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ABSTRACT
Access to cheap and reliable electricity is a requirement for improved quality of life and
industrialization. Solar energy harvesting for electricity generation has been a promising area
where solar cells combined into modules and then panels are used to harvest solar energy for
electricity. However, initial acquisition cost of active solar is still a major barrier. There is therefore
dire need for efficient and affordable solar technologies to help mitigate current global energy
crisis. Organic and perovskite photovoltaics pose superior properties and cheaper cost.
Degradation, stability and durability are the current issues faced with organic and perovskite solar
cells stopping them from being commercialized or used in a large scale. It is important to carefully
study the different thin films layers making up these devices to investigate these issues of stability,
degradation and durability. Over the years, both experimental and computational techniques have
been used to study these issues. The mechanical properties of these thin film devices are very

crucial for development and implementation of mechanical durable devices.

In this work, nanoindentation is mainly employed to investigate the effects of annealing
temperatures and MoOs blended ratios on the surface morphology, sheet resistance, mechanical
properties as well as microstructure of PEDOT:PSS/MoQOs thin film blends as hole transport
materials (HTM) for photovoltaics and OLED applications. Results from this study suggest that,
the introduction of different percentages of the transition metal oxide (MoO3) into PEDOT:PSS
significantly modifies the surface morphology, microstructure and mechanical properties in the
different temperature regimes. (60 °C, 80 °C, 100 °C, 120 °C). Furthermore, PEDOT:PSS/M00Q3
thin film blends with small blended ratios of MoO3 (1:0.1 and 1:0.3) generally exhibit low sheet

resistances, better surface morphologies and a good balance in mechanical properties (elastic



modulus and hardness). A balance of properties as in hybrid thin films with low blended ratios is
required to develop efficient and mechanical durable electronic devices. Finally, it was also found
that, high blended ratios of MoOs leads to high surface roughness and high sheet resistance which

are unfavorable for device performance.
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CHAPTER ONE

1.1 BACKGROUND AND INTRODUCTION

In the past decade, some energy sources have been at the heart of climate change; fossil foils are
still chiefly used for energy generation often leading to the release of large amounts of greenhouse
gases such as CO> and nitrous oxides that have contributed greatly to global warming and drastic
climatic changes around the globe. Also, energy crisis and inefficient energy utilization especially
in Africa, and energy sustainability issues have become a global concern. Global energy demand

and consumption have also increased significantly [1].

In an attempt to combat these adverse climatic concerns from the use of finite fossil foils, much
attention has been drawn towards renewable energy sources such as wind and solar as they
represent an essential part of the solutions to problems of climate change and pollution,
geopolitical risk and energy crisis, price volatility and local or regional economic development.

Renewable energy undoubtedly represents a lot of benefits for the present and future generations.

Of all the recent energy sources, solar energy stands as the one with the greatest prospects. Yearly
growth rates over the last five years were on average more than 40%, thus making photovoltaic
one of the fastest growing industries at present [2], several reasons justify this. Firstly, solar energy
produces very little or no polluting by-products and therefore does not add to climate change
problems. Also, the endless supply of solar power from the sun in literally all places on earth,
makes solar energy the most sustainable and accessible energy source on earth. Furthermore, the
use of solar power is an added property value as it helps to save much in energy bills throughout
the ownership of the property. Lastly, regardless of what reasons and how fast the oil price and

energy prices will increase in the future solar energy will offer a reduction in prices rather than an



increase in the future as there is continuous research on affordable solar power. According to the

UN, about 29% of the current energy supply comes from renewable energy sources [3].

These energy challenges have spearheaded research into cleaner, more efficient, and sustainable
energy from relatively cheaper organic materials and their hybrids such as perovskites. Energy
unavailability is not the only concern, inefficient use of energy for lighting and display is also a
major problem. Research into more efficient lighting and display from Organic light emitting
devices (OLEDS) is also onthe rise due to their superior advantages compared to traditional display
and lighting technology; they are thin structures, consume less power, and have high resolution
and self-emissive characteristics [4]. OLEDs are expected to in the future replace devices like
incandescent lamps and LED displays which are less efficient. Some major progress has been
made in the development of perovskites and OLEDs for adoption for energy sustainability.
However, most research work on perovskites solar cells (PSCs) still ends at the level of the
laboratory even after records of efficiencies of up to 25.2% by 2021 [5], [6] as with the traditional
photovoltaics. Research findings show that organic photovoltaics are or will be more cost-effective
compared to their traditional counterparts based on inorganic materials such as silicon (Si) wafers
and gallium arsenide (Gas). Other key attributes of perovskites over their traditional inorganic
counterparts include ease of fabrication, excellent photoelectric properties, ability to achieve high
power conversion efficiencies (PCE), lower exciton binding energy, and high optical absorption
coefficients (up to 104 cm—1 ). Secondly, perovskite as the light-absorbing layer can absorb solar
energy more efficiently, perovskite materials possess a large dielectric constant and electrons and
holes can be effectively transmitted and collected and, electrons and holes can be transmitted
simultaneously over distances of 100 nm or more [7]. Despite these benefits, some key challenges

of perovskites are; stability of the perovskite layer which degrades on exposure to moisture and



ultraviolet radiations, the toxicity issues with lead which is a major constituent of high-performing
hybrid organic/inorganic metal halide PSCs and lastly problems of mechanical durability. Hence,
full adoption of perovskite solar cells (PSCs) for large scale synthesis and implementation beyond
the lab will need fruitful research in solving these current hurdles faced. More information on the
materials is needed for further improvements in performance and stability [8] of the PSCs.
Nanoindentation at very low loading conditions has proven to be a suitable technique to investigate

more on the mechanical properties of such thin film materials.

Nanoindentation is a ‘non-destructive’ probing technique used for the investigation and
characterization of the mechanical response of materials. Nano scratch on the other hand is a
quantitative destructive technique in which critical loads at point(s) of failure are used to compare
the cohesive or adhesive properties of thin films, coatings, or bulk materials. This involves a
material of known properties having contact with another material whose properties are under
investigation. In this technique, an indenter tip with a penetration depth less than 500 nm ISO
14577-1 standards [9] is pressed onto the specimen and the penetration depth is continuously
measured. This is a very common and robust technique based on the principles of contact
mechanics which is often used to evaluate the mechanical properties of materials through surface
measurements. This technique has evolved beyond measurements of just basic design parameters
for materials such as hardness and Young’s modulus to measurements of other parameters such as
creep [10], yield strength [9], [11], and fracture toughness. Nanoindentation is not only limited to
experimental measurements, several researchers have carried out nanoindentation and nano scratch
simulations based on the finite element analysis (FEA) or finite element method (FEM) with
results confirming to experimental results. FEA becomes handy and can give better results for

complex stresses and strain field distributions during indentation, especially in cases where there



is difficulty in getting such results experimentally [12]. Numerical analysis as FEA is also
important for the back analysis of experimental data in the absence of conventional experimental

methods [13].

Thus, as a means to contribute knowledge towards tackling the above problems with OPVs and
OLED:s, this project work seeks to use experimental methods to study the surface morphology,
electrical characteristics and also by employing nanoindentation and nano scratch to study the
hardness, elastic modulus, and frictional resistance of a PEDOT: PSS/MoO3z-ammonia blend hole
transport layer for applications in PSCs and OLEDs. This approach is intended to provide more
insights on how to re-engineer the devices and improve their mechanical durability and general

performance

1.2 AIM AND OBJECTIVES OF THESIS
This research work aims to study the surface morphology, electrical and mechanical properties of
solution-processed PEDOT: PSS/MoOs-ammonia blend hole transport layer for applications in

PSCs and OLEDs
The following approach will be employed to achieve these objectives:

e Solutions of the hole transport layers will be prepared and mixed in different compositions,

e These compositions will be spin coated and annealed at different temperatures.

e Nanoindentation will be carried out to get optical images and mechanical properties of the
hole transport layer.

e Analysis of data obtained from experiments and calculations of mechanical properties.

e Lastly, indentation data will be analyzed for mechanical properties and inference drawn

from this analysis with recommendations for future works.



1.3 PROBLEM STATEMENT

Organic photovoltaics (OPVs) such as perovskites and OLEDs generally exist as a single layer or
multilayer thin film structures comprising of an anode, cathode, an active layer, or an emissive
layer for a single layer device. In multilayer structures, more layers: a hole transport/injection layer
(HTL), and an electron transport layer (ETL) are often added for improved performance. Each of
these layers performs specific functions that contribute to the overall functioning of the device. In
OPVs such as perovskites, an added hole transport layer (HTL) to a single-layer device is
responsible for transporting holes away from the active layer. The materials that make up this layer
must have energy levels that match that of the perovskite or OLED, long-term stability in air, and
possess intrinsically high hole mobility with good photochemical and thermal stability [14]. This
thin film technology is not only common to OPVs and OLEDs but also in other electronic devices,
despite these vast areas of application, the mechanical properties of these thin film layers have
often been overlooked without thorough investigations. Since such devices operate based on
combined functionality from different layers, it is expedient to carefully study the individual layers
of such devices, especially the hole transport material making the HTL to fully ascertain their
mechanical properties and suitable service conditions as the failure of any layer results in poor
performance of the entire device. Therefore, tackling and investigating the mechanical properties
of such structures at the nanoscale will help resolve issues of sudden failure and thus aid in the

fabrication of more robust and durable devices with improved performances and service life.

