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Abstract

Over the last few decades, Bulk Heterojunction Organic photovoltaic devices comprising an
intimately mixed donor-acceptor blend have gained serious attention due to their potential forbeing
cheap, light weight, flexible and environmentally friendly. In this thesis, P3HT/PCBM bulk
heterojunction based organic photovoltaic devices with a normal geometry were investigated
systematically. In initial studies we focused on optimization of the electrodes. We made devices with and
without ITO. Apart from ITO, a thin layer of the conductive polymer PEDOT:PSS was chosen to be the
transparent anode. Different PEDOT:PSS films with different thicknesses were characterized for their
conductivity and transmission, work function also calculated with different PEDOT:PSS films. We did
the degradation study of these devices and see the effect of PEDOT:PSS films thickness on the

performance of ITO free solar cell solar cell.

The efficiency organic solar cell has been increased up to 8%, but the life time of these devices is
only few hours in open atmosphere which is a measure drawback of organic solar cell. After making and
characterizing these devices we saw that the life time of these devices was very low and this thing took
our attention towards the degradation study of these devices. So we focused on degradation study of these
devices and we found some interesting result after the complete degradation of these devices. The results

have been discussed in detail.

Key words: Organic Semiconductor, Organic Solar Cell, Bulk Heterojunction
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Chapterl

Introduction

Energy source is the material basis of human activities, and it has been a key factor in
the development of human society. Between the years 2020 and 2060, non renewable fossil
fuels are expected to dwindle appreciably. Along with that combustion of fossil fuels
contribute to many serious problems such as greenhouse effect, atmospheric pollution, and
global warming which is thought to be caused by excessive carbon monoxide,
chlorofluorocarbons (CFC’s), and sulphur dioxide emissions. Therefore, search for some
alternate inexpensive, environmentally sound, and renewable energy sources is an important
step. Renewable energy is generated from natural resources such as sunlight, wind, rain,
tides, and geothermal heat, which neither run out of support nor have any significant harmful

effects on our environment [1].

Among these renewable energy sources, the sunlight is remarkable in the sense that it
could provide us the most considerable sum of energy: one hour’s sunshine is already more
than enough to satisfy worldwide energy needs for an entire year with the largest demand of
human beings, which is near about 14 TW per year [2]. Over the 20" century, human
population quadrupled and energy consumption increase sixteen fold. It is estimated that
there will be 8 to 10 billion people on Earth in 2050, with a 14 TW energy gap [2].
Obviously, solar sources will be the best way to offset the gap. As a kind of technology
which can convert sunlight directly into electricity without emitting carbon dioxide and can
thereby help to combat global warming, solar cells (also called photovoltaic) have gained
broad interest both in the academic and industrial community [3-7]. Solar cells can be used in
a larger range of locations. Even in regions where the sky is often cloudy, batteries can store
the energy produced from the solar cells and the stored energy in batteries can be utilized

during dark.

Solar energy is by far the renewable energy source with the greatest potential (Table
1). It has the ability to cover the world’s energy demand several thousand times and unlike

fossil fuels, solar energy is readily available world-wide.




Table 1. Energy available for harvesting from different sources compared to the global

energy demand [8, 9].

Global consumption Hydro Geothermal Wind Solar

15TW 7.2TW 32TW 870 TW 86,000 TW

The energy from sunlight that strikes the Earth in one hour exceeds the annual human
energy consumption on the planet. Therefore, extracting energy directly from sunlight has
been acknowledged as an essential means to diversify future global energy production. Fig.
1.1 shows the relative size of earth compared to that of sun. The photograph is taken from

website of NASA. The diameter of sun is about 109 time diameter of earth. The amount of

24 4
solar energy from the sun to the earth is gigantic, i.e. 3x10 J per year, about 10 times more
than what mankind consumes currently.

Figure 1.1: The relative size of earth compared to sun (from NASA).

Solar energy emitted by the sun and reaching the earth’s surface is in the form of
electromagnetic radiation that is available over a wide spectral range (300-2100 nm). In order

to be used, the radiation needs to be converted into an energy form suitable for our needs.




Four different types of solar energy conversion methods are currently available for this
purpose. Thermal solar energy conversion represents as one of the best solar energy
harvesting which involves the conversion of solar radiation for direct heating of water in
domestic usage. Thermoelectric solar energy conversion involves the use of solar energy to
heat water to generate steam required to rotate electricity producing turbines in power plants.
Chemical solar energy conversion represents the conversion of solar energy into chemical
energy. Whereas photoelectric solar energy conversion represents the conversion of solar
light directly into electricity. The devices used for photoelectric conversion are known as
solar cells or photovoltaic devices.

1.0. Solar energy conversion and solar cells

Due to its abundance the solar energy is now becoming one of the primary sources of
energy as an alternate to fossil fuels. The versatility, abundance and environmental friendly
nature have made it one of the most promising renewable sources of energy. Solar cells
convert the solar energy into electrical energy to drive various electronic appliances. Since
the first crystalline silicon based solar cell was developed at Bell Laboratories [10], solar cell
technologies have been studied extensively. So far, traditional in p-n junction solar cells can
harvest more than 20 % [11] of the incoming energy, which is already close to the theoretical
upper limit of 30 % [12]. Silicon-based solar cells represent the most widely established solar
cell technology which currently occupies more the 85% of the market [13]. Although,
photovoltaic technology has been on the market for many years, less than 0.1% of the total

world energy production is based on it.

A major obstacle is the relatively high production cost of silicon-based technology
when compared to other sources of energy. The fabrication of inorganic devices requires
intensive processing at high temperatures as well as high vacuum conditions and requires a
large number of lithographic steps. Solar cells are therefore not widely used for commercial
electricity production because they cannot compete with fossil fuels or other renewable
energy sources as seen in (Figure 1.2). Therefore, in order to fully explore the potential of

photovoltaic technology, new materials have to be developed.
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Figure 1.2 Prices of electricity produced from different renewable energy sources [14].

Introduction of polymers to solar cells is a promising candidate for low manufacturing
cast of solar cells [15]. Their solubility means that they are easy to process. Polymer solar
cells have been studied intensively in recent years. The present power conversion efficiency
(PCE) of bulk heterojunction (BHJ) based polymer solar cells has exceeded 7 % [16], but it is
still much below the value for inorganic solar cells, and in addition, their lifetime is
significantly shorter. However, organic photovoltaic technology shows great promise for
decreasing the cost of solar energy. The semiconducting materials that comprise the active
layer of organic solar cells are polymers or small molecules, which potentially are much
cheaper to prepare and process than inorganic materials thanks to straight forward fabrication
method such as roll-to-roll (R2R) print. Furthermore, this technology offers the possibility for
thin, flexible, lightweight devices due to the superior mechanical characteristics of many

organic materials; especially polymers.

1.0.1. Working mechanism of a solar cell

Photovoltaic cells generate useful electric energy from sun light through multiple
steps of energy conversion processes. Light is made up of packets of energy, called photons,
whose energy depends on the frequency, or colour of the light. The solar spectrum covers
ultra violet to infrared wavelength ranges. Only 30% of incident light energy is in the visible
light range, while over 50% is in the infrared range. The photons in UV and visible range

have enough energy to pump electrons in semiconducting material, and this can be effectively




used for charge generation (see in Fig 1.3). However, IR waves are too weak to generate
electricity using conventional PV technology. The photovoltaic effect was discovered in 1839
by Edmund Becquerel, a French experimental physicist who experimented with an
electrolytic cell made up of two metal electrodes. Becquerel found that certain materials
produced small amounts of electric current when exposed to light. In 1905, Einstein
explained the photoelectric effect, which established the foundation for a theoretical
understanding of the photovoltaic effect. When photons in the UV range are illuminated on a
metal surface, free electrons escape from the metal surface due to excitation by incident light.
They are then ejected into the atmosphere.

2500
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Figure 1.3: Solar spectrum

In most cases, when absorbed photons in a material pump ground state electrons to
the excited state the excited electrons promptly relax to the ground state. However, in
photovoltaic devices, the excited electrons and the produced hole in the ground state should
be collected separately to produce power. The photovoltaic process is composed of four
steps: light absorption, charge generation, charge transport, and charge collection [17]. Light

absorption occurs when the material has a semiconducting property that responds to incident




waves. The absorption characteristic is dependent on the band gap of the semiconducting
material and its intrinsic extinction coefficient. The next step is charge generation. When the
incident photon hits electrons at the ground state in inorganic semiconductors generate, free
carriers are generated. However, in organic semiconductors, excited electrons slightly relax
and then form an excitons, a bounded electron and hole pair. To make an efficient organic
photovoltaic cell, effective dissociation of excitons is a key issue because the binding energy
of the excitons is large [18]. Once the excitons are dissociated the next step is the charge
transport process, involving the transport of dissociated charges to electrodes through charge
transporting pathways. During the charge transport, if the transporting medium has defects
such as charge traps or barriers that hinder charge transport, cell performance decreases.
Removing this loss mechanism during the transport process should be achieved to improve

the cell performance.

Ju=.and

load

Figure 1.4: (a) Photoelectric effect and (b) Photovoltaic effect

The final step is the charge collection, which occurs when the transported charges are
collected from the semiconductor to the cathode or anode at the interface. When the interface

is not carefully optimized, it may cause a dissipating sink of the transported charges.




1.1. Organic semiconductors

Chemically, polymers are formed by repetitive covalent bonding of chemical units or
monomers. Molecular weights over 10,000 g mol™ are possible and therefore they are often
referred to as “macromolecules”. Polymers are thought to be insulators and generally not to
considered as interesting electro-optic materials. This attitude has changed during last three
decades starting with the discovery of high electrical conductivity in polyacetylene.
Reporting the metallic properties in polyacetylene in 1977, Heeger, MacDiarmid and
Shirakawa paved the way for a new kind of material: electronically conducting polymers.
They discovered that chemical doping of conjugated polymers results in an increase of
electronic conductivity by several orders of magnitude. This work was honoured by the
Nobel Prize in chemistry in 2000 [19]. The conjugated polymers possess semiconducting
character and therefore called organic semiconductors. During the last 25 years, a tremendous
amount of experimental and theoretical work was been devoted to analyzing the electrical,
physical, structural and optical properties of these materials. Consequently, they are today
used in various applications, like biosensors, light - emitting diodes, solar cells, photodiodes,

transistors, etc.

