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Abstract

Hybrid thin films show great promise as a novel material for solar energy
conversion devices. Using present knowledge from polymer bulk hetero-junction
solar cells, the design of a simple, and potentially low cost, hybrid solar cell based
on metal oxides and conjugated polymers is presented. The hybrid material
properties are often superior to the sum of the intrinsic properties of the
components and often have a functionality that is not present in either of the
individual materials [1].

In this research, hybridization of organic conducting polymer and metal oxide
semiconductor on nanometer scale in fabricating of a bulk hetero-junction solar
cell will be investigated. ZnO nanoparticles were chosen as nanoparticle
semiconductors and Poly(3-hexylthiophene-2,5-diyl) (P3HT) is used as a
conductive polymer. ZnO and P3HT are individually very important functional
materials. Additionally, ZnO nanoparticles have transparency over the whole
visible region and have good electron mobility compared to other wide band gap
materials such as TiO, [61,62]. The P3HT semiconductor polymer is important
because of its high absorption coefficient in the visible region. In addition to the
aforementioned intrinsic properties of these functional materials, in the hybrid of
ZnO/P3HT energy levels of ZnO nanoparticles and P3HT polymer are matching
and the hybrid layer can act as an active layer to absorb the visible solar light and
release the electric charges.

Uniform ZnO nanoparticles with small particle size distribution were synthesized.
High resolution TEM imaging was performed to study the size and shape of the
ZnO nanoparticles. The synthesized particles mainly range between 5-7 nm. To
prepare the ZnO/P3HT hybrid solution we optimized the dispersion of the ZnO
nanoparticles in the methanol/chloroform mixture solution (avoiding ZnO
agglomeration). We obtained good dispersion of ZnO nanoparticles in a mixed
solution of 4.5% methanol and 95.5% chloroform. Glass coated with ITO was used
as a substrate followed by a poly (3,4ethylenedioxythiophene) poly (styrene
sulfonate) (PEDOT:PSS) layer, spin coated on the ITO substrate. Above the
PEDOT:PSS layer we spin coated a hybrid (ZnO/P3HT) layer followed by



depositing aluminium electrodes using the metal evaporation technique. We
studied the quality of the film formation and the aluminium electrodes using optical
and scanning electron microscopies. Also we studied the absorption and emission
hybrid films using UV-Visible and florescent spectroscopies. By changing the
blend (ZnO/P3HT) concentration and the ratio of ZnO and P3HT as the initial
parameters we could optimise the optical properties. 5 mg/mL ZnO nanopatrticles
and 10 mg/mL P3HT concentrations with 50% ZnO and 50% P3HT ratio resulted
in the best optical characteristics in the hybrid films. The concentration of the
PEDOT:PSS was also optimised. We found that 0.65% PEDOT:PSS
concentration results the highest electrical measurements of the prepared Bulk
heterojunction solar cell. Using the optimised parameters we prepared the bulk
hetero-junction solar cells and conducted the electrical tests including incident
photon to electron conversion efficiency IPCE and J-V characterization. We found
that optimized parameters resulted in 19% IPCE and 1.13 mA.Cm? Isc and 0.23
Voc. We chose three prepared solar cells; 1. best performing with 50% -50%
ZnO/P3HT ratio , 2.worst performing with 50% -50% ZnO/P3HT ratio 3. solar cell
with 30%-70% ZnO/P3HT ratio) to study the morphology of their hybrid layer
using AFM and surface profiler. Up to some extend we could understand and
relate the hybrid film morphologies to the obtained electrical performance of these
three bulk hetero-junction solar cells. In compar to other lab-prepared bulk hetero-
junction solar cells the best performing bulk hetero-junction solar cell has a better
hybrid film uniformity. Also in the best performing bulk hetero-junction solar cell the
roughnesses and mean granular sizes of the film over the surface were very
similar. We used AFM to correlate the quality of the film surface with the electrical
performance and found that uniform and continuous films are very important in the

performance of the solar cell device.
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CHAPTER 1. Introduction

Chapter 1
1. Introduction

1.1 Background to the study

Energy is one of the main concerns of today’s world and will remain as one of the
top 10 problems for the next 50 years. With regards to the growth of world
population from 7.075 billion in 2013 to 8-10 billion people in 2015, global energy
demand is estimated to increase from ~12 TW to ~20 TW in 2050. Therefore it is
evident that the biggest challenge for the next decades is to produce
approximately 10 TW energy more. Indeed, for the sake of peace and prosperity it
should be cheap and environmental friendly [2].

Among the available sources of energy solar energy is the best option which is
cheaper, easy to access and environmental friendly. To date, different types of
solar energy to electricity conversion systems have been developed. The solar
cells can be divided into three generations; first-generation; Silicon based solar
cells, Second-generation; thin film solar cells and third-generation which are
organic solar cells. Current market is dominated by single-crystal and
polycrystalline solar cells which is almost 94% of the market [3].

The non-economical costs of ~$4/W for crystal silicon solar cells was not
significantly efficient to influence the energy production market. The best estimates
was that the costs will reduce to $1/W-$1.5/W in the next 10 years. This cost is still
much higher than the energy price expectation/goal by the U.S. Department of
Energy for the next decay which should be ~$0.33/W [38,67]. Second generation
of solar cells, which are based on thin film technologies, do not require silicon
wafers and therefore can be manufactured with significantly lower cost. The
current cost of this producing energy with this solar cell is ~ $1/W, which is a
quarter of cost using silicon solar cells. These cells comprise 5.6% of the market
[3]. Worldwide the prices are decreasing, for example in the German market a
cost of $ 6.5/W in 2006 has come down to $ 2.6/W in 2011 (system price for roof
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top installation) [80]. Back in 2009/20010, industry was aiming to $1/W C-Si solar
cell cost as a medium term price but even cheaper prices at about $ 0.5/W are
being offered by Chinese producers [81].

Expensive wafer-based silicon solar cells and thin film solar cells has prompted
scientists to search for alternative material combinations for use in solar cell
applications. This has engendered the third-generation concept of photo voltaic
technologies. The goal is to achieve moderate efficiency of 15-20%, at a very low
cost [4]. One approach that has the capacity to reach these levels is that of bulk

hetero-junction solar cells.

A Bulk hetero-junction is based on the combination of organic and inorganic
materials in a hybrid layer sandwiched between two electrodes. Although this will
lead to low-cost and flexible (plastic) photovoltaics, the demonstrated hybrid solar
cells have very low power conversion efficiencies (PCE).

There are several reasons for the low efficiency of bulk hetero-junction solar cells
and in this project we are trying to optimize the performance of these cells by
focussing on the following factors:

e The quality of the nanoparticles.

e The miscibility of the particles in the polymer solution.

e The nature of the nanopatrticle / polymer interfacial region.
e The preparation of the electrode surfaces.

e The preparation of the ZnO/P3HT layer.

1.2 Thesis outline

Chapter 1 starts with a brief background to the study and introduces the objectives
of the study. In chapter 2, the working principles of Bulk hetero-junction solar cell

have been discussed and the related literatures have been reviewed. Chapter 3
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describes the fabrication of bulk hetro-junction solar cell. Starting with describing
the synthesis of ZnO nanoparticles and the characterization of the synthesized
ZnO nanoparticles and finally hybridizing the ZnO nanoparticles with the
conductive polymer and then fabricating the Bulk hetero-junction solar cell.
Chapter 4 presents the optical studies performed on the hybrid films. Chapter 5
presents the results for the electrical measurements of the three selected solar cell
devices prepared in laboratory. In chapter 6, we have studied the morphology of
the hybrid films on the same three bulk hetro-junction were chosen to study in
chapters 5 and tried to compare the morphologies of the hybrid surfaces and
relate to their obtained electrical results. Conclusion of the thesis and the

suggested future works will be presented in chapter 7.
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Chapter 2

2. History and literature review

The idea of developing the technology to harvest solar light/energy started in 1839
with the discovery of the “photovoltaic effect” - the phenomenon by which the light
absorbed by a material can induce charge separation to create free charges that
lead to an electric current. The first solar cell was made by Charles Fritts in 1883
[60] who coated the semiconductor selenium with an extremely thin layer of gold to
create electrically conducting junctions, and achieved a conversion efficiency of
approximately 1%.

Solar cell technology has now become a major focus of energy research to
improve the efficiency and functioning of solar cells, as it is now recognised that
the reliance on fossil fuels cannot be sustained in the future due to their limited
availability and the contribution of their combustion products to climate change.
The most common and successful photovoltaic solar cell is the silicon based
system invented by Russel Ohl in 1941 [60] which, at that time, had a maximum
efficiency of 6%. Currently, similar silicon based solar cells are being mass
produced and sold commercially. Although they are relatively expensive, the
single crystal silicon solar cell holds the highest conversion record in the current
market by performing at 16-18% efficiency [36]. In 1991, Gratzel and O’Regan [65]
created a breakthrough in the construction of solar cells. The key component in
the operation of this solar cell was a dye which was used as a sensitizer to harvest
additional solar energy and hence increase the efficiency of the cell. When
compared to solid state devices, this is an unconventional solar cell since it does

not use a p-n junction to generate the electricity.

2.1 Three generations of Photovoltaic development

Photovoltaic solar cells are divided into three categories; Crystalline silicon, Thin
film, and hybrid solar cells. In this section we will discuss the differences in their

efficiency and structure.
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2.1.1 Crystalline silicon solar cell

In this type of solar cell, crystalline silicon is the main component which acts as the
solar light absorber. The p-n junction is a large area of this device and is the
region between the p-doped and n-doped part of the silicon crystal. The concept of
p-n junction is very important to understand. This will help us to understand the
solar cell function. A p-n junction is an interface between two different types of
semiconductors. In crystalline silicon solar cells p-n junction is the intersect
between the p-type and n-type silicon semiconductor. After attaching the n-type
and p-type semiconductors Fermi levels of two semiconductors equilibrates and
reach the same energy level. Therefore it creates a bending in the conducting and
valence bands and causes a potential difference for the electrons and a potential
difference for holes. This creates an electric field that both carriers experience.
The p-n junction causes the excitons created by an incoming photon to
disassociate to electrons and holes. Creating p-type and n-type semiconductors is
possible by adding specific atomic impurities to the semiconductor via different
techniques [5], [6]. The p-n junction acts as a diode and exhibits a diodic current-
voltage characteristic. The efficiency in this solar cell device is very much
dependent on the quality of the crystalline silicon. High purity crystals with low
impurity levels result in higher conversion efficiencies of solar light to electricity. It
is important to know that the extra photon energy above the band gap energy is
converted to heat. This heat is one of the main limits in achieving high efficiency in

converting solar radiation to electricity.

Almost 280 MW of solar electric power were sold worldwide in the year 2000 and
more than 90% of this was generated from crystalline silicon based solar cell
technology [7]. Indeed, this first generation photovoltaic solar cell is the leading
technology in commercial production and has dominated the market. Crystalline
solar cells and poly crystalline solar cells are the two most commonly used solar
cells in the market. In terms of price, crystalline silicon solar cells are the most

expensive.
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2.1.2 Thin film technology solar cell

Thin film solar cell devices are based on the deposition of a thin-film functional
semiconductor on a silicon substrate with the intention of achieving higher
efficiency than crystalline silicon solar cells. These cells operate similar to the
silicon solar cells except that the deposited layer is the sunlight absorber. This

device does not contain a bulk crystalline layer.

The structure consists of several layers of p-n junction material. For example, Si,
GaAs, CuS and etc. This helps to capture more of the solar energy and also
absorbs a wider spectrum of solar radiation to be converted to electricity. Another
important advantage of the thin film solar cells is that they require less material for
fabrication [8]. Moreover, the use of different methods of film deposition provides
the opportunity to choose the cheapest method, such as Chemical Vapour
Deposition (CVD). Using this technique, very thin layers of silicon, of the order of
10 pm thick, have been deposited, which reduces cost. The best efficiency
reported for a hetero-junction solar cell was 19.5% in December 2005, considering
that this is a laboratory achieved data and has not been commercialized due to
few problems mainly the durability [9]. Therefore still single crystal silicon solar cell
holds the highest conversion record in the current market. To date, even though
thin film photovoltaic cells are much cheaper to produce than bulk silicon solar
cells (the so-called first generation solar photovoltaic) their application is limited by

their lower efficiency.

2.1.3 Hybrid Solar Cells

Silicon-based solar cells and inorganic semiconductors can be considered to
generate mobile charge carriers as they are photo-excited by sunlight. In order to
harvest more energy two main points need to be considered. First, ultra-pure and
highly crystalline silicon is required to achieve high efficiency and remove the
impurities which act as charge traps in the crystal. This makes the fabrication of
these solar panels very expensive. The second point is that these crystals and the

assembled solar panels are very fragile. Therefore, a more robust arrangement is
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desirable, and so the idea of printable hybrid solar cells is being considered as one
of the most attractive options for organic solar cells [10].

Such hybrid devices generally consist of a polymer / inorganic nanoparticle
combination fabricated as a film. This requires nanoparticles with high electron
mobility and good physical and chemical stability (eg. ZnO, CdS, CdSe, TiO2,
PbS) [26] admixed with a light-weight conductive polymer, which provides an ideal
electron—transfer medium suitable for use in a solar cell device [27]. This is

especially attractive if it allows for easy processibility and low cost.

Unfortunately, in spite of extensive investigations during recent years the
conversion efficiencies of such hybrid devices are still comparatively low.
Promising power conversion efficiencies have been achieved by optimizing the
structure to give improved electron transfer between particles, especially those
systems based on CdSe. However, cadmium, selenium and lead are quite toxic
and damaging to the environment. This has led researchers to focus on the less-
toxic materials, ZnO and TiO,. Both these compounds are wide band gap
semiconductors that are also non-toxic and low cost, which makes them ideal for

use in hybrid solar cells [26].

There are two techniques currently used to create the hybrid layer in bulk hetero-
junction solar cells. The preferred method, due to its simplicity, is the blend
process in which an appropriate nanoparticle/quantum dot and a conductive
polymer are simply mixed together. This is done in a proportional solvent which
simultaneously dissolves the organic polymer and the inorganic nanoparticles. A
non-proportional solvent will result in agglomeration of nanoparticles and/or
suspension of the polymer in the solvent. The second method, termed the
penetration process, is carried out by either growing the nanostructures or pasting
the metal oxide nanoparticles on the substrate, and then a solution of the polymer
is poured over them in a way that it penetrates into the pores of the prepared layer

until the solvent completely evaporates. This method has the advantage of
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providing better charge percolation pathways. This increases the probability of
electrons and holes to reach to the cathode and anode. Electrons travel through
the Nanoparticles network and holes through the polymeric media [27, 37].

