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Abstract

The increased atmospheric concentration of greenhouse gases due to the combustion of
fossil fuels and its impact on the temperature of the planet has led to the development
of alternative energy generation methods. Organic solar cells (OSCs) are a promising
technology that is simple to process, flexible, customizable, and potentially low-cost.
However, relatively low efficiencies, and short lifetimes compared with other photovoltaic
technologies are as the main challenges of organic solar cells. This thesis aims to charac-
terise and optimise the hole transporting interface to improve the efficiency and long-term
stability of OSCs. To achieve this, first, the device fabrication process of PSHT:PCBM
based devices was optimised to produce devices that perform at a standard commensurate
with those reported in literature with a similar architecture and fabricated under similar
conditions. In particular, two different evaporation techniques for the deposition of the
electron conducting electrode were compared. Electron-beam evaporation significantly
decreased the crystallinity of P3HT while thermal evaporation proved to be effective for
producing P3HT and PCDTBT based devices with an efficiency comparable to the values

reported in literature for a similar device architecture.

In an attempt to improve the efficiency of devices, the electrical conductivity of the
PEDOT:PSS hole transporting layer was increased by almost two orders of magnitude
using a zwitterionic additive (DYMAP) to dope the PEDOT:PSS dispersion. The liquid
and solid phase structural modifications of the conductivity enhanced PEDOT:PSS were
studied to understand the effects of conductivity enhancing additives on the morphology
of PEDOT:PSS. Small angle neutron scattering revealed that the interchain distance
between PSS backbone chains, and the screening length of neutralised PSS segments
increase as the concentration of DYMAP increases from 0 to 25 mM. However, at 30 mM
doping concentration, DYMAP induces gelation in the PEDOT:PSS dispersion resulting
in a decreased interchain distance similar to that of the undoped PEDOT:PSS, and a
significantly increased screening length compared to that of the 25 mM doped dispersion.
The vertical structure of DYMAP doped PEDOT:PSS films was studied with neutron
reflectivity which revealed that at low doping concentration, the film separates into a
quasi-bilayer film in which the dopant segregates at the bottom of the film. However,
at higher DYMAP doping concentration, DYMAP is evenly distributed throughout the
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film which results in a homogeneous single structure. The DYMAP doped PEDOT:PSS
films were then incorporated as the hole transporting layer in OSCs which resulted in
the decreased photovoltaic performance of devices compared to the control devices. This
was found to be mainly due to the poor contact between the doped HTL and the active
layer as a result of the increased phobicity of the doped PEDOT:PSS films to the solvent

of the active layer.

Another approach to improving the device efficiency and stability was to incorporate
three variants of a P3HT50-0-PSS, block co-polymer as an interfacial layer between PE-
DOT:PSS and P3HT:PCBM to improve the hole transport and stability between such
layers. The incorporation of a 10 nm P3HT5y-0-PSS14 and a 13 nm P3HT5-0-PSSo3 in-
terfacial layer resulted in a 9% and 12% increased device efficiency respectively compared
to the reference devices. This was mainly due to a 9% increase of the open circuit voltage
caused by the more energetically favourable alignment of the HOMO of the block co-
polymers with the HOMO of P3HT. The fill factor of the 10 nm P3HT5,-0-PSS¢ and 13
nm P3HT5p-0-PSSa3 incorporated devices also increased by 2.8% and 6.2% respectively
due to a smoother surface than PEDOT:PSS and the more compatible contact between
the P3HT block of the block co-polymer and the P3HT, and the PSS block with the
PEDOT:PSS. Moreover, the devices with the interfacial block co-polymer had a higher
normalised efficiency than the control devices after 2200 hours of storage, demonstrat-
ing that the block co-polymer not only improves device efficiency, but crucially prevents

degradation by stabilising the interface between PEDOT:PSS and P3HT.
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1 Introduction

1.1 Research aim, and structure of the thesis

The aim of this thesis is to characterise and optimise the hole transporting interface of
organic solar cells. Specifically, this has been done to improve the efficiency and long-
term stability of PSBHT:PCBM based devices with a PEDOT:PSS hole transporting layer
within its architecture. The specific procedures to achieve these objectives will be detailed

in section 3.8.

The thesis is structured in 8 chapters. The first chapter provides a broad
background overview that discusses the motivation and need for more environmentally
friendly energy generation technologies such as the one investigated in this work. The sec-
ond chapter describes the basic working principle of photovoltaic technology and discusses
the theory used to perform a qualitative and quantitative analysis of the performance of
a photovoltaic device. The third chapter discusses the theory of organic photovoltaics
and reviews the relevant literature concerning the work in this thesis. At the end of these
initial chapters, the specific objectives, and how they will be attempted to be achieved,
are presented. Chapters four, five, and six contain the research contributions of this thesis
and constitute the core of this document. A format in which each experimental chap-
ter contains its own introduction and/or justification, experimental methods, results and
discussion, and conclusions has been chosen for ease of reading and to favour a coherent
structure that provides the reader with the relevant information at an appropriate point
in the document. The first of two concluding chapters, chapter seven, summarizes the
conclusions and results of this research and discusses their contribution to each specific
objective described in section 3.8. The last chapter briefly discusses different opportu-
nities for future work based on the findings of this thesis and several routes toward the

continuation of the research presented in this document.



1.2 Energy generation and its implications

Energy services are essential to meet human needs, from the most basic to the most
complex. Therefore, the provision of energy is a fundamental priority for the development
of mankind. Since the discovery of combustion, the burning of carbon has been the
predominant method for extracting energy; this has been particularly intense since the
industrial revolution broadened the range of uses for such obtained energy. This is evident
by the total global energy consumption of 2018; of all energy 84.7% was produced by
fossil fuels!. This dependency on the burning of carbon to meet the growing energy
demand has been a major contributor to the alteration of the intrinsic concentration of
some greenhouse gases in the atmosphere, in particular methane (CHy), nitrous oxide
(N,0), and carbon dioxide (CO,), the later of which is predominant. This is because
such greenhouse gases are released as a byproduct of the combustion reaction. The
greenhouse gases alteration in the atmosphere mentioned above can be appreciated in
figure 1 produced by Froster et al.? inasmuch, as 87% of the total anthropogenic emissions
of CO, are produced by the burning of fossil fuels®. The anthropogenic contributions of
CH, and N5O to their total concentration in the atmosphere are considerably lower than
those of CO, (60% and 40% for CH, and N,O respectively*?1), however, as it can be seen
in figure 1 the anthropogenic contributions of CH, and NyO are sufficiently significant
to surpass the average concentrations within the past 2000 years. This has caused the
historical increase in the atmospheric concentrations of CO,, CH,, and N,O by 40%, 20%,
and 150% respectively from 1750 to 2011.
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Figure 1: "Atmospheric concentrations of important long-lived greenhouse gases over the last 2,000
years. Increases since about 1750 are attributed to human activities in the industrial era. Concentration
units are parts per million (ppm) or parts per billion (ppb), indicating the number of molecules of the
greenhouse gas per million or billion air molecules, respectively, in an atmospheric sample. (Data com-
bined and simplified from Chapters 6 and 2 of the cited report.)". Original image and caption produced
by the IPCC and reproduced with permission. Original image (FAQ 2.1 figure 1) is found in the second
chapter of the IPCC Fourth Assessment Report: Climate Change 2007 (AR4), Working Group I Report
"The Physical Science Basis"?.

The increased concentration of greenhouse gases in Earth’s antmosphere has a
significant impact on the temperature of the planet. However, even though as far back
as 1896 Svante Arrhenius calculated that doubling the amount of C'Os in the atmosphere
would melt the ice caps and change the global temperature®, no major concern about
the environmental impacts of burning fossil fuels rose until the mid twentieth century. It
was after Guy Callendar first published evidence that suggested that the increase of C'O,
in the atmosphere and the increase in global temperature were related®, that efforts to
reduce the environmental impact of human activities were considered by different nations.
This led to the birth of intergovernmental treatises and institutions that, amongst other
goals, aimed at monitoring” and reducing® the anthropogenic greenhouse gas emissions, in
particular C'Oy which is the most emitted, thus most influential in the Earth’s greenhouse

effect. Given the high percentage of anthropogenic CO2 emissions mentioned before, this



requires the significantly partial or total reduction of fossil fuel energy production.

Since the publication of Callendar there has been growing evidence that shows
a correlation between the increase in global temperature and the concentration of green-
house gases in the atmosphere. In figure 2, produced by Jansen et al.?, a compilation
of proxy temperature measurements are compared with the historical concentrations of
CO,, CHy, and N5,O. These measurements suggest that the behaviour of Earth’s tem-

perature is correlated to, and highly likely caused by, the atmospheric greenhouse gas

concentrations.
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Figure 2: "Variations of deuterium (5D; black), a proxy for local temperature, and the atmospheric
concentrations of the greenhouse gases CO4 (red), CHy (blue), and nitrous ozide (N2O; green) derived
from air trapped within ice cores from Antarctica and from recent atmospheric measurements. The
shading indicates the last interglacial warm periods. Interglacial periods also ewisted prior to 450 kyr,
but these were apparently colder than the typical interglacials of the latest Quaternary. The length of the
current interglacial is not unusual in the context of the last 650 kyr. The stack of 57 globally distributed
benthic 510 marine records (dark grey), a proxy for global ice volume fluctuations, is displayed for
comparison with the ice core data. Downward trends in the benthic 5’80 curve reflect increasing ice
volumes on land. Note that the shaded vertical bars are based on the ice core age model, and that the
marine record is plotted on its original time scale based on tuning to the orbital parameters. The stars
and labels indicate atmospheric concentrations at year 2000." Original image and caption produced by
the IPCC and reproduced with permission. Original image, and detailed description of the elements of
the figure such as the explanation of the working principles behind the prozy measurements (figure 6.3 in
the referenced document), is found in the sizth chapter of the IPCC Fourth Assessment Report: Climate
Change 2007 (AR4), Working Group I Report "The Physical Science Basis"?.



Despite efforts to reduce the production of energy from fossil fuels, such still
accounted for more than 80% of the world’s total primary energy supply from 1971
to 2018510, At the present time this represents not only an environmental issue, but an
economic one too. Due to their low regeneration rate and relatively uncertain availability,
fossil fuel prices have been high and volatile in the last decade®!. These changes have
brought geopolitical consequences that include international conflicts and economical

instability for developing countries'2.

In order to maintain both a sustainable global climate system, and a sustainable
economy that is capable of providing essential goods and services to the people of all

nations, a major shift in how energy is obtained and utilized is required.

1.3 An alternative to fossil fuels

The IPCC!? defines renewable energy (RE) as "any form of energy from solar, geophysical
or biological sources that is replenished by natural processes at a rate that equals or
exceeds its rate of use". Additionally, and with the exception of some biofuels, RE
is obtained through technologies that emit little to no greenhouse gases once they are
operating. This makes RE a suitable alternative to provide energy services in a sustainable
manner and, in particular, help mitigate the onset of climate change. However, there are
some challenges that RE has to overcome in order for it to become a definitive alternative
to fossil fuels. One of the main challenges for RE is its intermittency, and therefore, energy
storage is a very active area of research, but, not the one concerning this work. The main
challenge for RE is to provide the energy capacity required to satisfy the current and

future demand for energy.

According to Nathan Lewis the energy rate demanded by humans was 13 Ter-
awatts (TW) in 2007 and is expected to rise to approximately 30 TW by the year 20504
This means that regardless of the method used to produce and deliver energy, it has to
account for a value safely above the required quantity. Lewis also did a detailed analysis
of the potential of different renewable energies and considered them in relation to this

required quantity of energy. The result is that, individually, all but solar energy fail to



deliver in either capacity, accessibility, or availability. While it is true that a combination
of different renewable energy generation methods is advantageous, the possibility of hav-
ing one technology capable of supplying the present and future energy needs would allow
global efforts and investments to be specifically focused. Focusing on a single technology

could promote an increased rate in the development of this technology.

The Sun provides Earth with 120,000 TW !4, This energy comes in photons
which have to be converted into a more practically useful form of energy such as elec-
tricity. Currently, there are three main methods to harvest solar energy. Producing fuels
such as hydrogen and methane using solar radiation can provide a source of energy when
the main resource (in this case sunlight) is not available, however this energy generation
method is currently very costly and the least efficient method to produce a more prac-

t15. Moreover, one of the main selling points

tically usable form of energy from sunligh
of solar fuels is the production of some fuels such as diesel that are currently used by
the existing infrastructure. This may result in the overall decrease of COy emissions
by producing the fuel in a more environmentally friendly way, however, the subsequent
conversion of the fuel into energy will still result in the emission of CO, nonetheless.
Solar thermal converts light into thermal energy that can be subsequently used as it is,
or to produce steam and run a turbine to generate electricity. Given that electricity and
heat generation currently account for 42% of the total anthropogenic CO, emissions !,
substituting the conventional, high CO, emitting energy sources such as fossil fuels for
technologies that produce electricity without emitting CO, when operating would sub-
stantially reduce the total CO, emissions. Solar thermal holds a huge potential at the
industrial or utility scale level in certain areas of the world where the solar resource is
abundant and constant throughout the whole year. This is due to its high beam to elec-
tricity efficiency of 30 to 40%'7, however, these efficiencies are only achievable at very
large scales. Moreover, since this method is not a direct way of producing electricity, the
complexity of its deployment and operation substantially limit its implementation. Thus,
at the domestic scale for example, solar thermal can only be realistically used to provide
intermittent heat. Photovoltaic energy converts a specific range of the electromagnetic

spectrum of light into electricity through a device called a solar cell. This last method

is the most direct way of converting photons provided by the sun into electricity. In



theory, 0.1% of the Earth’s surface covered with 10% efficient devices would be enough
to satisfy the total energy needs of humanity'®. In practice, this scenario would require
the transmission of the produced electricity to extremely remote places relative to the
generation site, and an enormous energy storage capacity for the times when there is
no sunlight. Neither situation is feasible in the short-term with the current available
technology. However, the 0.1% surface coverage with 10% efficient devices theoretical
analysis demonstrates the tremendous potential of photovoltaic technology. Moreover,
since photovoltaic technology provides a simple and direct way of converting sunlight into
electricity, the implementation of this technology is not restricted by scale and therefore
can be used at the domestic level. The domestic use of photovoltaic technology is thus
only limited by location, architecture, and the cost-efficiency of the technology which can
be addressed with research and development'®. In the next chapter, a general overview of
photovoltaic technology and the theory used to characterise its performance is presented,
followed by a brief, non exhaustive review of the current market dominant photovoltaic

technologies.



2 Photovoltaics

2.1 The basic principle

The photovoltaic effect can be explained by quantum theory, which states that light is

made up of packets of energy called photons?.

The photon energy depends upon the
frequency of the specific electromagnetic radiation which, if high enough, is capable of
exciting electrons that are bound into solids up to higher levels of energy where they are
less bound to the solid. Upon photon absorption and electron excitation, a positive quasi-
particle called a hole is generated at the ground state where the electron was originally
bound before being excited. However, the excited electron quickly relaxes back to its
initial or ground state reoccupying the generated hole. In order for a photovoltaic device
to work, the excited electron has to be separated from the hole before relaxation, and
transported to the electrical contacts that connect the device to an external circuit. To
achieve this, the photovoltaic materials need to have a semiconducting behaviour which
allows the absorption of some photons and the relatively slow relaxation of electrons
which makes possible their separation from holes. The potential difference generated by

the extra energy of the excited electron is the force that ultimately drives the electrons

through a load in the external circuit to do electrical work.

Since the energy input is limited by the incoming electromagnetic radiation,
which for solar cells is the fixed solar spectrum, the efficiency of a photovoltaic device
can be considered to be practically dependant, from an engineering perspective, upon the
effectiveness of light absorption, and charge separation and transport, which at the same
time are dependant upon the intrinsic physical and chemical properties of the chosen
materials and on the device structure. Moreover, depending on the type of photovoltaic
technology that the device is made from, the specific physics that govern charge separation
and transport differ from one another. For instance, conventional inorganic semiconductor
solar cells rely on a built in electric field generated as a result of a semiconductor p-n
junction built into the device to drive the charges to their respective electrodes. However,
an organic conjugated polymer based solar cell relies an energy gradient created by the

different electrochemical potential of the materials within the device to separate the



charges and transport them to the relevant electrodes. This is due to the fact that the
energy that bounds the electron-hole pair after charge excitation is significantly higher

for conjugated, polymer based, solar cells than for inorganic photovoltaics.

Since the efficiency of a photovoltaic device can be mathematically quantified
with the power input (Pj,), short circuit current density (Jg.), open circuit voltage (Vo)
and fill factor (FF), the remainder of chapter 2 will focus on explaining such terms with
sufficient detail to understand the results presented in this research, and a further in-
depth analysis of the physics of the specific photovoltaic technology researched in this

thesis will be presented in chapter 3.

2.2 The solar resource

As mentioned in the previous section, the energy input of solar cells is determined by the
Sun. Therefore, understanding the solar resource is essential for successful device design,
especially when selecting the materials and device architecture that can optimally interact

with the energy provided by the Sun to produce electricity.

As shown in figure 3, the solar electromagnetic spectrum covers wavelengths
from the ultraviolet to the infrared, but most of its irradiance (energy per unit time per
unit area as a function of wavelength) is contained within the visible and near infrared

part of the spectrum from approximately 300 to 1000 nm?2!

. For solar cell design, this
means that the light absorbing materials need to absorb in such range of wavelengths to

potentially work as solar photoactive materials.

The solar spectrum is very similar to the one of a black body at 5250°C (grey
curve) and can be identified in figure 3 as the yellow area. This, however, is for ex-
traterrestial conditions where radiation has travelled through the vacuum of space only.
When the solar radiation reaches the Earth’s atmosphere, light is absorbed and scattered
by the molecules in the air like ozone (Oj3), water (H,O), oxygen (O,), carbon dioxide
(CO,) among others. This results in less radiation reaching the Earth’s surface at specific

wavelengths as shown in figure 3 (red area).
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Figure 3: Radiation emitted by a perfect black body at 5250°C (gray curve), extraterrestrial solar
radiation (yellow), and solar radiation reaching the surface of the planet (red). Image originally created by
Global Warming Art (https://en. wikipedia. org/w/ index. php? title=Image: Solar_ Spectrum.

png8redirect=nofoldid= 137131966 ) and reproduced under the Creative Commons Attribution-Share
Alike 8.0 Unported license (https: // creativecommons. org/ licenses/by-sa/3. 0/ deed. en ).

The attenuation of solar radiation by the Earth’s atmosphere is quantified by a
term called Air Mass (AM) which in principle defines the mass of atmosphere that light
has to travel before reaching the surface of the planet. This path length is defined by
the angle of the Sun’s radiation incident on any given surface of the Earth respective to
an ideal case where the Sun is positioned perpendicular to the horizontal plane of such

surface. Air mass is then defined by

1
AM = — 1
cosf (1)
where 6 is the mentioned angle. This means that if the Sun was positioned

perpendicular to the horizontal plane of the Earth the AM would be 1. This case is only

possible at certain locations during a specific time of the year and lasts for a very short
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period of time, for example, on the equator of the Earth at noon during the equinoxes.
This means that most of the time the sun is at a lower position in the sky and therefore, as
the Sun is farther away from that ideal vertical position, # increases elevating the amount
of AM that the light has to travel through. This thus is time and location dependant,
but for solar cells testing, the worldwide accepted standard value of power input (Py) is a

simulated solar radiation at AM=1.5 global (G) with a total insolation of 1000 W m™222.

