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ABSTRACT

The vacuum thermal evaporation of conjugated polymers is presented and their

application in organic photovoltaic devices studied.

Poly(3-hexylthiophene) (P3HT) and poly(thiophene) (PTh), semiconducting polymers with
and without side groups, are deposited by vacuum thermal evaporation. Thermal
behaviour of the polymers is studied using DSC and TGA, and the structural changes before
and after evaporation investigated by GPC, UV-Vis, NMR, and FT-IR. These studies show
that the polymers largely retain their chemical structure, however, their molecular weight
decreases. The inferred conjugation length of the evaporated PTh is larger than that of
P3HT, as indicated by GPC. Finally, the topography of the polymer thin films is compared
using MicroXAM and AFM, and their morphology analysed by TEM and XRD. In contrast to

P3HT, evaporated PTh forms microscopically flat films with high molecular order.

Functional photovoltaic devices based on vacuum-deposited PTh and P3HT are presented.
Different processing and device parameters are examined, and the influence side groups
have on the electronic properties of the thin films is studied. Unlike P3HT, the greater
crystallinity in PTh films results in significantly improved charge transport properties with
relatively high hole mobilities (10* ecm®v'ist). PTh/Ceo planar heterojunction devices
exhibit an almost 70% increase in efficiency compared to P3HT/Cg, devices, demonstrating
enhanced charge extraction in PTh films through improved molecular order. The
photovoltaic performance is further related to morphology and optical absorption of the

polymer thin films using MicroXAM and UV-Vis. The effect of incident illumination intensity



and post-production thermal annealing is investigated, complementing the detailed

characterisation of the devices.

Co-deposited bulk heterojunctions with different PTh:Cgg volume ratios are fabricated and
their response to post-production thermal annealing examined. Blend morphology is
characterised by AFM and XRD and related to the photovoltaic performance. Post-
annealing is shown to improve the interpenetrated polymer-fullerene network and
enhance efficiency by as much as 80%. Moreover, the development of the PTh:Cg blend
morphology is found to be different from standard small-molecule systems. This is
illustrated by comparing the morphology of the polymeric PTh:Ceg and oligomeric 6T:Cg
blends. Finally, a device architecture consisting of multiple alternating PTh/Cgg thin films is
presented with performance exceeding that of its equivalent co-deposited bulk

heterojunction.
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CHAPTER 1 - THEORETICAL REVIEW

1.1 Introduction

1.1.1 Motivation

Electronic products based on organic thin film semiconductors have a plethora of
applications which take advantage of the mechanical flexibility and the ability to
manufacture on a large scale at low cost. This has allowed technologies such as OFET
(organic field-effect transistors), OLED (organic light emitting diodes) and OPV (organic

photovoltaic cells) to become promising candidates for the next generation electronics.

Organic semiconductors used in solar cells fall into two main groups - low molecular weight
‘molecular’ materials which are usually vacuum deposited, and higher molecular weight
polymers which are usually solution processed. Polymer photovoltaics take advantage of
the efficient light absorption, good charge transport properties and preferable response to
morphological control during or after deposition. Although some insulating polymers have
been commonly deposited by physical vapour deposition techniques, there have been only

a few attempts to deposit semiconductive polymers in the same way.

The review introduces context of the solar energy and fundamental principles under which
the photovoltaic modules operate. The factors influencing the power conversion are

discussed followed by an evaluation of organic materials and device architectures



commonly used. Finally, the deposition techniques are summarised with emphasis on their

large-scale capabilities.

1.1.2 Energy status-quo

Energy remains one of the most essential components of our society. Its generation,
distribution and consumption determines the quality of everyday life in the 21° century®.
In particular, the impact of energy generation on environment needs to be considered as it
has a potential to affect the stability of our climate. The annual world’s energy
consumption is approximately 500 EJ/yr (equivalent to an average consumption of 15 TW)
and is projected to grow by more than 50% over the next three decades. About 30 billion
metric tons carbon equivalent of greenhouse gas emission are released in the atmosphere
to meet this demand. This is largely due to 81% of the generated energy being of fossil
originz. Increasingly limited access to fossil fuels is imposing still higher costs on energy

generation which in turn affects political and economic stability of countries.

Renewable energy systems such as solar power, wind power, hydropower, biomass or
geothermal power, represent a way of extracting energy from abundant and sustainable
sources”. They account for about 16% of the world’s energy and close to 20% of the
world’s electricity generation®. Of this, more than 80% of the electricity generation is
attributed to hydropower. There has been a rapid growth in the global renewable energy
market in the last few years, with renewables representing about 25% of added power

generation capacity in USA and China, and more than 40% in Europe”.



In comparison to any other sources, solar energy is by far the most abundant one. The
Earth’s surface receives annually almost 4 million EJ of energy, which is a power exceeding
our current rate of consumption by 10 000 times>. Solar heating, solar thermal electricity
and solar photovoltaics (PV) are the main technologies for direct conversion of the sunlight
into heat and electricity. However, photovoltaics stands out as the most technologically
elegant and thus very attractive®. Grid-connected solar PV have been recently the fastest
growing power generation technology with the average annual growth rate exceeding 60%
over the 2005-2010 five-year periodz. The PV market has been driven mainly by falling

production costs, new applications and stronger policy support.

1.1.3 Organic solar cells

The development of solar cells has largely focused on silicon technologies (predominantly
monocrystalline silicon) which have become a mature and suitable option for many applications.
Unfortunately, complicated manufacturing process and high price has limited their production
and deep energy-market penetration®. Introduction of polycrystalline and amorphous silicon has

reduced the costs, however, on account of lower power conversion efficiency.

Multijunction photovoltaics based on GalnAs (gallium indium arsenide) are one alternative
to silicon technology. By utilising complex device architectures and extreme light
concentration, high efficiencies (>40%) can be reached’. Nevertheless, scarcity of materials
(e.g. indium) and high processing costs question their wider application. Another
alternative, thin-film photovoltaics were the first to lower the manufacturing costs below

US 1$/W2. Recent intensive development of CdTe (cadmium telluride) and CIGS (copper,



indium, gallium, selenium) solar cells has rapidly increased their competitiveness as a low-

cost technology and lead to large-scale utilisation®.

Efficient or feasible conversion of solar energy into electricity is not the only necessity to
make a technology attractive. For example, high specific power (the power per mass of a
module or array) is essential for portable as well as many standard static power needs®.
This can severely limit photovoltaics made on bulk and massive substrates. Modules which
are light and flexible would often be advantageous as they could be moulded onto non-
rigid or non-uniform surfaces™. Such electronic systems would allow diversification of

applications and better integration of the technology in everyday lifel?.

Organic electronics have significant potential to match these ambitions. Organic
semiconductor materials can be deposited on flexible substrates using low-cost processing

12, 1
3. Moreover,

techniques, such as roll-to-roll solution printing or vacuum deposition
manufacturing technology for flexible electronics is already established in the OLED industry
where the fundamental issues, including molecular design, thin-film deposition or device

encapsulation, have already been confronted®. This has helped the organic photovoltaics to

make the first steps not only in the laboratory but also industrial environment.

The certified power conversion efficiency of state-of-the-art organic solar cells has already
exceeded 10%” *°. The performance has almost doubled over the past 5 years and is now
approaching other competitive thin-film technologies (such as amorphous silicon and dye-
sensitised photovoltaics). Moreover, stability measurements of the encapsulated devices
have shown promising extrapolated lifetimes of almost 7 yearslG. Following manufacturing

trials the large-scale production facilities were introduced in past by Konarka®’ and recently



by Heliatek GmbH'. Organic photovoltaics have successfully illustrated their unique
potential and with continuous improvements in performance and reduction in processing

costs they are on the way to fulfil their promise to harness the vast energy from the Sun.

1.2 Theory and realisation of solar cells

1.2.1 Organic semiconductors

The electronic properties of organic molecules depend on bonds between the atoms. The
character and position of these inter-atomic bonds define the way molecule absorbs light
and transports charge. Central to this are the double bonds and the way they are joined
together within the molecule (i.e. way they are conjugated). Systems with alternating
single and double bonds are known as conjugatedlg, meaning that the electrons in the

bonds are able to delocalise along a segment of the molecule.

QP
: \/\/\/
OD H/\H WoNowW

sp® hybridization polyethylene

\'/6 \/ Q@ A

H H H

sp2p, hybridization polyacetylene

Figure 1. Electronic and molecular structure of (top) polyethylene and

(bottom) polyacetylene.



In non-conductive molecules (e.g. polyethylene shown in Figure 1), each carbon atom is
bound to four other atoms by ¢ bonds. All its electrons are used for bonding, having their
orbitals hybridised in sp® configuration. The chemical bonds are fully saturated and the
valence band is empty because there are no free electrons in the molecule to conduct.
Hence, saturated molecules are insulators which do not conduct®. By contrast, conjugated
molecules contain unsaturated bonds (e.g. polyacetylene shown in Figure 1) with one
unpaired electron per carbon atom. Electronic orbitals are in spzpZ configuration - three
o-bonding electrons forming sp2 orbitals and one w electron forming a p, orbital usually
perpendicular to the plane of the molecule. As p, orbitals of the adjacent atoms overlap,
delocalised © electrons create together a @ bond. This bond is a pair of electron clouds
spread on each side of the molecular pIaneZl, i.e. two molecular orbitals resulting from a
combination of two atomic orbitals. These are either in-phase or out-of-phase, the former

creates bonding molecular orbital m and the latter anti-bonding orbital *.

In larger molecules, such as polymers, the delocalised m bonds extend over the length of
the conjugated backbone and form © bands. Conductive and semiconductive properties of
the molecule then depend on whether the bands are filled or partially filled. The number
of m bands is determined by the number of carbon atoms in the elementary unit. Their
position has also a direct influence on the molecular band-gap. As such, it is defined as the
energy difference (m-n*) between the highest occupied m sub-band and the lowest
unoccupied * sub-band®. The energy band-gap, as well as many other physical properties

(e.g. conductivity or solubility) can be modified by changing the structure of the molecule.

Impurities in organic materials often disrupt molecular stacking order and act as traps and

recombination sites for charge carriers??. This can reduce charge carrier mobility of the



material. Most common impurities in conjugated systems come from the environment.
Oxygen and water molecules cause degradation of organic semiconductors and thus
severely limit their functional lifetimes. Protection from air and moisture is therefore

essential for stable operation and further application.

1.2.2 Power generation

The bonding in organic semiconductors fundamentally differs from their inorganic
counterparts. While the former are held together by weak van der Waals bonds and have
quasi-isolated character, stronger covalent bonds dominate in the latter case. This has a
direct influence on the properties of organic materials (e.g. decreased hardness, lower
melting point, reduced charge carrier transportzz). The poor mobilities are, however, to
some degree compensated by high absorption coefficients (usually > 10° cm™) allowing

materials to effectively absorb light even at thicknesses less than 100 nm?.

The weak electronic delocalisation gives organic semiconductors two distinct features — the
existence of singlet and triplet spin states, as found in isolated molecules, and formation of
excitons, photo-excited bound states of an electron and a hole. Excitons arise from the
interaction of light with the photoactive conjugated molecule. An incoming photon excites
a valence electron to a higher energy state and forms a Coulomb-attracted electron-hole
pair. The energy of the photon must be equal or higher than the material’s band-gap. The
excitonic pair is charge-neutral and is usually localised on one molecule (thus having a
substantial binding energy, typically 0.5 to 1 eV??). In order to separate a positive and a
negative charge and thus deliver a current, this binding energy has to be overcome by an

external field. Formation and dissociation of excitons are among the main processes



occurring in organic solar cells. For this reason, the devices are often referred to as

excitonic solar cells.

Excitonic lifetime is indirectly defined by its diffusion length (Lp) — a distance, through
which an exciton migrates along the structure before it recombines. The diffusion length is
usually very short in organic materials (on the order of 1-10 nm?*). As with the charge
conduction, it largely depends both on structural (inhomogeneities, impurities, differences

in materials) and dielectric qualities of the environment.

Dissociation of excitons into free charges is a fundamental step in converting energy of
photons into electricity. This can be achieved by an applied electric field. The potential
difference between the standard cathode and the anode materials is, however, not
sufficient to break up the electron-hole Coulomb attraction. Instead, the exciton migrates
to the material/electrode interface where it is dissociated. Often it recombines on the way
due to its short diffusion length (excitonic recombination is called geminate,
monomolecular or trap-assisted recombination®). If there is a contact of two materials, of
which one has a sufficiently higher electron affinity and ionisation potential (acceptor)
than the other (donor), the electrical field of such interface allows the dissociation®®. This
happens only when the energy difference is bigger than the exciton binding energy. The
interfacial design of the donor and acceptor materials therefore plays an important role in

organic photovoltaics.

Once the charges are separated, they are transferred (under the influence of the potential
difference of the electrodes) to respective electrodes to deliver current to the external

circuit. Before their extraction at the electrodes, trapping and recombination at localised



states may occur (recombination of charges of different origin at the donor-acceptor
interface is called non-geminate, bimolecular or Langevin recombination®’). This happens
mostly due to discontinuity of the conductive molecular paths. There are two transport
processes for the charge propagating through the medium - transport along the
conjugated backbone (band transport) and transport between the molecules (hopping
transport)21. The first one includes formation of various quasi-particles, such as solitons
and polarons, which are localised but mobile excitations of the conjugated bonds. The

transport is thus represented by a set of different ionic molecular states?” 28

. In highly
ordered molecular crystals, however, it can be described by the band theory and
conduction through delocalised © and n* bands®®. The second process, hopping, is a
movement of such quasi-particles from one molecule to another. Hopping is accompanied

by the tunnelling through the ‘gaps’ between the adjacent molecules® *°.

Charge carrier mobility is an important parameter of each material and is determined by
the processes mentioned above®’. Its value varies according to type of the carrier. High
and/or as close to equal as possible electron and hole mobilities result in enhanced charge
transport and extraction, and hence better performance of the solar cell. Low and/or
unequal electron and hole mobilities, generally lead to undesired space charge effects.
These arise from accumulation of the carriers either due to their slow extraction or large
distance to the collecting electrodes®. Morphology and molecular order are therefore
crucial qualities of the photoactive films. Lastly, multilayer interfaces near the electrode
represent additional potential barriers for the charge to overcome. This decreases the

probability that the carrier will contribute to the generated current®.



1.2.3 Band structure

A photovoltaic device is realised when a layer of organic semiconductor is sandwiched
between two electrodes with asymmetrical work-functions, as shown in Figure 2. The front
electrode (anode) must be transparent in order to allow the sunlight to reach the active
layer. Most commonly it is based on sputter-coated ITO (tin-doped indium oxide), but
cheaper alternatives have recently emerged, such as Al-doped Zn0*? (zinc oxide). The back
electrode (cathode) is usually evaporated aluminium film, alternatively Ca or Mg (calcium
or magnesium)™. Due to work-function difference between the electrodes (ITO having a
high work-function, Al having a low work-function), the electric field is created to drive the
separated charges towards the contacts. This also causes the forward bias current to be
several orders of magnitude higher than the reverse bias current. Such diode behaviour is
characteristic for solar cells. It can be quantified by the diode equation as a parameter

called ideality factor®.

A semiconductor/metal interface (homojunction) is the simplest design able to generate
photocurrent (Figure 2). A thin layer of organic p-semiconductor deposited between the
electrodes forms a Schottky junction with the low work-function electrode and the
semiconductor. As the Fermi levels align, the potential difference induces bending of the
energy bands. The difference in permittivities is significant (&metal € &emiconductor) @and thus
the drop of the potential occurs almost purely within the semiconductor in the immediate
vicinity of the junction. This region is called space charge region, or depletion regionZG, and
this is where the exciton dissociation takes place. The width of the region is defined as
depletion with (W). As the diffusion length of excitons is of the order of 10 nm in organic

semiconductors®®, only excitons generated near the junction can contribute to the
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photocurrent which severely limits the performance of homojunction solar cells. Internal
guantum efficiency of such Schottky devices is very poor (less than 1%) and reported

power conversion efficiencies are usually on the other of 10” to 10°%.

Energy (-eV)

p-type
Schottky device

Figure 2. Energy bands in a p-type Schottky photovoltaic device.

Significant improvement can be achieved when the donor and acceptor materials are put
together to form a heterojunction, as shown in Figure 3. A bilayer heterojunction consists
of a planar interface of two organic semiconductors with different electron affinities and
ionisation potentials (as mentioned before, the donor having higher electron affinity and

ionisation potential than the acceptor).

Energy (-eV)

heterojunction device

Figure 3. Energy bands of the donor and acceptor in a bilayer heterojunction.
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The work-function of the sandwiching cathode should match the lowest unoccupied
molecular orbital (LUMO) of the acceptor and the work-function of the anode highest
occupied molecular orbital (HOMO) of the donor to minimise resistance at the contacts.
The efficiency of the charge separation at the donor-acceptor interface greatly exceeds
that of the semiconductor/metal contact. The architecture also reduces bimolecular
recombination by allowing the transport of electrons through the n-type acceptor and
holes through the p-type donor. As a result, power conversion efficiencies of the bilayer
devices exceed those of Schottky junctions, reaching as much as 3.6% under standard

AM 1.5 illumination®® %’

A major step in the development of organic solar cells came from the introduction of a bulk
heterojunction, shown in Figure 4. The donor and acceptor are blended together to form a

bi-continuous interpenetrated system.

Energy (-eV)
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Figure 4. Energy bands of the donor and acceptor in a bulk heterojunction.

The concept of charge separation remains the same as for bilayers, however, the donor-
acceptor interface is enormously enlarged. If the interface always lies within a distance smaller
than the exciton diffusion length, each absorbed photon can theoretically be converted into

separated charge carriers. Furthermore, if there is a continuous path from the interface to the
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respective electrode for each material, the separated charge carriers can contribute to the
external circuit current®. Internal quantum efficiency (IQE, the ratio of the number of charge
carriers collected by the cell to the number of absorbed photons) approaching 100% has
already been achieved for polymer/fullerene solar cells®, implying that such design is very
efficient way of converting light into electricity. The highest power conversion efficiency

reported for single bulk heterojunction-based device is a remarkable 9.2%.

1.2.4 Performance analysis

A solar cell’s function in a circuit is similar to that of a battery. Its qualities are given by the
current-voltage characteristics in the dark and under illumination, as shown in Figure 5. The
potential difference present across the disconnected electrodes is called the open circuit
voltage (V,c). The current passing through the connected circuit without a load is called short
circuit current (ls). If a resistance is present (R), the cell develops a voltage V (0-V,) and
delivers a current / (0-Isc) determined by the Ohm’s law V = RI. Therefore, both operating

voltage V and current / are dependent on the load and on the amount of illumination.