The bulk hetero-junction approach was introduced to overcome the very small
exciton diffusion length, which in conductive polymers is in the range 4-10 nm [39-
43]. An exciton is the bound state between an electron and hole. The most
important difference between organic and inorganic semiconductors as materials
being implied in photovoltaic devices is that the resultant exciton in organic
semiconductors is not easily split by the electric field [40]. In contrast to inorganic
semiconductors in which only few meV energy is required to dissociate the
electron and hole in organic semiconductors approximately 100-400 meV energy
is required. In the case of inorganic semiconductors the ambient thermal energy
KT is enough to dissociate the electron—hole bonds. Considering the exciton
diffusion length in organic semiconductors which is in the range of 5-12 nm there
should be a p-n junction in this range to cause the electron—hole dissociation. The
best characterised organic semiconductor examples are poly-3-hexyl-thiophene
(P3HT) with exciton diffusion length of 5.4 nm, and [6,6]-phenyl C61-butyric acid
methyl ester (PCBM) which is around 10.5 nm [30,38]. The exciton diffusion
length is an important character which needs to be kept in mind while forming the
hybrid film because it is related to the rate of charge creation, and hence impacts

directly on the efficiency of the solar energy capture process [38-41].

The hetero-junction design is based on the premise that the donor and acceptor
centres should be in very close contact for efficient charge transfer, and this is
achieved by intimate mixing of the donor and acceptor particles. To maximize
exciton dissociation, the domain sizes should be comparable to the exciton
diffusion length. Figure 2.1 presents a schematic cross-section through such a
hybrid device illustrating the arrangement of the donor/acceptor blend.
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Figure 2.1 Bulk hetero-junction solar cell. Indium Tin Oxide (ITO) is the anode. and ZnO
nanoparticles and P3HT are the components of the active layer which are the thickest layer
approximately 30-200 nm, PEDOT:PSS is the electron blocking layer and Aluminium (Al) is the
cathode.

The very low efficiency of the double layer p-n junction type solar cells can be
improved using the bulk hetero-junction structure as it is depicted in Figure 2.1.
This is an example of an ideal hetero-junction structure, with domains of a similar
size to the exciton diffusion length, and continuous pathways to the electrodes to
prevent losses through recombination at the electrodes and shunt pathways.
Various types of bulk hetero-junction system have been developed, including
polymer-fullerene blends, polymer- polymer blends, block copolymers, and

organic-inorganic hybrid layers.

Figure 2.1 illustrates the basic structure of the bulk hero-junctionsolar cell.

In the operation of this hybrid cell, the P3HT polymer component absorbs photons
and generates excitons, which, upon dissociation, donate electrons across the
polymer/nanopatrticle interface to the ZnO nanoparticles acting as the electron
acceptor. The holes will remain in the polymer and travels to the anode. The
schematic flow chart of photovoltaic organic solar cells is shown in Figure 2.2

below.
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Photovoltaic process in organic Solar Cells

Absorption of
incident photons
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Figure 2.2 Photovoltaic process in organic solar cells [18]. The blue colour circles indicate the
desirable process after sunlight incident on the solar cell. In this process after the absorption of
light, exciton will be created followed by dissociation and separation of charges by the built-in
electric field and finally collection of the charges at the electrodes. The red triangles indicate the
probable, undesired process which may not end to the collection of the charges at electrodes.
These can be; light reflection from the solar cell, not absorption of photons, exciton recombination
and charges recombination.

Figure 2.2 shows the steps in the operation of an organic solar cell and includes
the losses, which are represented by the red triangles. A fraction of light gets
reflected and so the photons cannot be absorbed in the solar cell. In this project,
light reflection could be mainly related to the morphology of the hybrid film surface.
The photons absorbed in the P3HT region result in the creation of excitons, or
bound electron-hole pairs, which are not free to move separately. The created
excitons near the ZnO nanopatrticles will have a higher chance to get dissociated.
Excitons need to reach to the ZnO region before recombination during transport.
The excitons then dissociate, to generating a free electron/hole pair charges,
where the charges will be collected at the aluminium (electrons) and ITO (holes)
electrodes. A potential difference is then created and an electric current can flow.
To maximise the efficiency of the process, higher emission quenching is desirable.
Emission or Photoluminescence quenching happens when the generated excitons

dissociate at the donor-acceptor interface and do not recombine to result in
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photoluminescence. Stronger quenching results in higher efficiency in a bulk
heterojunction solar cell. The phenomenon of emission quenching can be

investigated using fluorescent spectroscopy.

Figure 2.3 presents different stages that result in extraction of electrons from the
cell. Here the mechanism of charge separation in a hetero-junction/hybrid solar
cell is illustrated schematically. Step 1: Photo-excitation, which is the initial
electronic excitation from the HOMO (highest occupied molecular orbital) energy
level to the LUMO (Lowest unoccupied molecular orbital) level in the P3HT
semiconductor. This happens after absorbing the light in a certain wavelength
range which is a characteristic of the polymer semiconductor. The result of this
excitation is the appearance of excitons in the polymer. Step 2: exciton
dissociation; is the transfer of the electron from the P3HT LUMO to the ZnO
LUMO. Step 3: transferring of electron from the LUMO of ZnO to cathode and hole
from the HOMO of P3HT to ITO anode. Step 4, recombination of the separated
electron and hole and returning back to its ground state in the P3HT
semiconductor. 5: Recombination of electron already in the LUMO of ZnO with the
hole in the P3HT semiconductor. [44,45].

11
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Figure 2.3 Mechanism of charge development in a bulk hetero-junction solar cell. HOMO is the
highest occupied molecular orbital, LUMO is the lowest unoccupied molecular orbital, e- and h+
stand for electron and hole. Stepl is the photo excitation from the HOMO electronic level to LUMO,
Step 2 is exciton dissociation, step 3 is the transferring of electron from the LUMO of ZnO to
cathode and hole from the HOMO of P3HT to ITO, step 4 is the recombination of the separated
electron and hole and returning back to its ground state, step 5 is the Recombination of electron
already in the LUMO of ZnO with the hole in the P3HT semiconductor [17].

In comparison to bilayer solar cells, bulk hetero-junction solar cells possess a
large interfacial surface area with much smaller domains of donor and acceptor
which expedite the dissociation of excitons into electron and holes. That reduces
the probability of electron/hole recombination and decay, and enhances the
probability of exciton dissociation which allows the use of thicker films with
increased light harvesting potential. However, the intermixing of the two phases
into small domains tends to decrease the order in the molecular packing and
means that continuous pathways are harder to produce, and isolated domains,
which cause recombination losses, may exist. In addition, the larger interfacial
area encourages recombination, and poor control of the phase morphology means
that shunt pathways may exist. Balancing the increased photo generation vyield
against the increased recombination losses requires optimisation of the

microstructure of the blend film [10].
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The development of solar energy technology has been moving towards organic
photovoltaic cells or, more specifically, flexible plastic solar cells. Based on
statistics obtained by the National Renewable Energy Laboratory (NREL) in the
United States, the efficiency of organic solar cells has been increasing by
optimizing the processing conditions, especially by improving the quality of the
active layer. Figure 2.4 shows the current trend in research solar-cell for light to
electricity conversion efficiency, where it can be seen that efficiencies exceeding
4% had been achieved by 2005 and have almost doubled by 2011 [63].
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Figure 2.4. Progress of research-scale photovoltaic device efficiencies, under simulated terrestrial
radiation conditions (AM 1.5M — see following text) [63].

In order to make meaningful comparisons of the performance of solar cells, the
term ‘air mass’ (AM) is used as a value/coefficient that specifies the path length
travelled by the solar radiation. This value is approximately equal to 1/cos(z)
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where z is the Zenith angle in degrees. The Zenith angle is defined as the angle
between a line perpendicular to the earth’s surface and the sun. An AM value of
1.5 is conventionally used for testing photovoltaic devices exposed to terrestrial
radiation, and this corresponds to a zenith angle of 48.2° [3].

In 1959, the first research investigation on an organic photo-voltaic (PV) cell was
undertaken on an anthracene single crystal. The efficiency was extremely low and
the maximum photo-voltage measured was 200 mV [60]. Since then, many years
of research and investigation have demonstrated that the maximum efficiency
obtainable from single (or homo-junction) organic materials is about 0.1%. Thus,
with this efficiency limitation, solar cell devices of this type are quite impractical.

The mechanism of charge separation following the absorption of sunlight by a
conjugated organic molecule results in the production of a mobile excitonic state.
Simply speaking, an ‘exciton’ is an entity created by the columbic attraction
between an electron and hole, after the electron has been displaced from its
orbital by high energy photons (energies above the absorption edge). In this state,
the electron is still associated with the excited atom, and it can either recombine

with the atom or completely separate.

Now the force of attraction (F) between oppositely charged particles is given by:

F=kqq2/d

Equation 2.1 d is distance between charges, q; and g, k is Coulomb’s constant

Equation 2.1 shows that the attractive force is inversely proportional to the
dielectric constant. Hence, the low dielectric constant of an organic material
(typically 2-4), compared to inorganic oxide nanoparticle semiconductors (or
quantum dots),(11.9 in Si, 16 in Ge and 13.1 in GaAs). Therefore it is evident that
the electron-hole combination is tightly bound in polymers, and this is the main
reason that the excitons in organic semiconductors do not dissociate even at
ambient thermal energies. In addition, the electric field resulting from the
asymmetrical work functions of the electrodes is not strong enough to dissociate
these photo-generated excitons [32,28] and so charge separation in organic

materials is a major obstacle to the generation of an electric potential difference. It
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is worthy to know that the dielectric property will reduce by reducing the particle
size in inorganic nanoparticles [55]

In 1986 a major discovery by Tang paved the way to solve the problem of
dissociating the exciton. He found that much higher efficiencies (about 1%) can
be attained whenever an electron acceptor (A) and an electron donor (D)
compound are brought together in one cell [33]. After this breakthrough, research
in PV solar cells focused on the creation of a structure based on having a layer of
a donor material adjacent to an acceptor material. This hetero-junction (p- and n-
junction) concept is now the basis of all three common types of Photovoltaic Solar
cells; (i) dye sensitized solar cells [34], (i) planar organic semiconductor cells [33],
and (iii) high surface area, or bulk, hetero-junction solar cells (BHJ) [12-15].

A revolutionary development occurred in the mid-1990’s with the introduction of a
blended structure or bulk hetero-junction, wherein the donor and acceptor were
proportionally blended together. The important point which distinguishes this
device from a bi-layer or homo-junction device is the huge interlayer contact area
between the donor organic semiconductor and the acceptor inorganic
nanoparticles. It has been found that the exciton created in the conjugated
polymer has a very short lifetime, of the order of a nanosecond, and this result in a
very short diffusion range, of the order of 5 to 10 nm [16]. Thus, since the overall
thickness of the blended film is approximately 200-300nm, this provides a very
high probability of the exciton interacting at a particle interface, resulting in
electron-hole separation, so charge generation occurs throughout the active layer.
However, to be effective, an appropriate charge transfer pathway must be present
in each material to conduct the charge carriers (electrons and holes) to the
respective electrodes.

One of the major obstacles in improving the efficiency is the control of the
morphology of the organic polymer / inorganic nanoparticle blend so it can function
efficiently, even when the diffusion length of the created exciton in the conjugated
polymer is in the range of 5 to 10 nm [17]. Using ZnO nanoparticles/nanorods, in
combination with poly 3-hexyl thiophene (P3HT), as acceptor and donor materials
respectively, and optimizing the morphology of this active layer, has been one of

the main concerns of many research groups [6,19,21].
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Applying P3HT in bulk hetero-junction solar cell devices as a conductive
conjugated polymer is advantageous due to its high light absorbance and superior
charge carrier mobility when compared to other conjugated polymers, especially
its high hole mobility [18]. ZnO nanoparticles possess suitable chemical and
physical properties, the most important characteristic being its wide and direct
band gap which is ideal for bulk hetero-junction devices. The band edges are from
4.4 ev to 7.6 ev. This means the compound does not absorb in the near-infra red
and visible spectral regions, thus allowing the bulk of the sunlight to be absorbed
by the conjugated polymer. Also, due to its high dielectric constant ZnO behaves
as a good electron acceptor [31, 16, 19]. A further advantage is that the ZnO
nanoparticles are easily synthesised, and there is no need for additional surface
modification to make these particles soluble/compatible in organic solvents.

A major thrust to improve the performance of these hetero-junction organic solar
cells concerns the enhancement of the interfacial contact between the conjugated
organic polymer and the inorganic nanopatrticle [6]. Chen et.al (2009) have studied
the effect of interfacial linker molecules on ZnO nanorods by monitoring the
changes/improvements in photovoltaic performance and resultant photo
conversion efficiency. In a hetero-junction solar cell based on ZnO, P3HT and
linker molecule, mercurochrome (CyoHgBr.HgNa,Og). This linker molecule
increased the short-circuit current density (Jsc) from 1.96 to 2.45 mA/cm? , the
open-circuit voltage from 0.38 to 0.46 V , and the fill factor from 40 to 46, which led
to an overall increase in efficiency of the solar cell device from 0.3% to 0.5% [32].
The ZnO nanorods also improved the conduction pathway for the dissociated
electrons and minimised the chance of them being trapped in discontinuous
pathways. In addition, in Chen’s design, the direction of the exciton incident to the
aligned nanorods decreased the possibility of electron - hole recombination [6].
Further studies on the effect of spectral mismatch have also been done by
modifying the absorption spectra of the absorbing /active layer, and a P3HT/
Methanofullerene mixed layer/film showed some improvement in the overall
performance of the hybrid solar cell [6].The effect of annealing and changes in film
thickness on the performance of solar cells also have been investigated. In these

experiments they have taken advantage of regio-regular P3HT because it is an
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ideal conductive/semi-conductive material due to its stability and spectral
absorption in the red region of sunlight. In this instance, for devices with an active
layer thickness of 43 nm, under an Air Mass of 1.5, and subject to 100 mW/cm?
light illumination, they achieved a 3.2% power conversion efficiency (PCE) with fill
factors up to 67%. After thermal annealing at the optimized temperature and
active layer thickness, they achieved a PCE up to 4.0%, which is among the
highest efficiencies reported in the year 2005 [20, 21].

Ackermann et.al (2010) also tried to modify the surface of ZnO nanorods using
Tetra(4-carboxyphenyl) porphyrin (TCPP). He dye-sensitised the ZnO nanorods by
grafting the TCPP molecules on the surface of ZnO nanorods. This direct grafting
of TCPP molecules on the surface of ZnO nanorods resulted a very efficient
electron injection process into the ZnO nanorods after the light absorption.
Furthermore, by increasing the TCPP concentration aggregation of ZnO nanorods
within the P3HT has been obsereved. Here they concluded that adition of TCPP
results in increasing the Photo current generation in the P3HT/ZnO mixture
considering a strong modification in the morphology [73].