2.3 Current and voltage

The detailed current-voltage characteristics of a solar cell are a complex combination of
several physical phenomena and it is highly complicated to quantitatively express them
with absolute accuracy. However, different theories and approximations allow the simplifi-
cation of these phenomenons to a level whereby it is possible to have a solid understanding
of the principles of a solar cell current-voltage response for the correct design of devices.
In this section and in sections 2.4 and 2.5, the current-voltage characteristics and effi-
ciency of a solar cell will be described based on the reasoning found in the textbook by

Jenny Nelson? and the website pveducation.org by Honsberg and Bowden??,

A solar cell is the basic building block of a photovoltaic system. This cell can
be considered as a two terminal device that conducts like a diode in the dark. When
illuminated, a voltage is developed within the cell. This electro-motive force is capable
of driving a current both within the device and through a load connected to an external
circuit (which ultimately is the objective in order to extract electrical power from the cell).
If the terminals of the device are isolated (which is equivalent to them being connected
through an infinite resistance load) there is no flow of current allowing the voltage to reach
its maximum possible value called the open circuit voltage (Vo.). Meanwhile, when the
terminals are directly connected together (which is equivalent to them being connected
through a zero resistance load) there is no potential difference between the terminals
allowing the current to reach its maximum value called the short circuit current Ig.. For

any other than an infinite or zero resistance load, the cell develops a voltage greater than
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0 and lower than V., generating a current such that

V =1IR, 2)

where Ry is the total resistance within the entire circuit. This current-voltage
relationship is shown in figure 4. The characterisation of the performance of a solar
cell, and therefore its efficiency, is highly based on its current-voltage relationship. This

relationship will be explained in detail in section 2.5.

Since a solar cell behaves like a diode, the dark current can be mathematically

described by the diode equation??:

I = Io[exp(s—v) —1] (3)

where I, is the dark saturation current (a leakage current that flows in the dark
and that is inversely related to the material quality due to its dependence on recombina-
tion events?®), ¢ is the electrical charge, V is the applied voltage, n is the diode ideality
factor (how close to an ideal diode the actual diode is), k the Boltzmann’s constant, and
T the temperature. The current voltage response of this case where the solar cell is not
under illumination is shown in figure 4a. However, and as it was mentioned above, when a
solar cell is illuminated the developed voltage generates an additional current. Applying
the superposition approximation suggested by Lindholm et al.?” the total current of the
solar cell when it is under illumination can be expressed as the sum of the dark current

and the illumination current (I;). Then equation 3 becomes:

qV
I1=1, —)—1]-1 4
ean(-L2) 1]~ 1 (4
and its current voltage response can be appreciated in figures 4b and 4c. As it

is convention to report and analyse the photovoltaic parameters of a solar cell as positive

values, the previous equation is multiplied by -1 to obtain the current in the first quadrant
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(figure 4d). Additionally, since current is fairly proportional to the illuminated area it
is more useful to report the current density (J) which is the current normalised to the
illuminated area (I/A). This is particularly useful for scaling up this technology. However,
in the remaining sections of this chapter the theory of current-voltage characteristics will

remain described in terms of I for simplicity.
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Y electrical characteristics as a large diode. Y shifts as the cell begins to generate power.
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Figure 4: Curent-voltage characteristics and equivalent circuit diagram of a solar cell in a) the dark,
b) under illumination, c) under a higher intensity illumination, and d) in the corrected quadrant for
convenient expression of power generation (location of Is. and V,. in the I-V curve is shown). Images

produced by Honsberg and Bowden??.

It was mentioned before that the efficiency of a solar cell is dependant on the
illumination and the effectiveness of light absorption and charge extraction. This can be

now seen in the following equation

Ju—1q / b(E)QE(E)dE (5)

which shows that the short circuit current density is dependant on the incident
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spectral photon flux b,(E) (W m™) and its energy range, the electronic charge ¢ (A S), and
the quantum efficiency QF (%)?%. This last term describes the number of charge carriers
generated per incident photon. QFE is dependant on the light absorption coefficient, and
effectiveness of charge transport and charge extraction of the solar cell’s materials and
structure, but it is independent of the illumination. This independence that ) F has from
the incident light makes QFE a useful term to understand the performance of a solar cell

device.

2.4 Fill factor

The current and voltage of a solar cell allow power (P) to be calculated by the solar cell

through the following relationship

P=1V (6)

which means that a combination of the maximum attainable values for I and
V would in theory produce the most power. However, as mentioned above and shown
by figure 4, the maximum values of [ and V are the I, and the V. respectively which
means that, when one of those values are reached, the other one at the same time is zero
resulting in no power produced. Therefore, power is generated when the current and
voltage values are other than I, and V... Moreover, the I-V values should be rather seen
as a relationship in which the increase of one of those values will result in the decrease of
the other one. This means that the maximum power produced by the device will occur
at some combination of I and V. Tt is worth noting that power generation in solar cells is
only true for an I-V combination in the fourth quadrant (or the second one if corrected
for positive convention), and that an I-V combination in any other quadrant will result in
power consumption rather than power generation. This is because any I-V combination
in the first or third quadrant requires the voltage to be negative or reverse biased, and
on the second quadrant (when not corrected for positive convention) equation 4 results
in a shift in an I value with the opposite sign which means a change in the direction of

the flow of current.
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At a given specific combination of current and voltage, the power reaches its
maximum value which is called the maximum power point (P, or MPP). These values
of current and voltage at which P, is obtained are called the maximum power current
(Imp) and the maximum power voltage (Vi) respectively. The ratio between the product
of I, and V,,, (i.e. the maximum power P, that the solar cell is capable of producing)
and the product of the Iy and the V. is called the fill factor (FF) which is used to
indicate the "squareness" of the I-V curve and it essentially describes how well the solar
cell behaves as a diode. This is shown in figure 5 where the larger squared area (pale
blue) represents the product of Iy, and V,., and the smaller area (dark blue) represents
the maximum power attainable from the solar cell. The closer the smaller area is to the
larger area the higher the fill factor will be and therefore the more squared the I-V curve
will be, which represents a closer behaviour to a good diode. Figure 5a) shows an I-V
curve that results in a good fill factor. In contrast, figure 5b shows a worse fill factor is
evidenced by the reduced small area and the less squared I-V curve. A plot of voltage
against power is also shown in figure 5 (green line) to demonstrate how a reduced fill

factor results in a reduced power output from the device.
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Figure 5: Comparison of two fill factors (blue boz); a) a good (high) fill
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factor, and b) a poor (low) fill

factor. The pale blue coloured box represent the product of the I, and the V,.. The red curve represents
the I-V curve of the solar cell, and the green curve represents the power as a function of the voltage.

In a solar cell, the current has to flow within the d
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travel through the external circuit, and therefore, the device is subject to current-voltage
losses due to the various resistances present within the materials and architecture of the
device. The fill factor is strongly affected by such parasitic resistances and thus is a good
indicator to diagnose the origin of the loss of photovoltaic performance due to internal

resistances. The most common are the series (Rg) and shunt (Rg,) resistances.

The Ry exists mainly due to three factors; the resistance of the materials within
the device to the flow of current (which is dependant on the carrier mobility and surface
contact between each of the comprising layers), the quality of the contact between the
electrodes (see section 3.5) and their adjacent layers, and the resistance inherent to the
electrodes. The Ry inversely affects the fill factor (see figure 6), but does not affect the
Vo (since there is no current flowing at this value). However, the I-V curve is severely
affected near the V,. and therefore, determining the slope of the I-V curve at the V.
value can be done to calculate the R¢?°. Mathematically, the current is affected by the

R as shown in equation 7.

ISC 1

Current,
Power

Voltage Voc

Figure 6: Effect of R, on the fill factor and the I-V curve (pale green). The green curve represent the
power as a function of the voltage of the I-V curve affected by Ry. The red curve represents an I-V curve

without any parasitic resistances.
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The Ry, is caused by the leakage of current through the device. This leakage
occurs due to an alternate path being provided for the current to flow resulting in the
decrease of the V,.. This can be caused by poor quality materials (defects or impurities)
or by the edges of the cell. Just as the Rg, the Ry, holds a direct relationship with the fill
factor (see figure 6). In contrast to an I-V curve with significant Ry, an I-V curve with
significant Rg, will be mainly affected near the Ig.. This means that a low Ry, is a sign

of a poor rectifying behaviour of the device. Mathematically, the current is affected by

the Rg, as shown in equation 8.

(Vimps Imp)

(Vinp, Pmax)

Current,
Power

Voltage Voc

Figure 7: Effect of Rs, on the fill factor and the I-V curve (pale green). The green curve represent
the power as a function of the voltage of the I-V curve affected by Rgp,. The red curve represents an I-V

curve without any parasitic resistances.

A simplified equivalent circuit diagram of the parasitic resistances in the solar

cell is shown in figure 8.
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Figure 8: Simplified equivalent circuit diagram of a solar cell with Ry and Rg,.

2.5 Power conversion efficiency

The efficiency of a solar cell is quantified by the total power conversion efficiency (PCE)
of the device and this value can be calculated with the four quantities described in the

previous sections of this chapter: Pi, Iy, Vo, and FF.

The total power conversion efficiency of a device is given by:

Impvmp

s

PCE = (9)

where P, is the standardized power input from the sun (recall from section 2.2).

Since the fill factor can be mathematically described as:

(10)
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then the power conversion efficiency can be calculated as:

LseVoc '

PCE =
C Ps

(11)
which is the main equation used to quantify the photovoltaic performance of

the devices fabricated for this research.

2.6 Inorganic photovoltaics

130 when

Since the photovoltaic effect was first observed in 1839 by Edmund Becquerel
exposing a silver electrode to radiation in an electrolyte, different attempts to use it
to produce current and voltage were made?®'. However, it was not until knowledge of
p-n junctions and transistors were developed and combined that the basis of modern
day inorganic solar cell’s physics were established?>. Soon after, the first conventional
silicon solar cells were fabricated by Chapin et al.3? and a deeper understanding of the
p-n junction along with the concept of the bandgap and the thermodynamics of solar
cells were developed3®. These particular events, along with the different oil crises around
the world during the last five decades, produced a strong impulse for the development
of inorganic photovoltaics that led to their commercialisation. Since then, optimising
manufacturing processes and improving the technology have been the main focus of this
particular technology, mainly to reduce its cost and facilitate its quick implementation

as a viable substitute for other conventional energy generation methods3*36,

At the time of writing this thesis, the whole solar cell market is comprised
of inorganic solar cells and more than 92% of it is dominated by crystalline silicon (c-
Si) based cells®. This first generation of photovoltaic technology consists basically of
a bulk semiconductor sliced into a thin sheet or wafer of which the main component is
doped crystalline silicon. The overwhelming dominance of c-Si based solar cells in the
market is caused by several factors. First, Si is one of the most abundant materials
on Earth’s crust eliminating any foreseeable limits to its extraction and subsequent use.

Solar cells based on s-Si are also some of the most efficient type of photovoltaic technology
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(commercial efficiencies range from 17% to 22%37) currently available in the market
being outperformed only by gallium arsenide (GaAs) based solar cells, however the use
of GaAs solar cells is somewhat limited by the toxicity of GaAs. Moreover, c-Si solar
cells are capable of performing at their nominal efficiency for more than 20 years. These
advantages have kept c-Si solar cells as the dominant photovoltaic technology and have
ben continually improved, since. This has resulted in the significant decrease in cost of
c-Si solar cells achieving an all-time low record of 0.37 W/$ in 2018 and is expected to
decrease to 0.28 W/$ in 202037, There are however some limitations to c-Si solar cells. In
the first instance there is a limitation to substantially increase the efficiency of ¢-Si solar
cells since, according to Shockley and Queisser, the maximum theoretical efficiency that
can be obtained for single junction (not more than one light absorbing-charge generation
material within the device structure) silicon based solar cells is ~29%3%. Currently, the
record efficiency for ¢-Si is 26.7%3® which is close to its technical limit. Additionally, the
fabrication process of this specific technology requires high temperatures around 1100 °C
for the Si ingot!?) and thus a high energy consumption and CO, emissions®®. Moreover
this fabrication process requires a large amount of silicon to be processed for the wafer,
and the wafering process, which according to Schumann et al.“? accounts for 22% of the
entire production cost of this type of cell, wastes approximately 50% of the ingot3°. C-Si
solar cells are also very rigid and fragile which limits their deployment where space is
limited or in non-flat surfaces. It is also important to point out that the fabrication of c-
Si solar cell is highly complex and therefore, this particular industry requires the support
of three different factories for wafer, cell, and module production. This means that in
order for this industry to stay competitive in the market, an integration of these three
separated manufacturing process into one single factory is preferred which is not simple
to achieve. Finally, in a technologically growing world where the demand of silicon is
going to continue increasing to satisfy all other type of semi-conductor applications and
needs?!, it is uncertain if the availability of silicon will remain constant. The possibility
that the silicon solar cells industry may experience volatility in its prices due to a potential

temporary shortage of silicon such as the one from 2005 to 2008 should not be discarded.

There is a second generation of photovoltaic technologies currently available

in the market that avoid the use of silicon wafers and can be more easily processed as
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thin films. The main feature of some of the second generation photvoltaics such as CdTe
solar cells is that they can be fabricated with a more simple method than to c¢-Si since
they can be solution processed. This allows its energy payback time (~0.5 years) to be
considerably less than that of ¢-Si solar cells (1.5-2.5 years)??. CdTe solar cells have
a lower average commercial module efficiency compared to ¢-Si (16.1%'?) however an
efficiency of 21% has been reached in the research scale®”. The main issue with this type
of solar cell is that cadmium is toxic and tellurium is not abundant®?. This makes the
disposal of CdTe pannels an issue in the large-scale commercialization since they pollute
during decommissioning. Moreover, the toxicity of CdTe is a health hazard to the user.
Due to these significant disadvantages CdTe solar cells Cadmium tellurium (CdTe) solar
cells occupy only 5% of the market®. Copper indium gallium selenide (CIGS) solar
cells are another type of thin film second generation solar cells that share most of the
advantages of CdTe solar cells. Currently, CIGS solar cells have a 2% share in the market
and this is unlikely to increase since the use of indium tin oxide in LCD products have
increased the indium demand by several hundred of dollars per kilogram during the last
three decades®. Moreover the selenization of these solar cells requires a highly toxic
(classified as environmental hazard) source of selenium which is hydrogen selenide. This

increases the complexity of the production of CIGS solar cells and thus, is reflected on

their cost.

Despite the significant advances in photovoltaic technology since it was first de-
veloped, and that photovoltaic energy generation has had a fast pace growth in the last
decades, it still accounted for less than 2.5% of the world’s total electricity production in
2018%°. In order for this technology to become one of the main energy generation meth-
ods, its competitiveness must be increased to challenge the current dominant electricity
generation methods. This could be achieved through a fast processing, low cost, more
flexible, nontoxic and environmentally friendly alternative to the conventional inorganic
solar cells, which would potentially translate into a more simple to produce, and lower

cost option.
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3 Organic photovoltaics

3.1 Introduction and general overview

1.46 discovered

In 1977 a new door opened for photovoltaic technology when Shirikawa et a
that polymers can behave as semiconductors. This led to the birth of a third generation
of photovoltaics that are commonly referred to as polymer photovoltaics or organic solar
cells (OSCs). OSCs work under a similar physical principle of photoexcitation than the
conventional inorganic solar cells, but are comprised of relatively more easily accessible

(e.g. synthesis in laboratory) and processable materials than second and third generation

photovoltaics*”. These materials are conjugated polymers.

The advantages of OSCs are numerous. The first major selling point of OSCs is
their processability. In comparison to first and second generation solar cells that depend
on complex processing techniques such as epitaxy or close-space sublimation; polymer
based solar cells can be processed by simple coating techniques due to the solubility of
the materials. This is also in part enabled by the high absorption coefficients of the light
absorbing materials in OSCs which allows their processing as very thin films (~ 50 to 500
nm) while still absorbing a sufficient part of the solar spectrum?®®. At the present time,
most laboratory scale OSCs require additional processing techniques for some of the other
layers that comprise the device structure, however, complete solution processed cells have
already been demonstrated to be a possibility by Krebs et al.*?. Another advantageous
feature of OSCs is their flexibility. Due to the molecular structure of polymers, OSC based
solar panels can take the shape of any surface increasing the width of its applications
and installation methods by, for example, being rolled onto a roof. Additionally, due
to the synthetic versatility of carbon, it is possible to design a wide range of non-toxic
organic materials that comprise the structure of OSCs from a large variety of monomers,
functional groups, or side chains for different specific purposes. Such tunability of device
materials is not easily achieved with inorganic materials which narrows the choice of
materials for solar cells sometimes causing important features such as non-toxicity (e.g.
CIGS solar cells) to be sacrificed in order to achieve good performance. The tunability

of OSCs materials also avoids to some extent the risk of facing a volatility in production
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prices due to material scarcity or high demand in other areas. Another interesting feature
of OSCs is their compatibility with inorganic materials. Researchers have proven that
organic solar cell materials can be combined with inorganic materials to produce high
efficiency solar cells®%5°, This means that organic solar cells can also be used with reliable
solar cell technologies such as silicon to overcome some of their disadvantages. The
features mentioned above have encouraged intensive research in this field during the
last couple of decades mainly due to the promise of a low cost up-scaled photovoltaic
technology capable of being printed or coated by well-known industrial techniques such
as roll to roll or inkjet printing processes which are comparable to those used in the

printing of newspapers or crisp packets®®2,

It is also worth mentioning that there is
another type of new generation solar cells that has attracted a lot of interest within the
last decade and that shares some of the advantages of organic solar cells such as good
flexibility and simple solution processability. Perovskite solar cells are a hybrid between
organic and inorganic solar cells and they have been intensively researched since the first
application of a perovskite structure for solar cells. Their main attractive feature (besides
flexibility and solution processability) is their high efficiency; a maximum of 23.7% has

been achieved for single junction perovskite so far®?.

Perovskite solar cells can also be
combined with silicon solar cells and currently the highest efficiency achieved by a silicon-
perovskite solar cell is 28%53. However, the main disadvantages of perovksites is the poor
stability of the perovskite structure due to different degradation mechanisms®?.

Despite the many enticing advantages of polymer solar cells listed above, there
are two main drawbacks to this type of technology that scientists are actively investi-
gating in order to overcome them. First, polymer based devices have a tendency to
degrade relatively quickly compared to inorganic silicon-based solar cells®®. The latter,
for example, can perform in real-world conditions operating at more than 80% (Ts80) of
their nominal efficiency for at least 20 years as advertised by most manufacturers, while
OSCs struggle to perform at Ts80 for more than a year®®. Even though the stability of
organic solar cells is better than other solution processed solar cells such as perovskites,
it is paramount to improve the lifetime of organic solar cells for the commercialisation of

this technology. In the past few years there has been substantial progress in understand-

ing the degradation mechanisms of some of the most used polymers in OSC’s®7*® along

24



with the development of some specific fabrication conditions and physical treatments to

increase device stability ®%:%.

Moreover, efforts to characterize some of those polymers
regarding their specific influence on the degradation of OSC’s along with the effect of
variable environmental conditions have been undertaken with promising results towards
increasing device stability®'. The other main drawback of OSCs is their relative low effi-
ciency compared to that of first and second generation photovoltaics. For a long time, the
efficiency of OSCs was limited to less than 10%, however, in the last 10 years, efficiencies

between 10% and 16% for single junction OSCs have been achieved %2767

. Such progress
corroborates the potential of OSCs, however, for industry scale, the effiencies reached so
far are still significantly below the average 20% efficiency of the commercially available
first and second generation solar cells. For this reason, finding methods to improve the
efficiency of OSCs remains as the most active area of research within the field of organic
photovoltaics. Moreover, if the processing of OSCs is sufficiently low-cost, the efficiency

does not need to match or surpass that of the other types solar cell technology to become

the most cost-effective option given that the area of deployment is not a restricting factor.