Voltage

Current density

Figure 5. Dark (black line) and light (red line) I-V curve of a photovoltaic cell.
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The origin of the V.. in organic solar cells has been the matter of intensive studies and

discussions for many years>>*

. It has been established that the value of V.. directly
corresponds to the energy difference of the donor’s HOMO and the acceptor’s LUMO and
the influence of the electrode work-functions is only minor. As the photo-generated
current [ is proportional to the illuminated area, Ji. (short-circuit current density) is
usually taken as the main current-generation characteristic of the solar cell. Among others,
Jsc depends on the incoming photon flux density, the absorption and external quantum
efficiency of the device (EQE, the ratio of the number of charge carriers collected by the
cell to the number of all incoming photons; EQE is reciprocal to the optical band-gap) and
the charge carrier mobility*%. V. and Js. are complemented by the quality parameter fill
factor (FF). Its value is derived from the maximum operating power point of the device
(corresponding to Vi, and Jn, see Figure 5) and it is defined as FF = JyVin/JscVoc". The FF is a
measure of the J-V curve’s shape-optimality. Finally, each solar cell is characterised by the
most common and practically the most important property — the power conversion
efficiency (PCE, i.e. how efficiently it is able to convert the sun energy into the electrical

energy). By combining the V., Js. and FF, one can obtain the relation PCE = Ji V,.FF/Po,

where Py is the incident power light density26.

All the aforementioned parameters (Vo Js., FF and PCE) are dependent on the amount of

illumination®

, therefore standard test conditions are followed in order to achieve the
data comparability43. The reference illumination spectrum is the Air Mass 1.5 spectrum (or

AM1.5) and it corresponds to the spectrum of sunlight reaching the Earth’s surface for

mid-latitudes **. The standard illumination power density is 100 mWem™.
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Parasitic resistances, namely series and shunt resistance, influence the performance of
every photovoltaic cell (see Figure 6). Series resistance (Rs) results from the device
resistance to the current flow, including resistance of the active material, top and bottom
electrode contacts and the electrodes themselves. High values of the series resistance are
related to poor solar cell design and can significantly reduce FF and Js.. Shunt resistance
(Rsn, also called parallel resistance) inhibits leakage of the current through/around the
edges of the cell. Low shunt resistance results from various manufacturing defects and
leads to reduced FF and Voc26. Ideally, the series resistance should be as small whereas the

parallel (shunt) resistance as big as possible.

Figure 6. Series and shunt resistance in the equivalent circuit of a solar cell.

One other phenomenon influencing the performance of organic solar cells is the presence
of space charge effects. Spatial accumulation of carriers within a phase leads to build up of
a net charge. The net charge creates an electric field which opposes the built-in field and
limits the carrier flow. This results in an increased monomolecular and bimolecular
recombination. The effects of space charge are most significant in planar heterojunctions
where the photo-generated carriers are concentrated near the donor-acceptor interface.
As the electrons are confined exclusively to the acceptor and the holes to the donor, a
substantial net charge density exists in the respective bulk phases even when the carrier

mobilities are matched. Such net charge is minimised in bulk heterojunctions where the
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interfaces are enlarged and distributed within the bulk. In bulk heterojunctions, any

accumulation of the carriers can be prevented by matching electron and hole mobilities™".

1.2.5 Device architectures and performance improvements

Enhancement of light absorption has been one of the major factors driving the
development of solar cell architecture®. In bilayer heterojunction, the exciton diffusion
length is short in comparison to its optical absorption length. Thus devices suffer from
reduced absorption as they require thin photoactive layers to utilise the excitons. Bulk
heterojunction geometry overcomes this to an extent, but is limited by carrier mobilities
and charge extraction. This has stimulated many attempts to optimise the nanoscale

49-51

morphology of phase-separated donor-acceptor blends™ > (discussed in section 1.3.2) and

introduced device modifications to improve performanceSZ' >3,

Better charge carrier collection can be achieved using exciton blocking Iayers45'48. The
function of these ‘buffer’ layers is to prevent exciton quenching at the organic semi-
conductor/cathode interface®, lower the electron injection barrier’®, and additionally to
protect organics during the cathode evaporation®'. Their application often results in FF and
Voc improvements. The main material requirements are transparency and good electron
conductivity. The contact resistance at the anode interface can be decreased by insertion
of a conductive polymer (often PEDOT:PSS, poly(3,4-ethylene dioxythiophene) doped with

poly(styrene sulfonate)*?), or various metal-oxide thin films>® %163

. Finally, photoabsorption
of the device can be increased by aligning position of the active layer with the maximum

intensity of illumination. Due to optical interference of the incoming waves and the waves

reflected from the back metal electrode, spatial distribution of the light intensity varies
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over the device thickness>. Transparent optical spacer layers thus can be employed to

shift the active area towards the intensity peak of some favourable wavelengths®® .

The use of structures with multiple active layers has long been another way of improving
photovoltaic performance. This includes p-i-n solar cells, obtained by sandwiching of the

54, 55

blended photoactive layer between p-type and n-type materials , and tandem cells,

I°®. While the former leads

obtained by stacking of two heterojunctions in series or paralle
mainly to enhanced photocurrent, the latter can be designed to increase either
photovoltage (when connected in series) or photocurrent (when connected in parallel). A
typical tandem solar cell combines two subcells with a different spectral range of
absorption — the top cell (or front cell) with a high band-gap material and the bottom cell
(or rear cell) with a low band-gap material. As illustrated in Figure 7, the complementary
absorption spectra of the subcells allow more effective use of the incoming light, and their
connection in series the addition of their individual photovoltages®’. A transparent and
conducting interconnection layer is introduced between the cells to align the Fermi levels

of the subcells®®. Tandem architectures have reached the highest power conversion

efficiencies in organic photovoltaics to date (10.7%)” .

absorption
current

interface

anode |

wavelength voltage

bottom cell

topcell  asnuas tandem device

Figure 7. Schematic illustration of possible absorption spectra and /-V characteristics of

a tandem solar cell.
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As it is in inorganic photovoltaics®, the best performing architectures for future organic
photovoltaics needs to be based on advanced combination of multilayered structures.
Multijunction solar cell design is the effective way to overcome the Shockley-Queisser
limit® (stating thermodynamic limitations of the energy conversion efficiency in a solar
cell) and achieve significantly better performance65. In contrast to the maximum efficiency
of a single junction (30%), a tandem solar cell with two subcells (band-gaps of photoactive
layers 1.9 and 1.0 eV) can theoretically reach PCE of 42%, while a three-subcell tandem

(band-gaps 2.3, 1.4, and 0.8 eV) as much as 49%°°.
gap ,» 1.4,

The deposition process itself has a crucial role in the development of multijunction solar
cells. Molecular junctions connected by numerous interface layers can be stacked on top of
each other almost without any limitations when a dry deposition process is involved®. It
would, however, be a challenge to achieve similar complexity in solution-processed
polymer devices (these material groups will be discussed later in section 1.3.2). Fabrication
of efficient polymer tandem cells has long been constrained by issues with orthogonality of
the solvents and it is still rare, that these devices show competitive performance to their

single-junction counterparts®” ** %,

1.3  Organic materials for solar cells

1.3.1 Low molecular weight materials

Organic semiconductors for solar cells generally fall into main two categories — low
molecular weight ‘molecular’ materials and high molecular weight materials. The former

have usually well-defined dimensions and molecular weight, and are often deposited by
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vacuum evaporation. Examples include oligomers, fullerenes and phthalocyanines®. Due

to their simple processing, molecular semiconductors have played a major role in the

development of OLEDs?® and also pioneered the field of organic photovoltaics70'72.

The photovoltaic physics of small molecules follows the same principles as described above

for general organic semiconductors. Similar state-of-the-art performances have been

15,68

reported for both low and high molecular weight solar cells . Improvements in chemical

design of the small-molecule donors have recently enhanced their absorption in the near-

85, 86

infrared region and the molecular solar cells, processed either in vacuum or solution,

have once again become competitive with polymer-based photovoltaics73'75.

In particular, the use of solvent-free vacuum processing allows these materials to be

62, 67

applied in complex multilayered structures . The active layers can be easily deposited in

the form of p-i-n junctions or as gradient blends with precise manipulation of horizontal as

well as vertical donor-acceptor composition’® 7’

Control of the nanoscale phase
morphology in vacuum-deposited active blends, however, remains a challenge. Co-
evaporation does not lead to bi-continuous interpenetrated donor-acceptor network, but
rather a uniform mixture of the two materials with minimal evidence of phase separation.
The resulting isolated islands of individual materials inhibit efficient charge transport and

collection®. Heating of the substrate during the deposition78' 79

, use of evaporation
additives®, and thermal annealing of the device after the fabrication®! have been shown to

improve the heterojunction morphology only to a certain degree.
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Figure 8. Chemical structure of typical small molecular donors.

Common molecular donors are metal phthalocyanines® (primarily CuPc and ZnPc),
oligothiophenes®® and squaraines®. Older molecular donor materials include porphyrins,

oligoacenes and perylene derivatives** * %

. CuPc has been used in organic photovoltaics
for several decades. Its strong absorption, good molecular order and stability made it
standard material for vacuum-deposited photovoltaics. The highest single junction PCE of
4.2% under concentrated sunlight was achieved by Xue et al®.

Novel chemically-modified donor-acceptor (D is electron rich and A is electron deficient)
molecular compounds have recently emerged as promising absorbers and electron

donors®>°

. Optimisation of HOMO and LUMO levels through attachment of various D and
A groups minimises energy losses during exciton separation and ‘customises’ the molecule
for coupling with an electron acceptor. D-A substituted oligothiophene derivatives (such as

dicyanovinyl-substituted oligothiophenes, DCVnT) have reached single-junction efficiencies

of 6.9%". Significant development of small molecule donors has taken place also in
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74, 75, 91

solution-processed molecular photovoltaics . Again, a D-A ‘push-pull’ approach has

lead to rapid improvement in performance and to PCE as high as 7.0%”".

PTCEI

Figure 9. Chemical structure of typical small molecular acceptors.

The most prominent low molecular weight acceptors are fullerenes Cgy, C79 and their
derivatives®>. Non-fullerene acceptors include perylenes (mainly perylene diimides, PDIs),

and a plethora of recently reported D-A compounds®> **

(such as vinazenes, diketopyrrolo-
pyrroles, bifluorenlidenes, etc.). Fullerene-based acceptors keep a long-term dominant
position in organic photovoltaics due to their high electron affinity, excellent charge

transport properties, beneficial molecular shape and easy accessibility69’ 9,96

. For example,
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) is a soluble version of Cgy which has
been greatly investigated over the last decade. Its combination with polymeric donor
poly(3-hexylthiophene) (P3HT) was long a basis for state-of-the-art device performance®’.

Modified fullerenes, such as endohedral metallofullerenes and Cgo/PCBM bisadducts, have

tackled poor light absorption of Csg as well as its V,-limiting low LUMO leve|®® 9810
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1.3.2 High molecular weight materials

High molecular weight materials for organic solar cells are represented predominantly by
conjugated polymers. Since the discovery of conductivity in doped pon(aceterne)lOl, the
field of conjugated polymers has expanded enormouslyloz. Freedom in molecular design
(e.g. using multiple D-A groups to tune position of HOMO and LUMO energy levels) and
relative simplicity of modifications have allowed polymers to obtain almost optimal donor

118-120

properties . Moreover, natural phase separation in polymer-fullerene blends has lead

to good morphology control and thus efficient charge extraction®® 2",

Polymers are long-chain molecules consisting of a large number of repeating units
(monomers)'®. Their molecular weight usually ranges between 1000 and 100 000 gmol™ and
their processing for electronics is entirely solution-based. The physical and chemical
properties are determined by the molecular structure, such as architecture of the
conjugated backbone, chain length and character of side groups’™. Their specific
1-dimensional character has a strong influence on their electronic behaviour. As described
previously for organic semiconductors, sp2 hybridised orbitals of individual carbon (nitrogen,
oxygen or sulphur) atoms overlap along the backbone to form long electron w and w*-bands.
The quality of this orbital overlap (as well as of the orbital overlap between the adjacent
molecules) is a crucial parameter for the transport of the charge carriers*. Convoluted
conformation, chain defects or molecular disorder often lead to charge recombination. In
addition, due to weak inter-molecular interactions and low resistance of the polymer
towards torsion, the planarity of the conjugated backbone (consequently orbital overlap and

mobility) can be affected by non-structural factors, such as temperaturezo.
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The vast majority of un-doped conjugated polymers are electron donors upon photo-
excitation. Most of them have better hole mobility than electron mobility’®. Well-
established representatives of such hole-conductors are phenylenevinylenes (poly[2-
methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylenevinylene], MDMO-PPV, poly[2-methoxy-
5-(2'-ethylhexoxy)-1,4-phenylenevinylene], MEH-PPV) and polythiophenes (mainly poly(3-

hexylthiophene-2,5-diyl), P3HT)*> 1%, as illustrated in Figure 10.

8]
Oy &
n 5
— n
PO O -P P P3HT

Figure 10. Chemical structure of MDMO-PPV and P3HT donors.

Polythiophenes (mostly poly(3-alkylthiophenes), P3AT) in organic electronics have been

126-128

the subject of intensive studies for a several decades . These materials have a high

1,107
)

mobility (up to 0.1 cm?Vls and owing to the side chains they are easily processable in

common organic solvents. Their excellent electronic properties arise from the ability to

crystallise into layered structures (lamellae)*®

where the neighbouring backbones are
closely packed on the top of each other in a face-to-face arrangement (so-called w-
stacking)'®. The n-stacking is facilitated by the planarity of the monomers (as such, it can
be observed mainly in alkylthiophenes and alkylthiazoles)!*°. In each plane, the conductive
backbones are separated by isolating alkyl side groups. Better structural order increases
carrier delocalisation which results in improved mobility. The charge carrier mobility has

been shown to depend additionally on regioregularity of the P3ATs’ backbones™® *?
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(regioregular polythiophenes having orders of magnitude higher mobility than
regiorandom polymers), the direction of n-stacking relative to the substrate’, and the

polymer’s molecular weight***.

The poly(thiophene) with the best performance in photovoltaic devices has been poly(3-
hexylthiophene) (P3HT)!*. Schilinsky et al. was the first one to combine it with PCBM into
a blended heterojunctionm. Efficient exciton dissociation and charge extraction were soon
achieved by precise control of the blend morphology. A substantial step forward was an
introduction of post-production thermal annea/ingm. Polymer crystallisation lead to both
greatly improved nanoscale organisation of the materials’ phases and better charge

139, 140

transport . The influence of annealing on the morphological development in polymer-

fullerene blends became a subject of extensive studies and a driving factor towards a

112, 141

better performance . The complex morphology-performance relationship has been

revealed only recently''®'??

, describing the annealed blend as intercalated PCBM
aggregates and P3HT crystallites immersed in the matrix of P3HT amorphous chains and
dispersed PCBM molecules. The highest power conversion efficiencies of P3HT:PCBM
devices reached 5%. Although limited absorption of P3HT (~1.9 eV band-gap) and small V

of the P3HT-PCBM combination (0.6 V) have narrowed their commercialisation, they have

remained a standard platform for fundamental research in organic photovoltaics™**.

Various low band-gap polymers have been recently synthesised using D-A push-pull
approach. These copolymers are mostly based on a combination of benzothiadiazole,

carbazole and cyclopentadithiophene units®® >

, as shown in Figure 11. Modification of the
energy levels allowed their HOMO levels to be lowered (yielding high V. in combination

with PCBM) while extending the band-gaps to 800-900 nm.
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Figure 11. PCPDTBT and PCDTBT as examples of copolymers based on a carbazole unit.

The most representative of these copolymers are poly[N-9"-hepta-decanyl-2,7-carbazole-
alt-5,5-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)] (PCDTBT)*® **° and poly[2,6-(4,4-bis-(2-
ethylhexyl) -4H-cyclopenta[2,1-b;3,4-b']-dithiophene) -alt-4,7-(2,1,3-benzothiadiazole)]
(PCPDTBT)™” !, both exceeding 5.5% PCE when combined with PCBM. Series of novel
copolymers introduced by Yu et al. are based on alternating units of thieno[3,4-b]-
thiophene and benzodithiophene and have demonstrated impressive single-junction

efficiencies of 9.2%>% 12155,

1.4 Deposition techniques

1.4.1 Laboratory vs. industrial processing

Materials for organic electronics are deposited by various ‘wet’ or ‘dry’ methods
(individually discussed in the following sections). The wet methods make use of solvents in
which the molecules are dissolved to be applied on a substrate by coating or printing. The

solvent is removed during/after the deposition. Despite several advantages, such as simple
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small-scale laboratory application, the solution processing suffers from the processing
medium itself - solvent. The organic solvents have low specificity, therefore they tend to
interact with (and damage) previously deposited layers. This problem is intrinsic and
substantially limits the complexity of the device that can be obtained by the wet
methods®. Sophisticated material sequences soluble in incompatible solvents have to be
chosen, or one or more inner layers need to be deposited in vacuum to overcome this
issue. In either case, compromises are made which sacrifice the production simplicity or

performance parameters.

Dry processing is another means of organic molecule deposition. It is conducted under
vacuum using thermal heating or focused beam of particles (e.g. ions or electrons). As there
are no solvents used, the processing allows for an unlimited number of layers to be grown,
all with precise control of the film thickness. Vacuum thermal evaporation is an example of
inexpensive and commonly used method widely exploited, for example, in the packaging
industry™ *?°. It has been applied to large-scale production of OLEDs® and serves as the

technology platform in the Heliatek’s production facility for organic solar cells*®.

The capability and complexity of the process influence the price and scale of the product.
Costs/m’ is a crucial ratio which defines a potential of the method to be transferred from
laboratory to industrial use. It is important to note, that the organic photovoltaics do not
aim to challenge the performance and stability of inorganic solar cells (based on Si or GaAs)
but rather offers a low-cost alternative. That means that lower efficiencies and shorter
lifetimes would be compensated by lower production costs. The calculations of Dennler et
al.”” show considerable relationship between efficiency/lifetime/cost — the lower is the

module cost, the less important lifetime and efficiency become. The thin-film organic
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electronics has an advantageous potential to be applied on flexible substrates and thus
involve low-cost roll-to-roll (R2R) processes. Explicit comparison done by Brabec et al.**’
states that the equivalent annual m? output of a typical Si wafer production plant (cca
90 000 m? of @30 cm wafers) is processable by a standard R2R web printer within a few
hours. This illustrates that it is great speed and capacity which make R2R such powerful

large-scale manufacturing option. Finally, cheap and flexible electronics can stimulate new

design opportunities due to their light weight, mechanical flexibility and semitransparency.

Technically, roll-to-roll processing involves a deposition of the source material onto a
flexible substrate (so-called web) which is being rewound from one roll to another. Webs
several meters wide and 10s of km long can be rolled with speeds exceeding 10 m/s*>.
Multiple sources can be used for the sequential deposition of different active/interface
layers and various treatments (such as heating, drying or UV-curing) can be applied in-situ.
The following sections aim to summarise some of the major techniques for the deposition
of organic molecules, their main principles, pros/cons and potential to contribute to low-

cost organic photovoltaics.

