = Jndrift + Jndiffusion = an% + ,unan (321)
dp

Jo = Jparife + Jpaif fusion = —qDp -+ 11papE (3.22)

Yn _ Yy _ B (3.23)

Electrons and holes recombine with each other if they are both present in the
device and are close to each other. The bulk recombination rate of free electrons

and holes is calculated in accordance with Langevins theory [74].

e

R = —— (ptn + ptp) * (np — 1) (3.24)

€r€o

Modified recombination equation is needed to be used in bulk heterojunction de-
vice as recombination only occur at the interface. So the slowest carrier determines

the recombination rate of the device and modified equation will be

€ .
min(ia. 1)+ (np = ) (3.25)

R =

The drift and diffusion currents move the charge carriers in the device, while the

recombination reduces the charge carrier density. Combining all of them together,
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it can be calculated the change of charge carrier density over time through the

continuity equation below:

on 1dJ,
op  1dJ,

where G is the generation rate of the free charge carrier. Now as generation rate
is dependent on exciton generation and dissociation rate. So exciton dissociation
and decay rate are needed to be incorporated to calculate the generation rate.
Again when the electron and hole recombine exciton is generated. So this is also

needed to be incorporated here. Modified equation will be,

dX

and continuity equation becomes

on 1dJ
— = R4 kX 3.29
ot e dz +Kd ( )
Op 1dJ,
—=———4+ kX -R 3.30
ot ed$+ d ( )

where k4 is calculated using Equation 3.16.

Charge carriers in the device determine the electric field distribution, and the
electric field will modify the charge carrier distribution. The interplay between
the charge carriers and the electric field is the key issue in organic semiconductor
devices, while the field dependent mobility further complicates the problem. In the

model, the change of the exciton density and charge carrier density at each position
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over time will be calculated. The model stops at the equilibrium state where the

exciton density and charge carrier density at each position remain constant.

3.2.2.3 Outline of Modeling

In the above subsections each component of the model is described. Now the steps
of the model are described in this section. At first,photon absorption in the active
layer is calculated using optical modeling. An applied voltage is given on the
active layer of the device. the corresponding charge carrier density is calculated
after that. Electric filed is calculated using the given voltage on the active layer.
After that mobility of the charge carrier is calculated using Equation 3.18. After
calculating mobility, continuity equation is used in order to calculate electron
density and hole density. Now when exciton dissociates it creates electron and
hole and when charge carriers recombine they create excitons. These phenomena
is achieved by Equation 3.28. Equation 3.29 and 3.30 are used to calculate the new
electron and hole density. Now if the change in exciton density, electron density
and hole density in between iterations is less than the convergence parameter then
current density is calculated, otherwise the loop is again started and it runs until

the value is converged. The flow chart of the model is depicted in Figure 3.9.

3.3 Results of Optical Modeling

By doing optical modeling absorption rate of the photons and hence the generation
rate of excitons can be determined for bulk heterojunction solar cell. Amount of
light absorbed and photon generation is important to calculate the total current.
For bulk heterojunction organic solar cell it is assumed that donor-acceptor inter-
face is uniformly distributed. So the amount of absorbed photon is equal to the
exciton generation rate at each layer of the device. Absorption of each layer under

different wavelength can also be determined by this modeling.
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FIGURE 3.9 Flow chart of the proposed model

At first the photon generation rate of a PSHT:PCBM solar cell is calculated. For
the simulation of this BHJ solar cell refractive indices data are taken from [75]

and AM 1.5G irradiance data is taken from [76].

From Figure 3.10, it is seen that there is a oscillating nature in the generation
rate. The oscillating nature with the thickness is found out due to the effect of
interference and reflectance. So the total generation rate is calculated. Now with

this generation rate exciton generation rate can be calculated.
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FIGURE 3.10 Generation rate of excitons in P3HT:PCBM bulk heterojunction
solar cell

Then absorption rate of different layer of solar cell is simulated. The resultant

figure is shown below:

F1GURE 3.11 Absorption rate of different layer of PSHT:PCBM solar cell

From the Figure 3.11 it is seen that most of the absorption is taken place in

P3HT:PCBM layer as expected.
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3.4 Results of Electrical Modeling

Electrical modeling is performed to find out the J-V characteristics of the device.
A couple of organic bulk heterounction solar cell is modeled using the proposed
method. Again, sensitivity of different parameters to the current-voltage charac-

teristics will be shown. In this section these results will be presented.

3.4.1 Variation of Active Layer Thickness

In this thesis active layer thickness is varied and its effect on the current-voltage
characteristics is measured. This model is based on electric field dependent carrier
mobility. So when active layer thickness is varied, as length is varied between the
applied voltage, so electric field will change in the active layer. This model deals
with the changed mobility. So when electric field is changed, mobility is changed
according to Poole-Freknel equation. And as this model is concentrated on electric
field dependent mobility, so change in electric field and its impact on the device
performance with changed mobility is the important aspect for the validity of
this model. As a result, device performance with active layer thickness is studied
thoroughly and the result is compared with the existing model and experimental

results.