Organic solar cells have good potential and a promising future. It has been
estimated that 15% efficient devices with a lifetime of 20 years could produce electricity
at a cost of less than 0.07 $/kWh® which is less than the average cost of electricity
produced in 2019 in the United States of America (0.11 $/kWh®), the highest energy
consuming country. However, given the current state of the performance of OSCs, it
is clear that in order for them to become a feasible and reliable technology that can
successfully provide major solutions to the problems described in section 1, the two main
drawbacks of OSCs need to be overcome. In the remainder of section 3, the physics
of OSCs will be explored and described with sufficient detail to provide the basis for
understanding the working principles of this technology, and by doing so, providing the
reader with the necessary fundamental knowledge to understand the research carried out

in this thesis.
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3.2 Semiconductor behaviour

It can be stated that the whole process of converting solar radiation into electricity starts
at the light absorbing material where photons transfer their energy to the electrons that
will eventually be used to produce work. This process will be analysed in detail in
section 3.3. However, in order for a polymer to be a suitable material that can be used
as the light absorbing layer in a solar cell, it must first have semiconducting properties.
This is achieved through orbital hybridisation of carbon-based backbone molecules and
conjugation (see figure 9).

170

Carbon has a ground electronic state of 15°25°2p}2p,

In this state, only
two electrons are available for bonding. This is in disagreement with the well known
four valence electrons that allow the formation of the organic molecular structures in
which carbon is involved. This is due to a physical phenomenon called hybridisation in
which the p orbitals merge with the s orbital (hence the term hybridisation) allowing
carbon to form 4 equivalent bonds. The energy required for this process is accounted
for during bond formation, and depending on the energy available during the bonding
step, three different types of hybridisation can occur; sp®, sp?, or sp. It is the sp?
hybridisation that is of particular interest to understand semiconducting polymers. In
this type of hybridisation, the 2s orbital combines with two 2p orbitals to form three sp?
orbitals that have a ~33.3% s and ~66.7% p character. This results in the three sp?
hybridised orbitals having an energy level higher than the original 2s, but lower than the
original 2p orbitals. These hybridised sp? orbitals are responsible for the formation of
covalent bonds which are also commonly referred as ¢ bonds. o bonds are formed by
strongly bounded and highly localised electrons, making them unable to be efficiently
used as part of a dynamic electronic process other than the convalent bonding unless a
significant amount of energy is introduced into the system (e.g. heat, electromagnetic
radiation, reactive compounds, etc). Thus, their main function within the polymer is to
contribute to the stability of the molecular structure™. In sp? hybridised systems there
is, however, one 2p orbital that remains unhybridised and lies perpendicular to the the
o bond plane. This unhybridised orbital allows the formation of a weaker type of bond

with another unhybridized 2p orbital called a m bond, and when it coexists with a ¢ bond
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it is commonly called a double bond (see figure 10). The electrons of m bonds are less
tightly bound and are therefore more delocalised than those of o bonds due to the lower
energy that the m bond is bound by. This allows the 7 electrons to be easily removed
from their original 7 bond by a minimum amount of energy (< kgT') to form an adjacent
7 bond if the structure of the system has a particularly favourable resonance structure for
this type of 7 electron movement. In semiconducting polymers, this favourable resonance
structure occurs when a backbone chain of alternating single and double bonds is present
which allows the 7 electrons to move along a certain length of the continuous, alternating
structure in the chain or even in-between neighbouring chains of similar structure. Such

alternating structures are called conjugated polymers (examples shown in figure 11).

Ground State Excited state Hybridisation

20—+ 204 4

254H— 25_1_/ 1 unhybridised

pr [ A_ . p orbital

b dtsp

2ot

A A A A A 2 unhybridise
2p— | | [ —T % porbitals

/,/\H——T—sp
25+///

Figure 9: Electronic ground state of carbon and its different hybridisations. Electron promotion occurs

due to bond formation.
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Figure 10: A 3D model (a) and 2D structure (b) of an ethene molecule in which sp? hybridization

happens. The blue and red bulges in the 3D model represent the w orbitals which are perpendicular to the
C-C and C-H o bonds.

Figure 11: Three examples of conjugated polymers; polyethene (a), polythiophene (b), and poly[2,7
carbazole] (d).

Since electrons are waves, they can constructively or destructively interfere
when they superimpose (e.g. come together to form a bond). When two 7 orbitals are
in phase, they interfere constructively and form an energy state called bonding. Bonding
is a lower energy state than the original isolated (non-bonding) 2p states and therefore
it is more energetically beneficial for electrons to occupy the bonding state rather than
the non-bonding state. This is the cause of the formation of double bonds; when the
two atoms that can form a double bond come together, the bonding state of their 7
electrons is energetically more favourable than the isolated state of the 7w of each atom.
When the two 7 orbitals are in opposite phases, they interfere destructively and form an
energy state called antibonding. This state is higher in energy compared to the original

isolated 2p states being less energetically favourable to be occupied than the non-bonding
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and bonding states. In semiconducting polymers the m bonding state gets filled by the
electrons during bond formation while the 7% antibonding state remains unfilled. This
is why in a polymer semiconductor m molecular orbital diagram, the highest energy =
bonding level corresponds to the highest occupied molecular orbit (HOMO) and the
lowest energy 7w anti-bonding level corresponds to the lowest unoccupied molecular orbit
(LUMO). The energy separation between the HOMO and the LUMO levels is called the
energy band gap (£,)

E, = FEryvmo — Eromo (12)

and it is an intrinsic property of any given material that for any non-metal is

=>0.
Energy :
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antibonding states
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Figure 12: HOMO and LUMO conceptualization. The difference between these two levels is called the
band gap.

As mentioned above, conjugated polymers are characterised by having a one-
dimensional path of alternating single and double bonds along the backbone. According
to resonance theory, the alternating single and double bonds would be expected to be
equidistant from one another. This would mean that the 7 electrons are delocalised
along the whole polymer chain making it metallic instead of semiconducting due to the

equivalence of the m and mx states. However, in 1983 Yannoni and Clarke observed that
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the single and double bonds in polyacetylene (a conjugated polymer) had different length
distances of 1.36 and 1.44A respectively”. This bond length difference is characteristic
of conjugated polymers and it is caused by the Peierls distortion”. Peierls explains that
in an attempt to lower its total energy, the polymer creates an alternating structure of
short and long bonds to lower the energy of the system and make it more stable. This
limits the delocalization of the 7w electrons only to a certain number of neighbouring
carbon atoms, and it also limits the delocalisation of the electron density to a few repeat

units instead of the whole polymer chain.

The HOMO and the LUMO levels of organic semiconductors can be conceptu-
alized as the valence and conduction bands respectively of inorganic semiconductors and
therefore, the electrons in the HOMO level can be promoted momentarily to the LUMO
by injecting energy to the conjugated polymer system. As will be explained in the fol-
lowing section, the energy needed to excite an electron from the HOMO to the LUMO
level depends on the F, which can be easily tuned by modifying the conjugation length
or chemical structure and composition of the organic semiconducting molecules. As men-
tioned in section 3.1, such tunability is not easily achieved for inorganic semiconductors
due to the lower versatility and compatibility of inorganic molecules and therefore, as
mentioned in section 3.1, one of the major advantages of semiconducting polymers is

their tunability.

3.3 Light absorption

When a photon with an equal or higher amount of energy than the £, of an organic
semiconductor strikes an electron in the HOM O level, it is promoted to the LUMO level
or to a higher vibration energy level respectively. This can be expressed mathematically

as

cxh

= (13)

Ephoton = \
photon

where Epoton 1S the energy of the photon, cis the speed of light, & is the Planck’s
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constant, and Appoton is the wavelength of the photon. If the photon has the exact same
amount of energy as the E,; of the organic semiconductor, the electron will be promoted
directly from the HOMO to the LUMO. However more commonly, if the photon has more
than one discrete level of energy than the E, of the organic semiconductor, the electron
will be promoted to a higher energy level than the LUMO and it will subsequently undergo
vibrational relaxation until it reaches the LUMO level (figure 13a). This vibrational
relaxation happens in a timescale of less than one picosecond. Upon excitation the

polymer will also change its structure from bonding to antibonding (figure 13b).
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Figure 13: (a) schematic representation of the effect of a photon of light which energy is > E, on
a HOMO electron and its vibrational relazation to the LUMO (a). (b) Polythiophene on its bonding
structure (top), and antibonding structure when struck by light (bottom,).

When the electron is excited to the LU MO level, a positive quasi particle called
a hole is created in the HOMO level. This pair of electron and hole is referred as an

exciton and it is bound by coulomb forces. After a statistically determined time (in the
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order of 100 picoseconds to 1 nanosecond), there is a high probability that the exciton
will go under a process called recombination where the electron collapses to the HOMO
level to recombine with the hole left behind destroying the exciton. This recombination
may result in the emission of phonons, or given the right conditions, this process can
also cause the emission of light through phosphorescence or fluorescence. However for
solar cells, recombination is absolutely undesirable as the objective is to use the excited
electrons to produce a current to do electrical work. Therefore, exciton dissociation into

charge carriers before recombination can occur is necessary.
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Figure 14: Schematic representation of the recombination process

The binding energy of excitons generated by organic semiconductors is signifi-
cantly higher than the binding energy of excitons generated by inorganic semiconductors
and thus, the binding energy of inorganic and organic excitons is one of the main differ-
ences between these two types of photovoltaic technology. Inorganic semiconductors have
a relatively high dielectric constant €. This results in the coulomb force that is binding
the electron hole-pair being significanlty lower than the value of kgT (e.g. silicon has
an exciton binding energy of 0.0027 eV ™), enabling the generation of free charge carriers
without any further energy input required than just room temperature. For organic semi-
conductors the opposite is true. Due to the relatively low €,, the coulombic attraction of
the exciton is much higher than kg7 (typically 0.3-0.5 eV ™), requiring additional energy

to separate both charges and impede exciton recombination. In the following section, the

33



most commonly used method to separate the exciton into positive and negative charge

carriers in organic semiconductors will be explained.

3.4 Charge separation

In order to generate electrical work from the exciton generated by the organic semicon-
ductor, it is necessary to first overcome the binding energy of the exciton and separate
it into its free unbound positive and negative charges. To disassociate an organic exci-
ton it is possible to use a heterojunction, which is also referred to as the active layer
or photoactive layer (PAL) in solar cell argot, comprised of an electron donor material
(i.e. the conjugated polymer where the exciton is formed by light absorption) and an
electron acceptor material (i.e. another organic semiconductor with a higher electron
affinity that can snatch the electron from the donor material). The acceptor must have
an energy level beneficial for the photoexcited electron to move to, and an energy barrier
that blocks the holes from transfering from the donnor to the acceptor (see figure 15).
This can be achieved by using an acceptor which both HOMO and LUMO levels are
sufficiently lower (or further away from the vacuum level) than those of the donor. To
dissociate the exciton, the difference between the LUMO levels of the donor and the

acceptor has to be greater than the exciton bonding energy for the electron migration to

occur:
FEezep < Eg(l)}ll\%O - EZCUCJG\?((;T (14)
LUMO ¢ LUMO vz
vz, LUMO % LUMO
~100fs Individual
free
carriers
HOMO VIIIIIII/.'II:IAI HOMO
Donor vzzzzzzzz7. HOMO Donor vz HOMO
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Figure 15: By using an acceptor material with an energy level beneficial for the electron to relax to

before it can recombine, the exciton can be dissociated and charge extraction becomes possible.
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Exciton dissociation can only occur at the donnor-acceptor interface and there-
fore, it becomes paramount for the excitons to be generated close enough to this interface
such that they can diffuse to it. An exciton has a determined lifetime L before it recom-
bines. This means that it can only travel a certain distance before the electron-hole pair

can be separated. This distance is called the diffusion length and is given by:

Lp=+VDr (15)

where D is the diffusion coefficient. This means that the distance from where
the exciton is photo-generated to the donor-acceptor interface must be lower than Lp
in order for the exciton to be successfully dissociated. If the distance is larger that
Lp the exciton will recombine before reaching the interface resulting in an unsuccessful
charge separation. According to literature, a typical acceptable distance between exciton
generation site and donor-acceptor interface should be in between 5 to 30 nm 77, At
first glance, a logical approach to heterojunction engineering would be to create a 10
nm thick bilayer of donor-acceptor in order to increase the charge generation per photon
absorbed (i.e. quantum efficiency) as much as possible. However, Beer-Lambert states

that the absorbance A of light has a direct dependence on optical depth 7:

T

- 1
In10 ( 6)

meaning that a higher thickness would result in more photons being absorbed
and more exictons formed. According to Dang et al®’., a minimum thickness of 100nm is
required to absorb most of the photons available in the specific electromagnetic spectrum
range that conjugated polymers can optically interact with. If a 100nm thick simple
bilayer heterojunction (figure 16a) was to be used, only the region that is within 10nm
of the interface would contribute to current generation. The rest of the heterojunction
would generate excitons upon light absorption, but they would recombine before reaching
the interface. Therefore an ideal heterojunction for optimal efficiency would need a
controlled architecture (figure 16b) that has a large amount of thin interfacial areas.

This nanoscale structuring has being achieved using imprint lithography®!, however it is
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a complex process that at the moment would hinder the price competitiveness of organic
solar cells. Therefore, it has been proven that the most successful way of fabricating
the most optimal active layer so far is through a self-organised, bulk heterojunction.
This architecture is very simple to create as it only requires the donor and the acceptor
polymers to be soluble in the same organic solvent. A solution blend can then be produced
and coated onto a substrate. Upon drying, the materials distribute effectively through
the bulk heterojunction as shown in figure 16c. As can be inferred, controlling the
morphology of the bulk heterojunction is crucial to obtain maximum exciton dissociation
and charge generation. This is a whole separate area of research within the organic solar
cell field that is not the primary focus of this thesis, and therefore, the reader is advised
to consult the literature suggested in the following references®?84. In the same manner, it
is important to note that even after the electron transfers from the donor to the acceptor,
the electron and hole pair still exists (bound by weaker forces estimated to be in the
order of a few hundred meV®®) and may recombine due to geminate and non-geminate

recombination®®8. This is known as charge-transport (CT) recombination and the cited

references provide an in-depth review to this topic which is not the focus of this thesis.

a) b) C)

Acceptor

Donor

Figure 16: A bi-layer heterojunction (a), an ideal heterojunction (b), and a bulk heterojunction (c)

comprised of a donor-acceptor interface.

3.5 Charge transport

Once the charges have been generated and separated to the respective donor and acceptor
phases, and the exciton successfully dissociated, the charges need to be transported and
collected at two different electrodes in order for them to be able travel throughout an
external circuit and a load. To avoid recombination events at any of the electrodes,

holes and electrons must be collected at separate electrodes. Otherwise any electron
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encountering a hole will result in the recombination and loss of those respective charges.

First, the charges have to travel within the bulk heterojunction to its adjacent
layers. In disordered organic semiconductors the charges are localised to single molecules
(the conjugated segments mentioned in section 3.2). Charge transport then occurs by
temperature and electric field assisted hopping®® which at the same time is dependant on
the density of charge carriers and the energetic and spatial distribution of transport states.
The organic field effect transistor (OFET) model has been used to relate the molecular
structure to charge carrier mobility, however it is still not completely understood how the
molecular ordering influences the charge transport properties of polymers. Nevertheless
a well accepted parameter to measure the charge transport is carrier mobility p which is
positively related to the efficiency of the device. Therefore, donor and acceptor materials

with a high carrier mobility will facilitate charge transport within the bulk heterojunction.

Since the electrodes are placed opposite to each other and adjacent to the bulk
heterojunction (figure 17a), the electrons and holes need to travel to their respective
electrode and be prevented from reaching the other one where the opposite charge is
being collected. In an ideal heterojunction (such as the one shown in figure 16b) the
collection of electrons and holes at their respective electrodes would be facilitated by
the arrangement of the acceptor and the donor materials (i.e. the donor material would
prevent most of the the electrons from going into the hole conducting electrode, and the
acceptor material would prevent most of the holes from going into the electron conducting
electrode). However in a bulk heterojunction the phase distribution is randomized (16¢)
and therefore some donor material is in contact or very close (<Lp) to the electron con-
ducting electrode (and vice versa with the acceptor and the hole conducting electrode)
promoting recombination due to the migration of both electron and hole to the same
electrode. To prevent this, electrodes with different work functions ¢ can be employed,
such that they provide a favourable energy level for the desired charge carrier and at the
same time a non favourable energy level for the non desired charge carrier. Therefore,
an electrode with a low ¢ (ideally equal to the LUMO of the acceptor) can be employed
to extract electrons and block holes, and an electrode with a high ¢ (ideally equal to
the HOMO of the donor) can be employed to extract holes and block electrons. When

these ideal conditions are true the materials form an Ohmic contact. In reality, finding
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a combination of donor-acceptor and electrode materials that match each other’s energy
levels to such level of perfect alignment is very difficult to achieve. Moreover, even if a
perfect combination of donor-acceptor and electrodes were to be achieved, some recom-
bination events would still occur due to some charges migrating to the wrong electrode
as a result of probability. Additionally, the electrodes can have energy levels that pro-
mote exciton quenching, and therefore, when the electrode is in direct contact exciton
dissociation can be increased when the electrode is in direct contact with the exciton
generation sites. To reduce recombination events at the electrodes, buffer layers that sit
at the bulk heterojunction-electrode interface are normally incorporated to the device
structure. Such buffer layers have energy levels that have two main functions; to provide
a more favourable energy level for the transition of the desired charge to its respective
electrode (this is, if the work function of the electrodes is not perfectly matched in an
Ohmic contact with its respective active layer materials) and to block the opposite charge
from reaching that electrode by having an unfavourable energy level for such charge to
travel to the electrode (figure 17b). Due to their main function in facilitating the trans-
port of charges, these buffer layers are commonly referred as electron transport layer

(ETL), and hole transport layer (HTL).

Electron collecting electrode HTL
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Figure 17: (a) Cross sectional view of the bulk heterojunction, electrodes, and buffer layers. (b)
Schematic example of a favourable energy alignment for charge transport. Energy levels of the hole
conducting electrode indium tin oxide (ITO), hole transporting layer (PEDOT:PSS), donor material
(P8HT), acceptor material (PCBM), electron transporting layer titanium ozide (TiOz), and electron
conducting electrode (gold) are reported by Kettle et. al. and Yoshida et. al.?%%!,

Since the main focus of this thesis is an investigation on the active layer-hole

collecting electrode interface, a separate section on buffer layers is presented later in this

38



thesis (3.7). This section was just an introduction to the charge transport phenomena in

organic solar cells.

3.6 Device architecture and relevance of P3HT:PCBM based de-

vices

The device architecture of organic photovoltaics have evolved substantially in the past
three decades. During the very first age of organic photovoltaics, these consisted of only
a photo-sensitive layer placed between two electrodes with different ¢. For example, in
1982, Weinberger et al.?? achieved a QFE of 0.3% through a polyacetylene based solar
cell sandwiched between graphite and aluminium. Different polythiophenes were later
investigated and devices with an improved V,. were achieved?. Efficiencies up to 0.1%
were then achieved by using a poly(p-phenylene vinylene) based active layer between
indium tin oxide (ITO) and A1%%. The low efficiency of these devices could be attributed
to the strong exciton binding energy generated in the photo active material, and as this
became more clear, OSCs research shifted towards the emerging bi-layer donor-acceptor

heterojunction solar cells.