1.4 SCOPE AND OUTLINE OF THESIS
In this project work, the scope will be limited to the use of experiments to study the surface
morphology, electrical characteristics, and mechanical properties of the PEDOT: PSS/MoQs-

ammonia blend hole transport layer. The focus will be on organic-inorganic thin film layers used



on hybrid solar cells of perovskites and light emitting devices. Also, this work will be limited to
the study of properties such as Young's modulus, and hardness using nanoindentation test. The
sheet resistance will be measured for different compositions under different annealing conditions
and the results analyzed for best performance; these results will be compared to existing data for
conformity. Furthermore, morphological analysis of the samples will also aid in drawing

inferences and making recommendations for future works.

The thesis begins with a general background and introduction to the research topic in chapter one,
chapter two will give a thorough literature review of previous studies on this topic, and chapter
three will contain the analytical and experimental methods used for this research. Chapter four will
contain the different results from tests and experiments, calculations, and interpretation of the
results, and in chapter five inference will be drawn from the results and recommendations made

for future work.



CHAPTER TWO

2.1 INTRODUCTION

In this chapter, we look at photovoltaic and OLEDs based on perovskites, their structures, and their
working principle. Also, we will discuss organic light emitting devices, their structures, and their
working principle. Furthermore, previous works on nanoindentation and FEA of the above device

architectures will be discussed.

2.2 PHOTOVOLTAIC TECHNOLOGY AND ITS EMERGENCE

The photovoltaic effect was first discovered by Baquerel in 1839, he observed a photocurrent after

platinum electrodes covered with silver halogen were illuminated in an aqueous solution [15].

Fruitful work into photovoltaics started in 1900, Pochettino first observed photoconductivity in
the organic material anthracene, photoconductivity in PVK was put in evidence, and the first
inorganic photovoltaic cells based on crystalline silicon were developed at Bell laboratories with

efficiencies of about 6% [16].

The photovoltaic effect is based on the absorption of photons from solar radiations, excitons are
generated and dissociated into charge carriers, and then carriers are collected at electrodes leading
to the flow of electrical energy. This effect has been observed in both organic and inorganic
materials and their compounds. A similar but opposite effect occurs in OLEDs whereby carriers

(holes and electrons) recombine at the emissive layer with light emission.

A major part of the photovoltaic market is controlled by inorganic materials (Si wafers) and their
compounds copper indium gallium diselenide (CIGS). This market monopoly is mainly due to

peculiar attributes such as high efficiencies, non-toxicity, long lifespan, sustainability, and



availability [17]. However, despite these advantages, the cost of production of crystalline Si solar
cells is high and this has given a competitive advantage to thin film Si cells and OPVs devices,
also, even higher efficiencies can be achieved at a comparatively low cost in organic materials and

their hybrids (perovskites) giving them better prospects for future applications.

Over the years, photovoltaic technology has transitioned from silicon wafers to thin film
compounds and at this current stage aimed at very low cost, at optimum efficiencies are organic
solar cells and their hybrids (perovskites). This is generally the same case with lighting and display
technology, it has transitioned from incandescent lamps to LEDs and now OLEDs which have

proven to be more efficient and cost-effective.

Below, perovskites and OLED structures are briefly discussed, their working principles, and major

issues faced by these devices.

2.3 PEROVSKITE SOLAR CELLS, STRUCTURES, AND WORKING PRINCIPLE
2.3.1 PEROVSKITE SOLAR CELLS (PSCs)

PSCs have attracted great attention from researchers all over the world and are considered to be
one of the top 10 scientific breakthroughs as this novel photovoltaic technology is expected to
break the bottleneck of power conversion efficiency at a low cost. The photoelectric power
conversion efficiency of the perovskite solar cells has increased from 3.8% in 2009 to 25.2% by
2021 [6], making perovskite solar cells the best potential candidate for the new generation solar

cells to replace traditional silicon solar cells in the future.



Perovskites are named after the Russian politician and mineralogist Lev Perovski, the name was
originally coined for the mineral calcium titanate(CaTiO3) by Gustav Rose [18], and today,
‘perovskite’ is used to describe ionic compounds with the structural form ABX3z similar to the

crystal structure of CaTiOs as shown in figure 2.1.

Perovskite materials have attracted wide attention because of the cubic lattice-nested octahedral
layered structures and their unique optical, thermal, and electromagnetic properties. Perovskite
materials used in solar cells are organic/inorganic metal halide compounds with the perovskite
structure, at the vertex of the face-centered cubic lattice is Group A [19] an organic or inorganic
cation [20] such as methylammonium(CH3NH3+, MA+ ), or 3 formamidinium, (CH(NH2)2+,
FA+), Group B is the metal cation (Pb2+, Sn2+, Cu2+.) and X is any halogen anion (Cl—, Br—, or
I, or coexistence of several halogens) occupy the core and apex of the octahedra, respectively [8],
[20] as shown in figure 2.2. The metal-halogen octahedra are joined together to form a stable three-
dimensional network structure. Materials with the perovskite structure have the following four
characteristics. Firstly, such materials possess excellent photoelectric properties, lower exciton
binding energy, and high optical absorption coefficients (up to 104 cm™) [21]. Secondly,
perovskite material as a light-absorbing layer shows excellent absorption properties [22]. Thirdly,
the materials possess a large dielectric constant, and electrons and holes can be effectively
transmitted and collected. Lastly, electrons and holes can be transmitted simultaneously over

distances of 100 nm or more [7], [23].

Perovskite materials have also been extensively studied for their applications in solution-processed
light-emitting diodes [24], [25] due to their superior advantages of high photoluminescence

quantum yield (PLQY), excellent color purity, low-temperature solution processing, and high



carried mobility necessary for light emitting devices. External quantum efficiencies (EQE) of

perovskite light-emitting diodes (PeLEDs) have increased from 0.1% - 20% [26]—[30].

As earlier mentioned, despite the high efficiencies recorded in PSCs and PeLEDs they still face
performance and stability issues. Another major concern is structural stability, PSCs undergo
structural phase transitions [19], from orthorhombic (y-phase) to tetragonal (B-phase) at 160°K (-
113°C) and finally from tetragonal at <330°K to a stable cubic (a-phase) crystal structure at 330°K

(57°C) which is a favorable temperature range for most electronic devices [31], [32].

——4{ A
o d PV, A —8—

j‘s Py ¢ @ o

/ / A 4

Figure 2.1: General Crystal structure of perovskite with ABX3 formula [33]
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Figure 2.2: A Cubic lattice of perovskite structure Showing different materials on the A, B, and

X site groups [23]
2.3.2 WORKING PRINCIPLE AND STRUCTURES OF PEROVSKITES AND OLEDs

A clear model of a PSC architecture is depicted by three main layers: a perovskite absorber
layer, a hole transport layer (HTL), and an electron transport layer (ETL). The perovskite layer is
sandwiched between the HTL and ETL [34]. These main layers are then sandwiched between the
anode and cathode electrodes as shown in figure 2.3. The perovskite absorber layer is capable of
absorbing solar radiation and generating excitons (electron-hole) pairs. The HTL and ETL
provide a selective barrier on opposite sides of the perovskite layer permitting a selective flow of

charge carriers to their respective electrodes [35].

Similarly, a clear and simplest OLED device is a dual injection light-emitting device composed of
an emissive layer sandwiched between an anode and a cathode electrode [4]. For improved
performance, additional layers are added to the single layer structure forming multilayer structures

as in figures 2.5 b and c.
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When an external voltage is applied to the OLED electrodes, the low work function cathode injects
electrons while the high work function anode injects holes. The electron and holes recombine in
the emissive layer forming electron-hole pairs (excitons) at bound energy levels. The excitons are
deexcited and they release photons producing visible light. The reverse of this principle takes place
in photovoltaic cells (PVVC), absorption of photons by the absorber layer generates excitons, these
excitons are dissociated at the active layer of the device and the electrons travel to reach the low
work function cathode while holes flow to the high work function electrode. This flow of electrons
to the cathode and holes to the anode leads to current flow. The principle of OPVs is the direct

opposite of the principle of OLEDs figure 2.4 [36]

Electrode

o JLE Wi =3

Perovskite

= LI

FTO/ITO

Figure 2.3: Typical structure of a perovskite solar cell (PSC) [37]
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Figure 2.5: Schematic diagram of common OLED structure: a) OLED single-layer device
structure, b) OLED three-layer device structure, c) OLED multilayer device structure [4]

In recent years, three main structures of PSCs have been extensively studied and developed: the
mesoporous PSC (n-i-p), the planar PSCs (n-i-p), and the planar PSC (p-i-n) figure 2.7 a, b and c.
The main difference between the n-i-p and p-i-n structures is that light penetrates the n-i-p structure
via the ETL and the transparent conducting cathode lies in front of this ETL while in the p-i-n
structure, light reaches the perovskite layer through the HTM with a transparent conducting anode

in front of it.

2.3.2.1 Mesoporous Perovskite solar cell (n-i-p)

Mesoporous Perovskite Solar Cells (MPSCs) material has been extensively studied and widely
applied because of its high porosity and large specific surface area (up to 1000m?/g). Other key
attributes of MPSCs making them superior PSCs are low-cost materials, easy fabrication, and high
PCE [34]. The application of mesoporous materials in perovskite solar cells allows the perovskite
absorber to adhere to the mesoporous metal oxide framework to increase the light receiving area
of the photosensitive material and improve the efficiency of the device [23]. From review work
done by [34], a typical MPSCs has a compact layer or electron transport material (ETM) deposited
on a fluorine-doped tin oxide layer (FTO), the ETM extracts only electrons while blocking holes.
The perovskite layer is deposited on the nanopores containing ETL, this absorber covers it and
penetrates it forming an intermediate mixed layer, the HTL and the top electrodes are sequentially

deposited on the absorber layer forming a complete device.