For PSHT:PCBM solar cell in Figure 3.8 active layer thickness is varied by simu-
lation. PSHT:PCBM solar cell is the most used organic solar cell in recent times.
To find out the effect of active layer thickness in PSHT:PCBM solar cell, active
layer thickness is varied from 40 nm to 140 nm. It will be better if more thick-
ness can be simulated. For all this simulation dielectric constant is kept at 3.4,
initial separation distance is kept at 1.07 nm, zero field electron mobility is kept
at 1 x 1073e¢m?/V.s, zero field electron mobility is kept at 1 x 10™*em?/V.s and

effective density of states is kept at 1 x 10%¥em=3.

Decay rate is maintained at
1.5 x 10° per second. Convergence parameter is 0.2. Applied voltage is varied
and corresponding current density is calculated with the proposed model. The

obtained current-voltage characteristics is shown in the Figure 3.12.
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FIGURE 3.12 J-V characteristics with a variation of active layer thickness

From the obtained current-voltage characteristics it is seen that Fill Factor is no
so great for the device. Open Circuit Voltage (V,.), Short Circuit Current J,. and

Fill Factor can be obtained form the resultant current voltage characteristics.

FIGURE 3.13 Voc with a variation of active layer thickness

From the obtained open circuit voltage in Figure 3.13, it is seen that open circuit
voltage remains constant at around 0.6 V. which is in consistent with experimental
results in [77] and other models [62, 78]. The consistency in open circuit voltage

can easily be understood as it has been known that V,. depends on the energy



Chapter 3. Results and Discussions 50

levels of donor and acceptor. So variation is active layer thickness doesn’t change

the open circuit voltage.

FIGURE 3.14 Short Circuit Current with a variation of active layer thickness

From Figure 3.14, it can be observed that contrary to V,., the short-circuit current
Jse of the device changes dramatically with the thickness of the active layer. The
plot of short circuit current versus thickness shows two maxima 60 nm when
thickness is varied from 40 nm to 140 nm. At the 120 nm and 140 nm it almost
constant which indicates that the value will rise further and get another maxima.
This is in consistent with the experimental results obtained in [77] and other
models in [62, 78] Since the number of photons absorbed in the active layer shows
an oscillatory nature as the thickness of active layer increases (Figure 3.10), the
short circuit current of the model devices also shows oscillatory behavior, because
the photocurrent of solar cells depends on the number of photon absorbed in the
active layer. However, the photocurrent at higher active layer thickness may not
be consistent with the number of absorbed photon. Lower current density in active
layer can then be attributed to the following two reasons: as the thickness of active
layer increases, the electric filed inside the active layer decreases at the constant
bias voltage. Since the exciton dissociation rate depends on the electric field,
the dissociation rate of excitons becomes smaller at lower electric field. Another
possible reason for the decrease of short circuit current in thicker active layer is an

increase in the recombination rate. Since a thicker device has longer pathway for
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charge collection, it is easily expected that the probability for separated charges
to recombine increases. Furthermore, due to lower electric field within thicker
device under the short-circuit condition, the drift of charge carriers becomes slower
and therefore the chance of recombination would be increased. The fraction of
recombination events can be evaluated from the ratio of the recombination rate to
the dissociation rate under the steady state. Thus, smaller short-circuit current
density in thicker device is mainly attributed to an increase of the recombination

rate.

FiGUurE 3.15 Fill Factor with a variation of active layer thickness

Fill factor of the device in Figure 3.15 is shown. Fill factor tends to decrease
as the active layer thickness decreases which is in consistent with [79]. It can
be attributed the fact that the recombination at maximum power point is more

prominent in thicker device.

So from the Figure 3.16, it is seen that efficiency of the solar cell is maximum at
60 nm which is in match with experimental result [77]. It can be attributed to the
fact that at 60 nm short circuit current is maximum and open circuit voltage is
almost constant for all thickness. Though Fill factor decreases slightly but short
circuit current dominates more and efficiency is maximum at layer thickness = 60

nm.
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FIGURE 3.16 Efficiency with a variation of active layer thickness

3.4.2 Effect of Addition of Higher Mobility Solvent, CNT

Electron and Hole mobility can play an important role on device performance.
This model is based on consideration of electric field dependent mobility. Now
as an organic semiconductor mobility of the material will not be the same with
the change in electrical field. In previous models, mobility is considered to be
constant with the variation in electric field in order to assume the performance.
But for determining the actual happening in the device electric field dependent
mobility should be considered. Moreover, addition of different solvent can alter
the mobility curve of the active layer. So, in this section, performance of higher

mobility solvent is analysed.

Carbon Nano Tube (CNT) is a promising material in organic solar cell. It is
used as a solvent in the active layer by researcher experimentally [80-82]. So in
this part, performance analysis of nominal solar cell and CNT doped solar cell is
analysed. It is reported that by the addition of CNT in the active layer absorption
is almost unchanged [80]. Now by adding CNT as a solvent the hole mobility of
the active layer increases to 1.5 x 1073¢m?/V.s. So the performance of the solar

cell with the addition of CNT is shown the figure below.
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As absorption is almost same with the addition of CNT, so optical modeling
remains same as previous. For electrical modeling as hole mobility is changed, so
hole mobility is used from [80] for CNT doped P3HT:PCBM solar cell. Using this
hole mobility and 140 nm active layer thickness current-voltage characteristics is

calculated. All other parameters remain same as previous.