1.9% were the first OSCs researchers to achieve and even patent a device

Tang et a
with a PCE of 1%. It consisted of a bi-layer heterojunction of copper phthalocyanine and a
perylene derivative. They were also the first to observe and propose that charge separation
is much more effective at a donor-acceptor interface than at an electrode interface. Soon
after the first use of the bi-layer heterojunction, different acceptors were investigated
along with conjugated polymers to produce higher efficiency devices. During this time, a
major breakthrough occurred for the whole field of material’s science. The fullerene Cl

molecule was discovered by Kroto et al. %

, and its properties proved to be highly suitable
for organic photovoltaic applications mainly due to its processability, conductivity and
transparency. Sariciftci et al.” reported the first device based on a poly[2-methoxy-5-
(2’-ethylhexyloxy)-p-phenylene vinylene| (MEH-PPV)/Cqq bi-layer heterojunction that
was placed between ITO and gold electrodes. The researchers demonstrated that the

photocurrent of the Cyy incorporated devices was more than 20 times higher than that

of the devices whose active layer consisted only of MEH-PPV. Cyy quickly became one of
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the most used acceptors in heterojunction cells, specifically in the form of phenyl-C61-
butyric acid methyl ester (PCsBM or PCBM). However, as explained in section 3.4, in
a bi-layer heterojunction structure a significant amount of excitons are not succesfully
dissociated because they do not reach the interface before recombination and therefore,
no major increase in the PCE of organic solar cells occurred until the use of the bulk

heterojunction.

Some of the first bulk heterojunction based devices were demonstrated by Yu
et al. who reported the use of a blend of MEH-PPV and Cg,%. The same researchers,
who had also previously attempted the use of a bulk heterojunction with the same type
of polymer-fullerene blend®®, were the first to spin-coat a 20/80 ratio blend of MEH-
PPV and Cg, on ITO evaporating calcium as the top electrode. This resulted in a
QF of 29% and a PCE of 2.9%. Soon after, Shaheen et al.'% reported a QF of 85%
and a PCE of 2.5% using a bulk heterojunction based on a PPV-derivative. Due to
its success and simplicity, the use of a bulk heterojunction has become the most used
and investigated morphology in organic solar cells. This has led to the development and
research of different donor materials such as PCDTBT!%, PSiF-DBT %2, PSPTPB!%3,
PTPT! PTB7!%, PABT4T-20D!% PBDB-T-CI!%" among others, all of which have
been combined with a wide range of acceptors!®®, including the currently popular non-
fullerene acceptors!®®. This diversity of bulk heterojunction materials has allowed OSC
technology to reach efficiencies of up to 17.3% % so far for single junction architectures.
However, the most investigated and understood bulk heterojunction for OSCs by far is

poly[3-hexylthiophene|(P3HT):PCBM®.

To date, the highest efficiency achieved for P3HT:PCBM devices has been over
6.5% !, however the average efficiency for these type of devices is ~2.5%8%°. The influence
of several factors on the efficiency of P3HT:PCBM based devices have been investigated

such as solvent selection ', vapor annealing!*?, ink viscosity '

, and annealing tempera-
ture!'® among others. One of the most influential and easier to control parameters that
strongly impacts the morphology of the bulk heterojunction and thus, the efficiency of
the devices, is the P3HT to PCBM solution ratio''¢. Tt has been proven that a weight
ratio of 1:0.8 of P3BHT:PCBM is close to optimal for achieving the best morphology for

improved device efficiency®’. The morphology can also be strongly influenced by a ther-
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mal annealing treatment. This treatment enables the blend nanodomains to be increased
to values corresponding to the exciton diffusion lengths in each material'!’. However, an
excess of these nanodomains can actually hinder the PCE of the PSHT:PCBM blend, and
therefore, the annealing time and temperature has to be optimized. It is also possible
to add dopants to the blend solution in order to optimize the phase separation between
P3HT and PCBM!'*® resulting in a more beneficial morphology for the dissociation of
excitons. The thickness of the BHJ is also a parameter that strongly influences the PCE
of the device. A P3HT:PCBM blend can have thicknesses up to 266 nm which allows
for a good light absorption, however, high thicknesses have been proven to experience a
high amount of recombination events likely caused by the wide domain sizes of the bulk
heterojunction %2 Therefore, an optimal thickness for this blend has been determined

to be between 50 and 100 nm.

Depending on the regioregularity and molecular weight, P3HT has HOMO and
LUMO levels between -5.2 and -4.8 ¢V, and -3.2 and -3.6 eV respectively which results
in an average optical E, of approximately 2.0 eV. This can arguably be a limitation to
the maximum attainable PCE for P3HT:PCBM based solar cells due to the fact that
the large I, of =~ 2 eV results in an absorption of light limited to wavelengths lower
than 650 nm. For the solar spectrum this means that under AM=1.5G, less than 23%
of the total amount of photons are absorbed. This was one of the motivations for the
development of low band gap polymers such as PCDTBT, which through lower HOMO
and LUMO levels have a longer wavelength absorption onset (890 nm for PCDTBT)
allowing them to absorb more in the visible and infra-red region of the electromagnetic
spectrum. However, low band gap polymers usually do not absorb strongly in the lower
wavelengths of the solar spectrum being unable to use the full potential of all the solar
resource available. This has caused the emergence of a device architecture that combines
two or more active layers called tandem solar cells or multi-junction solar cells. Such an
architecture is not exclusive to OSCs, and has proven to produce the highest efficiency
devices for different type of solar cell technologies®®. Tandem solar cells however have a
much more complex device architecture due to the numerous materials involved in their
structure compared to single active layer devices and therefore are more susceptible to

degradation mechanisms and thus reduced lifetimes. This has been a major limitation
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for the scaling up of full organic tandem solar cells. On the other hand, single junction
P3HT:PCBM based devices have already been scaled up and tested in real-environmental
conditions showing promising results'?'"123, The readiness of P3HT:PCBM based OSCs
for large-scale production has allowed research on P3HT:PCBM to stay relevant and ac-
tive within the scientific community and to date, P3HT:PCBM devices are still being
actively investigated. Moreover, given the extensive study and good understanding of
P3HT:PCBM based devices, such blend is highly convenient to use when investigating
novel ideas, materials, and methods that impact the other aspects of the device architec-
ture (e.g. other layers, or processing conditions). This is due to the fact that the number
of unknowns or not understood phenomenons can be reduced and attributed to the effects
produced by any new material or methodology used for the fabrication of the device. The
characteristics mentioned above about P3HT:PCBM blends are to some extent true for
the PCDTBT:PC;,BM blend. Since this research intends to investigate the interface be-
tween the active layer and the HTL, a P3BHT:PCBM blend was chosen as the main active
layer to be investigated due to the reasons mentioned above. Hence, any principle behind
the improvement of the interface quality between the PSHT:PCBM active layer and HTL
determined in this research can be equally applicable to other higher performing active
layer blends. The PCDTBT:PC7BM blend was also used in this research using the same
reasoning than for the P3HT:PCBM.

Irrespective of how optimal an active layer can be achieved, the efficient trans-
port and collection of charges at the electrodes plays a crucial role in the efficiency of
OSCs. As discussed in the previous section, charge collection is not optimal when the
active layer is placed in between two electrodes only. The use of interfacial layers be-
tween the electrodes and the active layer was first reported for organic light emitting
diodes (OLEDs) which operate with the same basic physics principles that OSCs. The
interfacial layers used in OLEDs showed that they can significantly affect the active layer-
electrode interface by inducing interfacial charge redistributions, geometry modifications,

and chemical reactions!?4125,

Soon after, interfacial layers were used in OSCs signifi-
cantly improving the photovoltaic performance of the devices. The addition of the two
interfacial layers between the electrodes completes the device architecture (figure 17) that

is commonly used nowadays for OSCs and that will be used in this thesis.
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3.7 Buffer layers

Whereas efficient charge separation relies heavily on the quality of the donor-acceptor
interface, charge extraction depends strongly on the quality of the active layer-electrodes
interfaces. As mentioned in section 3.5, the role of the electrodes in a solar cell is to
collect the respective positive and negative charges. Therefore, the optimization of the
interfaces between the active layer and the electrodes to allow a smooth transition of the

charges from the active layer critically affects the PCE of the device!2¢,

A direct con-
tact between the electrodes and the active layer, however, does not necessarily form an
optimal interface for charge transport and extraction, due to different charge loss mecha-
nisms that contribute to a decrease in the PCE of the device. For example, XPS studies
reveal that an insulating Al/PPV layer of approximately 30 A is formed between the
PPV active layer and the Al ECE. This insulating layer serves as a blocking barrier for
electrons and its thickness increases as a function of time which eventually results in the
failure of the device'?”. Another disadvantage of the active layer-electrodes interaction is
the non-optimal alignment of the ¢ of the electrodes and the active layer energy levels.
For example, ITO, a widely used transparent electrode in OSCs, has a ¢ of 4.7 ev which
is neither aligned with the HOMO level of the most common donor polymers nor the
LUMO of fullerenes!'?®. This means that ITO has no selectivity of negative or positive
carriers making it a recombination site when both types of charges reach the electrode.
Additionally, and particularly for ITO, it has been proven that within time, indium dif-
fuses into the organic layer forming trap sites for recombination'?’. As mentioned above,
such reactivity between electrode and active layer also happens for other electrodes such
as AIY and needs to be avoided in order to extend the functionality of the device over
an extended period of time. In order to solve the problems related to the interaction
between active layer and electrodes, several materials have been employed as inter-facial
layers between the electrodes and the active layer including organic molecules, metal ox-
ides, and composites of organics with inorganic dopants*1!32, These interfacial materials
can serve as exciton blocking layers that have selectivity for charge carriers. This means
that they have the capability of allowing one type or charge carrier and block the other

4

type or charge carrier'?!. Interfacial layers also serve as an insulating buffer layer that

can prevent chemical reactions between the organic materials in the active layer and the
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electrodes as well as the diffusion of metal ions from the electrodes to the BHJ 33,

The interfacial layers placed between the electron conducting electrode and the
active layer are called cathode buffer layers or electron transport layers (ETLs) and their
function is to improve the transport and collection of electrons generated in the active
layer to the external circuit. As mentioned in section 3.6, the most used acceptors in or-
ganic solar cells are fullerenes, specifically PCBM, and since its LUMO level (~ -3.8 eV)
is not aligned with the most commonly used electron conducting electrodes like Al (¢p=

134 affecting the efficiency of the device. Moreover, as men-

-4.3 eV) some V. losses occur
tioned above, the randomized morphology of the BHJ can provoke hole transport from
the active layer to the electron conducting electrode fomenting recombination. Therefore
the three main functions of a ETL are to facilitate the transport of electrons generated
in the electron donor material to the electron conducting electrode, to form an Ohmic
contact with the electron acceptor material, and to block positive carriers (holes) from
reaching the electron conducting electrode. Low ¢ metals are commonly used as ETLs
in organic solar cells, calcium (Ca) being one of the most popular due to the formation
of an ideal Ohmic contact at the interface between PCBM and Al leading to an increase
in V. which results in the improved efficiency of the devices!®®. Heeger et al. obtained a
FF of 75.1% in OSCs by using Barium as a ETL which was alleged to prevent Shockley-
Read-Hall recombination at the interface and to increase the R,,, of the device that also

136 Metal oxides such as titanium oxide (TiOx) and zinc

resulted in the decrease of R,
oxide (ZnO)'¥7 are also commonly used as ETL due to their ¢ being close to the LUMO
of PCBM and Al resulting in the formation of a good Ohmic contact between them. ZnO
in particular has attracted significant interest due to several attractive characteristics.
First, ZnO has a Fermi level that matches that of PCBM (-4.3 eV) facilitating the elec-
tron transfer from PCBM to the electron conducting electrode. Moreover, ZnO has high
electron mobility (2.5 cm? V! §71)138 and very simple solution processability '*°.Zn0O also
can be doped with metals such as Al to improve its electrical conductivity'*?. One of
the main disadvantages of metal oxides is that they require a relatively high temperature
(>200 °C) to be sol-gel processed, however, alternative processing techniques, such as
vapour deposition, can be used to deposit the metal oxides onto the substrates of the
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devices® Other type of metallic compounds that have been succesfully incorporated
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as ETLs in OSCs are alkali metallic compounds, among which the most commonly used
is lithium fluoride. For example, Brabec et al. reported enhanced FF and V,. of OSCs
when a thin layer of LiF layer was deposited between the active layer and the electron
conducting electrode (different devices with Al or Au were fabricated). This resulted in
an improved PCE by more than 20% (compared to the reference devices without LiF)
which was attributed to the formation of a dipole moment accross the junction due to
either a chemical reactions or the orientation of the LiF %2, Other alkali metals such as
KF, CsF, and NaF have also been successfully incorporated as ETLs in OSCs to improve
the PCE of the devices by reducing the R of the devices. However, it was reported that
ultra thin layers of less than 1.2 nm are required for these ETLs to improve the PCE of
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the devices'®. Some organic materials such as bathocuproine (BCP)!*, poly(ethylene
glycol) (PEG) 5, and PFN'® and even fullerene Cgy derivatives'4” have also been suc-
cessfully employed as ETLs in OSCs to improve the PCE of the devices. Each of the
mentioned organic ETLs incorporated in different device structure compositions improved
the efficiency of devices through different mechanisms, corroborating the complexity of
the interactions between the different layers within the OSCs structure. There are also a
few reports of graphene derivatives such as cesium-neutralized graphene oxide (GO-Cs)
that have been succesfully incorporated as ETLs to improve the PCE of OSCs'#®, how-
ever, the other mentioned ETLs have been more extensively used. Since the focus of this
thesis is the interface between the active layer and the hole transport and conducting
layers, ETLs will not be discussed any further, however, should the reader wish to know
more about such interfaces, an in depth review on ETLs can be found in the following

cited references 24125132

The interfacial layers placed between the hole conducting electrode and the
active layer are called anode buffer layers or hole transport layers (HTLs) and their
function is to improve the transport and collection of holes generated in the active layer
to the external circuit. In order for HTLs to improve the performance of OSCs they
should have certain characteristics. In a similar way to ETLs (but with the opposite
charge), HTLs need to improve the transport of holes generated in the electron donor
material to the hole conducting electrode (e.g. by having good hole mobility). Moreover,

HTLs need to form an Ohmic contact with the electron donor, and to have a good electron
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blocking capability to reduce the number of recombination events at the hole conducting
electrode. Ideally, HTLs should also be easily processed (e.g. sol-gel) and have a surface
energy compatible with the hole conducting electrode for good adhesion with both the
hole conducting electrode and the active layer (e.g. by having a smooth surface that
enhances the contact with adjacent layers). In addition to these characteristics, in normal
OSC architectures such as the one used in this thesis (unless otherwise stated) HTLs
need to be as transparent as possible in the solar electromagnetic spectrum to allow
light to reach the active layer. This is also true for the electron conducting electrode
which is one of the main reasons why ITO is very commonly used in OSCs. Ever since
researchers started to use buffer layers, different HTLs have been incorporated into the
structure of OSCs. The main HTL material used in this thesis will be discussed in
detail in sections 3.7.1 and 3.8, however, other commonly used HTLs in OSCs will be

149 vanadium

discussed in brief here. Metal oxides such as molybdenum oxide MoO;
oxide V5,05 tungsten oxide WO5;/WOx 5!, nickel oxide NiOx'®? and copper oxide
CuOx13 have been widely investigated as HTLs in OSCs. Such metal oxides have good
optical transparency in the visible and the near infrared part of the electromagnetic
spectrum and their conduction band is sufficiently higher than the LUMO of most organic
donor materials to block electrons from leaking into the metal oxide and hole conducting
electrode. Moreover, the Fermi level of metal oxides is also well aligned with the HOMO
of polymer donors leading to the formation of an Ohmic contact with the hole conducting
electrode that has little to no resistance. Additionally, metal oxides degrade much slower
than some of the organic materials used as HTLs which improves the lifetime of the
devices compared to those that use organic HTLs. When metal oxides were first used
as HTLs, the predominant method to deposit them was by vapour deposition, however,
a sol-gel process has been proven as equally effective and relatively more simple 4155,
The degree of oxidation of metal oxides plays a crucial role in determining their energy
levels and thus the efficiency of the device, and it can be controlled either by changing the
annealing temperature or by using an oxygen plasma treatment. However, controlling the
degree of oxidation of metal oxides has proven to be difficult and very dependant on slight
variations in the surrounding environment where the metal oxide is processed. Despite

the advantages of metal oxides, organic HTLs have been much more widely investigated

and incorporated to OSCs. This is probably due to their simpler processability (sol-
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gel and <150 °C thermal annealing). Among the most popular organic HTLs used in
OSCs are poly|aniline] (PANT)¢ and PEDOT:PSS'3*, however, as will be discussed
in the following section, the latter is by far the most studied HTL in OSCs due to its
numerous advantages over other HTLs. It is worth noting that graphene oxides have
also been used as HTLs and have shown to improve the stability of devices compared to

those using organic HTLs!?!

, however patterning the graphene oxides is complicated due
to its required small thicknesses and high sensitivity to contamination by other organic
materials that are either within the structure of the device, or used for the processing

157 Given that one of the main foci of this

of the graphene oxide (e.g. photoresist)
thesis is investigating PEDOT:PSS as an HTL for in OSCs, the following two sections

are dedicated to the detailed description of PEDOT:PSS.

3.7.1 PEDOT:PSS

The PEDOT polymer was first developed by BAYER AG in the 1980s. To synthesise
PEDOT, the EDOT monomer needs to be obtained first. This can be achieved by several
methods, however, a four step synthetic strategy that starts from thiodiglycolic acid can
be used to obtain 3,4-ethylenedioxythiophene-2-5-dicarboxylic acid which can be subse-
quently decarboxylated by using a copper salt to obtain the EDOT monomer with a total
of five synthesis steps (see figure 18) %160 This monomer is produced on a large scale by
Bayer AG and is commonly known as Baytron M. It is worth noting that different EDOT

161 however they

derivatives have also been successfully synthesised using different routes
have not being applied in OSCs. To polymerise EDOT, there are three different routes
that can be used; oxidative chemical polymerisation, electrochemical polymerisation, and
a transition metal-mediated coupling of a dihalo derivative of EDOT. Oxidative chemical
polymerisation is the most commonly used method used to synthesise PEDOT. An exam-

ple of this method is shown in figure 19 in which Iron(III) p-toluenesulfonate (Fe![OTs]3)

and imidazole as a base are used at high temperature to polymerise EDOT 162,
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Figure 18: Five step synthetic procedure for 3,4-Ethylenedioxythiophene.
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Figure 19: An example of an ozidative chemical polymerisation of EDOT.

When PEDOT was first synthesised, it exhibited a decent electrical conductiv-
ity of 300 S cm™, high transparency when coated as a thin film, and good stability in
the oxidized state!®®!63. However, due to its strong p-type character, PEDOT proved to
be insoluble which hindered its processability and practical use in most applications. To
solve the solubility problem, researchers at Bayer AG polymerised the EDOT monomer
in an aqueous solution of the negatively charged polyelectrolyte poly(styrerene sulfonic
acid) (PSS) using Na,S,0g as the oxidising agent. The water soluble PSS serves as a
counter ion for the positively charged PEDOT. The polymerisation process resulted in a
PEDOT:PSS dispersion typically called Baytron P that can be easily be processed into
a thin film by different methods!3*.
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Figure 20: Synthesis process of the Baytron P PEDOT:PSS.

Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) is one
of the most widely used conducting polymers,'* with applications that range from
OLED based displays 6415 and solar cells'?41¢ to hone regeneration'®” and nanobioint-

erfaces %819 This is due to its numerous advantageous characteristics such as its biocom-

1705171 172-174 134

patibilty , good thermal and mechanical stability , excellent water solubility "%,

and optical transparency in the visible spectrum when processed as a thin film %2,

In
addition to this, it has low toxicity, a high enough LUMO (see figure 17) to block elec-
trons generated by most polymer donors, and a high work function which allows it to
make a good Ohmic contact also with most polymer donors'™. All of the characteristics
mentioned above make PEDOT:PSS a good material to be used as an HTL in OSCs'76.
Given that P3HT:PCBM is also the most investigated active layer blend, it is no surprise
that PEDOT:PSS is the most used HTL in P3HT:PCBM based OSCs, including the
scaled up P3HT:PCBM photovoltaics'”". Despite the many advantageous properties of
PEDOT:PSS, it far from being an optimal HTL material for the fabrication of efficient
and stable OSCs. For instance, the conductivity of PEDOT:PSS is relatively low com-
pared to PEDOT or other conductive materials such as metals or metal oxides resulting
in a reduced hole transport capability and hence, lower Ji. of the device. This is due to
the highly insulating nature of PSS which, in order to make PEDOT soluble, needs to be
present with at least twice as much PSS as PEDOT in the PEDOT:PSS dispersion. The
good water solubility of PSS also makes it highly hygroscopic!'™ which is undesirable for

device stability since H,O and O, are highly damaging to the device due to their reactiv-
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ity with the different materials within the device structure. Moreover, when deposited as
a thin film the highly acidic nature of PSS triggers reactions between PEDOT:PSS and
the organic active layer that degrades the interface between those materials resulting in
the reduced lifetime of devices!™. In addition to this, the different surface energy levels
of PEDOT:PSS and organic active layers (such as P3HT) thin films result in the poor
adhesion between them which allows the formation of non-adherence that increase the
sheet resistance of the device and serve as degradation seeding points 8182, The specific
mechanisms of degradation between the PEDOT:PSS and P3HT:PCBM are described in
section 6.1 where such issues are addressed as part of the objectives of this thesis. Due
to the non-optimal characteristics of PEDOT:PSS mentioned above, it has become com-
mon practice to use chemical and physical treatments to modify PEDOT:PSS in order
to overcome its disadvantages as an HTL in OSCs. The next section provides a brief

summary on such practices.
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Figure 21: Schematic representation of PEDOT:PSS at different scales.
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3.7.2 Improving the capabilities of PEDOT:PSS as a hole transport layer

There are two main routes towards improving the properties of PEDOT:PSS as an HTL
in OSCs, physical and chemical treatments. A thermal annealing treatment is the most
common and widely used physical treatment for PEDOT:PSS thin films. Kim et al.
showed that a thermal annealing treatment of 75°C to 230°C applied to the PEDOT:PSS
HTL results in a significant improvement of the Ji. of P3HT:PCBM based devices!®3.
The increase in Jg. was probably due to the removal of absorbed ambient water from the
PEDOT:PSS film which led to a slight increase in the conductivity of the film, however,
other authors suggest that a change in the work function and surface roughness of the
PEDOT:PSS film were responsible for the increased Js'?*. UV treatment has been shown
to increase the work function of PEDOT:PSS improving the Ohmic contact with P3HT
without damaging the PEDOT:PSS film '8¢, Oxygen plasma treatment has also shown to
improve the hole collection of PEDOT:PSS films resulting in the improved FF of OSCs !,

Chemical treatment of PEDOT:PSS is commonly done by adding dopants to
the PEDOT:PSS dispersion or diping the PEDOT:PSS film in any given doping solution.
The main issue that has been tackled by researchers in the field is the low conductivity

of PEDOT:PSS (<10 S ¢m). Chemical treatments to the PEDOT:PSS film include

8

immersion on DMF 8 zwitterions!'®®, and sulfuric acid'®" that resulted in the increase

of PEDOT:PSS conductivity by several orders of magnitude. The increased conductivity
was attributed to the removal of PSS from the PEDOT:PSS film by the treating agent. In
regard to the chemical treatment of the PEDOT:PSS dispersion, several types of additives
have been mixed with PEDOT:PSS, in order to improve its hole transporting properties
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in OSCs, specifically by improving its electrical conductivity These additives in-

clude polar solvents #8189 alcohols?%191 jonic liquids'%2, polyelectrolytes!5® acids!93:194,

195 196-199 00

surfactants ™°, salts , and zwitterions? The inclusion of these asymmetrically
charged additives into PEDOT:PSS causes a variety of complex morphological changes
in its molecular structure. For example, the increase in conductivity of PEDOT:PSS by
doping it when in aqueous dispersion (solvent doping) has been widely interpreted as
a result of the weakening of the Coulombic attractions between the positively charged

conducting PEDOT and the negatively charged insulating PSS moieties induced by the
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dual-charge dopant 351967293 ' Thjis is argued to cause a phase separation between the two
moieties which causes a conformational change of the originally entangled PEDOT and
PSS chains 96199203 into a more ordered conducting network that facilitates improved
charge transport?°* when deposited as a thin film. While this is a widely accepted theory
in the field, this change in morphology has been mostly studied using surface techniques
rather than as a thin film due to the fact that most bulk techniques are not very sensitive
to disordered polymer blends composed of two materials close in nature (i.e. PEDOT and
PSS). The lack of a more precise understanding about how these changes occur has caused
ambiguity and inconsistencies in the literature, hindering progress in understanding the
effect additives have on the morphology of PEDOT:PSS thin films. Therefore, efforts to
understand these morphological changes that the doped PEDOT:PSS goes through after
being doped need to be done for optimal PEDOT:PSS engineering.

3.8 Specific objectives

As mentioned in section 1, the general objective of this research is to optimise the hole
transporting interface to improve the efficiency and stability of PSHT:PCBM based solar
cells with PEDOT:PSS as the hole transporting layer. In order to achieve this, three
different specific objectives have been set for this thesis that are addressed in the three

experimental chapters of this document.

The first specific objective of this thesis is to optimise the device fabrication
process to produce devices that perform at a standard compared to those reported in
literature, and thus, proceed with subsequent work to attempt to improve the standard
efficiency of such devices. In particular, the effects that two different evaporation tech-
niques (thermal and electron beam) for the ECE deposition have on the P3HT:PCBM
active layer will be investigated. This will be done by analysing the UV-Vis absorbance
spectrum of the P3HT:PCBM active layer of the device after the electrode deposition.
Given that there are currently no reports in literature comparing the effect that different
electrode evaporation techniques have on the absorption spectrum of the PSHT:PCBM
active layer, it is intended to fill this gap in literature. PCDTBT:PC;,BM and PBDB-
T-SE:IT-4F based devices will be also fabricated to confirm the effectiveness of the evap-
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oration technique that produce the most efficient P3BHT:PCBM devices.

The second specific objective of this thesis is to improve the electrical con-
ductivity of PEDOT:PSS films by doping the PEDOT:PSS dispersion with a previously
unreported zwitterion as a dopant, and to determine some of the liquid and solid phase
structural modifications of the zwitterion doped PEDOT:PSS. The motivation to do this
is to provide insight on the morphological changes that PEDOT:PSS goes through after
being doped with a conductivity enhancing additive. This is expected to contribute an
understanding on doped PEDOT:PSS for its optimal engineering to improve charge trans-
port from the active layer to the hole conducting electrode in organic solar cells. This
specific objective is divided into three different sub-objectives. The first sub-objective
is to determine which of four previously unreported zwitterionic dopants for the PE-
DOT:PSS dispersions improve the conductivity of PEDOT:PSS. This will be done by
processing the doped dispersions into thin films and measuring their sheet resistance
with a four point probe technique. The films with the most significant sheet resistance
decrease will be then characterised with ellipsometry to determine their thickness and
then their conductivity will be determined. The second sub-objective is to determine the
morphological changes that the PSS backbone chain in PEDOT:PSS experiences while
in dispersion when doped with the conductivity enhancing additive, and to determine
the vertical stratification of the doped PEDOT:PSS when cast as a film as a function of
the doping concentration. This will be done by using small angle neutron scattering to
study the doped PEDOT:PSS dispersions and neutron reflectivity to study the respective
processed films. The third sub-objective is to incorporate the conductivity enhanced PE-
DOT:PSS films as HTLs in P3HT:PCBM and PCDTBT:PC-,BM devices to determine

if their photovoltaic performance is improved.

The third specific objective of this thesis is to incorporate three different vari-
ants of a newly developed P3HT-b-PNSS block co-polymer as an interfacial layer between
the PEDOT:PSS HTL and the P3HT:PCBM active layer to improve the hole transport
and compatibility between those two layers. The resulting improved hole transport inter-
face is expected to improve the efficiency of the devices and to prevent some degradation
mechanisms which occur due to the reaction between the PEDOT:PSS HTL and the
P3HT:PCBM active layer. This research will be done by casting different thicknesses
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of the block co-polymers and by incorporating them into PSHT:PCBM based devices.
The thicknesses will be determined by ellipsometry. If the photovoltaic performance is
improved, the successful (in improving the efficiency of devices) block co-polymers will be
studied with different characterisation techniques such as small angle neutron scattering,
atomic force microscopy, ultraviolet-visible spectroscopy, and ultraviolet photoelectron
spectroscopy, to determine the origin of device performance improvement. To determine
if the block co-polymers prevent some degradation mechanisms product of the reaction
between the PEDOT:PSS HTL and the P3HT:PCBM active layer, a lifetime test under
constant illumination, and a lifetime test while stored in the dark will be conducted on the
block co-polymer incorporated devices and a control device without a block co-polymer

layer.

In summary, at the end of this research it is expected that the performance and
stability of standard performing (compared to literature) PSHT:PCBM OSCs will be im-
proved by optimising and characterising the hole transporting materials mentioned above.
In the process of doing such, it is expected to provide deep understanding on the mecha-
nisms of morphological modifications of conductivity-enhanced doped PEDOT:PSS, and
on the hole transport interface improvement that a P3HT-b-PNSS block co-polymer in-
terfacial provides, between the active layer and the PEDOT:PSS HTL of P3HT:PCBM

based devices.
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4 Optimisation of the organic solar cells fabrication

process

4.1 Introduction

In the research field of organic solar cells (OSCs), the first step towards improving their
efficiency is the development of a fabrication process that is capable of consistently pro-
ducing control devices whose performance compares to the standard values reported in
literature. This is necessary as the inter-facility reproducibility of results in the OSCs
research field is difficult to achieve in a short period of time, complicated by the signifi-
cant effect that subtle differences in the processing conditions have on the performance of
devices. Therefore, the first experimental chapter of this thesis is focused on optimising
the device fabrication procedure to make P3HT:PCBM and PCDTBT:PC;yBM based
devices performing at a standard comparable to those in the literature. This chapter
focuses particularly on the deposition of the metal electron conducting electrode (ECE)

by comparing two different ECE deposition techniques to determine the most effective.

OSC literature often reports most of the device fabrication methodology with
sufficient detail to reproduce the experiment, however, the information on the processing
of the ECE is often ambiguous or scarce slowing down the optimisation of device fabri-
cation for scientists starting research in the field of organic photovoltaics. For instance,
there are some reports of standard performing OSCs fabricated by depositing the ECE

205207 - However, for this thesis

using an electron beam (e-beam) evaporation technique
more than 25 different batches of devices were fabricated using an e-beam evaporation
technique to deposit an aluminium (Al) ECE that resulted in very poor photovoltaic
performance or no solar cell behaviour at all. It was found that the organic photoactive
P3HT:PCBM layer is damaged during the e-beam evaporation possibly due to high en-
ergy radiation produced by the highly energetic electron beam striking the evaporation
source. Such damage to the active layer was not found in devices in which the Al ECE

was deposited using a thermal evaporation technique. The damage to the active layer was

investigated by measuring and comparing the UV-Vis absorption spectra of the e-beam
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evaporated devices against the thermally evaporated ones. At the end of this chapter, the
fabrication of standard performance P3BHT:PCBM and PCDTBT:PC7,BM based devices
was achieved by using the thermal evaporation technique to deposit the Al ECE.

4.2 Experimental

4.2.1 Materials

Glass substrates (20 mm x 15 mm x 1.1 mm) coated with a pre-patterned (6 or 8 pixel)
ITO layer (100 nm thickness) were used as the base for the devices and as the hole con-
ducting electrode (HCE) respectively (see figure 22). PEDOT:PSS aqueous dispersions
with a PEDOT to PSS ratio of 1:2.5 (M124) was used as the HTL for all types of devices.
The electron donors used were P3HT (95.7% regioregularity, 65,200 Mw, and 29,600 Mn),
PCDTBT (34,900 Mw, and 16,200 Mn), and PBDB-T-SF (87,845 Mw, 30,282 Mn) while
the electron acceptors used were PCgBM (99% purity), PC7BM (95% purity), and IT-
4F. Float glass coverslips (12 mm x 15 mm x 0.55 mm) were used to encapsulate the
devices with an epoxy (formula undisclosed by the provider) that cures upon exposure to
light of wavelengths below 450 nm. All aforementioned materials were purchased from
Ossila Ltd. PFNBr (>10,000 Mw) used as the electron transport layer for PBDB-T-
SF:IT-4F based devices was purchased from Lumtech. Hellmanex ™III, ethanolamine,
2-methoxyethanol, 1,8-diiodooctane (98.0% purity), and chlorobenzene (99.8% purity)
were purchased from Sigma Aldrich. Propan-2-ol, methanol, and zinc acetate dihydrate
were purchased from Fischer Scientific International Inc. D.I. water was produced in the
lab with an Elga Purelab flex 3 purification system. MoQOj pellets were purchased from
Lesker and aluminum (99.98% pure) used as the ECE was purchased from BDH Chemical
Ltd.
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1.1 mm

Figure 22: Sketch of 20 x 15 x 1.1 mm glass substrates coated with a 100 nm thick layer of ITO (yellow)
used for the fabrication of organic photovoltaic devices. Two types of substrates, one with Siz (a) pizels
and another one with eight (b) pizels, which will account for a measurement each once the device is

complete.

4.2.2 Preparation of inks

For P3HT:PCBM based devices, a 1:0.8 (wt.%) P3HT to PCBM ratio blend was used due
to its reported optimal performance compared to other ratios®%2%:2% Tn order to make
a solution with such ratio, 25 mg of P3HT and 25 mg of PCgBM (weighed in a BL 120
S Sartorius micro-balance) were placed in separate 4 mL amber vials (Fisher Scientific)
and then 1 mL of Chlorobenzene was added to each. The solutions were left stirring on a
hot plate (Bante Instruments MS300 Magnetic Stirrer) at 70°C for 2 hours. Subsequently
0.8 mL of the PCgBM solution were added to the P3HT solution and then the active
layer solution was left stirring on the hot plate at 70°C for 30 more minutes. Finally the
solution was left for approximately 10 minutes to cool down to ambient temperature and

then filtered through a 0.45 ym PTFE filter before use.

For the PCDTBT:PC7,BM based devices, a ratio of 1:4 (wt.%) was selected
for optimal performance as well®%210:211 " Tn order to achieve this ratio, 4 mg of PCDTBT
were placed in a 4 mL amber vial and then 1 mL of chlorobenzene was added to it.
The solution was left stirring at 80°C overnight and then 16 mg of PC7;BM were added
to the solution. The active layer solution was then left stirring for 2 additional hours at
80°C, subsequently left to cool down for 10 minutes, and finally filtered through a 0.45um
PTFE filter before use.
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For the PBDB-T-SF:IT-4F based devices, a ratio of 1:1 was selected for optimal
performance®%1%7. 5 mg of PBDB-T-SF and 5 mg of IT-4F were mixed in a 4 mL amber
vial and then 0.5 mL of a 99.5%:0.5% mixture of chlorobenzene:DIO mixture were added.

The solution was left stirring overnight at 75°C and left to cool for 10 minutes before use.

Before use, the PEDOT:PSS dispersion was taken out of the fridge where it
had been previously stored at 4°C and was left for approximately 10 minutes to warm

to room temperature. The dispersion was then filtered through a 0.45 pym polyvinyl
difluoride (PVDF) filter before use.

To prepare the ZnO precursor solution, 0.2 g of zinc acetate dihydrate and
0.055 mL of ethanolamine were dissolved in 2 mL of 2-methoxyethanol. The solution was

stirred at 20°C for 2 hours.

The PFNBr solution was prepared by putting 0.5 mg of PFNBr in a 4 mL
amber vial and then adding 1 mL of methanol. The solution was stirred at 20°C for 2

hours.

All the solutions were used either on the same day of preparation or the fol-

lowing day. No solutions older than two days were used to prevent any ageing effects.

4.2.3 Cleaning of substrates

In order to remove traces of organic contamination attached to the ITO coated glass
substrates they were cleaned in an ultrasonic bath (MXBAOHENG PS-60A) at 60° C
for 10 minutes with a 0.5% (v/v) solution of a strong alkaline compound patented as
Hellmanex ™III in boiling D.I. water. The substrates were then rinsed twice in boiling
D.I. water to remove any trace of contaminants attached to the substrates. The substrates
were also rinsed once in cold water. The substrates were subsequently sonicated again for
the same time at the same temperature with IPA to remove any trace of Hellmanex ™TII.
The substrates were further rinsed twice in boiling water and once in cold water after
the IPA sonication. The substrates were then dried with nitrogen gas and cleaned with

oxygen plasma (Zepto system, electronic diener plasma-surface technology) for 5 minutes
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to further clear the I'TO surface of contaminants and improve the wettability between

the HTL and HCE.

4.2.4 Device fabrication

The inks were processed into thin films using a spin-coating technique due to its high
reproducibility. During this procedure, the ink is dropped onto the centre of a substrate
that is spun at a controlled speed causing the centrifugal forces to spread the solution
evenly along the substrate while the solvent evaporates?'?. This results in the formation
of a thin film of a determined thickness that is dependant on the viscosity of the material
and the shear forces applied during the spinning step which can be controlled by the spin
speed and time?!?. To deposit the ECE, a physical vapour deposition technique was used,
specifically, electron beam and thermal evaporation. These techniques heat the source
material under a high vacuum up to its boiling point, allowing the evaporated material
to travel in straight lines away from the source, and coating any surface in its travel
pathway. The main difference between thermal and e-beam evaporation is the energy
source used to heat the source material. For e-beam evaporation the energy source used
is a beam of electrons, while for thermal evaporation it is an electrically heated boat or
filament. In both cases the evaporation rate (thickness as a function of time) can be
customised by controlling the input current to the heating element or the intensity of the
electron beam. A high vacuum is essential for these techniques as it provides a free route
for the evaporated particles to avoid colliding with other particles such as Oy and N,. In
particular Al reacts with O, to form Al,O; which is highly undesirable due to its high

electrical resistivity compared to pure Al

In this chapter, the 6 pixel substrates (figure 22a) were used for the P3HT and
PCDTBT based devices. PEDOT:PSS was spin-coated (Laurell Technologies Corpora-
tion WS-400-6NPP-LITE) onto the cleaned substrates at 4000 RPM for 40 seconds and
then ~ 3 mm and ~ 8 mm wide stripes at the top and bottom parts of the samples
respectively were formed by removing part of the PEDOT:PSS film with a cotton swab
(dampened in D.I. water) to allow the formation of the device circuit as shown in figure

24 (d and e). To remove any ambient moisture absorbed by PEDOT:PSS, the samples
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were then thermally annealed at 150°C for 15 minutes on a hot plate and subsequently
left for approximately 5 minutes to cool down to room temperature before the deposition
of the next layer. The active layer solution was then spin-coated onto the substrates. For
the P3SHT:PCBM based devices, the active layer solution was spin-coated at 2000 RPM
for 30 seconds, while for the PCDTBT:PC;BM base devices, the active layer solution
was spin-coated at 800 RPM for 30 seconds. The top and bottom stripes were formed
with a cotton swab damped in chlorobenzene. The samples were then loaded into an
evaporation mask (Ossila Ltd.) to define the ECE area (2 mm x 6 mm per pixel for the
6 pixel substrates) and the mask was then loaded into an electron beam (Moorfield Nan-
otechnology custom assembled) or a thermal (Edwards 306 Auto) evaporator to deposit
a 150 nm aluminum layer as an ECE. The evaporation rate for the thermally evaporated
ECEs was 0.5 nm s during the first 50 nm and then increased to 4 nm s for the remain-
ing 100 nm, while the evaporation rate for the e-beam evaporated ECEs was 0.6 At
After the vapour deposition of the ECE, the P3HT and PCDTBT based devices were
thermally annealed at 150 °C for 30 min and 80 °C for 15 min respectively to enhance
the contact between the PAL and the ECE®®. Finally, to prevent quick degradation by
humidity and oxygen, the devices were encapsulated with float coverslips and epoxy and
exposed to a 362 nm light for 15 minutes. In addition to P3HT and PCDTBT based
devices, PBDB-T-SF based devices were also fabricated in this chapter, however, their
fabrication process was slightly different than the one presented above and therefore it is

described in section 4.3.3 where it is more appropriate.
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Figure 23: Chemical structures of the donors (top) PSHT (a), PCDTBT (b), PBDB-T-SF (c), and

the acceptors (bottom) PCBM (d), PC7oBM (e), and IT-4F (f).
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4.2.5 Device characterisation

To measure the photovoltaic performance of the devices, their J-V curves were obtained
while under illumination. A shadow mask was placed between the device and the light
source to define an effective illuminated area of 0.0256 cm? for each measurement. A
Newport 92251A-1000 solar simulator (figure 25) was used to expose the devices to an
AM 1.5 sunlight with a 100 mW /cm intensity calibrated against a NREL certified silicon
reference cell. Device performance was studied by probing the exposed ITO areas and
sweeping a voltage (Keithley 237, -1 V to 1 V, 0.02 V steps) to obtain the J-V curve
from each one of the six pixels in every device. The J, and V,. were obtained from the
J-V curve and the FF and PCE were calculated using equations 10 and 11. Each pixel

accounted for one solar cell measurement.