1.4.2 Vacuum deposition

Vacuum thermal evaporation (VTE). Vacuum thermal evaporation is the simplest and most
commonly used vacuum deposition technique. The source material is placed in a
conductive boat which is heated under vacuum by a large DC current (the boat is made of
a high melting point metal — e.g. tungsten, molybdenum or tantalum), as shown in Figure
12. The evaporated/sublimed material is deposited on the substrate placed above the

source. The VTE process is advantageous for its simplicity (i.e. evaporation of numerous
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layers or co-evaporation of various different compounds), homogenousity of the deposited
films, high speed deposition, and its precise film-thickness control (+0.5 nm)'?®. The
wasteful consumption of the material and non-uniformity of the deposition rate are the
main drawbacks. The technique is R2R compatible and is widely used for the deposition of
small organic molecular films (OLED, OPV) as well as semiconductor nanostructures for
inorganic electronics. On a larger scale it is employed in the packaging industry (e.g.
aluminium coating of plastic substrates - the technology routinely processes 4 m wide and

60 000 m long webs with speeds of more than 16 m/s**).

' source

air out
Figure 12. Schematic drawing of vacuum thermal evaporation.

Thermal evaporation of organics is fundamentally limited by their thermodynamic stability.
Heating above certain temperatures leads to degradation (such as breaking of the
backbone bonds, cleavage of the side groups/atoms) and hence, in polymers, a rapid
molecular weight decrease™’. The size of the polymer defines its conformational entropy
and an increased temperature is needed to transfer the molecule from the solid to the

gaseous state as the molecular weight increases. Such thermal energy is, however, often
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sufficient to overcome some of the bonding energies within the molecule. The resulting
thermal dissociation is thus an unavoidable physical phenomenon. It determines the

130

maximum size of the polymer fragment capable of such phase change™ (e.g. for

polyethylene it is around 1500-2000 gmol'l).

When heated-up, polymers usually go through a glass transition point (Tg) and a melting
point (T, if semicrystalline) before reaching the evaporation temperature (T.). The
smallest fragments are evaporated first, followed by bigger oligomers and short-chain
polymers. The angular distribution of the gaseous material flow emitted from a point

source follows a cosine law'®°

. Vacuum, in which the deposition process takes place,
increases the probability of the gas molecules reaching the substrate by reducing the

number of inter-molecular collisions and hence increasing the mean free path. It also

provides better control over the process reactivity and minimises impurities™.

The surface conditions are another influential factor of the thin-film growth. These include
mainly the character of the substrate and its temperature, as well as the chemical activity,
flux density and velocity of the depositing molecules themselves. Higher substrate
temperature promotes a greater surface migration as the molecules have more energy to
find a position minimizing their potential. Sufficient mobility of the molecules leads to
ordered film growth and can even result in a partial reconstruction of the polymer at the
surface™. Enhancement of the surface molecular order can be achieved when depositing

molecules with better structural regularity.

VTE of polymers for organic electronics has been investigated since the late 1980s. Initial

structural, morphological and fluorescent studies of vacuum-deposited poly(p-phenylene)
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(PPP) thin films™*™** quickly lead to the successful assembly of the first polymer organic
electroluminescent devices processed in vacuum™* **°. Kobayashi et al. characterised their
electroluminescence (EL) in terms of the thickness of individual hole-/electron-transporting
layers and the substrate temperature during the deposition. However, only basic electronic
and optical characterisation was performed. They found that heating of the condensation
surface improves the material’s crystallinity and luminance. Supported by XRD and
electroluminescence measurements, the work suggested that it is molecular orientation
which increases luminance by positively affecting charge transport (no comparison of the
relevant quantities, e.g. charge carrier mobilities, was performed). This corrected the

previous observation of Masui et al.**®

, who attributed enhanced EL properties of OLEDs to
an amorphous film structure. The Kobayashi’s conclusion had more convincing theoretical

reasoning and was later approved by other studies®®’.

Although the report referred to limitations regarding the thermal decomposition of the
polymer™®, it was Song et al.”* and Lee et al.**® who actually identified and compared
molecular weight of the starting and evaporated PPP materials. Moreover, they conducted
evaporation at a well-defined temperature that allowed consistency and reproducibility to
be achieved. They calculated that the degree of conjugation of the evaporated polymer
(according to the IR peak intensity ratios) was reduced, being only about % of the starting
PPP. Additional structural information was shown in photoluminescent (PL) spectra of the
compounds. The dispersion of conjugated lengths narrowed in evaporated PPP. In
agreement with the IR spectroscopy, the PL intensities implied that the vacuum-deposited
polymer had smaller molecular weight than the starting one (higher peak intensity at shorter
wavelengths) whereas the PPP remaining in the boat consisted of more stable and longer

chains (higher peak intensity at longer wavelengths). The latter was further supported by
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TGA. More systematic electrical characterisation of PPP-based monolayers and bilayers

I165, 170

appeared in two consecutive works of Lee et a . Findings included values of EQE,

calculation of charge carrier mobilities and the dynamics of charge carrier recombination.

Bilayer OLEDs fabricated by Lee et al. combined PPP with a spin-coated poly(N-

135

vinylcarbazole) (PVK)™". However, an earlier report had already shown that PVK can be

I**1. There, Touihri et al. studied different doping techniques of

vacuum-deposited as wel
evaporated PVK films. Based on TGA, IR and optical absorption analyses, he suggested that
PVK is not destroyed, but rather decreased in terms of molecular weight. This can be
partially reverted by post-production annealing in iodine atmosphere. Despite successful

142, 143

application of PVK in emitting devices , ho additional attempts have been reported to

produce purely vacuum-processed PPP/PVK polymer-polymer OLED.

Improved performance of electroluminescent diodes can be achieved by insertion of a thin

14 pD’Almeida et al.*®*

insulated layer at the organic semiconductor interface/anode
demonstrated deposition of such layer by VTE (using insulating poly(tetrabromo-p-
phenylenediselenide) (PBrPDSe)). The study revealed that the PBrPDSe film was
amorphous (XRD) and the material was not decomposed during the evaporation

(IR spectroscopy). Based on a rather weak and non-quantitative solubility test, the authors

suggested that the conjugation length was strongly decreased.

The first of several studies of vacuum-deposited polymer field effect transistors (OFET)
was recently reported by Irimia-Vladu et al*®. Polyaniline was evaporated as an
insulating gate layer, followed by deposition of the active semiconductor Cgo. Again, FT-IR

and UV-vis characterisation indicated a decrease in molecular weight and small structural
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changes (oxidation state). The work was a good evidence that OFETs can be processed
purely in vacuum without the use of any solution steps. This certainly leads to better
production consistency and versatility. Nevertheless, it would be interesting to see an
example of OFET based only on polyaniline which itself can be doped to achieve different

conductive states'’” 178,

In summary, several attempts to apply VTE in the deposition of polymers for organic
electronics have been reported. It is unfortunate, however, that despite certain success this
research has not been further developed. No semiconducting polymers have been vacuum-
applied in OFETs or organic solar cells. Considering the strengths of the processing method in
the deposition of multilayered structures, many new challengers and opportunities could

have been explored if wider attention was brought to polymer vacuum deposition.

Organic vapour phase deposition (OVPD). Organic vapour phase deposition was developed

%7 The technology relies on an

by Forrest et al. as a more controlled alternative to VTE
inert carrier gas (N, or Ar) heated at the temperature sufficiently high to induce
evaporation of the material with which it is in the contact. The gas and evaporated
compound are further carried through the hot-wall reactor vessel towards a cooled
substrate. Deposited films are uniform with well defined thickness. There are no material
losses during the process. The rate of the deposition as well as the crystalline
morphology148 is fully controlled by the pressure and temperature in the reactor. Although
OVPD has already been used for fabrication of OLEDs™" 82 and organic photovoltaic

183, 184

cells , its deposition speed and compatibility with R2R still need to be addressed.
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Chemical vapour deposition (CVD). Chemical vapour deposition falls into the category of
chemical processing. Hence, molecules are not ‘physically’ transferred from the target onto
the substrate but, rather, are chemically formed at the substrate surface from different
precursors. Thin polymer layers are polymerised from deposited monomers (e.g. by VTE or
ovPD™) under ultra-high vacuum. The polymerisation can further be promoted in the
presence of free electrons, a technique called plasma-enhanced CVD. Such polymers,
however, lack regularity and are randomly terminated or cross-linked. It is also
questionable at the moment whether CVD can provide competitive cost/m? to VTE or

solution-based printing/coating techniques.

Another recognized techniques for polymer deposition, matrix assisted pulsed laser
evaporation and the ion beam-assisted deposition, are variations of the standard pulsed

130151 The processing occurs under ultra-high vacuum by the use of

laser deposition
laser/ion beam focused onto the solid polymer target. The material is ablated and

molecular fragments deposit onto the adjacent substrate. These techniques are relevant

research tools, but their application in industry is unlikely.

1.4.3 Coating and printing techniques

Solution processing is currently the preferred method for fabrication/production of organic

12,6891 The most prolific representative, spin coating, has played a dominant

photovoltaics
role in the development of organic photovoltaics. Although it is a technique highly suitable
for laboratory research, it has no potential to be scaled-up and only remotely represents

real device-processing conditions. This means that a great amount of work is still ongoing

on transferring these materials to larger industrial processing.
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The development of suitable ink technology is one of the primary issues'. To obtain an
appropriate ink ‘printability’, a number of properties need to be considered and adjusted -
e.g. viscosity, surface tension, surface energy or volatility. Moreover, the ink optimisation
varies for each particular printing or coating technique. Additives are generally employed
to achieve such modifications, however, they can be applied only with a limited freedom
as they affect the electronic properties of the films. The role of engineering in the scale-up
is also of a great importance. Since many printing/coating processes are contact-based,
advanced design and precision of the equipment are required (mechanical accuracy,
uniform web and liquid supply, substrate consistency, etc.). This poses serious challenges

especially for some of the more complex techniques required for multilayer deposition.

Numerous steps to scale-up and transfer the wet processing into large-scale production

152-154
/

have been undertaken by Krebs et a . Substantial progress has been done especially

to make the deposition of polymer solar cell compatible with R2R methods'> 2. This

involves techniques such as doctor blading, slot-die coating and screen printing>>"**’. Ink-

jet printing remains the dominant technology for patterned device fabrication®® **°.
Several companies (e.g. Konarka and Solarmer) have already focused on the development

160

of printed of organic solar cells™". Only next stages will show if these efforts will

successfully bridge the gap between small-scale laboratory fabrication and large-scale

plant production of solution-based photovoltaics.
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CHAPTER 2 - MATERIALS AND METHODS

This section discusses the experimental methods used during the course of the research.

More details on specific experiments are provided in the relevant chapters.

2.1 Materials

Poly(3-hexylthiophene) (P3HT) was purchased from Rieke Metals. The molecular weight
(M) was measured using gel permeation chromatography (GPC) and was found to be
approximately M,, = 36300 gmol™ with respect to polystyrene standards. The regio-

regularity of the polymer was reported by the manufacturer to be 90%.

Poly(thiophene) (PTh) was supplied by Sigma Aldrich and its M,, was not measured as it did
not dissolve in chloroform or tetrahydrofuran, the mobile phases of the GPC. The value of

M,, was not specified by the manufacturer eiher.

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS, Baytron P disper-

sion) was supplied by H.C. Starck, and Fullerene Csp (99.9% pure) by MER Corporation.

All the materials were used as received.
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2.2 Polymer evaporation

P3HT was deposited by vacuum thermal evaporation from a tungsten boat (7 x 32 mm,
supplied by Leybold Optics) which was heated by a Xantrex XHR 7.5-80 DC Power Supply.
The boat temperature was measured using a K-type exposed thermocouple mounted
inside the boat. For chemical characterisation, P3HT was evaporated at a temperature of
370 £ 5 °C and 380 + 5 °C at a rate of ~0.75 nm/min, and 420 + 5 °C at a rate of 1.5-2
nm/min. For photovoltaic device fabrication, P3HT was evaporated at a temperature of

415 + 10 °C at a rate of ~1.5 nm/min.

PTh deposition was conducted from a larger tungsten boat (13 x 51 mm, supplied by
Testbourne Ltd) heated by a Xantrex XHR 7.5-80 DC Power Supply. An additional TDK-
Lambda Genesys 8-300 DC Power Supply was used for co-evaporation of the polymer and
Ceo. For chemical characterisation, PTh was evaporated at a temperature of 275+ 5 °C at a
rate of 0.75-1 nm/min, and 300 + 10 °C at a rate of ~1.5 nm/min. For photovoltaic device
fabrication, PTh was evaporated at selected temperatures in the range 285-315 + 10 °C at
rates between 1-15 nm/min depending on the experiment. For sequential PTh and Cgo

deposition, PTh was evaporated at a temperature of 300 + 10 °C at a rate of 0.75-2 nm/min.

Ceo Was sublimed at selected temperatures in the range 580-610 £ 15 °C at rates between
3-30 nm/min depending on the experiment. For sequential PTh and Cgy deposition, PTh
was evaporated at a temperature of 590 + 15 °C at a rate of ~5 nm/min. 6T was

evaporated at a temperature of 220 + 10 °C at a rate of 0.8-1.2 nm/min.
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For PTh and Cgg co-deposition in sections 5.2-5.6, the evaporation rates and their relative
ratio were fixed in each experiment which in turn determined the individual evaporation

temperatures. Approximate evaporation/sublimation parameters were as follows:

DRpTh TPTh DRC60 Tc60
blend _
[nm/min] [°C] [nm/min] [°C]
20% PTh : 80% Ceo 2+1 280+5 25+6 610 + 15
40% PTh : 60% Cep 5+2 290+5 15+5 600 + 13
60% PTh : 40% Ceo 8+4 300+8 8+3 590 + 10
80% PTh : 20% Cep 1145 310+ 10 5+2 580 + 10

The material evaporation was conducted in high vacuum 10*-10° Torr. The vacuum
system was modified during the course of research. The main modifications involved
change of the bell-jar sealing ring, removal of the sealing grease, and change of the
vacuum pumps and various vacuum parts. Experiments conducted before the final
modifications included: NMR studies of P3HT, GPC studies of P3HT (both section 3.2) and

pinhole studies in P3HT thin films (section 3.4).

Schematic drawing of the experimental setup for vacuum thermal evaporation is identical
to the one illustrated in Figure 12, section 1.4.2. Alternating heterojunctions (AHJ) in
section 5.7 were deposited by setting the deposition rates of PTh and Cg constant, and

alternatively shielding the individual sources by a shutter.
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2.3 Polymer characterisation
Thermogravimetric Analysis (TGA)

TGA is a thermoanalytical technique that measures changes in weight of a sample as a
function of temperature. It is commonly used to study thermal decomposition of polymeric
materials. The stability of a polymer can be evaluated from the onset temperature of
decomposition. Thermal stability of P3HT was measured by Perkin Elmer Pyris Diamond
TG/DTA 6300 under N, atmosphere between 30-850 °C at a rate of 10 °C/min, and PTh
between 25-800 °C at a rate of 10 °C/min. The onset of degradation was estimated as
shown in Figure 1b (section 3.2) and Figure 5a (section 3.3). The measurements were

performed with the help of Mr Richard Turner.

Differential Scanning Calorimetry (DSC)

DSC is athermoanalytical technique that measures heat flow associated with thermal
transitions in a material. It is widely used to characterise phase transitions of polymers,
such as melting and crystallisation, or the glass transition. Endothermic processes (e.g.
melting) require higher heat flow to increase the temperature of the polymer, while
exothermic processes (e.g. crystallisation) require lower heat flow to increase the
temperature of the polymer. DSC analysis of starting P3HT was measured by Perkin EImer
Diamond DSC between -60 °C and 280 °C at a rate of 300 °C/min. DSC of starting PTh was
measured between -60 °C and 225 °C at rates of 100 °C and 300 °C/min. The phase
transitions were estimated as shown in Figure 1a (section 3.2) and Figure 5b (section 3.3).

The measurements were performed with the help of Mr Richard Turner.
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Differential Thermal Analysis (DTA)

DTA is a thermoanalytical technique similar to DSC. It is often coupled with TGA in order to
provide information on both mass loss and thermal transitions simultaneously. DTA
analysis of P3HT was measured by Perkin Elmer Pyris Diamond TG/DTA 6300 under N,
atmosphere between 30-850 °C at a rate of 10 °C/min, and PTh between 25-800 °C at a

rate of 10 °C/min. The measurements were performed with the help of Mr Richard Turner.

Gel Permeation Chromatography (GPC)

GPC is a size exclusion chromatography that separates analytes based on their hydrodynamic
volume. It is a technique regularly used for determination of the molecular weight (M,,) of
polymers. The polymer dissolved in the mobile phase passes through a column packed with
porous beads. Its molecular weight is estimated from comparison of its retention time
against calibration standards. GPC of the starting and evaporated P3HT and PTh was carried
out using PLgel 5 um Mixed-D columns (2 x 300 mm length, 7.5 mm diameter) from Polymer
Laboratories. The calibration was performed using polystyrene narrow standards (M, = 1300
to 11.2 x 10° gmol'1 for P3HT, and M, = 580 to 3.7 x 10° gmol'1 for PTh) in tetrahydrofuran
(THF) with toluene as the flow marker, detecting at 254 nm. The THF was degassed with
helium and pumped at a rate of 1 mL/min at 40.0 °C. Solutions of the starting polymers were
made by dissolving materials directly in THF. Solutions of the evaporated polymers were
prepared by depositing P3HT/PTh onto a series of cleaned glass-slides and subsequent
dissolution of the polymer films in THF. GPC characterisation was conducted in cooperation
with the Chemistry Research Laboratory of the Department of Chemistry, University of

Oxford (with the help of Dr Giuseppe Sforazzini and Dr Jonathan Matichak).
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UV-Vis Spectroscopy (UV-Vis)

UV-Vis is an absorption spectroscopy in ultraviolet-visible spectral region. Providing
information about structural and electronic properties of a material, it can be used for
determination of the band-gap, evidence of crystallinity, and estimation of the relative
molecular weight of different polymer fractions. UV-Vis of the polymer samples was
performed on an Agilent Cary 5000 spectrometer. Polymeric solutions were prepared in
the same way as for GPC characterisation, with chloroform as a solvent (as with THF, PTh
could only be partially dissolved in chloroform). All samples were measured against a
chloroform solvent reference. Absorption of the polymer thin films deposited on ITO-on-

glass was measured against an ITO-on glass reference.

Fourier Transform Infrared Spectroscopy (FT-IR)

The absorption spectrum of polymers in the infrared region can be obtained from FT-IR.
This technique measures the fundamental vibrations of organic molecules. The chemical
structure of the molecule can be identified based on absorption of infrared radiation by its
chemical bonds. FT-IR can be used for quantitative analysis as the strength of the
absorption is proportional to the concentration of the modes and can be used, for
example, to give an estimation of the conjugation length of a polymer. FT-IR of P3HT and
PTh was performed using a Varian UMA-600 spectrometer. Infrared spectra of the
polymers were measured with an attenuated total reflectance extension on the
spectrometer. Samples were prepared as chloroform solutions using methods described in
the GPC section. The solutions were cast onto a diamond crystal window to yield a dry

sample once the background solvent evaporated away.