Friend et.al (2010) also has done research on enhancing the efficiency of hybrid
photovoltaic device. He used P3HT as the active material and ZnO solution-
processed flat film modified by a self assembled monolayer of phenyl-C61-butyric
acid (PCBA) as electron extracting electrode. Here the EQE of the self-assembled
monolayer modified device reached 9% which greatly improved over the 3% of
the unmodified device. Friend show that both the Short circuit current and open
circuit voltage have significantly improved [75]. Yan et.al (2010), has used the
combination of P3HT and nanofibrouse ZnO network to create the active layer and
investigate the results. He has found out that by increasing the thickness of the
active layer the lifetime of carriers will reduce. This was the first time using this
structure of ZnO in P3HT and the resultant efficiency was 0.51% [73]. The year
after in 2011 Janssen came up with the idea of creating more intimacy between
P3HT and the ZnO nanoparticles. This was done by side chain functionalization of
P3HT. Photoinduced absorption showed quantitavie charge generation for Poly(3-
hexylthiophene-2,5-diyl) derivative (P3HT-E) and ZnO and not for P3HT: ZnO.

This resulted a very good improvement in solar performance [69].
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Reichman et.al (2012) and his group have followed the P3HT:ZnO hybrid by
investigating the charge transport and charge transfer at the acceptor and donor
interfacial. Here they have used a field effect transistor to study the photo current
generation . There have been a comparison between Charge transfer at the
heterojuctions of P3HT:ZnO and P3HT:Tiol-ZnO. Here the role of thiol modification
of ZnO incharge transfer and charge transport within the bulk heterojunction
interface was indicated through comparison of the threshold voltage and the FET
mobility betweenP3HT/thiol-ZnO and P3HT/ZnO FETs. Of course role of thiol
molecules as an ultrathin passivation layer for the ZnO surface in enhancing
photoinduced charge separation at the interface has not been identified in
Reichman’s group investigations [71]. Cui et.al (2012) has continued the research
on optimising ZnO nanorods and P3HT by enriching P3HT with Graphene and
grafting porphyrin molecules on the surface of the ZnO nanorods. Adding
graphene to P3HT has reduced the resistivity of the P3HT by two orders of
magnitude and resulted in increasing the hole mobility. Also direct grafting of the
porphyrin molecules to ZnO have resulted in a very efficient electron enjection into
the ZnO nanorods. In overall these modifications has improved the solar cell
efficiency [72].

Using Squarine dye and fullerene C60 Yang et.al (2012) has achieved more than
6% efficiency using. The results show that the heterojunction structure in tems of
morphology and thickness are very crucial parameters. Here Yang group has
optimized the thickness in order to achieve high efficiency, Their optimum
thickness is between 50 to 90 nm. They also emphasis on using a dye with high
absorption coefficient and a bandgap which covers near red region of sunlight
spectrum [76]. This high efficiency dose not indicate that ZnO:P3HT hybrid is a no
worthy combination because theoretically it has been calculated that a short circuit
current of 5.2 mACm2 and a fill factor of 52% (under AML1.5 illumination) and with
the calculated open circuit voltage of 2.07 V then the device efficiency would be
5.6%. This result makes ZnO:P3HT hybrid quite attractive for technological
applications [78]. Chen et.al (2013), in his research on ZnO:P3HT has come with
the idea of using poly(3-hexylthiophene)-b-poly(ethylene oxide) (P3HT-b-
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PEO) well-defined P3HT-b-PEO diblock copolymer as an interfacial compatibilizer
to control P3HT/ZnO hybrid system morphology and thereby improve the power-
conversion efficiency. This interfacial compatibilizer helps the ZnO nanopatrticles to
well distribute in the P3HT polymer and also controls the phase separation and
enhances the crystallinity of P3HT. In overall this modifications can represent a
promising way to improve the photo voltaic properties of this solar cells. It is
worthy to mention that the PCE is still low even after these improvements by
utilizing compatibilizer. The reason mention for this by this research group is that
the Polymer and ZnO nanopatrticles used in this experiment they both have large
band gaps, therefore they are not able to absorb a vast spectrum of the sunlight
[74]. Recently, more research groups are focusing on donor-acceptor interfacial
rectifications in order to improve the photovoltaic properties. Wu et.al (2013)
investigated the effect of interfacial improvement of the ZnO nanorods and P3HT
polymer. The modifications were done by epitaxial room temperature ZnO shell
and also by D149 dye molecules before the P3HT was added. The Js of the
modified ZnO nanorods decreased and V,. and FF were considerably improved.
In overall the modified and not modified ZnO surfaces in conjugation with the
P3HT have almost showed the same efficiency of 1.16% [77].

Hayase et.al (2013) studied the charge separation and charge recombination
dynamics in P3HT:ZnO and P3HT:dye:Zno bulk heterojunction hybrid solar cells
using transient absorption spectroscopy. Here again the aim was to understand
what changes can an interfacial modification bring to bulk heterojunction solar cell.
The dye used in this experiment was SQ36 which has absorption in the near
infrared region (NIR) of the sunlight spectrum. Studying the charge separation
and recombination was done by using obtical absorption of P3HT in the region of
visible and optical absorption of dye (SQ36) in the region of NIR. Hayase group
found that in the case of P3HT:ZnO charge separation happened within 1ps and
there was a significant charge recombination due ZnO surface states and the
coulomb attraction between electrons in ZnO and holes in P3HT. But in dye
treated ZnO charge separation occurred over 3-4 ps (for the visible light
absorption) and 10ps (for the NIR light absorption). Here the charge recombination

was largly reduced due to locating the dye at the interface [79].1t is noteworthy that
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the 4% efficiency achieved by Shrotriya’s [20] group was the result of combining
two very promising materials, P3HT and Phenyl-C61-butyric acid methyl ester
(PCBM), and further work is continuing to substitute PCBM and fullerene
derivatives with other inorganic nanoparticles to optimise performance. Nano-sized
TiO,, CdSe and ZnO are being used as highly functional materials in the area of
optoelectronics.Janssen has also studied in detail the ZnO nanoparticles and
P3HT hybrid films. He has brought into consideration the effect of the morphology
and the thickness of the hybrid films [21]. In his research, Janssen has found out
that thicker P3HT/ZnO cells outperform the thinner solar cells because of
increasing current density, for constant fill factor. They also found that the internal
quantum efficiency (IQE) increases significantly with layer thickness from 20% for
50 nm to up to 50% for cells with active layer thickness > 150 nm. Therefore, in
thicker layers, not only the photon absorption increases but also this photons are
more efficiently can be transferred into collected current.

McGehee and his group has used TiO, nanoparticles in a hybrid hetero-junction
solar cell device [57,58]. The maximum external quantum efficiency observed was
10%, and the estimated PCE efficiency was 0.45% under AM 1.5 conditions.
Several other groups have reported efficiencies for TiO, / conjugated polymer
hybrids from 0.40 to 0.45% [58]. Replacing TiO, with ZnO nanoparticles led to a
significant improvement in the performance of the hybrid device. Combining the
external quantum efficiency of ZnO nanoparticles with the conjugated polymer
Poly[2-methoxy-5-(3",7’-dimethyloctyoxy)-1,4-phenylenevinylene] (MDMO-PPV)
gave an estimated short-circuit current density of 3.9 mA/cm? at AM.1.5
(100mW/cm?) and a final PCE efficiency of 1.6%.

McGehee demonstrated a fourfold improvement for the ZnO:MDMO-PPV solar
cell[59]. However, the efficiency is less than that of the best CdSe:polymer bulk
hetero-junction solar cell. For example, a device based on CdSe nanoparticles
and the conjugated polymer mix MDMO-PPV in a stratified layer design, exhibited
a short-circuit current (Jsc) of 6.42 mA/cm?, an open circuit voltage of 760 mV, a
fill factor of 0.44 (89.9 mA/cm? under AM.1.5) and an external quantum efficiency
of 52% with 2.4% PCE efficiency. It is notable that, compared to a CdSe based
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hybrid cell, a ZnO based device performs at a higher Voc ( open-circuit voltage )
and FF ( fill factor ) but a lower Jsc (short-circuit current) [59].

The external quantum efficiencies and final power conversion of the
ZnO/conjugated polymer based devices show a significant improvement when
compared to the reported hybrid polymer solar cells based on TiO, and similar
CdSe polymer cells. This highlights the attractiveness of ZnO nanoparticles as an
important material for application in bulk hetero-junction solar cells. The higher
Jsc for ZnO in comparison to CdSe can be attributed to the absence of light
absorption in the visible region of ZnO. CdSe contributes to the cell current by
hole transfer in the visible region up to 675 nm which is beyond the absorption

region of the polymer [16].

The Janssen group conducted a study of the performance of a bulk hetero-junction
solar cell consisting of ZnO nanoparticles and poly 3-hexyl thiophene [16]. This
article detailed the fabrication of the solar cell and listed its optimized parameters
[35]. A comparison between devices using P3HT and MDMO-PPV as electron
donors and using ZnO nanoparticles as the common acceptor material found that
the external quantum efficiency of ZnO: P3HT is 27% versus 40% for the
ZnO:MDMO-PPYV cell, with the IPCE efficiency also much lower, 0.9% ZnO: P3HT
versus 1.6% for the ZnO : MDMO-PPV based device.

2.2 Research options for the present study

On the basis of the preceding discussion, it is concluded that further improvements
to the ZnO : P3HT based bulk hetero-junction solar cell are feasible, especially
with regard to optimising the interaction between the nanoparticles and the
conjugated polymers. The effect of annealing is another variable that can be
investigated, since it has a significant effect on device efficiency. Jansen and his
group have also studied the effect of the three—dimensional shape and
morphology of the hybrid layer on the efficiency of the bulk hetero-junction solar
cell [21]. They imaged the cross-section of a typical P3HT/ZnO photo-voltaic cell
using transmission electron microscopy, and also reconstructed the volumes of
P3HT/ZnO layers using electron tomography. On the basis of this study they
concluded that by increasing the thickness of the ZnO/P3HT active layer the
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charge generation becomes much more efficient, but the internal quantum
efficiency cannot exceed 50% because of difficulty in collecting the generated
charges. Hence, improved control over the morphology of the photo-active layer
can result in enhanced performance and efficiency of the device, and this is a

major purpose of the present study.

2.3 Project objectives

The aim of this study is to understand the effect of several parameters on the
efficiency of bulk hetero-junction solar cells. Hybrid solar cells are chosen for this
study due to their simplicity of production (solution-based processibility) and
comparative cheapness and their flexibility. Other advantages include their wide
range of applicability due to their processibility on very thin substrates, and the low
preparation temperature in comparison to silicon-based solar photovoltaic cells.
The purpose of the project is two-fold; first, to create clear, proper hybrid films for
implying in bulk hetero-junction solar cells, and second, to investigate the optical
and electrical characteristics of the hybrid films.

To achieve these objectives, the project was subdivided into four phases: a)
synthesis of the semiconductor metal oxide (ZnO) followed by purification and
characterisation, and its phase transfer into a stable solution; b) blending of the
ZnO and P3HT and then spin-coating the hybrid solution on the prepared ITO
glass substrate; c) investigation of the optical and electrical characteristics of the
hybrid film; and, d) Surface study of the hybrid films.

The initial step was to reproduce the bulk hetero-junction ZnO/P3HT solar cell as a
bench mark to provide a set of reference performance characteristics. On the
basis of an analysis of the data, the following parameters can be optimised; (i)
Active layer condition, (ii) Hole conducting layer, and, (iii) Surface morphology.
Which should result in improvement of the functionality of the solar cell and its

solar light-to-electron conversion efficiency.
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The solar cell chosen for study is based on a hybrid layer made of ZnO
nanoparticles and regio-regular poly 3-hexyl thiophen (P3HT). The ZnO
nanoparticles were used to take advantage of their high dielectric constant and
wide electronic band gap, which enables them to act as a good electron acceptor.
The regio-regular P3HT was utilised due to its excellent hole mobility and
photosensitivity [34, 35].

Here, in the proposed method of synthesis of ZnO nanopatrticles the effort is to
avoid using water in the reaction. The reason is that water in the final mixed
solution is an unwanted material which reduces the solubility of P3HT in the
chloroform and helps to increase the agglomeration of ZnO nanopatrticles in the
mixture. The properties of ZnO nanoparticles is investigated and a set of complete
characterization and imaging, including XRD and XPS are performed.

The miscibility of the particles in the polymer solution; The miscibility of ZnO
nanoparticles in the P3HT polymer solution is a very critical part of the experiment,
since an ideal blend of these two materials (i.e. the ratio of the donor and acceptor
in the active layer) should provide a good pathway for charge carriers to reach the
electrodes and achieve a high efficiency.

One of the main challenges is to optimise the stability of the ZnO nanopatrticles in
the P3HT chloroform solution, since they are likely to have a tendency to
agglomerate due to their high surface charge.

The preparation and etching of the ITO substrate is also very important. Quality of
the surface etching on the ITO is critical to ensure optimal electrical contact with
the polymer hybrid to achieve maximum efficiency of the solar cell. A
spectroscopic study of the layers/films in this solar cell, including the hole
conducting (electron blocking) layer and the active layer, is an essential part of the
project. Atomic force microscopy is used to study the surface morphology of
electrodes.

After spin-coating of the hybrid layer on the ITO substrate an aluminium metal
electrode/contact was deposited on the active layer, using a metal evaporator
operating under a comparatively high vacuum. This is to prevent the deposition of
aluminium oxide instead of pure aluminium. Aluminium oxide is an insulator and in

an electrode with increasing the fraction of aluminium oxide instead of pure
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aluminium the series resistance will increase which decreases the efficiency of the
solar cell.

The preparation of the ZnO/P3HT layer achieved using a spin coater instrument,
whereby the films were drop-cast on the substrate. Further processing, including
vacuum annealing was also undertaken. Absorption spectroscopy was used to
characterise the solution which is the solution containing the ZnO nanopatrticles
prepared before spin coating the layers and for the films formed after solvent
evaporation. Fluorescence spectroscopy was also used to provide information
regarding the functionality and quality of the active layer. Atomic force microscopy
was used to study the surface morphology of the film including the active layer and
electrodes.

Subsequently, the assembled hybrid hetero-junction solar cell was subjected to
the required tests in the RMIT University solar cell laboratory. These tests and
measurements included the incident photon to electron conversion efficiency
(IPCE) and measurement of the I-V (current-voltage) behaviour of the fabricated
device, which is used to calculate the total efficiency. In overall, these studies are
expected to provide further knowledge about how hybrid solar cells function and a
deeper understanding of their behavioural characteristics, specifically their optical
properties, and how they are related to the overall performance of the solar cells.
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3. Fabrication

The experimental procedure is divided into three main stages, with the ultimate
goal being to prepare a high performance bulk hetero-junction solar cell device.
One of the most important components of the hybrid layer in this device is the ZnO
nanoparticles. As explained in the Introduction (Chapter 1), ZnO nanopatrticles act
as electron acceptors in the hybrid film, and this critical property is highly

dependent on the size and shape of the nanopatrticles [24].