Mirror

Ellipsoidal
reflector

Xenaon lamp

Figure 25: Schematic representation of the solar simulator used for the characterisation of devices.

Image produced by Darren Waters?!4
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Figure 26: Schematic representation of the characterisation of devices. The different layers can be
observed in the cross-sectional view of the devices (a) while the shadow mask and the placement of the

probes are shown in the front view of the device (b)

4.2.6 Ultraviolet-visible spectroscopy

Ultraviolet-visible absorption spectra was obtained using an Ocean Optics USB2000+
spectrometer and a DT-MINI-2-GS combined with a Deuterium-Halogen light source.
To measure the UV-Vis spectra of the fabricated devices, they were oriented with their
transparent side facing the optical probe in such way that the UV-Vis light would pene-
trate through the glass, the ITO, the PEDOT:PSS, and the P3HT:PCBM being reflected
by the aluminium layer to return to the emmiting/sensing probe carrying the information
of all the penetrated layers. A schematic drawing of this procedure is shown in figure
27. An aluminium coated Menzel-Gléser microscope glass slide was used as the light

reference.
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Figure 27: Schematic representation of the UV-Vis measurements performed on the PSHT:PCBM

devies.

To obtain the UV-Vis absorption spectra of PEDOT:PSS, P3HT (25 mg mL*
in chlorobenzene), POBM (25 mg mL" in chlorobenzene), and P3HT:PCBM (prepared
as described in section 4.2.2), the PEDOT:PSS solution was spin-coated at 4000 RPM
for 30 seconds, and the P3HT, PCBM, and P3HT:PCBM solutions were spin-coated at
2000 RPM for 30 seconds on 25 x 12 mm glass substrates that were cut from Menzel-
Glaser microscope glass slides. The UV-Vis measurements were then taken in the more
conventional way of placing the samples between a light emitting probe and the detector.
A reference microscope glass slide was also used as the light reference for these measure-
ments. This was done for an ITO glass substrate as well to obtain the UV-Vis spectra
of ITO. A reference Menzel-Gléser microscope glass slides was used as the light reference

for these measurements

64



4.3 Results and discussion

4.3.1 Photovoltaic performance of P3HT:PCBM devices

Figure 28a and table 1 show the photovoltaic performance of P3HT:PCBM devices with
their Al ECE deposited by e-beam and thermal evaporation . The devices with the e-
beam evaporated Al exhibited significantly lower average PCE of 0.007+0.005% compared
to the 2.064+0.21% of the thermally evaporated Al ones. The low PCE of the e-beam
evaporated devices is mainly consequent of the very low average Js (0.071£0.042 mA
cm?) which results in a poor average FF of 11.614:3.40% as shown by the J-V curve shape
of the best e-beam evaporated Al device in figure 28b. In contrast, the average Js. of
the thermally evaporated devices is almost two orders of magnitude higher (6.8440.44
mA cm?) and the average FF is 56.944-1.70%, almost five time higher. Interestingly, the
average V. of the e-beam evaporated devices was higher (0.749£0.055 V) than that of
the thermally evaporated ones (0.52940.040 V).
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Figure 28: Box plots (left) showing the Photovoltaic performance (short circuit current, open circuit
voltage, fill factor, and power conversion efficiency) of PSHT:PCBM based devices with an e-beam evap-
orated (black) and a thermally evaporated (red) Al electron conducting electrode. N equals the number of
measurements for each type of device, the width of the box represents one standard deviation on each side
of the mean average value, the top and bottom ticks are the mazimum and minimum values respectively,
the horizontal line in the box is the median, and the circle in the middle of the box is the mean average

value. The J-V curve (right) of each champion device is also shown for performance comparison.
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Table 1: Photovoltaic performance metrics of PSHT:PCBM based devices with an e-beam and a ther-
mally deposited Al electron conducting electrode. The errors represent one standard deviation of 40 and

17 different measurements for e-beam evaporated Al, and thermally evaporated Al devices respectively.

Average Maximum value
Jsc (mA/cm?)  Voc (V) FF (%) PCE (%) Jsc (mA/em?) Voc (V) FF (%) PCE (%)
E-beam evaporated ECE 0.0714£0.042  0.749£0.055 11.61+£3.40 0.007%0.005 0.172 0.88 16.88 0.022
Thermally evaporated ECE 6.84+0.44 0.529+0.040 56.94£1.70  2.06+0.21 7.46 0.565 59.37 2.48

The increased V. of the e-beam evaporated devices can be attributed to the
formation of an AI-P3HT complex interfacial layer created by the highly energetic Al

205 Given that Al has a strong affinity with organic oxygen,

e-beam evaporated particles
the formation of an Al-O-C complex is highly likely to be triggered by the high energy
e-beam evaporated Al particles?'. This AI-P3HT complex interlayer is believed to have
dipoles formed by deep interface positive hole traps in P3HT and the negatively charged
Al atoms, which cause an offset on the vacuum level of the interlayer. This results in an
effective work function of the Al-P3HT complex interlayer lower than that of A12°° which
has been argued to be favourable for an increased V. of the devices?!®. However, during
the formation of the AI-P3HT layer, the Al atoms can reduce the 7 conjugation of the
polythiophene backbone chains of P3HT by inducing sp® hybridisation to the carbon'3°.
This results in trap sites that can hinder current collection by delaying the movement
of electrons?!”. Moreover, it has been shown before that the highly energetic e-beam Al
particles cause damage to the P3HT contributing further to the decrease of J,. and the
FEF297. The magnitude of this damage has been reported to depend on the evaporation
rate which depends on the energy of the electron beam. For this work, it is worth
noting that 20 additional e-beam evaporated Al device batches were made varying the
evaporation rate, however, even the lowest rate resulted either in very poor performing
devices, or non working devices (PCE=0%). Since the only variable parameter to control
the rate in the Moorfield evaporator used is the current, it is possible that the reason for
the poor performing devices was the default set high voltage of 10,000 V which produces
high-speed electrons. In addition to the detrimental effects to the active layer by the
e-beam evaporated Al particles described above, high-speed electrons can also displace
some core electrons of the source material atoms producing high energy radiation such

as x-rays that damage the organic active layer.
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4.3.2 Investigation of the device damage caused by e-beam evaporation

From the J-V characteristics of figure 28b it is clear that the e-beam evaporated Al devices
exhibit significant damage within the device structure. Given that the only significant
difference between the e-beam deposited Al and the thermally deposited Al devices is
the deposition of Al on the PAL, it is highly likely that most of the damage done by the
e-beam evaporation is on the PAL. To corroborate this, the absorption spectra of three
different devices was obtained and analysed using UV-Vis spectroscopy. One device was
fabricated depositing the Al ECE by thermal evaporation and had a PCE of 2.23 %, and
the other two were fabricated depositing the Al ECE by e-beam evaporation which PCEs
were 0% and 0.02% respectively. Figure 29 shows the absorption spectra of the three
devices, where it is immediately noticeable that the three devices exhibit an absorption
peak at A=383 which corresponds to the characteristic absorption peak of PCBM that is
normally at A=339, but that in this sample is red shifted probably due to the improved
crystalisation induced by the 150 °C thermal annealing step after the Al deposition. The
appearance of such peak in both the e-beam evaporated Al devices and the thermally
evaporated Al device corroborates that the PCBM is unaffected by the highly energetic
Al particles and the high energy radiation produced by the electron beam during the
deposition of the ECE. This is not the case for P3HT as only the absorption spectrum
of the thermal evaporated device exhibits the three characteristic vibronic shoulders of
P3HT films at A=485, A=551, and A=605 nm?'%. It is worth noting that the peak at
485 nm is slightly blue shifted (normally at A=530 before annealing) probably due to the
reordering of its chains induced by the 150 °C thermal annealing step. This causes the
average m — m* spacing to increase resulting in the absorption of higher energy photons

evidenced by the blue shift in the absorption spectra peak.
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Figure 29: Absorption spectra of different thin films (top left) and of the three types of devices (top
right). The 0% PCE device (black, dotted line) and the 0.02% PCE (grey, dashed line) had their Al ECE
deposited by e-beam evaporation, and the 2.28% PCE (brown, straight line) had its Al ECE deposited by
thermal evaporation. At the bottom, a picture of the fabricated devices and the Al coated glass slide used

as the reference measurement.

The three PSHT peaks are indicative of crystallinity within the film, and are
caused by the m — 7 transitions within the higher degree ordered chains that give re-
gioregular P3HT its photoactive properties?!??20 The absorbance spectrum of the 0.02%
PCE e-beam evaporated device reveals that the A=551 and A=605 nm peaks have com-
pletely disappeared, and that the A=485 nm peak has been significantly reduced and
experienced a blue shift. This is caused due to significantly reduced m — 7+ transitions
which is indicative of a severe change in the ordering of the P3HT chains from a crys-
talline structure in which chains are close enough each other to allow m — 7% interactions

by the absorption of light, to a more amorphous material in which the P3HT chains are
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more disordered. This effect is even more pronounced in the absorption spectra of the
0% PCE device in which the three peaks have entirely disappeared. The reason behind
the blue shift of the absorption peak in the amorphous material is that, in contrast to a
crystalline material, it requires a higher energy light for the m — 7 transitions to occur
due to the lack of a periodic structure that would otherwise allow such transition to be
triggered with less energy. On the other hand, the reason behind the decreased intensity
in the absorption peak of the amorphous material is the loss of the specific interchain
spacing distance that corresponds to the particular wavelength absorbed. Given that the
Jsc in devices depends strongly on the light absorption of the photoactive material, it is
not surprising that the e-beam evaporated devices exhibit the poor performance shown
in figure 28. Moreover, the disordered structure of the P3HT chains not only hinders
charge generation due to the loss of optical absorption, but also the increase of recom-
bination events due to the reduced charge transport. The origin of the damage is less
clear, however, as mentioned above it is highly likely that the reaction between the Al
and P3HT combined with the high-energy radiation produced by the high voltage elec-
tron beam are responsible for the degradation of P3HT. The latter is more likely to be
the reason for the poor performance of e-beam evaporated Al devices given that good
performing P3HT:PCBM solar cells have been reported by carefully controlling the rate

of the evaporator which is dependant on its current-voltage settings?%5207,

However,
as mentioned in the previous section, the voltage of the evaporator used was fixed to
10,000 V and unable to be modified. Furthermore, the high energy radiation produced as
byproduct of core electron displacement can have sufficient energy to alter the molecular
structure of conjugated polymers such as P3HT. It may be possible to reduce this damage
by optimising the voltage-current settings of the e-beam evaporation to reduce the high
energy radiation produced by the electron beam striking the source material. However,
given that the e-beam evaporation procedure is significantly more time consuming (>12
additional hours to achieve the desired vacuum, and 1 additional hour to deposit the ma-
terial) than the thermal evaporation procedure, and unavoidably damaging to the PAL,
thermal evaporation was selected as the deposition method for the Al for the rest of the
experimental work for this thesis. It is worth noting that the effects that the radiation

produced by e-beam evaporation has on the absorption spectra of PBHT:PCBM layers is

yet to be reported in literature, and thus, this work serves as an information source on
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this phenomena for organic solar cell researchers.

4.3.3 Thermal evaporation on low bandgap donors based devices

As a final step to corroborate the effectiveness of the thermal evaporation procedure
for fabricating standard performing organic solar cells, two additional types of devices
were fabricated based on the low bandgap polymers PCDTBT and PBDB-T-SF. The
fabrication process for the PCDTBT based devices has been described in section 4.2.4,
however, the fabrication process for the PBDB-T-SF based devices was slightly different.
The 8 Pixel substrates were used for the PBDB-T-SF based devices (figure 22b). After
cleaning the substrates as described in section 4.2.3, PEDOT:PSS was spin-coated at
5000 RPM for 40 seconds and then two ~6.75 mm deep stripes at the top and bottom
were formed as shown by figure 30 (d and e) to allow the formation of the device circuit.
The samples were then thermally annealed at 150 °C for 15 minutes and then left cooling
to room temperature for 5 minutes. The samples were then transferred to a nitrogen filled
glovebox where the active layer solution was spin-coated at 2000 RPM for 30 seconds. The
top and bottom stripes were formed with a cotton swab damped in chlorobenzene and
then the samples were thermally annealed at 120 °C for 10 minutes. A PFNBr solution
was then spin-coated at 3000 RPM for 30 seconds to serve as an electron transport layer
within the device (the top and bottom stripes were formed with a cotton swab damped
in methanol). The samples were then loaded into an evaporation mask to define the ECE
area (2 mm x 4.5 mm) and the mask was subsequently loaded into the thermal evaporator
to deposit a 150 nm Al layer. Once the evaporation of Al was completed, the devices

were encapsulated as described in section 4.2.4 and characterised.
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Figure 30: Sketch showing the device fabrication procedure for the PBDB-T-SF:IT-4F based devices.

The photovoltaic performances of the three types of devices fabricated in this
thesis (P3HT, PCDTBT, and PBDB-T-SF) were compared to typical performances for
similar device structures as reported in literature. Figure 31 and table 2 show the pho-

tovoltaic metrics for PCDTBT:PC;yBM and PBDB-T-SF:I'T-4F based devices.
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Figure 31: Boz plots (left) showing the Photovoltaic performance (short circuit current, open circuit
voltage, fill factor, and power conversion efficiency) of PSHT:PCBM (dark red), PCDTBT:PC7BM
(violet), and PBDB-T-SF:IT-4F (dark blue) based devices. N equals the number of measurements for
each type of device, the width of the box represents one standard deviation on each side of the mean average
value, the top and bottom ticks are the mazimum and minimum values respectively, the horizontal line in
the box is the median, and the circle in the middle of the box is the mean average value. The J-V curve

(right) of each champion device is also shown for performance comparison.
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Table 2: Photovoltaic performance metrics of PSHT:PCBM, PCDTBT:PCzBM, and PBDB-T-SF:IT-
4F based devices. The errors represent one standard deviation for 17, 18, and 23 different measurements
of PSHT:PCBM, PCDTBT:PC+BM, and PBDB-T-SF:IT-}F respectively.

Average Maximum value
Jsc (mA/ecm?)  Voc (V) FF (%) PCE (%) Jsc (mA/em?) Voc (V) FF (%) PCE (%)
P3HT:PCBM 6.84+0.44 0.52940.040 56.944+1.70 2.06+0.21 7.46 0.565 59.37 2.48
PCDTBT:PC7BM 9.75+0.42 0.862+0.013 55.39+ 3.41 4.65+0.24 10.32 0.874 60.71 5.09
PBDB-T-SF:IT-4F 15.41+£0.47  0.7254+0.017  60.76+2.08 6.80+0.42 16.03 0.751 63.43 7.39

In most literature, the average PCE of P3HT:PCBM devices fabricated with
a similar structure and procedure as the one used in this thesis is between 2% and
2.5% 2192217223 " This means that the average photovoltaic performance metrics reported
in section 4.3.1 and table 2 are at the low end of the average performance reported in
the literature. This can be attributed to other non-optimised fabrication steps that were
eventually optimised for the work reported in subsequent chapters. Nevertheless, the
average 2.06+0.21% and maximum 2.48% PCE values obtained for P3HT:PCBM based
devices are well within the range of published standards. The PCDBTB:PC;yBM based
devices had average values of 4.65+0.24%, 55.394+3.41%, 0.862+0.013 V, and 9.7540.42
mA cm? for PCE, FF, V., and Jg respectively. These values are in good agreement with
those reported in literature for this type of structure which PCE ranges between 3.57%
and 5.12% 224227, Moreover, the maximum PCE of 5.09% obtained here is near the upper
range of 3.14% to 5.45% PCE reported in literature for structures that include an electron

56:228:229 o1 lithium fluoride?'%227 for improved device per-

transport layer such as calcium
formance. Both the P3HT and particularly the PCDTBT device metrics corroborate that
the thermal evaporation procedure used in this work is effective for producing standard

quality OSCs.

The PBDB-T-SF:IT-4F based devices had average values of 6.80+0.42%, 60.76
+2.08%, 0.72540.017 V, 15.4140.47 mA cm? for PCE, FF, V.., and J, respectively.
These values are significantly lower that the average values reported in the literature for
this type of blend and device structure which PCE is above 13%5%197. The reason for the
low photovoltaic performance obtained for this device structure is unclear, however, two

factors are identified as the main possible causes for the poor photovoltaic peformance of
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PBDB-T-SF:IT-4F based devices. Fist, the fabrication of this type of devices requires the
use of a nitrogen glovebox in which the atmospheric conditions must be optimal for device
fabrication (i.e. low Oy and HyO levels, and negligible solvent content in the nitrogen
atmosphere) which at the time of the fabrication of these devices had not been optimised.
Secondly, and most probably, the purity and quality of the donor and acceptor polymers
are considerably lower when compared to the ones reported in literature. An impurity in
PBDB-T-SF means that the chemical structure (as shown in figure 23) is slightly altered
or that the monomers are not entirely linked in the same way or by the same elements.

This idea was suggested during consultation by a member of the research group that

originally synthesized both the PBDB-T-SF and IT-4F%2 used in these devices.