48



Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR is a technique widely used to determine the chemical structure of organic molecules.
lts most common version, *H NMR, identifies position of hydrogen atoms contained in the
molecule and thus describes its detailed structure. P3HT samples for proton NMR were
prepared as described in the GPC section. Deuterated chloroform was used as a solvent.
NMR spectra were recorded on a Bruker DPX 400 MHz at 298 K. This was done in
cooperation with the Chemistry Research Laboratory of the Department of Chemistry,

University of Oxford (with the help of Dr Giuseppe Sforazzini).

2.4  Thin-film characterisation

Phase-shift Interferometric Optical Profilometry (MicroXAM)

MicroXAM measures phase shifts of light reflected from the sample to provide non-contact
mapping of its surface. The lateral resolution is ~1 um and the vertical resolution ~1 nm.
The surface topography of the vacuum-deposited thin films was imaged by Omniscan

MircoXAM 5000B ADE Phase Shift profiler.

Standard optical microscopy mode was used to determine the surface fraction of the spits
in Figure 10, section 3.4. A number of optical images (>8) across each of two samples for
each experiment was used. Image processing and the data calculation were done using

Imagel) open source software.
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Atomic Force Microscopy (AFM)

AFM is a high-resolution type of scanning probe microscopy which detects deflections of a
laser beam reflected from the back surface of a cantilever moving over the sample surface.
The lateral resolution is <10 nm and the vertical resolution <1 nm. Besides the surface
topography, AFM provides information about the phase shift of the oscillating cantilever. This
can be directly correlated with the viscoelastic response of the tip-surface interaction which
can thus be spatially imaged. The scans of the thin films were obtained using a Park Scientific

Instruments AutoProbe CP microscope in tapping mode (intermittent-contact mode).

Scans from several different locations were acquired for each sample and only
representative images were used. RMS roughness data were obtained from specially
conducted measurements of more than three 5 x 5 um areas. Since the presence of a
‘capping’ metal electrode is crucial in the development of bulk heterojunction morphology
during annealingl’ 2 the topographic and phase AFM images in section 5.5 were done on
actual active pixels of the devices by carefully peeling the Al electrode off>>. No cathode

interface layer was used.

Processing and analysis of the MicroXAM and AFM surface images (including RMS, Peak-to-
Peak distance and Kurtosis values) was done in Gwyddion open source software. The Peak-
to-Peak distance in Figure 8b, section 5.5, was averaged from 20 different surface profiles

across the shown AFM topographic scans.
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DEKTAK Surface Profilometry

DEKTAK is a surface contact measurement technique in which a step height can be
measured using a stylus dragged across the surface. Its vertical resolution is <1 nm and
therefore it is commonly used for thickness measurements of thin films. The thickness of
the vacuum-deposited thin films was measured using Veeco DEKTAK 6M Stylus Profiler.
The scanning line ranged from top of the Al electrode to the ITO electrode. The thickness

of the Al electrode film was used as a reference to the thickness of the organic thin film.

X-Ray Diffractometry (XRD)

XRD is used to determine crystal structure of materials. X-Ray radiation diffracted from the

crystal lattice relates diffraction angle to the lattice spacing through the Bragg’s law

nA =2dsin@ (1)

where nis an integer, A is the wavelength of incident wave, d is the spacing between the
planes in the lattice, and 0 is the angle between the incident beam and the scattering planes.
The degree of crystallinity, size and orientation of crystals can be obtained. XRD of the
organic thin films was performed on a Philips PW1820 system with PW1727 X-ray generator
using Cu Ko radiation (A = 1.5418 A). The scanning speed was approximately 15 min/1°. The
thin films were deposited on silicon wafer substrates using the process described above. The
evaporation temperatures were the same ones as for the device fabrication. The film
thickness was approximately 0.2-0.5 um for both PTh and P3HT, a thicker PTh film of ~1 um

was used for the trace in the inset of Figure 3c, section 5.2.

51



Transmission Electron Microscopy (TEM)

TEM is a high-resolution microscopy technique in which a beam of electrons passes
through a thin specimen to determine its structure. It can provide absorption contrast
images (bright-field), phase contrast images (high-resolution mode) and diffraction
patterns (on back focal plane) to determine morphology and crystalline structure of the
material. TEM analysis of the polymer thin films was performed on a JEOL-JEM 4000EX
LaB6 microscope with an information limit of 0.12 nm at an accelerating voltage of
100 keV. The microscope was calibrated using lead sulphide (PbS) nanocrystals with well-
defined lattice spacings. Samples were prepared by taking a polymer film deposited on
PEDOT and placing it in de-ionised water for 24 hours. Once the PEDOT was dissolved, the
polymer film floated off and was mounted on 400 mesh copper TEM grid. The

measurements were performed with the help of Dr Andrew Watt.

2.5 Photovoltaic device fabrication

Photovoltaic devices were prepared by deposition of an active layer in between an Al
cathode and an ITO anode, as shown in Figure 2. The anode was obtained by etching a
2 mm wide stripe of ITO from a rectangular ITO-on-glass substrate (12 x 14 mm) with the
thickness of ~100 nm and sheet resistance ~10 Q/square. The ITO surface was cleaned
with de-ionised water, and acetone and isopropanol both heated to ~50 °C. The substrate

was then treated with oxygen plasma for 1 minute (Tegal Plasmod).
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Figure 2. Procedure of the photovoltaic sample fabrication.

Next, a layer of PEDOT:PSS was spin coated at 5000 rpm for 30 seconds onto the prepared
ITO surface and then heated for 5 min at 140 °C. The deposition of the active layer followed
as described in the section 2.2. The active layer thickness was controlled in-situ using a
quartz crystal microbalance (Q-Pod, Inficon) placed at the same distance from the source as
the substrates (approximately 15 cm). A mechanical shutter was used to shield the substrate
from evaporated material before the desired boat temperature was reached. After the
deposition, the thickness value was further verified by DEKTAK surface profiler (Veeco
Dektak 6M Stylus Profiler). Finally, a set of 80 nm thick and 1.1 mm wide Al electrodes was

evaporated on top of the sandwich structure. The active cell area was 2.2 mm?.

The thermal treatment was performed on fully completed devices (including the top
electrode). The devices were annealed on a hotplate placed in a nitrogen glove-box
operating at 20-100 ppm O, and 30-70 ppm H,0. The annealing parameters varied

according to experiments.
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2.6  Photovoltaic device characterisation

Measurement of the current and voltage photo-generated by the solar cell leads to the
essential J-V characteristic of the device. Photovoltaic characterisation was carried out
under white light illumination (AM1.5, 100 mWcm™) in an inert N, atmosphere. The
incident light was generated by a Newport 67005 solar simulator and the light intensity at
the sample position was determined with a microprocessor-based power meter Thermo-
Oriel Instruments (calibrated according to ASTM standards). A set of neutral ND Melles
Griot filters were used for varying the illumination intensity. Current-voltage characteristics

were measured using a Keithley 2400 SourceMeter measurement unit.

The main photovoltaic parameters (Js., Vo, FF and PCE) were obtained from the J-V curves
using methods discussed in section 1.2.4. The series (Rs) and shunt (Rsh) resistances, as well
as the reverse saturation current (/p) and the ideality factor (n), were all extracted directly
from the illuminated /-V characteristics using a method described by Ortiz-Conde et al.
Here, Lambert W function is used to obtain the explicit analytical solutions of the single-

diode equation (for each variable / and V)

,I(I{q(V_f“)Hw, 2)

nk,T

where [y is the saturation current, Rs the series resistance, Ry, the shunt resistance, n the
ideality factor, g the elementary charge, kg the Boltzmann constant and T the temperature.
As the resulting analytical expressions remain unsuitable for the purpose of extracting the
device parameters, the Co-content function is derived from the expressions and fitted to

the experimental /-V data. This eventually leads to the values of Rs, Rsh, n and lo. The
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method is advantageous for its extraction of the parameters directly from the operational
4t guadrant of the illuminated /-V curve, and has a small relative error for a wide range of

Rs and Rsh.

The external quantum efficiency (EQE) measures the amount of photocurrent generated
by the solar cell at a certain wavelength. Therefore, the EQE response integrated over the
whole spectrum of wavelengths leads to J. of the device. The EQE was measured using a
halogen lamp and Oriel Cornerstone 130 monochromator. Harmonics were blocked by
high-pass 400 and 610 nm cut off filters when illuminating at longer wavelengths. The light
intensity was calibrated using a Newport 818-UV enhanced silicon photodetector. The
photocurrent of the device was measured with a Keithley 6845 Picoammeter. Since the
device active area was too small to focus the incident photons onto the cell, an overall
correction factor was applied to the EQE measurements such that the J;. determined from
integration matched that of the determined from J-V curve. The correction factor was

applied equally to all wavelengths so the shape of the EQE response remained unchanged.

The AM1.5 Spectrum data used in Figure 5b, section 5.4, was obtained from the National
Renewable Energy Laboratory website (http://rredc.nrel.gov/solar/spectra/am1.5). The
lower estimate of IQE was done by direct division of the EQE response by the absorption of

the sample.
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CHAPTER 3 - VACUUM THERMAL DEPOSITION OF CONJUGATED POLYMERS

3.1 Introduction

Roll-to-roll processing of conjugated polymers has largely focused upon solution-based
printing and coatingl. Vacuum thermal processing of materials is advantageous for its ease
of parallel and sequential film depositionz, however the high temperature conditions have
so far restricted its application to small molecular weight systems3. This chapter presents a
simple method for the thermal deposition of polymeric semiconductors poly(3-
hexylthiophene) (P3HT) and poly(thiophene) (PTh), examines how their chemical
properties are modified on evaporation and explores the influence side groups have on the

optical and morphological properties of thin films.

Organic semiconductors used in solar cells fall into two main groups - low molecular weight
materials, which are usually deposited in vacuum, and higher molecular weight polymers,
which are usually solution processed. Polymer photovoltaics benefit from the freedom of
chemical design to produce good light absorbers and donors with adjustable energy
levels®. In addition, the tendency of polymers to form a favourable phase morphology in
heterojunctions with fullerene derivatives has made them key elements of the modern
device architectures. The most prolific polymer used in photovoltaics in the past decade
has been poly(3—hexy|thiophene)5. It exhibits one of the best hole-transport properties and

when blended with PCBM it has lead to some of the highest efficiency organic solar cells®”’.
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Vacuum thermal evaporation of large organic molecules already has a long tradition® ° and
has been successfully applied to various polymers, mostly polytetrafluoro-
ethylene (Teflon™) and polyamide (Nylon™) in metal-polymer nanocomposite systems'®
B Although the main shortcoming is the decrease in molecular weight during the thermal
heating, small polymers with up to several 1000s gmol'l, equivalent to 10s of monomeric
units, can be deposited8 and therefore still possess their long-chain character. This
macromolecular character could be beneficial in achieving enhanced control over the

phase-separation in vacuum-deposited bulk heterojunctions.

Structural analysis of a thermally evaporated organic polymer semiconductor has been
reported by Wei et al.® who successfully demonstrated that P3HT can withstand such
treatment while largely retaining its chemical composition. This chapter examines the
vacuum thermal deposition of P3HT and PTh, analyses their structural properties before
and after deposition and makes an optical and morphological comparison of the respective
polymer thin films. The polymer side groups are shown to have a strong influence on
molecular packing in the vacuum-deposited films, as well as on the evaporation process
itself. Similar molecular weight and thus higher equivalent degree of conjugation can be
obtained for evaporated PTh compared with P3HT, and the deposited molecules are

shown to assemble into ordered films with high crystallinity.
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3.2 Thermal behaviour and vacuum deposition of P3HT

Thermal behaviour of P3HT was studied using Differential Scanning Calorimetry (DSC) and
Thermo-Gravimetric Analysis (TGA) under an N, atmosphere at atmospheric pressure, as
shown in Figure 1a. DSC identified the glass transition temperature (7;) to be 130 °C and
the melting temperature 230 °C. The melting temperature corresponds well with that
determined by Differential Thermal Analysis (DTA), 227 °C. Both values are in agreement

17, 18

with previously published literature . The onset temperature of polymer degradation is

442 °C and the degradation reaches a plateau of 28% at approximately 510 °C, as

measured by TGA (Figure 1b).
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Figure 1. (a) DSC (solid line) and DTA (dotted line) measurements of P3HT thermal behaviour.
(b) Thermal degradation of P3HT as measured by TGA.
To study the influence of temperature on the polymer structure, chemical characterisation
was performed on the following samples: P3HT before evaporation (starting) and P3HT
evaporated at two different temperatures, 380 °C and 420 °C. It was found from Gel
Permeation Chromatography (GPC) that the molecular weight (M,,) of the polymer was
reduced during the thermal deposition process. The M, of P3HT decreased from ~36300

gmol'1 to about 1500 gmol'1 for evaporation temperatures of 370 °C and 420 °C. This
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corresponds to a weight of an oligomer with approximately 9 monomer units. The number
is also consistent with molecular weight which evaporated polymer fractions of other

materials retain during the evaporation processs.

Light absorption of P3HT is strongly dependent on its conjugation length and thus molecular

1920 "yv-vis spectroscopy was therefore used to compare absorption spectra of P3HT

weight
in solution before and after evaporation. The materials were dissolved in chloroform with
respective spectra shown in Figure 2a. Essentially, the absorption peak of the evaporated

polymer exhibits a blue shift indicative of molecular weight loss™® 2

. The absorption
maximum shifts from 452 nm for the starting material to 427 nm and 395 nm for the
polymers evaporated at 420 °C and 380 °C, respectively. In accordance with the previous
study of P3HT made by Zen et al.’®, this suggests that the M,, of the polymer evaporated at
420 °C is higher than that of evaporated at 380 °C. This means that rather than increased
degradation at the higher temperature, an elevated temperature results in the evaporation

of larger molecular fractions (i.e. those with greater vaporisation temperature). The

decrease in the M,, observed from UV-Vis is consistent with the GPC measurements.
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Figure 2. (a) UV-Vis absorption spectra of the polymer chloroform solutions. P3HT evaporated at
380 °C and 420 °C is compared with the starting material. The absorption peaks are normalised to
the highest intensity. (b) Solution and thin-film absorption of P3HT evaporated at 420 °C. A band-
gap of ~1.8 eV is estimated form the thin-film spectrum from the fits indicated on the figure.

The thin-film absorption spectrum of P3HT evaporated at 420 °C is shown in Figure 2b.
Comparison of the solution and thin-film spectra does not indicate any red shift of the thin-
film absorption in respect to the solution. This suggests poor molecular order in
evaporated P3HT films®'. The onset of polymer absorption is near 700 nm resulting in a
solid-state band-gap of ~1.8 eV. The estimate is compromised by the background
scattering, however, it is consistent with the band-gaps in solution-processed P3HT films
reported in literature (1.7-2.1 eV?, the exact value depends on many variables, such as
polymer regioregularity or deposition conditions). The weak shoulder near 600 nm can be
attributed to interchain interactions in evaporated P3HT. This characteristic absorption

2L 3 3nd its intensity correlates

feature suggests a presence of intermolecular n—mn stacking
with the degree of interchain order. The shoulder can be found also in the EQE spectrum of
P3HT/Ceo planar heterojunction (section 4.4, Figure 7d). Despite indications of amorphous

nature of P3HT found in AFM (section 3.4, Figure 11) and XRD studies (section 3.5, Figure

14a), the evaporated P3HT appears to exhibit also a small degree of molecular order.
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Infra-Red Spectroscopy (FT-IR) and Nuclear Magnetic Resonance (NMR) were used to
investigate the chemical changes in the polymer structure. Figure 3 shows differences in
FT-IR spectra between starting and evaporated P3HT. The band assignments and the

changes in intensity observed on thermal evaporation are summarised in Table 1.
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Figure 3. FT-IR spectra of starting P3HT and P3HT after evaporation at 380 °C and 420 °C.
The insets a and b show magnified details of the spectra.
The spectra of all three polymers look qualitatively similar. The most important changes
take place in regions at 820-832 cm™ and 1510-1430 cm™ (a and b insets of Figure 3).
These are directly related to P3HT thiophene ring vibrations and imply changes in
conjugation. The bands at 1458 and 1508 cm™ are associated with symmetric and
asymmetric ring stretching vibrations, respectively, and their relative ratio indicates the
conjugation length of the polymer24. In evaporated samples, the intensity of the
absorption peak at 1508 cm™ is significantly reduced which implies a decrease in
conjugation length linked to the decrease in molecular weight. This is consistent with a
shift of the peak at 820 cm™. Similarly to what was suggested by the UV-Vis analysis, the

conjugation length appears to be higher in P3HT evaporated at 420 °C than the one at
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380 °C. The aromatic C-H stretching of the thiophene ring at 3056 cm™ remains unchanged.
The region between 2800-2990 cm?is assigned to alkane vibrations, therefore its increase
in intensity suggests either a cleavage of side groups or partial decomposition of thiophene
ring structures. Basic consideration of the bond-dissociation energies within the system
confirms that it is C-C bonds in the alkyl side groups® (~350 kimol™?) and inter-ring C-C

27,28

bonds®® (~390 kimol™) which are most susceptible to excessive thermal energy.

Table 1. Summary of band assignments and intensity changes in the FT-IR spectra of P3HT.

Wavenumber Vibration On evaporation
726 Rocking vibrations of the methyl group -CH3 16 Similar
820-832 Aromatic C-H out-of-plane vibration 16 Shifted and
decreased
1015-1120 Oxidation* Increased
1261 In-plane C-H bending of the thiophene ring moieties®®  Similar
1377 Deformation vibrations of the methyl group -CHs 16 Similar
1458 Symmetric ring stretching vibrations Normalisation
peak
1508 Asymmetric ring stretching vibrations Decreased
2855 Symmetric C-H stretching vibrations of Increased
methylene -CH,- moieties>" >
2926 Asymmetric C-H stretching vibrations of Increased
methylene -CH,- moieties>"
2957 Asymmetric C-H stretching of the methyl group -CH; *®  Increased
3056 Aromatic C-H stretching vibration Similar

As the samples were prepared and characterised in air, the unavoidable oxidation might

have modified the spectra by giving rise to additional absorption bands, e.g. those at
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1015-1120 cm™ . Overall, it can be concluded from FT-IR that the polymer undergoes
several structural changes during the deposition process, the most pronounced being the

decrease in conjugation length.

Structural studies by proton 'H NMR showed similar results to those obtained from infra-
red spectroscopy. The polymer retains its conjugated character, however, several
differences in the aromatic and alkyl signal regions are detected. Comparing the 'H NMR
spectra of starting and evaporated P3HT in Figure 4, new bands appear at 7.3-8, 1.8-2.7
and 3-6 ppm. The first band implies an increase in the number of protons in the thiophene
ring environment and thus a loss of the side chains or conjugation Iength33. The latter two
bands indicate the presence of various small moieties consisting of single and double
carbon bonds which are most likely due to dissociation of some of the ring structures or
oxidation products®. Strengthening of the alkyl band at 1.3-1.4 ppm and the methyl band
at 0.9 ppm could come from the symmetry of the proton environments within the alkyl

chain®®. This could be caused by breaking of the side groups away from the backbone.
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3.3 Thermal behaviour and vacuum deposition of PTh

The thermal stability of PTh was studied by TGA under an N, atmosphere at atmospheric
pressure. PTh degradation starts at a much lower temperature than in P3HT. The onset of
polymer degradation, as shown in Figure 5a, was identified at approximately 272 °C with

weight loss of 5 wt % at 300 °C. This is in good agreement with the findings reported

previously by Mo et al*.