3.1 Synthesis of ZnO nanoparticles

The first step is to synthesise highly stable ZnO nanoparticles using Pacholski’s
method [23]. In this procedure, the ZnO nanoparticles were synthesized by
alkaline hydrolysis of zinc acetate dihydrate, (CH3C0OO),Zn.2H,O , using the
strong base potassium hydroxide (KOH) dissolved in methanol, according to the

following chemical equation :

Zn** +20H — Zn(OH), heat/methanol/60°C — ZnO + H,O

During the 2 Hours it took to complete this reaction, the temperature was held at
60°C. As it is suggested [23], a mole ratio of 1.0 Zn** : 1.7 OH was used,
indicating a slight molar deficiency of KOH from the theoretical 1.0 Zn %" : 2.0 OH’
suggested by the balanced chemical equation, above.
It is worth noting that this synthesis of ZnO nanoparticles is achieved by hydrolysis
of the precursor zinc acetate dihydrate salt in an alcoholic solution of the strong
base, KOH, which leads to precipitation of the Zn** ions as ZnO nanoparticles.
The precursor is removed by washing with methanol during the purification. The
white ZnO nanopatrticles absorb weakly in the visible region of the electromagnetic
spectrum due to their wide band gap (3.2 eV), and this lack of absorption by the
solution/dispersion can be taken as an indication that the synthesis has proceeded
correctly and the solubility of the nanoparticles is satisfactory.
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By preparing a zinc acetate solution in methanol having a concentration of 100
mm, and a potassium hydroxide solution in methanol having a concentration of
170 mm, equal volumes of the solutions could be mixed to provide the reaction
mole ratio suggested by Weller [23]. The preparation began by heating the zinc
acetate solution to 60°C while stirring to produce a well agitated solution, then an
equal volume of KOH solution with 27°C temperature was added drop wise over a
period of 10 minutes. The inaccuracy in the method of KOH addition to the
solution results in non-uniform ZnO nanoparticles size. This means that if the KOH
solution is added all at once or the rate of addition changes it will result in non-
uniform ZnO nanoparticles solution. This has been experienced during several
times of synthesis.The correct rate was found experimentally by systematically
varying the rates and the resultant ZnO sizes were checked with HTEM to confirm
the best result and optimal KOH rate. Having a constant speed of magnetic stirring
(300 round per minute) and steady rate of KOH addition was found very important.
During the KOH addition, the clear solution changed from transparent to milky, and
then gradually changed back to transparent. After two hours heating and
continuous stirring, the ZnO nanoparticles were isolated using a centrifuge
(Eppendorf 5804) with the supernatant being removed as completely as possible.
The ZnO nanoparticles were then purified by washing three times with room
temperature methanol. This method has the advantages of not using any template
or surface modifying molecules, and not using water in the reaction mixture.

The harvested ZnO nanoparticles were then dispersed in a mixture solvent having
the optimized composition of 94-6 (Volume ratio) chloroform-methanol. The best
mixture of Chloroform and methanol was determined by a series of trials at various
mixture ratios. The presence of methanol in the chloroform is essential, because
without it, the dispersibility of the ZnO in the solvent will dramatically get reduced
and will result in agglomeration and precipitation.

removing the supernatant was calculated to be in the range of 100-180 mg/mL
depending on variations in the performance of the experiment. This value was
obtained by evaporating a sample of the ZnO/chloroform-methanol mixture to
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dryness in an oven at 120 °C. The step to step method for the ZnO nanoparticle
synthesis is listed below:

1. The mass of each precursor, zinc acetate dihydrate (( CH3;COO),Zn.2H,0)
and potassium hydroxide (KOH), was calculated based on the
concentrations needed in the experiment :

Mass = (Concentration in mole/L) x (M.W. in g/mole) x (total Volume in L).
The concentration of the KOH used in the reaction was 1.7 times the

concentration of the zinc acetate dihydrate as mentioned above.

2. Both precursors were then dissolved in methanol in separate 50 mL

volumetric flasks.

3. The zinc acetate—methanol solution was then placed into a 3-neck round
bottom flask and heated to 60°C using a heating mantle fitted with a
thermostatic controller. The thermometer was placed to monitor and control
the temperature. The solution container was very well sealed in order to
prevent the methanol loss.Continuous stirring was performed using a

magnetic stirrer.

4. The potassium hydroxide-methanol solution was then added drop wise into
the zinc acetate solution over a period of 10 minutes (corresponding to
approximately 5 mL per minute ) using a dropping funnel for control. This
rate have been determined experimentally through a systematic variation in
the rate of KOH addition and imaging the resultant particles sizes and

morphologies by transmission electron microscopy.

5. The progress of the synthesis can be divided into three stages based on the
colour and appearance of the solution. At first, after about 20-30% of the
potassium hydroxide has been added, the solution starts to become cloudy,
and this milkiness increases throughout the addition; then, after a few
minutes, the suspension starts to gradually become clear and transparent;

finally, after another 20-30 minutes, the solution again becomes cloudy and
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this persists till the end of the reaction. Absorbance spectra were taken at
the end of each stage of the reaction to provide a basis for estimating
particle size and distribution. Jasco V-670 absorbance spectrometer was

used for the absorption spectroscopy.

. At the end of the reaction, and after cooling the solution to room
temperature, isolation and purification of the ZnO nanoparticles was
achieved using an Eppendorf 5804 centrifuge, operating at 3000 rpm for 10
minutes. After removal of the supernatant reaction mixture, the ZnO

nanoparticles were washed three times with 23 °C methanol.

. The ZnO nanoparticles were then dispersed in the mixed chloroform (94%)/
methanol (6%) solvent mixture. With this optimized solvent mixture, the
ZnO nanoparticle solution was stable for at least a month. (This step must
be done very accurately otherwise the whole synthesis effort will be

wasted).

The concentration of the ZnO containing solution was determined
gravimetrically, by adding 500uL of solution to a tared vial, and drying it in
an oven at 120°C for 30 minutes, then the weight difference is the net

weight of the ZnO in that specific volume.

. The ZnO dispersion/solution must be protected from light and humidity, and

this was done using a paraffin seal and aluminium foil cover.
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3.2 Structural characterization of ZnO nanoparticles

3.2.1 UV- Visible characterisation

A typical UV-visible absorption spectrum of the ZnO nanoparticle
solution/dispersion is shown in Figure 3.1, where it can be seen that after three
months storage there is a slight shift in the absorbance towards the red-end of the
spectrum. The range of the wavelength on the absorbance spectrometer is 350-
3500 nm.

05

- 1. As obtained ZnO solution
— 2. After three month ZnO solution

0.44
0.3

0.2

Absorbance(a.u)
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0.0

200 300 400 500 600 700 800
Wavelength(nm)

Figure 3.1 UV-Visible absorption spectrum of ZnO nanopatrticles dispersed in the
chloroform/methanol mixture (94-6 Volume ratio): (1) is the freshly prepared ZnO solution, and (2)
is the ZnO nanoparticle solution after three months.

This change indicates that there has been a particle size growth in the solution

during the three month period which resulted in decreasing the band gap energy
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absorption of the ZnO nanoparticles. A very small amount of particle aggregation
has occurred over this time which is quite apparent in the given graph. In figure 3.2
the UV-absorption of the highly agglomerated ZnO solution is presented. This
aggregation usually have been observed between three to four month of storing
the well dispersed ZnO nanoparticles in the mixture solution of 94-6 (Volume ratio)
of chloroform and methanol. This agglomeration is the result of high surface
charges of the ZnO nanoparticles in the comparatively dispersed in much less
volume of the methanol mixed in the chloroform. ZnO nanoparticles are dispersible
in the polar solution and not in the non-polar solution (chloroform) and here by
decreasing the volume portion of methanol in the mixture (4% of the total volume)
we increase the probability of particles to sense each (attraction) other and
therefore due to the high surface changes on the surfaces of ZnO nanoparticles
cause the agglomeration. It is worth noting that the reference for all the absorption

spectropy measurements were air.

0.5

0.4

0.3- 361 nm

Absorbance(a.u)

0.2

200 300 400 500 600 700 800
Wavelength(nm)

Figure 3.2 UV-Visible absorption spectrum of highly agglomerated ZnO nanoparticles dispersed in
the chloroform/methanol mixture (94-6 Volume ratio) after four month.

The peak absorption wavelength has red-shifted from 340 nm in the as prepared

ZnO solution to 361 nm in the agglomerated ZnO solution after four month.
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Indeed, it is not only the peak position which has significantly changed but also the
absorption behaviour has apparently changed. In figure 3.1 the absorption is
almost negligible everywhere else except the peak absorption wavelength but in
the agglomerated case in figure 3.2 there is a smooth ramp in the absorption
graph versus changing the wavelength which indicates the nonuniformed sizes of

agglomerated ZnO patrticles.

3.2.2 X-ray diffraction (XRD)

The X-ray diffraction (XRD) spectrum of the purified ZnO nanoparticles is shown in
figure 3.3. The sample preparation for X-ray diffraction was done simply by drop
casting the ZnO nanoparticles in the Methanol solution on the normal glass and
drying the sample in room temperature. It was made sure that the thickness of the
sample was enough to achieve higher intensity out of the diffracted rays. The
calculated average diameter of ZnO nanopatrticles was 11.7 nm diameter or 5.85
nm radius. This is perfectly matching with the obtained particle size distribution
extracted from the high resolution transmission electron microscopy -(see section

3.2.4). This calculation is performed using Sherrer’s formula:

D= 0.9\ B Cos6
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Figure 3.3 X-ray diffraction (XRD) pattern of the purified ZnO nanoparticles.

In the above Sherrer's formula A =1.54 A® is the wavelength of the used X-ray, B is

the full width half maximum (FWHM) in terms of radian and 6 is the peak
maximum angle in radian. The required values extracted from the diffraction
pattern shown in figure 3.3 are placed in table 3.1. All the XRD peaks can be
indexed to the hexagonal Wurtzite phase of ZnO (JCPDS Card No. 80-0075),
indicating the formation of a single phase, suggesting that the nano-crystals have
a preferential orientation with no significant impurities. Powder XRD patterns were
recorded on a Bruker D4 ENDEAVOR X-ray diffractometer with Cu Ka radiation.
The XRD pattern has beed compaired with few recent ZnO XRD patterns in order
choose the correct indices. The preferred crystal orientation has found to be the c
axis. Using scherrer’s formula the particle sizes assigned to (100) and (002) peaks
have also been calculated and the results are approximately equal to the one
calculated for the (101) peak.
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Miller FWHM(rad)(B) | Peak | Peak | Max | Cos © dcrystal dcrystal
indices max | Max S] A’(average nm
20 S) (rad) diameter of
and the
nanoparticles)
FWHM(deg)
(101) | 0.75 | 0.013083 36.54 | 18.27 | 0.318 | 0.9498 | 111.66 11.17
(002) | 0.75 | 0.013083 34.74 | 17.37 0.9543 | 111.01 11.10
(100) | 0.75 | 0.013083 32.09 | 16.05 0.9610 | 110.23 11.02

Table 3.1 Required information for particle size measurement using Scherrer’s formula. These are
extracted from the X-ray diffraction pattern depicted in figure 3.3.

In the performed experiments and characterizations only the XRD of the ZnO
nanoparticles were performed in order to confirm that crystalinity is observed.
Motaung et.al. has found out that the Pure region-regular P3HT film have only one
peak and that is the (100) at 26= 5.4°. This peak is associated with the lamella
structure of thiophene rings in P3HT. After annealing at 110°c it shows a
secondary peak (200) at 10.8° and at 150°C the tertiary peak (300) appears at
15.9° [84].

3.2.3 Surface area and porosity measurements

The specific surface area (SSA-BET) of the ZnO samples was determined using
the Brunauer-Emmett-Teller (BET) analysis. The average BET equivalent particle
diameter (dggr) was calculated using the average density of the ZnO
nanoparticles. The BET specific surface areas were measured using an
accelerated surface area and porosimetry system (ASAP 2010) manufactured by
the Micrometrics Instrument Corporation. Samples were degassed overnight at
373 K and the surface area was measured by N, adsorption/desorption at 77 K.
The BET surface area of the ZnO nanoparticles was found to be 29.06 m?g.
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Using the same instrument, almost no surface porosity was found on the surface

of the nanopatrticles.

3.2.4 Transmission electron microscopy

A transmission electron microscopy (TEM) image of the pure ZnO nanopatrticles is
given in Figure 3.4.a, where it can be seen that the average patrticle size is about
5.1nm, which is almost half the value calculated using Sherrer’s formula and the
X-ray diffraction data. This may be due to agglomeration of the nanoparticles
during the sample preparation for XRD.

Figure 3.4 (a) Transmission electron micrograph (TEM) of ZnO nanoparticles.
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Figure 3.4 (b) Particle size distribution obtained from TEM micrograph.

Figure 3.4.b shows the particle size (diameter) distribution for the purified ZnO

nanoparticles, which is in the range of 3-9 nm.

3.2.5 Energy- dispersive X-ray (EDAX) measurements

The Energy- dispersive X-ray (EDAX) spectrum of the purified ZnO nanoparticles,
presented in figure 3.5, indicates the high purity of the nanoparticles. In addition to
the zinc peaks, copper peaks are also detected, which arise from using a copper
grid to support the particles. The TEM image and EDAX spectrum were obtained
on a Jeol 2010 microscope operated at 200 kV with a Link Si(Li) X-ray detector.
Sample powders were suspended in methanol and then directly deposited on a
copper grid coated with a carbon film. The EDX measurements were performed to

assess the purity of the ZnO nanoparticles.
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Figure 3.5 The Energy- dispersive X-ray (EDAX) spectrum of the purified ZnO nanopatrticles.

3.3 Bulk hetero-junction solar Cell Fabrication

Here the preparation and cleaning steps and fabrication of bulk hetero-junction

solar cell will be reviewed and discussed. The chart below shows the steps: (figure
3.6)
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preparation of PSHT+Zn0O
nanoparicles mixed
solution

Spin casting I£’3HT+ZnD
solution on PEDOT film

<L

Heat treatment of the film

{5

Aluminium deposition by
metal evaporation

&

Solar cell measurments

Figure 3.6 Preparation of hetero-junction solar cell.
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3.3.1 Preparation of ITO substrate

Indium tin oxide (ITO) is a transparent inorganic oxide that is being used as an
electrode on a substrate. There is weak absorption in the visible region of the
electromagnetic spectrum therefore it makes it a very suitable electrode to be used
in our designed bulk hetero-junction solar cell. The ITO coated glass was
purchased from the manufacturer (Luminescence Technology Corp.). The ITO
glass specification and patterning process is given in Table 3.2. Figure 3.7 shows
the ITO coated glass coated with poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) and active layer along with the aluminium

electrode.

Active layer above the PEDOT layer

Aluminium electrodes

Glassier substrate

ITO transparent layer

Figure 3.7 Bulk hetero-junction solar cell fabricated in laboratory. It consists of the ITO layer on the
glassier substrate. The PEDOT:PSS layer spin casted on top of ITO layer and the Hybrid layer
(Pink —redish color) spin casted on the PEEDOT:PSS layer and finally Aluminium electrodes
deposited on the hybrid layer using metal evaporation technique (in maximum 1.8 x 10-3 pa
chamber pressure)
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Product No.