FiGURE 3.17 Current-Voltage characteristics with a variation of hole mobility

It is evident from Figure 3.17, that performance is definitely improved by the
addition of CNT. In order to have a closer look at the device performance, open
circuit voltage, short circuit current and fill factor is shown in Figure 3.18, 3.19

and 3.20 respectively.

From the results it is expected that the efficiency of the solar cell will be improved
by the addition of CNT as solvent. The efficiency of the solar cell before adding
CNT and after addition of CN'T is shown in Table 3.1. So, the result is as expected.

TABLE 3.1 Efficiency of solar cell with and without CNT

Without CNT | With CNT

Efficiency (%) 1.5 2.1

So it is seen that efficiency is increased about 40% with the addition of Carbon

Nano Tube as solvent in the active layer.
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FI1GURE 3.18 Open circuit voltage with a variation of hole mobility

FIGURE 3.19 Short circuit current with a variation of hole mobility

FIGURE 3.20 Fill factor with a variation of hole mobility
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3.4.3 Effect of Donor Concentration on the Device Perfor-

mance

Researchers always try to find a model to quantitatively describes the experimental
data or propose new device design. In this section device performance with a
variation in donor concentration is predicted for a TAPC:Cgo bulk heterojunction
solar cell. My model is used to model the effects of donor concentration on the

device performance.

Now TAPC is a non-absorbing material in the visible spectrum. Thus the photon
absorption can be attributed to Cg, molecule. The absorption coefficient of the

mixed layer can be defined as,

ax(crapc) = ax(Ceo) (1 — (crapc) (3.31)

where a)(crapc) and «,(Cgo) are absorption coefficient of the mixed material
and Cgo respectively at wavelength A and TAPC concentration c¢papc. Since the
photon absorption is calculated according to the transfer matrix theory where the
complex refractive index (n,k) of the mixed material is required. Intuitively, I

assume that,

kx(erapc) = kx(Ceo)(1 — (crarc) (3.32)

where ky(crapc) and ky(Cgo) are imaginary part of the optical refractive index of
the mixed material and Cgg [83] respectively. Real part of the refractive index of

the mixture is assumed to be same as Cgy.

To find out the effect of donor concentration in TAPC:C60 solar cell, donor con-
centration is varied from 25% to 50%. It will be better if more thickness can be
simulated. For all this simulation dielectric constant of the mixed structure is

calculated using the following relation [84],
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e:(crapc) = (crapc * e:(TAPC)Y? 4 (1 = cpape) * 6:(C60)/3)°  (3.33)

where ¢€.(C60) [85] and ¢€.(TAPC) [86] are the dielectric constants of C60 and
TAPC respectively. Dielectric constant of TAPC is 3.5 and C60 is 4.5. Increase
in the TAPC concentration will lower the dielectric constant of the material and
increases the Coulomb force between the charge pairs in CT states. Consequently,

the dissociation of CT states becomes more difficult [87].

Initial separation distance is kept at 1.1 nm, zero field electron mobility is kept
at 1 x 1073cm?/V.s, zero field electron mobility is kept at 1 x 107%em?/V.s and

effective density of states is kept at 1 x 108cm 3.

Decay rate is maintained at
5 x 10° per second. Convergence parameter is 0.2. Applied voltage is varied
and corresponding current density is calculated with the proposed model. The

obtained current-voltage characteristics is shown in the Figure 3.21.

F1GURE 3.21 Current voltage characteristics with a variation of donor concen-
tration

In order to watch the effect of donor concentration closely on the device perfor-
mance, open circuit voltage and short circuit current of the device are plotted

separately for variation in donor concentration.

From the figure it is seen that at the higher concentration of TAPC both V. and J.

decrease. It can be attributed to the reduction in dielectric constant and electron
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FIGURE 3.22 Open circuit voltage with a variation of donor concentration

F1GURE 3.23 Short Circuit Currents with a variation of donor concentration

mobility of the TAPC:C60 layer becomes significant and adversely affecting the
Jse and FF. The efficiency of the TAPC solar cell with the change in concentration
is shown in the Table 3.2.



Chapter 3. Results and Discussions 58

TABLE 3.2 Efficiency of solar cell with donor concentration

Donor Concentration (%) | Efficiency

25 1.58
33 1.44
20 1.06

3.5 Sensitivity to the Parameters

As this model is a numerical model it uses a couple of fitting parameters to match
the experimental results. In this section sensitivity to the various fitting parameter

is analysed.

3.5.1 Sensitivity of effective density of states

In order to find out the effect of effective density of states, this parameter is
varied. Higher density of states of carriers near contacts, will create band bending
and effectively reduces the field and hence mobility is also changed according to
it. The impact of this phenomena on current-voltage characteristics is shown in

Figure 3.24

In order to investigate more about the open circuit voltage, short circuit current
and fill factor these performances are plotted individually. Figure 3.25, Figure
3.26 and Figure 3.27 shows the effect of density of states on these parameters

respectively.