Thermal behaviour of the polymer was further analysed by DSC and DTA, however, no

evident transition peaks were found. Similar thermal behaviour has been observed also by

36, 37

other groups . The absence of an apparent glass-transition suggests a high level of

crystallinity in the starting polymer. DSC and DTA plots are shown in Figure 5b.
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Figure 5. (a) Thermal decomposition of PTh measured by TGA, with the onset of polymer
degradation starting at 272 °C. (b) DTA (dotted line) and DSC (solid line) curves of PTh.
Two different temperatures of evaporation, 275 °C and 300 °C, were chosen to determine
the influence of heating on the chemical structure of PTh. At 275 °C, the onset of a
measurable evaporation rate was detected at this pressure, and 300 °C was the temperature

at which only a minor weight loss (= 5%) was measured by TGA under nitrogen.
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Figure 6a shows UV-vis spectra of chloroform solutions of the evaporated PTh and the
starting material. The three curves are normalised to their maximum intensity. The
position of the absorption maximum of PTh at 408 nm (corresponding to the
intramolecular m—m* transition) remains almost unchanged by the evaporation process.
Wider but symmetric peaks of the evaporated samples imply that the range of conjugation
lengths is increased as a result of evaporation. The starting PTh has a shoulder peak at
614 nm, which likely comes from an intermolecular n—n stacking and shows a presence of
agglomerateszL 2 The peak is shifted towards smaller wavelengths for PTh evaporated at
300 °C and disappears completely for the polymer evaporated at 275 °C. This suggests that

the higher temperature process gives rise to greater crystal packing and agglomeration.
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Figure 6. (a) UV-Vis absorption spectra of PTh evaporated at 275 °C and 300 °C in comparison with
the starting material. The absorption peaks are normalised to the highest intensity. (b) UV-Vis
absorbance spectra of PTh chloroform solution and thin film.

Solid-state absorption of PTh thin film (Figure 6b) displays a slight red shift and a peak
broadening compared with the solution. This, as well as apparent spectral shoulders
around 550 nm, suggests enhanced crystallinity in vacuum-deposited PTh films®t. The
measured band-gap of the polymer is 2.0 eV, a value approximately same as pristine PTh

(2.0 eV acquired experimentally and 2.2-2.3 eV theoretically38).

67



A comparison of optical properties of the evaporated PTh and P3HT is made in Figure 7

with the main characteristics depicted in Table 2. For PTh (300 °C), the thin film absorption

spectrum is considerably more red-shifted with respect to the chloroform solution (7 nm)

than it is in the case of P3HT (a blue shift of 2 nm, see Figure 7). Moreover, the band

broadening is more significant in the PTh film compared to P3HT. Thus it can be concluded,

that PTh molecules have better aggregation and stacking in solid films than those of P3HT.

The XRD data (shown later in section 3.5, Figure 14a) confirms that the crystallinity of

evaporated PTh is greater than in evaporated P3HT films.
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Figure 7. UV-Vis absorbance spectra of (a) PTh and (b) P3HT chloroform solutions and thin films.

Table 2. Comparison of optical parameters of P3HT and PTh.

Measured Literature
Peak absorption  Thin film-solution
Polymer band-gap band-gap
[nm] shift [nm]
[eV] [eV]
P3HT ~1.8 1.7-217% 427 -2
PTh 2.0 2.0% 408 +7
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Structural NMR and FT-IR studies of P3HT have shown that the polymer conjugation length
decreases during the evaporation and side groups dissociate from the backbone. Due to
the absence of side groups in PTh, a decrease in conjugation length is expected to be the
only major structural change caused by thermal heating. FT-IR spectroscopy was used to
characterise the evaporated PTh and study changes in conjugation, as shown in the Figure
8. As the ratio of symmetric (1439 cm?) to asymmetric (1489 ecm) C=C stretching
vibrations refers to the conjugation length of ponthiophene39, all three spectra were
normalised to the intensity of the 1439 cm™ peak in order to directly compare the degree

of conjugation. Table 3 summarises changes in positions and intensities of the peaks.
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Figure 8. FT-IR spectra of as-received PTh and PTh after evaporation at 275 °C and 300 °C.
The insets a and b show magnified details of the spectra.
As regards the main PTh vibration ‘fingerprints’, the spectra of starting and evaporated
materials are in good agreement for the majority of peaks. The differences at 1000-1310
and 1748 cm™, both associated with oxygen bonds, are caused by oxidation during the
sample preparation. We suspect the peaks at 1378, 1460 and 2800-2990 cm™, C-H

vibrations, come either from the partial decomposition of the thiophene rings and
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evaporation of alkane-containing moieties, or some secondary impurity appearing during

the sample preparation.

Table 3. Summary of band assignments and intensity changes in the FTIR spectra of PTh.

Wavenumber Vibration On evaporation

737 Aromatic C-H out-of-plane vibration Shifted

787 Thiophene ring vibration® Shifted and increased
831 Terminal thiophene ring vibration* Similar

1000-1310 Oxidation Increased

1378 -CH; and -CHj; vibrations Increased

1439 Symmetric C=C stretching vibration® Normalisation peak
1460 -CH; and -CHj; vibrations Increased

1489 Asymmetric C=C stretching vibration® Shifted and decreased
1592 Aromatic C-C stretching vibration Similar

1748 Oxidation Similar

2800-2990 Alkane vibrations Increased

3061 Aromatic C-H stretching vibration Similar

The highlighted region 780-840 cm™ is related to the thiophene ring vibrations (see inset a

of Figure 8). The shift and increase of the 787 cm™ peak indicates a decrease in conjugation

length of the ponmer40. Similar trends can be seen in the range 1480-1500 cm™ (inset b of

Figure 8), where the 1489 cm™ peak (normalised against 1439 cm™) decreases and

consistently shifts to 1491 and 1494 cm™ for 300 °C and 275 °C, respectively. Both these

changes imply loss in the polymer conjugation and hence molecular weight

3941 Asin the

case of P3HT, the higher evaporation temperature (300 °C) leads to a higher molecular

weight being deposited.
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GPC of evaporated and starting PTh was limited by poor solubility in tetrahydrofuran, the
mobile phase of the GPC. The starting material could not be dissolved at all while only a
small percentage of the evaporated sample could. The evaporated PTh that was dissolved
had a M,, = 900-1000 gmol'1 corresponding to a degree of conjugation of about 11-12. The
overall average molecular weight of the evaporated material would probably be much

higher once the insoluble component is included.

In accordance with UV-Vis findings, GPC shows that the deposited PTh has a higher
conjugation length than P3HT. The side groups in P3HT result in unnecessary increased
conformational entropy and thus limit the phase transition of the polymer. Comparison of

the main molecular weight parameters obtained from GPC is depicted below in Table 4.

Table 4. Comparison of GPC parameters of P3HT and PTh.

M,, starting M,, evaporated Equivalent
Polymer 1 4
[gmol™] [gmol™] conjugation
P3HT ~36300 ~1500 9
PTh - >900-1000 >11-12

3.4 Topography of P3HT and PTh thin films

Performance of photovoltaic devices is largely determined by the quality of individual thin
films. Unlike spin-casting methods, vacuum processing of organic molecules generally leads
to a high level of homogeneity and only a small number of defects*. Evaporated P3HT and
PTh thin films were characterised both in terms of surface topography (MicroXAM, AFM)

and structural morphology (TEM, XRD).
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The surface of P3HT thin films was first investigated by the optical profilometer MicroXAM.
As can be seen in Figure 9a, polymer aggregation caused by poor substrate wetting creates
large variations in the film thickness. This topography can lead to low shunt resistance of the
active layer due to partial shorting across the device and thus limited device performance.
Later discussion in sections 4.3 and 4.5 shows that this effect is indeed apparent, especially in

polymer homojunctions and planar heterojunctions with very thin P3HT layers.

2 0.15 pm
0.00 pm

11.5 nm
0.0 nm

Figure 9. MicroXAM images of P3HT film deposited on different substrates by evaporation:
(a) PEDOT annealed at 140 °C/5 min, (b) plain ITO, (c) PEDOT non-annealed, (d) PEDOT annealed
and plasma-treated for 2 min. Average P3HT thickness is approximately 70 nm.
Since the evaporated P3HT did not wet the standard PEDOT:PSS electrode surface (after
spin-casting PEDOT is annealed at 140 °C for 5 min), different surface modifications were

examined for wettability: plain ITO (Figure 9b), non-annealed PEDOT (Figure 9c), and a

standard annealed PEDOT treated with oxygen plasma for 2 min (Figure 9d). Respective RMS
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roughness values can be found in Table 5. Although de-wetting behaviour was observed in all
cases, the smallest variations in thickness were on plasma-treated PEDOT. This is probably

due to improved surface energy caused by the plasma treatment.

Table 5. RMS roughness of P3HT deposited at different surfaces.

PEDOT PEDOT PEDOT
ITO
annealed non-annealed  plasma-treated
RMS roughness (nm) 28.50 13.60 5.60 1.42

P3HT films also suffered from macroscopic defects called ‘spits’. Due to high viscosity of
the polymer melt, small micro-droplets were frequently expelled by the evaporation
source directly onto the substrate when vapour from beneath the liquid surface was
ejected. The number and size of the spits was roughly proportional to the amount of
material in the boat and the evaporation temperature. As illustrated in Figure 10, these
micro-droplets can take up to almost 1% of the film surface area. This fraction is obviously
deposition time/film thickness dependent as the individual data points illustrate (from left

to right, the dots represent P3HT films 10, 20, 40 and 70 nm thick).
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Figure 10. Surface fraction of the spits as a function of deposition time (for devices with 10, 20, 40

and 70 nm thickness). Cumulative thickness (solid line, the peak value is 70 nm) and the deposition

rate (dashed line, the peak value is approximately 2 nm/min) are included. Representative optical

images are shown for both extreme cases.

The spitting phenomenon was not observed for PTh. This might be directly related to the
absence of side groups. Free volume in polythiophene is significantly smaller than that in
P3HT, which in turn leads to decreased chain mobility and thus increased T. Difference in
the molecular weights of the polymers can have additional influence on their plasticity
above T,. Heating of PTh did not lead to liquefaction of the polymer but rather resembled a
solid-gas sublimation behaviour. Since the depositions yielded very uniform films, no

specific investigation was done to see what the dominant defects in PTh films are. Low

shunt resistance in PTh/Cg devices (see section 4.5) suggests a presence of pinholes.

Topography and roughness of P3HT and PTh thin films were directly compared at both the
macro- and nano-scale. Figure 11 shows a comparison of the surface profiles imaged by
MicroXAM (blue images). As already discussed, the P3HT film does not wet the PEDOT:PSS
and forms island-type structures. In contrast, PTh coats the surface well and creates a
microscopically flat film. Higher resolution topography was obtained from AFM scans, here

represented as insets of Figure 11 (brown images). At this scale P3HT films are relatively
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smooth, while the PTh is composed of grains between 20 and 50 nm in diameter. The
featureless character of the former might result from packing disorder caused by side
groups and their dissociation, and the appearance of grains in the latter might be
consistent with packing of the PTh molecules into more ordered agglomerates. MicroXAM

and AFM images are quantified in terms of RMS roughness which is summarised in Table 6.

P3HT PTh
AFM AFM
1x1pum 1x1pum

p~ 11.9 nm

MicroXAM
86 x 64 pm

MicroXAM
86 x 64 um

Figure 11. MicroXAM images of 70 nm thick P3HT (left blue) and PTh (right blue) films on PEDOT
substrate. Scaled insets (brown) are high resolution 1 x 1 um AFM scans (positions of the scaled

areas are only illustrative).

Table 6. RMS roughness values for MicroXAM and AFM scans of P3HT and PTh thin films.

P3HT PTh P3HT PTh
(86 x 64 um) (86 x 64 um) (1x1pum) (1x1pum)
RMS roughness (nm) 26.10 0.35 0.21 1.77
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3.5 Structural analysis of P3HT and PTh thin films

Next, structural and morphological studies of P3HT and PTh films were performed using
TEM and XRD. The low magnification bright TEM image of PTh shown in Figure 12a
suggests a slightly smaller grain size of between 5 and 20 nm. High resolution phase
contrast imaging (Figure 12b) of these grains confirms that they are made of single crystals

of polythiophene.

Figure 12. (a) Bright TEM image of PTh grains. (b) Phase contrast image of a single

polythiophene crystal.

A TEM diffraction pattern in Figure 13 shows that these crystal grains are orientated in
different directions. The plane spacing corresponds with other TEM and XRD studies®> **.

TEM of the P3HT samples shows an amorphous structure with no grains or crystal

structure present and an amorphous diffraction pattern.
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Figure 13. Diffraction pattern of PTh with crystallographic planes indexed (due to lack of supporting
literature, no assignment was made to the peak next to 002).

XRD patterns of the PTh film taken normal to its plane suggest substantially higher

crystallinity in PTh than its P3HT counterpart (Figure 14a). Such 6—20 XRD analysis does not

map the full range of crystal orientations, and so the intensities do depend on the

orientational distribution of the crystals. Diffraction peaks at 19.6°, 22.8° and 28.0° are in

agreement with literature data and correspond to 110, 200 and 210 reflections of

344 The (hkO) indexing of reflections suggests polythiophene chains lie in

polythiophene
the plane of the substrate®. The calculated lattice parameters are a = 7.80 A, b = 5.51 A
and c = 7.70 A (c is estimated from the thiophene monomer45), all consistent with either a
monoclinic or orthorhombic unit cell with the molecules rotated around their axis by

35 % This rotation leads to a standard

alternately a= +31° to the unit cell b axis
herringbone packing motif as shown in the inset of Figure 14a. Precise parameters as well

as determination of monoclinic angle fwould require analysis of a more detailed data set.
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Figure 14. (a) XRD traces of PTh and P3HT deposited on silicon wafers. Inset of the figure shows
unit cell of PTh with the herringbone packing motif. (b) XRD intensity curve g*/(qg) of PTh with
Gaussian fit of the peak 110 (upper inset) and intensity curve of 1 um thick PTh film (lower inset).
The degree of crystallinity, X, of a polymer can be estimated as the ratio between the
intensity of the diffraction peaks over the total diffracted intensity (including amorphous
areas). The values of X, = 35-40% have been found for unannealed polythiophene

powder35' 4

. In order to analyse the contribution of the amorphous background, the data
of Figure 14a were replotted as g*/(q) vs. g (Figure 14b), where g = 4n(sin@)/\ is the
magnitude of the scattering vector and /(qg) is the total scattered intensity. This allowed the
total intensity to be resolved into the background diffuse scattering and the crystalline
diffraction. As seen from the plot, the baseline of the diffraction peaks appears linear
(fitted by the dotted line) with no signs of amorphous phase present in this orientation.
Similar results were obtained from the analysis of thick-film samples (= 1 um, see lower
inset of Figure 14b), neither was any amorphous background found outside the plotted

35, 44

range. This implies that the PTh films have high crystallinity after the vacuum

deposition.

Additionally, a coherence length &= 260 A of the polymer was calculated from the Debye-

Sherrer relation*®
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&=5731/(Bcosd) (1)

where 8 = (B2 — by2)*%, B is the measured half-width of the peak (in degrees), by is the
instrumental resolution (<0.05°), A is the wavelength of the X-radiation (1.5418 A), 20 is
the scattering angle. Half-width B was obtained from a Gaussian fit of the peak 110, as
seen in upper inset of Figure 14b. The equivalent crystal size ~25 nm would be consistent

with the findings of both AFM and TEM.

3.6 Conclusion

The vacuum thermal evaporation of P3HT and PTh has been investigated. Structural
studies of P3HT before and after evaporation revealed changes in the molecular structure
caused by thermal heating. According to GPC, FT-IR and NMR, the most pronounced
differences are the loss of molecular weight and cleavage of the alkyl side groups from the
conjugated backbone. Similarly, the conjugation length of side group-free PTh was found
to decrease after evaporation. The estimated degree of conjugation in deposited PTh was
higher than in P3HT and so was the correspondence of the PTh optical band-gap with the

previous literature.

The study has shown that polymer side groups have a strong influence on the
morphological properties of vacuum-deposited polymer thin films. MicroXAM and AFM
topographic characterisation showed that while PTh forms uniform flat thin films, P3HT de-
wets the surface and forms island-type structures. Moreover, TEM and XRD data revealed

that, unlike P3HT, evaporated PTh forms highly crystalline films without requiring
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annealing. This implies significantly higher molecular order in PTh than in its solution-

processable equivalent P3HT. The vacuum thermal evaporation was thus shown to be

suitable for the deposition of low solubility polymers.
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CHAPTER 4 - PLANAR HETEROJUNCTION PHOTOVOLTAIC DEVICES

4.1 Introduction

Polythiophenes form a family of conjugated polymers that has been investigated for more
than three decades™™. Their distinctive electronic properties have stimulated their
application in many fields of electronics and optics, such as chemical and biological

411 Efficient

sensors, field-effect transistors, photovoltaic cells and light-emitting diodes
charge transport in conjugated systems occurs via strong coupling of the polymer
electronic states. Polymer structure determines both backbone planarity and m stacking

which influences intra and inter-chain electronic processes™™**.

Polymers with no side
groups have the opportunity for enhanced backbone packing and electronic properties in
the solid state™ ', but for their effective processing in solution, side groups have to be
added. In this chapter, functional photovoltaic devices based on vacuum-deposited
polythiophenes, PTh and P3HT, are presented. Different processing and device parameters
are examined, and the influence side groups have on the electronic properties of the cells

is explored. Planar heterojunction devices with high rate of reproducibility and efficiencies

comparable to solution-deposited equivalents are fabricated.

Since the discovery of electrical conductivity in polythiophene, many attempts have been
made to improve its solubility while preserving its unique properties. Introduction of alkyl

groups onto the polythiophene backbone has led to a successful trade-off between
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solubility and conductivity'’. Presence of these groups, however, results in distortions of
the backbone conformation and thus various side effects, such as temperature- or solvent-
induced changes in the optical absorption (i.e. thermochromism or solvatochromism®).
Layered structures have alkyl side groups acting as spacers between the backbone stacks
thus allowing delocalisation of molecular orbitals in only two dimensions of the polymer
crystal (separation within the backbone plane is shown in Figure 1). In addition, the high
degree of regioregularity of polythiophenes is required to prevent molecular disorder™. It
has been shown that intermolecular packing is reduced by increased side-chain disorder
with longer alkyl side groups in ponthiophenes20 and several studies of hole transport in
thin films of poly(3-alkylthiophene)s have revealed a decrease in mobility as a function of

21-24
h

increasing side-chain lengt . These are just some of the examples, in which optical and

electronic properties of the polymers are compromised by their need for solubility®".