LT-G001

ITO Thickness

1200-1600 A°

ITO Resistance

9-15 Q/sq

ITO Transparency

>84% (550 nm)

Material Polished soda lime glass
Size 370*470 nm or Customize
Glass Thickness 0.7or 1.1 mm

SiO, Thickness >200 A°

Ra

Less than 6 nm

Rmax

Less than 35 nm

Table 3.2 The ITO glass specification and patterning process (Luminescence Technology Corp.).

Etching the ITO layer on the glass is the first step towards the fabrication of the
bulk hetero-junction solar cell. The etching has been done using 2 molar
hydrochloric acid. Specific Part of the substrates was covered using a
PEEDOT:PSS polymer. This was done using the spin coating technique. Since
PEEDOT:PSS polymer is solved in water provides us this opportunity to have to
separate sets of spinning first with 250 rpm for 30s and the second step 3000 rmp
for 60s. This helps to achieve more uniform film. It case of ZnO/P3HT mixture in
Chloroform solution very fast drying happens and doesn’t provide enough time for
spinning. The first step should be short enough. The etching process has been
done very carefully since the electrode area is a very important factor later in
collecting the released charges. The etching in the acidic solution was not lasting
more than 10 minutes since more than the mentioned period of etching end up
with over etching the ITO edges and achieving not a very soft and uniform edge.
After etching the ITO layer on the glassier substrate a very proper washing and
removing of the acid has been done. This was very important since the remanent
acid can penetrate to the remained ITO layer and affect it. After removing the acid
the next step is to wash and remove the organic contaminants on the slides. The
further washing process is as follows:

1. 5 minutes wash and sonication in ethanol
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2. 5 minutes wash and sonication in isopropanol

3. 5 minutes wash and sonication in the mixture of ammonium hydroxide (1
molar) and hydrogen peroxide (one molar) and water with 1,1,5 ratio

4. 30 minutes washing in the same solution (mentioned above) heated to 60
minutes.

5. 5 minutes wash and sonication in distilled water

6. 10 times rinse the slides with distilled water.

7. Drying the slides in the vacuum desiccator

3.3.2 Blending/Spin-coating of ZnO and P3HT

In this section the aim was to achieve a fairly transparent ZnO/P3HT hybrid
solution. This is to be used in spin-coating stage. The ZnO nanopatrticles have
been dissolved in the methanol solvent and P3HT have been dissolved in the
chloroform solvent. These two solvent are two different phases and miscibility is
an important point to be considered in order to avoid agglomeration of ZnO
nanoparticles in the ultimate solvent. Different ratios of Methanol in chloroform
have been examined. The best range of the methanol percentage in chloroform
has been found to be 5-5.5%. Better miscibility results in highly transparent and
clear solution. Figure 3.8 is indicating the appearance difference between well
dispersed ZnO in the mixed solution and the agglomerated ZnO nanopatrticles.
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Figure 3.8 Well dispersed and agglomerated ZnO nanoparticles in solution

Of course, UV-Visible absorption spectroscopy is the best technique to investigate
the dispersibility of ZnO nanopatrticles in the solution which has been shown earlier
in this chapter. After preparation of solution using a spin coater, we coat the
PEDOT and Active layer on the ITO coated substrate. The spin coating equipment
used in this experiment is depicted in figure 3.9 PEDOT films with different
thicknesses and annealing temperatures were deposited on the Substrate and as
the next step the ZnO/P3HT solution were drop casted on the PEDOT layer.
Again, different concentrations and ratios and different annealing temperatures
were tested to achieve higher solar cell performance.

3.4 Aluminium Electrodes, desighn and structure investigation of Bulk
heterojunction solar

Figure 3.9 shows the structural design of the prepared bulk hetero-junction solar
cell in laboratory. At first, the ITO substrate has to be etched and cleaned. The ITO
substrate was etched and removed by hydrochloric acid and only an area of 0.1cm
x 3.2 cm remains to act as an anode in the device. After subsequently spin coating
with PEDOT:PSS and hybrid ZnO/P3HT layer six aluminium electrodes were
deposited on the hybrid ZnO/P3HT layer in order to avoid the effect of the hybrid

41



CHAPTER 3. Fabrication

film thickness non-uiformity. This provides six J-V and IPCE measurements for
each bulk hetero-junction solar cell.Deposition of the electrodes were done in

presence of a predesigned template.The active area for each electrode is exactly
0.04 cm®,

32mm
Top
worst
d
201 ¢
mm
LA L2 10mm
a
b
c
|
best Glass
dmm
Bottom

1lmm

Figure 3.9 Schematic diagram of the Bulk hetero-junction solar cell structure. The best and the
worst electrodes(in terms of IPCE and J-V characters) a,b,c points (Top, middle, bottom) adjacent
to the best aluminum electrode and d, e, f points (Top, middle, bottom) adjacent to the worst
electrode.

The last but not the least stage of fabricating the bulk heterojunction solar cell
device is the deposition of aluminium metal as electrodes of the device. For this
purpose, metal evaporator system has been used. As it is depicted in the figure
3.9 there are six electrodes deposited on the hybrid (P3HT and ZnO nanopatrticles
layer). Usually one electrode is enough to do the measurment but, here the

purpose of creating six electrodes was to eliminate the effect of film nonuniformity
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of the active layer (film). Aluminium wire used for evaporation was 99.99% Al, 0.5
mm diameter and.10 mm long wire was cutted and used for this metal
evaporation. Since change in the thickness results in a diferent light absorption
and eventually different charge carrier release. Here, the combination of metal and
ITO semiconductor is required to achieve a work function difference across the
device. The quality of the electrodes has been studied using Optical microscope
and Scanning electron microscopy (SEM) to obtain a very close view of the
electrode surface and also atomic force microscopy (AFM) studies has been
performed on the surface of the electrodes in order to understand the morphology
(uniformity) of the electrode surfaces. As it is depicted in figure 3.10 silver paste
has been used to enhance the contact between the cell and the IPCE and solar

simiulator.

Without Silver With Silver

i paste

Figure 3.10 Aluminium electrodes without silver paste (at left) and with silver paste (at right)

The further studies using optical microscope has provided us a closer view in
order to understand how does the hybrid film and also the deposited aluminium
electrodes lay on the substrate surface. Figure 3.11 is showing the images taken

using optical microscope from the hybrid layer and the electrodes. According to
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profile measurment done only on the pure aluminium electrode on ITO substrate
the aluminium hight is approximately 25-30 nm. Unfortunately, the resistivity of the
electrodes due to contact with room vapour and gases increases. A measurement
three month after fabrication resulted in a very high resistivity of aluminium
electrodes which indicates that it has converted to a nonconductive element of the
solar cell. There is a hight possibility that all surface have been oxidized to AlOy

3.4.1 Optical imaging of the highest performing lab prepared Bulk
heterojunction solar cell

Figure 3.11 Optical imaging of a) hybride layer (mixture of P3HT and ZnO nanoparticles) b)
Aluminium deposited electrode on the Hybrid

As it is depicted the quality of the hybride film and the deposited aluminium
electrodes are not as uniform as we observe with an unequipt eye. The waved like
and nonuniform surface of the hybrid film (figure 3.11a) is the result of the very fast
evaporation of the P3HT and ZnO nanaoparticles in the mixed Chloroform and
methanol solvent. The fast evaporation in addition to the high speed coating of the
film results in this undesired film quality. Also it is clear from the (figure 3.11b) that
the surface of the aluminium coated electrode on the hybrid film is not uniform at
all and there is a tendency to form discontinous and/or domained regions
(film).There are two reasons that could explain why such an undesired morphology

of electrode film is being achieved. First reason is the unpolished underneath
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surface (film) which is the drop casted hybrid film and the second reason can be
the tendency of evaporated metals to deposit in the form of islands. The are color
differences on the Al electrons because while IPCE and J-V measurments specific
highly conductive carbon tapes were implied on the electrodes to properly connect
Al electrods to the measurement equipments. After removing this coloration has
have happened. The Thickness of the electrodes are all the same and all are
uniform and the reason is that we have used same size masks to coat the Al on
the Hybrid films. If there is a waviness and/or nonuniformaty it might be because of
the underneath layers.The amount of Al used and the setting of the metal
evaporator was set for under 20nm thickness Al electrodes. Thickness varries

greatly which is studied in chapter 5.

3.4.2 SEM images of the surface of bulk hetero-junction solar cell

In addition to optical microscopy imaging of the surface of cells for sake of better
understanding and having a closer view of the surface structure scanning electron
microscopy (FESEM) imaging has also been performed on the surface of the
devices. At this stage, the scale of our imaging is micrometre and sub-micrometre.
Figure 3.13 is depicting the SEM images of the bulk hetero-junction solar cell
sample prepared in the laboratory.
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Figure 3.12 SEM images of the surface of bulk hetero-junction solar cell. a) surface of cell with
small magnification b) Surface of the aluminium electrode with medium magnification. ¢) Surface of
aluminium electrode with the highest magnification

In compare to the optical microscope images the SEM images provide us much
more in detailed information related to the actual surface structure and the quality
of this solar cell preparation. Of course, the optical images provided us the very
important information since with the naked eyes as it is shown in figure 3.10 there
was no chance to speculate the imperfection in depositing the films as well as to
understand the quality of the aluminium electrode. Inferring from the optical
microscope taken images in figure 3.11 it is clear that the surface of the hybrid film
is not perfectly smooth and has a wavelike surface morphology. The bad surface
smoothness is the result of the very fast evaporation of the chloroform solvent.

This evaporation happens within a few seconds after drop casting the solution.
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After the complete solvent evaporation the remaining is the pinkish colour P3HT
molecular solid mixed with a specific percentage of ZnO nanoparticles. Here
chloroform has been used due to it very good miscibility with methanol. This
underneath layer morphology has a strong effect on the morphology of the
aluminium deposited electrode. Knowing that the surface of the sample solar cell
is made of organic polymer there is -a probability to having electron beams (from
the SEM electron gun) burn the surface and result in damaging the SEM
microscope by creating gasses and contamination. Therefore, low vacuum mode
was recommended to conduct the experiment safely. Because of having low
vacuum and presence of the gas molecules and shielding the gun source it avoids
the deposition of evaporated organic polymer on the electron gun and
contaminating it. This contamination causes a severe astigmatism in the image
and lowers the image quality. Later on using the high vacuum mode of the same
FESEM system also was proved that the deposited organic polymer was very
much stable and it didn’t affect the microscope. The evaporation rates of
Chloroform affect the smoothness of surface because its immediate evaporation
causes rough surface. This information provides us a better future opportunity to
study these types of cells more in detailed under the electron microscopes.
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Chapter 4

4. Optical Study

4.1 Optical spectroscopy analysis

Optical spectroscopy has been extensively used in characterization of
nanomaterials and thin layer deposited films. This spectroscopy can be mainly
divided into two categories: absorption and emission spectroscopy. These two
mentioned spectroscopies determine the electronic structures of atoms, ions,
molecules or crystals by exciting the electrons from their ground states to excited
states by absorption and relaxing from excited states to ground states which is
called emission. In this section UV-Visible spectroscopy of the samples has been
presented and has been used to study the optical properties of the hybrid thin

films.

4.1.1 UV-Visible absorption spectroscopy study

Using UV-visible absorption spectroscopy, Jasco V-670 spectrometer, shown in
the Figure 4.1 the absorption spectrum of the prepared solutions and the spin-
casted films with different chemical and physical parameters has been measured.
The range of the surveyed wavelength is from 200 nm to 800 nm. The samples
for the measurement were prepared in the form of solutions and coloured thin
films. For the liquid solution samples, high rate dilution is required in order to avoid
absorption saturation and achieve reliable data. The reference sample used in the
absorption measurements for all the samples were simply air and the reason was
to have a unique reference since most of the solutions are composed of mixed
solvents, for example the mixture of Methanol and chloroform for the ZnO and
P3HT solution.
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After successfully synthesis of ZnO nanoparticles, the next step was to mix it with
P3HT and study the optical properties of this hybrid and understand the effect of
different ratio of ZnO and P3HT in the hybrid. This examination was done after
preparing the films on simple glass substrate. The very initial characterization
which has been done was the UV-Visible absorption of these materials. Figure 4.1
shows the absorption of laboratory synthesized ZnO nanoparticles and pure P3HT
and the hybrid film. As it is depicted there are specific absorption peak frequencies
which are very important as a reference peaks. After preparing the hybrid films the
reference peak can be used to monitor the peak shifts due to hybridization. This
will enable us to tentatively rationalize the solar spectrum absorption of the

prepared hybrid film.

Absorption spectroscopy of different mixing ratios of ZnO and P3HT has been
performed and the aim was to understand the roll of different ratio and thickness of
the films and understand the optical behaviour of the film. As it was explained up
to some limit in the chapter one of this thesis P3HT is the important material
(polymer) in absorbing the solar spectrum due to its 1-1m* transition. Figure 4.1 is
showing the absorption spectrum of the Pure P3HT polymer used in the

experiment.
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Figure 4.1 UV-Visible spectrum of the Pure P3HT and 50% -50% ZnO/P3HT hybrid films on the
glass substrate after spin coating with 1500 rpm speed.

In all the absorption graphs we did not do the normalization. The only important
point was to dilute the solutions in order to obtain intensity less than 1.5. This is to
obtain a better resolution for the spectra. The background subtract was don using
the air (no sample) spectrum. As it is apparent P3HT has three absorptions the
main peak is at 530 nm and the other is 555 nm and the third one which looks like
a shoulder is at 600 nm. These peaks are all attributed to the transition of electron
from a bonding 1T orbital to an anti-bonding orbital 1 *. This polymer so far, has
been acknowledged as an ideal conjugated polymer since has a very good
absorption in the range of 450 nm to 600 nm which covers most of the solar
spectrum wavelength range. In the optical studies of conductive polymers the
complementary step is to investigate the emission of the polymer in pure and in
conjugation with the nanoparticles. Actually, the absorption happens in the range
of 600 to 800 nm. This range is the absorption of P3HT not the ZnO nanopatrticles.
The absorption peak for ZnO is 361nm which is way out of this range. Therefore,
the only reason that adding ZnO changes the absorption is diluting the P3HT
solution and decreasing the number of the wave absorbents in the mentioned
wavelength range. Therefore the resultant mixed 50%-50% P3HT/ZnO has a
thiner layer of P3HT and absorbs less light. Adding ZnO to the solution and
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proceeding for the hybrid film changes the order of P3HT molecules this might
shift the absorption peaks for a very small amount. 50% is referring to the volume
ratio of ZnO solution. Indeed, a hybrid solution/mixed solution volume vise consist
of half ZnO solution and half P3HT solution. Now, the concentration of Zno in its
solution was 5mg/L and P3HT solution was 10 mg/L. The solvents for both ZnO
Nps and P3HT powders were the same as it is mentioned before.The emission
spectrum of the pure and mixed ZnO nanoparticle films is shown in the figure 4.2.
The three absorption peaks have matches with the published literature with good
precision. It seems that the absorption peak of P3HT changes a little bit by
changing the solvent. For example the spectrum of the P3HT solved in
Chloroform, 1,2 dichlorobenzene and toluene are not exactly the same but the

absorption peaks occurs at the same wavelength for all three[85].
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Figure 4.2 Emission spectrum of the Pure P3HT and 50% -50% ZnO/P3HT hybrid films on the
glass substrate after spin coating with 1500 rpm speed.

