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ABSTRACT

Organic solar cells based on P3HT: PCBM bulk heterojunctions show promise for high
power conversion efficiencies. The properties of composite donor polymers and acceptor
materials play a significant role; hence the need for optimised bulk heterojunatiores a

layer morphologies is critical for efficient devices.

To achieve optimised bulk heterojunctions, compositional factors and processing conditions
are two primary aspects to focus on. Thermal annealing has been demonstrated to be one of
the most sucasful processing techniques for morphology optimisation in PBHRsed

organic solar cells. However the crucial correlation between composite composition and

thermal annealing in P3HiTbased devices is not fully understood yet.

Combining optical absorjain spectroscopy, structural and electrical methods; the properties
of P3HT: PCBM blend thin films, with different PCBM percentage weight ratios were
studied in this work. Optical absorption spectra results for all three blend ratios, i.e., 1:1,
1:0.8, andl1:0.6, showed that the peak absorption intensity associated with PCBM reduced
the most for the 1:1 ratio, after thermal annealing at 175°C. The impact of the correlation
between PCBM composition and thermal annealing on photovoltaic performance parameters
was demonstrated. For the three different PCBM compositions, the optimum power
conversion efficiencies were determined at different optimum thermal annealing conditions.
Optimum power conversion efficiency of 3.38% (1:1) was obtained at 175°C, whil862.27
(1:0.8) and 1.44% (1:0.6) were demonstrated at 125°C respectively.

To further probe the influence of thermally induced PCBM molecular segregation and
aggregations, three different thermal annealing strategies were employed; namely, annealing
(i) gradualy from 50°Ci 175°C, in steps of 25°C, 10 minutes each (ii) at high temperature
175°C, for 10 minutes once, and (iii) at 175°C for a longer time, i.e., 60 minutes . Optical
absorption spectroscopy results reveal the dependence of PCBM aggregation entdiffer
thermal annealing strategies. Employing Raman spectroscopy mapping methods, the surface
of thin films were mapped revealing and confirming PCBM rich regions upon thermal
annealing. Furthermore exciton generation rate studies proved useful in estgldigiood
correlation between the estimated excitons generated, with short circuit current densities. The
observed increase in excitons generated was also consistent with the photoluminescence

spectra results which showed an enhancement in intensities theomal annealing.



Importantly, this work has shown the significance of employing different thermal annealing
strategies in nanomorphology control of the bulk of active layers of organic photovoltaic
devices. Importantly, it has also been demonstratatianwork of this thesis that gradual

thermal annealing, in a controlled manner revealed a more stable and efficient control in

tuning the nanomorphologies of P3Hbased solar cells.

In addition, impedance spectroscopy and capacitanoiiage measuremetechniques have

been shown to be very useful tools for characterising organic photovoltaic devices. Herein, it
was shown that after thermal annealing at the optimum temperature of 150°C, impedance
spectroscopy characterisation revealed extended charger ddetimes in devices. This
highlights the significance of having an optimised interpenetrating network within active
layers of organic solar cells, as this have a critical impact on charge carrier lifetimes.
Capacitancé voltage measurements was dige demonstrate the thermally induced vertical
segregation of PCBM molecular aggregates also. The decrease in measurdd douilt
potential from 0.68V (at film/cathode interface) from as cast device to about 0.35V after

thermal annealing at 150°C, was aimoto be indicative of vertical segregation.
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Chapterl
Introduction

il édd put my money on the sun and solar energy. \
unt i |l oi l and coal run out
T Thomas Edison, 1931

1.1O0verview
Energy from fossil fuels mostly includes coal, crude oil or natural gas. These are natural

resources that the earth is endowed with. Fossil figiply nearly 90 percent of the energy
consumed globally, according to the U.S. Department of Energy. Of this amount, oil accounts
for about 41%, coal 24% and natural gas provides about 22%. It is also expected that global
energy consumption will increass 50% over the current rate by the year 2020. One of the
problems with fossil fuelss that they are limited. According to international organisations,
the estimated length of time left for fossil fuels are: oil (50 years), natural gas (70 years), and
cod (250 years). The probable consequence of this fact could be a sudden rise in energy
prices in the long run. Another identified problem however is concerned with the
environment; release of greenhouse emissions, resulting in global warming, which is
hazadous for the planet. On an average, it is estimated that the quantity of carbon dioxide
(CO,) emitted per mega joule of energy produced from burning fossil fuels are as follows

(Metz et al. 2007): 92.0g (coal), 76.3g (conventional oil), 3thdg (conventnal gas).

On the other hand however, there are the energy income sources (Neville, 1978, Lynn, 2010),
or renewable energy sources. These unlike fossil fuels are considered to be in limitless
supply as they quickly replenish themselves and can be used agd againExamples of
renewable energy sources inclubdgdropower, wind and solar energy. These renewable
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forms of energy in contrast to fossil fuels do not pose any threat to the environment, thus
making them suitable alternativeAvailable echnolaies for harnessing such renewable
energy sourcesnclude dams for hydropower, wind turbines for wind energy, and
photovoltaic (PV) technologies for solar energy.

It is interesting to note that solar energy offers a wide range of benefits; such aslés reg
availability, and it can be harnessed without sacrificing valuable land space. In addition,
unlike other renewable energy technologies, PVs employing photovoltaic devices not possess
moving parts. Hence they do not require regular maintenance. Tkesrtiee PV technology

an attractive renewable energy technology.

In less than an hour, the surface of the earth receives on average, about1V# sfi6olar
power(Chen, 2011)This is more than enough to meet the global demand for an entire year.
Assuni ng 30% of the Sundés energy is | ost i n
sunshine for an average of 6 hours a day, it is estimated that 2.88 kWh/day per unit area of
power is delivered to the earth from the Slirfor one hour, this energy @ving at just a

single square meter area can be captured and reused, it is enough to run a number of house

hold electrical appliances for a day.

As a renewable distributed resource,sRguld in the long run make a major contribution to
national energy seirity and carbon dioxide reductiom the UK, for example, each kWp
(kilo peak watts) of PV installed avoids the emission of about 1 tonngp@0year(Nelson

et al. 2014)

Today, for a growing number of power needs, solar cell electricity stands ihat eseapest,
cleanest and best way to generate electriéisythe saying goes, not all that glitters is gold.
So in the same vein, PVs patrticularly Silieoased PV cells are not without disadvantages.
Among some of the major disadvantages, cost raigtsih the list; for the cost associated
with their processing and manufacturing technologies (tegtperature requirement for
processing the semiconductor in a high vacuum environment) are still veryHegim,

2004; Wenham et al. 20Q7An alternative approach is needed, one that will address the
issues of cost associated with-lfeised PVsSuch an alternative will involve the use of
organic semiconducting materials, which can be processed at relatively low temperatures,
such as by vacuum depositianr, preferably from solutiorEase of processing, together with
facile material synthesis, flexibility, and low cost fabrication, are the various attributes that
make the organic solar cells attractive and a potentially suitable alternative tcltase8i
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PVs. In the next section, a brief history and description of organic solar cells will be

presented.

1.2 Organic Solar Cells (OSCs)

Although inorganic based PVs as earlier mentioned have demonstrated relatively high power
conversion efficiencies (Green et @D11), organic based solar cells have in recent years
attracted great attention. In the last few years, organic solar cell technologies have received a
growing interest amongst university research groups, and industries alike. This is owing to
their potental for low-cost production, flexible device applications, and facile fabrication
from materials that are easily synthesized (Brabec, 2004; Shaheen et al. 2005). The
characteristic low cost production technologyQ8Gs allows for high throughput of deviee

on flexible substrates for example. It has been shown that this can be achieved by
implementing processes like rdetreel, inkjet printing or spray deposition techniques
(Nelson 2002; Glines et al. 200A)I of these attributes are at the heart of the organic solar

cell technology advantage.

The study of organic solar cells dates back to the 18t0s albeit at a low level until
recently. Interestingly in the years leading up to the 1970s, the field received a boost as a
result of realizing conductivity in the polymer polyacetylene (Chiang et al.1977). Following
this breakthrough, Chiang and eavorkers were awarded a Nobel Prize in Chemistry, in
2000. On the basis of their work at the time, thel stalled homojunction devices were
successfully fabricated (Nelson, 2002). These devices were fabricated using a single organic
materialsandwiched igveen two electrodesvith an efficiency yieldof less than 0.1%. The
asymmetry in the metatlectrodework functions provided an electric field which drives
separated charges towards the respective electrodes. The challenge with this device structure
however, was that the electric field was insufficient to dissociate photo generated excitons
(Nelson, 2002). Due to the very nature of their low power conversion efficiencies, they are

considered unsuitable for application.

A major advancement was introducled Tang (1986), which utilized an electron donating
material in conjunction with an electron accepting material, sandwiched between electrodes.
The electron donating material has a high tendency to lose electrons (i.e., high ionization
potential), whilst lhe electron accepting material on the other hand has a characteristic high
electron affinity. The interface between these two materials is referred to as aidonor

acceptor (D/A) heterojunction (bilayer junction). At this junction a chemical potentiatoffs



is created. This chemical potential, due to the differences in electron affinity and ionisation
potentials of the two materials, facilitates the dissociation of excitons generated near them
(Tang, 1986) This photovoltaic device at the time showed limited power conversion
efficiency (PCE) of only ~1%, under simulated AM2 illumination. The bottleneck with the
device structure however, is with the excitofiudiion lengths. This is the distance an exciton
can travel before it decays radiatively and/or -nadiatively (Bradley, 1993; Pacios &
Bradley, 2002; @nes et al. 2007), thus failing to yield free charges. Unlike Silicon, excitons
in organic semiconducts are tightly bound by Columbic forces (Bradley, 1991). In order to
generate photocurrent in these devices, excitons must be created within a few nanometers of a
D/A interface. At the interface, charge transfer occurs, with electrons to the materghierf hi
electron affinity, and holes retained in that with higher ionisation potential. The typical
exciton diffusion lengths in organic semiconductor materials are generally small, in the range
of 510 nm (Hoppe & Sariciftci, 2004). Therefore it is expedteat they should be formed
within their exciton diffusion length of the interface, in order to generate photocurrent
efficiently (Blom et al. 2007; Nicholson & Castro, 2010). Unfortunately this was the case
observed in the bilayer device structure. Siriceonsisted a single interface (at the planar
junction), only the excitons created very close to the interface are dissociated. Additionally, it
was also noted that the diffusion lengths of organic materials are much shorter than the
absorption depth of éhfilm, which is roughly about two orders of magnitude smaller (Pacios

& Bradley, 2002). This was found to place a limitation on the thickness of the light absorbing

layer, and hence optical absorption of the device.

Following the development dfulk heteojunction (BHJ) structure (Yu et al. 1995), a much
more significant advancement came about in the mid 1990s. As a result of this, a dramatic
improvement in the efficiency of organic solar cells was demonstrated. In contrast to bilayer
heterojunction devicearchitecture, the BHJ consists of dispersed D/A interfaces on a
nanostructured scale throughout the bulk of the active layer. This structure was achieved by
blending the electron donating and accepting materials in suitable organic solvents. Therefore
in such structures, excitons are more likely to be created within a few nanometers of D/A
interfaces, and then dissociated before decayiari¢ps & Bradley, 2002; Nicholson &
Castro, 2010). This significantly increases the chance of dissociating a majociyated
excitons efficiently.The BHJ architecture happens to be one of the most important advances
in the field ofOSGs.



In their work, Heeger and ewmorkers (1995) reported a monochromatic PCE of 2.9%, based
on the BHJ device structure, by blendingaymer with buckminsterfullerene. The class of
materials employed as the photoactive layer in their work are semiconducting conjugated
polymers and small molecules (Yu et al. 1995; Blom et al. 2007). These classes of materials
have received widespreadattion over the recent yearBhe polythiophenes are amongst

the most popular electron donating semiconducting materials investigated in BHJ OSCs
(McCullough, 1998). Their applications have been demonstrated to extend even beyond
OSCs. Such applicationsdinde light emitting diodes (Bradley, 1991; Bradley et al. 1998),
and organic thin film transistors (Kim & Bradley, 2005). On the other hand, fullerenes are by
far the most successfully implemented acceptor materials in BHJ OSCs (Shaheen et al. 2001;
Hoppe & Sariciftci, 2009. In particular, due to their limited solubility, other derivatives of

the fullerene, G have been synthesised (eds. Rand & Richter, 2014), and as a result the ease
of processing BHJ OSCs from solution is improveétyure 1.1 shows alB schematic

illustration of a bilayer and BHJ device structure.

(b) ~~ Donor (P3HT)

a | Yoror materiz ,
(@) B  Donor material Acceptor (PCBM)

/7 4 Acceptor material

hy

I hvl (7

Figure 1.1: 3D schematic design of (a) Bilayer heterojunction OSC, and (b) BHJ OSC. The

photoactive layer is sandwiched between a cathode and hole extracting anode.

1.3Working Principles of Organic Solar Cells

The basic principles of operation of the organic solar cell are as follows:

i.  Photon absorption which leads to the formation of coulombically bound electron

hole pairs (excitons),

ii.  Exciton generation andliffusion to a D/A interface, followed by



iii.  Charge separatiorfpreceded by an initial charge transfer) and

iv. Charge transport to and collectiorat the electrode contacts (anedeles and

cathodeelectrons), yielding direct current to an external circuit.

The fundametal mechanisms of operation of the BHJ organic solar cell, from photon
absorption to the generation of photocurrent in devices are illustrated in Figure 1.2. Each
process outlined above leading up to charge generation, contributes to the external quantum
efficiency (Forrest, 2005). The efficiency of each of these processes together contributes
towards the useful electric current that the organic solar cell can yield. In other words, the

photoelectric current delivered by the device depends on efficien@iyopipe & Sariciftci,

2004} photon absorptionf(,), electroni hole pair dissociated’, ), charge transportx.,
), and charges that are collected at the electrollgs).(The praluct of these efficiencies

together defines the external quantum efficiency/ige =/,3 Ay 2 her 3 hec.