1.1.1 The semiconducting behaviour of conjugated polymer

Based on the type and number of carbon atoms along the main chain, polymers can be
divided into two major classes: saturated and unsaturated. A saturated polymer has no double
bonds, while unsaturated defines polymers which contain double bonds. Most conductive
polymers have an unsaturated structure. Conjugated means that the back bone carbon chain is
unsaturated and therefore has alternating double and single bonds. The valence electrons of
carbon atoms in molecules having conjugated n-electron systems are sp>-hybridized. Fig. 1.5
shows the spatial electron distribution leads to an overlap of the p, as well as of the sp?
orbitals of adjacent carbon atoms resulting in molecular n- and o-bonds, respectively. During
the transition from the atom to the molecule, the p,atomic orbitals split into a bonding (7) and
anti-bonding (m') orbitals which are energetically separated within a few eV. The
energetically highest occupied bonding orbital in organic semiconductors is called highest
occupied molecular orbital (HOMO) and the energetically lowest unoccupied anti-bonding

orbital - usually indicated as the 7" orbital - is called LUMO.




p.-orbital

sp.-orbitals

Figure 1.5: sp>hybridization of the valence electrons of two carbon atoms lead to

molecular pi and sigma bondings.

The lower bonding =- orbital is equivalent to the valence band of an inorganic
semiconductor, and the higher energetic n*- orbital forms the conduction band. Fig. 16 (a)
shows the energy levels of a m-conjugated molecule, the lowest electronic excitation is
between the bonding m-orbital and the antibonding n*-orbital. The difference between these
two energy levels is called ‘band gap’ (see in Fig 1.6(b)). The optical and electrical properties
of a material are related to this band gap. The electronic excitation with the lowest energy is
therefore taking place as a electronic © — . excitation. Due to the energy gap in conjugated
polymers, these materials could absorb or fluoresce in the visible, near infrared or near UV

spectral range and are therefore used in photovoltaic or light emitting applications.

Hypothetically the electron populating the p, orbital’s of the carbon atom in a linear
sp? carbon chain are delocalized and create half filled valance band. This would predict a
metallic ground state for these materials. In this linear chain, the overlapping sp? - hybridized
orbitals of the carbon atoms form s bonds, and the remaining out of plane p; orbitals, each

occupied by one electron, overlap with neighbouring p, orbitals to give = - bonds.
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of molecular orbitals form bands separated by an energy gap.

Though the chemical structures of these conjugated polymers propose alternating
single and double bonds, the electrons that constitute the = — bonds are not localized but
extend over several adjacent atoms due to the isomeric effect. Fig. 1.7 shows the molecular
structure of polyacetylene, a most important conjugated polymer. Most organic polymers are

hole conductors.

AR T XY H N N

n

Figure 1.7: Isomeric structures of polyacetylene

This means that charge carriers are mostly empty states (holes) in the valance band.
They are referred as “p - type’. On the other hand, materials with electrons as charge carriers
in the conduction band are called ‘n - type’. In organic solar cells, the doping is induced by a
photo-induced electron transfer from the lowest unoccupied molecular orbital (LUMO) of a
donor to the lower lying LUMO of an electron — acceptor molecule. Usually, conjugated
polymers have a band gap around 2 eV, which is rather high in comparison to commonly

used inorganic semiconductors used for photovoltaic applications. This leads to a limited




absorption spectrum, which does not fit the maximum of the solar emission spectrum, located
between 600 and 800 nm.

1.2. History of Organic Solar Cells

1.2.1 Single layer organic solar cell

The single layer device structure of organic photovoltaic (OPV) cells is comprised of
a transparent electrode/organic photosensitive semiconductor/electrode (see Fig. 1.8). In
1994, this structure was created by R. N. Marks et al. using 50-320 nm thickness of poly (p-
phenylene vinylene) (PPV) sandwiched between an ITO and a low work function cathode.
The reported quantum efficiencies for this device were around 0.1% under 0.1mW/cm?
intensity [20]. This low quantum efficiency resulted from intrinsically low mobility of
charges through semiconducting organics. The carrier mobility of semiconducting organics
remains around 10 cm?/V/-s, while the mobility of single crystalline silicon is about 10°
cm?/V-s order. This indicates that the photo-generated charges in semiconducting organics
require more time to be collected from electrodes. The slow charge transport itself decreases
the efficiency of the OPV cell, but also increases the recombination chance of charges in the
device. The other problem that causes the low PCE of OPV cells is exciton formation, which

are strongly bound dipole charges [21].

electrode 1
(ITO, metal)

organic electronic material
(small molecule, polymer )

electrode 2
(Al, Mg, Ca)

Figure 1.8: Structure of single layer organic solar cell
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Free electrons and holes are desired as an efficient charge carrier because the bound
exciton requires an additional exciton dissociation step to make free carriers, which can
decrease the carrier generation efficiency. In a single layer OPV cell, only one place to
dissociate excitons into free carriers is the interface between semiconducting organics and a
cathode. Later, it was known that the excitons are more efficiently dissociated at the interface
between donor and acceptor, and a bilayer OPV cell was developed by inserting an acceptor
layer between a donor semiconducting organic and the cathode.

1.2.2 Bilayer Organic Solar Cell

The bilayer OPV cell structure includes an additional electron transporting layer than
is found in the single layer OPV structure (see in Fig 1.9). This structure was first realized by
C. W. Tang in 1986 and the device structure was comprised of indium tin oxide (ITO)/
copper phthalocyanine (CuPc)/ perylene tetracarboxylic derivative (PV)/ silver (Ag) [22]. The
reported PCE was 1% under simulated AM2 conditions. This ten-fold PCE increase, resulted
from improving exciton dissociation efficiency by adding electron transporting material that
forms an offset energy band with hole transporting material. However, the reported PCE of
bilayer OPV cells is still significantly lower than that of inorganic based PV cells. One reason
for this is the intrinsically short excitons diffusion length of excitons in organic

semiconductors, which are typically around 10-20 nm [23,24,25].
Sunlight

Glass/ITO

organic
p-conductor

organic
n-conductor

Figure 1.9: Bilayer structure of an organic photovoltaic device.

11

——
| —



Researchers attempted to overcome this limitation in the bilayer OPV cell by using
buckminsterfullerene, Cso in which the exciton diffusion length is around 20 nm. P. Peumans
et al. replaced perylene tetracarboxylic derivative with Cgy as an acceptor in the device
structure and the device produced 3.5 % PCE [26]. This improvement of PCE is attributed to
the longer travel distance of excitons in the triplet state of Ceo.

However, since donor and acceptor layers are around 40-60 nm thickness, most of the
absorbed photon energy is not efficiently converted into free carriers and dissipated by
recombination, which indicates that photo generated excitons are dissociated only near the
interface between donor and acceptor. Other approaches to building bilayer OPV cells using
conjugated polymers. Sariciftci et al. fabricated the first bilayer OPV cell that used a
conjugated polymer where the hole transporting material was MEH-PPV and the electron
transporting material was Cgo. In this structure, MEH-PPV plays a role in both absorbing
photons and transporting holes to an anode, and C60 transports electrons to a cathode [27].

1.2.3 Bulk Heterojunction OPV Cells

Since bilayer OPV cells collect very small amounts of excitons created near the
interface of donor and acceptor, bulk heterojunction OPV cells, which have an intermixed
composite of donor and acceptor, have an advantage in terms of having much larger interface
area between donor and acceptor materials resulting more photon harvesting and enhanced
efficiency (see in Fig(1.10)). For the first time, Yu et al. investigated a phase-separated
polymer blend composite made of poly[2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene
vinylene] (MEH-PPV), as a donor and cyano-PPV (CN-PPV) as an acceptor [28]. The photo-
luminescence and electroluminescence of both component polymers was quenched in the
blend, which is indicative of rapid and efficient separation of photogenerated electron hole
pairs with electrons on the acceptor and holes on the donor. Diodes made with such
composite semiconducting polymers as the photosensitive medium show promising
photovoltaic characteristics with energy conversion efficiency of 1.5 %, which is much larger
than that of diodes made with pure MEH-PPV.
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Sunlight

Glass/ITO

Figure 1.10: Bulk hetrojunction structure of organic photovoltaic device.

The next significant improvement in PCE of blend OPV cells was achieved using
poly (3-hexylthiophene) (P3HT) as a hole transporting polymer. Gang Li et al. fabricated a
blend OPV cell using P3HT and phenyl [6,6] Ce1 butyric acid methyl ester (PCBM) (a soluble
derivative of Cgo). The significant improvement in PCE, results mainly from the crystallinity
of P3HT [29]. After casting P3HT and PCBM blend solutions on PEDOT:PSS/ITO, the blend
film morphology was controlled by varying the evaporation rate. During the solvent
annealing, P3HT and PCBM formed a well-mixed, interdigitated blend film where P3HT
forms fibril-like crystalline morphology and PCBM aggregates are embedded. This phase
separated morphology of blend layers enhances the hole mobility of the conjugated polymer,
and also improves the absorption efficiency from the fibril-like P3HT aggregates. The best
performance from the optimized blend OPV cell was 4.4 %. Kim et al. also investigated a
similar blend OPV structure focused on the regioregularity of P3HT [30]. They prepared
various P3HT and PCBM blend solutions in which P3HT had different regioregularities
ranging from 80% to 96%. The fabricated devices were thermally annealed to induce phase
separation of P3HT and PCBM. The investigation revealed that a higher order of
regioregularity of P3HT helps to form the crystallized fibril-like shape of P3HT, which

improves charge transport as well as light absorption efficiency.
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1.3. Fundamental physical processes in Organic Solar cells

The working mechanism of an organic solar cell, involves five basic fundamental physical

processes:
1. Creation of excitons,

2. Diffusion of excitons,

3. Dissociation of charge carriers at the donor/acceptor interface,
4. Charge transport, and

5. Extraction of the charge carriers at the electrodes,

These processes have been discussed in detail in the following sections.
1.3.1 Creation of Excitons

Since solar irradiation reaching the earth’s surface varies greatly with a lot of factors,
the photovoltaic industry, in conjunction with the American Society for Testing and Materials
(ASTM) and government research and development laboratories, has developed and defined
a standard terrestrial solar spectral irradiance distribution “AMI1.5G” for theoretical

evaluation of the solar irradiation effects and for simulator design.

Solar Spectral Irradiance

200 400 €00 200 1000 1200 1400 1600 1800 2000 2200 2400

Wavelength (nm)

Figure 1.11: The standard AM 1.5G solar spectrum
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In the AM 1.5 spectra (Figure 1.11), solar radiation covers a wide range of
wavelengths, with the maximum irradiation at 480 nm and 70% of the photons located in the
range of 400-920 nm.