From Figure 3.25, it is seen that open circuit voltage decreases with the increase
in effective density of states. It can be attributed to the fact that at low density of
states there is uniform built in electric field throughout the device. But at higher
density of states there is band bending near the contact as there is high majority

charge carrier density near the contacts in this case. Due to band bending, electric
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FIGURE 3.24 Current Voltage Characteristics with a variation of effective den-
sity of states

FIGURE 3.25 Open circuit voltage with a variation of effective density of states

field is reduced and consequently open circuit voltage is reduced at higher effective

density of states.

It is seen from Figure 3.26 that, short circuit current also decreases with the
increase in effective density of states. The same reason as for V,. can also be
attributed here. Due to low electric field at higher effective density of states short

circuit current reduces.
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FIGURE 3.26 Short circuit current with a variation of effective density of states

FiGUuRrE 3.27 Fill factor with a variation of effective density of states

From Figure 3.27, it is seen that fill factor increases with the increase in effective

density of states.

3.5.2 Sensitivity of Initial Separation Distance

Initial separation distance is the distance between electron and hole of the bound
exciton. In some model Gaussian spatial distribution of critical separation distance

is used. But in this model critical separation distance of every exciton is assumed
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to be same and a single constant value. Now, the impact of this fitting parameter

in the device performance is simulated. Resultant curve is shown in Figure 3.28.

FIGURE 3.28 Current Voltage characteristics with a variation of initial separa-
tion distance

It is seen that for 1.2 nm of initial separation distance short circuit current is
maximum. As dissociation rate of CT state depends on the initial separation
distance, so a larger separation distance tends more exciton to dissociate and

hence more electron-hole pair. So the result follows.
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Conclusion and Suggestions

4.1 Conclusion

Many solar cell technologies exist for the direct conversion of light into electric-
ity, each with its own advantages and disadvantages. One of the most important
quantity for determining the competitiveness of different solar cell technology is
the expected cost per kWatt produced. There are many strategies being pursued
to achieve cost efficiency such as improving efficiency of standard silicon cells, re-
ducing the amount of expensive raw materials with thin films, developing lower
cost manufacturing methods, and designing high efficiency devices with small ar-
eas. Organic solar cells are a newer technology in this field and have the potential
for low manufacturing and material costs. However, organic semiconductors are
still a relatively new field with unique great properties. But still many of them are
still unknown and researchers are exploring the new fields of organic solar cells.
Various experimental and theoretical work have been done by the researcher. To
predict the device performance not only the experimental work but also modeling
is necessary. With device modeling one can measure many properties which are
too expensive to measure or need a great amount of time and propose new device

design.

62
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As mobility of the organic material is not constant for all electric field, so a model
considering electric field dependent mobility is necessary to explore. In this thesis
bulk heterojunction organic solar cell is modeled considering the aforementioned
fact. For the modeling purpose complex refractive index of the organic materials
are taken as input and using this total photon absorption at depth of active layer
is obtained using transfer matrix formalism considering AM 1.5G irradiance. An
oscillating nature of photon absorption is found for the organic solar cell due
to the interference and reflectance effect of the layers. After the calculation of
photon absorption rate, exciton generation rate is assumed to same as photon
absorption rate as Donor acceptor interface is uniformly distributed everywhere in
bulk heterojunction device. Exciton transfer to charge transfer state where they
either dissociate or decay. Decay rate is assumed to be constant and dissociation
rate depends on the electric field and initial separation distance of electron and
hole in exciton. After the dissociation of excitons electrons and holes are generated
and their transport is modeled by continuity equation. Current in the device is
considered to be drift diffusion current and field dependent mobility is considered

to model the BHJ organic solar cell.

At first, bilayer organic solar cell is simulated using simulator and it is found that
the efficiency of this solar cell is too low as expected. From variation in acceptor
thickness, donor thickness and mobility, the maximum efficiency of around 0.9%
is achieved. After that, PSHT:PCBM bulk heterojunction solar cell is simulated
with a variation of active layer thickness. As this model is based on field dependent
carrier mobility, so change in layer thickness subsequently changes electric field and
hence model can be verified. It is observed that at 60 nm efficiency is maximum
when layer thickness is varied from 40 nm to 140 nm and it is expected that short
circuit current will follow an oscillating nature like photon absorption profile. Open
circuit voltage remains almost constant at 0.6 V for all thicknesses. Thereafter,
the impact of a high hole mobility solvent in the active layer is examined. When
a high mobility solvent CNT is added in PSHT:PCBM active layer, efficiency is
increased by 40%. For TAPC:C60 bulk heterojunction solar cell, with the increase

in C60 concentration open circuit voltage and short circuit current increases which
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can be attributed to the less absorbing capability of TAPC. The model is sensitive
to the effective density of states and initial separation distance. With the increase
in effective density of states, the current voltage curve shifts to the left meaning
both open circuit voltage and short circuit current decreases. It can be attributed
to the band bending near contact region at high effective density of states. The
device performance also varies with the initial separation distance between electron

and hole in the exciton.

