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Abstract

Considering the present world energy consumption and the exponential growth in
human population, the growing energy need has to be mollified by the use of renewable
sources of energy such as solar energy. Development is necessary but not at the cost of
the future generations. The need of the hour is sustainable development. Thus, concerns
about global warming and diminishing fossil fuel reserves have accelerated the search
for low cost sources of renewable energy. Organic photovoltaics (OPVs) could be one
such source. The investigation in this thesis takes a step in this direction.

The solar cells investigated in this thesis are BHJ solar cells. Fabrication of such cells
involve etching of the substrates, preparation of the active material and buffer layer
solutions, cleaning of the substrates, coating and deposition of the materials over the
substrate. Finally once these solar cells are fabricated, J-V characterization of these cells
are carried out to determine the device parameters- power conversion efficiency (PCE),

open circuit voltage (Voc), fill factor (FF) and short circuit current density (Jsc).

In this thesis we have focused on the interface layers in conventional and inverted
organic solar cells. In case of conventional devices, we have tried to replace
PEDOT:PSS by MoOs; layer and whereas in case of inverted devices, we have applied a

polyelectrolyte based approach for modifying the ZnO interface layer.

Herein, we have used solution based approach for MoO; and demonstrated that
PEDOT:PSS can be successfully replaced by solution processed MoOs;. For the
modification of interface layer in case of inverted devices we have used the combination
of zinc oxide and polyelectrolyte viz. ZnO-PDADMAC and ZnO-PSS nanocomposite.
Both of these combinations have shown remarkable increase in the device parameters
such as- Jsc and m. However, the Zno-PDADMAC nanocomposite has shown a huge
increase of ~ 22 times in device efficiency. These results have been discussed in detail

in this thesis.

Keywords: Polyelectrolyte, Zinc Oxide, Solution Process MoOs, Bulk Heterojunction,

Organic Solar Cell
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Chapter 1

Introduction

1.1 Need for Solar Energy

Energy is a precious resource for humans from centuries. With the exponential
increase in human population the energy demands have increased tremendously and
there is no way that we can meet the needs of every human being on earth by solely
relying on fossil fuels which unfortunately is the current trend. Moreover, fossil fuels
are a non-renewable resource that once depleted would take millions of years to
regenerate. With the current consumption we are heading towards this disaster at a
much faster rate. We need to find other alternatives to meet the increasing energy
demands. Figure 1.1 shows the current and the predicted world energy consumption.

World Energy Consumption
1000

65 761 812 |
654 708

605

600 532 [

400 [818 52 =

x 1018 J
I

200 — —

1990 2000 2008 2015 2020 2025 2030 2035
Year

Figure 1.1 World energy consumption [1]

Another consequence of using fossil fuels is the emission of greenhouse gases.
The primary greenhouse gases (GHGs) present in the earth’s atmosphere are water
vapour, carbon dioxide, methane, nitrous oxide and ozone. These gases trap heat in the

atmosphere thus leading to global warming and unwanted climate changes. The burning



of fossil fuels has contributed to 40% rise in the concentration of carbon dioxide in the
atmosphere from 280 ppm to 400 ppm [2]. Anthropogenic carbon dioxide (CO, released
due to human activities) come from the combustion of carbon based fuels such as coal,

wood, oil and natural gas.

In today’s world the demand for fossil fuels as described earlier is increasing in
proportion to the world population. Development is important but not at the cost of
destroying the very world we live in. In a report produced by the Intergovernmental
Panel on Climate Change, a panel assembled by the United Nations in 2007, the threat
due to greenhouse gases were outlined (GHGs). The anthropogenic greenhouse gas
emission along with the global rise in energy demands are one of the pressing issues we
face today. These issues need to be resolved at the earliest in order to ensure a bright

future for our future generations. Thus, the need of the hour is sustainable development.

The need for sustainable development has accelerated research in the areas of
renewable sources of energy such as- solar energy. When it comes to renewable sources
of energy, solar energy easily takes the lead. Incoming solar radiation intensity is
around 1000 W/m’ indicating that roughly 1.5 X 10" W hits the earth’s surface. This is
over 500 times the global demand for power. This shows that undoubtedly solar power

is going to be one of the prime sources of energy in the coming decades.

Thus, the need of the hour is to avoid the over exploitation of these fossil fuels
and to rely on renewable sources of energy such as solar energy, wind energy and
hydroelectricity to fulfil the energy demands of the coming generations. Solar energy is
by far the renewable energy source with the greatest potential (Table 1.1). Here, our
focus is on solar energy.

Table 1.1 Energy available for harvesting from different sources compared to the global

energy demand [3]

Global Hydro Geothermal Wind Solar
consumption
15TW 7.2TW 32TW 870 TW 86,000 TW




1.2 Basics of a Solar Cell Device

Solar cell as we know is a semiconducting device. It converts solar energy into
electrical energy (photovoltaic effect). Light which is made up of packets of energy,
called photons, its 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 inthe visible light range, while over 50% is in the infrared range (Figure 1.2).
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Figure 1.2 Solar Radiation Spectrum
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.
However, IR waves are too weak to generate electricity using conventional PV

technology.
1.3 Generations of Solar Cells

Solar cells can be best classified in terms of generations i.e. the development and

variations in solar cells with time.
So far there have been three such generations of solar cells as follows:
1.3.1 First Generation:-

Single PN junction silicon solar cells come under first generation PVs. This
category of solar cells is the most commercialised one covering 90% of the photovoltaic
market. [4]



The most important parameter of the performance of a solar cell is its Power
conversion efficiency (PCE), i.e. the percentage of incoming solar radiation that is
converted to usable power by the solar cell. So far, the highest theoretical efficiency that
is reported by Shockley and Queissier i.e. 33% for any type of single cell solar cell with
a band gap of 1.1 eV [5]. Kerr et al. calculated that for a 90um thick single junction
solar cell to be 29% [6].

(a) Monocrystalline Silicon Cells:-

Solar cells made from thin wafers of silicon are the most prominent solar cell
technology currently in spite of being the oldest. These cells are sliced from large single
crystals that have been grown in a controlled environment with tremendous efforts and
hence called as monocrystalline solar cells. A panel is made up of a number of cells laid

out ina grid and are a few inches across (Figure 1.3).

They have a higher efficiency (up to 24.2%) as compared to other types of cells

which means that more electricity can be produced from a given panel area [7].

silicon
junction

p-type
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photons
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Cral
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Figure 1.3 A basic schematic diagram for first generation solar cells.




(b) Polycrstalline Silicon Cells-

The production of silicon wafers in moulds from multiple silicon crystals rather
than from a single crystal is obviously cheaper and easier as compared to the production
of monocrystalline solar cells, as the growing environment need not be as controlled
and specific. A number of silicon crystals are grown together to make polycrystalline
solar cells. No doubt panels on these cells are cheaper per unit area but they suffer in
efficiency (up to 19.3%).

(c) Amorphous Silicon Cells-

In amorphous silicon cells of silicon crystals are not grown as is done in the
previous two types, instead silicon is deposited in a very sleek layer on a backing
substrate such as metal, glass, or plastic. In these cells various silicon layers are mixed
with impurities accordingly to respond to various wavelengths of light and are laid in a
stack to improve efficiency.

d) Hybrid Silicon Cells-

As the name suggests the origin of this type of silicon solar cells was after
exploring ways of combining different materials to make a hybrid with better efficiency,

stability at reduced costs.

Recently introduced hybrid HIT cell consisted of a layer of amorphous silicon
over single crystal wafers. It was found that the efficiency improved and even stabilised

with fluctuations in temperature of the place.

First generation solar cells have highest efficiencies and lifetimes among all
other types. The only limitation it faces is its high production cost that prevents them
from being economically competitive and hence open doors for other research domains.
In August 2010, Solar buzz, an international solar energy research and consulting firm,
confirmed the residential price per kilowatt-hour of solar electricity was approximately
35 cents [8].



1.3.2 Second Generation:-

The cost related limitations of the first generation solar cells has shifted the
focus of the researchers on the development of more cost effective second generation
thin film solar cells [9]. The trick behind the reduction in costs of these solar cells lies in
the use of less material for their generation. The thin films are only a few micrometers
thick which is much less than the crystalline silicon based cells. So use of less material
and lower manufacturing costs enables manufacturers to produce and hence sell panels

at a comparatively much lower cost.

The second generation includes amorphous silicon (mentioned above) and two
more that are made up of non-silicon materials — cadmium telluride (CdTe) and copper
indium gallium di selenide (CIGS). These solar cells are fabricated by sputtering,
physical vapour deposition, and plasma-enhanced chemical vapour deposition. The
highest recorded efficiency is as good as 19.6% [9], which is not very far from the
crystalline silicon results. This combination of moderately high efficiency and low
manufacturing costs makes the second generation solar cells a good area of interest for

the researchers.
1.3.3 Third Generation:-

This generation marked a completely new era in the development of solar cells
giving birth to a totally new direction of research and development, i.e. multijunction
cells, dye-sensitized cells (DSCs), and organic photovoltaics (OPVs). This approach

was also an effort to bring down the costs of solar cells further.