In figure 4.1 the absorption comparison between a pure P3HT and 50% substitute

ZnO nanoparticles is depicted. As it is apparent, there is a very obvious reduction
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in the absorption by the film after substituting 50% of P3HT with ZnO. This initial
measurement was to achieve preliminary information of how the ZnO will affect the
light absorption of the film. UV-Visible absorption spectroscopy of the pure ZnO
nanoparticles were performed as it is shown in figure 3.1, the peak of absorption of
the ZnO nanoparticles is at 340 nm which in occurring in the UV region of
spectrum. This shows that ZnO nanoparticles do not contribute in the visible —Infra
red absorption. In figure 4.1 the severe reduction in the absorption is due to

reduction in the P3HT portion in the film and effectively a thinner P3HT layer.
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Figure 4.3 Emission spectra of the annealed and not annealed hybrid films on the glass

In figure 4.3 the emission spectra of annealed and as it obtained hybrid film on
glass substrate has been shown. This measurement proves that annealing the
hybrid film is quite effective in the emission quenching and results in electron
transferring from the P3HT polymer to the acceptor compounds, ZnO
nanoparticles. Several papers have discussed the reason of this phenomenon in
the hybrid film and tested the annealing effect on the performance of the solar
device [35], [16], [18]. One of the main reasons proposed for the further emission
quenching after the annealing procedure is the enhancement in the chain order
and/or the morphology of the film surface and increasing the crystalinity of the
solid polymer. As it depicted in chapter three, images 3.11a and 3.11b, the
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morphology of the surface are quite not uniform and rough on the surface which is

a negative factor in the solar device function.
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Figure 4.4 Absorption spectra of the hybrid film with different ZnO and P3HT ratio

In figure 4.4 the UV-Visible spectra of different ratio of ZnO nanoparticles and
P3HT solution have been measured. As it can be inferred from the spectra by
increasing the concentration of ZnO nanoparticles and finally decreasing the
concentration of P3HT in the hybrid layer the absorption decreases subsequently.
In this device the enhancement of photoluminescence quenching by increasing the
concentration of ZnO nanoparticles should be compensate with the reduction of
absorption which is an unwanted incident. There should be a proper compromise
between these two parameters in the hybrid film. It is worthy to point out that by
increasing the ZnO nanoparticle concentration in the hybrid film the small hump at
607 nm which is due to the ZnO nanoparticle absorption in the UV region starts to
appear and it is quite predominant in the higher ZnO conc entrations. The
photoluminescence property of different ratios of the ZnO and P3HT in hybrid films
also have been studied using photoluminescence spectroscopy and the result
matched with the reported peer reviewed papers [16]. Figure 4.5 is indicating the

emission spectra of the laboratory prepared film samples. As it is depicted in figure
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4.5 the emission spectra of different ratios of ZnO and P3HT are very well
matching with the reported published papers [35].
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Figure 4.5 Emission spectra of different ratios of Hybrid film drop-casted on glass

After accomplishing the absorption spectroscopy of the hybrid film, using
fluorescence spectroscopy (PTI Quantum Master Fluorometer), emission spectra
of the films have been measured. Figure 4.5 shows the emission spectra of
different ratios of ZnO and P3HT in the hybrid film. In these graphs the subsequent
changes in the emittance of the films is directly proportional to the ration of the
compounds in the hybrid film. As it is being expected by increasing the amount of
the ZnO nanopatrticles there should be a gradual decrease in the emittance and
photoluminescence of the films. Since, the ZnO nanoparticles act as acceptors by
increasing the ZnO ratio there will be a greater probability for the created excitons
in the P3HT polymer to get separated and give up the electron to the acceptor
material (ZnO). As it is apparent these prediction appears true except in the 10%
and 20% added ZnO nanoparticles. These unexpected results have been
observed before, in that for the small portion of ZnO concentration up to 20%
(Weight percentage) the emission intensity increases even more than the Pure

P3HT. The proposed reason for this result is that the photoluminescence of P3HT
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IS up to a very high level sensitive to the degree of chain order initially by adding
small amount of ZnO nanoparticles we are helping to increase the chain disorder
[35]. Of course, by increasing the concentration of ZnO the competition between
an intensity increases resulted of more disordered chains of P3HT and the
decrease in the emission intensity because of photo induced electron transfer to
ZnO will result in decreasing in the intensity of the emission spectra. The Quoted
concentration of ZnO nanoparticles in Volume percentage [Vol%] were
8,15,26,35,42. In our experiment also we tried to understand the effect of volume
increasing of ZnO on the photoluminancy of the hybrid film which the observed
results were matching with the reference[35].

4.2 Aging effect study on the prepared Hybrid film

Durability of the hybrid films which are being used in Organic solar cells is one of
the interesting and of course important factors that should be investigated.
Industry is investing to clearly understand the effect of aging and the influence of
environmental factors on the degradation process of P3HT film and ultimately the
performance of the hybrid solar cell devices. In this respect, here we have
compared basic characteristics of the in-lab prepared hybrid films immediately
after spin coating and also after a period of 9 month. UV-Visible and Emission
spectroscopy of the prepared hybrid films have been monitored immediately after
film preparation and after a period of 9 month. The stability of P3HT
semiconductor is a main challenge that has to be solved out in order to allow
industry to invest on fabricating devices like organic solar cells and organic field-
effect transistors. P3HT is still the most popular organic semiconductor.
Understanding the degradation mechanisms and durability of the polymer helps
synthesis a broad variety higher quality polymers. Light and oxygen lead to
destruction of the 1r-conjugated system in both, solution and solid phases [51].
This has inversely effect on the absorption of the light by the polymer.After 9
month storing the film in the room temperature and laboratory environment (out of
desiccator), UV-Visible and emission spectroscopy measurement were performed

on the same set of hybrid films to compare the absorption and emission properties
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and understand the environment imposed changes in the quality of the films.
Figure 4.6 shows the UV-Visible of one set of the films nine months after

preparation.

Figure 4.7 Shows the emission spectra of the same set nine months after
preparation. It is obvious that there is a notable change in the absorption spectra
for all the ZnO/P3HT ratios. Indeed, this change is towards reduction of the
absorption of the film. The reduction in the absorption of light by the hybrid films
has an immediate impact on the number of the created excitons and in the solar
cell device this definitely reduces the efficiency. This change is mainly due to the
exposure of the films to the oxygen and UV light which causes irreversible
degradation of P3HT which is a radical — based degradation mechanism. UV light
in the presence of oxygen and humidity and temperature can cause this damage
to polymer. Using nanodentor, in chapter 5, for thickness measurements of the
hybrid films it was observed that the thickness of the films on each film is not
uniform at all. It varies between 55.4 and 840 nm. The same thickness variation
has been observed for the other hybrid films as well. This wide range is mainly due

to manual drop casting the hybrid solution on the substrate.

Also humidity is one of the main reasons that inversely effect on the quality of the
hybrid material and apparently will decrease the efficiency of the solar cell device
[46-48]. The reduction in the device performance under long period exposure or
relatively high humidity can be attributed to charge trapping at the grain
boundaries because of the polar water molecules which cause in reducing the rate
of the charge transport [48,50]. In figure 4.6 the UV-Visible spectrum peak after
nine month has a blue-shifted from 525 nm to 510 nm. This shift indicates the
reduction in the order of P3HT polymer [50,51]. In overall formation of grain
boundaries by humidity and photo degradation of polymer are the main reasons
for the absorption change in the P3HT as the main absorbent in the hybrid film. In
figure 4.7 It is apparent that there is a significant change in the emission spectrum

after 9 month. The significant spectrum change is mainly because of the polymer
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degradation due to exposure to light and environment humidity [51]. Indeed one of
the main reasons of losing performance can be the formation of P3HT":O,
complex at the Polymer and ZnO interface. This complex reduces the
concentration of pure P3HT present in the film in accordance with the absorption
and emission spectroscopies [83].
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Figure 4.6 Absorption spectrum of a set of different ZnO/P3HT ratio hybrid films on glass
substrates after nine month.
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Figure 4.7 Emission spectrum of a set of different ZnO/P3HT ratio hybrid films on glass substrates
after nine month.
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Chapter 5

5. Electrical measurements

After preparing the bulk hetero-junction solar cell devices in the laboratory and
optically studying the hybrid solution and film, we perform the electrical
measurements of the devices. This is do understand the performance of the
prepared solar cells and mainly observe the role of the prepared hybrid layer and

also underneath layer (PEDOT:PSS) in the performance of the devices.

5.1 photovoltaic characterization

The photovoltaic characterization is to study and understand the interaction of light
with the material. Here depending on the frequency range and intensity of light,
material might show deferent reactions. The aim in photovoltaic mainly is to

understand what is the best way to extract electricity out of this interaction.

5.2 Solar cell characterization

In order to study the interaction of sun light and the prepared solar cell devices,
two main measuring equipment are used with simulating the solar light in terms of
7rage of frequency and the intensity. These two widely manipulated techniques for
photovoltaic characterizations are current-voltage measurements under simulated

sunlight and monochromatic light generated current measurements; IPCE.

Solar simulator equipment used in laboratory to study the I-V characterization of
the bulk hetero-junction solar cells. Integration of the spectral response with the
solar spectrum having the condition of AM 1.5, normalized 100 mW cm™, provides
information on Js, the short circuit current. The J-V curve is being measured under

white light illumination using tungsten-halogen lamp.
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Incident photon to electron conversion efficiency (IPCE) which has been used to
measure the IPCE value of the bulk hetero-junction solar cells in the photovoltaic
laboratory. IPCE value specifies the ratio of charge carriers collected at the
electrodes to the number of incident photon. Here the reference spectrum used

was silicon based solar cell.

Here in this chapter the aim is to investigate the functionality of the organic
conjugated polymer/ ZnO nano-patrticle hybrid films prepared, characterized and
optimized for solar cell applications. The IPCE and J-V characterizations of three
selected prepared solar cells will be measured and studied. First, the highest
performing solar cell and the lowest performing will be compared and then the one
with different ZnO/P3HT ratio will be presented. At the end the effect of
PEDOT:PSS concentration parameter will be tested in the highest performing
solar cell. Table 5.1 shows the parameters which have been studied through this
research and it is worthy to know that the collection of the bold written parameters

result in the highest solar cell performance.

5.2.1 Solar cell measurements of the highest performing solar cell

Figure 5.1 depicts the solar Cell characterization of the of 50%-50% lab- made
bulk hetero-junction device. In figure 5.1a we can compare the incident photon to
collected electron which is wavelength dependent. The best and worse electrodes
are showing the same behaviour by varying the wavelength and they have only
5% difference at the peak point. The IPCE values at 537 nm wavelength are 19%
and 14% for the best and worse electrodes. In figure 5.1b using Asahi solar
simulator we could do the J-V characteristics. We can compare the Current
densities extracted from both the electrodes. The V. are 0.23 V and 0.05 V and

the Isc are 1.13 mA.Cm™ and 0.63 mA.Cm™ for best and worse electrodes.
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Figure 5.1 Solar cell measurements of best performing solar cell a) IPCE measurement b) J-V
measurements

5.2.2 Solar cell characteristics of lowest performing solar cell

Figure 5.2 depicts the solar Cell characterization of the of 50%-50% lab- made
bulk hetero-junction device. In figure 5.2a we can compare the incident photon to
current conversion which is wavelength dependent. The best and worse
electrodes are showing the same behaviour by varying the wavelength and they
have more than 1% difference at the peak point. The IPCE values at 508 nm
wavelength are 2.3% and 1.2% for the best and worse electrodes. In figure 5.2b
also we can compare the Current densities extracted from both the electrodes.
The Voc are 0.27 V and 0.09 V and the Isc are 0.32 mA.Cm™ and 0.29 mA.Cm for
best and worse electrodes.
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Figure 5.2 Solar cell measurements of lowest performing solar cell a) IPCE measurement b) J-V
measurements

The IPCE measurements shows that what is the rate of conversion of photons in
the unit of wavelength to electrons but due to the quality of the file/electron
pathway all the electrons might not reach to the cathodes. There is a high
probability of electron leakage which results in reducing the open circuit voltage.
This electron leakage decreases the Shunt resistivity as well.

5.2.3 Electrical characteristics of lowest performing solar cell

Figure 5.3 depicts the solar Cell characterization of the of 30%-70% lab- made
bulk hetero-junction device. In figure 5.3a we can compare the incident photon to
electron conversion efficiency which is wavelength dependent. The best and
worse electrodes are showing the same behaviour by varying the wavelength and
they have only have less than 1% difference at the peak point. The IPCE values at
535 nm wavelength are 3.5% and 2.8% for the best and worse electrodes. In

figure 5.3b also we can compare the Current densities extracted from both the
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electrodes. The V. are 0.32 V and 0.22 V and the Isc are 0.43 mA.Cm™ and 0.23
mA.Cm™ for best and worse electrodes.
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Figure 5.3 Solar cell measurements of 30-70% lab- made bulk hetero-junction solar sell a) IPCE
measurement b) J-V measurements

5.3 Studying the effect of few important parameters in the Solar cell
performance

5.3.1 ZnO and P3HT ratios (mass ratio)

Using the absorption spectra and the emissions and comparing them enabled us
to choose two different ratios among the vast range of the mass ratios of ZnO and
P3HT in hybrid layer . These parameters were used in assembling the bulk hetero-
junction solar cells. We chose 30-70% and 50-50% of ZnO nanoparticles blended
in P3HT polymer solution. This means that out of 100% solution which was drop
casted and spin coated on the PEDOT:PSS layer 30% was ZnO nanopatrticles
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solution and 70% P3HT solution (30-70%).and in the second one 50% ZnO
nanoparticles solution and 50% P3HT solution were mixed (The mass measured
the pure solid ZnO and solid P3HT). The ratios were chosen because of two main
reasons. First of all by considering the emission spectra in figure 5.3 is was
apparent that these two ratios comparatively show higher emission and the
second reason is that, experimentally, we observed much more stable mixture
solution and no ZnO agglomeration were observed even in a highly organic phase
of 95.5% chloroform and 4.5% methanol. Figure 5.5a and 5.3b are showing the
highest measured IPCE and J-V of the 30-70% ZnO:P3HT blend of course, this is
show very low performance in compare to maximum IPCE and J-V data obtained

from the 50-50% ratio results shown in figure 5.1

As it can be inferred from figures 5.3 and 5.1 by increasing the ratio of ZnO from
30% to 50% a significant improve in the IPCE and J-V is observed. This
improvement can be explained in this way that by increasing the weight
percentage of ZnO nanoparticle more p-n junction are being created and also
more paths in order to transport the separated electrons from the conductive
polymers to the Aluminium made cathode. It is worthy to have this point in mind
that by increasing the ZnO nanoparticles ratio, the probability of agglomeration of
nanoparticles will also increase. This will bring a limitation in busting the efficiency.
By calculation It is known that the 50%-50% mass ratio of ZnO and P3HT is

equivalent to 18%-82% volume ratio.