In MPSCs, the most widely used ETM is TiO2, other mesoscopic metal oxide materials used are:
AL,03, Zn0O, SnO; [38], and ZrO; [33]. The TiOz as an ETM framework does not only form an
interconnected stable absorber layer, it also transports electrons, blocks holes, and prevents
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recombination of electron-hole pairs in the FTO substrate leading to improved performance of the

device.

Hole transport material often used are Spiro-OMeTAD, poly(3-hexylthiophene-2,5-diyl) (P3HT)
(2,2°,7,7’-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene),Poly(3,4-ethylene
dioxythiophene) polystyrene sulfonate (PEDOT:PSS). And materials often used as counter

electrodes, are noble metals, such as Au, Ag, and Pt.

The main difference from the mesoscopic structure is that the planar structure removes the porous
metal oxide framework. Two interfaces are formed between the perovskite materials and the two
layers (the electron transport layer and the hole transport layer). Therefore, the electron-hole pairs
are separated rapidly and effectively by the electron transport layer and hole transport layer,

respectively.

2.3.2.2 Planar perovskite Solar cell (n-i-p)

Planar perovskites solar cells (PPSCs) have been investigated by many researchers due to some
unique attributes such as low cost, easy processing, low-temperature process, and low cost [1].
The planar n-i-p PSC architecture has a compact ETM layer that is not intermixed with the
perovskite layer as in the mesoporous architecture. Only two interfaces exist, the ETL/ perovskite
and perovskite /HTL interface, this makes electron-hole(e-h) pairs to be separated more effectively

and rapidly by the ETL and HTL [1].

2.3.2.3 Planar perovskite Solar cell (p-i-n)

The inverted PPSCs structure (p-i-n) shows great potential for better performance and flexible PV
device applications due to their easy processing techniques, negligible hysteresis, and high stability

[1]. The p-i-n PSC architecture is referred to as an inverted planar structure because the extraction
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layer of a carrier is inverted in comparison to the n-i-p planar structure. The p-i-n planar

architecture is built with a compact HTL.

Inverted PSC structures use semiconductor-organic material as both ETM and HTM layers. Many
strategies such as crystalline regulation of perovskite, new perovskite composition, modification
of charge carriers’ transport layers, and geomorphology control have been used to optimize

inverted PSCs performance.

Metal electrode

Light absorbing layer
Perovskite &
mesoporous oxide

500 nm

(a)

Metal electrode

Light absorbing layer
Perovskite

®)
Figure 2.6: Schematic diagram and SEM section image of a) mesoscopic PSC architecture and b)

planar heterojunction PSCS structure [23].
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Figure 2.7: Schematic diagram of PSCs in the a) n-i-p mesoscopic, (b) n-i-p planar, c) p-i-n

planar [39]
2.4 INSTABILITY OF PEROVSKITE LAYER OF PSCS.

Despite the high-power conversion efficiencies of PSCs compared to traditional solar cells, the
long-term stability of the perovskite layer is still a major impediment to commercialization. The
perovskite layer is unstable under severe environmental conditions such as; humidity, thermal
treatment, light illumination, etc, leading to degradation [1]. Instability can also be due to adverse
weather conditions, and exposure to oxygen. The overall effect of this degradation is the poor
performance of the entire device. Crystal structure stability and environmental stability are the

major stability challenges in perovskites.

2.4.1 Crystal structure stability:

Perovskites are known to exhibit different phase transitions; orthorhombic to tetragonal and

tetragonal to cubic. Changes in the crystalline phase of organic-inorganic hybrid perovskites under
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the influence of environmental conditions such as temperature, pressure, moisture, and its own
properties affect the stability of PSCs. According to [40], during typical solution processes for
perovskite fabrication, annealing is employed for the formation of the perovskite crystal structure,
this thermal treatment has some effects on the crystal structure, decomposition of perovskite, and
thermal stability of the HTM layers. The crystal structure coupled with the phase transitions
determines the properties of the perovskite material. The tolerance factor (t) proposed by
Goldschmidt (1927) is used to study the stability of ABXz perovskites. The tolerance factor is

defined as:

TA+T

= R @0

wherer,,rg and r, are the ionic radii for the ions in the A, B, and X sites, respectively [40]. The
tolerance factor is a major determinant for the formation of stable perovskite structure, it restrains
the ionic radius of the crystal structure. A well-packed cubic crystal organic-inorganic perovskite
structures have a tolerance factor of t=1, they form hexagonal structure when t>1, orthorhombic

for t<0.8, and cubic structure when 0.8<t<1 [41]. Non-perovskite structures have t>1 or t<0.71.

Variations in symmetry caused by octahedra tilting which corresponds to both temperature and
pressure effects affect the electronic and optical properties of perovskite,[42] and thus influence
photovoltaic devices' performance. Symmetry increases with temperature and t [40]. A lower
tolerance factor than the recommended range leads to a reduction in symmetry, consequently, the
perovskite structure will change to tetragonal or orthorhombic which has a negative effect on the

optoelectronic properties.
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2.5  Environmental stability (oxygen and moisture, UV light, solution process,

temperature)

In PSCs, the perovskite films undergo a series of chemical reactions under the influence of
different atmospheric conditions which are a major source of instability in PSCs. Moisture,
oxygen, temperature, UV light, and solution process (solvents, solutes, additives), are key
environmental factors under which perovskite films are susceptible to before or during use, and
they lead to different problems of chemical stability of PSCs. For illustrative purposes,
methylammonium lead iodide will be used as an example to discuss environmental stability issues.
A major equation depicting the synthetic process (positive direction) of MAPDbI and the

decomposition (negative direction) of the perovskite is shown below in reaction (1).
Pbl (s) + CH3NHal (aq) «» CH3NH3Pbls (s) (1)

In a study by [43], it was verified that moisture and oxygen in the atmosphere can lead to
irreversible degradation of MAPDI as in reactions (2 — 5) below. MAPbDI is very sensitive to water,
it hydrolyses in the presence of moisture leading degradation of the perovskite films. UV radiation
is also a major cause of the degradation process. UV radiation leads to photochemical reaction (5)
where HI decomposes to Hz and I», and the consumption of HI in (4) and (5) moves the degradation
process forward [40]. Some researchers showed that CHsNHsPblz is more sensitive to moisture
than CH3NH3PbBrs. Hitoshi and co-workers proposed reactions (6-8) as a possible mechanism to

explain the degradation of perovskite film under light exposure.

CH3zNH3Pbl3 (s) «» Pbl: (s) + CH3NHzsl (aq) (2)
CHsNHzsI (aq) < CH3NH2 (aq) + HI (aq) (3)
4HI (ag) + Oz (g) < 212 (s) + 2H20 (1) (4)
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2HI (aq) <> Hz (g) + 12 () 5)

21"« 12 + 2¢" [at the interface between TiO2 and CH3NH3PDbI3] (6)
3CH3NH3z* <> 3CHsNH: T+ 3H* (7)
| "+ 1+ 3H" +2e <> 3HI 1 (8)

Some common methods employed for improved stability in PSCs and OLEDs are encapsulation,
controlled humidity fabrication [44], encapsulation in a nitrogen atmosphere [45], and the addition

of a UV filter in front of TiO: to prevent UV degradation [46].

2.6 PEDOT:PSS AS A HOLE TRANSPORT MATERIAL FOR PSCs AND PeLEDs/

OLEDs

PEDQOT:PSS [poly (3,4-ethylene dioxythiophene): polystyrene sulfonate] is an organic HTM that
is commonly used in PSCs and OLEDs. PEDOT:PSS has advantages of high transparency, good
conductivity, low hysteresis, tunable work function, good mechanical flexibility, and can be easily
prepared in solution. It has been used as a dopant-free HTM in inverted (p-i-n) planar PSCs.
However, due to a rather huge energy barrier between PEDOT:PSS and the active layer or emissive
layers coupled with the high acidity of the PEDOT:PSS, the photovoltaic performance and stability
are comparatively low. This also contributes to low open circuit voltage (Voc), and short circuit
current (Js¢). In addition, the PEDOT:PSS chain is hydrophilic, which makes it very difficult for
the solution to be directly deposited on the photoactive layer which is hydrophobic. Although,
PEDOT:PSS is capable of reducing the surface roughness of electrodes and the energy barrier
between electrodes and perovskite material, the acidic nature of the solutions is still an issue to be
addressed as it is capable of eroding the surface of the electrodes or layers it is deposited on[47].

Furthermore, despite the good work function of 5.2 eV, which is essential for proper hole injection
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and transport, exciton quenching takes place at the PEDOT:PSS/perovskite interface [48].
Therefore, there is a need for doping or modification of PEDOT:PSS forming blends with

improved properties which will yield optimum performance for applications in PSCs and OLEDs.

Transition metal oxides (TMOs) such as molybdenum trioxide (MoQ3), WO3, and V2Os have been
extensively studied as substitute or modifier p-type semiconductors materials for PEDOT:PSS.
Amongst these oxides, molybdenum trioxide having a high work function is the most studied HTM
for applications in LEDs and OPVs [39, 40]. MoOs, has been used to enhance the hole injection or
transport in OLEDs [51], OPVs [42, 43], and PSCs [44, 45]. Several research groups have tried
doping PEDOT:PSS HTL with MoOs to obtain better performances in their devices [46-48] and

have reported promising results for improved performance on such devices.