4.2 Suggestions

Mobility of the organic solar cell is changes with the annealing and morphologi-
cal changes. As this model has the capability of taking variable mobility, so not
only electric field but also annealing and morphology dependent mobility of the
organic compound can be considered to model bulk heterojunction organic solar
cell. Moreover, with the experimental knowledge of refractive index of the mate-
rials, dielectric constant and mobility of the compound any organic solar cell can
be modeled using the proposed model. First principle study of the morphological
dependence of the mobility can be obtained in future and incorporating this model

with the first principle study, a better model can be achieved.
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Simulation Codes

A.1 Sample Code for Optical Modeling

althick=40;%in nm

lamda = 300:10:900; %in nm

stepsize = 1;

layers = {’Si02’ ’ITOsorizon’ ’Mo0Ox’ ’C60’ ’Bphen’ ’Al’};
thickness = [0 100 3 althick 8 100];

activelayer = 4;

AM15_data=xlsread(’AM15.x1s’);
AM15=interpl (AM15_data(:,1), AM15_data(:,2), lamda, ’linear’, ’extrap’);

ntotal = zeros(size(layers,2),size(lamda,2));

for index = 1:size(layers,2)
[IndRefr,IndRefr_names]=xlsread(’Index_of_Refraction_library.xls’);
file_wavelengths=IndRefr(:,strmatch(’Wavelength’,IndRefr_names));
nr=IndRefr(:,strmatch(strcat(layers{index},’_n’),IndRefr_names));

if index==

65
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k=IndRefr(:,strmatch(strcat(layers{index},’_k’),IndRefr_names))*(1-ch);
else
k=IndRefr(:,strmatch(strcat(layers{index},’_k’),IndRefr_names));
end
ntotal(index, :) = nr+lixk;
end
t(1) = 0;
t_cumsum = cumsum(thickness);
nfull=zeros(size(ntotal,l),size(lamda));
track_n=1;
for m=1:length(lamda)
nfull(1,m)=ntotal(l,m);
end
for m=2:1length(thickness)
dj=thickness(m);
nfull (track_n+1:track_n+dj,:)=repmat(ntotal(m,:),dj,1);
track_n=track_n+dj;
size(nfull)
end

nfull(size(nfull,1)+1,:)=1;

G=zeros(size(nfull,1)-1,length(lamda));
for m = 1:1length(lamda)
for pp=1:size(nfull,1)-1
I11(pp)=(nfull(pp,m)+nfull (pp+1,m))/(2*nfull (pp,m));
122(pp)=I11(pp);
I112(pp)=(nfull (pp,m)-nfull (pp+1,m))/(2*nfull (pp,m));
I21(pp)=I12(pp);
end
for pp = 2:size(nfull,1)-1
xi=2*pi*nfull (pp,m)/lamda(m) ;
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end

L11(pp)=exp(-1i*xi);
L22(pp)=exp(1ix*xi);
L12(pp)=0;
L21(pp)=0;

S11(2)=I11(1);S12(2)=I12(1),;S21(2)=I21(1);S22(2)=I122(1);

for

end

pp=3:size(nfull,1)

t1=511(pp-1)*L11 (pp-1)+S12(pp-1)*L21 (pp-1) ;
t2=511(pp-1)*L12(pp-1)+S12(pp-1) *L22(pp-1) ;
t3=521(pp-1) *L11 (pp-1)+S22(pp-1) *L21 (pp-1) ;
t4=521(pp-1)*L12 (pp-1)+522 (pp-1) *L22 (pp-1) ;

S11(pp,m)=t1*I11(pp-1)+t2*I21(pp-1);
S12(pp,m)=t1*I12(pp-1)+t2*xI22(pp-1);
S21 (pp,m)=t3*I11(pp-1)+t4*I21 (pp-1);
S22 (pp,m) =t3*I12 (pp-1)+t4*I22 (pp-1) ;

Ep(1,m)=1;En(size(nfull,1) ,m)=0;

En(1,m)=Ep(1,m)*S21(size(nfull,1),m)/S11(size(nfull,1) ,m);

Ep(size(nfull,1) ,m)=Ep(1,m)/S11(size(nfull,1) ,m);

Ri1(m)=(1-nfull(1,m))*(1-nfull(l,m))/(1+nfull(l,m))/(1+nfull(1,m));

R2(m)=abs(S21(size(nfull,1))/S11(size(nfull,1) ,m))"2;

gx=zeros(length(nfull)-1,length(lambda)) ;

absorp=zeros(length(nfull)-1,length(lambda));

for

pp=2:size(nfull,1)-1
Ep (pp,m)=(822(pp,m) *Ep(1,m)-S12(pp,m) *En(1,m) )/ (S11 (pp,m) *S22 (pp,m)
-312(pp,m) *S21 (pp,m)) ;
En(pp,m)=(-S21(pp,m)*Ep (1,m)+S11 (pp,m)*En(1,m))/(S11(pp,m)*S22(pp,m)
-S12(pp,m) *S21 (pp,m) ) ;
mod_Esq (pp,m)=abs (Ep(pp,m)+En(pp,m)) "2;
absorp (pp,m)=4*pi*(1-R1(m))/(lamda(m)*nfull (1,m)*(1-R1(m)*R2(m)));



Appendix A. Simulation Codes 68

gx (pp,m)=absorp (pp,m)*imag(nfull (pp,m))*real (nfull (pp,m))*mod_Esq(pp,m)
G(pp,m)=gx (pp,m)*AM15(m) ;
end

end

diel_r=(ch*diel_r1~(1/3)+(1-ch)*diel_r2~(1/3))"3;

Gl=sum(G,2);