Most solution processable semiconducting polymers have band gaps larger than 1.9
eV, indicating that only 30% of the solar photon flux is covered. Because most polymers
have low charge-carrier mobility, the thickness of the active layer is limited to about 100 nm,
which in turn leads to the absorption of only about 60 % of the incident light at the absorption
maximum (without considering the loss from the back reflection of the electrode) [31]. So,
the organic materials with expanded absorption spectra up to 700-800 nm and high charge-
carrier mobility are favourable for efficient solar cells. Upon light absorption in organic
materials, the exciton, a Coulomb-correlated electron-hole pair, is generated. When a photon
enters a semiconductor, an electron is excited from the valence band into the conduction band
(see Fig 1.12).

Conduction
Bands

0

Valance Bands {

Figure 1.12: Charge separation due to the photon absorption

The missing electron in the valence band leaves a hole (of opposite electric charge) behind, to

which the electron is attracted by the Coulomb force [32].
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1.3.2 Diffusion of Excitons

After the excitons are generated, they need to firstly dissociate to the donor/acceptor
interface for the charge separation. Since the excitons dissociation process is confined to the
D/A interfacial area, only excitons produced at a distance shorter than their diffusion length
have the good possibility to reach the D/A interface where charge carriers are formed. Hence,

for polymer-based solar cells, the excitons diffusion length LD IS an important parameter

because the excitons diffusion process masters the photo-excitation energy transfer to the
D/A interface. Consequently, the maximum thickness of the active layer is limited by the
exciton diffusion length, and thus the maximum fraction of the incident light that the cell can
absorb is also restricted. The exciton diffusion length LD is defined as

L,=.Drt,

where D is the diffusion constant and 7 is the decay time constant. So far two methods have
been usually applied to estimate the exciton diffusion length LD for organic materials. The

exciton diffusion lengths in various conjugated polymers reported in the literature, differ very

much, ranging from 5 to 20 nm [33,34].

1.3.3 Dissociation of Charge Carriers at the Donor/Acceptor Interface

The key process after the exciton diffusion is the dissociation of excitons into free
charge carriers. This process can be explained in the following two steps. One of the main
differences between inorganic and organic semiconductors is the magnitude of the exciton
binding energy, i.e. the strength of the Coulomb attraction between the electron and hole. In
many inorganic semiconductors, the binding energy is smaller than the thermal energy (KkT) at
room temperature and therefore free charges are created under ambient conditions upon
excitation [35], whereas the exciton binding energy in an organic semiconductor exceeds kT
and consequently the excitons are formed upon excitation instead of free charges [36]. The
method to dissociate bound electron-hole pairs in organic semiconductors then is the so-
called donor/acceptor interface. Once an exciton reaches the D/A interface, the electron

promoted into the LUMO level of the excited donor can be transferred to the lower-lying
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LUMO level of the acceptor. The hole then remains on the HOMO level of the donor,
therefore light is converted by this photo-induced electron-transfer process into electrical
charges [37].

Charge transfer Energy transfer

b, A
¢1ra.: ! EI-lil"‘1f".ﬂ;.'
IV ‘ LUMO '
HOMO _. HOMO _. >
Donor Acceptor Donor Acceptor

(a) (b)

Figure 1.13: (a) Exciton dissociation via charge transfer, if the LUMO level offset
between the donor and acceptor is larger than exciton binding energy. (b) If both the
HOMO and LUMO of the electron acceptor are located between the HOMO/LUMO of

the donor, energy transfer takes place.

This photoinduced charge separation process is also called ‘photo-doping’, since it is
a photoinduced (in contrast to chemical or thermal induced) redox reaction between the donor
and acceptor. In an organic bulk-heterojunction solar cell, the photons are absorbed by the
donor or the acceptor, or by both. If the donor absorbs most of the incident light, the excitons
are generated on the donor moieties. The process of photoexcitation, exciton decay, charge
separation and recombination is explained below. Fig 1.14 demonstrates the loss mechanisms
from the step of light absorption to the flowing photocurrent [38]. Upon light absorption, the
excitons are generated. The excitons decay either radiatively (leading to photoluminescence)

or non-radiatively through geminate recombination.
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Figurel.14: (a) The steps from light absorption to the flow of photocurrent in a polymer
solar cell, and some loss mechanisms: process (a) corresponds to the photoluminescence
due to excitons not reaching the donor-acceptor interface during their lifetime; process
(b) corresponds to the polaron pair dissociation or geminate recombination of bound
electron-hole pairs, respectively; and process (c) corresponds to the bimolecular
recombination of free charge carriers. (b) For a high performance solar, the loss

mechanism (red) have to be minimized for all steps.

If the excitons do not reach a D/A interface within their lifetime, they will recombine
radiatively (process (a)), sending out photoluminescence. When the excitons reach the D/A
interface, an electron transfer to the acceptor molecular yields a polaron pair (process (b))
where the geminate recombination could also happen (polaron pairs are the intermediate step
from an exciton to a pair of free polarons). It should be noted that, under light illumination,
some percentage of absorbed photons creates excitons, while the remaining percentage create
spatially-indirect excitons, also referred to as neutral bipolarons (polaron pairs bound by
Coulomb attraction). The geminate recombination of the neutral bipolarons is predominantly
nonradiative. On the way of the separated charge carriers to their respective electrodes,

charges can be trapped, or bimolecular recombination (process (c)) can take place [38].
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1.3.4 Charge Transport

After photoinduced electron transfer at the D/A interface and subsequent dissociation,
the electrons are localized in the acceptor phase whereas the holes remain in the donor phase.
Then, the free charge carriers must be transported via percolated pathways towards the
electrodes to produce the photocurrent.

()[( on

Recombination <

Photon /.' ©

Exciton

Hole Charge separation
Electron
—O0¢—
e 0 36— 30— g

(Go) Drift/diffusion S
Photon Q @

Generation Diffusion

Donor Acceptor

Figure 1.15: Principle of charge transport in a solar cell

If donor and acceptor phases are perfectly ‘bicontinuous’ between the two electrodes,
and all LUMO and HOMO orbitals are nicely matched, the carriers would be able to diffuse
smoothly towards their respective electrodes. Except for the influence of phase separation
and pathways properties, the instinct characteristics of charge carriers, i.e., charge carrier
mobility x, also plays a critical role in determining the fluency and efficiency of charge

transport in the device.

1.3.5 Extraction of the Charge Carriers at the Electrodes

In order to extract the photogenerated charge carriers via drift selectively to the
respective electrodes, an energetically asymmetric structure is essential for an efficient solar
cell. The difference of the work functions of the two electrodes induces a built-in electrical
field, which causes a preferred direction for the charge transfer [39]. As transparent electrode,
a layer of indium tin oxide (ITO) is used, and the selectivity of this electrode is usually
enhanced by depositing a PEDOT: PSS (poly(3,4-ethylendioxythiophene)-polystyrene-para-
sulfonic acid) layer on top. This PEDOT:PSS layer improves the surface quality of the ITO
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electrode (reducing the probability of shorts) as well as facilitates the hole
injection/extraction. PEDOT:PSS is generally applied as a dispersion of gelled particles in
water. The highly conductive PEDOT:PSS layer can be obtained by spreading the dispersion
on the ITO surface usually by spin-coating and driving out the water by heat. It is believed
that for the efficient carrier collection at the electrodes, it is preferable when the acceptor
LUMO level is close to the Fermi level of the small work function electrode (metals, such as
aluminum) and the donor HOMO level is close to the Fermi level of the large work function
electrode.

1.4. Characteristics of organic photovoltaic devices

Solar cells are characterised by measuring the current-voltage (I-V) curve under light
illumination and dark. A typical current voltage (I-V) curve of a polymer solar cell is shown
in Fig. 1.16. Since organic semiconductors show very low intrinsic carrier concentration, the
metal-insulator-metal (MIM) model seems to be best suited to explain this characteristic. The
characteristic points used to characterise a solar cell are labelled in Fig 1.16. In addition, for
each of these points, the energy diagram for a single-layer cell with an indium tin oxide (ITO)
anode and aluminium cathode is displayed. The point (a) on the curve corresponds to the
current delivered by a solar cell under zero bias and is called short circuit current (Isc). In this
case, excitons dissociation and charge transport is driven by the so-called built-in potential. In
the MIM picture, this potential is equal to the difference in work function (Wf) of the hole
and electron-collecting electrodes. For polymer solar cells, the transparent ITO (Wf, = 4.7
eV) electrode is often chosen in combination with a low work function Al (Wf, = 4.24 eV)
[40] as counter-electrode to achieve a high internal field [41,42]. Point (b) on the curve shows
the voltage where the current equals zero is called open circuit voltage (Voc). In the MIM
picture this situation is described by the case where the band is flat, since the applied voltage
equals the difference in the work function of the electrodes. Point (c) on the curve is for V >
Voc, the diode is biased in the forward direction. Electrons are now injected from the low
work function electrode into the LUMO and holes from the high work function electrode into
the HOMO of the organic layer, respectively. Point (d) on the curve is for V < 0, and the
diode is driven under a reverse biased condition the solar cells works as a photodiode. The
field is higher than that at (a) which often leads to enhanced charge generation and/or

collection efficiency.
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Figure 1.16: Current (voltage) characteristics of a typical organic diode shown together
with the metal-insulator-metal (MIM) picture for the characteristic points. (a) Short

circuit condition. (b) Open circuit condition. (c) Forward bias. (d) Reverse bias.
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The spectral photocurrent efficiency commonly referred to as IPCE is calculated as the
number of collected electrons per incident photon under short circuit condition.

hxexI
IPCE = =

ex A xﬁigm

Here, A is the incident wavelength, e the elementary charge, h the Planck constant, ¢ the
speed of light and Piignt is the incident light power. The point where the electrical power P = |
x V reaches the maximum value represents the condition where the solar cell can deliver its
maximum power to an external load. It is called the maximum power point. The ratio of this
maximum electrical power Pmax to the product of the short circuit current and the open circuit

voltage is termed the fill factor (FF):

})nuax

FF = — .
Ig[ x 1FDE

The ECE is defined as the ratio of the maximum electric power output of the cell to the
incident optical power.

I x Vo x FF
Plight

f? =
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CHAPTER 2
MATERIALS AND EXPERIMENTAL TECHNIQUES USED

2.0 Cell structure

2.0.1 Geometry

The polymer solar cells investigated in this theis have the layer structure
ITO/PEDOT:PSS/P3HT:PCBM/AILLITO/P3HT:PCBM/AI and PEDOT:PSS/P3HT:PCBM/AI.
The methods spin coating and thermal evaporation were used for production of different
layers. The cells are based on normal cell geometry. In normal geometry the transparent 1TO
electrode functions as the anode (hole collector) and the back metal Al electrode functions as

the cathode (electron collecting).
2.0.2 The Active Layer

The active layer is where the photo-generation of charge carriers and charge
separation takes place. It consists, as mentioned, of a BHJ comprising a donor and an
acceptor material. P3HT is one of the most used semiconducting polymers in organic solar
cells and cells based on P3HT generally have high efficiency and stability [43]. Regioregular
P3HT is based on thiophene units joined at the 2 and 5 positions in a head-to-tail geometry,
(Fig. 2.1 (a)). To be able to dissolve the thiophene a hexyl site group is added in the third

position.