2.7 NANOINDENTATION AND NANO SCRATCH TECHNIQUE

Nanoindentation is a non-destructive probing technique used for the investigation and
characterization of the mechanical response of materials. Nano scratch on the other hand is a
quantitative destructive technique in which critical loads at point(s) of failure are used to compare
the cohesive or adhesive properties of thin films, coatings or bulk materials. This involves a
material of know properties having contact with another material whose properties are under
investigation. In this technigue, an indenter tip with a penetration depth less than 500 nm ISO
14577-1 standards [9] is pressed onto the specimen and the penetration depth is continuously
measured. This is a very common and robust technique based on the principles of contact
mechanics which is often used to evaluate the mechanical properties of materials through surface
measurements. This technigue has evolved beyond measurements of just basic design parameters
for materials such as hardness and Young’s modulus to measurements of other parameters such as
creep [10], yield strength [49, 51], and fracture toughness.
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2.7.1 MEASUREMENT METHOD

Before any measurements, the sample must be prepared such that it is flat, smooth, and with
parallel faces. A load is applied on the area of interest using an appropriate indenter to probe the
material's surface to nm-scale depths. During the mechanical probing process, the load and
penetration depth are simultaneously monitored and values are recorded with the help of high-
resolution sensors and actuators. During the timed steady loading process, some materials exhibit
timed-dependent behavior (creep), hence when the specified maximum force is reached, the
process is halted for a dwell time to minimize material creep effects after which the indenter is
released again in a controlled manner. The indentation depth is recorded continuously during the
loading and unloading cycle. The results from an indentation test are transformed into a load
displacement graph as in Figure 2.8. The absence of a dwell time leads to continuous deformation
of the sample viscoplastically and this distorts the shape of the unloading curve thus leading to
inaccuracies in modulus measurements. The unavoidable initial penetration is also a major issue

to be taken note of to ensure accurate results.

For an indentation test, the indenter material must be 20% higher in hardness compared to the
sample in order to generate plastic deformation [59]. Some indenter materials used are: Diamond,
Tungsten Carbide, Cubic Boron Nitride, Boron Carbide, Sapphire, and Silicon Carbide. Common
indenters Figure 2.8 used are: Vickers (pyramidal with square base), Berkovich (pyramidal with
triangular base), cube corner (pyramidal with triangular base), spherical, and Knoop indenters,
their properties and areas of applications are shown in Table 2.1. This technique provides data for
optimizing the composition of materials structure and processing for thin films or bulk materials,

it also aids in the comparative study of mechanical properties of thin films and bulk materials.
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Table 2.1: Description of different indenter geometries and their applications in indentation.

Indenter Geometry

Details

Applications

Pyramidal

Triangular base Berkovich
type indenter with an angle of
65.03° between the axis of the
pyramid (figure 2.9a)

The square base Vickers
indenter with an angle of 136°
between opposite faces of the

pyramid

Measurements of mechanical
properties like hardness, strain
rate sensitivity for metals,
ceramics and  biological

materials, internal friction

[60]

Spherical

A variety of sizes exist
ranging from 200um to 1um

(figure 2.9b)

Suitable for plastics and
polymers.  This indenter
geometry is good  for
investigating yielding
phenomenon since the load
changes slowly from elastic to

elastic-plastic region.

Cyrlindrical

A flat tip indenter

Has a major advantage over
other indenters of
maintaining. constant contact
area, however it is rarely used

[61].
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Figure 2.9: Indenter types: (a) Pyramidal Berkovich, (b): Spherical (c) Pyramidal Rockwell (d)

Conical (e) Spherical [62]
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2.8 ANALYSIS AND COMPUTATIONS FROM NANOINDENTATION DATA

The Oliver and Pharr (1992) method is the most widely used methodology for hardness and elastic
modulus measurements. In this method, maximum load Pmax, maximum indentation depth hmax, and
the initial unloading contact stiffness ‘S’ (the slope of the upper portion of the unloading curve)
are used as key parameters for contact depth (hc) calculations. The shape and geometry of the
indenter used play a major role in determining contact depth [63] . Mechanical properties are found
by calculating the contact area (Ac) as a function of contact depth with the help of the load-

displacement curve.
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Figure 2.10: a) Load displacement curve and (b) Test force vs indentation depth plot [64].

For contact depth calculations, according to Oliver and Pharr (1992)
Pmax
hc = hmax — €T (22)

Where € = 0.72 for cornical indenter and € = 0.75 for paraboloid of revolution.

A modified equation for contact depth by [64] is shown below.
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he = hmax — g(hmax - hr) (2.3)

where depth h,. is the intercept of the depth axis by the tangent line to the unloading curve (figure

2.10b) and ¢ = 0.75 for Berkovich or Vickers indenter [64].
For calculations of hardness H

Pmax
= max 2.4
Ac(he) (2.4)

where the contact area Ac = ¥/3hjtan?65.3 = 24.5h3 for Berkovich indenter.
hp is the permanent deformation depth of test sample.
To determine the Indentation modulus E, firstly the reduced Modulus E,., is estimated as:

Vas

Er=3 7

(2.5)
_y2 _y2
From E, = ((1)5—115)-(1E—I_/’))‘1 (2.6)

Therefore, the indentation modulus can be gotten from.

(1_ Vsz)
1 (7))

Ey E;

E = (2.7)

where E, is the reduced modulus of indenter contact, v; and v, are the Poisson ratios, of the
indenters and test samples respectively. E; and E are the elastic modulus of the indenter and test

sample respectively.

29 Nano scratch resistance:

This is currently the most widely used method for the testing and evaluation of the cohesive-

adhesive properties of thin film materials and coatings. Mechanical durability of thin film devices
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is significantly influenced by the adhesion of the films to the substrate and each other, parameters
such as hardness and elastic modulus of these films and the entire device can not suffice as a
measure of mechanical durability. Thus, there is a need for more robust test methods that simulate

real in-service conditions very closely such as the nano scratch test method.

The nano scratch test is a quantitative destructive technique in which critical loads at point(s) of
failure are used to compare the cohesive or adhesive properties of thin films, coatings, or bulk
materials. In this test, an indenter tip under a normal force is pulled over the surface of a specimen
under investigation. The scratch test can be done by applying forces in steps or continuously with
a linear increase. The forces used are usually from tens to hundreds of millinewtons with the

corresponding displacements in several nanometers to hundreds of nanometers [65].

Stress fields initiated by the moving indenter leads to different failure modes: through-thickness
cracking, coating detachment, plastic deformation, and substrate or film cracking. These failure
modes are associated with cohesive failure of coating and substrate or adhesive failure of substrate
and coating. This test is carried out to investigate critical loads (Lc) for which characteristics failure
occurs and the results provide information on the adhesive and cohesive properties and tribological

resistance [66] of the thin films or coatings.

During the nano scratch test, three detection techniques are used to detect critical load.

Detection of Sudden changes in penetration depth: The position of the stylus is usually recorded
during the scratch test by a sensitive depth sensor, abrupt depth changes are correlated to coating

chipping or delamination.
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Friction probe: The ratio of friction to the normal force which is the coefficient of friction, can
also be monitored during the test. A gradual increase in the coefficient of friction can be associated

with ploughing while sharp variations are linked to fracturing or catastrophic failure [67].

Acoustic emission probe: An acoustic emission signal arises from the sudden release of elastic
energy. Even slight cracking of the coating or thin film during the scratch process generates a

shock wave. Such little cracks might not be detectable through microscopic methods.

210 REVIEW OF PREVIOUS WORK DONE ON THIN FILMS WITH

NANOINDENTATION.

Dopant free PEDOT:PSS has been successfully used as HTM in PSCs [68], but underlying issues
of acidity of the solution [47], exciton quenching at the HTL/perovskite interface [48] leading to
low device performance are some measure challenges that have necessitated the use of dopant to
enhance the properties and performance of these materials. Tsui and Pharr [69] used experimental
methods to study the effects of substrate on the measurements of mechanical properties of thin
films by nanoindentation using a model soft film on a hard substrate system: aluminum on glass.
They used standard nanoindentation techniques to study the hardness and modulus as a function
of indenter penetration depth of different aluminum film thicknesses (240, 650, and 1700 nm)
deposited on glass. Hardness impressions from SEM and AFM images showed significant
enhancement in indentation pileup in the aluminum film by the substrate. It was also reported that,
the substrate affects the form of the unloading curve in a manner that has important implications
for nanoindentation data analysis procedures. Due to these effects, nanoindentation measurements
overestimates the film hardness and elastic modulus by as much as 100% and 50% respectively
with dependence on the indentation depth. Findings also showed that greater errors occurred at
depths approximately equal to the film thickness.
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Ohmura and coworkers.,[70] used nanoindentation to study the load-displacement behavior of pure
aluminum, gold and platinum thin films (0.1-3um) deposited on sapphire single crystals. The load
penetration depth curves were analyzed using three different kinds of equipment’s to investigate
the deformation behavior of the thin films. Results showed that, with the use of Berkovich indenter,
plastic deformation is constrained by hard substrate at penetration depths deeper than about one-
fifth of the film thickness. The pop-in phenomenon common in aluminum films was considered to
be caused by the natural oxide layer on the film surface, owing to the fact that decohesion of such
thick films might not happen during the indentation process. The equipment dependence of the

results obtained were found to be within allowed experimental error limits.