Multijunction solar cells aim at maximising the efficiency and thereby reducing
the relative cost or increasing power to cost ratio. These cells contain multiple cells,
with different band gaps, stacked over one another so that they can capture maximum
region of solar radiation spectrum. A specific combination of the stack can be made to
perfectly match the spectrum and result in the efficiency that can even exceed that
reported by Shockley and Queisser. The theoretical efficiency limit has reached up to
66% [10]. The laboratories have already witnessed 40% for triple- junction stacked
PVs. In 2008, the National Renewable Energy Laboratory (NREL) reported a world
record efficiency for a thin triple-junction gallium indium phosphide and gallium
indium arsenide cell to be 41.6% [11] (see Figure 1.4).



Organic photovoltaics use polymers for light absorption and even for the PN
junction with highest recorded efficiency to be 9.2% [12] .This is not a favourable

efficiency however, they can be compensated by their low costs.
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Figure 1.4 The highest recorded efficiencies of a variety of photovoltaic cells [13].
1.4 Organic Photovoltaics:
1.4.1 Importance:-

Organic photovoltaics are solar cells that use organic materials such as polymers
(macromolecules) or small molecules. The conjugated polymers combine the
advantageous properties of the conventional semiconductors with the comfort of
processing and mechanical flexibility of plastics. Hence, this flexi solar cell technology
has managed to attract attention in the past few years with the promise of providing

environment friendly, flexible, light weighted, inexpensive, efficient solar cells.

The cost reduction of OPVs is mainly due to the solution route, i.e. it employs
soluble polymers, and since plastics have high absorption coefficient, very small



quantity of material is needed. Their solubility enables one to use wet-processing
techniques like spin coating or roll-to-roll printing (Figure 1.5). Another advantage is

that as they are not crystalline in nature, they can be deposited on flexible substrates.
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Figure 1.5 Schematic illustration of standard printing processes in polymer solar cells
[14].

1.4.2 Different approaches towards OPVs:-

Many different approaches have been successfully employed to produce
different types of OPVs.

(a) Dye-sensitized solar cells-

First in this category is dye-sensitized solar cell (DSSC) which consists of an
organic dye absorbed at the surface of an inorganic wide gap semiconductor. They
gained much attention after Brian O'Regan and Michael Gratzel improved the interfacial
area between the organic donor and inorganic acceptor using nanoporous titanium

dioxide (TiO,). This cell is shown in Figure 1.6.
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Figure 1.6 Dye-sensitized solar cell



(b) Bilayer Planar heterojunction

In this kind of OSC, donor and acceptor bilayer is used as active layer. Power
Conversion Effeciency (PCE) of around 1% was achieved by Tang [15-17] by
introducing this concept to the OPV cell in 1979.

(c) Bulk heterojunction (BHJ) cells-

The planar junction concept explained earlier has certain limitations- the need of
a long carrier lifetime to ensure that the holes and electrons reach their respective
electrodes and a small surface area between the donor-acceptor interfaces. This problem
has been addressed by introducing a bulk heterojunction. This involves mixing of donor
and acceptor materials in the bulk body of the organic solar cell. In 1995 by the groups
of Heeger and Friend independently realized the first efficient heterojunction cell in

polymer-fullerene and polymer-polymer blends [18,19].

In these cells, the p-type and n-type layers are combined together forming the p-
n junction in the active layer. The greatest concern is that the excitons so generated
diffuse to the interface to allow charge separation. But due to their low mobility and
short lifetime, the diffusion length is just restricted to ~10nm. Thus for efficient charge
generation the distance between the interface and the charge generation site must be of
the order of the diffusion length of the exciton. This exciton diffusion is visually
depicted in Figure 1.7. Thus, the exciton has to reach a nearest donor-acceptor interface
within a few nanometers otherwise it will be lost via recombination thus leading to no
charge generation (see Figure 1.7). It was found that even a 20nm thick layer of the
active materials was not sufficient enough for efficient photon absorption.
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Figure 1.7 Exciton diffusion towards the acceptor-donor interface

So on one hand a thick layer would interrupt the charge separation due to short
diffusion lengths of excitons and on the other hand a thin layer would affect the photon
absorption. This dilemma was then dealt with a new approach of manufacturing solar
cells i.e. by mixing the p and n type materials in the form of a blend and letting the
polymers create junctions throughout the bulk of the material, hence ensuring

quantitative dissociation of excitons.

The continuous progress in the PCE of BHJ can be observed from Figure 1.4.
PCE of bulk heterojunction (BHJ) based polymer solar cells has exceeded 9% [20] in
2012, but it is still much below the value for inorganic solar cells, and in addition, their
lifetime is significantly shorter which is major obstacle in their commercialization.
However it is predicted that the efficiency of organic solar cells will cross 12% by 2015

or before (see Figure 1.4) and expected to be commercialized very soon.

In a BHJ solar cell a bi-continuous interpenetration network of the polymer and
the acceptor is utilized (Figure 1.9) [20]. A major challenge in this approach was to
enable a smooth and effective migration of charge carriers towards their respective
electrodes. So, these layers should be mixed into a bi-continuous network in which the

inclusions or barrier layers are avoided.
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P3HT PCBM

Figure 1.8 The polymer poly (3-hexylthiophene) (P3HT) and the fullerene [6,6]-
phenyl-Cg; butyric acid methyl ester (PCBM)

In this type, the interface or the heterojunctions are all over the surface or the
bulk, hence the name bulk heterojunction.

| Anode

~20 nm

Figure 1.9 Bi-continuous interpenetration network of the polymer and the acceptor [20]

When the photons are incident over the photoactive material, charge transfer
occurs due to the mixing of the donor and acceptor material (plane and red area in
Figure 1.9). The generated charges are then transported and collected at the respective
electrodes. Even though the BHJ concept is powerful as a solution for addressing the
issue of exciton dissociation, in 2005 researchers discovered that the morphology
(donor-acceptor phase separation) also plays a important role in achieving good charge

transport channels for collecting electrons and holes [21,22].
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The role of the photoactive layers with the combination mentioned above is
quite overwhelming. At their interfaces there occurs a sub-picosecond charge transfer
that leads to efficient charge generation. The lifetimes of the chare separated state
extends in these blends hence ensuring an effective diffusion of the generated carriers
away from the interface towards the electrodes. This cell is explained in more detail in
the organic photovoltaic theory part of this thesis. Our work in this thesis is focussed on
BHJ based on interface layer modifications using polyelectrolytes.

12



Chapter 2

Literature Review

2.1 Inorganic Photovoltaic Theory:

In inorganic photovoltaic, a p-n junction is responsible for free charge
generation on the arrival of photons from the external light source. A p-n junction is a
simple interface between a p type (excess holes) and n type (excess electrons)
semiconductor (see Figure 2.1). A p type semiconductor can be formed by diffusing
boron (three valance electrons) into silicon. This causes the generation of positive (hole)
carriers throughout the lattice. N type semiconductor can be formed by doping
phosphorous into the silicon wafer. This doping causes generation of excess electrons in

the silicon lattice.

Silicon doped with Silicon doped with
phosphorus boron
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Figure 2.1 From left to right: n and p-type doping of silicon wafer.

When an N-type and P-type material are kept together to form a junction, the
electrons from the N-type diffuse into the P-type and the holes from the P-type diffuse
into the N-type. Thus, positive ions are left behind in the N-side and negative ions in the
P-side. This region is devoid of any free charge carriers (electrons and holes). This
region is called the depletion region. This process can be visually depicted as shown in

Figure 2.2.
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Valence electrons in Si absorb the incoming photons from an external light
source. Photons with adequate energy excite the electrons across the forbidden gap into
the conduction band. Thus, these electrons being free in nature can be channelled

through an external circuit producing current.
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Figure 2.2 The pn-junction of an inorganic solar cell (open circuit); 1) electrons close to
the junction, or boundary, diffuse into the p-type region; 2) charge builds up along the
interface of the two materials, creating an electric field that opposes the flow of
electrons; 3) the conduction and valence bands; 4) a photon excites an electron into the
conduction band, and the electron and its positive hole are forced to opposite ends of the

cell by the intrinsic electric field

2.2 Organic Photovoltaic Theory:

At first glance it looks as the organic photovoltaic cells work similar to
inorganic photovoltaic cells but on closer inspection we notice that there are significant
differences between the two photo-conversion mechanisms. Here in organic
photovoltaic, absorption of photons leads to exciton generation. An exciton is a bound
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state of an electron and hole which are attracted to each other by the electrostatic

Coulomb force.

PV cell structures based on organic materials differ from that based on inorganic
materials. Inorganic semiconductors generally have a high dielectric constant and a low
exciton binding energy (Eg. GaAs, BE= 4meV). Thus, at room temperature thermal
energy being keT = 0.025eV, the excitons generated due to the absorption of a photon
dissociate themselves into positive and negative charge carriers. These charge carriers
are easily transported due to the existing p-n junction field and the high mobility of the
charge carriers. Contrary to that in inorganic materials, in organic materials the
dielectric constant is higher along with the exciton binding energies. The exact
magnitudes of binding energies still remain a matter for debate. For polydiacetylene 0.5
eV is required to split the exciton and thus dissociation of excitons does not occur at
room temperature. To overcome this exact problem organic solar cells utilize two
different materials that differ in the electron accepting and electron donating properties.
Charges can then be created by photoinduced electron transfer between the two

components in the solar cell.