(@ (b)

Figure 2.1: Chemical structure of (a) the donor polymer P3HT (b) the acceptor PCBM
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In solid state P3HT is semi crystalline and it has its maximum absorption around 500
nm [44]. Similar to other typical semiconducting polymers P3HT is hole conducting polymer
due to its electron rich structure and high-energy HOMO level [44]. Organic materials with a
high electron affinity are rare and the choice of acceptor materials is therefore limited [44].
The main material used in this thesis as acceptor is phenyl [6,6]- C61-butyric acid methyl
ester (PCBM) - a soluble C60 based compound (Fig. 2.1(b)) . The electron mobility is on
order of 2:107 m*V™s? and is therefore very useful as acceptor material. PCBM forms
crystalline domains in the BHJ with P3HT and it actually increases the hole mobility of the
polymer, even though the mechanism for this is not clear. Together, P3HT and PCBM is one
of the most investigated combinations for the active layer and have large potential for high
efficiency polymer solar cells.

2.0.3 Electrodes materials

In organic devices the work function of the electrode materials is very important since
it determines together with the LUMO/HOMO and Fermi level of the semiconductor whether
the electrode forms an ohmic or a blocking contact for the respective charge carrier (holes in
VB, electrons in CB). Moreover a large difference in work function of the electrode materials
can increase the Vo considerably. The normal solar cell has two electrodes that ensure the
electrical contact to the external circuit -the hole collecting anode and an electron collecting
cathode. The front electrode needs to be transparent in order to let light through to the active

layer. The back electrode is mostly based on a metallic non-transparent material.

Particularly Indium Tin Oxide (ITO) which is a degenerated semiconductor
comprising a mixture of In,O3 (90%) and SnO, (10%) with a band gap of 3.7 eV and a Fermi-
level between 4.5 and 4.9 eV is used. The large band gap allows no absorption of
wavelengths longer than about 350 nm. ITO is the most used transparent electrode for
organic electronic devices. It is transparent over a broad range of wavelengths and has a high
electrical conductivity with current densities of 5-10 mA-cm™ and sheet resistivity of 4-8
Q-sq™. In the inverted cell construction 1TO function as is the electron collecting electrode.
The work function of ITO varies with treatment, and interface layers such as PEDOT:PSS or
Zinc oxide (depending on the flow of current) is therefore added in between ITO and active
layer. In this project we used metallic back electrode Al, processed via high-vacuum thermal

evaporation.

24

——
| —



2.0.4 Buffer Layers

The charge carrier transport at the interface between the organic materials and
electrode is difficult. In order to improve this, a widely used solution is to introduce as a thin
layer, called buffer layer, which have several functions. It adjusts the electronic behaviour of
adjacent materials, it protects the organic layer from the diffusion of electrode material, and
obstruct the permeation of oxygen and water molecules. It is therefore necessary to
incorporate a buffer layer, which reduces the barrier between hole collecting electrode and
the active layer [45]. Poly-(ethylenedioxythiophene):polystyrensulphonic acid (PEDOT-
PSS), which is a hole transporting layer, is therefore sandwiched between the active layer and
the anode. It smoothes its surface and enhance the adhesion of organic onto ITO substrate.
The water soluble PETDOT:PSS ensures better transportation of holes by increasing the
stability of the electrical contact. PEDOT-PSS is a molecularly doped conjugated polymer,
(see Fig. 2.2) with a higher work function than ITO. It is semitransparent with a light blue
color [46].
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Figure 2.2: Chemical structure of the donor polymer PEDOT and the acceptor PSS

Regarding conductivity, PEDOT:PSS can achieve performance in the same order of
magnitude as metals [46]. PEDOT:PSS does also improve the surface roughness of the active
layer. The main drawback of PEDOT:PSS is its degradation in open atmosphere. Due to
highly hygroscopic nature of PEDOT:PSS it introduces water into the organic films which

becomes a main source of degradation in organic solar cell.
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2.1 Experimental Techniques used

2.1.1 Standard glove box

To make the devices in inert atmosphere we used a glove box. Fig. 2.3 shows the
photograph of the glove box at NPL, New Delhi. There are two gloves arranged in such a
way that the user can place his or her hands into the gloves and perform tasks inside the box
without breaking the seal or allowing potential injury. Part or all of the box is usually
transparent to allow the user to see what is being done inside. Two types of glove boxes exist:
one allows a person to work with hazardous substances, such as radioactive materials or
infectious disease agents; the other allows manipulation of substances that must be contained
within a very high purity inert atmosphere, such as argon or nitrogen. It is also possible to use
a glove box for manipulation of items in a vacuum chamber. During the use of glove box first

we load the samples into antechamber in following steps.

Transferring the materials into antechamber
1. Make sure that the antechamber is currently “under vacuum”.
2. Back fill antechamber and open the gate of antechamber.

3. Load the materials into the antechamber and then evacuate and refill the antechamber for at

least three times.

Transferring the materials from antechamber to glove box

1. Make sure that both the refill valve and evacuation valve are closed.

2. Insert hands & arms into the black rubber gloves while using the left side of the foot pedal
to decrease pressure within the box.

3. With hands inside black rubber gloves, open the inner door handle and then swing door
upward to open.

4. Move items in or out of the chamber.

5. Check the door seal for any debris, and then swing the door back down and close the door

of antechamber. Evacuate the antechamber at working time.
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Figure 2.3: Glove box at NPL, New Delhi

In glove box, we can use different types technique as spin coating, encapsulation,
annealing etc. After coating the active layer, we can deposit the top electrode by thermal
evaporation technique by transferring the sample in thermal evaporation chamber which is
also connected to glove box. After making the devices we refill the antechamber and open the
gate of anti chamber to unload the devices. Spin coating and Thermal evaporation technique

used in our lab are described below.

2.1.2 Spin Coating technique

Spin coating is the most widely used deposition technique so far for the development
of organic solar cells. Highly reproducible as well as very homogenous films can be
deposited by this technique. In principle, its operation can be described as: an excess amount
of a solution is introduced on the substrate which is going to be accelerated to a chosen
rotational speed in order to spread the fluid by centrifugal force. Fig. 2.4 shows the basic
principle of spin coating process. The angular velocity of substrate with the overlying
solution gives rise to the ejection of most applied solution and only a thin film remains on the

substrate. Using spin coating technique the thickness, morphology and surface topography of
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the final film obtained from a particular material in a given solvent and at a given
concentration is highly reproducible. Fig. 2.5 shows the photograph of spin coater used in the
present project.

P Formed film

Figure 2.4: Schematic illustration of the spin coating technique

It has been commonly acknowledged that the spin coating technique is an excellent
experimental technique on a laboratory scale. However, for commercialization of the OPV
technology, where mass and large-scale production is required, spin coating becomes
uncompetitive. In our lab we used digital spin coater in which time and speed can be set
according to the need. To hold the sample rotary pump is used, which is connected to spin
coater, so there is no chance for the sample to fell down while spinning. Millipore 0.4 um

filters were used to filter the PEDOT:PSS before deposition.
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Figure 2.5: Digital spin coater used in lab NPL, New Delhi

2.1.3. Thermal evaporation

Thermal evaporation is a widely used method to deposit metal films. The source
material is evaporated at high temperature and vacuum, and the ejected atoms travel directly
to the substrate where they condense back to a solid state. Fig. 2.6 shows schematically the
working and thin film preparation in a vacuum chamber via thermal evaporation of the

depositing materials.

Substrate holder
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Figure 2.6: Working of thermal evaporation system

Fig. 2.7 shows the photographs of the thermal evaporators used at NPL and used in this
project. Vacuum is usually required to remove vapours other than the source material before
the evaporation begins, because evaporated atoms may never reach the substrate, if they

collide with other foreign atoms too frequently, and furthermore, the collision may cause the
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evaporated material to react with foreign atoms. For instance, if aluminium is deposited in the
presence of oxygen, it will form aluminium oxide instead of pure aluminium. So for

aluminium deposition high vacuum is required.

@) (b)

Fig. 2.7 (a): Thermal evaporation unit and, (b). Thermal evaporation unit connected
with glove box in NPL

2.1.4. Work function determination of the PEDOT:PSS layer

We made the electrodes of PEDOT:PSS layer of different thickness and calculated
their work function with respect to their thickness. The work function (Wf) is the least
amount of energy required to remove an electron from the surface of a conducting material,
to a point just outside the metal with zero kinetic energy. As the electron has to move through
the surface region, it’s energy is influenced by the chemical, optical, electric and mechanical
characteristics of the region. Hence the workfunction is an extremely sensitive indicator of
surface condition and is affected by absorbed or evaporated layers, surface reconstruction,
surface charging, oxide layer imperfections, surface and bulk contamination, etc. To calculate
the work function we used the UHV KELVIN PROBE instrument. It is a non-contact, non-
destructive vibrating capacitor device used to measure the work function difference, or for
non-metals, the surface potential, between a conducting specimen and a vibrating tip. The
Kelvin method was first postulated by the renowned Scottish scientist W. Thomson and later
by Lord Kelvin, in 1861. Fig. 2.8 shows the Kelvin probe head and the tip preamplifier which

is connected with the Digital control unit.
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Fig. 2.8: UHV Kelvin probe head unit (right). The tip preamplifier is contained within
the external and Digital Control Unit Front Panel (left).

2.1.5 Determination of the active layer thickness (P3HT:PCBM) and

PEDOT:PSS layers:

To measure the thickness of different PEDOT:PSS layer we used the Ellipsometer.
An Ellipsometer enables to measure the refractive index and the thickness of semi-transparent
thin films. An Ellipsometer measures the changes in the polarization state of light when it is
reflected from a sample. If the sample undergoes a change, for example a thin film on the
surface changes its thickness, then its reflection properties will also change. Measuring these
changes in the reflection properties can allow us to deduce the actual change in the film's
thickness. The most important application of Ellipsometry is to study thin films. Fig. 2.9
shows the photograph of Ellipsometer used for thickness determination in the present

proposal.