In an effort to understand the effect of pile-up on the mechanical properties of soft films on hard
substrates, Saha and Nix [71], studied the indentation properties of sputter deposited W thin films
on single crystal sapphire substrates. A Nano XP™ was used to determine the hardness and elastic
modulus of the films via nanoindentation. To determine the hardness and modulus, the Oliver and
Pharr method was first used and this method does not account for pile-ups that occur along the flat
faces of the indenter. In a second method was based on the fact that W and sapphire have very
similar elastic moduli allowing the film/substrate composite to be treated as an elastically
homogeneous. It was then possible to determine the true contact areas directly from the measured
contact stiffness and from that determine the true film properties. This method also provided a
quantitative estimate of the pile-up height which compared well with direct AFM measurements
of the pile-up height. Using nanoindentation, Alcala et al,.[72] determined the hardness and
Young’s modulus of barrier-type amorphous anodic oxides. They carried out shallow indents of
55 nm depth on, alumina, tantala and alumina/tantala mixed oxide films of about 500 nm thick.

The alumina, tantala and alumina/tantala hardness measurements were approximately 7.0, 5.3, and
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6.5 GPa respectively and with respective elastic modulus of approximately 122, 140 and 130 GPa.
These results revealed opposite trends, with alumina having highest hardness but lowest elastic
modulus and the mixed oxide having intermediate properties. Comparing these hardness and
elastic modulus of anodic alumina to crystalline forms of alumina, it was found that the values are
low, with reduction by factors approximately in the range of 3.1- 3.7. A review by Bull [73], he
briefly reviewed developments in numerical simulations and extended recent modeling
developments in energy based predictive model for the hardness and Young’s modulus of a coated
system. Predictions of the model could be greatly improved by taking into consideration the
fracture behavior of the coating during the indentation process. To fully understand the
deformation mechanisms and the system properties, evidence for fracture can be obtained from
load displacement curves gotten through nanoindentation, and high-resolution microscopy
imaging. A combination of FEM and other predictive models are essential to fully understand
mechanical properties of a coating/substrate system for better selection and optimization. [74]
reviewed and discussed mechanical property measurements using nanoindentation techniques with
emphasis on the use of sharp indenter tips and how they can be used to measure hardness, elastic
modulus, continuous stiffness, scratch resistance, film-substate adhesion, residual stresses, time
dependent creep and relaxation properties, fracture toughness, and fatigue. The applications of
continuous stiffness measurement (CSM) technique for nanoindentation for layered materials and
non-homogeneous composites. Also, they reviewed recent progress in development of the nano-
fatigue measurement technique and the future prospects for research in nanoindentation are also
discussed. Shan and Sitaraman [75] in a study of elastic-plastic characterization of thin films by
nanoindentation technique presented a methodology that combines both nanoindentation and finite

element modelling to characterize the elastic and plastic properties of a titanium thin film on a
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silicon substrate. In this study, both experimental and FEM results revealed that, the Young’s
modulus of the titanium thin film did not change much compared to the bulk titanium film. Results
also indicated that, plastic properties (yield stress and strain hardening exponent) of the thin film
were higher compared to those of the bulk titanium. Fang et al., [76], used scanning probe
microscopy (SPM) and nanoindentation techniques to investigate TiC, TiN and TiCN thin films
deposited on silicon by plasma enhanced chemical vapor deposition (PECVD). Results indicated
that the TiC films exhibits lower surface roughness and friction coefficient compare to the TiN
and TIiCN films. Results also showed that, for all the thin films, the Youngs’s modulus and
hardness both decreased with increasing indentation depth with the TiC film showing higher
hardness and Young’s modulus. A contact stress-strain relationship via nanoindentation depicted
that the TiC film can bear larger indentation loads and possess a lower surface strain within a
nanometer-scale. Xia et al. [77], used nanoindentation and Vickers microindentation to measure
the young’s modulus, hardness and fracture toughness of highly ordered nanoporous alumina
(PAA). In this study, a FE model which takes into account the anisotropy of pores was developed
and used to extract values of the Young’s modulus and hardness from experiments. Their
measurements showed that, heat treatment of 650°C caused an increase in the hardness from 502
to 6.3 GPa, while the fracture toughness decreased sharply from 3.4 to 0.4 MPa-m®/?- However,
this same heat treatment did not affect the Young’s modulus of 140 GPa. They also observed that,
when indentation are made on the top surface of the membrane, nanopore collapse in shear bands
instead of through crack formation around the indent. This results suggested that, the nanopores
greatly improved the toughness of the porous alumina in the transverse direction. XRD curves
showed no signs of phase change in the amorphous alumina to crystalline phase after annealing at

650°C. From the FTIR spectra, it was observed that the heat treatment greatly reduced the OH
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content of the alumina. This significant loss in OH during annealing caused a change in the
amorphous structure which was attributed to the sharp decrease in fracture toughness observed.
Bressan et al., [78], investigated the nanoindentation process on thin films and bulk materials by
numerical simulation of using ABAQUS. Thin films and bulk materials of pure copper, titanium
and iron were simulated considering hardening law. The numerical results obtained from
simulations of these materials were in good agreement with experimental results. However,
simulation results depended very little on frictional coefficient but were significantly dependent
on the mesh size, indenter tip radius and the hardening law imposed on the model. In a dimensional
analysis and FE modeling conducted by Ni and Cheng [79], to examine conical indentation in
homogeneous materials and hard films on soft substrates, the solid material model followed the
incremental theory of plasticity with Von-Mises yield surface. On examining the validity of the
Oliver and Pharr method for hard films on soft substrates, they reported that, this method was valid
only when the indentation depth is less than 10% of the film thickness. They also observed in their
study that for conical indentation in homogeneous materials and hard films on soft substrates, a
linear relationship existed between the ratio of hardness to reduced modulus and that of reversible
work to total work. This relationship can be used to deduce hardness, reduced modulus, and contact
area for instrumented conical indentation in homogeneous and coated materials. Huang and Pelegri
[72,73], employed nanoindentation and FE to characterized and calculate the mechanical
properties of a thin film material system of oxidized silicon grown on silicon substrate. Infinite
elements in finite element nanoindentation analysis are used to allow for actual specimen size
simulation and produce accurate results. The hardness and reduced Young’s modulus of the
featured thermally oxidized silicon on silicon substrate were directly determined from Berkovich

nanoindentation measurements as 9.23+- 0.30 GPa and 63.11 +- 0.26 GPa, respectively. The
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hardness and Young’s modulus obtained from the FE analysis were 10.63 GPa and 65.20 GPa
respectively, with an initial yield stress of 6.50 GPa and poison’s ratio of 0.35. It was also proven
that the substrate, the friction coefficient between indenter tip and thin film surface, and the bottom
boundary conditions have no influence on the FE analysis on the thin film for maximum
displacements of indenter tip less than 10% of its thickness. Zhao et al.[82] in a study proposed a
method that utilizes only the loading curves of an indentation test to extract the elastoplastic
properties of an elastic-perfectly plastic thin film and even the plastic properties of of a work
hardening thin film. Measurements were taken at two different indentation depths having different
levels of substrate effects leading to the establishment of independent equations that correlate the
materials properties with the indentation responses. This study also proposed an effective reverse
analysis algorithm by which the desired film properties can be determined from sharp indentation
test. Extracted materials properties agreed well with those measured from bulk materials. Li and
Vlassak [83], developed a data analysis procedure to estimate the contact area in an elasto-plastic
indentation of thin films bonded to substrate. The developed procedure can be used to derive the
Young’s modulus and hardness of the thin film using the load displacement, and contact stiffness
data at indentation depths which are a significant fraction of the film thickness. Their analysis was
based on Yu’s elastic solution for the contact of a rigid conical punch on a layered half-space
which uses an approach similar to the Oliver and Pharr method for bulk materials. Their
demonstrated methodology for both compliant films on stiff substrates and the reverse
combination showed improved accuracy over previous methods. Cabibbo et al. [84], measured and
analyzed the indentation hardness of SiO2 coating by both visual and analytical methods. The
scanning probe microscopy-based direct measurement method revealed quite good qualitative and

quantitative literature data correspondence. The method was therefore developed and improved to
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make it dependent on curve parameters, such as applied load and penetration depth, rather than on
direct SPM measurements of the contact area. Their study also discussed a correlation of the pile

up phenomenon to the m exponent of the load relationship.

Zhang [85], used nanoindentation and FE method to determine the mechanical properties of YBCO
thin films deposited on SrTiO3 (100) substrates by magnetron sputtering. A Berkovich indenter
and scanning electron microscopy was used. The hardness and Young’s modulus of the thin films
were determined from indentation load-depth curves through the Oliver and Pharr method.
Indenter size effects due to surface roughness were observed in SEM images, consequently, the
hardness values of the YBCO thin films also showed depth dependence. An effective analytical
method that accounts for indenter imperfections was proposed and results for the elastic modulus,

yield stress, and friction angle were validated by experimental data.

EIMahmoudy et al.,[86] investigated the effect of 3-glycidoxypropyltrimethoxysilane (GOPS)
content in PEDOT:PSS dispersions films spun cast from these formulations. It was found that the
concentrations of GOPS had tremendous, yet gradual impact on the electrical, electrochemical and
mechanical properties of the PEDOT:PSS /GOPS films with an optimum concentration which
maximizes a specific feature of the film such as its water uptake or elasticity. The GOPS aided in
obtaining better mechanical integrity in the aqueous media with high conductivity. Their results
showed that, additives life GOPS can enable superficial co-optimization of electrical and
mechanical properties for bioelectronics applications. Alaboodi and Hussain [62], in a review
article presented a detailed procedure of nanoindentation experiment and its finite element

analysis, latest developments in this areas are also provided with a focus on thin films.