G2=G1(105:104+althick);
figure(1) ;plot(G2*1e3/q);
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A.2 Sample Code for Electrical Modeling

EpO=EpOO*ones (althick+2,1) ; En0O=EnOO*ones (althick+2,1);

munO=mun00*ones (althick+2, 1) ;mupO=mupO0*ones (althick+2,1);

FF=0;pmax=0; Vpmax=0; Jpmax=0; Jsc=0; Joc=100;
Voc=0;Vocbot=0;Voctop=0; Jocbot=1000; Joctop=1000;

p=zeros(althick+2,1) ;n=zeros(althick+2,1);

F=zeros(althick+2,1) ;Fint=zeros(althick+2,1);

pnew=zeros (althick+2,1) ;nnew=zeros(althick+2,1);

Xnew=zeros (althick+2,1) ;X=zeros(althick+2,1);

R=zeros(althick+2,1) ;P=zeros(althick+2,1);

U=zeros(althick+2,1); jp=zeros(althick+2,1); jn=zeros(althick+2,1);
jt=zeros(althick+2,1);jpdiff=zeros(althick+2,1); jpdrift=zeros(althick+2,1);
jndrift=zeros(althick+2,1);jndiff=zeros(althick+2,1);

mun=zeros (althick+2,1) ;mup=zeros(althick+2,1);

Dp=zeros(althick+2,1) ;Dn=zeros(althick+2,1);
nisqg=Nc*Nv*exp (-Eg/kT) ;
p(3:althick)=4el7;
n(3:althick)=4el7;
V=Vbegin:dV:0.7;
for yy=1:length(V)
V=V (yy);

p(2)=Nv; p(althick+1)=Nv*exp(-Eg/kT);
n(2)=Nc*exp(-Eg/kT); n(althick+1)= Nc;
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p(1)=n(2); n(1)=p(2);
p(althick+2)=n(althick+1);

n(althick+2)=p(althick+1);

flag=0;

% Electrical Field Calculation
for mm=1:althick+1
Fint (mm)=0;
for pp=1:althick+2
if pp<=mm
Fint (mm)=Fint (mm)+d1*q* (p(pp) -n(pp))/2/diel_0/diel_r;
else
Fint (mm)=Fint (mm)-d1xq* (p(pp)-n(pp))/2/diel_0/diel_r;
end
end
end
for mm=2:althick+1
F(mm)=(Fint (mm-1)+Fint (mm))/2;
end
VF=sum(F.*dl) ;
VF=Vbi+VF;
n(1)=n(1)+(VF-VV)*diel_Ox*diel_r/(q*dl*althick*dl);
p(althick+2)=p(althick+2)+(VF-VV)*diel_O*diel_r/(q*dl*althickxdl);
if n(1)<p(1)
p(D=p(1)-n(1);n(1)=0;
else
n(1)=n(1)-p(1);p(1)=0;
end

if n(althick+2)<p(althick+2)
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p(althick+2)=p(althick+2)-n(althick+2) ;n(althick+2)=0;
else
n(althick+2)=n(althick+2)-p(althick+2);p(althick+2)=0;
end
for mm=2:althick+1
F(mm)=F (mm) - (VF-VV) /althick/dl;
mun (mm) =mun0 (mm) *exp (En0 (mm) *sqrt (abs (F(mm))) ) ;
Dn (mm) =mun (mm) *kT;
mup (mm) =mupO (mm) *exp (EpO (mm) *sqrt (abs (F(mm)))) ;
Dp (mm) =mup (mm) *kT;
end
F
x=[abs(mun.*F); abs(mup.*F);abs(Dn/dl);abs(Dp/dl)];
mufmax=max (max(x)) ;

dt=dl/mufmax/ts_factor;

for iter=1:Nmax
iter,flag,yy
if flag==0

flag=1;

dpp=0;dnn=0;

for gg=3:althick
pnew (gg)=p(gg)+dt* ((Dp(gg+1) *p (gg+1)+Dp(gg-1) *p (gg-1) -2xDp(gg)
*p(gg))/(d1xdl)-p(gg) *mup (gg) *abs (F(gg)) /d1l);
if (F(gg+1)<0)
pnew (gg) =pnew (gg) +dt*p(gg+1) *mup (gg+1) *abs (F(gg+1)) /dl;
end

if (F(gg-1)>0)
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pnew (gg) =pnew (gg) +dt*p(gg-1) *mup (gg-1) *abs (F(gg-1)) /d1;

end

nnew (gg)=n(gg)+dt*((Dn(gg+1)*n(gg+1)+Dn(gg-1) *n(gg-1)-2+Dn(gg)
*n(gg))/(d1*dl)-n(gg) *mun (gg) *abs (F (gg) ) /d1) ;
if (F(gg+1)>0)
nnew (gg) =nnew (gg) +dt*n(gg+1) *mun (gg+1) *abs (F(gg+1))/dl;
end
if (F(gg-1)<0)
nnew (gg) =nnew (gg)+dt*n(gg-1) *mun (gg-1) *abs (F(gg-1)) /d1;

end

end

88=2;
pnew(gg)=p(gg)+dt*((Dp(gg+1)*p(gg+1)-Dp(gg) *p(gg))/(d1*dl));
if (F(gg+1)<0)