_—

Figure 2.9: Ellipsometer used for thickness of PEDOT:PSS layer, NPL

In the context of Ellipsometry a thin film is one that ranges from essentially zero thickness to
several thousand Angstroms, If a film is thin enough that it shows an interference color then

it will probably be a good Ellipsometric sample. The sensitivity of an Ellipsometer is such
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that a change if film thickness of a few Angstroms is usually easy to detect.

2.1.5. Transmission determination of PEDOT:PSS layer

To check the transmission of different thickness of PEDOT:PSS layer we used UV-
VIS SPECTROPHOTOMETER, which has the range up to 300 nm to 1100 nm.
Transmission Spectroscopy is highly interrelated to Absorption Spectroscopy. This technique
can be used for solid or liquid, samples. Here, light is passed through the sample and
compared to light that has not been incident called reference light. The output depends on the
path length or sample thickness, the absorption coefficient of the sample, the reflectivity of
the sample, the angle of incidence, the polarization of the incident radiation, and, for

particulate matter, on particle size and orientation.

Figure 2.10: UV-VIS SPECTROPHOTOMETER at NPL, New Delhi

According to Beer Lambert Law the term I¢/l, is called transmittance, where It is the
monochromatic radiant power transmitted by the absorbing medium and 1,is the
monochromatic radiant power incident on the medium. This form of spectroscopy has a setup

similar to the one used for Absorption.
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Chapter 3

Fabrication of Organic Solar cells

3.1 Cleaning and pre-treatment of ITO substrates

In this thesis, glass substrates coated with 100 nm of indium tin oxide (ITO) were
used as the transparent electrode. The glass substrates had a square shape of 2.5x2.5 cm?. In
order to achieve the bottom electrode, the substrate was first covered with tape, which was
cut into desired geometry and shape. Now the removal of unwanted tape and exposure to a
HCI+Zinc dust solution for 2 min resulted the etching and patterning of ITO into desired
structure. The structured 1TO substrates were washed with plenty of water right after etching.
For cleaning step, the substrates were placed in a glass sample holder filled with the washing
solvent and the sample holder was placed in an ultrasonic bath (Fig 3.1(a)) for 20 minutes.
Afterwards, the washing solution was first poured away and the substrates were then rinsed
with distil water to ensure that no organic solvent remained on the sample surface and again

placed in ultrasonic bath.

(b)
Figure 3.1(a): Sonicator with glass holder and (b) Hot plate used for ITO cleaning, at
NPL .

After that these substrates were subsequently (Fig 3.1(b)) boiled in acetone,
trichloroethylene and propanol respectively by puting on to a hot plate for 10 minutes each
and dried in vacuum oven at 120°c for 20 minutes (Fig. 3.2 (a)). A 50 nm thick conductive
polymer polystyrene sulfonic acid doped poly(3,4- ethylenedioxythiophene) (PEDOT:PSS)

(Aldrich Chemicals, 1.3 wt % dispersion in water) was spin-coated on the patterned ITO
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substrate to reduce the surface roughness. PEDOT:PSS is a hole-transporting polymer and
has work function of 5.1 eV about 0.3 eV higher than that of ITO (4.8 eV). This leads to a
reduction in the injection barrier between ITO and active layer. Before the spin-coating of
PEDOT:PSS, oxygen plasma treatment was applied for 5 minutes (Fig 3.2(b)) to the ITO
substrates to ensure that no impurities were attached to the surface and to make the ITO

surface more hydrophilic, allowing better wetting with the conductive polymer layer.

(a) (b)
Figure 3.2(a): Vacuum oven and (b) Plasma cleaning of ITO, at NPL

After the deposition of PEDOT:PSS layer these substrate were placed in vacuum oven (Fig.

3.2(a)) at 120°cC to evaporate the solvent and curing of PEDOT:PSS film.

3.2 PEDOT:PSS electrode in ITO free solar cell

For making the PEDOT :PSS electrode as a anode, we take the plane glass substrates
having a square shape of 2.5x2.5 cm?. These glass substrates were cleaned in identical manner
as ITO substrates. Then PEDOT:PSS was spin-coated on the entire substrate with different
speed 1000, 2000 and 3000 rpm for 1 min. to get the different thickness. After that we used
Teflon tape and cut the tape into the form of desired electrode then we covered the substrate
by these strips and removed the uncovered area with the help of water. After removing the
uncovered area we removed the strips and got the electrode of PEDOT:PSS. There is no

problem in removing the uncovered area with water because water is used as a solvent for
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PEDOT:PSS and there is no chance for adhesion of particle from the Teflon tape. After
making these electrodes these substrate were transferred to vacuum oven for annealing.

3.3 Deposition of the active organic layer

Solution deposition: For the polymer blend (P3HT:PCBM), P3HT (purchased from
Aldrich Chemicals, USA) and PCBM (purchased from Nano-C, USA) were dissolved in a
suitable solvent. In this project we used chlorobenzene as a solvent for (P3HT:PCBM blend)
and then this solution was ultrasonicated for 30 min to form a homogeneous solution. The

concentration of P3BHT:PCBM were changed to optimized the cell performance.

Figure 3.4: Micropipette used for dropping the solution onto substrate

After that these substrates were transferred into glove box. Polymer film spin coating
was done by taking the solution with a micropipette and immediately dropping the solution
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onto the substrates. The spin coater was started directly after dropping the solution, rotation
time and speed was set according to the experimental needs. Then these substrate were placed
onto a hot plate with constant temperature. These polymer films were annealed at 120 °c for

30 minutes in glove box under a nitrogen atmosphere at 10™ mbar.

3.4 Top electrode evaporation

After the solution (P3HT:PCBM) deposition of the active organic layer, the samples
were transferred into the metal evaporation chamber, where the top electrode materials were
thermally deposited directly onto the active layer through a metal mask. By placing the masks
properly with respect to the etched ITO stripes, 4 individual pixels with the active area of
each cell defined by the cross section of the top electrode and the ITO stripe, here typically
between 0.065 and 0.09 cm?, were formed. The top electrode material used in this project is
aluminium (Al). Suitable amounts of the metals were placed in the source boat, on the lower
part of the evaporation chamber. The boats were made by tungsten wire and used after
flashing.

Figure 3.5: Tungsten boat and Metal mask used in Al deposition

The chamber was then closed after closing the source shutter and the sample shutter.

Vacuum was applied and the evaporation started when the pressure reached 2x10° mbar.
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Since the metal source position is fixed, the sample plate was to rotate slowly to
obtain a homogeneous film. The current through the boot was regulated to keep the
evaporation rate constant. The source shutter and sample shutter were opened when the metal
started to evaporate and when the evaporation rate became constant. For the solar cell a 100
nm Al layer was deposited as a top electrode. After the evaporation step, the devices were

placed on hot plate at 150°C for 6 minutes for post production (annealing) treatment.

3.5 Photovoltaic Characterization

After making the devices these devices were held in open atmosphere for degradation
measurements either in the dark or exposed to illumination light. Light was generated from
tungsten halogen lamp from Osram, Germany, with the help of home made setup, to
illuminate the cells at 100 mW/cm?. The current density-voltage (J-V) characteristics of the
samples were recorded using Keithley 2420 SourceMeter unit interfaced with computer.

(@ (b)

Figure 3.6(a): Images of devices ready for characterization in which the side area was

uncovered for making the contact for ITO and (b) The setup kiethley source meter 2420

,used for characterization at NPL, Delhi

The sample was placed on a measurement-box and two contacts were made, one for ITO and
the other for Al electrodes. The photovoltaic cell characteristics, namely the open circuit
voltage (Voc), short circuit current density (Jsc), fill factor (FF) and power conversion

efficiency (n), were measured under illumination and dark in ambient condition.
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Chapter 4

Result and Discussion

4.0 Optimization of Materials

First of all we optimized the materials concentration of blend used for active layer to
get the better performance for investigations in better devices. We take the different
concentration of (P3HT:PCBM blend) material for active layer. Photovoltaic (PV) devices
were fabricated on pre-clean patterned ITO glass substrates. A few nm hole extraction layer
of PEDOT:PSS was applied onto the substrates by spin coating. The PEDOT:PSS film was
annealed at 120°C for 30min. On top of the PEDOT:PSS the active layer of P3HT:PCBM
was deposited. P3HT:PCBM blends were prepared at four different donor-acceptor ratios
(1:0.5), (1:0.08), (1:1) and (1:1.5) in chlorobenzene solution. The blends were then left in
ultrasonic bath for 30 minutes.

The solutions were deposited by spin coating with a speed of 2000 rpm for 1 minute
and dried on the hot plate at 120°C for 30 minutes. The layers thicknesses of the blends were
around 155 nm. Finally, the substrates were then loaded into a thermal evaporator for the
deposition of the cathode material, 100 nm Al layer was deposited through a metal mask a
mask on top of the active layer under high vacuum. After this, the devices were annealed at
150 °C during 6 min. Each substrate contained four solar cell devices with an active area of 9
mm?. Fig. 4.1 shows the current density—voltage characteristics (J-V) of the devices measured
under 100 mW/cm? in open atmosphere. Table 1 shows the performance of different devices.
The variation in the performance of the solar cells with different donor-acceptor ration can be
attributed to the change in the nano-scale morphology and different electronic properties of
the blend. In P3HT:PCBM active layer the phase separation takes place and nano crystallites
of P3HT and PCBM are formed. The size of the nano-crystallites depends on the wt% ratio of
the constituents. The nano-scale morphology controls the current through the active layer and

as a result the efficiency.
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Figure 4.1: llluminated J-V characteristics of the P3BHT:PCBM solar cells with different

Table 1 Performance of the devices with different weight ratio of P3HT and PCBM

donor-acceptor concentrations.

P3HT:PCBM Jsc Voc FF N
wt (%) (mAVer?) V) (%) (%)
1:0.5 2.74 47 49 .639

1:0.8 3.12 .56 50 .828

1:1 5.34 .58 52 1.43

1:1.5 3.76 .55 51 91

It is clear from the table that the blend with the best performance was obtained for 1:1

donor-acceptor ratio which exhibits the power conversion efficiency (1) of 1.43 %, open

circuit voltage (Voc) of 0.59 V, short current circuit density (Jso) of 5.34 mA/cm? and the fill

factor (FF) of 52 %. Table 1 shows all the parameter extracted for all blends as prepared.
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4.1 Degradation study in solar cell

In this section we analyse the role of ITO and PEDOT:PSS on stability and
degradation of P3HT:PCBM bulk-heterojunction solar cells. For comparison point of view
and to examine the role of PEDOT:PSS in the degradation of organic solar cells we did
prepare solar cells with PEDOT:PSS only as anode (without ITO). For detailed investigations
the devices were prepared in the following configurations:
ITO/PEDOT:PSS/P3HT:PCBM/AI, ITO/P3HT:PCBM/AI and PEDOT:PSS/P3HT:PCBM/AI
(wtihout ITO). The performance of these devices in terms of efficiency and degradation is
discussed below.