Cathode
2 (b)

Aoy

Anode Sun fight o s
(a) e
S
- — accEDIOr
l/' \ BHJ
= ! . . .

- HOMO: Highest occupied molecular orbital
Exciton 1Jl,  LUMO: Lowest unoccupied molecularbital

Figure 1.2: (a) A schematic of the BHJ OSC, illustrating the significant processes within the
photoactive layer of the device, following photo excitation. (b) Energy band diagram

representationf the processf operation in at®SC



As indicated in Figure 1.2, the efigmcies of photon absorption, exciton diffusion to the

nearest D/A interface, charge separation (following initial charge transfer), and charge

transport to and collection at respective electrodes are represer"ﬂad %EtED, 3qCT v c,;and

4C[CC. The efficienciesof these processeme cucial to device parameters such as current

densities, open circuit voltagand the fill factor (which shall be discussed in the next
chapter).These in turndirectly influence thepower conversion efficiencie$CEs) of the
OSCdevices.

1.4 Challenges

From reports, OS@evices have achieved at b&ZEs in the range of 3i59.5% with the

single junction BHJ device architectures (Liang & Yu, 2010; Green et al. 2011; Liao et al.
2013) Despite the progress made so far in improving PCEX;saregenerally stillnot as

widely commercially viableas their Si-based PVcounterparts. To achieve commercial
viability however it is generally accepted thatSGs exhibita PCEyield of more thanl0%

in addition to demonstrating lorigterm stability as well (Brabec et al. 2010). The PCE of
OSCs is mainly a function of the devicesbd
voltage and fill factor (Nelson, 2002). These together are regarddét 83V performance
parameters. Improvement of these parameters is necessary for maximizing PCEs. To do so
however, there are a number of significant challenges OSCs are faced with, that needs to be
addressed. Addressing these has been the major drivogldehind current research in this

field. Some of these challenges are briefly discussed further in the following sections.

1.4.1 Increasing the Absorption range of the photoactive layer

By increasing the absorpti on lagep materialsytme o f t
potential for harvesting useful incident solar radiation increases (Nelson, 2002).
Consequently this contributes to improvement in photogenerated charges. Unlike their
inorganic counterparts, most organic semiconductors are knownvéeowide band gaps,
(1.9-2.2eV) (Liang et al 2009). Such wide band gaps translate to absorbing small fractions of

the solar spectrum. Therefore resulting in limited absorption efficienigé and ultimately

l'imiting the deviceds photocurrents. Having
absorption spectrum, preferably towards the unégh region is desirable. It has been
suggested that utilizing low baighp organic semiconductotsadgaps preferably <1.8V)

is beneficial, as the absorption spectra of photoactive layers will increases respectively.



Consequently, the spectral photon harvesting efficiencies of devices is enhanced (Brabec et
al. 2001; Wen et al. 2008). The developmemei classes of semiconductors with low band
gaps is therefore essential. Recently, OSCs based on newly developed low band polymers
have demonstrated efficiencies of well ove5% (Peet et al. 2007). This was not however
without extensive device engineagiefforts. It is also important to note that the structure and
synthesis of these materials does require judicious design, and the cost of doing so should be

taken into consideration.

1.4.2 Enhancing the Efficiency of Exciton Dissociation

In addition to widle band gaps, which are material dependent, the other issue is system
dependent. The system here refers to the nanoscale configuration formed by the donor and
acceptor materials within the bulk of the photoactive layer following fabrication. To ensure
that majority of (if not all) generated excitons in the absorbing material are dissociated
effectively (see steps 2 and 3 in Figure 1.2), there must exists D/A interfaces in the region
within the exciton diffusion lengths. For the OSCs, this is not entirelycHse, as reports

have suggested that not all generated excitons are successfully dissociated (Li et al. 2005;
Mihailetchi et al. 2006). Having well defined nanostructured D/A interfaces uniformly
distributed throughout the bulk of the photoactive lagedesirable and crucial for efficient
exciton dissociation. The well defined nanostructure will not only ensure efficient exciton
dissociation, but will also have an impact on the transport and collection of charges (Moule &
Meerholz, 2009; Chen et al. 280 Figure 1.3 illustrates an ideal nanostructured photoactive
layer (morphology) for an OSC. This structure is characterised byc@nbinuous networks

of D/A phases spanning between the two electrodes. This should almost guarantee 100%

efficient excitondissociation and subsequent transport and collection of separated charges.

Photoactive layer A «——Donor polymer
sandwiched @ )
between electrodes ! Acceptor

Figure 1.3: Schematic illustration of an ideal structure of a bulk heterojunction organic solar
cell (Adapted fromHoppe & Sariciftci, 2004).

Additionally, the photoactive layer thickness must be optimised for maximum absorption of

useful photonsThe bicontinuous pore radius is within exciton diffusion lengths, ensuring
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maximum exciton harvesting. The same pores which are straight, alsogsrowiithterrupted
pathways for charge transport to the respective electrodes (Mayer et al. 2007). Although the
current state of OSCs is far from this ideal, a number of methods have been developed for
nanostructuring photoactive layers. One of these insltidermal annealing, which involves
subjecting OSC devices to heat treatment, at a particular temperature and duration (Padinger
et al. 2003; Kim et al. 2004). Others include exposing thin films to solvent vapour annealing
(Li et al. 2007), exploiting thelifferential solubilities of donor and acceptor materials in
various organic solvents for fabricating photoactive layers (Park et al. 2009; Dang et al.

2011). These methods have been shown to induce morphology variations to various extents.

Most morpholog studies have shown that nanostructuring remains a challenge because a fine
balance between exciton dissociation and charge transport properties is needed within the
photoactive layers, for efficient devices. This is crucial as the balance, howevey largel
depends on how precise and effective these methods are in tuning nanoscale morphologies to
achieve an optimum phase separation, with respect to the processing conditions. Such
conditions include donoii acceptor compositions, type of solvents and/or i¢akipn
procedures, etc. Besides having optimum D/A phase separations, there also remains the
guestion on how stable they are against aging effects (Hermans2€08|.Mayer et al.

2007). This is an important issue that requires addressing as OSCe apelat conditions

where elevated temperatures must be expedtappe & Sariciftci, 2004). Figure 1.4
summarizes the relationship between molecular structures (as it pertains to band gap),
morphology (nanoscale structuring of D/A domains) and device gregeThis suggests that

the concurrent optimisation of these closely interconnected parameters is necessary for the

design of highly efficient OSCs.

Charge separation

Band gaps )
and transport propertie

and absorptioy

Molecular
structure

. g ylelgelgle]lele
Self organization P

Figure 1.4: An illustration of the interrelationship between the molecular structure, nanoscale

morphdogy and the device properties.



1.4.3 Charge Transport

Charge transport properties can also be indirectly influenced by the nanostructuring of
photoactive layers as highlighted in the previous section. However, for most organic
semiconductors, their chargearrier mobilities are inherently low, with typical values €10
cn’/Vs, in contrast to their inorganic counterparts (e.g., 01 cnf/V.s, for amorphous
silicon) (Coropceanu et al. 200Hor the majority of donof acceptor combinations in the
BHJ OSGs, carrier mobilitiesare not similar sincehole mobilities in the donor phase are
often lower than that of electrons in the acceptor phase (Milhailetchi et al Zb@Hleads to
unbalanced carrier mobilities in the systems, consequently crebgroblem of charge
build i up (mostly holes). This isa phenomenon known as space charge limited conductivity
which shall be furthediscussed in chapt& Studieshave indicated that one of the wapfs
addressing this problem is to hawe preferred intgrenetrating network otrystalline
domains with increased connections between theimer&ore the active layer will comprise

a networkof uninterruptedpercolating pathway$or efficient chargetransport (Moulé &
Meerholz, 2008)This will not only beneti efficient charge transport, but will also contribute

to reducing series resistance, hence improving charge collection (Li et al. 2005).
approach is particularlgssociateavith thenanctructumg of most existing donair acceptor
combinationsin the bulk photoactive layer of the devicehel development of newer
materials can provide an alternate route for also addressing the problems of lowicharge
carrier mobilities. However, in developing new classes of polymessiggestedn section

1.4.1, itis imperative not only to develop new materials with optimum band gaps, but also
with improved chargé carriertransporfproperties concurrently. This is a task that is in itself
rigorous and challenging.

1.5 Research Motivation and Objectives

The need fo optimised BHJ active layers, characterised by a preferred nanoscale
interpenetrating and percolating system for efficient exciton dissociation, charge transport
and collection, is critical for efficient deviceB3HT: PCBM BHJ OSCs have been reported

to demonstrate efficiencies in the region df 8% (ReyesReyeset al. 2005, Kim et al. 2005;

Li et al. 2005) A number of investigations utilizing a range of morphology tuning methods to
achieve this have been reportéd ¢t al2005 Shrotriya et al200§ Li et al. 2007; Huang et

al. 2009; Pivrikas et al. 20L1Among these methods, thermal annealing is one of the most

successful processing techniques dptimizing morphologies of P3HT based solar cells
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The effectiveness of the induced morphology isnprily a function of the method and
processing conditions employed (Roman, 2005). Other than the processing methods, PCBM
composition also plays a significant role in influencing PV performance properties. The
interplay of composition and thermal anneglim optimising active layer morphologies in
P3HT: PCBM solar cell is an area that has not been fully understood yet. Understanding the
impact of the correlation between PCBM composition and thermal annealing on PV
performance parameters is crucial foriopsing the OSCTo achieve this, it is necessary to
provide a qualitative and quantitative evaluation of thermally induced PCBM aggregation
within P3HT: PCBM blend thin films (for varying PCBM compositions).

Optical absorption spectroscopic charactensabf P3HT: PCBM thin films have mostly

been reported only in the visible range and near-r&fda(i.e., 400" 700 nm), neglecting in

most part the significant ultr@olet (UV) range where PCBM absorption is prominent (Jeong

et al. 2011; Jamieson et &012). By observing the UV region of the spectra of P3HT:
PCBM thin films; it is possible to evaluate donor/acceptor phase separations as a function of

thermal annealing.

Since donor/acceptor phase separation has a significant impact on how efficiemtseaie
dissociated, engineerirtpe formation of PCBMnolecular aggregatesithin theactive layer

in a controlledand systematic mannier a necessargrerequisitor maximising PCEsMost
studies have reported the variation of PV properties with éemyre (Ma et al. 2005; Li et

al. 2005) or with differing thermal annealing times (Huang et al. 2009; Jo et al. 2009). These
conditions, (either optimum annealing temperature or time), all constitute different strategies
which is expected to induce diffsrt morphologies of the active layer. By employing three
different thermal annealing strategies, this work will seek to provide a comprehensive set of
morphology engineering protocols significant for the optimisatdnPV performance
properties. Other faors such as charge transport pathways, and loss mechanisms via
recombination, which have a significant impact on device P&Bstér et al. 2006; Kim et

al. 2007; Pivrikas et al. 2011), will also be probed.

Reports have suggested that a relationship exast between charge carrier mobilities with
exciton dissociation and recombination processes (Clarke & Durrant, 2010). The latter
process is believed to be a function of trap centres within the active layer, which may be
created during thermal induced watructuring (Milhailetchi et al. 2006). In the P3HT:

PCBM systems, most discussions on thermal annealing have been centred on the significance
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of the glass transition temperature of P3HT. The indutmbr/acceptophase separations
around the polymer géa transition temperature is considered to be at a critical point, beyond
which deterioration possibly occurs. Of particular interest however in this work, is to probe
and address the impact of created trap centres on charge carrier mobility over afrange o
thermal annealing temperatures above the polymer glass transition temperature. Since at

elevated temperatures, phase separations will be expected to be much pronounced.

Furthermore, by employing impedance spectroscopy measurercemiglimented with
capad@anceil voltage measurements, thermally induced vertical segregation mechanisms in
P3HT: PCBM OSCs will be probed. The use of these techniques is not common, but has the
potential for providing useful insight into the mechanism of vertical segregatiag.igh
significant, ascompositonal gradientis expected to enhance contact selectivity towards one

type of charge, thus reducing leakage cugddampoyQuiles et al2008).

It is expected that thisvork will provide a comprehensive understanding of key factors
related to improving the efficiencies of P3HT: PCBMbasedOSCs. The thesis will also be
providing a framework relevant for designing high performance OSCs.

1.6 Thesis Organization

A brief review of organic semiconductors and concepts related to organic solar cells in
particular are presented in Chapter 2. It includes discussions on the energy band model, and
the physics contacts in semiconductor devices. Charge transport in organic semiconductors,
in view of understanding current limiting characteristics is briefly described. In addition, the

working principles of organic solar cells are further discussed in detail.

In Chapter 3, a brief outline of conjugated polymers employed in OSC devices is given. The
conjugated polymer, P3HT and its properties will be described. Additionally, the properties
of the fullerene acceptor material, used in conjunction with P3HT arer iy OSC

materials in this thesis are briefly discussed.

The list of materials used in the work of this thesis is presented in Chapter 4. Also in this
chapter, details of characterisation methods and respective instrumentations are presented.
This induded discussions on the background approach of the experimental techniques
employed in the work of thesis. The results obtained following the various measurements

described in chapter 4, are presented in Chapter 5 and 6.
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Chapter 5 is detailed discussiom optical and structural characteristics of thin films of
P3HT, PCBM and P3HT: PCBM blend, whilst in chapter 6, the corresponding electrical and
PV properties of thin films for an OSC application are presented.

Chapter 7 summarises the thesis, and pesvah outlook on future works.
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Chapter2

Theory of Organic Semiconductors

AEven i f t hpeorsesiibsl eonulnyi foineed t heory, it is

Stephen Hawking, Astrophysicist.