2.3 Basic Processes in an Organic Solar Cell:

When it comes to the working of an organic solar cell (OSC), four basic processes

or events can be outlined:

Absorption of light
Charge transfer and separation of the opposite charges

Charge transport

A W

Charge collection

The above four processes (in the order mentioned) are responsible for the working
of an OSC. Care should be taken that for an efficient collection of photons, the
absorption spectrum of the active material in the organic solar cell should match the

solar emission spectrum.
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Charges are created during the photo-induced electron transfer. Here, the electron is
transferred from an electron donor (D) a p-type semiconductor to an electron acceptor

(A) an n-type semiconductor with the aid of photons (hv):
D+A+hy>D*+A(orD+A* > D" +A"

After the excitation of the donor (D) or the acceptor (A), charge separated states
consisting of the radical cation of the donor (D™ and the radical cation of the acceptor

(A") are created.

Also, another important point is that for efficient charge generation, the charge
separated state should be the thermodynamically and kinetically most favourite pathway
after photo-excitation. Therefore, the photon energy should be used for generation of
the charge separated state and is not lost via some other process such as fluorescence or
non-radiative decay. The photovoltage (or open-circuit voltage, Voc) is directly linked
to the energy difference between the LUMO level of the acceptor and the HOMO level

of the donor, thereby providing the primary driving force for charge separation [20].

4.7 eV

?

™, 5.0eV

ITO |PEDOT:PSS Polymer/PCBM Ca/Al

Figure 2.3 Photo-excitation of electrons in donor and the transfer of the electrons into

the acceptor; Adapted from [20]

Due to photo-excitation, the electron in the donor moves from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) of the donor. This has been shown in Figure 2.3 where ITO is taken as the
front electrode with PEDOT:PSS as the buffer layer (or interlayer) and Al as the
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metallic back electrode. Consecutively, the electron moves to the LUMO of the
acceptor thus creating the charge separated states- A~ and D™, These photo-generated
charges are then collected at the opposite electrodes. Similar process can occur when
the acceptor is excited instead of the donor material. The donor and the acceptor
materials are sandwiched between two dissimilar electrodes, one being a transparent
electrode (ITO) and the other a metallic electrode. The structure of organic solar cells is
explained in more detail in the next section (Sec. 2.4) of this chapter.

As explained in the previous chapter, among the various approaches to make
organic solar cells, bulk heterojunction cells prove to be one amongst the best
performing solar cells to due to the many interfaces formed (between the p-type and n-

type materials) in the cell. We have focussed our research on bulk heterojunction cells.

2.4 Structure of a BHJ

Active Layer =

Buffer Layer —

(@)

Hole Transport Layer —_=

P La“'e@\/ ‘

(b)

Figure 2.4 Structure and geometry of bulk heterojunction solar cells a) Normal

(Conventional) Cell b) Inverted cell
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2.4.1 Geometry of Organic Solar Cell:

We have two different geometries- normal (or conventional) cell and inverted
cell. In a normal cell electrons move towards the metallic electrode which has a lower
work function compared to indium tin oxide (ITO) making this electrode as cathode.
Whereas, in an inverted cell electrons move towards ITO. Here ITO functions as the
cathode. These two geometries are depicted in Figure 2.4.

Both the geometries have their pros and cons of using them. The normal cell
features higher efficiencies (recently even inverted cells are known to be highly
efficient). The inverted cell being highly stable and can even last for months without
much degradation. Inverted devices apart from being more stable are also now as
efficient as conventional devices. In inverted devices the electrodes are interchanged i.e.
ITO becomes the cathode and the metallic electrode becomes the anode. In these
devices, electrons flow towards ITO and holes move towards the metallic back

electrode.
2.4.2 Active Layer:

The active layer is where the interfaces between the p-type and n-type materials
are made. Here the excitons are generated on photo-excitation. These excitons
generated, diffuse into the interface where charge separation occurs. This distance to the
interface must be shorter than the exciton diffusion length. In case the exciton length is
insufficient, the exciton loses all its energy i.e. recombination occurs even before it
reaches the interface. Thus, no charge separation is able to occur in this scenario. Due to
low mobility and short lifetime in case of single exciton diffusion, the diffusion length

in organic semiconductors is about 8.0 + 0.3 nm [23].

So, as stated above the active layer is comprised of two materials- p-type and n-
type materials. Due to their intrinsic tendency to phase separate on the nano-scale,

junctions (or interfaces) throughout the bulk of the layer are created.
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Figure 2.5 Diagram depicting the junctions present in the active layer [24]

To prepare the active layer, the donor and the acceptor materials are mixed in a
particular weight ratio. Once mixed in the proper solvent, the prepared solution is
allowed to stir for many hours. These materials should be mixed into a bi-continuous,
interpenetrating network for the proper formation of junctions and pathways for exciton
diffusion. See Figure 2.5. This kind of bulk heterojunction was first explained by Yu et
al. in 1995 [25].

2.4.3 Electrodes:

Every organic solar cell consists of two electrodes- the front electrode and the
back electrode. In case of normal (or conventional) structure, the front electrode collects
holes and the back electrode needs to have a higher work function. In case of inverted
structure, the front electrode collects electrons. Here, the back electrode needs to have a

lower work function compared to the front electrode.

ITO is used as the transparent front electrode. The front of the cell needs to be
transparent in order allow maximum light to reach the active layer. CVD (chemical
vapour deposition) graphene is a suitable alternative to ITO. The work functions of ITO
and grapheme are 4.8 eV[26] and 4.5 eV[27]. They have mid-range work functions and
thus can serve as either anode or cathode. Al has a low work function (4.1 eV[23]) and
is generally used as the cathode. Certain thin interlayers such as Ca, CsF, or LiF(~1nm)
film thermally evaporated on Al are known to provide better performance [28]. Apart
from these layers having a lower work function, they also act as a protective layer

between aluminium and the active layer.
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2.4.4 Intermediate Layers and device structures:

The contribution of intermediate layers in OPVs is enormous. In the conventional
structure  of organic solar cells usually PEDOT:PSS or poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate), a conjugated polymer, is used as a hole

conducting layer between the active layer and ITO (Figure 2.6) [29].

PSS O O O O O
bO; 503}‘] SO;H SOsH SO;
PEDOT *(\%YLX\\ ﬂx\( / \
O L/

Figure 2.6 The chemical structure of poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) [30]

Electron conducting layers include zinc or titanium dioxide nanoparticles. Based
on the structure of the device we determine whether a hole conducting layer is required
or an electron conducting layer. Different intermediate layers can be seen for

conventional and inverted structures of organic solar cells in Figure 2.4.

Intermediate layers perform many functions. They permit a single type of charge
to pass thus, blocking the opposite charges, and hence prevent recombination i.e. an
electron transport layer would act as a hole blocking layer and vice-versa.

20



The intermediate layers may act as steps for electrons or holes as they move
from the active layer to the electrodes with unaligned energy levels. Also, these layers
on top of the rough ITO, prevent shunts and does not allow any alternative paths for
current to pass [31]. The ITO is made rough for maximum photon scattering. It is well
known that the electrical properties of intermediate layers are very important for the
performance of the devices as they will affect charge transport at the interface. The
conductivity of wide bandgap metal oxides (e.g., ZnO and TiO,) are sensitive to UV
light [32-35].

In our investigation, we are using new ZnO-polymer nanocomposites as electron
transport (or conducting) layers such as- ZnO-PSS and ZnO-PDADMAC. These layers

offer better device performance when used as ETL compared to pure ZnO film.

Table 2.1 Different materials used in conventional and inverted device structures

Cell ETL HTL Anode Cathode
Structure
Conventional Ca,CsF,LiF PEDOT:PSS ITO Al, Ag, Au
Inverted Zn0, TiO, MoO; Al, Ag, Au ITO

2.5 Motivation
Interface layers have various functions in BHJ cells such as:

e They are able to reduce energy barrier between active layer and electrodes and

can promote the formation of ohmic contacts for effective charge collection.
e They can form selective contacts for charge carriers.

e They can modify the electrode work function and can change conventional

structure to inverted structure.
e They can protect active layer and can modify the field inside.

Generally, PEDOT:PSS is applied on top of ITO to form the ohmic contact for the

effective charge collection but acidic nature of PEDOT:PSS creates problems and
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researchers have tried various metal oxides such as MoOj; V,0s5, WO;3; and NiO.
However, solution processed metal oxide has become popular these days due to their

low cost deposition.

Recently n-type inorganic metal oxides such as- TiOx and ZnO have been shown to
be good candidates for interface layers in OSCs. Further, the materials with permanent
dipole moments can also be used to modify polymer-electrode interfaces. The work
function can be increased or decreased by employing polymer layers in view of their
electron withdrawing and electron donating properties. By controlling the dipole
moment of polymer layers, one can improve efficiency of BHJ using ZnO combined
with polyelectrolytes. Polyelectrolytes maybe other successful candidates for the
modification of the polymer-electrode interface. Some groups have demonstrated that
efficiency of BHJ can be increased by using polyelectrolytes as interface layer for
devices based on different polymers [36,37]. In view of above said observations we also
motivated to work on the replacement of interface layer by a combination of ZnO and
polyelectrolyte based nanocomposite. We have chosen the two combinations of ZnO
with polyelectrolytes viz.

e ZnO-PSS

e ZnO-PDADMAC

2.6 Characterization

Characterization of solar cells is carried out by measuring the current against
different values of voltage across the cell. An ideal solar cell resembles a diode
connected in parallel with a current source. When no light is incident on the cell, the I V
characteristics of the cell resemble to that of a diode. Most of the information can be

deducted from the IV characteristics under dark as well as light conditions.
On light absorption, current is generated in the device. The power generated is given by,
P=1V, (1)

Where | is the current and V is the voltage, maxim power generated can be calculated
from the 1 V curve.