4.1.1 Degradation in ITO/PEDOT:PSS/P3HT:PCBM/AI and
ITO/P3HT:PCBM/AI devices

Fig. 4.2 Shows the J-V characteristics, of ITO/PEDOT:PSS/P3HT:PCBM/AI and
ITO/P3HT:PCBM/AI devices measured under illumination just after preparation. The device
ITO/PEDOT:PSS/P3HT:PCBM/AI  exhibited Js. of 5.14 mA/cm?, Vo of 0.58 V, FF of 48.6
% and 1 of 1.34 % and the device and ITO/P3HT:PCBM/AI exhibited Js. of 2.78 mA/cm?,
Vo 0f 0.55 V, FF of 45 % and n of 0.82 %.
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Figure 4.2: llluminated J-V characteristics of the P3HT:PCBM solar cells with and
without PEDOT:PSS for anode.
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The photovoltaic characteristics of the devices were measured in the open
atmosphere. It has been found that the devices with PEDOT:PSS shows the better
performance in comparison to the devices without PEDOT:PSS. PEDOT:PSS provides a
well-defined work function which is higher than that of ITO, it smoothes the rough ITO
surface and so avoids shorts. But the devices with PEDOT:PSS shows the fast degradation in
comparison to the devices with out PEDOT:PSS. Fig. 4.3 shows the variation of illuminated
J-V characteristics of the devices with time. Device with PEDOT:PSS exhibited poorer
stability compared to that without PEDOT:PSS. The fast degradation with PEDOT:PSS can
be attributed to the hygroscopic nature of PEDOT:PSS. It absorbs water and losses its
electronic properties, and as a result increases the resistivity of the device. It is well known
that ITO is very sensitive to acid environments. Due to the strong acidic nature of PSS, the
aqueous solution from which the PEDOT:PSS films are cast can also be expected to etch the
ITO and changes its properties. Studies show that from ITO, In diffuses into active layer and
up to Al electrode. The hygroscopic nature of PSS probably plays an important role. Upon
exposure to air, water will be absorbed by the PEDOT:PSS film and an aqueous acid

environment is formed due to the reaction H,O + PSS (HSOs)— H3O" + PSS(SO3). This will
facilitate etching of the ITO and transport of the etch products throughout the PEDOT:PSS

film and up to the top Al electrode through active layer.

Fig 4.3 (b) shows that in initial stage of degradation the current density of the devices
with PEDOT:PSS is faster as comparison to the devices without PEDOT:PSS. The
degradation in open circuit voltage (Vo) was also more in comparison to the devices without
PEDOT:PSS but not as large as that in current density. The V.. values of the devices will not
depend only on the work functions values of the electrode but will depend also on the Fermi
levels of polymer (P3HT) and fullerenes (PCBM). So the devices with PEDOT:PSS shows

the fast degradation in current density comparison to the devices without PEDOT:PSS.
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Figure 4.3(a): Variation in the illuminated J-V characteristics of

ITO/P3HT:PCBM/AI cell with time.
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Figure 4.3(b): Variation in the illuminated J-V characteristics of

ITO/PEDOT:PSS/P3HT:PCBM/AI cell with time.
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4.2. Degradation in PEDOT:PSS/P3HT:PCBM/AI devices (ITO free solar cell)

Figure 4.4 (a) shows the current-voltage characteristics in dark and under illumination
at 100 mwW/cm? for PEDOT:PSS/P3HT:PCBM/AI devices without ITO. Fig. 4.4 (b) shows
the variation in J-V characteristics of PEDOT:PSS/P3HT:PCBM/AI solar cells with time.
Due to the high resistivity of PEDOT:PSS film the value current density (Js) is very small
but the value of open circuit voltage (Voc) is high due to the high work function of
PEDOT:PSS which is greater then ITO. Decrease in Js. of solar cell without ITO could be
explained by the degradation of PEDOT:PSS film or increase in resistance in PEDOT:PSS
film. PEDOT:PSS is hygroscopic in nature. It absorbs water from atmosphere and oxidizes
fastly. Moisture and oxygen in air have a profound influence on the film degradation. The
combined effects of moisture and oxygen should be taken into account when the effect of air
is considered. For conducting polymers, the decrease in the conductivity in air at room
temperature was ascribed to absorbed water while, at higher temperatures, both oxygen and

moisture were considered to cause the degradation.
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Fig. 4.4(a): Dark and illuminated J-V characteristics of PEDOT:PSS/P3HT:PCBM/AI

solar cell
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Figure 4.4(b): Variation in the illuminated J-V characteristics of

PEDOT:PSS/P3HT:PCBM/AI solar cell with time.

Fig. 4.5 shows the I-V characteristic of PEDOT:PSS electrode on the plain glass with
respect to time. By this figure we can analyse that as the time increases the current in
PEDOT:PSS electrode decreases. These results confirms that resistivity of PEDOT:PSS layer
increases with time in open atmosphere. So in open atmosphere there is degradation in
PEDOT:PSS layer and it’s resistivity will increase and the current density of the device
decreases very fastly. The work function will also decrease because the work function of a
surface is strongly affected by the condition of the surface. The presence even of small
amounts of contamination (less than a monolayer of atoms or molecules), or the occurrence
of surface reactions (oxidation or similar) can change the work function substantially.
Changes of the order of 1 eV are common for metals and semiconductors, depending on the
surface condition. These changes are the result of the formation of electric dipoles at the

surface, which change the energy necessary for an electron to leave the sample.
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Figure 4.5: Variation in the current through PEDOT:PSS electrode with time

So when we studied the degradation of these devices in our lab we found that the
current density of the device decreases very fastly and can be attributed to increase in the
resistivity of PEDOT:PSS layer. It is important to remark that the cells keep their Vo quite
constant. As there was negligible variation in VVoc with time in the present device, it can be
attributed to the difference of HOMO of donor and LUMO of acceptor or the Fermi levels of

polymers and fullerenes to be the dominant factor to control the Voc.

4.3 Effect of thickness PEDOT:PSS layer on the performance of polymer

solar cell

To check the effect of thickness of PEDOT:PSS layer we made the ITO free solar cell
(PEDOT:PSS/P3HT:PCBM/AI) with different thickness of PEDOT:PSS. Before making
these cells we took the plain glass substrate (without ITO). Then these substrates were
cleaned in identical manner as the ITO substrates for device fabrication. Then the hole

conducting layer of PEDOT:PSS was spin coated on the top of glass substrates with different
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spinning rates of 1000, 2000 and 3000 rpm respectively for 60 second and then dried in
vacuum oven at 120°C for 30 minutes. We measured the thickness of all PEDOT:PSS layers
with the help of “ELLIPSOMETER”. The thickness was found to be 180,150 and 90 nm for
spinning rate 1000, 2000 and 3000 rpm respectively. After the measurement of thickness of
the layers we calculate the work function of PEDOT:PSS layers of different thickness with
the help of “UHV KELVIN PROBE” and we found that the work function of PEDOT:PSS
increases with increases the thickness of layers. We also measured the transmission of these
layers. Fig. 4.6 shows the transmission spectra of PEDOT:PSS layers of different thicknesses.
In this figure we can see that as the thickness of PEDOT:PSS layer increases the transmission
decreases . We did also measure the 1-V characteristics of these layers.

Fig. 4.7 shows the I-V curves of different PEDOT:PSS layers with different
thicknesses. It is seen that most thicker layer show highest current in comparison to other
layers. It means that the conductivity of PEDOT:PSS layer increases as the thickness of layer
increases. After taking these result we made the devices in PEDOT:PSS/P3HT:PCBM/AI

configuration in identical manner as above.
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Figure 4.6: Transmission of PEDOT:PSS layer with different thickness
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Figure 4.7: 1-V curve of PEDOT:PSS layer with different thickness

Fig 4.8 shows the J-V characteristic of the solar cells with different thicknesses of
PEDOT:PSS layers. We found that the V,. of cells increases with increasing the thickness
PEDOT:PSS layer but Js decreases slightly with increases thickness of PEDOT:PSS layer.
The increment in V. is due to the change in work function with PEDOT:PSS layer thickness.
As we have calculated that the work function increases as the thickness of PEDOT:PSS layer
increases. But there is small decrement in current density with the increasing the thickness of
PEDOT:PSS layer. As we see in Fig 4.8 the conductivity of PEDOT:PSS layer increases as
the thickness of this layer increases, so the current density should be increased as the
thickness of layer increases. But it is not the case here and indicates that the current density
does not depend only the conductivity of material but also on the other phenomenon like
photon absorption and charge collection in active layer. When the thickness of PEDOT:PSS
layer increases the transparency of the device going to decrease due to this there is less
absorption of photons in active layer. So there is slight decrement in current density with

respect to increasing the PEDOT:PSS layer thickness.

47

——
| —



0.00004 4 —%— PEDOT:P55180 nm
PEDOT:P55150nm
0.00002 4 —4— PEDOT:PS590 nm

)
=
=
=
=
=
=

2

-0.00002

Afcm

-0.00004
-0.00006 -

-0.00008 S

Current densiby

-0.00010 S

-0.00012

-1.0 0.5 0.0 0.5 1.0
Voltage(V)

Figure 4.8: Cell performance with different thickness of PEDOT:PSS layer

4.4 Degradation study of P3HT:PCBM solar cell

4.4.1 Experimental details

Investigations have been carried out on the bulk-heterojunction solar cells based on
the blend of P3HT and PCBM. P3HT was purchased from Aldrich Chemicals, USA, whereas
PCBM was purchased from Nano-C, USA, and used as such. Samples were prepared on
indium tin oxide (ITO) coated glass substrates (sheet resistivity ~ 18 €/[1), which were
patterned, cleaned and dried prior to device preparation. The cleaned substrates were exposed
to oxygen plasma for 5 min. and a thin film of PEDOT:PSS (Aldrich Chemicals, 1.3 wt %
dispersion in water) was spin coated on the ITO and cured at 120°C for 20 min. in inert
environment. The P3HT:PCBM solution (1:0.5, 25 mg/ml) in chlorobenzene was then spun
over the PEDOT:PSS coated substrates and cured at 120°C for 30 min. in the Glove box.
Finally the samples were transferred to a thermal evaporator chamber, where Al electrodes

(100 nm) were deposited under reduced pressure of ~ 1x10® mbar. The devices were taken
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out of the evaporator chamber and tested in the ambient atmosphere (43+3 % rh, 27+3 °C)

without encapsulation.