2.1 Introduction

Solid materials are generally classified into three main categories, namely; conductors,
insulators and, semiconductors. Conductrescommonly described as materials that permit
current conduction, while an insulator does not. The semiconductor on the other hand is often
defined rather loosely as a material, whose electrical resistivity lies in the range between
typical conductors ahinsulators, i.e., I0i 10° mcm™ (Bar-Lev, 1993; Yacobi, 2002). Due

to this range of resistivity exhibited by semiconductors, they have been knaywidally
demonstrate a negative temperature coefficient of resistance and variable electrical
conducivity. These unique properties of semiconductors make them suitable for a wide range
of applications in electronic devices. Additionally, another class of materials referred to as
organic semiconductors have now been recognized as the bedrock of orgatronls.

These are organic materials in contrast to inorganic materials, such as silicon, which exhibit
semiconducting properties. Following the works of Shirakawa afwiockers (Nunzi, 2003),
where they reported electrical conduction in polyacetylertensive researches have been
motivated in the area of organic semiconductors. Today organic semiconductors are
increasingly employed as active materials in electronic devices such as organic light emitting
diodes (OLEDSs), organic field effect transistorthin film transistors (OFET, or OTFT), and
organic solar cells (OSCs) (eds.uBmng & Adachi, 2012). In this chapter, the physical
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principles underlying the electrical conductivity processes in organic semiconductors are
reviewed. In addition, the resiv encompasses a number of properties of organic

semiconductors for photovoltaic applications.

2.2 Organic Semiconductors

Organic semiconductors in contrast to inorganic semiconductors (for example Si) are
generally consi der ed nass cs evnidceceo nbdauncdt ogiaS8p swi tihn
eV, exceeding typical semiconductor band gaps (e.g., @&12for Si) (Peter, 2009). The
extent to which organic semiconductors have been applied in electronic devices is limited in
comparison to its inorganic coterpart. The reason for this limited application of the organic
semiconductor has been pinned down to their characteristic carrier trapping and relative low
chargei carrier mobility (Yacobi, 2002). However, organic semiconductors posses relatively
highasor ption coef fi°an')emedning dvenythinifims (K L0 nnW) of
such material can give rise to relatively high absorption of photons, this in a way partly
compensates for its low mobilities (Hoppe & Sariciftci, 20@4).interesting poperty of the
organic semiconductor is its unique advantage of diversity (i.e., flexible chemical structure)
and relative simplicity with which their properties can be tuned to specific applications
(Yacobi, 2002; Hoppe & Sariciftci, 2004). Another impottdifference between the organic

and inorganic semiconductor is that the former has a relatively small exciton diffusion length
(in the range of ~ 10 nm) (Halls et al, 1996; Haugeneder et al, 1999; Stubinger et al, 2001).

An example of an organic semicarador material is the conjugated polymer which has over
the yearsalso received widespread attention, particularly following the award dildibel

Prize in Chemistry in the year 2000, for the discovery and development of electrically
conductive polymersReter, 2009)The basic feature of conjugated polymers is that they are
made of alternating single and double bonds between carbon atomisCie.Ci C = Ci.

This is referred to as conjugation, hence conjugated polymer semiconductors. In the next
secton, the theory explaining the resulting formation of a band gap and energy levels due to

the conjugation process in polymeric semiconductors is discussed.

2.2.1 Energy Band Theory

Originally developed on the basis of inorganic semiconductors, the energy band theory can be
extended to encompass organic semiconductors, which are generally less ordered compared
to their inorganic counterparts (Petty, 2007). The theory will help to iggowan

understanding of the underlying electronic structure of organic semiconductors. This is
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achieved, in light of the unique bonding and molecular structures present in organic
molecules. As previously mentioned, the essential ingredient of organicoselactors is
conjugation, i.e., a chain of alternating single and double bonds between carbon atoms.
Conjugation produces two important changes in the organic molecule, namely; the splitting
of discrete energy levels into nearly continuous bands of enargy the characteristic
delocalisation of charges in these levels (Peter, 2009). Figure 2.1 shows an illustration of the
principle of conjugation and chemical structure of the simplest organic polymeric
semiconductor, polyacetylene.

1 l.*
En el es
H H H

_J N

Figure 2.1: (a) Principle of conjugation in organic electronic materials (alternating single and
double bonds), (b) Polyacetylene, the simplest organic polymeric semiconductor (Peter,
2009).

The construction of energy bands in organic semiconductors is interpreted ® dérm
molecular orbital interaction. Four electrons are available in carbon for forming bonds; three

are considered to occupy the? $pybridized orbitals and the fourth, prbital. During the

process of bonding in organic materials, such as ethyle&)Ghe three spelectrons form

covalent bonds via molecular orbitals to the next carbon atom and to the hydrogen atom.

The remainingpe | ectron is available to form covaler
illustrated in Figure 2.2. Therefore organic polymeric materials made of long chains of

carbon atoms, the result of conjugation is a chain of alternating singtdy() and double’(

and ") bonds. The i nt er ac t,atanic orbitald) esuksinthe ei ghb
splitting b enblecdas orbitdls. Im additional chains of carbon atoms, this is
seen as small er splitting of the bewaeks. of
electrons are considered to residehiret ~ b a n d , is ewipty &t bower a@ndrgy stdtes

(Jaiswal & Menon, 2006). These are recognized as the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO). Figure 2.3 shows the process of
the formation of HOMO ah LUMO levels in a typical organic polymeric semiconductor.

The energy levels HOMO and LUMO are synonymous to the valence and conduction band of
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semiconductor physics respectively. The energy difference between HOMO and LUMO level

represents the energy lohgap E).

" orbitals

/ N\

H\ /H
c—CcC ) . orbitals
/
H H T
" orbitals
Figure 2.2: Model conjugated organic molecule, showingnd ~ or bi t al s.
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Figure 2.3: Molecular orbital interaction in the construction of energy bands in

polyacetylene.

2.3 Charge Transport in Organic Semiconductors

In the ground state, hHOMO of the organic molecule is considered to be filled, similar to
the valence band in inorganic semiconductors, and the LUMO remains empty. For charge

transport to occur in such organic solids there must be a charge in the LUMO level. This can
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be achiged by the injection or extraction of an electron at the interface of a metal electrode
and the molecule (Peter, 2009), or through the dissociation of a neutral excited state in a
molecule and subsequent charge transfer (Clarke & Durrant, 2010). Thedstiiéing in the
generation of bound electrénhole pairs, which is a precursor of free charges in OSCs. The
electron taken from or added to the o orbitals, result in the excited state of the organic

molecule.

Due to weak intermolecular bonds irganic molecules, the delocalization of charges is not
strong, in contrast to inorganic semiconductors, which possess rigid molecular structures with
longi range order and periodicity. Furthermore, as a result of excitation or electron injection,
there isa spatial distribution of electrons in the orbital, resulting in changes to the
molecular geometry. For these reasons, organic semiconductors possess more localised
charges and their characteristic transport is regarded as hopping from molecule tdemolecu
(Lampert & Mark, 197Q)

In the following sections, a review of important physical principles underlying the electrical
processes in organic semiconductors for electronic devices, are presented. These are outlined

referencing mainly OSCs.

2.4Metal i semiconductorinterface

Understanding the properties of matalemiconductor interface is significant to the working
processes in most organic electronic devices, such as an OSC. The organic
semiconductor/metal electrode contact in organic solar cedis example of a typical metal

T semiconductor interface (junction). Such an interface is usually formed by the deposition of

a met al on to a semiconductor material. Dep
the semiconductor and the semicondutype (1 or pi type), a rectifying junction or an

Ohmic contact can be obtained. Figure 2.4 is a schematic representation of d& metal
semiconductor interface, showing the energy band profiles before and after making contact.

€t m andets are the work fuations of the metal and the semiconductor respectively.

The builtin potential, Vy,; is the difference between the work functions of metal and

semiconductorg(yi €s), whereas the barrier height is expressed as

e g=e€ €G (2.1)
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w h e gigthecelectron affinity of the semiconductor. Tdepletion widthW as a function of
applied voltage, is given as
20V, v U2

w= Z%iV 2.2)

eNd

The (%) in equation 2.2 indicates the forward and reverse bias conditions. Under thermal
equilibrium,V = 0.
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Figure 2.4: Schematic illustration of (a) a Schottky barrier junction, and energy band profile
of a Schottky barrier junctionr(etali ni type semiconductor) formation (fap, > €s) (b)
before and (c) after conta@dapted from Singh, 1994).

From the alignment criterion of Fermi level across a junction, it follows (fon antype
semiconductor) that €€, > e£, electrons flow is from semiconductor to metal. This result
in the formation of a depletion layer, wighpositive space charge on the semiconductor and

negative on the metal side of the junction, see Figure 2.4(c).

When a positive voltage is applied to the semiconductor (foriatype), as in Figure 2.4(c),
etp is increased. This corresponds to a revérbas condition, in which electron flow from

semiconductor to metal is impeded. On the other leapdaiecreases for a negatively biased
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semiconductor, electron flows from semiconductor to metal, thus a foiwaiesd condition.

In the case o&t, < e€,, for the samen i type semiconductor in contact with a metal, an
Ohmic junction is formed. As is evident in Figure 2.5(b), there is a downward bending (in the
semiconductor) of the energy band edge upon the junction formation. The absence of a
potential barier at the junction means electrons can flow for either applied voitdgas

conditions.

Metal Metal Ve Ev

h—— EV

Semiconductor
Semiconductor (n-type)

(n-type)

() (b)
Figure 2.5: Schematic representation of the energy band structure of ainsetaiconductor

junction for the formation of an Ohmjanction; (a) before and (b) after contact (Adapted
from BarLev, 1993).

If the semiconductor is pi type, the considerations outlined previously applies; such that

the junction is rectifying igt , < €€, whereas it is Ohmic £, > €€,

2.5 Bulk Heterojunctions (BHJ)

When two semiconductor materials with different energy gaps are brought in contact, the
resulting junction formed is referred as a heterojunction (Yacobi, 2002). Organic
semiconductor applications in electronic devices such as O8@farhentally incorporates
heterojunctions. The semiconductor materials are usually termed as donor (electron donating)
and acceptor (electron accepting) materials. Generally bulk heterojunctions can be achieved
by coi deposition of the donor and acceptdts (Geens et al, 2002; Peumans et al, 2003), or
solution casting of dondr acceptor blend solutions (eds. Krebs, 2008). Donor materials are
considered ap 1 type semiconductor (e.g., a conjugated polymer, as the electron donor),
whereas acceptor matals areni type semiconductor (e.g., a fullerene, as an acceptor) (Ma

et al, 2005). Of the three types of OSC architectures discussed in section 1.2, both the bilayer
and bulk are based on heterojunctions. The significance of the BHJ is have an intimately
mixed donor and acceptor composition distributed throughout a bulk volume, such that

donor/acceptor (D/A) interfaces are within the exciton diffusion length at each absorbing site
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(Hoppe & Sariciftci, 2004). Figure 2.6 shows a schematic illustration luétarojunction
(between ap i type semiconductor, poly {Bexylthiophene) (P3HT), and am i type
semiconductor, g (Jiang, 2007).

Figure 2.6: Schematic illustration of the energy band structure of P3kyF€erojunction.

The schematic energy band diaigp of the heterojunction (bilayer and bulk) in a typical OSC

application is shown in Figure 2.7.

%\ W % g Z?ZZ%

Metal 2

Donor

Acceptor

Figure 2.7: Energy band diagram of (8)layer and (b) bulk heterojunction device structures.
(Adapted fromYacobi, 2002 Hoppe & Sariciftci, 2004).

Figure 2.7 represents schematics of the bilayer and bulk heterojunction device structures
under illumination conditions (applied voltagé,= 0) respectively. It is also important to

note that the work functions of metal contattand 2 are asymmetrical (i.&;,> €,); asthis

is necessary, to ensure selective collection of holes and electrons resped@igelys
achieved when there is an electrically stable contact betweeri lsolecting electrode and

the donor materialand also between electrédncollecting electrode and the acceptor (see

Figure 2.7).
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2.6 Capacitance Voltage characteristics
The charge within the depletion region of the méts¢miconductor junction (see Figure 2.8)
is proportional to the concentratiof ionised donorsNy) and the depletion width, expressed

as
Q, eNgW (2.3)

Substituting folW from equation 2.9, therefore

Q, 26Ny Vy; V 7 (2.4)

SinceC=A( @ \), therefore the depletion region capacitance can be expressed as

ey 2

c A SV v

(2.5)

,whereAi s t he d & sectioreates. Equation2.44 can also be expressed in the form

VpiV

c?
A%elNg

(2.6)

The plot ofC? versusV gives a straight line from which the values of bdghandNy can be

extracted. The intercept dhaxis atC? = 0, gives the value &fy..

2.7 Ohmic and Space charge limited anductivity in semiconductor thin

films

An Ohmic contact between a metal and semiconductor has a negligible contact resistance
relative to that of the bulk of the semiconductor (Sze, 1985). Ohmic conduction particularly

in wide band semiconductors is knowm be due to thermally generated carriers. For this
reason, conduction occurs even at low applied voltages, due to the excess thermally generated

carriers relative to Iinjected ones. The curr

_ \Y
J= Do €3 (2.7)

, Wherepy is the electron or hole concentration (in eithemanor p i type semiconductor),
Mn(p) IS the electron (hole) mobilitye is the electronic charg®, is the DC applied voltage,
andd is the semiconductor layer thickness. However this condition breaks down in the space
charge limit, when at high electric fields, the density of injected carriers becomes so high.

The field due ¢ carriers themselves become dominant over that of applied bias, and the
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condition becomes space charge limited. This behaviour is characterised by a quadratic
dependence of current density on applied voltage, also referred to as the Mott and Gurney
relationship (Mott & Gurney, 1940).