Zhang et al.,[87], in an experimental study to investigate the thickness-dependent hardness of three

SiO2 thin films (500 nm, 1000 nm, and 2000 nm) thicknesses on Si substrates using
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nanoindentation, found that the average grain size of SiO thin films observed by atomic force
microscopy increased with increasing film thickness. Nanoindentation results for hardness also
showed that the average intrinsic hardness decreased with increasing film thickness and grain size,
a similar trend with the Hall-Petch relationship. For all three SiO2 thin films thicknesses: 500 nm,
1000 nm, and 2000 nm, the same comparative depth range of ~0.4 — 0.5 existed, above which the
intrinsic hardness without substrate influence can be determined. Jebur et al.[88] investigated the
effects of graphene on the structural, morphology and optical properties of PEDOT:PSS thin films
and found that: The spin coated nanocomposite films on pre-treated glass consisted of PEDOT:PSS
and graphene of different weight percentages (0.5, 1, 1.5, 2) wt% as a dispersion phase. AFM
results showed increased roughness by about 92% through the roughness average (Sa) and 45%
through the density of summits(sds) parameter. This was proven in the SEM images which showed
that PEDOT: PSS films without graphene had a smoother surface compared to those with graphene

confirming clear and significant improvement mechanical strength of the prepared films.
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CHAPTER THREE

3.1 MATERIALS AND METHODOLOGY

The methodology described for this project work was mainly experimental coupled with some
analytical computations and modelling of data to obtain mechanical and electrical properties. The

materials, equipment’s, experimental and computational analysis employed are described below.

3.1.1 Materials Description

1.3 wt% aqueous, conductive grade PEDOT:PSS [poly(3,4-ethylenedioxythiophene)-poly(styrene
sulfonate)] and Molybdenum (VI) oxide (MoOz) nanoparticles were purchased from SIGMA-
ALDRICH Co0,3050 Spruce Street, ST Louis USA. Acetone; Isopropyl Alcohol (IPA), Aqueous
ammonia solution was purchased from Trust chemical laboratories (TCL), distilled water.

Fluorine-doped tin oxide (FTO)-coated glass.

3.1.2 Equipments Used

Brewer Science Cee 200X Precision Spin coater; Hysitron T1 950 Triboindenter Nanoindenter
from Bruker; (Hysitron, Inc USA), Lucas/Signatone SP4, S302 Four-point Probe and KEITHLEY
Source meter. Magnetic stirrer, hot plate, glass cutter, nitrogen gun, glass cleaning jar, precision

weighing balance.

3.2 EXPERIMENTAL PROCEDURE

The aqueous PEDOT:PSS and MoOs/PEDQOT:PSS hole transport layer materials were spin coated
on normal glass and on FTO-coated glass substrates. Firstly, the glass cutter was used to cut 15mm
x 15 mm of normal glass and FTO-coated glass substrates. The normal glass and FTO-coated glass
substrates were cleaned sequentially in detergent, distilled water, acetone and IPA with sonication

for 5minutes in each liquid medium and annealing at 110 °C for 10minutes to remove any moisture.
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With reference to literature reported by [58], the MoO3z/PEDOT:PSS composite blends of different
MoOs-ammonia ratios were prepared. Molybdenum trioxide nanoparticles were dissolved in
aqueous ammonia to produce a 5mg/ml MoOs-Ammonia solution. Pure PEDOT: PSS and the
MoOz-ammonia solution were mixed together at different volume ratios (1:0.1, 1:0.3, 1:0.5)
forming PEDOT:PSS/Mo0Os3 blends. The prepared PEDOT:PSS/MoO3 blends were stirred for 1h

before spin coating onto the substrates.

Spin coating process: The Brewer Science Cee 200x precision spin coater was used to spin-coat
aqueous PEDOT:PSS and MoO3/PEDOT:PSS blends onto the glass substrate and on the FTO-
coated glass. The PEDOT:PSS and MoO3/PEDOT:PSS blends of different compositions were spin
coated on the substrates at 1000 rpm for 45 s, and thermally treated for 10mins at different

temperatures: 60 °C, 80 °C, 100 °C and 120 °C.

3.3 SAMPLES CHARACTERIZATION

The mechanical characterization of the PEDOT: PSS, PEDOT: PSS/MoQO3z-ammonia composite
HTL for hardness and elastic modulus measurements was done using a Hysitron Tl 950
Triboindenter Nanoindenter from Bruker. The sheet resistance measurements were taken with the
help of a Lucas/Signatone SP4, S302 Four-point Probe and KEITHLEY Source meter. The surface
morphology of the HTL films were observed with the help of SPM images from the Hysitron Tl

950 Triboindenter which has an inbuilt SPM/AFM imaging capability.

A flowchart for the entire experimental process is as shown in figure 3.1 below.
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Cleaning of FTO-coated
glass substrates

Preparation of MoO3/PEDOT:PSS
blends

Spin coating of PEDOT: PSS and
MoO3/PEDOT:PSS blends at 1000 rpm for 45 s

Annealing of thin films at different temperatures (60 °C,
80 °C, 100 °C, 120 °C)

Mechanical Characterization Electrical Characterization

Morphological observation

under SPM/AFM

Figure 3.1: Flow chart of PEDOT: PSS, PEDOT: PSS/MoQO3s-ammonia composite HTL

preparation and characterization.

3.3.1 Mechanical Characterization

The mechanical characterization was carried out using a Hysitron T1 950 Triboindenter to measure
the hardness and elastic modulus of both the PEDOT:PSS thin films and MoO3z/PEDOT:PSS blend
thin films. The TI1 950 Triboindenter is equipped with an optical camera system for imaging,
TriboScanner for provision of fine scale positioning of the nanoindentation probe and also for
performing in-situ SPM imaging of a sample surface before and after indentation test, and a probe
for indentation of the sample figure 3.2. For this study, a Berkovich indenter tip, a three-sided

pyramidal tip, was used for the indentation at a loading rate of 10 uN/s. The loading profile
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consisted of three steps: firstly, loading to a peak load of 200 uN for 20 s, holding for 5 s and
finally returning to zero load in 20 s. A dwell time of 5 secs was employed to minimize materials
creep effects on measurements, before the unloading of the indenter from the sample. Multiple
evenly spaced grid indentations were done on a selected area of the sample to test for the hardness
and Young’s modulus of the different thin film blends. The Oliver and Pharr method [63] discussed
in chapter two can be employed for the estimation of the Young’s modulus (E) and Hardness (H)
of the samples. Further analysis of data for hardness and elastic modulus measurements were done

and the results are discussed in chapter four.

3.3.2 Surface Morphology study
Imaging of the thin films was done with the help of the onboard optical camera as well as the
TriboScanner which performed in-situ SPM/AM imaging of the thin film surfaces before and after

the indentation during contact mode.

The images were analyzed with the help of Gwyddion software for a better view of the surface
morphology of the different thin films from the images and also get their corresponding surface

roughness data.

3.3.3 Study of the Distribution of Mechanical Properties
TriDiMap tool box in MATLAB was used to further investigate the phases present in the prepared

thin films and to study the distribution of hardness and elastic modulus within these phases.

For the determination of the mechanical properties of each individual phase present for our
composite material after the grid nanoindentation, the TriDiMap toolbox was used in MATLAB,

to plot, map and analyze the nanoindentation dataset for the different samples. Results of the
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TriDiMap analysis for the different samples using the nanoindentation dataset are presented in

chapter four.
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CHAPTER FOUR

4.1 RESULTS AND DISCUSSIONS

4.2 SURFACE MORPHOLOGY OF PEDOT:PSS AND MoOs/PEDOT:PSS BLENDS

AFM images of thin film blends were taken before and after the indentation with the help of a
contact-based scanning probe technique. The optical microscopy images for the as-prepared
PEDOT:PSS and MoO3z/PEDOT:PSS blend HTL of different compositions thermally treated under
four temperature regimes are presented in figure 4.1. The as-prepared PEDOT:PSS samples fig
4.1a-d do not show any clear visible features for the different heat treatments except for a change
in the colour of the films which signifies some changes within the thin films at atomic levels. Heat
treatment of the MoOs/PEDOT:PSS samples within the 60 °C and 80 °C temperature regimes,
reveals high levels of crystal-like structures present in the MoOs/PEDOT:PSS blends. However,
further annealing to a much higher temperature regime 100°C-120°C, the high levels of
crystallization observed in fig 4.1a and b is greatly reduced with little or no visible crystals figure
4.1 g and h. Thus, there is a clear significant modification of the thin film blend surfaces and
microstructure under different annealing conditions with crystal growth more predominant in the
lower temperature regimes. Samples with high doping levels such as in the 1:0.5
PEDOT:PSS/Mo0Os thin film blends, the changes in microstructure are clearly visible from the
optical microscopy scans (4.1e- h), while in thin film blends with little MoO3 doping (1:0.1 and

1:0.3), these microstructural changes are not very visible in figure 4.1a-d.

These observed changes in microstructures of the thin film blends can be attributed to the rapid
bond formation taking place due to small atomic distances at lower temperature, nucleation and
growth of small crystals. Increasing annealing temperatures generally increases crystal growth,
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small crystals grow larger and coalesce forming a more densified system at higher temperatures.
Also, the blended ratio of MoOs also affects bond formation, nucleation and growth of crystals at

different temperatures.

(a) 60°C (b)80°C (c) 100 °C (d) 120°C

() 80°C (h) 120 °C

Figure 4.1: Optical microscopy images of different annealed PEDOT:PSS (a) - (d), and 1:0.5

PEDOT:PSS/MoOs blends (e) — (h).