4.4.2 Result and discussion

After making the solar cell (ITO/PEDOT:PSS/P3HT:PCBM (1:0.5)/Al) the J-V
characteristic are taken in open atmosphere. and recorded by the Keithley SourceMeter unit.
A tungsten halogen lamp from Osram, Germany, was used to illuminate the cells at 100
mW/cm?. For measurement of J-V characteristics the applied voltage was swept from -1V to
+1V in the step of 0.02 V and the corresponding current was measured and recorded using
Keithley 2420 SourceMeter unit interfaced with computer. Fig. 4.10(a) shows the dark and
illuminated J-V characteristics of the non-encapsulated ITO/PEDOT:PSS/P3HT:PCBM
(1:0.5)/Al solar cell measured just after preparation. The device exhibited Js; of 3.41 mA/cm?,
Voc 0f 0.60 V, FF of 49.6 % and n of 1.01 %. .In initial stage the performance the cell
showed the fast degradation with respect to time and after that cell degrades slowly. Fig 5.1

cell performance in initial condition.
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Figure 4.9: The energy diagram for ITO/PEDOT:PSS/P3HT:PCBM/AI cell.
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These figures 4.10 (a), (b), (c) ,(d) ,(e) ,(f) shows that the current density, efficiency,
and fill factor decreases fastly in initial stage and then decreases slowly but open circuit
voltage (Vo) decreases slowly as compare to Jsc , FF, and efficiency. Open circuit voltage
(Voc) exhibited almost linear decay with time.

We did calculate the series (Rs) and shunt (Rs) resistances of the device both in dark
and under illumination. Fig.4.11 shows the variation of Rs and Rg, of the device with time
calculated in dark. Rs and Rsn were extracted from the slop of the J-V characteristics in first
and third quadrants near the points corresponding to V. and Js respectively. Initially both the
Rs and Rs, were observed to increase very fast and afterwards slowly with time. The device
showed very slight variation in Rs in dark and under illumination whereas Rs, exhibited large
variation in dark and under illumination. Compared to the values in dark Rs, exhibited lower

values under illumination.
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Figure 4.11: Change in series (Rs) and shunt (Rsh) resistances of the device both in dark

and under illumination with time.
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Inset of Fig 4.11 shows the variation of Rs, with time under illumination. The
reduction of Rs, under illumination can be attributed to the photo-induced doping and is done
by adding a photo conductive parallel resistance, where photoconductivity is proportional to
the light intensity [47]. Initially (at t = O h) the device exhibited Rs = ~ 5.2 Q which increased
to ~ 4.8x10* Q just after ~ 60 h. Similarly the Rs, which initially (at t = 0 h) was 1.3x10* Q,
increased to ~ 5.3x10* Q after ~ 60 h in dark. Similarly the initial value of R in light
5.61x10% Q increased to 3.5x10° Q, after ~ 60 h. These variations became more pronounced

with time.

The increment in Rs could originate from several factors viz. increase in the
resistivity of PEDOT:PSS, increase in the charge injection barrier to active layer and
reduction in charge carrier mobility in the active layer. On the other hand increment in Rg,
with time can be attributed to the change in the nano-scale morphology, phase separation and
formation of dead zones in the active layer, which minimizes the shorts and reduces the
leakage current. Therefore reduction in Jsc on degradation can now be attributed to increase in
the series resistance, reduction in the internal electric field due to electrode degradation,
oxygen induced doping of P3HT:PCBM and increment in the trapping density, which reduces
the charge carrier mobility [48]. V. in organic solar cells is controlled by both the difference
of work function of the electrodes used and difference of highest occupied molecular orbital
(HOMO) of donor and lowest unoccupied molecular orbital (LUMO) of the acceptor
molecules [49]. The change in V. in the present case can be attributed to the change in the
work function of the ITO/PEDOT:PSS electrode. Due to hygroscopic nature of PEDOT:PSS
it absorbs water and losses its electronic properties, and as a result the work function reduces.
Along with that because of acidic nature of PEDOT:PSS, it etches ITO and changes its

properties.

Studies show that from ITO, In diffuses into active layer and even to Al electrode
[50]. Such changes do modify the work function of ITO. Because of creation of more free
electrons in ITO, the Fermi level goes up. Now the difference between work functions of
ITO/PEDOT:PSS and Al reduces, which results into the reduction in V.. Also the imbalance
charge carrier mobilities due to degradation will result formation of space charge and as a
result reduction in V. After some time (~ 142 h for present device) this difference
diminishes and device exhibit no photovoltaic response. The device exhibited complete
degradation in ~ 142 h with all parameters showing fast degradation and after 142 h the

performance became zero i.e. both the dark and illuminated characteristics pass through the
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origin. When the device is completely degraded though it is not short circuited but Jg
disappears because of the absence of built in electric field [51].

After 142 h

2 Lo 9 9
R Lo B
1 " 1

[
—
1

Current density (mA/cmZ)

i i i

2 9 2

] I =
] 1 [

O
FEN
l

]
=
n

| N ¥ v L] N I

10 -05 0.0 05 10
Voltage (V)

Figure 4.12: Complete degradation of device in dark and light after 142 hours.

After complete degradation when the device was dead we did further measure the J-V
characteristics with time and found very interesting result that both the dark and illuminated
characteristics started passing through the second quadrant. Regular measurement of the
characteristics revealed that both the characteristics kept regularly shifting into the second
quadrant with time. To reconfirm this observation a new device was prepared in the same
configuration and in the similar procedure. Initially the device exhibited Js. = 4.63 mA/cm?,
Voc = 0.56 V, FF = 46.8 %, and 5 = 1.2 %. This device also exhibited the same degradation
behavior as that of the device discussed above. Interestingly when this device as well was
completely dead after ~ 200 h, further measurement of J-V characteristics with time showed
the same behavior and characteristics started passing through the second quadrant. This is

quite interesting result as we get the current at zero voltage in the dark.
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Figure 4.13: J-V characteristics of the second device after 810 h

Fig. 4.13 Shows the J-V characteristics of the second device after ~ 810 h. To find out
the reason behind this shifting we did carry out the detailed investigations. As mentioned
above for the measurement of J-V characteristics, normally the voltage was swept from -1 V
to +1 V (forward sweep) in the step of 0.02 V, but for detailed understanding we also
measured the characteristics by sweeping the voltage from +1 V to -1 V (reverse sweep).
Interestingly this time the characteristics passed through the fourth quadrant in both the dark
and under illumination. Inset of Fig 4.13 shows the dark and illuminated characteristics of the
device after ~ 810 h when the voltage was reverse swept from +1 V to — 1 V. In dark the
characteristics intersected the V-axis at — 0.10 V and 0.15 V for forward and reverse sweep
respectively. In case of light illumination the voltages at which characteristics intersect V-
axis was slightly more than that in the dark and was observed to be — 0.13 V and 0.25 V for
forward and reverse sweeps respectively. The possible mechanism that could account for
these observations is the polarization of P3HT molecules, which happen due to its

degradation .
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This may happen along with the change in the effective work function of PEDOT:PSS
via change in carrier density near the active layer-PEDOT:PSS interface or formation of
dipole layer at the interface. It is worth mentioning that we did measure the characteristics of
the freshly prepared devices as well by sweeping the voltage from —ve to +ve and +ve to —ve
and interestingly found absolutely no difference in the characteristics rather an excellent
overlap. Dark characteristic was observed to pass through the origin (0,0) and the illuminated
characteristic passed through fourth quadrant. No difference in the characteristics (in the
common voltage range) was observed even when the characteristics were measured for

different voltage sweep.

It is known however, that P3HT form a charge transfer complexes with oxygen,
resulting formation of cation and anion radical species, which can be detected by electron
spin resonance (ESR). Formation of these charged ions represents the doping of P3HT. This
doping increases with degradation of P3HT and increment in oxygen concentration. It was
found that a sample under vacuum contained ~ 5.4x10%" spins g™ (electrons). In oxygen (1
atm), the spin density increased more than ten-fold to ~ 7.1x10"® spins g* [52]. As a
consequence the conductivity of P3HT increases with oxygen concentration. It is known that

thiophenes undergo degradation at room temperature as shown in the scheme below [53].

{ ‘:
'y hv ! I
- —t — » and other
HiC >~ g, HC 77 Cfs W products
5 ! ! 5

The formation of charge transfer complexes between oxygen and P3HT was
investigated via oxygen-induced fluorescence quenching by Luer et al. [54]. The authors
suggest that the reaction involves metastable oxygen species that are later responsible for the
irreversible degradation of the polymer. This formation of charge transfer complex results
into the p-type doping of P3HT [55, 56]. The electron transfer from P3HT to oxygen
molecule results into the formation of mobile holes on P3HT and immobile electrons on
oxygen. The oxygen induced degradation of P3HT decreases the charge carrier mobility and

increases the trap densities [48]. Whereas in case of fullerenes the oxygen doping reduces
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electron concentration [57,58]. Norrman et al. did investigate the oxygen uptake in
P3HT:PCBM solar cell and the intensities of the fragment ions was studied by TOF-SIMS
spectroscopy [59]. It has been found that in P3HT sulphur reacts with water and/or oxygen in
ambient which increases CxHySO, and SO, concentration. The reduction in CyH,S" ions and
increment CyHyO, ions suggest that either the thiophene carbon in P3HT becomes
oxygenated or the side chains are oxygenated. The TOF-SIMS images of the PEDOT:PSS
surfaces reveal that the layers have phase separated into a PEDOT -rich and a PSS-rich phase.
Each phase was identified from area-specific TOF-SIMS mass spectra.

Therefore when the device is completely degraded the active layer exhibits charged
ions and when an external voltage is applied they get polarized in the opposite direction to the
applied electric field. In case of characteristics measured in forward sweep from -1V to + 1
V, the anions get attracted towards positively biased electrode and cations towards negatively
biased electrode and the active layer gets polarized.

Active layer Al

ITO/PEDOTPSS -

Fig 4.14. Schematic representation of polarization of the active layer on the application

of forward and reverse bias.

Polarization of the active layer develops an internal electric field which opposes the
applied external electric field (see Fig. 4.14 (a)). E(t) represents the applied electric field
whereas E,(t) corresponds to the induced electric field due to polarization. The developed

internal electric filed pushes the charge carriers in the opposite direction to that due to applied
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electric field. At -1 V current is dominantly controlled by applied voltage and remains —ve in

magnitude.