PTh P3HT S

\ /"

Figure 1. Molecular structure of P3HT and PTh with simple models of their packing. PTh chains pack

with closer proximity (d) than P3HT (d’) due to the lack of side groups.

Various deposition methods have been explored to enhance the molecular order and

packing in polythiophene thin films. These included Langmuir-Blodgett films* 2°,

27-29

electrochemical polymerisation on conductive surfaces” =", or transformation of soluble

84



3932 Many of these techniques, however, lack scalability and the

precursor polymers
throughput necessary for industrial application, while others involve reactions (e.g.
heating, UV-light) which cause degradation of other device components or leave by-
product residues. Standard solution coating and printing are thus the only widely

investigated methods for large-scale processing of conjugated polymers®>>*,

Sections 3.2 and 3.3 have shown that polythiophenes can be deposited by vacuum thermal
evaporation while mostly retaining their chemical composition and structure. In this
chapter, the deposition technique is applied to fabricate simple Schottky junction
polythiophene/Al and planar heterojunction polythiophene/Cso photovoltaic cells. It is
shown that assembly of PTh molecules into ordered films with high crystallinity leads to
enhanced charge transport properties. To illustrate the potential of vacuum-deposited
polymer thin films in electronic and optoelectronic applications, a series of photovoltaic

devices is fabricated and their detailed characterisation performed.

4.2  Electronic properties of PTh and P3HT thin films

A high degree of molecular order of polymers is known to improve the charge carrier
transport35. The space charge limited current (SCLC) technique36 was therefore used to
measure hole mobility, 44, of PTh and P3HT. Hole-only devices were fabricated by depositing
a polymer layer between PEDOT-coated ITO bottom electrode and an 80 nm thick gold top
electrode, as drawn in Figure 2 (in the case of P3HT, the wettability of the standard annealed
PEDOT surface was altered by plasma treatment in order to prevent device shorting, see

section 3.4). The work function of Au matches the HOMO level of the polymer and creates an
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ohmic contact for efficient hole injection. In contrast to FET mobility measurements, this
architecture allows accurate determination of mobilities normal to the plane of the device,

the direction of charge transport in photovoltaic devices.

30
<

ﬂIJ h

~| 110 PSTQ
T : i

5.1

Figure 2. Schematic drawing of the device architecture used for SCLC measurements (left) with
position of the energy levels (right). Exact position of the PTh*’ levels after the vacuum deposition
is unknown. The uncertainty in the PEDOT:PSS levels is approximately +0.2 eV (this might be
further increased by the plasma treatment).

Figure 3 shows the current density as a function of the applied voltage (corrected for the
built-in voltage Vg pth = 0.05 V, Vg p3ut = 0.02 V) in both log-log (Figure 3a) and semi-log
scales (Figure 3b). While the slope of the curve at low voltages equals 1 and reflects the

linear ohmic behaviour of the device, the slope at higher voltages is 2 indicating the

presence of space charge-limited current.
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Figure 3. (a) Dark J-V characteristics of an ITO/PEDOT:PSS/polymer/Au devices in double-
logarithmic scale. Fitted are low-voltage regions with ohmic character (slope = 1) and space charge
limited regions above >1 V (slope = 2). The inset compares crystallinity of PTh (red) and P3HT (blue)

thin films as previously measured by XRD (section 3.5). (b) The same J-V characteristics in semi-
logarithmic scale fitted by single-carrier SCLC (Equation 1).
In the space charge-limited regime, the electrode injects more holes than the material can
transport and the J-V dependence become quadratic as quantitatively described by Child's law®
9 v?
ngé'oé'r/,lp? (1)
where & is permittivity of free space, & is the dielectric constant (~3 for both PTh*® and
P3HTY), Mo is the mobility, V is potential and L is the film thickness (in our case 130 nm for

PTh and ~65 nm for P3HT). Fitting Equation 1 to the experimental data leads to the hole

mobilities g4 prh = 2.0 x 10* ecm®vistand Mopanr = 1.1 x 10°® cmZV'ls'l, as shown in Figure 3b.

Although the value for P3HT appears very low, it likely reflects the poor molecular order in
the polymer films as revealed by XRD and TEM studies in section 3.5 (see also the inset of
Figure 3a). Hole mobility in PTh is comparable with the best photodiode mobilities

achieved for ordered high molecular weight P3HT deposited from solution®® **.

87



4.3  Polymer/Al Schottky photovoltaic devices

When polythiophene (PTh or P3HT) is placed in a direct contact with aluminium, a Schottky
junction forms at the semiconductor/metal interface®. Simple photovoltaic devices were
thus fabricated by depositing an Al top electrode onto the polymer layer, as shown in
Figure 4 (as with SCLC devices, the wettability of the standard annealed PEDOT surface was
altered by plasma treatment in order to minimise device shorting). The thickness of the
PTh layer was 60 nm, and P3HT layer ~50 nm. The J-V characteristics of both PTh/Al and
P3HT/Al homojunctions in the dark and under illumination are plotted in Figure 4a and

Figure 4b, respectively.

To a certain extent, both polymers exhibited a photovoltaic effect. However, it was only
PTh/Al junction which generated significant photocurrent and photovoltage, and displayed
rectifying diode behaviour. De-wetting of P3HT likely resulted in an extremely low shunt
resistance and degraded photo-response. Overall, the performance of the Schottky devices
was very poor. A low exciton diffusion length in the polymers probably causes substantial
monomolecular recombination, and reduced shunt resistance of the films (especially de-

wetting P3HT).
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Figure 4. Architecture of the PTh/AIl Schottky junction (top left) with position of the energy levels
(top right). Light and dark J-V characteristics of (a) PTh/Al and (b) P3HT/Al homojunctions (inset of
(b) shows the 4th quadrant in detail). Absence of a standard diode rectification for the P3HT

homojunction could be attributed to low Rqy.

As Schottky junctions based on organic semiconductors generally exhibit poor

43,44

performance , ho further optimisation or analysis was performed on the devices.

4.4  Polymer/fullerene planar heterojunction solar cells

To demonstrate the possibilities for vacuum thermal deposition of conjugated polymers,
polymer/fullerene planar heterojunction devices were fabricated. Figure 5 shows a

schematic drawing of the device architecture with positions of the energy levels.
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Figure 5. Architecture of the polymer-based planar heterojunction solar cell (left) with position of

8, 45, 46

the energy levels® (right). Due to structural changes taking place during the evaporation, the

polymer energy levels are only approximate.
The maximum open circuit voltage of an organic photovoltaic cells is strongly influenced by
the energy difference between HOMO level of the donor and LUMO level of the
acceptor45. However, its ‘real’ experimental value is determined by a large number of

47-49

factors ranging from the device architecture and morphology of the thin films to

molecular properties of the donor/acceptor interface®® and dependence of the energy

levels on temperature and molecular order’ 2.

In the previous chapter it was shown that vacuum thermal evaporation significantly affects
the molecular weight of the polymer and hence its electronic structure. This means that
processing conditions impact the overall device V.. Figure 6 suggests this dependence, i.e.
Voc of P3HT/Ceo heterojunctions is plotted as a function of the evaporation temperature
(note that all depositions were conducted at the same vacuum pressure, and the thickness
of the samples was >15 nm in order to minimise the effect of low shunt resistance due to
de-wetting, as seen in section 4.5). An average V. of 0.35 V for P3HT evaporated at 385 °C
increases to 0.7 V for polymer evaporated at 415 °C. In line with section 3.2, where higher

evaporation temperature was shown to better preserve the polymer molecular weight,
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this improvement in V,. indicates that the evaporation of P3HT at higher temperatures
might be an important step towards preserving its optoelectronic properties. The other
important parameters influencing V.. are the thin-film growth conditions. Shunt resistance
(and thus V,) can be affected through different deposition rates which cause differences
in growth and molecular stacking of P3HT. These morphological effects were not
investigated. The value of V,. drops again to 0.6 V once the temperature is raised further
to 435 °C, however, this can already be an effect of the excessive heat which leads to the
polymer degradation. In the case of PTh/Cg, devices, no clear dependence of V. on the
evaporation temperature of the polymer was found. The values were similar ~0.4 V across

a wide range of temperatures (290-350 °C).
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Figure 6. V.. of the P3HT/Cg, heterojunctions as a function of evaporation temperature.
The inset shows J-V curves of the representative devices (thickness of P3HT was
38 nm/385 °C, 19 nm/415 °C and 24 nm/435 °C, with Cgy =50 nm).
Finally, a comparison of two representative P3HT and PTh-based heterojunctions is shown
in Figure 7. The thickness of the P3HT layer is 12 nm, PTh 40 nm (both near their optimal
value, see section 4.5) and Cg layer 50 nm (also, see section 4.5). V, of the PTh/Cg, device

appears much smaller (by ~0.25 V) than would be expected from the HOMO level

difference between PTh and P3HT (~0.1 eV). This suggests that there are additional factors
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which determine its value. Firstly, the shunt resistance (Rs,) of the PTh/Cg heterojunction
is substantially lower than in P3HT/Cg (see Table 1), probably due to crystalline nature of
as-deposited PTh (see section 3.5). Low Rg, results from partial shorting across the device
and leads to decreased V,. Secondly, the reverse saturation current density (Jo) which
corresponds to the strength of intermolecular interaction between PTh/Cgg is higher than
in P3HT/Cg (Table 1). Perez et al. has shown that high J, in planar heterojunction
interfaces indicates strong donor/acceptor intermolecular overlap and also reduced V..
This overlap was also correlated with higher crystallinity of the donor molecules as well as

better hole transport propertiesso.
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Figure 7. Light and dark J-V characteristics of a typical PTh- (a) and P3HT-based (b) planar
heterojunction. EQE response of the PTh/Cg, (c) device and P3HT/Cg (d) device with the same
thickness as (b). As discussed in section 3.2, the shoulder features near 600 nm (c, d) suggest

intermolecular t—m interactions and thus crystallinity of the evaporated polymers.
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Enhanced molecular packing and hole transport in PTh leads to lower charge
recombination (improved FF) and more efficient charge extraction (Ji). This is also
demonstrated by higher external quantum efficiency (EQE), as shown in Figure 7c, d.
Accordingly, the series resistance of the PTh/Csy device is considerably lower than

P3HT/Ceo despite the increased device thickness (Table 1).

Table 1. Qualitative comparison of typical P3HT (12 nm) and PTh (40 nm) bilayers.

device 5 5 5
[Qcm?] [mAcm™] [v] [%] [Qcm?] [%]
PTh/Ceo 622 1.21 x 10 0.45 42.2 11 14.9
P3HT/Ceo 1377 1.66 x 10” 0.71 30.6 349 7.8

4.5 Thickness-optimisation of planar heterojunction solar cells

The optoelectronic behaviour of PTh and P3HT films was studied in thickness-optimised
planar heterojunction solar cells of configuration ITO/PEDOT:PSS/polymer/Ceo/Al. This
allowed direct comparison of the effect of the materials properties without the greater
variability in morphology associated with bulk heterojunctions or annealing53'56. A
preliminary set of experiments was conducted in order to find the optimal Cg layer
thickness, as seen in Figure 8. The best photocurrent generation as well as PCE was
achieved for 50 nm of Cgo. For consistency, a 50 nm thick fullerene layer was used also in

PTh-based devices. The lower Cgg thickness led to reduced shunt resistance - Ry, decreased

from 752 Qcm? for 60 nm to 318 Qcm? for 40 nm of Ceg (with 20 nm of PTh for both cases).
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Following this, the polymer thickness was varied to optimise the overall device

performance. Figure 9 plots the main figures of merit, PCE, J, Vo, FF, as functions of the
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Figure 8. (a) PCE and (b) J,. optimisation of the fullerene thickness in P3HT/Cg planar

heterojunction devices.

donor thickness, with the best cell parameters summarised in Table 2.
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Table 2. Comparison of the main J-V parameters of the best PTh- and P3HT-based devices.

thickness Jsc Voc FF PCE

device 5
[nm] [mAcm™] (V] [%] (%]
PTh/Cg 44 -2.70 0.45 42.7 0.52
P3HT/Cso 8 -1.30 0.71 32.9 0.30

For P3HT/Ceo devices, the best power conversion efficiency PCE = 0.30% was achieved with
8 nm-thick P3HT (Table 2). The value compares favourably to that of spin-coated P3HT/Cgq
planar heterojunctions reported previously (PCE = 0.17%"’). The trend of increasing Jsc with
decreasing P3HT layer thickness probably relates to its poor charge transport properties
and short exciton diffusion IengthSS. In line with sections 3.4 and 4.3, P3HT thicknesses
below ~10 nm suffered from low shunt resistance (Rs, of 8 nm thick P3HT film was

717 Qcm? as compared to 1377 Qcm? for 12 nm of P3HT).

PTh planar heterojunctions exhibited significantly better performance. Optimal donor
thickness was found to be 44 nm, leading to PCE = 0.52% (Table 2). The J-V curves in Figure
10a indicate that the large, almost 70%, increase in efficiency results from enhanced
charge extraction in PTh films through improved current parameters Js pth = 2.7 mAcm™
and FFpry = 42.7% (compared to Js psuyr = 1.3 mAcm'Z, FFpapr = 32.9%). Again, the higher
photocurrent and the lower rate of recombination correspond well with greater molecular
order and hole mobilities. This may also be a result of better structural stability of PTh
compared to P3HT, where dissociation of side groups can play various inhibition roles in
charge conduction. Absorption of the heterojunctions, shown in Figure 10b, is very similar.

PTh/Cso absorbs more light in the blue and red part of the spectrum near 400 and 550 nm,
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respectively. When compared to the inset of Figure 10b (absorption profiles of single PTh

and P3HT layers), these regions correlate with enhanced PTh absorption.
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Figure 10. (a) Comparison of J-V characteristics of the best performing PTh/Cs and P3HT/Cq, devices
under illumination and (inset) in the dark. (b) UV-Vis absorbance spectra of the devices. The inset
shows normalised absorption of single PTh and P3HT thin films as well as images of the devices.
The shape of the dark curves (inset of Figure 10a) illustrates the difference in the quality of
the donor/acceptor interfaces. While in case of P3HT/Cgo poor rectification is observed, the
interface of PTh/Cg displays much better diode characteristics. This is reflected also in the
better diode ideality factor npr, = 2.59 of the device (compared to npsyr = 4.54, see Table

3). As in the previous comparison, the series resistance of the polythiophene devices,

Rspth = 25 Qcmz, is considerably lower than R, psyr = 119 Qcm?.

Table 3. Comparison of the PTh- and P3HT-based device parameters.

. Rs Rsh Ho
device n 5 5 -
[Q2cm?] [Qcm?] [cm Vs
PTh/Ceso 2.59 25 441 2.0 x 10™
P3HT/Ceo 4.54 119 717 1.1x 10°®
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Enhanced performance of the PTh/Cey devices is comparable to vacuum-deposited
sexithiophene/Cg planar heterojunctions®, and untreated polythiophene and poly(alkyl-
thiophene)/Cgo bilayers processed in solution®” %, The limited Voc in PTh/Cgo devices could
be altered by introduction of an interface layer (LiF, bathocuproine BCP*’) which increases
the device shunt resistance, or simply, by better molecular design for greater separation of

the energy levels.

4.6 Optical and morphological properties of planar heterojunction solar cells

Figure 11 compares optical absorption (top) and surface topography (bottom a-b) of two
representative PTh/Cgo thin films with different thicknesses - 25 and 44 nm PTh under
50 nm of Cgo. The absorption profile of the heterojunctions seems to be dominated by Cgo
with PTh influencing the short-wavelength region near 400 nm. This is also where the
polymer has the peak of absorption. Spectra of pure PTh and Cgg are shown in the inset of
Figure 11. MicroXAM images below (Figure 1la-b) show a flat topography of the
heterojunction films. RMS roughness is less than 0.2 nm in both cases which corresponds

well with the small roughness of PTh (see section 3.4) and Cg (Figure 11c) single films.
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Figure 11. Optical absorption of PTh/C¢, planar heterojunctions (top, inset shows spectra of pure 50
nm PTh and 70 nm Cg, layers) with MicroXAM surface profiles (a-b). A MicroXAM profile of
(c) single layer of 70 nm Cg, is included for comparison.
The XY-scale of the MicroXAM images is 86 x 64um.
A similar comparison is made for P3HT/Cg films, as shown in Figure 12. Again, optical
absorption of the heterojunctions resembles that of C¢o and different thicknesses of P3HT
(8 and 25 nm) results only in an improvement near 400 nm. Surface topography of the
films shows an increase in surface roughness of Cgq likely due to greater roughening of the
underlying P3HT layer (8, 16 and 25 nm as Figure 12a, b, and c, respectively). While shallow
pits in an 8 nm average thickness of P3HT are largely filled in by the 50 nm of Cgo on top,

the pits of thicker P3HT layers get deeper (see scans of single P3HT films in section 3.4) and

hence are reflected in the Cgg surface topography.
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Figure 12. Optical absorption of two P3HT/Cg, planar heterojunctions (top, inset shows spectra of
50 nm PTh and 70 nm Cg layers). Below is a development of Cg, surface roughness due to
underlying (a) 8, (b) 16 and (c) 25 nm of P3HT, as scanned by MicroXAM.

The XY-scale of the images is 86 x 64 um.

4.7 Effect of illumination intensity on planar heterojunction solar cells

The effect of illumination intensity on the performance of PTh- and P3HT-based devices
was investigated, as shown in Figure 13 (a-c PTh/Cso 44/50 nm, and d-f P3HT/Ceso
10/50 nm). While in both cases V,. and FF remain relatively constant down to ~0.1 sun, J
exhibits a sub-linear dependence on illumination. As a result, the PCE of the cells at ~0.1

sun increases to a maximum of 0.71% for PTh/Ceo and 0.49% for P3HT/Cgo.
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Figure 13. Main photovoltaic parameters and J-V plots of (a-c) PTh/C60 and (d-f) P3HT/C60

heterojunctions under different illumination intensity (0.01-1 sun).

As discussed in section 1.2.4, the presence of net charge near the planar heterojunction
interface leads to shielding of the internal built-in field and thus increased carrier

recombination losses. Behaviour of the devices at different illumination intensities allows
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study of the underlying recombination processes. The scaling exponent o from the power-

law dependence of the Ji. on incident intensity Py
J, < B (2)

can be obtained as an indication of bimolecular (non-geminate) recombination®’. For a

linear dependence of Ji on Py (o = 1), the charge carrier losses are dominated by

monomolecular recombination, while a non-linear dependence (a<1) suggests

bimolecular recombination, mostly due to space charge effects and imbalanced carrier
mobilities™. By fitting the J. data in Figure 14a, b with Equation 2 the values of a were
calculated for both PTh/Cgsy and P3HT/Cgo heterojunction devices, respectively. These are

depicted, along with J,cand PCE, in Table 4.

a) b)
3]
PTh/C60 1.5] P3HT/C, -
b P
Phad a=066 _®
~ =075 .~ = -
g P 4 g 1.0+ /‘ -
~ 9 <C ya
E e £ o
= » \"g . s
_‘g 14 . 7 = 0.5 7
» o ¢ *
o é - — - powerfit 0.0 - — - power fit
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lllumination (MW/cm?) lllumination (mW/cm?)