To discard the possibility that the annealing temperature or thickness of the
active layer were responsible for the low performance of the PBDB-T-SF based devices,
more devices were fabricated by varying these two parameters. Additionally, inverted
structure PBDB-T-SF based devices were fabricated by substituting the two organic
electron and hole transporting layers with the transparent metal oxides (TMOs) ZnO
and MoOs. In an inverted structure, the transparent ITO and ZnO function as the ECE
and the ETL, and the MoO3 and Al function as the HTL and the HCE. This was done to
determine whether the charge transport materials were responsible for the low efficiency
of the devices. In this case, the devices were fabricated as mentioned above, but instead
of a PEDOT:PSS layer, a ZnO electron transport layer was deposited by spin-coating the
precursor solution at 3000 RPM for 30 seconds (the top and bottom stripes were formed
with a swab damped in IPA), and then subsequently annealed at 200°C for 60 minutes
in air. Additionally, instead of spin-coating a PFNBr layer, the devices were put into the
mask straight after the deposition and annealing of the PBDB-T-SF:I'T4F layer, and a
10 nm MoOj hole transport layer was thermally evaporated at a rate of 0.2 A ¢! before
the deposition of Al, which in this inverted structured, functioned as the hole conducting
electrode. The photovoltaic performances of all the PBDB-T-SF based devices mentioned

above are shown in figures 32, 33 and 34, and in table 3.
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Figure 32: Box plots (left) showing the Photovoltaic performance (short circuit current, open circuit
voltage, fill factor, and power conversion efficiency) of PBDB-T-SF:IT-/F' based devices with varying
active layer annealing temperature. N equals the number of measurements for each type of device, the
width of the box represents one standard deviation on each side of the mean average value, the top and
bottom ticks are the mazimum and minimum values respectively, the horizontal line in the box is the
median, and the circle in the middle of the box is the mean average value. The J-V curve (right) of each

champion device is also shown for performance comparison.
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Figure 33: Box plots (left) showing the Photovoltaic performance (short circuit current, open circuit
voltage, fill factor, and power conversion efficiency) of PBDB-T-SF:IT-/F based devices with varying
active layer spin speed and annealing temperature. N equals the number of measurements for each type
of device, the width of the box represents one standard deviation on each side of the mean average value,
the top and bottom ticks are the mazrimum and minimum values respectively, the horizontal line in the
boz is the median, and the circle in the middle of the box is the mean average value. The J-V curve

(right) of each champion device is also shown for performance comparison.
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Figure 34: Box plots (left) showing the Photovoltaic performance (short circuit current, open circuit
voltage, fill factor, and power conversion efficiency) of PBDB-T-SF:IT-4F based devices fabricated with
Zn0 and MoQOg as the electron and hole transporting layers respectively. N equals the number of mea-
surements for each type of device, the width of the box represents one standard deviation on each side
of the mean average value, the top and bottom ticks are the mazimum and minimum vaelues respectively,
the horizontal line in the box is the median, and the circle in the middle of the box is the mean average

value. The J-V curve (right) of each champion device is also shown for performance comparison.

Table 3: Photovoltaic performance metrics of PBDB-T-SF:IT-4F based devices fabricated with different
spin speeds, amnealing temperatures and charge transport layers. The errors represent one standard

deviation for ‘N’ number of measurements.

Average Maximum value

Jse (mA/em?)  Voc (V) FF (%)  PCE (%) Jse (mA/em?) Voc (V) FF (%) PCE (%) N
2K RPM, not annealed 13.63£0.20 0.828+0.023 54.04£2.28 6.1040.34 14.08 0.847 56.70 6.44 12
2K RPM, 100°C 11.01£0.93  0.753£0.004 66.02+2.54 5.6840.26 11.76 0.758 68.34 5.86 4
2K RPM, 120°C 15.41+0.47 0.7254+0.017 60.76£2.08 6.8040.42 16.03 0.751 63.43 7.39 23
2K RPM, 140°C 15.56+0.35 0.703+0.010 58.67+0.68 6.42+0.22 15.78 0.719 59.46 6.70 8
2K RPM, 160°C 14.93+0.16 0.631+0.015 51.614+0.80 4.86+0.10 15.17 0.646 52.43 5.00 6
1.5K RPM, 120°C 16.47+0.13 0.71940.017 56.89+0.72 6.7440.25 16.66 0.728 58.11 6.95 8
1.5K RPM, 140°C 15.64+0.39 0.675+0.006 50.92£1.65 5.3840.24 16.07 0.685 52.15 5.66 8
1.5K RPM, 160°C 14.02+0.25 0.628+0.004 46.01£2.24 4.0540.23 14.46 0.633 48.87 4.41 7
3K RPM, 100°C 8.7240.30 0.7514+0.005 68.104+1.01 4.47+0.22 8.99 0.757 69.10 4.69 7
3K RPM, 120°C 8.58+0.35 0.7144+0.009 59.71£7.04 3.68+0.58 9.13 0.725 67.31 4.44 8
TMO, 1.5K RPM, 100°C 15.05+0.09 0.6244+0.123  38.104+0.21 3.61£0.73 15.14 0.766 38.33 4.44 3
TMO, 1.5K RPM, 120°C 14.38+0.26 0.504+0.025 36.38+0.31 2.6440.12 14.71 0.523 36.86 2.79 6
TMO, 2K RPM, 100°C 14.50£0.43 0.754+0.028 40.73£0.98 4.4640.38 14.79 0.786 41.60 4.83 4
TMO, 2K RPM, 120°C 14.78+0.10 0.74440.029 38.98+2.39 4.3040.43 14.88 0.774 41.90 4.81 7
TMO, 2.5K RPM, not annealed 13.12+0.16 0.804+0.007 47.52£0.57 5.2940.23 13.29 0.801 48.23 5.52 3
TMO, 2.5K RPM, 120°C 13.4240.21 0.830+0.016 45.42+1.20 4.7540.22 13.68 0.844 46.16 4.91 7
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These results show that the best performing type of PBDB-T-SF based device
is the one previously reported in figure 31 and table 2 which was thermally annealed
at 120°C and spin-coated at 2000 RPM using PEDOT:PSS and PFNBr as the charge
transport layers. Any other combination of annealing temperature and spin speed resulted
in worse photovoltaic performance including the devices with ZnO and MoO; as charge
transport layers. This indicates that the reason for the low performance of PBDB-T-SF
base devices compared to the one reported in literature is not related to the annealing
temperature or thickness of the active layer, or to the charge transport layers used.
Moreover, the fact that the PSHT:PCBM and PCDTBT:PC;,BM based devies fabricated
in this section had performances comparable to those reported in literature for such
structures, indicates that the evaporation process can be discarded as the reason behind
the poor performance of PBDB-T-SF based devices. This supports the conjecture made
before that relates the poor performance of PBDB-T-SF based devices to the nitrogen
glovebox atmosphere quality or the purity of PBDB-T-SF and IT-4F. The evident next
step to optimise this type of device is to purify both the glovebox and the blend materials,
however, given that the focus of this thesis is not on PBDB-T-SF:IT-4F based devices,
and that the effectiveness of the thermal evaporation step has been corroborated it was

decided not to work on this type of blend any further.

4.4 Conclusions and next steps

Two vapour deposition techniques for the deposition of an Al electrode on organic solar
cells were compared; thermal and electron beam evaporation. The e-beam evaporated
P3HT:PCBM devices show significantly lower photovoltaic performance due to the loss of
crystallinity of P3HT, highly likely to be caused by the high energy radiation byproduct
of the high voltage electron beam striking the source material. This is reflected by the
complete disappearance of the two vibronic peaks of the e-beam evaporated P3HT film
at A=551 nm and A=605 nm, and the significantly reduced A=605 nm peak which was
also blueshifted. This results in poor J;. and FF of the devices despite the increased
Ve which is believed to be caused by the formation of a P3HT-AI interlayer which work
function favours the V,.. The thermal evaporation procedure produced P3HT:PCBM and
PCDTBT:PC7BM devices wtih photovoltaic performances within the standard range
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repoted in literature confirming the effectiveness of the thermal evaporation process used
for this thesis to produce standard quality organic solar cells. PBDB-T-SF:IT-4F devices
had a performance lower than the standard reported in literature which is attributed to
the quality of nitrogen glovebox atmosphere used, and the purity of the active layer blend
materials. Given that standard quality photovoltaic devices were produced consistently it
was possible to proceed to investigate methods to improve the photovoltaic performance

and stability of OSCs which are discussed in the following chapters 5 and 6.

77



5 Doping PEDOT:PSS for improved conductivity and

performance of devices

5.1 Introduction

Part of the research presented in this chapter has been published in the ACS Applied

1230 and reproduced with permission of the American

Materials and Interfaces journa
Chemical Society according to section two, form A of the ACS Journal Publishing Agree-
ment. The other part of this research has been accepted for publication in the Journal

of Surface Investigation: X-ray, Synchrotron and Neutron Techniques.

The research presented in this chapter aims to improve the conductivity of
PEDOT:PSS by doping it with a previously unreported zwitterion (used specifically to
dope the PEDOT:PSS dispersion), and to determine some of its liquid and solid phase
structural modifications induced by the dopant. It was expected that incorporation of
enhaced conductivity PEDOT:PSS in OSCs would result in improved photovoltaic per-
formance due to better charge transport from the active layer to the ECL. Particular
focus was given to the determination of the structural changes that zwitterion doped
PEDOT:PSS goes after doping to provide insight on the effects of dual-charge additives
on PEDOT:PSS.

As mentioned in section 3.7.1 there are several assymetrically charged addi-
tives that are known to increase the conductivity of PEDOT:PSS improving its hole
transport properties (see section 3.5). When the enhanced conductivity PEDOT:PSS is
incorporated as an HTL in OSCs the photovoltaic performance of the device has been re-
ported to improve. The increase in conductivity is normally attributed to the disruption
of the coulombic interactions between PEDOT and PSS by the asymmetrically charged

£ 186:196-203 which is believed to promote phase separation of PEDOT and PSS re-

dopan
sulting in a more ordered conducting network that facilitates improved charge transport
when deposited as a thin film 196199203204 However, despite the extensive research done
on the conductivity enhancement of PEDOT:PSS by the addition of dual-charge dopants,

the precise mechanisms by which the conductivity is improved are still not completely
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understood and can differ depending on the type of additive used?3%232, The lack of un-
derstanding into the mechanisms of conductivity enhancement poses a major barrier in
furthering PEDOT:PSS engineering and achieval of its optimal performance in OSCs and
numerous other applications. To fully understand the improvement of the conductivity
of doped PEDOT:PSS, it is paramount to determine the structural modifications that
the dopant induces within the PEDOT:PSS morphology.

In this chapter, four previously unreported zwitterion dopants, 3-(4-tert-Butyl-
1-pyridinio)-1-propanesulfonate (BUPIP), 3-(N,N-Dimethyloctylammonio)propanesulfon-
ate (DOMAP), 3-(Decyldimethylammonio)propanesulfonate (DEMAP), and 3-(N,N-Dim-
ethylmyristylammonio)propanesulfonate (DYMAP) were used to dope the PEDOT:PSS
dispersion in different concentrations. The different doped dispersions were then pro-
cessed as thin films and their sheet resistance measured. The most effective zwitterion
(lowest doped PEDOT:PSS sheet resistance) and its effects on PEDOT:PSS were then
investigated with small angle neutron scattering and neutron reflectivity. The doped
PEDOT:PSS films were then incorporated into P3HT and PCDTBT based devices and

their performance was analysed.

5.2 Experimental

5.2.1 Materials

BUPIP (>98% purity by HPLC), DOMAP (CMC: 330 mM at 20-25 °C), DEMAP (CMC:
25-40 mM at 20-25 °C, 12,600 micellar average molecular weight) DYMAP (>98% by
TLC, CMC: 0.1-0.4 mM at 20-25 °C, 30,200 micellar average molecular weight), iron
(IIT) sulfate hydrate (97%), deuterium oxide (99.9 atom % isotopic purity), ion exchange
resins Amberlite IR-120 (hydrogen form, strongly acidic) and Lewatit MP-62 (free base,
weakly basic) were all purchased from Sigma Aldrich. Sodium persulfate (>98%) was
purchased from ChemCruz Biochemicals while 3,4-Ethylenedioxythiophene (97%) was
purchased from Alfa Aesar. Deuterated poly(styrene sulfonic acid) (d7, 33,800 Mn, 1.04
Mw/Mn) was purchased from Polymer Source and deionized water was obtained from a

Purelab Flex 1 dispenser. PEDOT:PSS in aqueous dispersion (HTL Solar), for which the
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solid content is between 1.0 and 1.2 wt% and the PEDOT to PSS ratio is 1:2.5, was pur-
chased from Ossila. Menzel-Glaser microscope glass slides were used as substrates for the
PEDOT:PSS:DYMAP films that were subject to four point probe (FPP) sheet resistance
characterization, contact angle, and profilometry measurements. 425 um P/Boron doped
polished silicon wafers purchased from Si-Mat were used as the substrate for the films
that were subject to ellipsometry and atomic force microscopy (AFM) measurements.
Polished 4 mm thick circular silicon wafers (50 mm in diameter) were used to support
the films that were characterized with NR and were purchased from Prolog Semicor Ltd.

The details of all the materials used for device fabrication are described in section 4.2.1.

5.2.2 Films preparation

To prepare the different concentration zwitterion doped PEDOT:PSS dispersions, the
required amount of zwitterion was weighed in a 4 mLL amber vial and then 0.5 mL of
filtered PEDOT:PSS (see section 4.2.3) was added to the vial. The doped PEDOT:PSS

dispersions were then sonicated in an ultrasonic bath for 5 minutes before use.

For the sheet resistance, profilometry, and contact angle measurements, the
dispersions were spin-coated (see section 4.2.4) at 4000 RPM for 40 seconds onto 25x12
mm cleaned (see section 4.2.3) glass substrates. The samples were then thermally an-
nealed on a hot plate at 150°C for 15 minutes. For the sheet resistance and contact angle
measurements, the samples were cooled down to room temperature for ~ 20 minutes be-
fore measurement. For the profilometry measurements the samples were measured more
than 24 hours after their preparation to allow them to reach equilibrium ambient water
absorption. This was done in order to minimize ambient water absorption from the films

during the measurements which could compromise the accuracy of the data.

For the ellipsometry and AFM measurements, the dispersions were spin-coated
at 4000 RPM for 40 seconds onto 25x12 Si-Mat silicon wafers. The samples were then
thermally annealed for 150°C for 15 minutes and subsequently cooled down to room

temperature for ~ 20 minutes before the measurement was taken.

For the neutron reflectivity measurements the dispersions were spin-coated at
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4000 RPM for 40 seconds onto the 4 mm thick circular silicon wafers. The samples were
then thermally annealed for 150°C for 15 minutes. The samples were measured more
than 24 hours after their preparation to allow them to reach equilibrium ambient water
absorption. This was done in order to minimize ambient water absorption from the films

during the measurements which could compromise the accuracy of the data.

5.2.3 Sheet resistance and conductivity

The sheet resistance of films was measured using a four point probe (FPP) technique
and a Keithley 2602 source measurement unit. In this technique, four linearly aligned
tungsten probes of equal size and separated equidistantly are put into contact with the
film. A current is then sourced between the two outer probes and the drop in voltage
between the two inner probes is measured (see figure 35). The advantage of the FPP
technique over the more conventional two probe resistivity measurements is that the FPP
technique is significantly more accurate when measuring the resistance of a thin sheet.
This is because the decreased voltage measured in the inner probes is caused exclusively
by the resistance of the part of the sample that is located between the two inner probes,
and not by the resistance of the wires or other components within the circuit of the
measurement setup. This is due to the current entering through one of the outer probes,
going through the sample, and exiting through the other outer probe without going into
any of the inner probes. Therefore, the voltage drop at the two inner probes corresponds
only to the current flowing within those probes where the only existing resistance in the
current path is the sample. The sheet resistance can then be calculated with the following

formula

(17)

where [ is the current, V is the voltage, and 7 In(2)~' is 4.53. The result
is given in Ohms (07!, a unit that represents the sheet resistance of a square of any
dimension. If the thickness of the film t is less than half the space between probes s

(condition which is met for the experiments in this research given that s= 2 mm and the
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thickness of the film is in the order of tens of nanometers), the thickness of the film can

be used to obtain the resistivity of the material by multiplying it by pg 17

p=rpo-t (18)

and finally the reciprocal of equation 18 can be obtained to calculate the con-

ductivity described as

Source/measure
unit

Figure 35: Schematic representation of the four point probe measurement (left) and a picture of the
four point probe kit used (right)

To obtain the current and voltage characteristics of the films, a current from
1x 107" to 1 x 107% A was swept between the outer probes in 10 intervals, measuring
the voltage between the two inner probes for each step. This was done four times for

each sample resulting in a total of 40 I-V combinations per sample.
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5.2.4 Synthesis of PEDOT:deuterated-PSS

The motivation to synthetise PEDOT:d-PSS is presented in section 5.3.2. PEDOT:d-
PSS was synthesised following the BAYTRON P synthesis method developed by Bayer
AG as reported several times in literature423%23  The PEDOT:d-PSS dispersion was
synthesised in a ~34%-D,0 ~66%-H,0 solvent which is SLD matched to the calculated
PEDOT SLD of 1.80 x 107% A2, First, 4.606 mL of D,O and 9.884 mL of H,O were
mixed in a round bottomed flask and then 0.2 g of d-PSS, 61.7 mg of EDOT, 124.2 mg of
NayS,0g, and 1.1 mg of Fe(SO,)3; were added to the flask. The specific EDOT and d-PSS
amounts were chosen to obtain a PEDOT to d-PSS ratio of ~1:2.5. The dispersion was
stirred vigorously at 30 °C in an oil bath and under a condensing column for 7 hours.
Then, 20.8 mg of Na,S,0g were added to the dispersion and stirred for a further 14 hours.
When the synthesis was complete, 1 gram of each ion exchange resin was added to the
flask and the dispersion was left stirring for 2 additional hours at room temperature. The
dispersion was then filtered through a 0.5 mm mesh and an additional gram of each ion
exchange resin was added to the filtered dispersion which was then stirred for 2 more
hours. Finally, the PEDOT:d-PSS dispersion was filtered through the mesh again and a
total of 5 mL of dispersion was collected and stored at 4 °C. The total solids content of

the dispersion was ~ 1.75 wt.% determined by gravimetric analysis.

5.2.5 Small angle neutron scattering

Small angle neutron scattering can provide information on the bulk properties at the
nano-scale of materials such as size, inter-particle space and interactions, polydispersity,
and structure amongst others. In this technique, a beam of neutrons is directed at the
sample. The neutrons engage in elastic and inelastic interactions with the nuclei of the
sample and are then scattered forming a specific scattering pattern on a detector, which
is dependent on the above mentioned properties of the sample. The incident beam k;
and the scattered beam k; vectors can be added to obtain the momentum transfer ¢
of the neutron scattered. Small angle neutron scattering theory is based on one main
assumption and one main approximation. The main assumption is that only elastic

scattering occurs. This allows the momentum transfer to be related to wavelength (\) of
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the incident neutron beam, and the scattering angle () as follows:

4mrsinb

A

q= (20)

which consequently makes it possible to control the momentum transfer by

controlling the scattering angle and the wavelength through the experimental set up.

The main approximation is the small angle approximation (sinf ~ 0). This

makes it possible to relate inversely the momentum transfer to real space by the approx-

imation:
27
q~ d (21)
and thus the units of ¢ are inverse distance.
kr
ki
— /
S —
ks
20 \q Sample
ki Detector

Figure 36: Schematic representation of the small angle neutron scattering technique.

The scattering intensity I(q) is the key parameter that contains the informa-
tion on the size, shape, and interactions between the scattering objects in the sample
studied. I(q) can, therefore, be modeled and the desired parameters extracted from the
fitted model. For example, as will be explained in section 5.3.2, the function used to
model the scattering intensity included a variable that describes the magnitude of the
spacing between scattering objects. The function chosen to describe the I(q) is then

fitted to the scattering data using a fitting software to obtain the values of the variables
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that describe the scattering intensity. One of the main advantages of using neutrons over
other electromagnetic probe (such as X-rays) is the way that neutrons interact with the
scattering object. Since the scattering of neutrons is dependant on the nuclear compo-
sition rather than the electron cloud of atoms, it is possible to use contrast matching
to study molecules that are very similar in chemical composition to their surroundings.
This can be achieved by deuterating part of the object of study or its environment so
that significantly different scattering is obtained from the deuterated scatterers and the
non-deuterated scattereres. This is due to the significant difference in coherent scattering

lengths densities of hydrogen (—3.74 x 107'% ¢cm™!) and deuterium (6.67 x 10713 ¢cm™)23.