9 V2
V= 5 @ (2.8)
It is important to note that the above relation does not necessarily imply theab$eraps,

as in reality semiconductors are imperfect and contain traps, but rather that they are all filled.

2.8 Characteristics of Photovoltaic cells

Photovoltaic (PV) cell is a prominent electronic device with increasing application of organic
semicomuctor materials. In terms of semiconductor physics the PV cell is essentially based

on thep 7 n junction diode. In principle, the junction formed between two semiconductor
materials of the same type but of opposite doping type is considered aunction.p i type

being characteristic of majority of holes, amd type, rich in negative charge carriers, as a

result of doping witldonorimpurities (Sze, 1985; Tyagi, 1988; Singh, 1994). Usingpthe

junction diode as a reference device, and wit ui val ent circuitsoé thi

working principle of a typical PV cell will be outlined.

2.8.1 Equivalent circuit model

In the dark, the current densityvoltage characteristics of a solar cell can be desciibed
terms of atypical ideal diae (p i n junction) with current density given by the following
equation (Sze, 1985)

I Jexgy 1 (2.9)
B

, WhereJs is the saturation current under reverse bias the applied biagy the electronic
charge kg the Boltzmann constant, afidthe temperaturd=rom equation 2.9, it follows that
larger currents pass through the device under forward Yias0) compared to reverse bias
(V < 0). This rectifying behaviar is a typical characteristic of PV cells. On the other hand, if

the cell is exposed to sunlight, the id&alV characteristics is given by
V
J Jsex |§B—T 1 Jsc (2.10)

, WhereJsc is the short circuit current density, \&t= 0, and is a function of the illumination

intensity. When the contacts of the device are isolated (open circuit condition), it yields its
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maximum voltage (open circuit voltage). At this conditidrs 0, and from equation 2.10, it

follows that the open circuit voltag€oc (measured in volts) can be expressed as

Vo o= "iqT ! (.11

S

It is obvious from equation 2.11 thafoc increases logarithmically with the short circuit
current density (which is directly proportional to the illumination intensity). Figure 2.8 shows

the equivalent circuit model of an ideal diodg;i V curves in the darkand under
illumination.

4 Dark current

VOC

Current density, J

Biasvoltage, V

a/f-
Q
=
«—
5
o

(b) Light current

(@)
Figure 2.8: (a) Equivalent circuit model of an ideal solar c@d) J 7 V characteristics of an
ideal solar cell in the dark and under illumination.

2.8.2 Efficiency

The characteristidd 1 V curve of a PV cell under illumination is shown in Figure 2.9,
depicting the major PV parameters.

-
>
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o
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O 1// .
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Figure 29: J 71 V (grey) and powei voltage (black)characteristics of a typical solar cell
under illumination.
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In Figure 2.9,J, and V, representthe maximum point current density and voltage, for
maximum powernutput (Puax = Jn X Vp). This also corresponds to the shaded area, the
largest rectangle that can fit under thé V curve.The power conversion efficiency of the
cell canbedetermined from the relationship

PcEe -2 pmnFF BgYee o (2.12)
From equation 2.12;
I Vi
FFE 202 (2.13)

FF in equation 2.13 is referred to as the fill factor of the device, which essentially defines its

quality (Mayer et al, 2007). An ideal solar cell will havERavalue of unity.

The discussion so far is in terms of an ideal solar cell. However, in & md@al case, it is

known that there are power losses present via contact resistances and leakage currents around
the sides of the device (Nelson, 2003). These effects are equivalent to parasitic resistances
namely series and shunt resistand®s gnd Rsy). These are illustrated in Figure 2.1Rs
originates from the cell s materi al resistan
to the semiconductor/metal interface, and metallic contacts. In the case of OSCs, the series
resistance will therefordbe a combination of both the bulk of active layer and contact
resistances. Shunt resistances on the other hand arises from the leakage currents through the

cell, around the device edges, and between contacts of different polarity.

Be sl

En l Jo v
Jsc<$> R v

Figure 2.10: Equivalent circuit of anoni ideal solar cell intuding parasitic resistancef¢
andRsp).

The effect of increasinBs and decreasinBsso N t h e J V charactelisiics is further
illustrated in Figure 2.11. From equation 2.13 (and with referemEggure 2.9), it is obvious

that increasindrs and decreasinBsy will result in a low fill factor.
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Figure 2.11: Effect of (a) increasingRs and (b) decreasingsy, onJ1 V characteristics of the
solar cell (Adapted from Nelson, 2003).

To achieve a highly efficient cell (one with reasonably Hi§), it is desirable to have a very
small Rs and a largeRsy. Taking into account the effects of parasitic resistances in & non

ideal cell, equation 2.10 and 2.11 can be rewritten as

q Vi JRs Vi JRg

J ‘JSC ‘]S e X BW 1 Rs (214)
Vo= XeT) ey (2.15
q Js

, Wheren is the ideality factar
2.9 Charge Photogeneration in Donor/Acceptor Organic Solar Cells

The working principles of the solar cell were discussed in section 1.3 briefly. This section
discusses in detaihe processes associated with generation of charges in the BHJ OSC. The
primary yield of photo excitations in organic semiconductors are bound eléchae pairs
(excitons), in contrast to free charge carriers in inorganic semiconductors. Thigig thrg

to their low dielectric constants and the presence of significant eldctedtice interactions
relative to the former (Brédas et al, 1996; Gregg & Hanna, 2003). To achieve the dissociation
of excitons, a mechanism involving the difference irctetaic energy properties of the donor

T acceptor materials is required. In the absence of this, exciton will undergo radiative and/or

noni radiative recombination (Clarke & Durrant, 2009).

Figure 2.12 illustrates a simplified viewpoint of the procesphafto excitation and exciton
dissociation at the donor/acceptor interface in a typical BHJ organic solar cell. In the

following section, the process of exciton dissociation is discussed in more detalil.
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Figure 2.12: (a) Energylevel diagram ofD/A interfaceshowingthe excitation of an electron
into the donor LUMO, following photon absorptiofin) Formation of interfacial 4 pairs or
charge transfer (CT) states (dashed o\&df.“is the exciton binding energgprresponding
to the difference between the optical and electrochemical band gapSgzdrid the charge

transfer state binding energy respectii@gapted from Muntwiler et al, 2008)

2.9.1 Exciton dissociation at Donor/Acceptor interface

The subsequent successfigsibciation of photayenerated excitons at the D/A interface to

free charge carriers is a critical step in the working process of the organic solar cell. At the
D/A interface, excitons do not immediately dissociate into free charge carriers, as a spatial
separation of holes and electron occurs first. This spatial separation, an initial electron
transfer across D/A interface results in a coulombically bound interfacial eldailerpair
state(Clarke & Durrant, 2009)A few termnologies have been used in literature to describe
this electron transfer state, which include germinate pairs, bound polaron pairs, and charge
transfer statefTvingstedt, etal., 2009) The most commondi §CThesbtah
which will be used throughout this work. Essentially, the CT state denotes an intermediate
state between excitons and fully dissociated charges. Following the formation of CT states,
their subsequent successful dissociation into free chasgesery critical to photocurrent
generation. The process from CT state to fully dissociated charges is however met by one of
two competing recombination process; namely germinate or bimolecular recombination.
Germinate recombination involves the recomhborabf the CT (germinate) state, whilst the
latter involves free charges (Clarke & Durrant, 2008). As mentioned earlier, the mechanism
at D/A interface required for successful exciton dissociation represents the overcoming of the

Coul omb 6s a betweem bales ana elettrorm, exgressed as

V= — (2.19
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,Whereqi s t he el eldistheodieléctic cortstant af tlwenjugated polymeit is

the permittivity of vacuum, andis the electrori holedistance of separation

To achievehe initial charge separation steggeFigure2.12 (a), it is generally aceped that

there should bea necessary suitable enerdifference between the donor and acceptor
LUMO levels (Muntwiler et al, 2008) This LUMO offset should be just sufficient to
overcome the exciton binding energi#s{). This will enabé an initial energetically
downhill transér step of electran(Bittner, et al., 2005)Since both donor and acceptor
molecules athe interface are physically close to each other, this initial electron transfer step
only results inthe spatial separation between the electron and (@lestate) The distance of
separation concerned is relatively betweeni0l5nm, typically of the order of magnitude as

the size of the moleculé€larke & Durrant, 2008)Applying equatior2.16 the appoximate
Coulomld sittraction can be estimated to be within the range off W15 eV, and this is
referred to as the CT state binding enefgy’{), as illustrated ifFigure2.12. Comparing the
magnitude of th Coulomb attraction with that of the thermaleegy i.e.,ksT (0.025 eV),
evidently it is significant Thereforeenergythat is morethan the thermal energyill be
requiredto dissociateexcitons.In principlethis constittes a barrier to photgenerationof
charges in organic solar cellsinterestingly, in their estimation 0¥oc from polymer1i
fullerene BHJ OSCs, Scharber and his group demonstrated that a minimum LUMO offset of
0.3V is just sufficient for efficient exciton dissociation and charge separation (Scharber et al,
2006). Any vale above this is considered to be wasted energy. The estimation is given by the
Equation

VOC éHOMQOI’]OI’LUMQJ||eI’913y (2-17)

0.3V in equation 2.17 denotes the minimum LUMO offset.

The process of exciton dissociation at the D/A interfaces in organic solar cells have
consistently been described in literature based on the theoretical model of Gi0sesgayer,
1938) Onsager 6s t heor yesgiptionvof tdeeeHicieacy af dissatiationt at i v

of excitons under the influence of an electric fidltdis is discussed in the following section.

2.9.1.1 Onsager Theory

As mentioned previously, exciton dissociation can be difficult primarily dwhaoacteristic
low dielectric constants of conjugated polymersPol ymer 6s | ow charge c:

contribute to this difficulty. Failure for CT state to dissociate within its lifetime, will result in
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recombination (germinate). The quantitatiwescription of germinate recombination was first
provided by Onsager (Onsager, 1934). Originally designed to describe the probability of
recombination of iori pairs, with an initial separation, the theory has provided a classical
framework which have beesuccessfully applied to several conjugated semiconducting
systems (Scher & Rachkovsky, 1984; Milhailetchi et al, 2004). For oppositely charge ion
pairs in a weak electrolyte, undergoing a Brownian motion, whilst under the combined
influence of their mutal Coulomb attraction and an external field, Onsager was able to
calculate the probability of their escape from recombination. The model partiquiaplyss

that a localized hole and a hot electron are generaliesving photon absorption. I to the
excess thermal energy it possesses, the electron theesedlier undergoing a rapid motion.
This thermalization occurs at a distarazdrom the localized hole. This distance of separation
between the hot electron and the localized hole is referred e dsermalization lengthag
shown inFigure 2.13). The resultant electron hole pair, after initial separation by the
thermlization éngth (a), is analogous téhe CT stateDepending on the magnitude of the
Coul omboés attract i on il eithear dissociatd ihte fre€ tharges art e ;
recombine back to the ground stdteaddition, the modedlso proposes a definition for the
Coulomb capture radiugalternativelyreferred to ashe Onsager radius,, as the distance at
which the Coulomb attcdion energy is equivalent to the thermal eneig,. The capture

radius is given by

q2

r : o O
C 4 QQksT

(2.19

, Whereq is the charge of an electrdri,s the dielectric constant of the surrounding medium,
H is the permittivity of vacuunkgt he Bol t z ma n nTéssempecatursgn Fagaré , an d
2.13, the green curve represents the potential energy from Coulomhiaitthe to electron

T hole €7 h) separation.

According to the Onsager model, the CT state is considered to be fully dissocated,if

In the case whera < r, the dissociation of the CT state into free charge carriers occurs with
an escape probability @ (E). On the other hand germinate recombination occurs with a
probability of 17 P (E). P (E) has been demonstrated to depend on the electric field strength,
E, the distance at which the charged pair are generatead the temperaturé&, (Tachiya,
1988). Whert = 0, P (E) is proportional to the negative reciprocal of the CT state distance of
separationa. The escape probability is given by (Tachiya, 1988)
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PE =e x ﬁf 1+2‘If°TE (2.19
B

, Wherea is the initial separation distance between two thermalized igms,the Coulomb
capture radiusg is the electron chargég Boltzmann constanfl the temperature, and is

the electric field strength.

e-h distance
- - >

Dissociation

V/Recombi nation

hv |

y
\Y,

Figure 2.13: Potential energy diagrarsummarimg the probability that Coulombically

bound ioni pair (electroi hol e) i n a weak electrolyte wild@
and generate free charges accordingotsager theoryAdapted from Clarke & Durrant,

2010).

Il n 1984, O n s dugtleerndifiednwoy Bréun, wiaesnphasise the fact that the

CT state has a finite lifetimg€Braun, 1984) This modification was promptely the
observation that the thermalization lengths, obt ai ned, using the On
model, i.e., the electriield dependence of free charge carriers yield, were in the region of

2.517 3.5 nm. However this is larger théangthstypical for the CT state (less than 1 nm). In
addition, Onsager6s theory has the boundar
thermdlization length approaches zero, and the ion pair irreversibly varnishes. Braun in his
modification howeverstated that the conditiofort he Onsager 6s model wa
since the generated CT state has a finite lifetime. This means that the CTratat b the

interface can either undergo one of two processes, namely; recombination to the ground state
with a decay constarkg, or an electridield dependent separation with a rate consta(i).