Figure 14. Illumination dependence of (a) PTh and (b) P3HT J, fitted with a power law. Coefficients
alpha are a.=0.75 for PTh and o = 0.66 for P3HT.

o<1 indicates the presence of bimolecular recombination, more significantly pronounced

in P3HT-based devices (opsnt < Opth). This agrees with the previous finding that bimolecular

recombination is the dominant carrier-loss mechanism not only in bulk heterojunction but

also in planar heterojunction devices®’. The recombination of the charge carriers takes
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place at the polymer/fullerene interface and this is most likely due to the build up of space
charge. As the space charge effects are less significant in films with smaller thickness or
higher carrier mobilities®, this demonstrates that the heterojunctions using PTh as a hole

conductor suffer from these effects substantially less than the devices using P3HT.

Table 4. Recombination parameters of PTh and P3HT solar cells.

Jsc (1 sun) Jsc (0.1sun)  PCE (1sun) PCE (0.1 sun)

device 5 5
[mAcm™] [mAcm™] [%] [%]
PTh/Ceo 2.70 0.49 0.52 0.71 0.75
P3HT/Ceo 1.49 0.31 0.27 0.48 0.66

4.8 Effect of thermal annealing in planar heterojunction solar cells

The effect of post-production thermal annealing on the performance of PTh/Cg
(40/50 nm) and P3HT/Cgo (10/50 nm) devices was studied. The annealing temperature of

63,64 The devices

150 °C was chosen as a temperature which is above T, of both polymers
were annealed for 10 min, the standard annealing time used for treatment of other

polymer/fullerene planar heterojunctions65. Typical device J-V characteristics and EQE

response before and after annealing are plotted in Figure 15a-d.
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Figure 15. (a) Non-annealed (solid line) and annealed (dashed line) J-V characteristics of the PTh/Cg

planar heterojunction device. (b) EQE response before (solid) and after (dashed) annealing.

(c) relative changes in R, Ry, and rectification under illumination before (full) and after (patterned)

annealing. (d-f) Characteristics of the P3HT/Cg, device.

For both polymer systems, the device performance deteriorates upon annealing. Poor

charge extraction in the PTh/Cg, device is represented by decreased photocurrent (Figure

15a) and EQE response (Figure 15b). This might be due to increased Rs (Figure 15c)
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resulting from unfavourable morphology changes within the polymer or fullerene layer. In
addition, annealing significantly reduces Ry, and thus lowers V... Accordingly, rectification
of the PTh/Cso heterojunction worsens as a result of high leakage current. Such changes
could be consistent with coarsening of the film due to the growth of larger PTh grains (in
line with other findings in section 5.2 and section 5.5). The annealed P3HT/Cs device
exhibits similar degradation, as shown in Figure 15d-f. However, Rs improves upon
annealing as well as the rectification of the junction. Molecular order in the P3HT film

probably improves upon annealing, but the low value of Ry, reduces both J. and V..

Contrary to expectations, annealing of vacuum-deposited polymer/fullerene planar
heterojunctions does not lead to improved charge extraction and enhanced performance.
Morphological development appears to be different to that of the solution-processed

53-55

systems” >, This is probably due to formation of polymer crystals/agglomerates which

degrade the overall properties.

4.9 Conclusion

The vacuum thermal deposition of P3HT and PTh has been successfully applied to
fabrication of planar heterojunction photovoltaic cells. High molecular order in vacuum-
deposited PTh thin films was shown to result in enhanced charge transport properties. This
demonstrated that polymer side groups have a strong influence on both structural and
electronic properties of vacuum-deposited polymer thin films. PTh/Cso planar
heterojunction devices had significantly better current generation and conduction

characteristics (Js., FF), resulting in improved overall PCE by 70% as compared to P3HT/Cgp.
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Accordingly, EQE of PTh-based devices was almost double that of P3HT. Illumination

intensity studies revealed non-linear dependence of Ji. on power intensity, suggesting

space charge effects and a significant amount of bimolecular recombination. PCE of

PTh/Cso and P3HT/Csy bilayers at low illumination (0.1 sun) was 0.71% and 0.49%,

respectively. Post-production thermal annealing of the devices lead to deteriorated

performance due to reduced shunt resistance.
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CHAPTER 5 - BULK HETEROJUNCTION PHOTOVOLTAIC DEVICES

5.1 Introduction

In the pursuit of high organic photovoltaic power conversion efficiencies there is fierce
competition between solution and vacuum processingl's. The former relies on the good
morphology control of polymer-fullerene blends via phase separation4. The latter takes
advantage of solvent-free processing which allows for a high degree of complexity to be
used in the device architecture®. The completely different approaches have demonstrated
similarly high efficiencies and both have shown the potential for low-cost scale-up by

means of roll-to-roll processing® ’

. In this chapter, polymer-fullerene blends are co-
deposited by thermal evaporation in an attempt to develop a vacuum-processed bulk
heterojunction with an enhanced degree of morphology control. The relationship between

morphology and performance is studied by controlling the polymer-fullerene composition

ratio and post-production thermal annealing conditions.

The intimate blend of donor and acceptor in a bulk heterojunction (BHJ) allows efficient
exciton dissociation and charge extraction through an interpenetrated nanoscale network of
the two phases. This architecture has demonstrated the ability to reach 100% internal
quantum efficiency8 and as such has long become a standard platform for fabrication of
devices with state-of-the-art performanceg. In solution processing, the two most common

ways of controlling morphology are choice of solvent and application of post-production
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thermal annealing’®. Vacuum-deposited BHJs are made by thermal co-evaporation of a

11, 12

molecular donor and acceptor. Morphology can be controlled via in-situ and ex-situ

13, 14

thermal annealing , and evaporation additives™. The approach allows deposition of

gradient blends and therefore precise manipulation of horizontal as well as vertical donor-

16,17

acceptor composition™” **. However, morphology control in vacuum-processed BHJs remains

a big challenge. Co-deposition of small molecules often results in an almost homogeneous
blend of the constituents with insufficient percolation pathways'®. Due to the ease of
crystallisation of small molecules, post-production thermal annealing of such blends does

not lead to establishment/enhancement of the interpenetrated network but rather to

13, 19-21

nucleation and growth of microcrystals , as illustrated in Figure 1. Co-evaporated BHJs

have therefore often exhibited worse performance than their planar heterojunction

13, 18, 21-24 13,14

counterparts , and only rarely can these systems be improved with annealing

7
ITo ITo
: Céo—ri.ch domain anwﬁ‘vorphous blend
crystalline 6T crystalline PTh

Figure 1. Proposed morphology in 6T:Cs, and PTh:Cg, bulk heterojunction systems. The left picture
represents crystalline 6T (orange pattern) and crystalline Cg (dark grey) within an amorphous 6T:Cg
blend (light grey). The right picture represents semicrystalline phase-separated PTh (red pattern and

orange solid) and crystalline Cg (dark grey) within an amorphous PTh:Cg blend (light grey).
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This chapter demonstrates use of polymeric materials for well-controlled nano-scale phase
separation in a vacuum deposition system which allows further development of the device
complexity. By blending PTh:Ceo @ 60% increase in photocurrent in comparison with the
PTh/Cso planar heterojunction described in section 4.5 is achieved. Using different
polymer-fullerene compositions the effect of post-production thermal annealing on the
development of morphology is studied. Post-annealing treatment is shown to improve the
interpenetrated polymer-fullerene network and enhance efficiency by as much as 80%.
Direct comparison of PTh with 6T shows that morphological behaviour of the vacuum-

deposited polymer blends differs from that of small-molecule (oligomer) systems.

5.2  Optimisation of annealing parameters in PTh:Cg, blends

Performance and morphology of vacuum co-deposited BHJs was studied through variation
of four main parameters - active layer thickness, polymer-fullerene composition, and post-
production thermal annealing temperature and time. In order to see the effect of
annealing on different PTh:C¢o compositions, optimisation of the annealing temperature
and time had to be performed. A series of initial experiments, summarised in Figure 2,
indicated that a BHJ with dominant ratio of C¢o (80%) and thickness of 70 nm lead to device
characteristics comparable to the previously fabricated planar heterojunction devices
(Jsc~2-3 mAcm™? and V,.~0.40-0.45 V, see section 4.5). This composition thus served as a

good standard for optimisation of the annealing parameters.
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Figure 2. Initial optimisation of the 20% PTh:Cg, blend thickness. The inset depicts preliminary
photocurrent studies of different PTh:Cg, compositions. The annealing conditions were taken from
the Sakai et al.’s work™* on 20% 6T:Cy,, i.e. at 140 °C for 20 min.

First, the optimal annealing temperature was found by annealing the devices for 10 min at
different temperatures (100, 120, 140 and 160 °C), and subsequently, the optimal
annealing time was found for the optimised temperature (from 5, 15, 30 and 60 min
annealing at 120 °C). Both steps are shown in Figure 3a, b. The best performance was
obtained for 30 min annealing at 120 °C, the temperature previously assigned by Chen et
al. to the glass transition of PTh®. The glass transition of the PTh:Cgy system might,
however, be lower with Cg acting as a plasticiser of PTh?. The resulting increase in
photocurrent after annealing was about 35% and PCE about 55%. It was also observed that
above 120 °C the value of V,. consistently decreases. This could be a result of phase
segregation and crystallisation of one of the phases (see inset of Figure 3a) leading to the

formation of shunt paths. In line with section 5.6, the crystallizing phase is likely to be Cgo.

The device R, decreases from 124 Qcm? at 120 °C to 106 Qcm? at 140 °C.
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Figure 3. Optimisation of the (a) annealing temperature and (b) time in 20% PTh:Cg, bulk
heterojunctions. The insets show (a) coarsening of the surface for high-temperature annealing and
(b) smooth topography resulting from optimised annealing conditions as imaged by AFM.

The z-scale in both AFM images is 30 nm.

5.3 Effect of thermal annealing on different PTh:Cg, blend compositions

Performance of BHJ solar cells is greatly affected by the volume ratio between the donor

272 |n order to investigate this effect in our vacuum-deposited

and the acceptor phases
polymer-fullerene system, BHJs with different volume ratios of PTh (20, 40, 60 and 80%)
were fabricated and divided into two groups — non-annealed and annealed. Both device
groups were then studied and compared in terms of electronic performance and
morphology. Light and dark J-V characteristics of representative devices with different

composition are shown in Figure 4a, and a summary of the photovoltaic characteristics is

shown in Figure 4b and Table 1.
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Figure 4. (a) J-V characteristics of representative non-annealed PTh:Cg BHJs with different
compositions. Dark J-V curves are included in the inset. (b) Summary of the main photovoltaic
parameters of the devices before (empty symbols) and after (full symbols) thermal annealing.

Figure 4a shows that increasing polymer content (up to 60%) results in improved current
generation which in turn seems to be the main factor that drives the PCE in this BHJ
system. Enhanced diode characteristics in light and dark curves, Figure 4a (40-80% PTh),
and decreasing series resistance Rs, Table 1 (40-60% PTh), are all consistent with the
photocurrent increase. The films with higher PTh content show better overlap with the
solar spectrum, as seen below in Figure 6b, section 5.5. This improvement in absorption,
however, could only be partially responsible for the J;. increase, as the trend in absorption

with PTh content does not correlate well with that in Js.
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Table 1. Typical values of series resistance (R,), shunt resistance (Rs,) and saturation for PTh:Cgq

bulk heterojunctions with different compositions.

PTh

content Ry [Qem’] Ren [Qcm?’] Saturation / J(-0.5V)/Jsc
(%) an:zgl-ed annealed an:zgl-ed annealed an:zgl-ed annealed
20 72.1 16.8 234.5 280.0 1.74 1.71
40 3.7 4.2 138.7 167.1 1.70 1.46
60 3.2 15 1245 204.9 1.51 1.32
80 4.1 24.3 1139 67.1 1.57 1.50

The low fill factor (FF) suggests charge recombination and any improvement with
increasing PTh content (for non-annealed devices) is minor. Open circuit voltage of donor-
acceptor heterojunctions is determined by the HOMO level of the donor and LUMO level
of the3% 3!, However, a systematic decrease in V. is observed, apparent in Figure 4b, which
is attributed to decreasing shunt resistance Ry, of the devices (Table 1). This could be
ascribed to a higher content of crystalline PTh which could introduce more shunt paths and
thereby lower Rg,. A similar trend has been observed in both solution- and vacuum-

processed BHJs% %3,

The annealed devices show a clear enhancement in performance, with some of them
improving their efficiencies by as much as 80%. The average increase in Js is approximately
20-30%. Thermal annealing not only improves the photocurrent, but also increases R, of
the devices (for 40-60% PTh) and consequently enhances the values of V,. This probably
happens through sealing of the shunts created during the film growth®*. The exception is at

high (80%) concentration of PTh, for which a rather unexpected drop in Ry is calculated. It
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is also the only case in which FF decreases after annealing, possibly as a result of
coarsening of the blend. The other photovoltaic characteristics remain largely consistent

with the ones of the non-annealed devices.

In general, the best performance of the vacuum-deposited PTh:Cg devices, both before
and after annealing, was found to peak between 40-60% PTh with devices exhibiting
efficiencies around 0.7%. The bulk heterojunction system showed more than 200%
improvement in Jsc in comparison with the optimised planar heterojunction PTh/Cg (see
section 4.5). Moreover, this donor-acceptor ratio corresponds well with the percolation
model of blend films, in which ratios close to optimal 1:1 have the highest interface-to-
volume ratio as well as the most-balanced percolation and charge carrier transport in the
phases®. Table 2 compares photovoltaic characteristics of co-evaporated PTh:Cgo cells with
PTh:PCBM BHJs processed in solution from thermo-cleavable precursors®, and vacuum-

14, 33

deposited 6T:Cgo(C7o) devices (enhanced parameters of the 6T-based cells result from

the use of more complex device architecture and/or better absorbing acceptor Cy).
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Table 2. Photovoltaic characteristics of selected oligo-/poly-thiophene BHJ systems. The bottom

row is data from this work.

J V FF PCE
device architecture process * 5 *
[mMAcm™]  [V] (%] (%]
ITO/PEDOT:PSS/PTh:Ceo/Al*® |
solution 4.5 0.47 34 0.7
converted from precursor at 310 °C
ITO/PEDOT:PSS/6T:Ce0/BCP/Ag:Mg™
ed vacuum 5.6 0.68 39 1.5
non-anneaie
ITO/PEDOT:PSS/6T:C70/BCP/Ag:Mg™*
ed vacuum 7.8 0.39 38 1.2
non-anneaie
ITO/PEDOT:PSS/6T:C70/BCP/Ag:Mg™*
vacuum 9.2 0.58 45 2.4
annealed 140 °C/ 20 min
ITO/PEDOT:PSS/PTh:Ceo/Al
vacuum 5.7 0.34 39 0.7

annealed 120 °C / 30 min

Although overall performance of the PTh:Cgy devices did not match that of solution-cast
P3HT:PCBM devices (average PCE 3%)*, it needs to be emphasised that PTh is not
optimised to form vacuum-deposited heterojunction with Cgg, in the way that P3HT is
optimised for solution-processed heterojunction with PCBM. Better molecular design is
necessary to adjust the energy levels of the polymer and thus improve absorption as well

as its alignment with the acceptor for greater V.

5.4 Effect of thermal annealing on charge extraction processes

The origin of recombination in two representative sets of BHJs was investigated - one near

the peak performance (40% PTh) and one with a higher polymer ratio (80% PTh).
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Illumination studies of the devices showed that Js. follows sublinear dependence on the
incident light intensity Py (unfortunately only two illumination intensities were used for the
device set in question, however, the gradient of the fit was consistent with other
measurements made on similar devices through the study). This is indicative of
bimolecular recombination which is one of the major carrier losses in all organic BHJ cells®®
¥ The probable pathway is charge recombination across the interface of the materials,
most likely caused by the accumulation of carriers in one of the phases due to imbalanced
electron/hole mobilities and build up of space charge38. From the power-law dependence
Jsc oc Py% values of a were obtained serving as a measure of the recombination losses>>.

These are depicted along with the other main parameters J,c and PCE in Table 3.

Table 3. J;. and PCE of 40 and 80% PTh:C¢, BHJs under different illumination (0.1 and 1 sun).

Calculated o for respective devices.

Jic (1sun)  Jsc (0.1 sun) PCE (1sun) PCE(0.1sun)

device 5 5
[mAcm™] [mAcm™] [%] [%]
40% PTh:Cqg 3.94 0.72 0.46 0.70 0.74
40% PTh:Cgo annealed 4.68 0.79 0.62 0.79 0.78
80% PTh:Cqg 4.09 0.57 0.22 0.22 0.86
80% PTh:Cgo annealed 4.57 0.65 0.32 0.25 0.85

The coefficient a~0.75 for non-annealed 40% PTh BHJ suggests bimolecular
recombination arising from space charge effects®. Its value, however, improves with
annealing which indicates that enhancement of the donor-acceptor network takes place.
The value of a of BHJs with 80% PTh is much higher, implying a lower rate of bimolecular
recombination. This means that the devices having such an unequal blend composition are

still able to generate photocurrents comparable to 40-60% PTh heterojunctions, as seen in
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Figure 4b. In this case the change in a on annealing is only small, showing that annealing
has less effect on recombination in the blend with high PTh content. These findings
illustrate that the rate of bimolecular recombination is strongly dependent on composition

and annealing parameters, and as such is closely related to active layer morphology.

Finally, the EQE was measured to determine the photoconversion efficiency of the PTh:Cg
system. For this experiment, a device with 1:1 ratio of PTh:Cgo was fabricated (with current
characteristics similar to the heterojunctions with 40% and 60% of PTh, i.e. J,. = 3.9 mAcm™
and FF = 35%). The EQE response of the device before and after annealing (at 120 °C for

20 min) is shown in Figure 5a.
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Figure 5. (a) Non-annealed (black line) and annealed (red line) EQE response of the 1:1 PTh:Cg, bulk
heterojunction. The inset shows an EQE comparison of the non-annealed BHJ (black line) and a
non-annealed PTh/Cg, 40/50 nm bilayer (blue line), both curves are normalised. (b) Portion of the
AML1.5 illumination absorbed (thin red line) and converted into electricity (thick red line with the
patterned area) by the annealed 1:1 PTh:Cg, device.