Typical two dimension (2-D) and 3-D surface profiles of atomic force microscopy (AFM) surface
scans of the as-prepared PEDOT:PSS and PEDOT:PSS/MoOs blends are presented in figure 4.2.
A major inconvenience to measuring of mechanical properties during nanoindentation especially
at shallow depths is the surface roughness. Therefore, measurements of properties were done at
indentation depths between 10 nm to 500 nm to minimize surface roughness effects. The values
of the root mean square (RMS) surface roughness and mean roughness are summarized in table
4.1. The values of the surface roughness for the different thin film compositions are in order of
nanometer, this indicate that all the PEDOT:PSS thin films and PEDOT:PSS/MoQO3 blend thin
films have a good smoothness, which ensures consistency and accuracy of the nanoindentation
experimental results. Also, the root mean square surface roughness measurements show that

samples with a very small percentage of dopants have better surface roughness compared to the
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as-prepared samples and those with high dopants (50%). Low mean roughness is very important
for multilayer devices which are of interest here, as high surface roughness can impede proper
adhesion of layers and general performance of devices. High surface roughness also has a major
consequence on injection and transportation of charges across different layers which reduces

device performance as charges will have to travel longer distances.

I
»
=]

Figure 4.2: AFM images of different annealed thin films (a) 2-D AFM scan of PEDOT:PSS thin
film (b) 3-D AFM image of PEDOT:PSS thin film (c) 2-D AFM image of 1:0.1
PEDOT:PSS/Mo0:s blend thin film (d) 3-D AFM image of 1:0.1 PEDOT:PSS/MoOs3 blend thin

film

43



Table 4.1: Surface roughness measurements for Pure PEDOT:PSS(CT) and PEDOT:PSS/MoO3

blend (1:0.1, 1:0.3, 1:0.5) thin films on FTO-glass at different annealing temperatures.

Sample Composition Annealing RMS Mean
PEDOT:PSS/MoQ:3- Temperature Roughness Roughness(nm)
ammonia (°C) (nm)

CT 1:0 8.450 6.566
1:0.1 12.0492 7.6514

1:0.3 60 13.2119 8.9294
1:0.5 51.2672 40.2754
CT 1:0 7.3400 5.57547
1:0.1 11.1223 8.7435

1:0.3 80 11.4702 8.2883
1:0.5 60.3395 48.8060

CT 1:0 10.8563 8.0654
1:0.1 9.02296 7.04769
1:0.3 100 34.2699 18.6993
1:0.5 32.6017 23.2349
CT 1:0 7.21787 5.60687
1:0.1 12.9346 8.9912
1:0.3 120 16.1522 11.1402
1:0.5 38.7156 31.0287
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There is a general reduction in surface roughness of the thin film blends as temperatures are
increased from the lower temperature regime (60 — 80 °C) to much higher temperatures (120 °C).
These reduction in mean roughness can be associated with the fact that, at higher temperatures;
there is burn out of some materials leading to collapse and densification, diffusion rates also
increase, there is more nucleation and growth with phase transformations taking place. These
various phase transformations initiated by temperature increase give rise to the microstructural and

morphological changes observed in the thin film blends within the different temperature regimes.

4.3 NANOINDENTATION RESULTS FOR HARDNESS AND YOUNG’S MODULUS

MEASUREMENTS

Multiple load displacement curves as presented in figure 3.3 were obtained from the indentation
data and a best fit was used for calculation of the Young’s modulus and hardness. Indentation
results for hardness and reduced Young’s moduli obtained over a range of contact depths are
presented in figures 4.3. The nanoindentation results discussed here is for indentation depths below
500 nm. These results suggest that there is no particular strong interdependence between the
contact depth and the hardness or the reduced Young’s modulus for the different volume ratios as
presented in fig 4.3. However, from the measurements, optimum hardness and reduced Young’s
modulus for all samples were achieved at indentation depths below 500 nm. Hardness
measurements at contact depths below 500 nm, show that, as-prepared PEDOT:PSS thin films has
lower hardness compared to the MoOs doped thin films as expected. Maximum hardness value of
about 5.3 GPa (for hc=39.1 nm) is measured for the 1:0.5 blended ratio within the 60 °C
temperature regime, further annealing to 120 °C continuously reduces the hardness to about 2.3
GPa at ~61 nm. Also, PEDOT:PSS/Mo00Os blends with a composition of 1:0.3 shows improved

hardness as annealing temperatures are increased from 60 °C to 120 °C. This improved hardness
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in the hybrid thin films can be associated with the introduction of MoOs3 into the PEDOT:PSS
leading to phase changes from crystalline at lower temperatures to amorphous at higher

temperatures.

At indentation depths above 500 nm, the samples all show similar hardness values in all the

annealing temperature regimes.
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Figure 4.3: Reduced young’s modulus and hardness of PEDOT:PSS/MoOsthin film blends [1:0.1]

annealed at a) 60 °C, b) 80 °C, ¢) 100 °C and d) 120 °C, measured by nanoindentation.
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Results for reduced Young’s moduli for the different samples figure 4.4 suggest that the 1:0.5
compositions have higher reduced Young’s modulus ~48 GPa, at indentation depths below 500nm
compared to other thin film compositions within the 60 °C — 80 °C temperature regimes. Further
annealing of samples to 100°C shows significant improvements in the reduced modulus of HTL
with 0.3 MoO3z doping. This composition shows the optimum reduced Young’s modulus of about

~72.4G Pa at this temperature regime.

The measured reduced Young’s moduli of PEDOT:PSS thin films is between the range of 0.3
GPa and 28.5 GPa for the different heat treatments. Some of these values are relatively high
compared to prior measurements of Youngs modulus by Lang et al [89] and Jing Du et al, [90]
summarized in table 4.2. These high values can be attributed to the effects of high relative humidity

experimental conditions and possible effects of plasticity.

These results also suggest that, the introduction of molybdenum trioxide nanoparticles into the
PEDOT:PSS improves its mechanical properties in terms of young’s modulus and hardness for all

the different heat treatments.
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Figure: 4.4: Nanoindentation measurements of Reduced Young’s Modulus of PEDOT PSS and
PEDOT:PSS/ammonia-MoOsthin film blends [(1:0(ash), 1:0.1(red), 1:0.3(blue), 1:0.5(green)] annealed at
a) 60 °C, b) 80 °C, ¢) 100 °C and d) 120 °C

Table 4.2: Summary of Young’s modulus for PEDOT:PSS and MoOs3 from previous studies and

the method of measurement used.

Material Young’s Modulus Method Reference
(GPa)

PEDOT:PSS 0.3 ~28.48 nanoindentation Current study
2.26 + 0.05 Buckling [91]
0.9~1.9 Dog-bone tensile test  [92]
1.42 +£0.07 nanoindentation [90]

MoOs 64.6 nanoindentation [93]
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PEDOT:PSS/Mo0Os 72.4 GPa nanoindentation Current study

4.1.1 Assessment of Load Displacement Curves of Treated Samples

The plots of indentation load against indentation depth for the different thin film compositions and
heat treatments in figure 4.5, show the elastic-plastic loading followed by plastic unloading during
the nanoindentation process with a maximum load of about 198 uN. There are no visible pop-out
or po-in events in the as-prepared PEDOT:PSS and PEDOT:PSS/Mo003 blend thin films. The
results also show that, the hardness and modulus measurements for samples in the 60 °C and 80
OC temperature regimes are closely related compared to those that were annealed at 100 °C and
120 °C. As earlier mentioned, the thin film blends at lower temperatures showed high crystal
growths which disappeared at higher temperatures. These microstructural changes in the samples
within the different temperature regimes explains the better correlation in mechanical properties
within the lower temperature regimes (60 — 80 °C). These changes in phases of the samples affected
the mechanical properties as shown be fig 4.6¢ and d.

The Oliver and Pharr method [63] can be used to compute hardness and Young’s modulus of

samples from the load displacement curves in figure 4.5 a-d.
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Figure: 4.5: Load displacement curves for PEDOT:PSS and PEDOT:PSS/ammonia-MoQs3 thin
film hybrid blends [(1:0(ash), 1:0.1(red), 1:0.3(blue), 1:0.5(green)] annealed at a) 60 °C, b) 80

°C, ¢) 100 °C and d) 120 °C
4.4 MAPPING AND STATISTICAL ANALYSIS OF MECHANICAL PROPERTIES

4.4.1 Hardness and Modulus Maps

For further analysis of mechanical properties of the as-prepared samples and thin film blends,
mapping of mechanical properties is carried on the raw data of elastic modulus and hardness
measured at different contact depths. The procedure for the mechanical mapping and statistical
analysis outlined below, was carried out in MATLAB, detailed description of the used code and

toolbox is found here [94].
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The mechanical maps of experimental data are a representation of the elastic modulus and hardness
of the different samples with each pixel representing a nanoindentation test; a linear interpolation
of the data by a factor of 4 and smoothing of data are carried out. The linear interpolation step
increases numerically, the number of pixels x4 for the maps by using existing data to make
predictions thus filling-in missing data, pixelation and noise effects are also minimized leading to
a more accurate approximation of the material properties [95], [96]. Large differences between
pixel intensity in the mechanical topography as a result of surface effects can lead to sharp peaks
or sharp valleys. The smoothing step applied on the raw data aids in reducing these differences in
intensity between pixels, and together with the interpolation can be used to improve pixelation,

giving rise to cleaner and more readable maps [94].

From the mechanical maps, highest hardness and modulus values are recorded for the
MoOz/PEDOT:PSS composite blend thin films as expected, while lower values are recorded for
the as prepared PEDOT:PSS samples as can be observed in figures 4.6a-h and 4.7a-f. According
to some prior measurements, reported elastic modulus values of PEDOT:PSS are in the range of

0.8to 2.8 GPa [92], [97] and 66.8 % 6.1 GPa for MoOs [93].