pnew (gg) =pnew (gg) +dt*p (gg+1) *mup (gg+1) *abs (F(gg+1)) /d1;
end
if (F(gg)>0)

pnew (gg)=pnew (gg) -dt*p (gg) *mup (gg) *abs (F(gg) ) /d1;

end

nnew (gg) =n(gg)+dt* ((Dn(gg+1) *n(gg+1)-Dn(gg) *n(gg) )/ (d1*dl));
if (F(gg+1)>0)

nnew (gg) =nnew (gg) +dt*n(gg+1) *mun (gg+1) *abs (F(gg+1)) /d1;
end
if (F(gg)<0)

nnew (gg)=nnew (gg) -dt*n(gg) *mun (gg) *abs (F(gg) ) /d1;

end
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gg=althick+1;
pnew(gg)=p(gg)+dt*((Dp(gg-1)*p(gg-1)-Dp(gg) *p(gg))/(d1*dl));
if (F(gg-1)>0)

pnew (gg) =pnew (gg) +dt*p (gg-1) *mup (gg-1) *abs (F(gg-1))/d1;
end
if (F(gg)<0)

pnew (gg)=pnew (gg) -dt*p (gg) *mup (gg) *abs (F(gg) ) /d1;

end

nnew (gg)=n(gg)+dt*((Dn(gg-1)*n(gg-1)-Dn(gg) *n(gg) )/ (dl*dl));
if (F(gg-1)<0)

nnew (gg) =nnew (gg) +dt*n(gg-1) *mun (gg-1) *abs (F(gg-1)) /d1;
end
if (F(gg)>0)

nnew (gg)=nnew (gg) -dt*n(gg) *mun (gg) *abs (F(gg) ) /d1;

end

for gg=2:althick+1l
if (n(gg)*p(gg))>nisq
R(gg)=q* (mun(gg)+mup(gg) ) * (n(gg) *p(gg) -nisq) /diel_0/diel_r;
else
R(gg)=0;
end
Xnew(gg)=X(gg) +dt* (G2(gg-1) / (d1*q*1000) -kf*X (gg) ~kd (mun (gg)
+mup (gg) ,a,diel_r,F(gg))*X(gg)+R(gg)) ;
pnew (gg)=pnew(gg) -R(gg) *dt+kd (mun (gg) +mup(gg) ,a,diel_r,F(gg))
*X (gg) *dt;
nnew (gg)=nnew(gg) -R(gg) *dt+kd (mun (gg) +mup (gg) ,a,diel_r,F(gg))
*X (gg) *dt;
P(gg)=kd (mun (gg)+mup (gg) ,a,diel_r,F(gg))/(kd(mun(gg)+mup(gg) ,
a,diel_r,F(gg))+kf);
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U(gg)=P(gg)*G2(gg-1)/(d1*q*1000)-(1-P(gg) ) *R(gg) ;

end

p(1)=p(1)+n(2)-nnew(2);
n(1)=n(1)+p(2)-pnew(2);
p(althick+2)=p(althick+2)+n(althick+1)-nnew(althick+1);
n(althick+2)=n(althick+2)+p(althick+1)-pnew(althick+1);
xcheck(iter)=p(8) ;xcheckl(iter)=n(8);
if flag==
for gg=2:althick+1
if abs(Xnew(gg)-X(gg))>abs(convergexdt*Xnew(gg))
flag=0;
end
end

end

if flag==
for gg=3:althick
if abs(pnew(gg)-p(gg))>abs(convergexdt*pnew(gg))
flag=0;
end
if abs(nnew(gg)-n(gg))>abs(convergexdt*nnew(gg))
flag=0;
end
end

end

if flag==
jp(1)=(p(2)-pnew(2))*d1l*q*x1000/dt;
jn(1)=-(n(2)-nnew(2) ) *d1l*q*1000/dt;
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jt(D=jp(1)+jn(1);

jp(althick+1)=-(p(althick+1)-pnew(althick+1))*d1l*q*x1000/dt;
jn(althick+1)=(n(althick+1l)-nnew(althick+1))*dlxq*1000/dt;
jt(althick+1)=jp(althick+1)+jn(althick+1);

if abs(jt(1)-jt(althick+1))>abs(converge*(abs(jt(althick+1))+abs(jt
flag=0;

end

for gg=2:althick
dpp=dt* (Dp(gg) *p(gg) -Dp(gg+1) *p(gg+1) )/ (d1lxdl);
jpdiff (gg)=dpp*d1l*q*1000/dt;

dpp=0;
if (F(gg)>0)
dpp=dt*p (gg) *mup (gg) *abs (F (gg) ) /d1;
end
if (F(gg+1)<0)
dpp=dpp-dt*p (gg+1) *mup (gg+1) *abs (F(gg+1) ) /dl;
end

jpdrift (gg)=dpp*d1*q*1000/dt;

dnn=dt* (Dn(gg) *n(gg) -Dn(gg+1) *n(gg+1))/(d1*dl) ;
jndiff (gg)=-dnn*d1l*q*1000/dt;

dnn=0;

if (F(gg)<0)
dnn=dt#*n(gg) *mun (gg) *abs (F (gg) ) /d1;

end

if (F(gg+1)>0)
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dnn=dnn-dt*n(gg+1)*mun(gg+1)*abs (F(gg+1))/dl;
end

jndrift(gg)=-dnn*d1l*q*1000/dt;

jp(gg)=jpdiff (gg)+jpdrift(gg);
jn(gg)=jndiff (gg)+jndrift(gg);
jt(gg)=jp(gg)+jn(ge) ;

end

end

for gg=3:althick
p(gg)=pnew(gg) ;n(gg)=nnew(gg);
X(gg)=Xnew (gg) ;

end

X(2)=Xnew(2);