Once separatedthe free charges caagain form a bound pairwhich will eventually
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recombinewith a rate constantr (Blom, et al., 2007) An interesting implication of this

(which significantly differentiateBr aunés model from Onsager 6s)
which happen to be captured into bound pairs may still be able to dissociate again during
their 1ifetime. Theref or e -field depandest digseciatiors e d m
into free carriers by the rate const&p(E), and the germinate recombiimen to ground state

with kg, at a given electric fiel& and temperatur€ and is expressed as
PTE =—2C 1 E (5 (2.20
! k|:+kD(E) '

WhereP (T, E) is the escape probability alifE) is the lifetime of the CT stat@n the basis
of On soagih@ maaledfor the relative applied electriteld 1 dependendissociationn
aweak electrolytekp(E) is definedas (Braun, 1984)

kb E ke=exp® 1 b £ & 2 g (2.29)
4 a3 BT 3 18 180 '

, Wherea is the initial distance of separation of the CT state (bound elebtigne i h pair)

at theD/A interface,b = °E/ 8ylike’T?, andEgistheei hpai r 6s bi mtlkkrg ener
ed 0- & @ whered Ois the spatially averaged dielectric constant @n@the spatially

averaged sum of electron and hole mobilities (where the symfbHenotes thespatial
average)Figure 2.14 summarises illustratively the processes involved in the Photogeneration

of charges in polymer/fullerene OSCs.

From Figure 2.14hv: Photo excitation leading to the formation of a singlet excitenk&:
initial spatial separation of exciton, i.e., exciton dissociation, yielding hot CT ktaieSpin
mixing of the !CT and>CT states, due to weak electronic couplitGipier: Germinate
recombination ofCT state to the triplet exciton,;.Tkgr: Germirate recombination ofCT
state back to the ground state Bcs«: Dissociation of hot CT state into a fully charge
separated (CS) stat&cs: Dissociation of thermally relaxed CT state into the CS state.
k“Stherm: Thermal relaxation of the CS state and maiign away from D/A interfacd® merm:
Thermal relaxation of CT statéggr: Bimolecular recombination of the CS statpGs
Difference in energy between singlet exciton and the dissociated CSys@teFree energy
driving the initial separation @xciton to form the CT state.
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Figure 2.14: A schematic illustration of the energy level diagram depicting a summary of the
processes involved in Photogeneration of charges in a typical organic semiconductor based

solar cell (Adapted from Clarke Rurrant, 2009).

2.9.2 Germinate and Bimolecular Recombination

Two significant processes were mentionadthe previoussection,namely; germinate and
bimolecular (or nofgerminate) recombination. Between the generation of excitons and free
charge carrietseither germinate recombination will occur (i.e., CT state recombining to the
ground state, soon after exciton dissociation), or bimolecular recombination (i.e.,
recombination of free charge -carriers). Thegerocessesconstitute asignificant loss
mechansm in theBHJ OSC (Koster, et al., 2006)n addition, they are alsim competition

with charge generation or collectidhlelson, 2011)since they areghe inverse of current
generation.Thereforeits minimisation is beneficial to optimigy PCEsin BHJ OSCs The

rate at which bimolecular recombination occurs is given by
R 9 np np (2.22

, wheren andp are the free electron and hole dengitg, = Ncy exp[-EgadkT] = n? , wheren
denotesthe intrinsicconcentration in the materjgand [ is the Langevin recombination
constant. In the case of pristine materials, the Langevin recombination constant is given by

(Langevin, 1903
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o) gng €, (2.23

, Whereq is the elementary chargelis the dielectric constant, ared (€) is the electron

(hole) mobility The above Equation consists of the sum of both charge carriers, since they
are free to move toward each other. Tassentially implies that the fastest carrier will
dominate, and thereby determine the recombination rate. This can be illustrated schematically
in Figure 2.15. It can be seen that in contrast to the pristine semiconductor, the holes and
electrons are confed to different phases (donor and acceptor), and recombination occurs
mainly across the interface between materials (see Figure 2.15(b)). Furthermore to
compensate for any eventual mobility differences in the blend, Braun adapted Equation 2.23

as
o) acfj e; (2.29

In the case of Equation 2.24, the recombination constant is proportional to the spatial average

of the sum of hole and electramobilities.

— - —

l Donor
2 o — Acceptor
(@) (b) T -

Figure 2.15: Schematic energy band profiles illustrating bimolecular recombination in (a)
pristine semiconductor, and (b) dorioacceptor BHJ solar cell (Adapted from Koster et al,
2006).

However, in the situation where the electron and hole are confined to the respective materials
at distances indicated in Figure 2.15(b); the carriers will have to travel this distances, to
subsequently get to the interface. For example vehet» €, it implies that the electron will

get to the interface faster, and the time taken for both charges to be at the interface will be
dominated by the hole. Therefore for BHJ solar cells, recombination will be governed by the
slowest charge carrier. Due to thisis expected that the recombination constant in Equation

2.23 should be close to the value expressed in the following equation:
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) gHmi afe, (2.25

In contrast to the original Langevin results in Equations 2.23 and 2.24, the above Equation
indicates the recombination constant is governed by the slowest charge carrier (Koster et al,
2006).

2.9.2.1 Traps and Recombination centres

Within the band ga of semiconductors, there maybe one or more localized energy levels due
to the presence of impuritieBxchange of charges can take place between these levels and
the valance (or conduction) bands (Petty, 2008). These energy levels can trap electrons (or
holes) for example from the conduction (or valence) band respectively. This occurs by
attracting an electron (or hole) first and subsequently a hole (or electron) in that order. These
levels are considered to actteeps(Sze, 1985). The process of trapping a hole or an electron
followed by a subsequent attracting of an electron or a hole is referredrép dsassisted
recombination(Schokley & Read, 1952). The localized energetic levels (trapsplace
termed asrecambination centres The presence of defects in semiconductors is often
characteristics of recombination centres, which can be a limitation to the performance of
many semiconductor deviceBhe mateof trapi assistedecombinations degendent orthe
numberof sites that act as traps the materigland how fast the free carrier can find the
respectivetrapped carrierThe model designeariginally for inorganic semiconductoi@so

known as the Shockley Readi Hall (SRH) recombinatior{Schokley & Read, 1%2), is

often applied to organic systems, includin@@ (Cowan et al, 2010; Kuik et al, 2011;
Nalwa et al, 2011)Figure 2.16 is a schematic illustration of the four basic steps involved in
the process of trapassisted recombinatiokc, Ey, andE; arethe conduction, valence bands,
andenergy level of the recombination centrEsom the illustration in Figure 2.16, we have

the following scenarios:

a. An electron can be captured by a neutral centre, and the rate at which this occurs is
governed by a capture coefficient, denotedChy

b. The captured electron in (a) can be subsequently excited back to the conduction band,
OR,

c. On the other hand, the eleatrin the trap site can be captured by a hole with a
capture coefficientC,, thus leaving a neutral centre behind.

d. Electron can be captured from the valence band by a neutral centre.
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Figure 2.16: Schematic illustration of the basic steps involved in trdp assisted
recombination: (a) electron capture, (b) electron emission, (c) hole capture, and (d) hole

emission.

Assuming thermal equilibrium between the procesae$ b, above,trap i assisted

recombination rataccording to SRHs described by

Rsru BsrHn P Nip) (2.26)

CnCpN\
Ch ntnj Gy ptp,

, whereBg g 4 , with C,,denoting the probability per unit time an electron in

the conduction band will be captured by a neutral centre (i.e., a trap centre that is empty and
able to capture an electror(}, denotes the probability per unit time that a hole will be
captured for th case when a trap is filled with an electron and able to capture the hdk, and

is the density of electron traps.

An effective method of extracting the SRH capture coefficients @geand C,) has been
reported in the work of Kuik et al (2011). In thevork, they employed the light intensity
dependence of the open circuit voltayed) of a lighti emitting diode. Th&/oc response to

light i intensity variation follows the relation (i.e., in the absence of traps, where Langevin
recombination is comgered to be dominant)

% Ao KT -P BLN
Voo E2° K n &2 Bty (2.27)

, WhereP is the dissociation probabilit¥g,p is the energy gaNcy the effective density of
states,B. the bimolecular recombination strengiB. is the generation rate of excitons,
directly proportional to the light intensity and thus establishing the correlation betwéen
and lighti intensity.
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When V¢ is plotted against the natural logarithm of tighintensity, the expected slope is
kT/e (see Equation 2.27). This is in the case where Langevin recombination process is
dominant. However, where trap assisted recombination process is present, it has been
established that that the slope exceeds thEguation 2.27 (Kuik et al, 2011). Consequently
the relation betweeYioc and lighti intensity can be well described by incorporating the SRH
recombination strengtiBgry) in Equation 2.27, (i.eB = B_+Bsgry), to account for the trap

assisted recombitian processes (Nalwa et al, 2011).

2.10 Summary

In this chapter, an overview of the basic theory and current understanding underpinning
organic semiconductor materials and their application in OSCs was presented. These include
brief descriptions of theormation of energy bands in organic semiconductor materials on the
basis of the interaction of mol ecul air" *or bi t a
molecular orbitals. These are the highest occupied and lowest unoccupied molecular orbitals
(HOMO and LUMO) in terms of molecular physics. They are also synonymous to the
valence and conduction bands respectively in semiconductor physics. Charge carrier transport

in organic semiconductor materials is via hopping mechanism, primarily due to the

dd oc al i s atorbitals. Thisfis iri contrast to highly localized bands in inorganic

semiconductors, wherein charge transport is via band transition.

Descriptions of the meté&lsemiconductor junction was also presented, as this was significant

in explining the electrical processes in a complete OSC device. The underlying theoretical
understanding of experimental methods for determining significant device parameters such as
series and shunt resistances were also highlighted. Furthermore, the cutezstamling of

the working principles of the OSC, from a theoretical standpoint was discussed. These
include steps in the mechanisms of exciton generation and dissociation, ultimately yielding
free charge carriers. The iaedwitbthi$ groeeds, siadnaswa nt e
recombinations are also discussed. These recombination processes (either bimolecular or
germinate) are crucial as they constitute the unwanted source of power loss in OSC devices.
The significance of understanding and mirsimg these processes is critical to improved
OSCs.
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Chapter3

Organic solar cell materials

I~ Especially, OPVs (organic photovoltaics) have recently made rapid progress for recent years, and
they are definitely one of the most promising technologies in the field ejemtation
photovoltaicg .

Researchandmarkets.com

3.1 Introduction

Their advantage of ease of fabrication is one of the reasons for the growing attractiveness of
the BHJorganic solar cell. The active layer of devices is mostly fabricated from solution
processable materials. These mostly include conjugated polymers and fullerene derivatives in
a blend. Amongst materials used today, electron donating pdigxi@thiopher) (P3HT),

and electron accepting [6, 6] phenyCe:-butyric acid methyl ester, (PCBM) have proven to

be promising materials. This chapter provides a review of these materials and others in light

of their applications in solar cells.

3.2 Conjugated Polymes

Conjugated polymers are organic materials consisting of alternating single and double bonds.

Il n gener al they are often regarded as Aintri
energy gaps typically above 1eV (Glnes et al, 2007). In 1977, was found out by
Shirakawa and c@ workers that by doping polyacetylene (simplest form of conjugated
polymer), the conductivity was observed to increase by several orders of magnitude
(Shirakawa et al, 1997). Following their work, researches in org&utr@nics have rapidly

been expanding. Examples of some of the conjugated polymers that are widely used in
photovoltaic applications include; derivatives of poly(phenylenevinylene), PPVs,
polyanilines (PANIs), and polythiophenes (PTs) (Mao et al. 199 WNMough et al. 1993;
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Tan et al. 2004; Krebs, 2008). The chemical structures of some of these conjugated polymers

are shown in Figure 3.1.

(a) Y “
RO n
n
R=* CHa
CH

CHg CHs
MEH-PPV MDM®PV
) p }
N
H n
Polyaniline
© CH2 CHz)sCHs CHy(CHjz)4CHz
S n
P3BT P30T P3HT

| Side chains

Backbone
repeating unit

Figure 3.1 Chemical structures of a range of conjugated polymers (a) PPVs, (b) PANIs, and
(c) PTs, and (d) a schematic illustration of a typical conjugated polymer, depicting repeating
units of thiophene units (backbone), and hexyl side chaing(GE),CH;s (Zhou et al,
2012).

Previous studies focused on PP\based BHJ solar cells, such as MPRVY and MDMQ
PPV with fullerenes, demonstrated efficiencies ofi133% (Yu et al. 1995; Bleec et al.
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2002). However it was shown that due to large band gaps (>2 eV), current was significantly
limited in devices based on PPV polymers (Brabec et al. 2002). The PT derivative, P3HT on
the other hand with a narrower band gap (1.9 eV), has the jpbtehtigher achievable
current densities. In Figure 3.1 (d), it can be seen that the backbone and side chains, are
features that characterises a typical conjugated polymer. The backbone is a repeating unit
(hence conjugated), forming the polymer chalihe side chain on the other hand is
responsible for imparting solubility to the polymer (eds. Brabec et al. 2008). In addition, it
also plays a significant role in improving the molecular weight and processability of the
conjugated polymer. The followingestions review some important properties of conjugated

polymers (particularly PTs), and their influence in solar cells.

3.3 Properties of Conjugated Polymers for Solar Cells Applications

Thiophenei basedconjugatedpolymers were typically designed to be efficient photon
absorbers, electron donors, and hiolgansporting materials in solar cell applications. The
electronic properties of conjugated polymers can be described generally in terms of
semiconductor physicgarticulaty discussed irsection2.1.1 Typically electron rich, PT
polymer chainsare lamellar microstructuse exhibiting ¢ Istackesl | vy p a
backbones. Such molecular conformation is advantageous for charge transport, as
intermolecular interaction increas, thereby improving charge hopping proceskes.the
purposes of this workhe polymer P3HTa good example of PTw8ill be discussed in this
review. Widely available, and eagg process fronsolution P3HT exhibitsgoodcrystalline
microstructursin thin films. These attributeontributego its promising electrical properties

To further understand this, first it is important to consider the molecular properties of PTs.
These include their degree of regioregularity, and molecular weights in gedigraficant
attributes such as charge transport, and optical absorption have been shown to have their

origins in the nature of these properties.