5.3.2 PEDOT:PSS layer

Poly (3,4-ethylenedioxythiophene) (PEDOT:PSS),is a polymer used as a hole-
collecting/ electron blocking layer. This polymer is spin coated on the ITO layer.
High conductivity (up to 1000 S/Cm) and light transparency has made this polymer
a good material to be used in the solar cell body and variety of other photonic
devices. Here, prior to applying this polymer in the bulk hetero-junction solar cell
we have measured the conductivity of the available PEDOT:PSS (Heraeus).
Figure 5.4 shows the J-V characteristic of the spin coated PEDOT:PSS on the ITO
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layer. The electrodes are ITO as anode and deposited Aluminium using metal
evaporator, as cathode. The measured conductivity calculated from the J-V
characteristic was 310 S/cm. The main reason of having lower conductivity in the
spin coated PEDOT:PSS film in compare with the manufacturer reported
PEDOT:PSS conductivity (approximately 1000 S/Cm) is the external resistivity
raising from the deposited aluminium electrode and of course quality and
uniformity of the PEDOT:PSS film on the ITO substrate. In order to understand the
effect of PEDOT:PSS thickness and concentration, several experiments have
been performed, in which only the thickness of PEDOT:PSS have been varied.
Through the whole experiments it understood that the best speed in order to
achieve a reasonable thickness which does not create disrupted film was 3000
rpm. This speed also was suggested by other well recognized research groups as
well [35]. It is worthy to know that a disrupted film causes pin-holes and ends up
with leaking the electrons and lowering the efficiency. Figure 5.4 demonstrates the
effect of PEDOT:PSS concentration change in the J-V and IPCE characterization
of the completed device. In this measurement four different concentrations were
tested, not diluted and as purchased from the PEDOT:PSS producer compony
(Heraes) and two and three times diluted by double ionised water. Three times
and four time dilutions resulted in PEDOT:PSS film disruption and no result was
obtained. Disruption was due to the viscosity decrease of diluted PEDOT:PSS
solution. In all these sets we stock to the thickness resulted from 250 rpm for 30 s
in the first step and 3000 rpm for 60 s in the second step. The Concentration of the
used PEDOT in the solution was 0.5 Wt% and the ratio of the PEDOT to PSS was
1:2.5 (W/W). This is the as obtained PEDO:PSS concentration from the chemical
company (Heraeus). One of the main issues with bulk heterojunction solar cells is
the non-uniformity of active layer surface. This non-uniformity and active layer
causes leakage of electrons/pinholes. With the comparatively low open circuit
voltage which we have got in our measurements there is a high probability of

having pinholes [35]
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It was understood from the results, that the two times dilution of the PEDOT:PSS
significantly improves the IPCE of the solar cell. Figure 5.4 depicts the effect of
diluting the PEDOT:PSS to half.

5.3.3 Active layer Thickness

The thickness of active layer is one of the most important parameters to optimize.
Indeed, this parameter directly effects on the IPCE and J-V character and in
overall on the efficiency of the solar cell. In the performed experiments this
parameter was altered by changing the speed of the spin coater. Very high speed
results in disrupted films and creates pin-holes and of course low speeds creates
thick and inhomogeneous films which increases the probability of electron and
hole recombination and it is an unwanted phenomenon in solar cells. The optimum
speed was recorded 500rpm for 4 seconds in the first step and continuing with the

speed of 1500 rpm in the second step for 60 seconds.

5.3.4 Annealing process

In general, annealing the active layer and PEDOT:PSS separately has resulted in
a higher IPCE. It has been reported that annealing increases the crystalinity and
decreases the grain size in the hybrid film. This results in improvement in charge
carrier mobility and finally improving the performance of the solar cell device[84].
It is also recommended to anneal the films in order to remove the humidity and
solidify the film. This will improve charge transportation. Thermal annealing was
done in two steps. The first step was annealing the PEDOT:PSS layer at 120 C for
10 minutes and the second step was annealing the active layer deposited on
PEDOT:PSS. The second step was performed at 80 C for 30 minutes in the low
vacuum (provided by rotary vacuum pump). It is worthy to add this that In general
high temperature is not suitable working condition for the bulk heterojunction solar

cell since if increases the series resistance and reduces the short circuit current
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which affects negatively on the solar cell efficiency. It is proved that decreasing
temperature results in decreasing the overall solar cell efficiency. Of course by
decreasing the temperature we can reduce the ohmic effect which helps to
increases the series resistance in the device. By increasing temperature the short
circuit current will be thermally activated. The dominant contribution of shallow
defects to the Jsc overcomes the ohmic affect [82]. The variation in performance

with temperature was not studied in this thesis.

5.3.5 Concentrations

Starting from the equal concentration of each ZnO and P3HT (5 mg/L) in the
solution and modifying the concentration the optimum obtained concentrations
were 5 mg/L ZnO and 10 mg/L P3HT in solution. Increasing the concentration of
ZnO often ended with agglomeration of ZnO nanoparticles which is an undesired

guality of solution.

5.3.6 Optimum performance achieved

By varying of few certain parameters (as above) such as concentrations, active
layer thickness, mass ratio of the ZnO nanoparticles and P3HT conductive
polymers and PEDOT:PSS concentration and annealing temperature. We could
optimise the IPCE and hardly rectify the J-V character of the in-laboratory
prepared bulk hetero-junction solar cells. Figures 5.5 indicate the progress made
from the start to the end of experiments. As it is showed in the figure 5.4 A and 5.4
B in the device b all the optimised parameters (shown in the table 5.1) has been
applied except the PEDOT:PSS concentration. Here by optimizing the
concentration there is a significant improvement in the IPCE and up to some
extend in J-V characterizations which resulted in the best performing device a.
Indeed, over fifty sets of experiments have been performed and nearlyl50 bulk
hetero-junction cells have been assembled. In these figure only three different

data from beginning (low cell performance) to the finally optimized (highest
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performance) has been shown. The parameters that have been experimentally
tested in the assembly of bulk hetero-junction solar cells are listed in the Table 5.1.
The bold parameters are the optimised parameters and all together result in a
higher device performance. The PEDOT:PSS was one of the parameters that is
changed and optimization results in the very significant change in the performance
of device. Figure 5.4 we shows the effect of dilution of as purchased PEDOT:PSS.
In a) we have diluted the concentration of PEDOT:PSS two times and obtimised
the active layer as well . In ¢) PETOD is diluted two times but the active layer is

not optimized. In b) nither the PEDOT:PSS is diluted nor active layer is optimized.
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Figure 5.4 A) IPCE characteristics of the devices for 3 devices a, b, c.. B) J-V characteristics of
the three devices a, b, c. (a) PEDOT:PSS concentration of 0.65 Wt% and blend layer thickness
reduction and the obtimized active layer. (b) PEDOT:PSS concentration of 1.3 Wt% (as perchased
PEDOT:PSS) with obtimizing the active layer. (¢) PEDOT:PSS concentration of 0.65 W1% (diluted
to half concentration). In all a, b, c the ZnO/P3HT mass ratio is 50%-50%.
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Blend concentration (ZnO,P3HT) (5,5)/ (5,10)/ (10,10)

Ratio (ZnO,P3HT) 30%-70% / 50%-50%

Active layer thickness in terms of the spinning speed | 1000 / 1200/ 1500

(rpm)

PEDOT:PSS dilution No diluted /two times,
tree times

Thermal annealing (PEDOT:PSS, blended layer) (0,0) / (120,80) / (0,80)

Table 5.1 The tested cell parameters. The bold numbers are the optimum obtained parameters for
the highest cell performance.

71



Chapter 6

6. Surface morphology of Hybrid film investigation using AFM

In order to further understand the effect of the morphology of the films on the
electrical properties and the condition of aluminium electrode which deposited on
the hybrid film by metal evaporation technique, atomic force microscopy of the film
(AFM) and the electrodes especially at the border/edge of the electrode and hybrid
film has been performed. AFM measurements were performed using digital
instruments D3100 scanning probe microscope operating in tapping mode. Here
the effort was made to understand the morphology of the film surrounding the
electrodes. Three bulk hetero-junction solar cells with different performance were
chosen for this study. The first solar cell was the best performing one with the
highest J-V and IPCE characteristics with the 50-50%( mass ration) ZnO/P3HT
ratio. The second solar cell was the one with 30-70% ( mass ratio) ZnO/P3HT ratio
and the third one was with 50-50%( mass ration) ZnO/P3HT ratio bulk hetero-
junction prepared before optimizing the ZnO solubility in P3HT solution with large
agglomeration of ZnO nanoparticles in P3HT solution (figure 3.8). This is to
understand film morphologies especially near the aluminium electrodes and the
relation between the film morphologies and their solar cell performance. In order to
have a better understanding of the surface morphology of the hybrid films six
different points have been selected on the solar cell surface to be investigated
using AFM microscopy. These six points are three points of a, b and ¢ near the
best electrode and the next three positions are near the worst solar cell performing
electrodes. Here we chose three points, up, middle and bottom of each electrode.
This was to have a better statistical data. Figure 3.9 is schematically showing the
structure of the bulk hetero-junction solar cell and the position of the chosen points
for the AFM studies. The whole AFM studies can be categorized to three main
aspects of study; Surface 3D imaging, Roughness measurement and Grain size
measurement. As it explained before three different in-laboratory prepared bulk

hetero-junction solar cells were chosen for the AFM study. The first bulk hetero-
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junction solar cell which has the best performance provided us the following

information:

6.1 Highest performing solar cell

6.1.1 Three dimension (3D) imagining of the surface

3D imaging of the surface of the best performing bulk hetero-junction solar cell has
been obtained which is shown in figure 6.1. These 3D images are the result of
surface scanning of 3 pm x3 um 50%-50% ZnO/P3HT top hybrid layer surfaces
surrounding the best and the worst electrodes out of the total six electrodes on the
lab-made device. The best electrode is the electrode with the highest IPCE and J-
V characteristics and the worst is the one with lowest mentioned measured

characters (see chapter 5).

73



CHAPTER 6. SURFACE MORPHOLOGY OF THE HYBRID FILM
INVESTIGATION USING AFM

Figure 6.1 3D AFM images of the Best sample. The best and the worst electrodes (in terms of
IPCE and J-V characters) a,b,c points (Top, middle, bottom) adjacent to the best aluminium
electrode and d, e, f points (Top, middle, bottom) adjacent to the worst electrode. The scanned

area is 3um x 3um.

In figure 6.1 it is quite clear that the obtained surface morphologies comparatively
and also individually are not uniform. Of course there is not a high expectation of
achieving a uniform surface since these films are deposited using the spin coating
technique. Also comparatively high vapour pressure of the manipulated solvent

(Chloroform) and very fast drying process of the film are the main reasons.
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6.1.2 Roughness measurements of the highest performing solar cell

Further surface analysis has been done using the obtained raw AFM morphology
images to understand and measure the roughness of the selected areas near to
the electrodes. Table 6.1 shows the measured surface roughness for each area
(point) very close to the chosen electrodes. As it is clear from this table that the
surface roughness variation is very small and the average surface roughness of
the device is 23.1 nm. In terms of the areas around the best electrode, points a,b

and c the average roughness is 24 nm and for the worst electrode the average

roughness is 23 nm.
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Figure 6.2 Plane AFM images and roughness measurements The best and the worst electrodes

(in terms of IPCE and J-V characters) a,b,c points (Top, middle, bottom) adjacent to the best
aluminium electrode and d, e, f points (Top, middle, bottom) adjacent to the worst electrode.

e
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6.1.3 Granular size of the highest performing solar cell

Figure 6.3 shows the mean grain size measurement using the Gwyddion AFM
analysis software. This data provide us the granular sizes on the surface of the
hybrid layer in the actual bulk hetero-junction device. The measured values are

presented in the table 6.1.
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Figure 6.3 Mean grian size measurements. The best and the worst electrodes (in terms of IPCE

and J-V characters) a,b,c points (Top, middle, bottom) adjacent to the best aluminium electrode
and d, e, f points (Top, middle, bottom) adjacent to the worst electrode.
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As it can be inferred from the given data in table 6.1, the average mean grain size
on the hybrid surface is 18.65 nm. Also the average grain size near to the best
electrode in this device was 17.6 nm and near the worst electrode 19.7 nm. This
data helps us to understand whether there has been formation of lumps on the

surface after fabrication of the hybrid layer on the top most layer or not.

Electrodes points Roughness(nm) Granular size(nm)
Best electrode a 25 13.7
b 25 18.6
c 22 20.4
Worst electrode d 23 10.6
e 25 32
f 21 16.6

Table 6.1 The Best performing lab- made bulk hetero-junction solar sell. Roughness and granular
size of the points a,b,c,d,e,f.

6.2 The lowest performing solar cell (made of agglomerated solution)

6.2.1 Three dimension (3D) imagining of the surface

3D imaging of the surface of the lowest performing bulk hetero-junction solar cell
has been obtained which is shown in figure 6.4. These 3D images are the result of
surface scanning of 3 um x3 pum 50%-50%, agglomerated ZnO/P3HT hybrid layer
surfaces surrounding the best and the worst electrodes out of the total six
electrodes on the lab-made device. The best electrode is the electrode with the
highest IPCE and J-V characteristics and the worst is the one with lowest

mentioned measured characters.
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Figure 6.4 3D AFM images of the lowest performing solar cell. The best and the worst electrodes
(in terms of IPCE and J-V characters) a,b,c points (Top, middle, bottom) adjacent to the best
aluminium electrode and d, e, f points (Top, middle, bottom) adjacent to the worst electrode. The

scanned area is 3um x 3um.
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In figure 6.4 it is quite clear that the obtained surface morphologies are
significantly different than those of the ideal (highest performing) device. There is
no uniform distribution of the surface roughness. Of course there is not a high
expectation of achieving a uniform surface in this sample because there was a
clear agglomeration in the ZnO/P3HT hybrid solution layer deposition using the
spin coating technique and high vapour pressure of the manipulated solvent
(Chloroform) and very fast drying process of the film common reasons for surface
morphology quality reduction in the prepared films.

6.2.2 Roughness measurements

Further surface analysis has been done using the obtained raw 3D morphology
images to understand and measure the roughness of the selected areas near to
the electrodes. Table 6.2 shows the measured surface roughness for each area
(point) which are very close to the chosen electrodes. As it is clear from this table
the surface roughness variation is very not small and the average surface
roughness of the device is 22.4 nm. In terms of the areas around the best
electrode, points a, b and c the average roughness is 29.5 and for the worst
electrode the average roughness is 15.2 nm. From the Table 6.2 it is clear that the
average roughness near to the best electrode is bigger than the average
roughness near to the worst electrode. Also it is important to point out that the film
is more uniform near the best electrode and all the point have almost the same
roughness.
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Figure 6.5 Plane AFM images and roughness measurements of the lowest performing solar cell.
The best and the worst electrodes (in terms of IPCE and J-V characters) a,b,c points (Top, middle,
bottom) adjacent to the best aluminium electrode and d, e, f points (Top, middle, bottom) adjacent
to the worst electrode.