22



Power conversion efficiency (PCE) (n) can be calculated using the relation,

I x Voo X FF
Pligh[ (2)

Fill factor (FF) is also an essential parameter in determining the solar cell performance.
It is the ratio of maximum measured power to maximum theoretical power. Fill factor

(FF) is given by

I'mazV,
FF — maxr :na.:c
I S‘O‘/OC (3)

Where, Isc is the short circuit current i.e. the current when voltage equals zero and Voc

is the open circuit voltage i.e. the voltage when current equals zero.
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Figure 2.7 J-V curves of an illuminated and dark solar cell; adapted from [38]
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Figure 2.8 Visual illustration of fill factor (FF); adapted from [39].

In order to simplify the internal working of the solar cell, the cell can be modelled into
an equivalent circuit consisting of a diode connected in parallel with a current source
along with series and shunt resistance. This is shown in Figure 2.9

Q

Figure 2.9 An equivalent circuit of a solar cell; adapted from [38].

The equation for current from this model is:
(V+IR V+IR
[=L—I(e #r —1)———>
RSH (4)
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Where, lo is the diode's saturation current, n is the diode's ideality factor, q is the
electron's charge, k is Boltzmann's constant, T is temperature, Rg is the series resistance,
and Rsy is the shunt resistance.

This characteristic equation can be written in the form of current density (J) as:

J:JL—JD{EXPIM] _1}_@

nkT TSy

()

Rs (or rs) and Rsy(or rsy) values affect the fill factor of the solar cell as shown in Figure
2.10.
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Decreasing Rsh

v v

Figure 2.10 Effect of Rsy and Rson solar cell; adapted from [38].
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Chapter 3

Materials and Experimental Techniques

3.1 Cell Structure of the investigated device:

Along with the geometry, the different layers used in the devices investigated in this

thesis are discussed in this section.
3.1.1 Geometry:-

The organic solar cells investigated in this thesis are based on both conventional
as well as inverted structure. The conventional cells have the structure ITO/PEDQOT:
PSS/P3HT:PCBM/AI, ITOMoO;P3HT:PCBM|AL. The inverted cell has the structure
ITO[ZnO|P3HT:PCBM|MoO5Al, ITO[ZnO+PDADMACIP3HT:PCBM|MoO5Al,
ITO[ZnO+PSS|P3HT:PCBM|M0O3|Al.  In  cells based on normal geometry the
transparent ITO electrode behaves as the anode (hole collector) and the back Al
electrode serves as the cathode (electron collector). In cells based on inverted geometry,

ITO serves as the cathode whereas Al serves as the anode.
3.1.2 The Active Layer:-

For our investigation, we have used donor and acceptor combinations mentioned
in literature viz; P3HT:PC¢,BM and PCDTBT:PC,;BM whose chemical structures are
shown in Figure 3.1. All these chemicals were commercially bought from Sigma-
Aldrich, USA. In this thesis, the role of P3HT as the donor polymer has been
investigated. P3HT is a widely used semiconducting polymer in polymer solar cells.
P3HT is based on thiophene units joined at the 2 and 5 positions in a head-to-tail
geometry (Figure 3.1(a)). To be able to dissolve the thiophene a hexyl site group is
added in the third position.
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Figure 3.1 Chemical structure of (a) donor polymer P3HT (b) acceptor PC¢BM (c)
donor polymer PCDTBT and (d) acceptor PC,BM

P3HT is semi crystalline in solid state. It has a maximum absorption around 500
nm [40]. Due to its electron rich nature and high-energy HOMO level it’s a good hole
conductor [40]. For a good acceptor, organic materials with high electron affinity are
required. Such materials are rare and thus making the choice of acceptors limited [40].
The material investigated in this thesis as acceptor is phenyl [6,6]- Cg-butyric acid
methyl ester (PCBM) - a soluble Cg based compound (Fig 3.1(b)). PCBM forms
crystalline domains in the bulk heterojunction with P3HT and it increases the hole
mobility of the polymer.
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PCDTBT is basically an amorphous polymer. If we compare the two donor
polymers, BHJ solar cells with a PCDTBT:PCBM have much better thermal and air
stability than those with a P3HT:PCBM BHJ [41] .

3.1.3 Electrode Materials:-
The following are the requirements for a good electrode (cathode and anode):

e A large difference in the work function of the electrode materials can

give rise to a large Voc.

e The front electrode needs to be transparent in order to allow maximum
light to enter the active layer and cause photo generation of charge

carriers.
e The back electrode is usually a metallic and opaque material.

In view of these requirements we chose Indium Tin Oxide (ITO) as the front
electrode and Al as the metallic back electrode. Umicore, a company that specializes in
thin film products specifies that the front electrode which is ITO electrode has typical
composition ratios of In,04/Sn0O,-95/5, 90/10 and 83/17 wt% with a band gap of 3.7eV.
Here, sheet of resistivity- 4 to 8 Q-sq™ is used. The current densities vary from 5-10
mA-cm Further, the work function of ITO depends upon the inter layer above the ITO
such as- PEDOT:PSS and ZnO.

3.1.4 Buffer Layers (or interlayers):-

In view of improving the charge transport at the interface between the electrode

and the active layer we use buffer layers. This layer facilitates the following functions:
e It protects the organic layer from diffusion of the electrode material into it.
e It prevents the penetration of oxygen and water molecules.

We have chosen PEDOT:PSS, MoQOj;, ZnO and ZnO with polymers namely -
PSS and PDADMAC as the buffer layers for our devices.
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Poly-(ethylenedioxythiophene):polystyrensulphonic acid (PEDOT:PSS), which
is a hole transporting layer is inserted between the ITO and the active layer. The
chemical structure of PEDOT:PSS is shown in Figure 3.2. Along with making the
surface uniform, it also enhances the adhesion of the organic active layer onto the ITO

(anode).

PEDOT o

Figure 3.2 Chemical structure of the donor polymer PEDOT and the acceptor
PSS

The PEDOT:PSS film is semi-transparent with light blue colour. In terms of
conductivity, this layer is able to attain values comparable to that of metals [42]. Along
with certain advantages, there are a couple of disadvantages too- due to the hygroscopic
nature of PEDOT:PSS, water is introduced in the cell which later causes degradation in
organic solar cell. PEDOT:PSS is used as a hole transport layer (HTL). Its work
function is around 5.1 eV which is 0.4 eV higher than that of ITO (4.7 eV). This thus
leads to a reduction in the injection barrier between the ITO and the active layer. Before
coating PEDOT:PSS, UV-ozone treatment of the ITO substrates is usually carried out.
This is done to make the ITO surface hydrophilic and to reduce the contact angle with
water (discussed in section 4.5). PEDOT:PSS is widely used due to its several
advantages such as- high work function (~5.2eV), good conductivity and highly stable
oxidized state [43-48].
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3.1.5 Polymers
Poly(4-styrenesulfonic acid) or PSS

Poly(4-styrenesulfonic acid) ( PSS) polymer has many medical applications. The
chemical structure of PSS is shown in Figure 3.3. They are used to remove high levels

of potassium from blood. PSS is soluble in water.

Figure 3.3 Structure of Poly(4-styrenesulfonic acid) (or PSS)
Poly(diallyldimythylammonium chloride) or PDADMAC

Poly(diallyldimythylammonium chloride) (PDADMAC) is a polymer of
diallyldimethylammonium chloride (DADMAC). The chemical structure is shown in
Figure 3.4. It is a high charge density cationic polymer and thus making it suitable for

flocculation. It too is soluble in water.
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Figure 3.4 Structure of Poly(diallyldimythylammonium chloride) (PDADMAC)

3.2 Experimental Techniques Used:
3.2.1 Standard Glove Box

Due to hygroscopic nature of materials used for organic solar cell fabrication we
need to use a glove box with high purity inert atmosphere (such as nitrogen or argon).
Figure 3.5 shows the MBrawn standard glove box used in NPL, New Delhi. The gloves
are placed in such a way that the user can place both arms inside and carry out the
necessary task inside the glove box. Glove boxes are also used in cases where hazardous
materials need to be dealt with. The samples need to be loaded into the ante chamber

first. The working inside the glove box is briefly explained:
Loading materials into the antechamber

e Before loading the materials the antechamber needs to be purged.

e Open the gate of the antechamber and load the materials.

e Once loading is complete, the antechamber needs to be evacuated and purged at
least thrice so that all of the oxygen and other non-inert gases are removed from

the antechamber.

Transferring the materials from the antechamber into the glove box

e Insert both arms into the glove box and use the left side of the foot pedal to
decrease the pressure inside the box.

e Once the antechamber has been purged at least thrice, open the gates of the
chamber and make the necessary transfers.

e |t is important to check whether any debris is left behind as this could prevent
the gates of the antechamber from shutting properly.

e Now close the gates of the antechamber and evacuate it when working inside the

box.
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Figure 3.5 Picture of Glove Box used in NPL, New Delhi

3.2.2 Spin Coating Technique

The technique of spin coating is one of the most widely used techniques used for
coating in organic solar cells. The ease of reproducing homogenous films using this
technique is the prime factor. In this technique, the angular velocity of the substrate
causes the excess of the solution over the substrate to be ejected. Centripetal
acceleration will cause most of the excess fluid to spread up to the edge of the substrate.
In the end a thin homogenous layer is obtained over the substrate. Excess of the solution
(or ink) is dropped using a dropper onto the centre of the substrate (Figure 3.6 (a)).
Then the substrate is made to rotate at the desired rotation speed i.e. rpm (rotations per
minute) for a particular time interval. It is possible to reproduce the film thickness,
morphology and surface topography if the rotation speed (rpm) and time interval are

kept constant.