3.3.1 Regioregularity and Molecular weights in polymers

Regioregularity simply refers to the regular structgriri head' head, head tail, and taili

tail i somers in the polymer chain (Mao et
designated by the alphabets O6H6 and 6T6. T
polymers has a significant influence dme behaviour of the polymer. Depending on the
percentage of regioregularity or the lack thereof in the material, a variation in a number of its

characteristics will be evidenced (McCullough et al. 1993). Conjugated polymers are

39



essentially obtained fromhé polymerisation of their monomer units, for example, the
polymerisation of Substituted thiophene units, with three possible couplings via-taad?

5- positions Barbarella et al. 1994 These couplings, notably; hetshead (HH), heado-

tail (HT), and taitto-tail (TT) have formations, which are responsible for the different
degrees of regioregularity of the polymer. Figure 3.2 shows an illustration of the three
possible couplings (or diads). In view of the regiochemistry of PTs, two main classifica

are commonly presented in literature, namely; regioregular and regioirregular (or
regiorandom), with prefixes fArro or Ar RO an
classification primarily arises from the percentage of the proportion @liogusequences in

the polymer chain (Chen et al. 1995; eds. Brabec et al. 2008). For example, a PT, following
synthesis, with a >90% HT dimmer (or coupling) content is regarded as regioregular. The
regioregularity obviously increases as the percentage vatreases, whilst with <90% it is
regiorandom. The impact of regioregularity on molecular structure and hence overall material

characteristics shall be briefly discussed in the next section.

R

4 4 R R R
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(a)Sl R
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HT-HT HT-HH TT-HH TT-HT
(©

Figure 3.2: (a) 3subtituted thiophene, where the &xd 5 positions are designated as the
head and tail (eds. Brabec et al. 2008); (b) three possible couplings formed between two 3
substituted monomer thiophene unit, and (c) the four distinct configurational tinetdsan

be formed from coupling-8ubstituted thiophene units.

The molecular weights and processing conditions both have a significant influence on optical

properties, film morphologies, energy levels, and charge carrier mobiliyng et al, 2010
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It has been shown th&dr differentmolecular weights foa conjugated polymere(g. P3HT),
the measuredcharge carrier mobility differs (Ballantyne et al, 2008)Mobility can be
improved by orders of magnitude as the molecular packingpisnised In thar work,
Ballantyne and cd workers showed decreased mobility in P3HPICBM solar cells, for
polymer with molecular weights > 30kDdkilodaltons, molecular weight)A possible
explanationgiven for this is that the polymer chains tend to tangle for highetecular
weight, thereby distorting the polymer backbone, decreasing-ama#n transport, and/or
also reducing intechain charge hopping due to less overlap of conjugated segments

Owing to these molecular attributes found particularly in P3HT, #reyincreasingly been
employed for studying a range of optoelectronic devices such as organic light emitting diodes
(OLEDSs) (Li et al. 2002; Shrotriya & Yang, 2005; Perepichka et al. 2005), thin film-field
effect transistors (9 FEéanGtsad. 20043 iandreven gdreaso $n e t
OSCs (Kim et al. 2007; Oklobia & Shafai, 2013).

3.3.1.1 Properties of P3HT

UV-visible spectroscopic studies of rrP3HT thin film show maximum absorption occurring at
~ 550 nm (Chen et al, 1995). Additionally, there ather well resolved features present.
Two peaks at around 525 and 595 nm, and a wd#fined shoulder like feature at ~610

nm. The distinct shoulder on the lohgvavelength of the absorption spectrum is generally
accepted to be indicative of intehain interaction. A more pronounced shoulder is indicative

of improved interchain interaction, as opposed to a weak or missing one. Contrastingly,
these notable features are blue shifted in ranP3HT, since they differ in their molecular
conformation owingto different regiochemistry. Barbarella et al (1994) in their report
showed that P3HT with different percentages of regiochemistry displayed different optical
and electrical propertied. maximised regioregularity eliminates duof i plane twists along

the backbone of the polymer, otherwise the planarity of the molecule is disrupted, decreasing
its effective conjugationThis is rdlected by theshifts inthe optical absorptiorspectrumas

the regioregularity decreaséam et al (2006) demonstrated therrelation between polymer
regioregularity and device performance. In their work, they reported a strong influence of
regioregularity on solar cell performandenis was attributed to enhanced optical absorption
and charge transpoifor maximised regioragar P3HT polymer chains andrystalline
domains It is evident from sveral studies that the degree of regioregularity of the polymer is
critical in view of device applications (Kim et al. 2006; Woo et al. 2008).
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Charge carrier mobilitypn the other handan be systematically improved by maximising the
regioregularity and molecular weight of the polymer (Hagen, 20A2hieving highly
ordered polymer chains within the BHJ structure is therefore desirable, as it promises
efficient absorption and chargersport properties.

Furthermore photoluminescence (PL) spectra studies have also shown that higher rrP3HT
tend to exhibit an increase in PL intensity, suggesting that in the more ordered polynier, non
radiative quenching pathways are redudein( et al,2006). This information is significant

in light of recombination processes, discussed in section 2.6.2.

Diffraction techniques such as grazimgidence Xray diffraction (GIXRD) have revealed

that the structure of regioregular polymer films consists of guigstalline domains in an
amorphous matrix (Mao et al. 1993). The XRD data show peaks interpreted as polymer chain
stacking in a particular orientation, forming a lamella structure (Mao et al. 1993; Sirringhaus
et al. 1999, Brown et al. 2003). These retilen peaks in the case of a regiorandom polymer,

are absent. In P3HT thin films, three significant reflection peaks associated with highly
regioregular polymer has been reported in literature (Mao et al. 1993, Chen et al. 1995).
These are termed'12™ and & order reflections. They are associated witiplane stacking

of polymer chains, with an interlaydyss paci ng of ~16. 4 jistadkhkde or i e
polymer chains have been reported to have a significant impact on the electrical apbertie
corresponding polymer based devices (Sirringhaus et al. 1999; Kim et al, 2006). Employing
thin film field effect transistor structures, Sirringhaus and eworkers (1999) were able to
probe the dependence of transport properties on molecularadioast of P3HT polymer
chains. It was found that depending on processing conditions, the polymer chain can adopt
two different orientations, namely edg®n or face on with respect to the substrate. It was

also shown that their mobilities differ by mdhan a factor of 100.

An enhanced intraplane chain, stacking perpendicular to the substrate i(ealgke is
favourable for improved electrical properties of solar cells. This is because thé edge
orientation in OSC architectures is beneficial for iftehain transport by hopping (Kim et
al, 2006).

Complimentary structural studies, employing atomic force microscopy (AFM), have also
been performed to probe the surface structures of the polymer thin film (Shrotriya et al. 2006;
Ayzner et al. 2009). Theseeveal ed r edgulkeaerdo s pagchaeatrteis i n
matrix (Shrotriya et al. 2006). Such studies have shown that it is possible to estimate the
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polymer mean crystal size using AFM. This was found to be approximately betwd#h 10
nm (Shrotriya etl. 2006), which is comparable to that from reportethX diffraction data
(Erb et al. 2005).

Figure 3.3 is an illustration of the edg®n orientation exhibited in polymer P3HT thin film.
In the Figurea, denotes the lamella spacing (separated byl aiklg chain) indicated by the
(100) reflection, whereab, indicated by the (010) reflectiodenotes the polymer chain

lengthindependent spacing, perpendicular to the thiophene ring plane.

a(d (100)

/(d

(100))

Figure 3.3: Schematic illustration of the molecular orientatiaf microcrystalline
regioregular P3HT with respect to the substrate (Adapted from Sirringhaus et al. 1999).

Raman spectroscopy studies also show the characteristic semi crystalline structures in
regioregular P3HT polymer (Nalwa et al. 2011). The Ramarctigpef rrP3HT thin film
consists of peaks at around 144450 and another at 1380 ¢niThese have been associated
with the crystallinity of the polymer. These peaks are attributed td @¥Ci stretching
vibrations of the Jubstituted thiophene ring anlde Q C skeletal stretching, respectively
(Baibarac et al. 1998). Furthermore, Klimov et al. (2006) has shown from their Raman
spectroscopy studies that the polymer (i.e., P3HT) is more crystalline when the thiophene
rings are averagely more closely stagk This information on crystallinity can be deduced
from the full width half maximum (FWHM) of the Raman spectra peaks. A decrease in this
value after the film has been subjected to any particular treatment (e.g. thermal annealing),

suggests an improvenien crystallinity.

In the next section, a brief overview of the characteristics of acceptor materials used in

conjunction with polymers in OSC applications is presented.
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3.4 Acceptor Materials

The efficiency of an organic solar cell employing the cortedapolymer (in a
homojunction) is significantly improved when the polymer is used in a blend with another
nanematerial in a heterojunction. The heterojunction concept (previously discussed in
section 1.2) produced a 15% improvement in the external quaefficiency over a bilayer
heterojunction device (Tang, 1985). The improvement was interpreted to have originated
from exciton dissociation at the interface of the organic semiconductors. These investigations
are evidences that support the beneficialdném an interface between the conjugated
polymer and the acceptor material, necessitating efficient exciton dissociation. The
conjugated polymer is blended with a solubilized form of buckminsterfulleregg i(Cthe

BHJ structure (Yu et al. 1995). Thisas resulted in dramatic improvements in OSC
efficiencies, as previously discussed. The use of the conjugated pdlyjtasrne derivative

based BHJ is currently considered the most efficient conjugated pebased PV device.
Generally, in OSCs, theggor its derivative (PCBM) has been mostly used as the electron
accepting material. This is mostly because fullerenes have a high electron affinity, making
them suitable materials utilised in conjunction with polymers. In the next section, a brief
overview s presented on what have now become the most successfully used acceptor

material in OSCs, namely [6, 6] pherdo-butyric acid methyl ester, PCBM.

3.4.1[6, 6] phenylCqi-butyric acid methyl ester, [60] PCBM

In addition to having high electron affinitiesyganic materials mostly used as electron
acceptors typically provide a transport medium for electrons within the active layer of OSCs.
One of such material, as mentioned earlier is the fullerepg@n@ its derivative, [60] PCBM.
Figure 3.4 shows the emical structure of the fullerene (which resembles that of a soccer
ball, hence al sbatébDgrraddtotasdébuvhyi ve.

Figure 3.4: (a) 3D illustration of the Buckminsterfullerene (b) Buckminsterfullereng, C

(c) [6, 6]-phenyl butyric acid methyl ester.
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The Buckminsterfullerene is a molecule consisting of 60 carbon atoms, arranged into twelve
pentagons and twenty hexagons (YadaKuinar, 2008). First reported in 1985 by Kroto and

coi workers, it is in itself not readily soluble in solvents used for dissolving most conjugated
polymers. It was successfully employed in the development of the bilayer heterojunction
together with g 1 type semiconducting material (Sariciftci et al, 1993; Roman et al, 1998).
By adding a functional group to thed@nolecule (see Figure 3.4 (c)), Hummelen et al (1995)
were able to demonstrate a solubilized derivative of the Buckminsterfull¢éered,phenyt
Ce1-butyric acid methyl ester, [60] PCBM

3.4.1.1 Properties of [60] PCBM

In BHJ OSC, [60] PCBM does not usually absorb photons significantly in visible region of
the solar spectrum. Rather it mainly facilitates exciton dissociation, charge separadio
subsequently transport of electrons to the electrode respectively (Tvingstedt et al. 2009). The
pristine [60] PCBM thin film shows a strong characteristic absorption in the ultraviolet
region, mostly in the wavelength range of 20800 nm (ed. Choy2013). This is a relatively

low-optical absorption in the solar spectral range.

Optical microscopy studies (Jo et al. 2009), have shown that within the bulk heterojunction
blend, [60] PCBM molecules exhibit the unique property of self assembly andlagttan.

This typically occurs as a function of processing conditions. This phenomenon has been
demonstrated to occur strongly following thermal annealing (Swinnen et al. 2006). In OSC
applications, the crystallization of [60] PCBM molecules has sigmfiamplications on
charge carrier mobility (eds. Brabec et al, 2008). Analogues to conjugated polymers, it is
known that charge carrier mobility also exhibits a dependence on the crystallinity of the
acceptor molecules. This was demonstrated when théakstsuctures of [60] PCBM was
crystallized from chlorobenzene by Rispen et al. (2003); it was found to havete-ibailll

(i.e., fullerenefullerene centrdo-centre) distance of ~0.1 nm. This configuration happens to
be similar to that in g as well. The study provided an indication of the sensitivity of charge
carrier mobility to the slight variation in balb-ball distances in view of different organic
solvents used in crystallizing different [60] PCBM crystal structures. Additionally, it also
implies that in the BHJ thin film, different structures are precipitated due to different
solvents. This will ultimately yield varying molecular configurations and nanomorphological

structures. For an optimised BHJ nanomorphology, one with favourable D/Aacdésyf
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percolating pathways for charge transport, the controlled aggregation and crystallisation of

acceptor molecules is critical (Chirvase et al. 2Q@4mieson et al. 2012)

Other properties such as the dielectric constant of [60] PCBM is somewhat sonilat of
Cso, Which is essentially at the core of the derivatized fulleréfibdgiletchi et al. 2008
Having a value of 3.9, is a relatively high dielectric constant, which has a positive implication

on charge carrier formation in blends with donadlypeers in OSCs.