X(althick+1)=Xnew(althick+1);

%Electrical Field Calculation
for mm=1:althick+1
Fint (mm)=0;
for pp=1:althick+2
if pp<=mm
Fint (mm)=Fint (mm)+d1*q* (p(pp) -n(pp))/2/diel_0/diel_r;
else
Fint (mm)=Fint (mm)-d1*q* (p(pp) -n(pp))/2/diel_0/diel_r;
end
end
end

for mm=2:althick+1
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F(mm)=(Fint (mm-1) +Fint (mm)) /2;
end
VF=sum(F.*dl) ;
VF=Vbi+VF;
n(1)=n(1)+(VF-VV)*diel_O*diel_r/(q*dl*althick*dl) ;
p(althick+2)=p(althick+2)+(VF-VV)*diel_Oxdiel_r
/(g*dl*althick*dl);
if n(1)<p(1)
p(D=p(1)-n(1);n(1)=0;
else
n(1)=n(1)-p(1);p(1)=0;
end
if n(althick+2)<p(althick+2)
p(althick+2)=p(althick+2)-n(althick+2);n(althick+2)=0;
else
n(althick+2)=n(althick+2)-p(althick+2);p(althick+2)=0;
end
for mm=2:althick+1
F (mm) =F (mm) - (VF-VV) /althick/d1;
mun (mm) =mun0 (mm) *exp (En0 (mm) *sqrt (abs (F(mm) ) ) ) ;
Dn (mm) =mun (mm) *kT;
mup (mm) =mup0 (mm) *exp (Ep0 (mm) *sqrt (abs (F(mm)))) ;
Dp (mm) =mup (mm) *kT;
end
x=[abs (mun.*F); abs(mup.*F);abs(Dn/dl);abs(Dp/dl)];
mufmax=max (max(x)) ;

dt=dl/mufmax/ts_factor;

else break
end

end
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if flag==0
jp(1)=(p(2)-pnew(2))*d1*q*1000/dt;
jn(1)=-(n(2)-nnew(2))*d1*q*1000/dt;
jt()=jp(+jn(1);

jp(althick+1)=-(p(althick+1)-pnew(althick+1))*d1*q*x1000/dt;
jn(althick+1)=(n(althick+1)-nnew(althick+1))*dlxq*1000/dt;

jt(althick+1)=jp(althick+1)+jn(althick+1);

if abs(jt(1)-jt(althick+1))>abs(converge*(abs(jt(althick+1))
+abs (jt(1))))

flag=0;

end

for gg=2:althick
dpp=dt* (Dp(gg) *p(gg) -Dp(gg+1) *p(gg+1) )/ (dlxdl);
jpdiff (gg)=dpp*dl*q*x1000/dt;

dpp=0;
if (F(gg)>0)
dpp=dt*p(gg) *mup (gg) *abs (F(gg)) /d1;
end
if (F(gg+1)<0)
dpp=dpp-dt*p (gg+1) *mup (gg+1) *abs (F(gg+1))/d1;
end

jpdrift(gg)=dpp*d1l*q*1000/dt;

dnn=dt* (Dn(gg) *n(gg) -Dn(gg+1) *n(gg+1))/(d1*dl) ;
jndiff (gg)=-dnn*dl*q*x1000/dt;
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dnn=0;
if (F(gg)<0)
dnn=dt*n(gg) *mun (gg) *abs (F(gg) ) /dl;
end
if (F(gg+1)>0)
dnn=dnn-dt*n(gg+1)*mun(gg+1)*abs (F(gg+1))/dl;
end

jndrift(gg)=-dnn*d1l*q*1000/dt;

jp(gg)=jpdiff (gg)+jpdrift(gg) ;
jn(gg)=jndiff (gg)+jndrift(gg) ;
jt(gg)=jp(gg)+jnlge);

end

end

power (yy)=0;

power (yy)= -VVxjt(1); Ji(yy)=jt(1); Jf(yy)=jt(althick+1);

if ((VV>0) && (power (yy)>pmax))
pmax=power (yy) ; Vpmax=VV; Jpmax=jt (1) ;

end

if (abs(VV)<1.0e-3)
Jsc=jt(1);

end

if (VV>=0 && jt(1)<0 && abs(jt(1))<abs(Jocbot))
Jocbot=jt (1) ;Vocbot=VV;

end

if (VV>=0 && jt(1)>0 && abs(jt(1))<abs(Joctop))
Joctop=jt (1) ;Voctop=VV;

end
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end

Voc=(Joctop*Vocbot-Jocbot*Voctop)/(Joctop-Jocbot) ;
Jsc=abs (Jsc);

FF=pmax/ (Jsc*Voc) ;

figure(2)
plot(V,Ji(1:9));
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