The key stages in spin coating are - deposition, spin-up, spin-off and evaporation
[49]. This is depicted in Figure 3.6(b).
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(a)

Typical Stages of
the Spin Coating Process

I -
oo\

Spin-up

(b)
Figure 3.6 (a) Position of solution deposition (b) Stages of spin coating process [49]

The spin coating technique is simple enough for laboratory use but is not efficient
enough for industrial use. When it comes to commercialization of organic photovoltaic

technology where mass scale production is required, it becomes uncompetitive.

33



3.2.3 Vacuum Technology

In thermal evaporation (discussed in the next section), vacuum technology plays an
essential part. Here the different pump technology used will be discussed, namely-rotary

pump and turbo pump.

a) Rotary Vane Pump:
The rotary pump is an oil sealed rotary displacement pump. See Figure 3.7. It
essentially consists of- a housing (1), an eccentrically installed rotor (2), vanes (3)

installed using a spring for radial movement of the rotor, an inlet and outlet (4).

1) Housing

2) Rotor

3) Vane

4) Inlet/Outlat

5) Working chamber
6) Outlet valve

Figure 3.7 A rotary vane pump [50]

The vanes along with the rotor together divide the working chamber into two
different spaces with variable volumes. The centres of the rotor and housing are offset
thus causing eccentricity. The movement of the rotor leads to two separate variable
sized volumes within the working chamber. This in fact gives rise to the pumping action
in the motor. The inlet is attached to the space with increasing volume and the outlet is
attached to the space with decreasing volume. As the volume of the space increases, a
low pressure is generated within the space causing air to flow in from the inlet.

Whereas, when the volume in the second space within the working chamber decreases,
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a high pressure is generated within thus causing the air to be expelled from the outlet

connected.
b) Turbomolecular Pump:

Turbomolecular pumps come under the category of kinetic pumps. They are used in
ultra-high vacuum (UHV) systems. The mechanism used in this pump is based on the
fact that molecules can be given momentum in a particular direction by repeated
collision with a solid surface. A rapidly spinning rotor (similar to a turbine rotor)
repeatedly hits the gas molecules from the inlet and towards the exhaust. Figure 3.8
shows the lateral view of the inside of a turbomolecular pump. This pump consists of
stack of rotor disks. In between rotor disks are stators. As the name suggest stators are

stationary disks that contain similar blades as the rotors but oriented in the opposite

G Ruotor
Stator C

direction.

Vent

<5

_l T Motor
-

Figure 3.8 Lateral view of turbomolecular pump [51]

3.2.4 Thermal Evaporation Technique:

This technique of deposition incorporates ultra-high vacuum. The material to be
deposited is kept on a boat. Here, electric resistance is used to heat the boat to extremely

high temperatures. This causes the material kept on the boat to slowly melt and then

35



evaporate onto the substrates kept above for deposition. The presence of ultra-high
vacuum assures the formation of impurity free film on the substrate as impurities of the
residual gas present in the working chamber is absent. Also in vacuum the vapour
reaches the substrate without any collisions or scattering with other gas phase atoms in
the chamber (Figure 3.9).

Thermal evaporation is one of the simplest processes of depositing material onto

a substrate. One major drawback is the wastage of the material during deposition.

Vacuum
chamhber
Crystal Substrate
Monitor
Pressure
Monitor

Material

™
&)

Voltage Supply

Figure 3.9 Thermal evaporation process
The specifications of the system are mentioned below.
Specifications:-

e Chamber pressure ~ 1 x 10 to 5 x 10™ mbar.
e Typical filament current varies from 10 to 200 Amps.
e Tungsten or Molybdenum boats used to heat the evaporants.

e Maximum deposition thickness ~ 600 nm.
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Chapter 4

BHJ Solar Cell Fabrication

4.1 Etching of the ITO glass sheet:

ITO glass sheets were first cut into 2 X 2 inch substrates using a diamond cutter.
These substrates were then subsequently etched using a laser scriber. Two vertical
stripes each of 0.6 cm were left out and the remaining ITO was etched. These stripes
later helped in the formation of a pixel. In the pattern used, four such pixels were
present once device fabrication was complete. Each pixel would function as a different

and independent solar cell. Now these patterned ITO substrates need to be thoroughly
cleaned before device fabrication.

Figure 4.1 Picture of Laser Scribing Unit used in NPL, Delhi

4.2 Preparation of Active Material:

In this thesis two active material (donor polymer: acceptor fullerene
combination) have been investigated- P3HT:PCe,BM and PCDTBT:PC,BM. As
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previously discussed in section 3.1.2, both P3HT and PCDTBT are donor polymers
whereas both varieties of the fullerene compound (PC¢BM and PC;BM) behave as

acceptors. The weight ratios used for the preparation are:

For PSHT:PCgBM- 3:2 wt. ratio

For PCDTBT:PC;;BM- 1:4 wt. ratio

The solvent used in both the cases is chlorobenzene (each 1 ml).

Both these active layer combinations are stirred using a magnetic stirrer. The
P3HT:PCsBM combination was stirred 24 hours of stirring before use whereas the
PCDTBT:PC#BM requires minimum 48 hours of stirring before it can be used for
coating.

4.3 Preparation of Buffer Layer Solutions:

The buffer layers solutions were synthesized using solution route. The following

buffer layers were used for the present investigation

For conventional device-:

e PEDOT:PSS

e MoO; film
For inverted device-

e ZnO film

e ZnO - PSS nanocomposite film

e ZnO — PDADMAC nanocomposite film
ZnO Solution

0.235 g of zinc acetate dihydrate was added in 5 ml propanol and allowed to stir
for 5 min. A white cloudy solution is obtained here. Now after 5 minutes, few drops of
diethanolamine (DEA) are added to this solution. DEA acts as a stabilizer. Slowly we
will observe that the cloudiness disappears and a colourless and transparent solution is
obtained. Now, this solution is stirred at 60°C for 2 hours. The solution is then kept
untouched and undisturbed for 24 hours. After coating this solution on ITO, the

substrate is heated at 200°C for 30 minutes.
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ZnO-PSS nanocomposite solution

To make PSS solution we added 0.5 ml PSS in 0.5 ml of water. This solution was
stirred for 30 minutes. Now to prepare the nanocomposite solution, this 1 ml PSS
solution was added in 2 ml of ZnO solution. Also after a 5 minute interval, 2 to 3 drops
of DEA were added in this solution and the resultant mixture was then stirred for 30

minutes.

ZnO-PDADMAC nanocomposite solution
To make PDADMAC solution we added 0.5 ml PDADMAC in 0.5 ml of water. This
solution was stirred for 30 minutes. Now to prepare the nanocomposite solution, this 1
ml PDADMAC solution was added in 2 ml of ZnO solution. Also after a 5 minute
interval, 2 to 3 drops of DEA were added in this solution and the resultant mixture was
then stirred for 30 minutes.

All the previously mentioned chemicals were commercially purchased from
Sigma Aldrich, USA.

4.4 Cleaning of the ITO glass slide:

First the glass slides were wiped using a tissue dipped in acetone. Here all the
dust and other particles are removed from the glass slides (or substrates). Following
this, the slides are ultra-sonicated in a beaker filled with soap water. Here further other

micro-sized impurities are removed.

Ultrasonic cleaning is the process in which sound is used to produce bubbles by
agitation of a liquid (mostly water). This agitation produces high forces on impurities
and helps in loosening contaminants tightly adhered to the glass surface [52]. This is

allowed to continue for another 20 minutes.
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Figure 4.2 Ultrasonic cleaning of substrates (in beaker)

Once the ultrasonic cleaning process is complete, the slides are further rubbed
with soap using cotton. This process of rubbing with soap is carried out until a proper
thin layer of water stays on the glass surface. This step is particularly done to remove

any oil contaminants from the glass surface (as shown in Figure 4.3).

Figure 4.3 Soap Cleaning of ITO substrate

After completion of the above, a three step boiling process is carried out. In the
first step the glass substrates are boiled in acetone for 15 to 20 minutes. Boiling is
carried out with the help of a substrate holder. Each holder can hold upto 8 ITO
substrates (Figure 4.4). Acetone removes all the tiny water droplets that were stuck to
the substrate. In the next step these substrates are boiled in trichloroethene (TCE) for
another 20 minutes. While making the transfer, the fumes expelled during boiling, aid in

substrate drying. TCE removes acetone completely from the glass surface. Also in this
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step if any impurities are still left, they can be removed physically using cotton wrapped
around a clean tweezer. In the last and final step, the glass substrates are boiled in iso-
propanol (ISP) for 15 minutes. Boiling propanol removes the remaining TCE from the

substrates.