As the applied voltage decreases towards O V and when it becomes equal to the
induced voltage (due to polarization) the effective internal voltage become zero and as a
result total current becomes zero. This is the point where characteristic intersects the V-axis
in —ve direction. As the applied voltage decreases further the effect of polarization induced
voltage become dominant and the direction of current changes. This is because we get a +ve
current at the zero applied voltage and when the applied voltage get reversed to +ve direction
current increases as the voltage increases further because the current due to applied voltage
and due to polarization are now in the same direction. In case of reverse sweep from +1 V to -
1 V the active layer this time gets polarized in the opposite direction and again the
polarization induced voltage opposes the applied voltage (see Fig. 4.14 (b)). When the
applied voltage and polarization induced voltage become equal the current again becomes
zero and this is the point where characteristic intersects the V-axis in +ve direction. Now
when the applied voltage reduces the current due to induced voltage start dominating and
current becomes —ve. This is why in this case we get a —ve current at zero voltage. When the
applied voltage get reversed to —ve direction and increases in magnitude the current due to
applied voltage adds up into the current due to polarization as they are now in the same

direction. The total current increases with increment in the applied voltage.

To establish this concept we did perform detailed experiments where investigations
were also carried out for higher applied voltage range viz. +2Vto-2Vand-2Vto+2V.
Fig.4.15shows the dark and illuminated characteristics after ~ 1250 h, when the voltage was
swept from -1V to +1Vand +1V to — 1 V. In dark the characteristics intersected the V-axis
at — 0.13 V and 0.17 V for forward and reverse sweep respectively. In case of light
illumination the voltages at which characteristics intersect V-axis was slightly more than that
in the dark and was observed to be — 0.23 V and 0.29 V for forward and reverse sweep

respectively.
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Fig 4.15: J-V characteristics of the degraded solar cell after ~ 1250 h, measured in dark
and under illumination in both the forward and reverse voltage sweeps in the voltage

range+ 1 V.

The inset shows the dark and illuminated characteristics measured at the same time
for the voltage sweeps from -2 V to +2 V and +2 V to — 2 V. Interestingly the voltages at
which characteristics intersect the V-axis increased to -0.34 V and 0.5 V in dark and -0.5 V
and 0.78 V in light for forward and reverse sweeps respectively. These higher voltages of
intersection for voltage sweep of £ 2 VV compared to that for £ 1 V at the same time is quite
interesting. The experiments were also carried out for other higher voltage ranges as well and
the results were found in consistency with observed for lower voltages discussed above. We
measured the characteristics again and again to confirm the reproducibility of the behaviour
and found absolutely no difference and excellent reproducibility. These results can again be
explained by the concept of polarization of active layer. Since in case of voltage sweep from -
2V to+2Vand+2Vto -2V, the applied voltage is more therefore the polarization will be
more and as a result the induced voltage will be more. Because of more induced voltage due

to polarization, the voltage, where current become zero while sweeping from -2V to + 2V,
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will be more than that for the case of voltage sweep from — 1 V to + 1 V, and because of that
the current at zero applied voltage will be more due to more polarization in the case of the
voltage sweep from -2 V to + 2 V. Similarly the characteristics for the voltage sweep from +2
V to -2 V can be explained. In this case as well the voltage where characteristic intersects the
V-axis will be more than that in case of voltage sweep from+1 V to -1 V.

Under illumination the voltages where characteristic intersects the V-axis and the
currents at zero voltage both are more in both the reverse and forward sweeps compared to
that in dark. This observation is true for all the voltage ranges and can be explained as
follows. Under illumination more charge carriers are generated and contribute to the
polarization or in other term the polarization induced voltage. Since the photo-generated
charge carriers contribute to polarization the voltage where characteristics will intersect the
V-axis and the current at zero applied voltage will be more than that in the dark.
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Figure 4.16: J-V characteristics of a seriously degraded solar cell measured in dark and
under illumination for forward and reverse voltage sweeps. Dotted curve is for the
measurement from 0 V to +1 V whereas dashed curve is for the measurement from 0 V
to — 1 V. Inset shows the dark and illuminated J-V characteristics for two voltage ranges

+ 1V and £ 2V, measured at the same time in forward and reverse sweeps.
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We did also performed the experiments where voltage was swept from 0 to + ve
voltage and O to —ve voltage as well and interestingly found different characteristics
compared to those measured while sweeping from —ve to +ve and +ve to —ve voltage
respectively. When the voltage was swept from 0 V to either -2 V or +2 V the characteristics
passed through origin in both the dark and under illumination, which suggest no photo
current at zero applied voltage

This can be understood from physical consideration that when the applied voltage is
swept from 0 V no polarization will take place because the applied voltage is zero, though the
polarization will take place as the applied voltage increases. The current at any voltage is
different for the cases when voltage is swept from —ve to +ve or +ve to —ve voltage and 0 to
+ve voltage or 0 to —ve voltage, because the magnitude of polarization will be different in the
different cased. Since there is no photocurrent at zero applied voltage, the current at higher
voltages under illumination was more than that in dark, which suggests photo-generation of
charge carriers at high voltages. This photo-generation of charge carriers is because of
exciton dissociation due to applied voltage.
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Chapter 5

Conclusions ,Summary and Future plan

5.0 Conclusions

So after seeing the degradation of devices we concluded that device
ITO/PEDOT:PSS/P3HT:PCBM/AI shows the fast degradation in comparison to the devices
ITO/P3HT:PCBM/AIl because of poor stability of the interface between ITO and
PEDOT:PSS. In case ITO free solar cells (PEDOT:PSS/P3HT:PCBM/AI) the current density
was very small due to the low mobility of PEDOT:PSS but open circuit voltage (Voc) was
high as compared to devices with ITO. Degradation study of these devices showed that
current density of these devices decreases very fastly due to increment in resistivity of
PEDOT:PSS layer in open atmosphere. But there was very small decrement in VVoc with
respect to time. So if we avoid the ITO electrode. However, due to the higher series
resistances, the low values of photocurrent make realisation of this cells using only
PEDOT:PSS as transparent conducting electrode (without ITO), not interesting for instance,
but this indicates that more conductive films of PEDOT:PSS could lead to a free ITO solar

cells and consequently to lower cost and longer lifetime full organic solar cells.

In conclusion we have performed the degradation studies in P3HT:PCBM solar cells.
Studies show exponential decay in Jsc and 7, whereas V,. has been observed to decay
linearly. Reduction in Jsc has been attributed to increment in series resistance, reduction in
charge carrier mobility and introduction of traps whereas reduction in Vy has been attributed
to reduction in the difference of workfunction of the electrodes. Detailed investigations show
that degradation results into formation of charged ions in the active layer which get polarized
when an external voltage is applied to the device. This polarization increases with
degradation of active layer and applied voltage. The polarization of the active layer exhibits

interesting effect on the device characteristics and charge carrier transport.
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5.1 Summary

The objective of this thesis work was to fabricate polymer solar cells and investigate
the degradation with time. For this purpose P3HT and PCBM were respectively selected as
the donor and acceptor materials and the devices were prepared in bulk-heterojunction
configuration, where P3HT and PCBM were blended together to form a single active layer.
Devices were fabricated in sandwich structure on glass substrates where active layer was
sandwiched between transparent anode (ITO and/or ITO/PEDOT:PSS) and opaque cathode
(Aluminum). A typical  structure of the studied solar cells  was
ITO/PEDOT:PSS/P3HT:PCBM/AL. Prior to degradation studies we optimized the blend ratio
for P3HT and PCBM and then studied the degradation on the optimized device. The devices
were prepared in 1:0.5, 1:0.8, 1:1 and 1:1.5 ratios of donor and acceptor materials. For these
studies P3HT and PCBM were from Aldrich Chemicals USA and were used as received. We
studied the photovoltaic performance and found that 1:1 ratio is the optimum ratio for
efficient photo-conversion. The variation in the performance with change in the ratio of the
donor-acceptor materials can be attributed to the change in the nano-scale morphology and
electronic properties of the active layer. After device optimization the devices were subjected

to the degradation studies where we studied the performance of the devices time to time.

We have also investigated the effect of PEDOT:PSS on degradation of P3HT:PCBM
solar cells. For this purposes devices were prepared for different thicknesses of PEDOT:PSS
and even without PEDOT:PSS. PEDOT:PSS has been found to be the main source of
degradation of these devices. The device incorporating PEDOT:PSS exhibited poorer
stability compared to that without PEDOT:PSS. The poor stability of the devices
incorporating PEDOT:PSS can be attributed to the degradation of PEDOT:PSS, which etches
ITO, resulting diffusion of In into active layer. PEDOT:PSS is hygroscopic in nature and
absorbs water. The acidic nature of PEDOT:PSS etches ITO. It is seen that PEDOT:PSS loses
its conductivity with time resulting increase in series resistance and reduction in Jsc. We
studied the performance of the solar cells with time and found that both the Jsc and Voc
degrade exponentially with time, whereas VVoc decreases almost linearly. We did calculate the
series (Rs) and shunt (Rs,) resistances of the device both in dark and under illumination.
Initially both the Rs and Rs, were observed to increase very fast and afterwards slowly with

time.
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When the devices were completely dead (all the parameters Jsc, Voc, FF and
efficiency became zero), we further studied the J-V characteristics with time and observed
some interesting features. For the measurement of J-V characteristics the voltage was swept
from -1 V to + 1V (forward sweep) in the step of 0.02 V. The measurement of J-V
characteristics with time on the completely degraded device showed that the characteristics
started passing through the second quadrant. This is quite interesting result as we get the
current at zero voltage in the dark. For detailed understanding we also measured the
characteristics by sweeping the voltage from +1 V to -1 V (reverse sweep). Interestingly this
time the characteristics passed through the fourth quadrant in both the dark and under
illumination. These results have been analyzed and studied in detail and the possible
mechanism that could account for these observations is the polarization of P3HT molecules,
which happen due to its degradation. This may also happen along with the change in the
effective work function of PEDOT:PSS via change in carrier density near the active layer-
PEDOT:PSS interface or formation of dipole layer at the interface. These results are very

important to understand the degradation mechanism in polymer solar cells.
5.2 Future plan

Polymer solar cells are considered to be the future source of energy as they promise
for thin, flexible, large area solar cells at very low cost. This is a quite environmental friendly
technology and produce energy direct from sun light. Efficiency and life time of these
devices are not sufficient enough for their commercialization. If the technology has to come
out of the laboratories and reach the market more detailed research and development work is
urgently required. Research is being done all over the world in this direction. My future plan
is to work in the same area and specifically the understanding of degradation mechanism and
long term stability of these devices. | wish to work in more detail on prevention of polymer
solar cells from degradation so that we could realize long term stable solar cells, helping in

realization of their commercialization.
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