The presented mechanical maps providing information on the hardness and elastic modulus
enables the identification of phases with similar properties. Two predominant phases can be
identified in most of the thin film blends where the phases with higher modulus and hardness match
with MoOs phase, while low values are related to the PEDOT:PSS phases, values for the different
phases agree with modulus values from literature [90], [97]. As presented in figure 4.7d, enclosed
areas (66.7 and 68.5) represent a common phase and these values corresponds to elastic modulus

values for MoO3[93].
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A mapping of hardness overlay figure 4.7e shows that, there were little or no surface effects during
the indentation process, the overlay shows minimal errors for the interpolated data after the

application of the smoothing step on the raw data.

Also, to easily distinguish between different constituents of the thin films from the mechanical
map, a contour plot for elastic modulus corresponding to the interpolated data, is represented in

figure 4.8f.
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Figure 4.6: Grid indentation test results for PEDOT:PSS films for different heat treatments (a - d)
mapping of hardness at 60 °C, 80 °C, 100°C, and 120 °C (e-g) mapping of elastic modulus at 60

°C, 80 °C, 100 °C, and 120 °C respectively (h) contour plot of modulus at 120 °C
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Figure 4.7: Grid indentation test results for MoOs/PEDOT:PSS thin film blends for different heat
treatments (a) mapping of hardness at 60 °C - 80°C , 100 °C, and 120 °C (b) mapping of elastic

modulus at 60 °C — 80 °C, (c) mapping of hardness at 100°C — 120 °C , (d) mapping of elastic
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modulus for 100°C - 120°C e) mapping of hardness overlay and (f) contour plot of elastic

modulus for 100 °C — 120 °C .

4.4.2 Statistical Analysis of Grid Indentation Results.

Histograms representing the elastic modulus and hardness are presented in fig 4.8a corresponding
to the grid indentation results on the as prepared PEDOT:PSS thin films and the
MoO3z/PEDOT:PSS composite blends. The PDF aids in the visualization of different phases

present in the material by identifying different peaks representing these phases.

For a clearer representation of the actual properties of each phase from the peaks, a deconvolution
process (gives average values and standard deviations for each peak) was applied to the hardness
and modulus results. The setup for the statistical deconvolutions was kept consistent for all
statistical data sets, a maximum of four phases were searched at a limiting error for experimental
and theoretical density function of 1e*. This method helps in the identification of the individual
distributions related to each particular phase and the estimation of the volume fractions [98]-

[100].

The statistical deconvolution results in figure 4.8a and b show the presence of two predominant
phases in the PEDOT:PSS thin film, this is shown by two normal distribution curves after the
statistical deconvolution of the indentation data and four phase search. The phases are clearly

distinct in the histogram of elastic modulus fig 4.8b.
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Figure 4.8: Frequency plots of grid indentation results for as prepared PEDOT:PSS annealed at
60C (a) histogram of hardness with deconvolution results for a bin size of 0.02 GPa, (b)

histogram of elastic modulus with deconvolution results for a bin size of 0.5 GPa.

Statistical analysis of the thin film blends show the existence of two phases in most cases; the
PEDOT:PSS phase and MoO3 particles with interfaces of PEDOT:PSS and the MoOs figures 4.9a-
d. However, getting an accurate estimation of the intrinsic properties (elastic modulus) of each of
these phases is not so clear since the phases as depicted by the normal distributions are not clearly
distinguishable. This is a common problem with grid indentation carried out on composites making
it difficult estimate mechanical properties accurately [98]. This difficulty to identify the actual
properties of each phase can be associated to difference in the order of magnitude of each phase,
effects of interfaces and surrounding phases [101]. Therefore, the phase differentiation was done
by nature of the data or order of magnitude of the properties; for example in fig 4.9a higher
hardness values corresponds to the MoOs nanoparticles likewise, fig 4.9 b and d, higher young’s
modulus values also correspond to this same nanoparticle. These are obviously approximations of

the actual phases since each phase constitutes different components. The bin size also affects the
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visualization of the different phases reported, results for fig 4.9a and b are summarized in table 4.3

below.
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Figure 4.9: Frequency plots of grid indentation results for selected MoO3/PEDOT:PSS blends (a)
histogram of hardness with deconvolution results for a bin size of 0.01 GPa, (b) histogram of
elastic modulus with deconvulation results for a bin size of 2 GPa, (c) histogram of elastic

modulus, bin size 2 GPa (d) histogram of elastic modulus with deconvolution, bin size 2 GPa.
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Table 4.3: Statistical deconvolution results of elastic modulus and hardness for phases present in

MoO3/PEDOT:PSS blends from grid indentation data.

Property Bin-size Mechanical property Appearance
Phase 1 Phase 2 Phase 3 Phase 4
Hardness 0.01 0.408 1.552 0.02
0.02 0.469 1.593 0.02 0.02
0.1 0.367 1.472 0.02
Modulus 2 4.864 14.229 18.499 32.072
5 0.592 0.02 13.897 31.195

45 ELECTRICAL SHEET RESISTANCE OF PEDOT:PSS AND PEDOT:PSS/Mo0O3

ON FTO GLASS

For actual applicability of these thin films as hole transport layers in OPVs or OLEDs, sheet
resistance is a major issue which needs to be clarified. In order to understand the effects of blended
ratio of MoO3 to PEDOT:PSS on sheet resistance, PEDOT:PSS/MoO3 hybrid inks are prepared

of different blended ratios and annealed at different temperature regimes.

The sheet resistance measurements obtained using a four point probe for the different sample
compositions under different annealing temperatures are presented in table 4.4. The results show
that samples with 3% MoOs have better electrical properties as they possess the lowest sheet
resistances between 117 k€/sq and 136 kQ/sq in all the considered temperature regimes. This is
closely followed by samples with 1% MoOs. These results show that just a little percentage (1% —
3%) of the transition metal oxide nanoparticles is needed to improve the electrical properties of

PEDOT:PSS for applications as HTL in organic solar cells and organic light emitting diodes.
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However, excessive doping with MoOs is unfavorable and leads to poor performance, these
electrical properties agrees with previous studies by Zhou et al [102]; Excessive dopants such as
in samples with 5% dopant show higher electrical sheet resistance which is unfavorable for

applications as these, as they can lead to trap states being formed at the different layer interfaces.

Table 4.4: Sheet resistance measurements for pure PEDOT:PSS (CT) and PEDOT:PSS thin fil

blends (1:0.1, 1:0.3, 1:0.5) on FTO-glass at different annealing temperatures.

Sample Blended ratio Annealing Sheet Resistance Rs
PEDOT:PSS/M00O3 Temperature (°C) (k€/sq)
CT 1:0 163.166
1:0.1 145.037
1:0.3 60 135.972
1:.0.5 167.699

1:0.1 126.907
1:0.3 80 120.109
1:0.5 163.166

!

1:0.1 122.375
1:0.3 100 117.842
1:0.5 185.828

1:0.1

145.037




1:0.3 120 133.253

1:0.5 188.095

These results in table 4.4 also show a general reduction in sheet resistance (Rs) of the thin film
blends as annealing temperatures are increased from 60 °C to 100 °C. However, there is a sudden
increase in sheet resistance within the 120 ° C temperature regime. This sudden increase in sheet
resistance of the thin film blends with increase in annealing temperatures can be attributed to the
high electrical resistance of the transition metal oxide which builds up as temperatures are
increased. Also, blended ratio of MoO3 and increasing annealing temperatures lead to defects being
introduced into the thin film blends as the organic materials are burnout during annealing at higher
temperature regimes. The increase in diffusion rates earlier explained can only be possible if there

is presence of defects in the thin film blend for vacancy and interstitial diffusion.
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CHAPTER FIVE

5.1 CONCLUSION

This work presents the results of the effects of annealing temperatures and MoOs3 doping on the
surface morphology, mechanical properties as well as microstructure of solution processed
PEDOT:PSS/Mo0Q:3 thin film blends studied for organic photovoltaics and OLED applications.
Mechanical maps and statistical convolution showing the distribution of mechanical properties as
well as the predominant phases present in these thin film blends are also investigated using

TriDiMap in MATLAB.

There is consistency in results obtained from this study with that of other authors, however, much
work has not been done on such thin film blends to characterize their mechanical properties. The
introduction of the MoOs nanoparticles into PEDOT:PSS significantly modifies its microstructure
and surface morphology at different annealing temperatures. Also, there are observable
microstructural changes in the highly doped thin film blends. Furthermore, the studied mechanical
properties; hardness and modulus are significantly improved by the introduction of the transition
metal oxide nanoparticles. Furthermore, mechanical maps and statistical deconvolution data for
the hardness and elastic modulus for these thin film blends show two predominant phases present

in the thin film blends as expected.

From this study, lightly doped thin film blends generally exhibit low sheet resistance, better surface
morphologies and better (balance) mechanical properties which are required to develop efficient

and mechanical durable electronic devices.
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5.2 RECOMMENDATIONS

Further research in this area can focus on investigating the following areas:

Investigate the IV characteristics of the different thin film blend compositions and their
corresponding optical transmittances under the different annealing conditions.

Also, the effects of defects on sheet resistance can be further investigated for the various thin film
blends to understand how the sheets resistance can be maintained at a minimum to achieve optimal
device performance. Finally, an actual device should be fabricated using the thin film blend with

an optimum balance of properties necessary for an efficient and durable device.
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