Figure 4.4 Boiling of the ITO substrates

Once the above three steps are completed, the dried glass substrates are kept in a clean

petri dish and are kept for drying in the oven at 150°C for 30 minutes.
4.5 UV-Ozone Treatment:

This treatement is undergone in the standard glove box used in Nationl Physical
Laboratory (NPL), New delhi. Here we expose the ITO substrates to ozone. ITO is
widely used as an electrode material in organic photovoltaics (OPVs). The morphology
of the ITO surface and the oxygen defects are known to be important factors in
determining the charge injection at the interface [53]. Treatments such as chemical
treatment (aquaregia, RCA), and plasma treatment, and UV-0zone treatment have been
developed to improve the charge injection from the ITO into the organic layer [54-56].
These treatments can increase the ITO work function, which may be due to surface
carbon removal, creation of surface dipoles, a change in the ratio of surface constituents
(Sn, In, O). This increase in ITO work function can cause an increase in the hole-
injection efficiency from the ITO to the hole-transporting layer [49]. UV-ozone
treatment also causes the ITO surface of the substrate to be hydrophilic (i.e. the contact
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angle for water decreases) and thus assisting in the uniform and homogenous layer

formation over the ITO.

Once the ITO glass substrates are kept face up, the working chamber is closed.
Now oxygen gas is purged inside the chamber. This purging takes place for 60 seconds
after which UV light is radiated inside the chamber. This converts the existing oxygen
gas into ozone gas. The duration for this UV radiation is 600 seconds. Next finally
nitrogen gas is passed in the chamber. This is done as once the process completes, the

inert gas atmosphere is maintained inside the glove box.
4.6 Buffer Layer Coating:
4.6.1 For conventional cells

Once the UV-ozone treatment of the ITO substrates is completed, the buffer
layer coating can begin. The buffer layer used here is a hole transport layer (HTL) as the
holes in a conventional structured cell move towards the ITO electrode (anode). The
coating technique used here is spin coating. Two HTLs have been investigated, namely-
MoO; and PEDOT:PSS. However, before spin coating the PEDOT:PSS, it needs to be
filtered. PTFE hydrophilic filter was used used for filteration. This filter is attached to a
syringe. This system is then used to filter and then drop the PEDOT:PSS solution onto
the substrate for spin coating. The equipment used for spin coating is shown in Figure

4.5. Employing PEDOT: PSS has its pros and cons (as discussed in section 3.1.4).
4.6.2 For inverted cells

In case of inverted structure, ZnO films have been coated for investigation.
Further, ZnO-PSS and ZnO - PDADMAC nanocomposite films has also been
investigated in this thesis. ZnO lowers the work function of the electrode (ITO) and thus
the electrons instead of moving towards the metallic electrode, moves towards ITO
thus, making ITO the cathode.
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Figure 4.5 Picture of Spin Coating System in NPL, New Delhi

4.7 Annealing of Buffer Layer
4.7.1 PEDOT:PSS (For conventional cells)

Once PEDOT:PSS is coated over the ITO substrate, this buffer layer now has to
be annealed at 120°C for 10 minutes. This is done so at to dry the PEDOT:PSS layer as
it is water soluble. Thermal annealing of PEDOT:PSS is known to increase the short

circuit current density and change the work function of the layer [57].
4.7.2 ZnO films (For inverted cells)

ZnO film is based on water and thus needs to be heated at 200°C for up to 30
minutes. This causes all the excess water to boil and evaporate, leaving just the film.
Care was taken while cooling the substrate. Cooling was done slowly as abrupt cooling

can disturb the surface morphology.
4.8 Active Layer Coating

In this work, P3HT:PC¢BM is the active layer used for conventional devices.
This active material is a well-known material and has been dynamically used in organic

photovoltaics.

While selecting active materials for use, two important parameters are- the

absorption of the active material in sunlight as well as the surface morphology after the
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coating process is complete. The above two parameters have been studied in detail in
the coming chapters. Again the coating method used is spin coating technique similar to
PEDOT:PSS. | have selected P3HT:PC¢(BM for conventional devices and
PCDTBT:PC+BM for inverted ones. Reason towards this approach has been discussed

in the upcoming sections.
4.9 Active Layer Annealing

Annealing of the active layer is the key to obtaining optimum values of current
and fill factor. Annealing of the active layer (both P3HT:PC¢,BM and
PCDTBT:PC#BM) was carried out in inert glove box environment (nitrogen
environment) at 120°C for 10 minutes. This process should not be carried out in air as
oxygen diffuses into the active layer and degrades the material. The changes in surface
morphology due to thermal annealing have been noted in the results section. Once

annealing is complete next is the thermal evaporation step.
4.10 Thermal Evaporation

In both conventional as well as inverted cells, aluminium is deposited by thermal
evaporation. The only additional step required in case of inverted cells is the deposition
of MoOQ; just before aluminium. As described in section 3.2.4, this process involves the

current heating of a filament (or boat) in a vacuum chamber. Ultra high vacuum (UHV)

is needed for this process.

Mask Substrate holder

Crystaldetector
Vacuum chamber
Gas liberated from the evaporant

Boffle Tungsten boat

To pumping system

(a) (b)

Figure 4.6 (a) Thermal Evaporation Unit and, (b) Working of thermal evaporation
system at NPL, New Delhi
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Pressure up to 9 x 10 mbar was attained in the chamber. The process specifications

used are:

o MoOs; deposition: (For inverted cells)
o Power-30W
o Deposition Rate- 0.5 A°/sec
o Thickness-7.5-8 nm
e Aluminium deposition: (For both-inverted as well as conventional devices)
o Power-35 W
o Deposition Rate- 5 A°/sec

o Thickness-125 nm

Figure 4.7 Filaments used in thermal deposition process

Once deposition is complete, air is slowly passed into the chamber. The rate is
maintained low so as to avoid any major dust particles from entering the chamber and
settling on the substrate.
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Figure 4.8 Organic Solar Cells Fabricated

4.11 J-V Characterization of the Device

Once the above steps are complete and the device is fabricated, J-V
characterization of the device is carried out. Here, the cell is illuminated under
simulated AM1.5G Illumination at 100 mW/cm? (Figure 4.9) using a light source
having tungsten halogen lamp from Osram, Germany. The current density
characteristics of the device were recorded using Keithley 2420 SourceMeter interfaced

with a computer. The measurements were done both in illuminated and dark conditions.

Depending on the structure of the device, the positive and negative terminals of
the Keithley unit are attached with the anode and cathode terminals of the device
respectively. Using the current and voltage characteristics fill factor (FF), open circuit

voltage (Voc), and power conversion efficiency (1) were measured.
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Figure 4.9 Set-up for J-V characterization of the device.

This entire fabrication process is depicted in Figure 4.10.

Coating of
PEDOT:PSS layer
Patterning of ITO
IT0 =) | PEDOT:PSS
ITO —— alass
Coating of
P3HT:PCBM
blend

Removed part
to take a contact
FromITO side

—

Formation of
Al electrode

Figure 4.10 Schematic diagram of complete process for fabrication of a typical BHJ
solar cell using PEDOT:PSS as the anode buffer layer and P3HT:PC4BM as the active

layer.
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Chapter 5

Results and Discussion

5.1 Study of Conventional Devices:

It is a well-known fact that conventional devices show inferior stability as
compared to inverted devices. Nonetheless, it is important to study both geometries as
research in the field of organic photo-voltaic is relatively new. We have started to
fabricate device using PEDOT:PSS as the hole transport layer (HTL) and the device

structure used is:
ITOBuffer Layer|P3HT:PCgBMI|AI

5.1.2 Conventional organic solar cell devices based on PEDOT:PSS as the hole

transport layer

We coated PEDOT:PSS on the cleaned ITO substrate at different rotation
speeds of spin coater. The device data is presented in Table 5.1. J-V measurements have

been carried out at different rotation speeds and the result is represented in Figure 5.1.

We observed that the change of rotation speed of spin coater does not make any
difference in the overall device performance. The device parameters (Table 5.1) remain
near constant irrespective of the change of rotation speed
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Figure 5.1 J-V plot at different rotation speeds (rpm) of PEDOT:PSS in solar cell with
device structure ITOPEDOT:PSS|P3HT:PCsBM|AI

Table 5.1 Device Parameters of ITOPEDOT:PSS|P3HT:PC¢BMIAI

Rotation Speed Fill Factor (FF) Voc Jsc PCE
(rem (%) v | maem | @

500 33.6 0.503 1.76 0.297

1500 28 0.557 1.97 0.308

2000 30 0.544 1.83 0.120

It is obvious from Figure 5.1 that the device suffers serious problem of leakage current.
The series resistance of the device is also high hence; we are unable to obtain good
shape of the J-V curve.
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Further, PEDOT:PSS is acidic, corrosive and its properties such as conductivity
changes with change of manufacturer. Hence, we were motivated to replace
PEDOQOT:PSS with alternative materials such as- MoOs, NiO and V,0s.

One of the major aspects of designing efficient organic solar cells cells (OSCs) is
the engineering of interfacial carrier transport layers between organic layer and metallic
electrodes. Among various materials available for interfacial layers, transition metal

oxides such as- MoOjz, NiO and V,0s, have great potentials owing to the following:
e Wide range of energy level aligning capabilities
e Formation of low resistance ohmic contact by these oxides
e High transparency and desirable band structure

e Excellent ambient stability in ambient environment which can extend the

lifetime of organic electronics

The above factors, energy level compatibility (see Figure 5.2), low cost and high
throughput production using solution route makes MoO; as the most attractive
alternative to PEDOT:PSS.

Energy, eV
1.0 T
38 24 23
pa=] 3.0 29
3.0 -+ e
F V.05 37 ca
MoO; —_—
40 T 47
— 5.2 ——
50 T (70 weeer 47 HEE 4o BN
PEDOT 5.3
6.0 —_—
6.1
v

Figure 5.2 Schematic comparing the energy levels of various layers used in OPVs [58]
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5.1.2 Replacing PEDOT:PSS with MoO; (synthesized through solution route)

The MoO; for spin coating is synthesized through solution route. The

concentration of the MoO; solution used is 2 wt%.