3.5ITO T coated substrates and Buffer layer materials

OSCs are fabricated starting with the substrate, which is typically a glass slide coated with a
thin layer of electrically conductive and optically transparent indium tin oxide (IT@b&

2008). ITOi coated substrates also have been and are still extensively employed in a variety
of applications beside OSCs. Such applications include: organic light emitting diodes
(OLEDSs), and liquid crystal displays (LCDs), due to their good trameange in the visible
region of the solar spectrum and low electrical resistivity (Breen et al, 2002; Minami, 2008;
Tan et al, 2014AlvarezFragaet al, 2015). In a typical OSC application, the IT@oated
substrate used, serves as the anode of theejexsoally needs to be patterned to avoid short
circuiting in the completed device. When making connections to the evaporated metal
electrode (e.g. Al) of the OSC device, there is the risk of shaitcuiting the device.
Patterning of the ITQ coated shstrate thus prevents this from happening. This is achieved
by etching and will be discussed further in the next chapter.

Other materials also used in the fabrication of OSCs include what are generally referred to as
electrode interfacial of buffer layer materials (Yin et al, 2016). One of such materials is poly
(3, 4ethylenedioxythiophene) polystyrene sulfonate, PEDOT: M®&h is available in an
agueous dispersion (eds. Sun & Sariciftci, 2005). It became prominent when the stability and
performance of polymer LED was found to improve as a result of using it as a buffer layer
between ITO and the polymer active layer (Ca@le1997; Carter et al, 1997). Figure 3.5
shows the molecular structure of PEDOT: PSS. In the fabrication of OSCs, a thin transparent
layer of PEDOT: PSS is formed on ajoteaned ITO" coated substrate by spin coating. The
important properties of PEDOTPSS thin films in OSC applications are high electrical
conductivity and a smooth surface (eds. Sun & Sariciftci, 2005). A hole conducting layer, it
improves the surface roughness of IT©@oated substrate, and stabilizes the electrical contact

between tk anode and the active layer (Krebs, 2008). This stabilization is achieved due to its
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desirable work function, as it decreases the energy barrier at the interface between the anode

and the active, and ensuring effective collection of holes (eds. Sun &ftsar2005).

3%

OSO OSO

Figure 3.5: Molecular structure of PEDOT: PS&ds. Sun & Sariciftci, 2005).

Since they are holeonducting, the PEDOT: PSS is between the active layer and the anode
(the hole collecting anode), as such they are also considered as anode interfacial layers.
Similarly, at the cathode, where electrons are collected, they are materials that can lse used a
buffer or interfacial layers. Examples of these include calcium (Ca) (Li et al, 2007), lithium
fluoride (LiF) (Wang et al, 2013). Due to their low work function, they similarly provide
stable electrical contact between the cathode and the active laptbr.C& and LiF are

deposited by thermal deposition.

For singlei charge carrier devices (in a diode configuration) used for experimental
measurement of charge carrier mobilities, it is necessary for the device to conduct only one
type of charge (holes @lectrons) (Coropceanu et al, 2007). To fabricate such a device, the
active layer is sandwiched between buffer layer materials which will block one type of
charge. For example, PEDOT: PSS a hole conducting material cannot be employed in an
electrononly device, thus it is replaced with another material. Caesium carbonate@g)ss

a good replacement material (Shrotriya et al, 2006); as its work function low compared to
PEDOT: PSS, thus increasing the energy barrier, which will block the injection of Tblss

will be discussed later in chapter 5.
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3.6 Summary

In this chapter, a brief overview of the constituent materials for an OSC device was
presented. Particularly with respect to the work of this thesis, only the materials used in
fabricating OSCs invéigiated here, were considered in detail. P3HT and PCBM are available
from a number of suppliers. They are weighed and dissolved in solvents such as
dichlorobenzene or chlorobenzene in the required ratio to form a blend solution. The active
layer of the OSGs applied to the substrate by spin coating, which will be discussed in detail
in the next chapter. Important material properties were highlighted as they pertain to their
application in OSCs. One of which is the compatibility of donor and acceptor atsténie
difference between the LUMO levels of the two materials should be sufficient to overcome
the exciton binding energy. This is to ensure that exciton created is subsequently dissociated
successfully. The importance of other properties such as kylubi the materials in
solvents, charge carrier mobility, to OSCs, was also highlighted. The role and importance of
OSC components other than the active layer composite materials such as ddaded

substrates and buffer layer materials were discussed.
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Chapter4

Methods andBackground of

Experimental Approach

a draedscientific method itself would not have led anywhere; it would not even have been born
without a passionatstriving for clear understanding 0
Albert Einstein

4.1 Introduction

Details of materials and methods, including the respective instrumentations employed for this
thesis is presented in this chapter. In addition, discussions on the background of the
experimental approaches taken are also outlined. These include measurement principles
underlying thin film characterisation techniques employed. Table 4.1 summarises the list of

materials used in this thesis.

Table 4.1: Summary of materials used in this work

Poly(3-hexylthiophene), P3HT (96.6% RR), and accej

Active layer materials material, [6, 6] phenyC61-butyric methyl ester, P&LBM

Poly (3, 4ethylenedioxythiophene): poly (styrenesulfone
Buffer layer materials (PEDOT: PSS), Calcium (Ca)Lithium fluoride (LiF),

Caesium carbonate (Csg)O

_ Aluminium, Al (cathode), Indium tin oxide, ITO (anod€&old
Electrode contact material

(Au)
Substrates ITO T coated andquartzglasssubstrates
Solvents Dichlorobenzene, chlorobenzene, acetone, isopropyl
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4.2 Thin Film Deposition and Device Fabrication

Thin films of materials can be obtained by a number of techniques. Some of these include,
spin coating, doctoblading, spray coating, printinghermal depositionetc. (Krebs, 2009)
Depending on whiclkechnique is employed, thin films of materials are either fabricated from
their solutions or their solid forms respectiveBpin coating and thermal depositiane the

two techniques used ithis thesis Prior to thin film deposition and device fabricatjoall
substrates (ITO coated or quartz) were first prepared according to the procedures outlined
in the following sections.

4.2.1 Quartz glass substrates

All the quartz glass substratased in this workvere cleaned in three sequential stapsng

an ultrasonic bath. Three different solvents are used in each step, namely; deionised water,
acetone, and isopropyl alcohol (IPA). First the substrater® immersedin a beaker of
deionised wateandthen placed in an ultrasonic bath for ten minutes. Theegarocedure

was repeated, this time with acetone and subsequently IPA. The subseetesubsequently

dried, kept in a Petri dishand transferretb nitrogeni filled glove box(< 1 ppm of Q and

H.0).

Quartz glass substrates here mainly used fofabricating thin films of a pristine P3HT,
PCBM or thér blend forabsorption Raman, photoluminescence spectroscopy, AFM, and X
ray diffraction studies. However, where they are used for fabricating devitesawiiode
configuration, metal/thin film/metathe cleaned quartz glass was first coated with a thin film

of metal electrode (Al).

4.2.2 ITO-coated glass substrates

The procedure for cleaning I'F€ated substrate is the same as dldlined in section 4.2.1.
Before cleaninghowever, thesubstratesvere prepatterned Patterning of the substrates by
etching was important in order to avoid short circuits when making connections to the
completedOSCdevice.By etching, a regionof the ITOcoated substratis stripped ofiTO
coating Etching methods thacan be utilized to pattern ITO coated substrageinclude
sputter etching, and acid etching. Sputter etching process involves bombarding the ITO
coated substrate with argon ions, resulting aontrolled removal of the ITO caag. In this

thesis all ITO T coated substrates were patterned using titeedching process.he process

involves the use adin acid solutior{concentrated hydrochloriacid, HCL)to strip away the
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ITO coating from the substrate. Fitee portion on the substrate that doesnequire etching

is taped over witta masking tape. The substrate is then immersed in a solution of HCl in a
beaker, and left for 20 minutes. Following successful etctiimgsubstrateqwithout the
masking tapepre subsequently cleanddllowing the proceduredescribedn section4.2.1.
Figure4.1 schematicallysummaisesthe procedure ém substrate patterning fabrication of

the completed organic solar cell device.

ITO coating
Glass substrate

substrate to retain I TO coating

ITS coating

Glass substrate

l Masking with tape portion of

l Removing tape mask and

cleaning patterned substrate Etched
ITO coating | stri p
Glass substrate + -
Aluminium (cathode)

Active layer (P3HT: PCBM)

Spin coating alayer of PEDOT:PSS,
and bake at ~140°C for 10 mins.

PEDOT:PSS
ITO coating | o
Glass substrate ? Glass
Spin coating active layer (b)
(e.g., PBHT:PCBM)

ITO coating liah
Glass substrate Sunlight

l Transferring to vacuum deposition chamber
and thermally depositing metal electrode B PEDOT: PSS

« Deviceactive_|
area

- I A ctive layer (P3HT: PCBM)

ITO coating
Glass substrate

(a Metal electrode (e.g. Al)

Figure 4.1: (a) A flow diagram illustrating the procedure frotiO i coated patterning,
through depositing the buffer layer (PEDOT: PSS) and active layer to the completed organic

solar cell devicéb) 3-dimensional view of a completed organic solar.cell
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All thin film deposiions, wee performedin nitrogeni filled glovebox The vacuum
deposition chambewheren electrode contacts were deposiischoused inthe glovebox
Thus samples are not exposed to the ambient at any time durindethee fabricating
pr ocess. dchvearediedefined bytashadow masind the overlap of the top and
back electrodes (see Figure 4.1).

4.2.3 Spin casting method

Spin casting is a widely used method for depositing thin films from solution. This is
performed by employing a spin coater. In this thesis, the IKWA spin coater{Chemat
Technologies Inc) was used. The process of spin casting typically involves dispensing a
solution on to the surface of the substrate
stage, will be subsequently spun at a speed and duration, aetdperator. Due to the effect

of the centripetal force associated with the spinning action, the solution will evenly spread

over the surface of the substrate. Figure 4.2 depicts a summary of the spin casting procedure,

including an illustrative examplef a typical spin curve.

‘<— Pipette

(@) (b) ©

(d)

Thickness (nm)

<

0 1000 2000 3000 4000 5000 6000
Spin speed (rpm)

Figure 4.2: (a) Dispensing the solution on to the substrdtg Solution thin out, as substrate
spins (c) Film formed atend of spinyesidual solvent evaporates, {[d)pical spin curve for a
P3HT: PCBM blend solutioof 2 wt %
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At the end of the spin, the solution would have undergone a shear thinninghaitis
accompanied with the evaporation of the solylaving an almosthomogeneous film on the
substratelt should be noted that the thickness of the depoSiltadvaries with spin speeds

and concentration of solution. It has been shown that the film thickness is proportional to the
rotational speed (Norman et al, 2005), according to relatiorky Y. dis film thicknessy is

the angular velocity, ankla n d ardJempirical constants, which are related to the physical
properties of thesolution (e.g. viscosityand substrat€e.g. surface energy)n the case
where low boiling solvents, such as chlorobenzene is used, the resulting thin film is usually
dried atthe end of the spinning process. On the other hand, depending on spin duration, the

films may still be wet in the case of high boiling point solvents (e.gi di2hlorobenzene).

4.2.4 Thermal Deposition method

Thermal depositions also aothercommonlyused method for thin film deposition in the
field of organic solar celld-or the deposition of metal electrodes, buffer layers (such as Ca,
LiF), the Auto 500 vacuum deposition system (HHV Ltd) was employed in this work. Figure
4.3 is a schematic illusition of a vacuum deposition system femin film fabrication

employingthe thermatleposiion method.

Vacuum chambet

PUR— Substrate holder
Substrate

Vacuum
pump

Shadow mask

L Metal vapour

Tungsten filament/

molybdenum boat

—Al wires

o -1"\‘/
r‘-{\{ (C

(b)

Figure 4.3: (a) A schematic illustration of the thermal evapaat method of thin film

depositon, (b) Pictures of evaporation sourcagungsten filament and a molybdenum boat.

The process of thermal deposition requires that the source material to be deposited is heated

to high temperatures under vacuum (2hibar). Consequently it evaporates, with its vapour

transported to and depait on the surface of the substrate. On the substrate surface, located
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at a distance from the source material, the evaporant vapour condenses, forming a thin film.
To evaporate Al and Ca, tungsten filament was used as the evaporation source, whilst
molybderum boats were employed for depositing LiF and Au.efisure that deposition is
generallyconsistentprodugng uniform films, it was imperative that the deposition process

was performed at base pressures aforementioned (i.€° mi# or less).

4.3 Thin Film property characterisation methods

The methods used in studying the spectroscopic, structural and electrical properties of thin
films fabricated in this thesis are presented in this section. All spectroscopy characterisation
techniques are on the basof measuring processes associated with the interaction of
electromagnetic radiation with the respective thin film material (Yacobi, 200%se
processes include (not limited to) ultravielesible (UV-Vis) absorption, reflection,
transmission, scattelg (Raman) or emission (Photoluminescence) of ligha particular
wavelength range by the material mediurhese processes are summarised illustratively in
Figure 4.4.

Incident light Reflected light

Thinfilm
medium

Figure 4.4. Schematic representation of the various optical processes as a aksult

interaction between electromagmatadiation and material medium.

Structural methodsnvolve measuremestwhich provide useful information regarding the
orientation of nanodomains of composites within andsurface of thin films. From these
measuremas, it is possible to elucidate the impact of processing parameters on thie nano
morpholoy of pristine, and BHJ thin filmsin this work, Xray diffraction (XRD) and
atomic force microscopy (AFM) were used for the structural characterisation of thi fil
These methods have been demonstrated to be very useful in thin film characterisation in
organic solar cellsgrb et al. 2006; Shrotriya et al. 2006; Nguyen et al. 200V)the
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following sections, the aforementioned methods as employed in this wdrkbashmesented

in detail.