6.2.3 Granular size of the lowest performing solar cell

In figure 6.6 as above shows the granular measurement using the Gwyddion AFM
analysis software. This data provide us the granular sizes on the surface of the
hybrid layer in the actual bulk hetero-junction device. The measured values are
presented in the table 6.2
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Figure 6.6 Mean grain size measurement of the lowest performing solar cell. The best and the
worst electrodes (in terms of IPCE and J-V characters) a,b,c points (Top, middle, bottom) adjacent
to the best aluminium electrode and d, e, f points (Top, middle, bottom) adjacent to the worst
electrode.

As it can be inferred from the given data in table 6.2, the average mean grain size
on the hybrid surface is 7.7 nm. Also the average grain size near to the best
electrode in this device was 7.4 nm and near the worst electrode 8 nm. This data
shows that there are mostly disrupted hybrid layers since the very small grain
sizes measured around the electrodes can be mainly of the grains formed by
underneath layer which is the PEEDOT:PSS layer. This layer is much softer than
the hybrid layer because of lower rate of drying. As it is depicted in the figure 6.6
which is showing the mean grain sizes near the best and worst electrodes the film
as a whole is not very uniform and even if we look at the actual device we can
understand that during spin coating of hybrid layer, the hybrid layer was not
uniformly distributed over the PEEDOT:PSS. The color contrast on the films where
there is more pinkish is where we mostly have got hybrid layer and if there is only
red which is more smooth is the film of mainly PEEDOT:PSS.

Electrodes Points Roughness(nm) Granular size(nm)
Best electrode a 27.5 7.1
b 38.8 7.3
c 22.2 7.8
Worst electrode d 3.9 7.9
e 22.7 8.2
f 19.1 7.8

Table 6.2 The lowest performing lab- made bulk hetero-junction solar sell. Roughness and granular
size of the points a,b,c,d,e,f.
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6.3 30%-70% (mass ratio) ZnO/P3HT solar cell

6.3.1 Three dimension (3D) imagining of the surface

3D imaging of the surface of the 30%-70% bulk hetero-junction solar cell has been
obtained which is shown in figure 6.7. These 3D images are the result of surface
scanning of 3 pum x3 pm 30%-70% ZnO/P3HT top hybrid layer surfaces
surrounding the best and the worst electrodes out of the total six electrodes on the
lab-made device. The best electrode is the electrode with the highest IPCE and J-
V characteristics and the worst is the one with lowest mentioned measured
characters.
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Figure 6.7 3D AFM images of 30-70% (mass ratio) ZnO/P3HT solar cell. The best and the worst
electrodes (in terms of IPCE and J-V characters) a,b,c points (Top, middle, bottom) adjacent to the
best aluminium electrode and d, e, f points (Top, middle, bottom) adjacent to the worst electrode.
The scanned area is 3um x 3um.

In figure 6.7 it is quite clear that the obtained surface morphologies comparatively
and also individually are not uniform. As mentioned before there is not a high
expectation of achieving a uniform surface since these films are deposited using
the spin coating technique. Also comparatively high vapour pressure of the
manipulated solvent (Chloroform) and very fast drying process of the film are the

main reasons.
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6.3.2 Roughness measurement of 30-70% (mass ratio) ZnO/P3HT solar cell
hybrid Film

Further surface analysis has been done using the obtained raw 3D morphology
iImages to understand and measure the roughness of the selected areas near to
the electrodes. Table 6.3 shows the measured surface roughness for each area
(point) very close to the chosen electrodes. As it is clear from this table the surface
roughness variation is very small and the average surface roughness of the device
is 33.8 nm. In terms of the areas around the best electrode, points a,b and c the
average roughness is 48.5 nm and for the worst electrode the average roughness

is 19.1 nm.
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Figure 6.8 Plane AFM images and roughness measurements of 30-70% (mass ratio) ZnO/P3HT
solar cell. The best and the worst electrodes (in terms of IPCE and J-V characters) a,b,c points
(Top, middle, bottom) adjacent to the best aluminium electrode and d, e, f points (Top, middle,
bottom) adjacent to the worst electrode.
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6.3.3 Granular size of the lowest performing solar cell

Figure 6.9 shows the granular measurement using the Gwyddion AFM analysis
software. This data provide us the granular sizes on the surface of the hybrid layer

in the 30%-70% bulk hetero-junction device. The measured values are presented
in the table 6.3
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Figure 6.9 Mean grain size measurement of 30-70% (mass ratio) ZnO/P3HT solar cell. The best
and the worst electrodes (in terms of IPCE and J-V characters) a,b,c points (Top, middle, bottom)
adjacent to the best aluminium electrode and d, e, f points (Top, middle, bottom) adjacent to the
worst electrode.

As it can be inferred from the given data in table 6.3, the average mean grain size
on the hybrid surface is 18.6 nm. Also the average grain size near to the best
electrode in this device was 22.13 nm and near the worst electrode 15 nm. In
compare to the highest performing solar cell the grain size and roughness are both
quite ununiformed. The main deference is the roughness of the hybrid layer.
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Electrodes points Roughness(nm) Granular size(nm)
Best electrode a 58.2 19.6
b 56.9 32.2
c 30.4 14.6
Worst electrode d 5.4 10.2
e 37.2 12.5
f 14.6 22.3

Table 6.3 The 30-70% lab- made bulk hetero-junction solar sell. Roughness and granular size of
the points a,b,c,d,e,f.

6.4 Step height of the aluminium electrode and the thickness study of the
best performing solar cell films

Figure 6.10 depicts the two dimensional profiles of the surface. Using Surface
profiler (Tencor Surface Profiler) we have measured the thickness of the hybrid
film and the deposited aluminium electrodes. The same parameters of ZnO/P3HT
ratio and thickness were chosen as it was used in the best performing prepared
bulk hetero-junction solar cell. The film was only composed of 50% ZnO and 50%
P3HT (mass ratio) and it was spin coated on the glass substrate with the speed of
1500 rms. The measured thickness (step height) which is shown in Figure 6.10a is
40 nm. The same measurement has been performed to measure the thickness of
deposited aluminium electrode on the glass and on the hybrid film in the prepared
bulk hetro-junction solar cell. Also in order to understand the whole film thickness
differences in the actual solar cell device three points along the length of the solar
cell device were chosen and by making scratches on these points and across the
width of the device we could measure the thickness of the film from the
underneath which is the ITO layer. Figure 6.10a is showing the thickness of the
only 50%-50% ZnO/P3HT hybrid film on a glass slide, this is done by creating a
scratch line across the film. In figure 6.10b the only aluminium electrode thickness
after deposition on the ITO layer was measured. As it is clear in this figure the
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height of the aluminium electrode varies between 20 to 40 nm. Figure 6.10 ¢
shows the deposited aluminium thickness on the hybrid film in the actual bulk
hetero-junction solar cell. It is clear that there is an approximately 40-50 nm step
height for the aluminium electrode on the film which is almost the height of the
bare aluminium electrode. Figures 6.10 d to 6.10 f shows three subsequent
thickness measurements across the length of the best performing bulk hetero-
junction solar cell. This was made to understand the thickness variation along the
Bulk hetero-junction solar cell surface. Subsequently, along the length three
different thicknesses of 55.4 nm, 132.8 nm and 840 nm were measured. This
indicates that there is an obvious thickness variation along the bulk hetero-junction

solar cell and also shows that this thickness is maximum at the centre of the

device.
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Figure 6.10 Thickness measurements of Hybrid layer and aluminium electrode using surface
profiler. a) Thickness of the only 50-50% (mass ratio) ZnO/P3HT hybrid film on the glass. b) Step
height of the only aluminium electrode on the ITO coated glass. c) Step height of aluminium
electrode deposited on the hybrid layer in the bulk hetero-junction solar cell d), e) and f) are three
subsequent thicknesses along the best performing Bulk hetero-junction solar cell.

The collected data from the three selected types of lab-made Bulk hetero-junction
solar cells brings us to this conclusion that the best performing solar cell has few
distinguished characteristics. Comparatively good surface uniformity is there in
every scanned area. The roughness of the surfaces for all the selected areas, near
to the electrodes, are approximately equal. There is no agglomeration resulting in
big lumps. The average mean grain size is18.65 and there is not a wide mean

grain size distribution for all the AFM scanned positions. Opposite to the best
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performing solar cell in the lowest performing solar cell, the roughness of the
surfaces for all the selected areas, near to the electrodes, are very much different
in scanned each area. There is no uniformity, which was expectable because of
the initial agglomeration of ZnO nanoparticles in the prepared solution. It is worthy
to mention that the very small and approximately equal grain sizes are because of
the high agglomeration in the hybrid layer and very low uniformity and the resulted
disruption in the hybrid film. This causes the analysis software to bring into
account the mean grain size of the underneath and softer layer of PEDOT:PSS. In
the 30%-70% ZnO/P3HT hybrid layer made bulk hero-junction solar cell the hybrid
film roughness is still much higher than the best performing solar cell. The grain
sizes can be more related to the hybrid layer than the underneath layer and their
distributions are closer to the best performing solar cell. Still the hybrid film has a
very low uniformity. The variation in electrode thickness is relatively large and
could have contributed strongly to the large variation between good and bad
electrodes. From the set of the experiments performed on the lab made bulk
heterojunction solar cells we could understand that the cells with smooth and
uniform surface under and near to the aluminum contact result in a better J-V and
IPCE values. We should bear in mind that a uniform morphology provides a better
unrestricted connection pathways for charge carriers towards their respective
electrodes.
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Conclusions and Future work

Because the fabrication of organic/inorganic bulk hetero-junction solar cells is
relatively straightforward and cost effective, they are becoming a popular research
field in comparison to alternative solar cells. In the last 15 years, significant
improvements have been achieved in the efficiency of bulk hetero-junction solar
cells, and if the light-to-electricity conversion efficiency improves further, this type
of solar cell will provide an excellent alternative to the expensive silicon solar cells

currently in use.

Hence, it becomes important to understand the effect of the parameters involved
in producing a hybrid organic/inorganic solar cell, and to identify the key
parameter(s) which need(s) to be optimised to increase the solar cell efficiency.
The results of different sets of experiments conducted in this project focused on
the optical characterization of the bulk hetero-junction solar cell, and the relevant
light-to-electron charge conversion. This provided evidence of how the

combination of different parameters resulted in improved performance.

This investigation began with the optimisation of the chemical synthesis of the ZnO
nanoparticles and their physical and spectroscopic characterization. The
synthesised ZnO nanoparticles were found to have an average diameter of 5.1
nm, and the TEM images indicated the particles were well distributed with almost

no agglomeration.

Stable, clear dispersions / solutions of the ZnO nanoparticles in a mixed solvent
containing 5% v/v methanol (the minimum amount required—) and 95%v/v
chloroform were found to be most suitable, since they avoided any undesirable

agglomeration of the ZnO nanparticles.
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The organic components (P3HT and PEDOT:PSS) were studied individually, and
in combination, using spectroscopic and electrical measurements. The long-term
stability of the hybrid films to humidity, elevated temperature and oxygen (in the
air) was evaluated, with each factor detrimental to the film’s performance,
essentially because of chemical degradation of the unsaturated polymer chains.
Here also, the aging effect after a period of nine month on the prepared bulk
hetero-junction solar cells was investigated. There was a significant change in the
quality of the hybrid layer since both the absorption and emission spectrum have
clearly changed. It was not possible to perform the solar cell characterization
(IPCE and J-V characterization) since the aluminium electrodes were oxidized and

they were no more conductors.

Bulk, hybrid ZnO/P3HT photoactive films coated on a PEDOT:PSS surface were
then incorporated into a solar cell device. The effect of annealing on the
performance of the cells was determined, with the annealed samples exhibiting
improved efficiency. Films containing different percentages of ZnO/P3HT, and at
different thicknesses, were examined. It was found that a 50%:50% film was the
best performing, with a thickness of 40 nm , and exhibiting 19% IPCE and 1.13
mA.Cm™ saturated current density and 0.23 V open circuit voltage. The P3HT
used in the experiment has been optically characterized using absorption and
emission spectroscopies. The peak absorption occurs at the wavelength of 650
nm which matches with the literature. Also it has been observed that after mixing
with the ZnO nanoparticles the absorption intensity decreases significantly. With
the 50%-50% ZnO/P3HT volume ratio it drops by a factor of 1/6. Two more
absorption peaks also has been observed at the wavelengths of 555 and 600 nm.
Also, from the emission spectroscopy we understood that the annealing of the
hybrid film can be very helpful in improving the films quality this has resulted in a
very clear emission quenching in the annealed film in compare to the not-
annealed. The peak of the films were excited with the frequency of 650 nm but
only in the not-annealed hybrid film the emission is observed at the wavelength of
640 and 740 nm. Few Sets of hybrid films with different ratios of ZnO from 10% to
70% were optically tested and the results were very close to the related research
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references. These results were used as benchmark for fabricating bulk
heterojunction solar cells. With the concentration of ZnO it is found out that 5 mg/L
ZnO is the optimum because by increasing the concentration ZnO agglomeration

will likely happen.

Surface morphology studies on the organic polymer film and the aluminium
electrodes were conducted using atomic force microscopy. Three different bulk
hetero-junction solar cell devices, with different hybrid layer films, were
investigated for their roughness and granular (particle) size distributions. It was
found that the roughness and uniformity of the hybrid layer on the surface of the
bulk hetero-junction solar cell can be considered as two important characters to be
improved in order to achieve a higher IPCE and J-V characteristics. Putting
together the results from the scanning electron microscopy, atomic force
microscopy and thickness measurements using surface profiler we can
understand that roughness of the best performing solar cell which was
approximately 25 nm and the thickness of the aluminium electrode are almost
equal this might result in a non-uniform electrode surface and even we might
having the aluminium grains buried in the rough hybrid surface. In the Scanning
electron microscopy we have indicated some point with very less amount of
aluminium. It is apparent that the deposited aluminium grains have not created a
uniform and continues aluminium electrode. For the future work it is strongly
suggested to change the amount (mass) of the deposited aluminium and
investigate the effect of aluminium electrode on the functionality of this device.
Here it is suggested to increase the thickness of the aluminium at least to two
times to increase the uniformity and solidity of the electrode. This will result in

better pathway for the electrons to eject out from the Cell.

In every case an uneven surface morphology was observed which suggests the
photo-generated charge carriers would not contribute efficiently to the resultant net

current, and so this random arrangement would have a detrimental effect on the
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final solar cell efficiency. Therefore, future attempts to improve the quality of the
cell electrode contacts in terms of the uniformity of the metal coating, and the
smoothness of the surface of the underlying hybrid layer, can be considered one

of the most critical steps in achieving a higher solar cell efficiency-
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