Table 5.2 Device Parameters for device ITO|MoO3P3HT:PCgBM|Al where MoOs is

spin coated at 2000 rpm

Fill Factor (FF) Voc Jsc PCE
(%0) V) (mA/ent’) (%0)
32.8 0.51 0.71 0.12

The different parameters of the device ITOMoO3P3HT:PCBMIAI is listed in
Table 5.2. These parameters are important in view as this is the first device made in this

lab where we have used solution route to make the MoQ; film. Using this MoOz; HTL

the solar cell showed a fill factor (FF) of 32.8%. The Voc and Jsc values were 0.51V

and 0.71mA/cn? respectively. The power conversion efficiency (PCE) value obtained is

0.12%.
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Figure 5.3 J-V plot for solar cell with device structure ITOMoO;P3HT:PCgBM|Al

It is clear from the J-V plot (Figure 5.3) that leakage is present in the solar cell.
When MoOs is spin coated, MoO3; nanoparticles may agglomerate and may not give
uniform surface morphology. This may increase the roughness of the film which may
lead to leakage current. Further AFM study is needed to clarify and establish this

concept.
Optimization of MoOj film concentration

In view to see the effect of MoOs layer thickness on device performance we
have tried different concentration of MoOj; solution (0.2 -2wt%). The J-V plot in light

has been shown in Figure 5.4.
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Figure 5.4 J-V plot in light condition for varying concentration of MoQO; in solar cell
with device structure ITO|MoO3P3HT:PCys,BMI|AIl

Table 5.3 Device parameters of ITOJMoO3P3HT:PCgBM|Al

Concentration Fill Factor Voc Jsc PCE
Wit% F
( ) F) (V) (mA/cm?) (%)
(%)
0.2 23.6 0.30 0.419 0.0030
1 24.6 0.30 0.391 0.0029
2 32.8 0.51 0.71 0.120
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It is clear from Table 5.3 that the device ITO|MoO;P3HT:PCBMIAI has given
the best device parameters for the concentration of 2wt% of MoOa. In each case the
MoO; layer has been spin coated at 2000 rpm. As we lower the concentration of MoOs,
the performance of the solar cell decreases. However, still more studies such as AFM
are needed to confirm which concentration of MoO; gives better film as well as better

device performance.

Thus, MoOs has the potential to be a good replacement for PEDOT:PSS. Further

optimization of the film is required to obtain better device and device efficiency.

Although conventional devices display good performance, these devices degrade
at higher rates in air. Extensive investigation of polymer solar cells with an inverted
device structure, using modified ITO as cathode is required. These inverted devices are
felt to be better as these do not use corrosive PEDOT:PSS and low work function metal
cathodes. Further, inverted devices have an advantage of vertical phase separation and
concentration gradient in the active layer which shows the self-encapsulating property
as air stable materials are used as top electrode. Hence, we were motivated for the study

of these inverted devices.
5.2 Study of Inverted Devices:
In case of inverted devices we have used the following general structure:
e ITO|Interface Layer|Active Layer|[MoOs|Al
For our investigation we chose the following device structure:
e ITOJZNOP3HT:PCBM|MoQ;|Al

ZnO is good choice because of its environmental stability, relatively high
electron mobility and optical transmittance [50] and its wide and direct bandgap (3.37
eV) (Figure 5.5).
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Figure 5.5 Energy level diagram showing ZnO with other materials used [59].
5.2.1 Using ZnO as ETL

ZnO film prepared by solution process is used here. 0.235 g of zinc acetate
dihydrate was added in 5 ml propanol and allowed to stir for 5 min. A white cloudy
solution is obtained here. Now after 5 minutes, few drops of DEA are added to this
solution. Slowly we will observe that the cloudiness disappears and a colourless and
transparent solution is obtained. Now, this solution is allowed to stir at 60°C for 2
hours. The solution is then kept untouched and undisturbed for 24 hours. After coating
this solution on ITO at 2000 rpm, the substrate should be heated at 200°C for 30
minutes. The active layer tried out with ZnO is P3HT:PCgBM.

55



RN
(&)

/!
T 7
© 1.0- /
2 f
£ ¥
b
"~ 0.5 )
b e
c =
@ 0.0 st
Q .’"."
et T Q”“Dtu.—l'l“.olmt‘“"""'""l‘lm”""'m.‘“.'...'..'
c
2 -0.5 - dark
5 - light
o T T L T T T T T T T

04 -02 00 02 04 06 08 10
Voltage (V)

Figure 56 J-V plot for solar cell with device structure
ITO|ZNO|P3HT:PCqBM|MoO;|Al
Table 5.4 Device parameters for device ITO|ZNOP3HT:PC4BM|MoO;|Al
Fill Factor (FF) Voc Jsc PCE
(%) V) (mA/cn?) (%)
58.2 0.59 0.246 0.084

Good values of fill factor (FF) and open circuit voltage (Voc) were obtained
(Figure 5.8). FF obtained was 58.2% and Voc was 0.59V. The short circuit current
density (Jsc) and power conversion efficiency was 0.246mA/cm? and 0.084%
respectively.

As seen in Figure 5.6, the solar cell shows almost negligible shunt resistance and

excellent fill factor (FF). The only downside is the current density values. They are very
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low. We have tried to increase it as mentioned before by using ZnO-polymer composite
films as the electron transport layer (ETL). We will see that current density values
increase exponentially due to the composite films used. A possible reason for low
current density values maybe the defects created in ZnO film during heat treatment and

due to the low spatial distribution of ZnO nanoparticles.

Hence, we started thinking about making a composite of ZnO solution with
cationic poly-electrolytes and chosen the well-known polymers such as- PSS and
PDADMAC.

In pure ZnO film the ZnO nanoclusters have non-homogenous arrangement and
no proper connectivity exists between the nanoclusters (Figure 5.7 (a)). On addition of
the polymer, the clusters arrange into homogenous manner and the polymer strands bind
the clusters together thus providing a suitable connecting path in between the
nanoclusters (Figure 5.7 (b)). After addition of the polymer and spin coating it, the film
needs to be heated at 200°C for 30 minutes.

0O OO
O OO O

Non- humogenous
form of arrangement

(@)

O }O( Q0 ..

/O[O
) 0Le)®

(b)

Figure 5.7 Arrangement of Zno nanoclusters (a) before addition of polymer and (b)
after addition of polymer and heating.
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5.2.2 Use of ZnO-PSS nanocomposite

We have tried out another polymer- poly(4-styrenesulfonic acid) (PSS). To
make PSS solution we added 0.5 ml PSS in 0.5 ml of water. This solution was stirred
for 30 minutes. Now to prepare the nanocomposite solution, this 1 ml PSS solution was
added in 2 ml of ZnO solution. Also after a 5 minute interval, 2 to 3 drops of DEA were

added in this solution and the resultant mixture was then stirred for 30 minutes.

This ZnO-polymer composite too gives us positive results but with very low
current values (Figure 5.8). Further optimization in thickness and concentration is

required for this polymer.
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Figure 5.8 J-V plot for solar cell with device structure ITO|ZnO-
PSS|P3HT:PCsBM|MoOs/Al
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Table 5.5 Device parameters for device ITO[ZnO-PSS|P3HT:PCBM|MoO;|Al

Fill Factor (FF) Voc Jsc PCE
(%0) V) (mA/ent’) (%0)
54 0.45 1.77 0.435

The FF and Voc came out to be 54% and 0.45V respectively. The Jsc and PCE values

are 1.77 mA/cm? and 0.435% respectively.

5.2.3 Use of ZnO-PDADMAC nanocomposite layer

This nanocomposite layer was prepared using solution process. To make
PDADMAC solution we added 0.5 ml PDADMAC in 0.5 ml of water. This solution

was stirred for 30 minutes. Now to prepare the nanocomposite solution, this 1 ml

PDADMAC solution was added in 2 ml of ZnO solution. Also after a 5 minute interval,

2 to 3 drops of DEA were added in this solution and the resultant mixture was then

stirred for 30 minutes.

PDADMAC is a cationic polyelectrolyte [60] which is widely used as a model

for charged polymers behaviour and also in various industrial applications [61,62].

Using this polymer gave us positive results (Figure 5.9).

Using active layer- P3HT:PCgBM:
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Figure 59 J-V plot for for solar cell with device structure ITOJZnO-

PDADMACIP3HT:PCeBM|MoO;|Al

Table 5.6 Device parameters for device ITOJZNO-PDADMAC|P3HT:PC¢gBM|MoO;|Al

Fill Factor (FF) Voc Jsc PCE
(%) V) (mA/cn’) (%)
32.7 0.54 10.82 1.86

Here we obtained high PCE of 1.86% and Jsc equal to 10.2mA/cm® The Voc
and FF values are 0.54V and 32.7% respectively.