4.3.1 U\-Vis absorption spectra measurement

UV-Vis absorption spectraneasurementsf thin films have been extensively used as a

spectroscopic technique for the characterisation of materials and thin film©Sar

applications (®lobia & Shafai, 2013; Erb et al. 2006; Shrotriya et al. 2005). The measured

UV-Vis spectrum of thin film can also beised to extract significant physical informatiom

the compositematerial in the film. This information includes the optical and elegitco

properties of the thin film material(s). The optical band gap is a good example of an

electronic property that can be extracted from thin film absorption spectra. This is because

the absorption of light of particulavavelengthrange by materials iatributedto electronic

transitions( Zhon g,

.whereT is the transmittanceéj(ly). The plot ofA as a function of light wavelength represents

20009) .

function of incident light]o and transmitted light, intensities, as expressed in Equation 4.1.
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the absorption spectruriarian Cary 50 UM Vis spectrophotometer was used to obll

the absorption spectra of thin films in this the3isis mainly consists of a light sourand

detector opticsFigure4.5 is a schematic illustration of the key componeartd set’ up of

the instrument.

Light Source

Figure 4.5: Schematic illustration athe main instrumentation components of a typical UV

Vis spectrophotometer.
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Additionally UV-Vis absorption spectra measurememan also probethe nanscale
structual properties in thin films, such as polymer conjugation and interchain interaction (Li
et d, 2006).As well as being a spectroscopic technique, it can also to an extent be applied for
probing the nature of phase separations in compibsitéilms (Oklobia & Shafai, 2013

4.3.2 Raman and Photoluminescence spectra measurement

The other spectroscopic techniques for thin film characterisation are Raman and
Photoluminescence (PL) spectroscopy. These methedsfective and widely usedsnon
destructive techniqefor the characterisation of thin fisnandnanoscale structures ineth

field of OSCs(Guo et al. R08; CampoyQuiles et al. 2008, Nalwa et al. 2011). Raman

spectroscopy is discussed first, followed by PL spectra measurements.

The principle of operation of Raman spectroscopy is based on the measurement of the shift in
frequency (or energy) of the scattered light following its incidence on a sgthpiefilm)

under investigation (Yacobi, 2002; Ferraro ef&l03). Asillustrated in Figure 4 4scattering

is one of the processes that results from the interaction dfa@teagnetic waves (usually
monochromatic light) withite molecules of the sample material. The frequency of most of
the scattered light is similar to that of the incident light. But a fraction of the scattered light is
at a different frequency. This shift frequency gives rise to the effect referred to as Raman
scattering (Mayo et al. 2003). The difference in frequency between the incident and scattered
light is termed Raman shift. This corresponds to the energy of vibration of the scattering
molecule (Ya&obi, 2002). The Raman spectra from sample under investigation are
commonly regarded as both uniquanusipeeaft r al
significant information can bebtainedfrom the Raman spectra, which are both qualitative
and quantitave in nature.ln examining composite materials commonly used in organic
electronics, for example blends of polymers/polymers or polymers/fullerenes for light
emitting diodes (LEDs) or solar cells, thelentification andcharacterisation anenportant.

The qualitative analysis of Raman spectra edsobe used to map composite materidlse
intensities of peaks (or bands)served in P3HT thin films, for examplegve been shown to
correlate with the concentrations of the functional groups yielding,thiemnefore allowing

for quantitative analysis (Socrates, 20Mlimov et al, 2006).Probing the nature of
conformation of nanodomains of composite materials within thin films can also be achieved
using Raman spectroscopy. Such knowledge is useful forstadding the impact of thin

film nanodomains on the performance of OSCs. Raman spectra analysis of thin films have
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been reported, correlating the full width at half maximum (FWHM) of Raman peaks with

polymer selfi organisation and crystallinity respealy (Nalwa et al. 2011).

Raman spectra of thin films studied in this thesis were all obtained using the InVia Raman
microscope (Renishaw Inc.). The instrument consists of an optical microscope coupled to a
Raman system. Thin film samples are illuminatecdlygh the microscope coupled with a
monochromator. The instrument $etip is illustrated in Figure 4.6. It should be noted that
one of the advantages of this saip is that it allows for obtaining spatially resolved Raman
spectra with about a dm resoltion (Yacobi, 200). Laser with an excitation wavelength of
514 nm was employed.

Video
monitor III

Spectrograph

I
i

Microscope CCD

o =

Motorized XY Z stage Computer

Figure 4.6: Principle of a conventional micro Raman spectromeieiapted fromGouadec
& Colomban, 2007)

PL spectroscopy on the other hand can also be a useful techrtigaeoften used to
compliment Raman and UM Vis spectra measurements. Photoluminescence is the
spontaneous emission of light following the photo excitation of a material. Analysis of PL
spectra involves comparing the emission counts from a pristine pobjamefilm and that

from a thin film comprising a blend of the pristine and a small molecule for example. An
observed quenching of the spectra in the case of the blend of donor/acceptor materials is
indicative of charge transfer from polymer to the smmadllecule. For an efficient OSC,
complete PL quenching is ideal. In addition to probing charge transfer dynamics in blend thin
film, the method can be used to evaluate how well composite materials in thin films are
intermixed (phase separation) (Chirvase at. 2003; Tsoi et al. 2011)The typical

experimental setip for PL measurements include a laser with a specified wavelength
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(excitation wavelength), which is used to excite the sample surface. The sample emits its
characteristic photoluminescence, whittrough a lens is measured by a spectrométes.

InVia Raman microscope used for obtaining Raman spectra was also used in PL mode to
measure all PL spectra of thin films studied in this wbrkhe PL mode however, a different

laser power densitis enployed and sample exposure times are lomgeontrasto Raman
spectra measurements. addition to charge transfer dynamics, PL spectroscopy can also
provide important information relating to recombination processes in active layer of OSCs
(Campoyquiles et al.2008; Tvingstedt et al. 2009). Figure 4.7 showspécal experimental

setup for PLspectrummeasurements

Laser
Photo-
detector
Lens
F
e S2Mple

Figure 4.7: A typical experimental saip for PLspectrummeasurements

4.3.3 Atomic Force Microscopy

Active layer/cathode interfacgday a significant role in influencing the electrical properties
of BHJ solar ce# (Li et al. 2005).For this reason, it is significant to probe the surface
topographies of thin films which form interfaces with the cathode. Scanning probe
microscopy (SPM)s generally the technique employed for imaging thin film surfaces. An
example of SPM ishe atomic force microscopy (AFMyvhich is capable of probing surface
topographies down to the nanometre scale. AFM have been demonstrated to be invaluable in
the investigation of thin film surfaces and how they correlate with PV performances of
polymeri based solar cells respectively (Li et al. 2004 et al. 2005; Karagiannidis et al.
2011). In principle, tb surface probing techniquanagesthe topography and dace
composition by observing changes in the dynamic properti@svilfrating cantilevered tip
interacing with the surface (Garcia & Pérez, 2002)his interaction is characterised by
interatomic forces between the tip and sample surface (Petty, Z0g8je 4.8 shows the
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basic principle of an AFM. A schematic illustration of three disténcependent regimes
describing the interaction between oscillating cantilever/tip and a sample suttaogs(ad

& Jones, 1999) is also included in Figure 4.8.

Force

Cantilever

SO00000
ice atoms

(@) (b)

Figure 4.8: (a) AFM cantilever/tip interaction with sample surface, ®fhematic
representation of three distardependent regimes of oscillating cantilever/tip and a sample
surface interaction. Dashed horizontal line segments indicate distance intervals between tip
and sample surface at three mean distances (vertical disségd These are labelled (1)
intermittent contact (repulsion dominant), (2) niortontact (attraction dominant), and (3)

free oscillation (no interaction) (Adapted fradaugstad Jones, 1999)

The AFM essentially consists of a tip attached to a caetil€AFM probe), which can
operate intwo modes, namely: contact, and tapping mode. All the AFM impgesentedn

this work were obtained in the tapping mode (TM), using an Agilent 5500 surface probing
microscope AFM Tapping mode was employed becauséMARaging in contact mode can
modify or damage most organic samples, as they arelsadlte tapping mode the cantilever

is oscillated at a frequency in the range of-200 kHz by a piezoelectric transducer, with
amplitude of ~20 nmIn this modethe tp is just touching (tapping) the surface of the
sample which essentially acts a damper. The operating principle of the AFM in the tapping
mode uses a feedback system to control and maintain constant amplitude of the cantilever. A
change in the oscillatioof the cantilever as a result of its interaction with the sample surface
is sensed by a fotirpositioni sensitive photodiode. The photodiode monitors this change by
means of a reflected laser beam from the back of the cantilever Tireadesulting sigal

from the detector is the Def | ecti ono mEha differercd between theo | t s .
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schematic illustration of the principle of operation of the AFM.
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Figure 4.9 (a) A schematicrepresentatiomf anAFM6s principle of oper
mode (b) free amplitude before contaat) (and amplitude dampingrising from tipsurface

interaction.

The topographic variation of a sample surfecenappedrom theanalysis of théeedback
signal.In addition totopography lfeigh) images, the phase image of the sample can also be
obtained.This is particularly useil for differentiating between composite materials in a thin

film sample. The phase image in AFM is obtained from monitoring the phase lag of the
cantilever oscillation due to amplitude damping, relative to the piezoelectric transducer signal
(Haugstad, 202). Since the measured phase lag is sensitive to varying material properties
such as adhesion and viscoelasticity, it can be used to perform a compositional mapping of a

sample. Figure 4.10 illustrates this principle.
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Figure 4.10: Schematic diagram ilktrating the principle of phase imaging

4.3.4 Xray Diffraction (XRD) measurement

The performance of organic electronic materials is closely related to their thin film
morphology and molecular conformation (DeLongchamp et al. 2011). For example, a highly
improved crystalline polymer impliea regular structural ordeifhis means an improved
creation of regular overlap of =~ orbitals
involved in the transport of charges (holes and electrofisgrefore their regularityis
desirable as iensurs efficient charge transport throughout the materi@as previously
discussed in Chapter .3)Jo characterise details of the crystallographic structure and
microstructure in thin films, XRD is a widely used methbdthin films nanotechnologies,
particularly for BHI OSC applications, XRDmethodshave been extensively employed for
structural characterisations (Li et al. 2007; Guo et al. 2008). In contrast to AFM, the XRD
technique has a unique advantage of prolimg molecular or crystalline structsref
materials (e.g., semiconducting polymers) in a thin film. The AFM surface probing technique
is mechanical and confined only to the surface of the material, wiilstan XRD; further

insight can be gainedto the structure and orientation wiolecules irthin film composites.

In XRD, a collimated Xray beam directed from a source is incident on the plane of a sample
such as a thin film at an angled)fwhichis reflected specularly (i.eangle ofreflected bean

is equal to the angle of incidencé) addition, the incident beam also undergdi#gaction

by the crystalline or microcrystalline phases within the sample. This condition occurs
according o Braggds | aw (Cutility, 1956)

na=2ds idn (4.2

,wherea-is the incident Xray wavelengthd is the interplanar spacing (i.e., spacing between
layers),d the angle bincidence and the integen is the interference order (1, 2, 3, ...). The

intensity of the measured -days is a function of the diffraction angled 2and
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crystalline/microcrystalline phase orientation (Guozhong, 2004). For polymers such as P3HT,
thin film XRD has shown that there are three possible orientatio(s0@), b (010) and €

(001) axis orientations, with their respgetd-spacing (Erb et al. 2005; Kim et al. 2006)
Figure 4.11 shows a representation of the three possible orientationsif&B8tdT thin film.

X-ray X-ray

X-ray

substrate

(a) substrate b) substrate C)

Figure 4.11: Possible crystalline orientations of P3HT crystallites with respect to the
substrate: (ap-axis (100), due to lamella layer structure, i.e., stacks of planar thiophene
chains uniformly spaced by thékg side chains (bp-axi s ( 010i)", idnueertcdh al
stacking, i.e., with spacing independent of alkyl sitlain length (c)c-axis (001), due to
thiophene chains oriented normal to the substrate, and with alkyl side chain parallel to the
substratg/Adapted fromAdapted fromErb et al. 2005; Sirringhawet al. 1999; Chen et al.

1995)

Figure4.12 is a schematic representation of the geometry of a thin film XBup wherek

andk are the incident and diffracted wave vectors.

X-ray source
< Detector

Thin film sample

Figure 4.12: Thin film XRD geometry.

In addition, the sized,, of crystals or grains can be estimated using the Echar 6 s r el at |
(Scherrer, 1918).

0.9
2gC ods

X

(4.3)
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.where @y is the full width at half maximum (FWHM) of the diffraction peakil XRD
spectra in this work were measured using D8 ADVANCE with DAVINCI (BRUKER,
Germany), wth LYNEYE detector (2 theta = B 40°). The instrument was operated at a
generating power of 1600 VA@kV and40 mA tube voltage and currgnt

4.3.5 Thin film thickness measurement

In characterising thin films for organic solar cell application, the kadge of the thickness

of such films isimportant The thicknesses of thin films in this work weneeasuredising

two types of techniques; stylus surface Profilometry and microbalance quartz crystal

monitoring techniques.

4.3.5.1 Stylus Surface Profilomety technique

The DektakXT stylus surface profiler (BRUKERGermany is used in measuring the
thicknesses of thin film sampleshe instrumentsimply measures the thickness of thin films
by a stylus tip in contact with the sample film surface. The stylusuiface contact force is
as low as 30 nN, and this is required to access a film edge asaiteid across the sample
surfaceFigure 4.13 is &creen shot of a step height profile ofsta using the DektakXTAs
the tip makes its motion across the sample surface, a trace is colieulednverted by the

analogue/digital convertelectronicgo a step profilshown in the Figure.

Figure 4.13: A measured step height profile of a tliim based on polymer/fullerene blend
(Inset:schematic illustration adtylus tip motion).

The DektakXT surface profiles capable of providing a step height repeatability of < 0.6 nm.
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