As in the other BHJ systems (section 5.3), the photocurrent increase of approximately 30%
was observed upon annealing, leading to significantly better charge extraction (Jsc = 5.2

mAcm™? and FF = 36%) and higher EQE. The peak efficiency at 440 nm improved from

18.8% to 23.8%. This value is ~60% higher than the peak EQE value of the PTh/Cg bilayer
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device from section 4.8. Moreover, the inset of Figure 5a shows overall broadening of the
EQE response of a bulk heterojunction in comparison to that of a planar heterojunction
(plotted are non-annealed devices). This probably results from a higher contribution of PTh
to the collected photocurrent. The strengthening of the 500-600 nm region implies that
more charges originating from PTh are extracted due to efficient exciton dissociation

within the blend.

Figure 5b illustrates the amount of solar AM1.5 radiation that is absorbed by the annealed
PTh:Cgo heterojunction and converted into electricity. The curve is inferred from the device
EQE response. Although the power conversion efficiency of the cell is relatively poor, its
internal quantum efficiency is significant when the low device absorption is considered.
Simple calculation of the electron/photon ratio (using the EQE and absorption curves,
respectively) estimates the IQE to be higher than 50% for many of the wavelengths. The
device reflectance is an unknown loss. Such efficient conversion of the absorbed photons

40-43

to electrons is comparable to optimised P3HT:PCBM systems and demonstrates the

good morphology of the PTh:Cg interpenetrated network.

5.5 Development of morphology in annealed PTh:Cg, blends

Improvement in photocurrent after annealing implies enhanced charge generation due to
increased absorption, and/or better charge extraction through more efficient exciton

28,44

dissociation and charge collection at the electrodes . To understand this, a combination

of XRD, UV-Vis absorption spectroscopy and AFM was used.
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The crystal structure of PTh-only does not change upon annealing as the XRD traces in
Figure 6a show. This suggests that enhanced charge extraction cannot come from further
polymer crystallisation which would provide better hole transport45. Neither does the
increased photocurrent result from increased absorption of the annealed films, as can be
seen in Figure 6b. The absorbance remains unchanged for all of the PTh:Csg compositions
owing to the already crystalline nature of vacuum-deposited PTh. These findings thus imply
that it is a purely morphological development of the polymer-fullerene network that drives

the increase in PCE.
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Figure 6. (a) XRD patterns of a thick single layer of PTh as-deposited (black line) and annealed at
120 °C for 20 min (green line). (b) Optical absorption of the PTh:Cg, blends before (dotted line) and
after (full line) annealing.

The XRD traces of the 1:1 PTh:Cg¢o composition, shown in Figure 7, confirm that there is no
significant increase in PTh crystallinity upon annealing either. Intensities of the

characteristic PTh peaks at 19.6°, 22.8° and 28° remain similar*®*’

. This shows that, despite
relatively high amount of PTh (50%) present within the blend, no excessive crystallisation

occurs which would lead to strong phase segregation and device shorting. In contrast to

the constancy of the PTh peaks, the relative intensity of the Cq peaks® appears more
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pronounced after annealing. Development of the donor-acceptor network on annealing is

driven by crystallisation and re-arrangement of C¢o on phase separation from the PTh.
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Figure 7. XRD traces of 50% PTh:Cs, blend before (black) and after (red) thermal annealing. Dashed
lines indicate position of the main PTh and Cg, diffraction peaks.
In order to relate photovoltaic performance of the devices to their morphology, AFM
topographic and phase-contrast studies were performed, with representative images
summarised in Figure 8. The value of root-mean-square (RMS) surface roughness, taken
from multiple samples and scan areas, is shown in Figure 9a. The phase images contain not
only information on lateral surface morphology but also on materials’ properties, such as
viscoelasticity and adhesion. Their quantification is represented by the average peak-to-

peak distance of domains in the phase images, as shown in Figure 9b.
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Figure 8. AFM topography (left) and phase (right) images of PTh:Cy, blends (with xy-scale of 1x1 um
and normalised phase scale for all images). Non-annealed films are left and annealed films right of
the dotted line.

The trend of RMS roughness reaches minimum at the PTh composition between 40-60%
(see Figure 9a). Overall values of less than 3.5 nm suggest a fine morphology in all blends.
Even for large content of PTh (80%) the increase in roughness is only around 30%. This
confirms that a moderate morphological development takes place in annealed vacuum-

deposited blends similar to polymer-fullerene systems.
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Figure 9. (a) RMS roughness of PTh:Cg, BHJ films before (single colour) and after (line pattern)
thermal annealing. (b) Average peak-to-peak distance of the feature maxima in phase images.
The domains observed in the phase image of the PTh:Cgg blends range from an average size
of ~30-35 nm at low PTh content to larger ~45-50 nm for 60% PTh. Moreover, there is a
considerable development of the domain network upon annealing in all heterojunction
films, as shown in Figure 8 and Figure 9b. For 40-80% PTh, the network coarsens which
could suggest phase separation within the blends. This would be consistent with annealing-
induced phase separation of polythiophene indicated by the XRD findings, and the

photocurrent enhancement in BHJ devices (section 5.3).

5.6  Morphological comparison of polymer and oligomer BHJs

The response of the PTh:Cg blend to post-annealing differs from that of the standard

13, 21, 4
molecular systems™ % 4

. The distinctive combination of alonger chain polymer and a
spherically symmetric fullerene might thus be critical in formation of an appropriate

morphology as well as its further development upon annealing®. Sakai et al. has shown™

that annealing of linear 6T/spherial C;o blend (1:5) can lead to efficiency improvement.
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However, the donor content was only 17% indicating that the charge transport and
extraction in such system is based on a rather different morphology than that in PTh:Cg

with 20-80% PTh.

Nevertheless, due to the great similarity in molecular structure of PTh and 6T, a
morphological study has been carried out to directly compare their behaviour in fullerene
co-deposited blends. 6T:Csg photovoltaic devices with the active-film parameters and
performance similar to that reported by Sakai et al. were fabricated and their electronic
and morphological response to post-annealing characterised. Despite significant efforts, no
efficiency enhancement upon annealing was reproduced. J-V characteristics of a
representative device (60 nm film thickness, ~17% 6T content, Js. = 3.94 mAcm™>, V. = 0.45
V, FF = 35.4% and PCE = 0.63%) before and after thermal treatment (at 140 °C for 20 min)
are shown in Figure 10a. The reduction in V.. upon annealing might be due to decreased

Rs, resulting from unfavourable crystallisation of one of the phases.
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Figure 10. (a) Dark and light J-V characteristics of a 6T:Cy, device before (solid line) and after
(dashed line) annealing (the inset shows AFM scan of the annealed 6T:Cqy). (b) Normalised
absorption spectra of single PTh (red) and 6T (orange) thin films (the inset shows AFM scan of the

6T film, z-scale on both insets is approximately 0-300 nm).
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Although the 6T:Cgo device performance was comparable to PTh:Cgq (see section 5.3), there
were several structural differences found between vacuum-deposited PTh and 6T. Figure
10b confirms that the band-gap of 6T (2.3 eV, in good agreement with the literature™?) is
substantially larger than the band-gap of PTh (2.0 eV) which arises from the much shorter
conjugation length of the 6T oligomer in comparison to the PTh chain®%. Numerous
shoulders in the 6T spectrum indicate the high degree of crystallinity53 in the oligomer film.
This corresponds with the AFM surface scan, shown in the inset of Figure 10b, revealing
high film roughness and a presence of large grains. Excessive fullerene content is thus

required in the 6T:Cgq blends to prevent crystallisation and phase segregation of 6T.

The morphology of the oligothiophene- and polythiophene-fullerene systems was studied
using XRD and AFM. The ratio of the blends was kept near their optimised device
performance (i.e. ~17% 6T:Cgo and 50% PTh:Cgo) and so were the annealing conditions.
While development of the PTh:Cgg network upon annealing results from an interplay of the
PTh and Cgo phases (for more detailed XRD analysis, see section 5.5), it is the Cg9 phase
which dominates the morphology in the 6T:Cgg blend, as shown in Figure 11 and Figure 12.
Focusing on the 6T:Cgg system, the intensities of the main 111, 220 and 311 fullerene plane
reflections®® increase on annealing leaving only minimal evidence of the 6T crystals (near
19.5° and 28° >* °°). This implies that agglomeration and crystallisation of Cg takes place

during the morphological development.
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Figure 11. XRD traces of 20% 6T:C¢ blend before (grey) and after (orange) thermal annealing in
comparison with 50% PTh:Ce, blend before (black) and after (red) thermal annealing. Dashed lines
indicate position of the main PTh and Cg, diffraction peaks.

Surface topography of the films, represented by the AFM scans in Figure 12, shows large
agglomerates present in the 6T:Cg blend. In accordance with the XRD analysis, these are
likely to be fullerene crystals® undergoing micro-scale phase segregation. The RMS
roughness of the film is high (~25 nm) both before and after annealing (see Figure 12a).
The thermal treatment reduces the number of agglomerates, however, their individual size
increases. This is represented by higher kurtosis (‘peakedness’ of the height distribution) in
Figure 12b. Similar phase behaviour might have resulted in deteriorated performance of
the 6T:Cgo BHJ plotted in Figure 10a. In contrast to this development, Figure 12 shows that
no such crystallisation is observed in the PTh:Cgq system. The films appear flat and the

values of RMS roughness and kurtosis remain small after annealing.
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Figure 12. AFM scans of 6T- (top left two) and PTh-based (top right two) blends deposited on a
silicon substrate (thickness ~150 nm). Images on left are before, and on right after thermal
annealing. (a) RMS roughness and (b) kurtosis of the 6T:Cs, (orange) and PTh:Cg, (red) films.

Patterned colour represents annealed samples.
These findings suggest that the annealing-induced morphology of the 20% 6T:C¢o blend
consists of Cgg agglomerates partially intermixed with 6T crystals, all within an amorphous
6T:Ceo matrix. These phases must form a sufficient number of continuous percolated
pathways in order to result in such efficient charge generation/extraction as seen in Sakai
et al’s work and Figure 10a. The longer-chain PTh exhibits a milder response to post-
annealing, forming semi-crystalline nanoscale network with more balanced phase-

separated phases and a finer morphology.
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5.7 Multiple-layer BHJs as an equivalent to co-deposited BHJs

Bulk heterojunction films made by alternating deposition of very thin PTh and Cgo layers
were fabricated. This alternating heterojunction (AHJ) concept, illustrated in Figure 13, has
been shown to result in improved nanoscale morphology and thus enhanced Js., FF and

>"28 The effect of the sub-layer thickness

PCE in comparison to standard co-deposited BHJ
was investigated in the 70 nm thick PTh:Cgq AHJ system, as shown in Figure 13. The
thicknesses of the donor and acceptor sub-layers were kept equal while the overall
number of sub-layers within the AHJ was varied from 8 to 28 (leading to thicknesses of 9, 5

and 2.5 nm for 8, 14 and 28 sub-layers respectively). The AHJs were further compared with

a co-deposited 1:1 PTh:Cgo BHJ of the same thickness (70 nm).

Figure 13 shows that the multiple-layer approach indeed leads to performance superior to
that of the standard BHJ. This is mostly a result of improved FF, which increases as much as
40% (5/5 nm sub-layers) compared to the blended 1:1 PTh:Cso. The PCE of the optimised
AHJs (~0.6% for 2.5/2.5 nm sub-layers) is therefore significantly higher than that found in

non-annealed BHJ devices (see section 5.3).
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Figure 13. Illustration of BHJ (left top) and AHJ (left bottom) architectures. Summary of the main
photovoltaic parameters of the AHJ devices with sub-layers of a different thickness.
The morphology of the AHJ is largely dependent on the thickness of the sub-layers forming
the active layer. If the donor/acceptor sub-layers are too thick (e.g. 9 nm), they likely act as
barriers for the transport of the minority charge carriers, resulting in high recombination
and very low photocurrent (see Figure 13). However, thinner sub-layers (5 - 2.5 nm) appear
to form a morphology which facilitates the transport of the majority carriers while allowing
also a sufficient pathway for the minority carriers. This results in much lower
recombination and thus higher FF. It is unclear at the moment, if the PTh:Ceo AHIJ
morphology consists of a stack of multiple continuous films thin enough for the charges to
tunnel through59, or of an interpenetrated network of dispersed island-type nanocrystals

57, 60

formed after the deposition of the individual sub-layers . Further investigation would

be needed to illuminate the relationship between performance and morphology.
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5.8 Conclusions

Vacuum-deposited PTh:Cgg bulk heterojunctions with different donor-acceptor
compositions were fabricated and the effect of post-production thermal annealing on their
photovoltaic performance and morphology was studied. Co-deposition of blended
mixtures was shown to yield 60% higher photocurrents than in thickness-optimised
PTh/Cso planar heterojunction counterparts. Furthermore, the post-production thermal
annealing of the devices improved their power conversion efficiency by as much as 80%,
achieving performance comparable to PTh:PCBM equivalents processed in solution from

thermo-cleavable precursors.

Enhanced photoresponse was found to arise from favourable morphological development
of PTh upon annealing. In contrast to small-molecule blends (here represented by the
6T:Ceo system), annealing-induced phase separation did not lead to formation of
microcrystals but rather to an incremental improvement of the already established donor-
acceptor network. As a result, the morphology control in PTh:Cgo bulk heterojunctions can

be achieved over a wide range of compositions (20-80% PTh content).
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CONCLUSIONS

This work has demonstrated vacuum thermal deposition of conjugated polymers for
organic photovoltaics. Poly(3-hexythiophene) (P3HT) and poly(thiophene) (PTh)
semiconducting polymers with and without side groups were investigated. Structural
studies of the polymers before and after evaporation showed that while the chemical
structure is largely retained, their molecular weight decreases as a result of thermal
heating. Additionally, cleavage of alkyl side groups from the conjugated backbone takes
place in P3HT. Due to the lack of side groups, a higher degree of conjugation can be
obtained for evaporated PTh which presents suitability of the method for the deposition of

low solubility polymers.

The study has shown that polymer side groups have a strong influence on molecular
packing and charge extraction in vacuum-deposited polymer thin films. Unlike P3HT,
evaporated PTh forms highly crystalline films as illustrated in Figure 1. This results in
enhanced charge transport properties with hole mobility two orders of magnitude higher
(10" cm?v'’s!) than that in P3HT. The effect of molecular order was demonstrated on
polymer/fullerene planar heterojunction solar cells. PTh-based devices have significantly
better current and recombination characteristics, leading to improved overall PCE by 70%

as compared to P3HT.
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Figure 1. Molecular structure of P3HT and PTh with a simple model of their molecular packing. PTh

chains are more ordered than P3HT mainly due to the lack of side groups.

This showed that the chemical structure of the molecule is a crucial parameter in vacuum-
deposition of large organic semiconductors. The method is compatible with roll-to-roll
processes and thus has good potential for low-cost production of highly ordered polymer

thin films relevant to a plethora of electronic and optoelectronic applications.

Finally, vacuum-deposited PTh:Cgso bulk heterojunctions with different donor-acceptor
compositions were fabricated and the effect of post-production thermal annealing on their
photovoltaic performance and morphology was studied. Co-deposition of blended
mixtures led to 60% higher photocurrents than in thickness-optimized PTh/Cg planar
heterojunction counterparts. Furthermore, by annealing the devices post-situ the PCE was
improved by as much as 80%, achieving performance comparable to PTh:PCBM

equivalents processed in solution from thermo-cleavable precursors (~0.7%).

The enhanced photo-response is a result of favourable morphological development of PTh
upon annealing. In contrast to small-molecule blends, annealing-induced phase separation
does not lead to formation of microcrystals but rather to an incremental improvement of

the already established donor-acceptor network, as shown in Figure 2. More appropriate
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phase-separation behaviour might be achieved by co-depositing less miscible materials,
such as a polymeric acceptor with the polymeric donor. Polymer-polymer blends may
produce preferable morphology with more continuous phase domains and well-balanced
charge carrier mobilities. Study of the phase behaviour of PTh and other acceptors would

inform such materials selection.

6T:Cyp

N

ITO

i Cgorich domain arﬁ‘orphous blend
crystalline 6T crystalline PTh

Figure 2. Morphological comparison of oligomer and polymer bulk heterojunction systems.

In summary, the photovoltaic response of the devices underlines the potential to fabricate
complex multilayered structures with enhanced performance. The deposition method
allows manipulation of horizontal as well as vertical donor-acceptor blend composition,
achieving morphology control difficult to realize by the use of solvents. As an example, a
device architecture consisting of multiple alternating PTh/Cg thin films was presented here
with performance exceeding that of its equivalent co-deposited bulk heterojunction.
Further improvements can be made by introducing gradient compositions or sandwiching

the blend between the donor and the acceptor layers in form of a p-i-n junction.
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Figure 3. The two potential ways of improving device efficiency - morphology of the active layer
and complexity of the device architecture. The patterned areas represent confinement of small
molecules (bottom quadrangles) and long-chain polymers (left quadrangles). Suggested is a
position of vacuum-processed large oligomers (upper right quadrangle).

Vacuum thermal deposition of conjugated polymers could be a promising alternative to
coating and printing methods, however, further work needs to be done especially in the
area of synthesising the best vacuum-processable polymers (e.g. with the right M,,, and
energy levels for improved E; and V). Figure 3 highlights the role of the morphology
control and device architecture complexity in improving efficiency of organic solar cells. To
date only vacuum-deposited oligomers, with only a few repeating monomeric units, and
solution-processed long-chain polymers, typically consisting of hundreds of monomers,
have been investigated. They are limited to reaching high-efficiencies by control over the
active layer morphology and complexity of the device architecture, respectively. Low
molecular weight polymers or large oligomers with a linear quasi long-chain character and
vacuum-processing advantages have the potential to combine both these elements and

drive organic photovoltaic efficiencies up.
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FUTURE WORK

« Synthesise polymers with shorter conjugation length and study their decomposition

I”

due to thermal heating. Estimate the “optimal” polymer size for vacuum thermal
evaporation method and see if the lower amount of impurities has an influence on

change transport.

« Study diffusion of Cgo into PTh during annealing of planar heterojunction devices.
Identify whether post-annealing leads to formation and interpenetration of PTh and Cg
crystals, or diffusion of Cg between the PTh domains. Find optimal annealing

parameters and compare the devices with co-evaporated bulk heterojunctions.

« Employ TEM imaging to study morphology in co-evaporated BHJs, analyse extent of
crystallisation/phase separation and identify individual phases within the system. Look

at the in-situ development of morphology during annealing.

« Apply in-situ thermal annealing and compare the results with post-annealing treatment.

« Investigate morphological development in PTh:Cgg blends as a function of the polymer

conjugation length. Study relationship between polymer size and phase separation.

« Fabricate co-deposited polymer:polymer bulk heterojunction and study morphology of

such system. Look if better morphology control can be achieved than in PTh:Cgo BHJs.

« Determine the phase morphology in alternating bulk heterojunctions (e.g. by cross-
section TEM). Study parameters determining the bulk morphology, such as thickness of

the individual thin films or post-production thermal annealing.

« Substitute spin-cast PEDOT:PSS for vacuum-deposited MoOs. Apply additional interface
layers (e.g. BCP) to improve device performance. Proceed to more advanced device

architectures, such as p-i-n or tandem cells, to illustrate benefits of vacuum deposition.
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