Using Active Layer- PCDTBT:PC;.BM
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Table 5.7 Device parameters for device ITO|ZnO-

PDADMACIPCDTBT:PC;;BM|MoO;|Al
Fill Factor (FF) Voc Jsc PCE

(%) V) (mA/cn’) (%)
35.2 0.69 6.61 1.62

The PCE of this cell came out to be 1.62% with a V¢ of 0.697V. The FF and

Jsc values were 35.2% and 6.61mA/cm? respectively. Seeing these values we can make

out that our ZnO-PDADMAC composite layer acts as a successful electron transporting
layer (ETL). As observed in Figure 5.10, when active layer- PCDTBT:PC+BM is used,

the diode starts showing leakage. This may be due to the incompatibility of the polymer
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nanocomposite and the active layer. The presence of defects (such as pin-holes) in the
active layer may also give rise to such leakage. Further experiments still need to be

carried out to verify this theory.

Change in performance due to variation in light intensity for ZnO-PDADMAC

based cell
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Figure 5.11 Effect of varying the light intensity in J-V plot for solar cell with device
structure ITO|ZNO-PDADMACI|P3HT:PCgBM|MoO3|Al

Table 5.8 Device parameters for solar cell with device structure ITO|ZnO-

PDADMAC|P3HT:PCsBM|M0O3|Al for different light intensity

Light Intensity Jsc Voo FF PCE
(mW/cm?) (MA/cn?’) (V) (%) (%)
100 1.22 0.6 63.6 0.47

150 2.26 0.6 62.1 0.87

180 2.82 0.62 61.3 1.07
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As seen in Figure 5.11 and Table 5.8 there is significant effect of varying the light
intensity on the performance of the solar cell device. As we increase the light intensity
from 100 to 180mW/cn?¥, the Jsc, Voc and PCE values keep on increasing steadily. On
the other hand, the FF value decreases as we increase the intensity. For this observation
the active layer (P3HT:PCgBM) was annealed in glove box at 120°C for 10 minutes.
Due to non-optimized MoO; layer, the current values and hence the PCE of the device
dropped.

As we have tried different materials as well as different device structures
(conventional and inverted) to get rid of PEDOT:PSS, we came to a conclusion that
inverted structures using oxides are better alternatives and more focus should be given

to these structures.
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Chapter 6

Key Achievements

In our investigation of organic solar cell we studied both conventional as well as

inverted devices. The device structures investigated here are

(1) ITOPEDOT:PSS|P3HT:PC4BMIAI

(2) ITO[M0OsP3HT:PCeBMIAI

(3) ITOIZNOP3HT:PCsBM|MoO3JAl

(4) ITOJZNO-PSS|P3HT:PCgoBM|MoO3JAl

(5) ITO|ZNO-PDADMAC|P3HT:PC¢,BM|MoOslAl

The devices (1) and (2) are simple conventional structures and (3), (4) and (5) are
inverted where ITO works as cathode. We have summarized the device parameters in
Table 6.1 and 6.2 and their J-V plots in Figure 6.1-6.2.

N 2 n v"::
N e
cE> 14 &
\‘_- 'WW“-‘.
\E/ O w"'""l“: =
L A4 “A
M"""’"M .“‘AA
a —q e -
= “fx
[ ot
0 -2+ P
v - = —»— Dark-PEDOT:PSS
S 3 _f,»"x —«— Dark-MoO3
Qo +  Light-PEDOT:PSS
; i —v— Light MoO3
O 4 . . . - .
-0.5 0.0 0.5 1.0
Voltage (V)
Figure 6.1 J-V plot for devices — ITOPEDOT:PSS|P3HT:PC¢(,BMIAI and

ITOM0O3P3HT:PCeBMIAI
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Table 6.1 Device parameters for the conventional devices-
ITOPEDOT:PSS|P3HT:PC¢BMIAI and ITOJMoO3P3HT:PCgsBM|AIl
Interlayer Fill Factor (FF) Voc Jsc PCE
(%) V) (mA/e’) (%0)
PEDOT:PSS 28 0.557 1.97 0.308
(1500 rpm)
MoO; 32.8 0.51 0.71 0.120
(2000 rpm)
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Figure 6.2 J-V plot for devices - ITOJZNO|P3HT:PCgBM|M0O;|Al, ITO|ZNO-
PSS|P3HT:PCsBM|MoO;|Al, ITO[ZnO-PDADMACIP3HT:PCsBM|MoO;|Al
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Table 6.2 Different parameters for inverted devices-
ITO|ZNO|P3HT:PCsBM|M0O3/Al,  ITO|ZNO-PSS|P3HT:PCe,BM|M0O;|AI,  ITO|ZNO-
PDADMAC|P3HT:PCgsBM|Mo0O5|Al

Interlayer Fill Factor (FF) Voc Jsc PCE
(%0) V) (mA/cm?) (%)
Zn0O 58.2 0.59 0.246 0.084
Zn0O-PSS 54 0.45 1.77 0.435
Zn0O- 32.7 0.54 10.82 1.86
PDADMAC

Figure 6.1 shows the current density (J) vs. Voltage (V) curves of the
conventional devices measured under AM1.5G solar irradiation. In these conventional
devices, we demonstrated that an efficient organic solar cell can be fabricated using
solution processed molybdenum oxide as an anode interfacial buffer layer. The J-V
characteristic curve using solution processed MoOs as an anode buffer layer shows a
better shape in comparison to PEDOT: PSS. However, further investigations are
necessary for these devices in view of leakage current and stability concerns. The
devices designed using solution processed MoOs; may have leakage due to the formation
of islands of big agglomerated MoO; particles during spin coating and hence
morphological investigations of MoO; films through AFM may be of very much

importance for further optimization studies of the devices.

Again the Figure 6.2 shows the current density (J) vs. Voltage (V) of the
inverted devices of design mentioned above as (3) to (5) under AM 1.5 G solar
irradiation at an intensity of 100 mW/cm® In the ZnO-only devices a typical open
circuit voltage (Voc) of 0.59V, short circuit current (Jsc) of 0.246 mA/cm® and fill
factor of 58.2% (see Table 6.2) achieved giving a PCE of 0.084%. When PSS and
PDADMAC was added to ZnO to obtain the nanocomposite layer, then the device
exhibited improved performance with Voc, Jsc, fill factor and PCE of 0.45V, 1.77
mA/cm?, 54%, 0.435% and 0.54V, 10.82mA/cm? 32.7%, 1.86% respectively (see
Table 6.2). These device parameters showed superior interface properties of the ZnO-
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PSS and ZnO-PDADMAC nanocomposite. The improved electron collection capability
of the ZnO-PDADMAC and ZnO-PSS nanocomposite may have resulted in better
device parameters (Table 6.2). However, further scrutiny of the electrical characteristics
of the ZnO-PSS and ZnO-PDADMAC inter layer in inverted devices is necessary to
identify the origin of leakage current. Moreover, as we stated earlier for conventional
devices that study of surface morphology of the films is necessary, here also in the case
of nanocomposite films it is of very much of importance to study the Zno-PSS and
ZnO-PDADMAC film morphology through AFM in order to investigate the reasons
behind the leakage current. Probably, the addition of PSS and PDADMAC to ZnO
solution works as an excellent surface smoothening material for ZnO planarization. This
function may be similar to that of PEDOT:PSS smoothening ITO surfaces and reducing
leakage current. Hence this kind of nanocomposite buffer layer may be used to improve

the device parameters.

Briefly, we have demonstrated an efficient organic solar cell device by
incorporating a solution route synthesized MoOj in conventional devices and anode
buffer layer ZnO-PDADMAC and ZnO-PSS nano composite in inverted devices as an
electron transport layer. The PSS and PDADMAC not only improved the electron
collection efficiency of the inverted devices but also smoothened the ZnO-surfaces,
thereby reducing the leakage current and improving the device efficiency. The power
conversion efficiency value of 1.86% (see Fig 6.2 and Table 6.2) of a ZnO-PDADMAC
nano composite based inverted device is ~22 times higher than that of the device using
Zn0O as a buffer layer for P3HT: PCBM based system. Further, these inverted devices
may show superior air stability and need further investigation. In this way our study

represents an alternative approach for developing high—performance organic solar cells.
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Chapter 7

Conclusion

The improved electron collection capability of the ZnO-PDADMAC and ZnO-
PSS nanocomposite have resulted in better device parameters (Table 6.2). However,
further scrutiny of the electrical characteristics of the ZnO-PSS and ZnO-PDADMAC
inter layer in inverted devices is necessary to identify the origin of leakage current (as
shown in Figure 6.2). Like in conventional devices the examination of surface
morphology is necessary ZnO-PSS and ZnO-PDADMAC film morphology through
AFM in order to investigate the reasons behind the leakage current. Probably, the
addition of PSS and PDADMAC to ZnO solution works as an excellent surface
smoothening material for ZnO planarization. This function may be similar to that of
PEDOT:PSS smoothening ITO surfaces and reducing leakage current. Hence this kind

of nanocomposite buffer layer may be used to improve the device parameters.

Briefly, we have demonstrated an efficient organic solar cell device by
incorporating a solution route synthesized MoO; in conventional devices and anode
buffer layer ZnO-PDADMAC and ZnO-PSS nano composite in inverted devices as an
electron transport layer. The PSS and PDADMAC not only improved the electron
collection efficiency of the inverted devices but also smoothened the ZnO-surfaces,
thereby reducing the leakage current and improving the device efficiency. The power
conversion efficiency value of 1.86% (see Fig 6.2 and Table 6.2) of a ZnO-PDADMAC
nano composite based inverted device is ~22 times higher than that of the device using
ZnO as a buffer layer for P3HT: PCBM based system. Further, these inverted devices
may show superior air stability and need further investigation. In this way our study

represents an alternative approach for developing high—performance organic solar cells.
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