For this chapter, the Small Angle Neutron Scattering (SANS) data was ob-
tained using the LOQ small-angle diffractometer?® at the ISIS Pulsed Neutron Source
(STFC Rutherford Appleton Laboratory, Didcot, UK). A 10 mm diameter pulsed neutron
beam modulated at 25 Hz with an incident wavelength range of 2.2 - 10.0 A was directed
through the samples to obtain scattering data within a q range of 0.008 - 0.254 AL, The
collected data were corrected for detector response and transmission of the sample using
the Mantid data reduction software?" to obtain absolute intensity vs momentum transfer
1D scattering plots. Scattering intensity data that had poor accuracy (evidenced by the
wide error bars of each data point) was discarded. The reduced data was fitted with the
Broad Peak model?3® using the SasView software??. The dispersions for the experiment
were prepared by pouring 1 mL of PEDOT:d-PSS in a vial and then adding DYMAP
powder in different amounts to obtain the desired concentration in millimolar units. The
dispersions were stirred for 5 minutes and then loaded into cells (Hellma Macro-cuvette
404.000-QX Imm thickness 404-2-46, Lab Unlimited) for neutron scattering measure-
ments. The scattering length densities of PEDOT (1.80 x 10~ A2), d-PSS (4.18 x 10~°
A2), DYMAP (4.67 x 1078) A2, H,0 (=5.61 x 1077 A2), and D,O (6.39 x 1076 A2)

were calculated using the NIST Center for Neutron Research online database?.

5.2.6 Thickness of the films

The thickness of the films for the calculation of conductivity was determined with ellip-

sometry. In this technique a beam of linearly polarised light at 45° is directed towards the
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sample which reflects the light and changes its linear polarisation to an ellipsometric one.
The reflected light, which contains information about the sample such as thickness and
the refractive index, is then detected and analysed. The incident light, with its electric
field oscillating parallel to the plane of incidence, is called p-polarised light, and the inci-
dent light with its electric field oscillating perpendicular to the place of incidence is called
s-polarised light. These two beams are reflected differently and the complex reflectivity

ratio between them can be defined as

%’S’ = tan(V)e™ (22)

where R, is the reflected p-polarised light, R is the reflected s-polarised light,
and tan(¥) and A are the change in amplitude and phase shift upon reflection respec-
tively. A graph of ¥ and A is then plotted as a function of wavelength and a model that
includes the thickness of the film as a variable can then be fitted to determine the thick-
ness. An J.A. Woollam Co. M-2000 ellipsometer with detector (charge-coupled devices,
CCD camera) and a Cauchy model fitted in the CompleateEase software by J.A. Woolam

were used for the thickness measurements.

Light source

« P-polarised light

Detectors

» S-reflected light
S-polarised light

P-reflected light

Figure 37: Schematic representation of the ellipsometry technique. Image originally created by Film
Sense (https: //www. youtube. com/ watch?v=BycPkRIutqg&t=180s ).

Film thickness, for comparison with the neutron reflectivity, data was measured
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across a scratch in the film with a Bruker DektakXT stylus profilometer (12.5um stylus
radius) and the Vision64 software (0.33um/pt scan resolution). For this technique a
diamond stylus tip is placed on the the surface of the film and then swept along the surface
to obtain information through the force feedback of the tip caused by the topography of

the surface.

>

Stylus tip

Sample

Figure 38: Schematic representation of the profilometry technique.

5.2.7 Neutron reflectivity

Neutron reflectivity is a technique that provides information normal to an extremely flat
surface and therefore, it is ideal to determine the layered structure within a thin film.
This is possible since each different stacked layer has a different scattering length density.
In this technique a beam of neutrons is directed onto the sample and the intensity of the
specular reflected beam R is measured as a function of the momentum transfer ¢ which
is defined in equation 20. Using the Born approximation?!!, the specular reflection can

be written as:

R(g) = 7| o) (23)

e
where p(q) is the one dimensional Fourier transform of the average scattering
length density profile in the direction normal to the interface. Since the same reflection
and refraction laws that apply to an electromagnetic wave apply to neutrons, p(q) is
related to other classical optic parameters such as the refractive index, and the thickness

242

and roughness of the sample This makes it possible generate a scattering length
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density profile of the sample as a function of height (which can be comprised of 1 or more
distinct layers) by fitting the reflectivity profile to model that uses equation 23 and other
classical optics mathematics. Consequentially, the roughness and thickness of the film
can be set as fixed values (if known) of the model used to fit the data, and the scattering

length density obtained.

Detector

Angle of incidence 0 {_

Sample

Figure 39: Schematic representation of the neutron reflectivity technique.

The neutron reflectivity data were obtained at the ISIS neutron and muon
source (Oxfordshire, UK) using the OFFSPEC reflectometer, which has an incident neu-
tron wavelength range from 1.5 A to 14 A. Reflectivity data were collected at three
different angles (0.4° , 0.9°, and 2.3°) to cover the required momentum transfer range
(0.08 to 0.25 A™"). The data were then analyzed with the software GenX using the soft

nx model 243

5.2.8 Atomic force microscopy

AFM images and roughness measurements were obtained with a Veeco Dimension 3100
AFM with a NanoScope IV controller and a TESPA-V2 cantilever (37N /m nominal stiff-
ness and 320 kHz nominal resonance frequency) in "tapping’ mode. As profilometry, this
technique provides surface information. However, the main difference is that the AFM
tip interacts electrostatically rather than physically with the surface. The data capturing
methodology is also slightly different. A laser is pointed towards the tip and is reflected

88



into a photodiode which feeds information to the detector. The tip is set to vibrate at
a given frequency and the interaction of the tip with the surface of the sample causes
the vibration frequency of the tip to change. Using specific calibration parameters, these
changes in frequency allow the mapping of the surface probed by the tip. Compared to
profilometry, this technique allows higher resolution at smaller scales up to the atomic
scale, making it an ideal methodology to study nano-scopic surface characteristics such

as roughness or phase differences.

Laser

Photodiode

/

yd
™~

Detector and
Feedback

Cantiliever
& Tip

Electronics

Sample Surface

PZT

Figure 40: Schematic representation of the atomic force microscopy technique. Image on originally
created by Owverlord@ (https: // commons. wikimedia. org/wiki/File: Atomic_ force_ microscope_

block_ diagram. svg) andreproducedwithpermission.

5.2.9 Contact angle

Contact angle values were obtained with a Theta Lite Basic kit and integrated software
(accuracy of £0.1°) from Nima (now Biolin Scientific). During this technique, a liquid
drop of a known volume is placed on top of the sample and the angle between the edges
of the droplet and the horizontal surface of the sample is measured to determine the
wetting properties of the material respective to the liquid used. A high resolution camera

is placed in front of the sample for accurate determination of the contact angles.

89


https://commons.wikimedia.org/wiki/File:Atomic_force_microscope_block_diagram.svg) and reproduced with permission.
https://commons.wikimedia.org/wiki/File:Atomic_force_microscope_block_diagram.svg) and reproduced with permission.

Needle with liquid

Liquid drop Contact angle

Figure 41: Contact angle example picture.

5.2.10 Device fabrication and characterisation

The P3HT:PCBM and PCDTBT:PC;iBM based devices fabricated in this section fol-
lowed the same process described in section 4.2.4. In this chapter, both the 6 pixel and
the 8 pixel substrates were used for both types of devices. The photovoltaic performance

of the devices was obtained as described in section 4.2.5.

5.3 Results and discussion

5.3.1 Zwitterion selection (S.R.)

To determine which zwitterion had the best potential to improve the conductivity of
PEDOT:PSS, the sheet resistance of doped PEDOT:PSS films at different doping con-
centration of the four zwitterions was measured. The different zwitterions where chosen
based on theif differing chemical structures. BUPIP is the only zwitterion selected with a

pyridine in its structure, and DOMAP, DEMAP, and DYMAP have a non-polar carbon
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chains of different length. However, all four zwitterions have their negative charge in a
propanesulfonate group, and DOMAP, DEMAP, and DYMAP have their positive charge
in a quaternary ammonium ion. These similarities ensure that electrostatic interactions
between all the zwitterions and the PEDOT:PSS are as similar as possible, while the
differences between them, could allow to determine if the differences in the non-polar
tails of the surfactant molecules have influence on the effectiveness of the zwitterion to

reduce the sheet resistance of the doped PEDOT:PSS films.
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Figure 42: Chemical structures of BUPIP (a), DOMAP (b), DEMAP (c), and DYMAP (d)

A wide range of doping concentrations were explored by preparing 5, 10, 15,
20, 25, 30, 50, 70, and 100 mM doped PEDOT:PSS dispersions with each zwitterion. The
dispersions were processed into thin films and their sheet resistance was measured and
compared to the sheet resistance of a pristine PEDOT:PSS film. The results are shown by
figure 43 (errors shown in the Appendices section in figure 77) and table 4. The pristine
PEDOT:PSS film had a sheet resistance of 1.5941.44 x 10" Q [0~ 1 which was lower than
any of the BUPIP doped PEDOT:PSS films (lowest sheet resistance was that of the 100
mM doped sample at 1.70+1.45 x 10® Q [0-1). Moreover, the BUPIP doped dispersions
showed gelation at 70 and 100 mM concentration which resulted in low quality thin films.
Due to these results, BUPIP was discarded as an option to reduce the conductivity of
PEDOT:PSS and was not investigated further. The sheet resistance of DOMAP and
DEMAP doped films followed a similar trend in which their sheet resistance decreased
significantly compared to the pristine film by three orders of magnitude at 50 (2.95+0.019
x 10* © 071) and 30 (9.6740.041 x 10* © O"1) mM respectively, and then continued
to decrease less abruptly at further doping concentrations. The 50 mM DOMAP doped
and 30 mM DEMAP doped dispersions however, exhibited gelation at those and higher
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concentrations resulting in low quality thin films making them unsuitable to be used
in devices. The 15 mM DYMAP doped PEDOT:PSS film had a sheet resistance of
2.3740.933 x 10 © -1 which is one order of magnitude lower than that of the pristine
film. Moreover, the sheet resistance of the DYMAP doped films continued to decrease to
3.1442.74 x 10°, 2.2840.005 x 10%, and 1.6640.010 x 10* Q -1 at 20, 25, and 30 mM
doping concentration respectively. At 30 mM DYMAP doping concentration however, the
dispersion exhibited slight gelation and resulted in a low quality thin film and therefore
further doping concentrations were not investigated. Out of the four zwitterions tested,
only DYMAP decreased the sheet resistance of PEDOT:PSS at doping concentrations

that didn’t result in the gelation of the dispersion.
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Figure 43: Sheet resistance measurements of zwitterion doped PEDOT:PSS films as a function of the

doping concentration.
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Figure 44: PEDOT:PSS exzhibiting high gelation.

Table 4: Sheet resistance values of the zwitterion doped PEDOT:PSS films at different concentrations.
The error value represents one standard deviation. For the pristine PEDOT:PSS a total of 320 sheet
resistance measurements were obtained. For all DOMAP, BUPIP, and DEMAP concentrations, a total
of 40 sheet resistance values were obtained. For the 5, 10, 15, 20, 25, and 30 mM DYMAP doped samples
a total of 40, 160, 80, 160, and 40 sheet resistance values respectively were obtained.

Concentration (mM) Sheet resistance (2 1)

DYMAP DOMAP BUPIP DEMAP
0 1.5941.44 x 107 1.5941.44 x 107 1.5941.44 x 107 1.594-1.44 x 107
5 1.88+0.380 x 107 4.0641.64 x 108 4.0842.18 x 108 4.9941.30 x 108
10 1.4340.245 x 107 4.7540.535 x 108 3.84+1.42 x 108 4.63+1.48 x 108
15 2.3740.933 x 106 1.194:0.092 x 10° 1.264-0.079 x 10° 1.8840.793 x 10%
20 3.1442.74 x 103 5.4140.696 x 108 - - - oo o oo
25 2.284+0.005 x 10* 3.1540.746 x 108 3.8540.309 x 10° 9.5848.26 x 107
30 1.664-0.010 x 10* 1.014:0.402 x 10° 4.0740.362 x 10° 9.6740.041 x 10*
80 e e 2.95+0.019 x 10* 9.36+0.834 x 10° 8.60+0.052 x 10?
L 4.1240.041 x 103 4.8440.408 x 10° 3.3940.052 x 103
100 eeeeee oo 2.094-0.056 x 103 1.7041.45 x 108 9.604-0.167 x 102

Interestingly, all the 5 mM doped films exhibited an increase of sheet resistance
relative to that of the pristine PEDOT:PSS sample. This effect was more significant for
the 5 mM BUPIP (4.08+2.18 x 10® Q 0J"1), DOMAP (4.06+1.64 x 10® © O"1), and
DEMAP (4.9941.30 x 10® Q O~ 1) doped films than for the 5 mM DYMAP doped film
(1.8840.380 x 107 Q O~1). This indicates that the addition of the dopants in small
concentrations increase the resistivity of PEDOT:PSS. A possible explanation for this
will be discussed in section 5.3.4, however, it is clear that the effectiveness of these
zwitterionic dopants in improving the conductivity of PEDOT:PSS is dependant on the
doping concentration used. The sheet resistance of the BUPIP doped films continued

to increase as the concentration increased up to 70 mM, at which the sheet resistance

93



starts to decrease. This trend was shown only by BUPIP, and given that the main
difference between BUPIP and the other three zwitterions is the pyridine in the BUPIP
structure, it could be possible that the pyridine is responsible for this trend. A possbile
explanation for the increased sheet resistance of the BUPIP doped films up to 50 mM
dopinc concentration is that the pyridine ring makes the electrostatic interactions between
BUPIP and PEDOT:PSS more difficult due to the bulkier and less flexible structure of
BUPIP compared to the other zwitterions. The poor packing of BUPIP, caused by its
bulk and in-flexible chemical structure, may disrupt the continuous PEDOT:PSS network
resulting in trap sites when processed as a thin film, and thus increase the resistivity of

the film.

Since the 70 and 100 mM BUPIP doped PEDOT:PSS dispersions exhibit gela-
tion, it is highly likely that the dopant induces an increase of the viscosity of the solutions.
Therefore, the decrease of sheet resistance of the respective films is likely to be due to a
significant increase in the thickness of the film caused by the highly viscous and slightly
gelated dispersion rather than a decrease of the resistivity of the material. This could
also be the case for the 50 and 30 mM DOMAP and DEMAP doped films respectively,
however, in such cases the decrease in sheet resistance is by 6 and 5 orders of magnitude
respectively compared to the previous doping concentrations in each case. This could
indicate that the films experience a decrease in resistivity as well as an increase in thick-
ness due to the increased viscosity and gelation of the film. However, as mentioned before
the poor quality of the films makes them unsuitable to be incorporated into devices and

therefore were not investigated any further.

Since the sheet resistance of the 15, 20, and 25 mm DYMAP doped films was
orders of magnitude lower than the sheet resistance of PEDOT:PSS, and such concen-
trations did not exhibit any gelation resulting in good quality films, it is highly likely
the reduced sheet resistance is due to an improvement of the conductivity of DYMAP
doped PEDOT:PSS. An interesting observation is that the effectiveness of the zwitte-
rion in decreasing the sheet resistance of PEDOT:PSS appears to be dependant on the
length of the non-polar tail of the molecule. As can be observed in figure 43, DOMAP,
whose non-polar tail is of 8 carbons, needs to be incorporated at a higher concentration

than DEMAP, whose non-polar tail is of 10 carbons, to significantly reduce the sheet
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resistance of PEDOT:PSS. Furthermore, DYMAP, which non-polar tail is of 14 carbons,
decreases the sheet resistance of PEDOT:PSS at a lower concentration than DEMAP
and DOMAP. Due to the potential of DYMAP for improving the conductivity of PE-
DOT:PSS, DYMAP doped PEDOT:PSS was chosen to be thoroughly investigated and

incorporated into devices.

5.3.2 Determining the structural modifications of the DYMAP doped PE-
DOT:PSS dispersion

Since DYMAP doped PEDOT:PSS showed promising results by exhibiting significantly
lower sheet resistance compared to pristine PEDOT:PSS (figure 43) , the nano-scale
structure of different concentration DYMAP doped PEDOT:PSS dispersions was stud-
ied. Small angle X-ray scattering has been used before to provide more insight on the

244 and ethylene

nanoscopic behaviour of the widely studied dimethyl sulfoxide (DMSO)
glycol (EG)?* doped PEDOT:PSS while in dispersion. Following the specific changes
that PEDOT and PSS go through separately has hitherto proven to be challenging due
to their similar scattering length densities (SLDs). Tracking the morphological changes
of PSS and PEDOT separately after doping is crucial to fully understand the origin of
conductivity enhancement. Specifically, PSS is of particular interest since it is the ma-
jor component of the PEDOT:PSS polymer mixture, enabling its solubility in water by
countering the hydrophobicity of PEDOT 24132, Using neutrons instead of x-rays as the
small angle scattering probe allows the labelling of a specific component within the stud-
ied system through deuteration. Therefore, by deuterating PSS (d-PSS) it is possible to
obtain its individual scattering profile and thus track its changes in isolation from the
rest of the system. Using this technique, Etampawala et al. successfully determined that
the addition of DMSO to a PEDOT:d-PSS dispersion results in the re-organisation of
excess d-PSS, significantly reducing the amount of d-PSS rich domains which contribute
to the improved conductivity of PEDOT:d-PSS when spray coated into a thin film?32,
Murphy et al. also studied a PEDOT:d-PSS dispersion using small angle neutron scat-
tering (SANS) to determine the effects of 1-ethyl-3-methylimidazolium tetracyanoborate
(EMIM:TCB) on the d-PSS chains arrangement?!®. They found that the negatively

charged d-PSS backbone segments are neutralised by the EMIM cation which appears to
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improve the packing of the chains due to the screening of charge repulsion. Despite the in-
sight provided by these reports, there is still a significant gap in the understanding of how
other additives affect the PEDOT:PSS structural conformation. The different dopants
used to improve the conductivity of PEDOT:PSS affect it differently according to the
nature of the dopants requiring separate studies to achieve a complete understanding on
the mechanisms of conductivity enhancement of PEDOT:PSS. For instance, zwitterions
are surfactants that have proven to improve the conductivity of PEDOT:PSS and offer
the advantage that their charges are fixed within the molecule so they do not migrate out
of the doped PEDOT:PSS layer to other components of the device where PEDOT:PSS is

186;200:247 - However, surfactants behave quite

used which can happen with ionic dopants
differently to ionic liquids such as EMIM:TCB or polar solvents such as DMSO when
dissolved in an aqueous solution which suggests that the structural modifications that
they induce in PEDOT:PSS are also different. In this section, the changes that occur
to the PSS moiety as DYMAP is added in different concentrations to the PEDOT:PSS

dispersion was tracked using SANS and deuteration.

PEDOT and PSS have similar neutron SLDs of 1.80 x 107% A2 and 1.58 x 106
A2 respectively which makes it difficult to distinguish their scattering spectra from each
other. Thus, if the solvent’s SLD is contrast matched to PEDOT, the scattering signal
from PSS would be lost in the background. However, d-PSS has an SLD of 4.18 x 10~¢
A2 providing the necessary contrast with PEDOT to obtain a scattering signal from
d-PSS when the solvent is contrast matched to PEDOT. Therefore, in order to study
the change in structural conformations due to electrostatic interactions that PSS goes
through after DYMAP doping, a PEDOT:d-PSS dispersion in a DyO/H,0 solvent which
SLD was matched to that of PEDOT was synthesised.

To study the effect that DYMAP has on d-PSS in a PEDOT:d-PSS dispersion,
the small angle neutron scattering spectra of seven different DYMAP doped PEDOT:d-
PSS dispersions were analysed . The seven different samples were pristine PEDOT:d-PSS,
and 5 mM, 10 mM, 15 mM, 20 mM, 25 mM and 30 mM DYMAP doped PEDOT:d-PSS.
Figure 45 shows the 1D SANS plot of all the samples where it can be immediately
observed that the scattering intensity decreases as the DYMAP doping concentration

increases. Given that the SLD of DYMAP is 4.67 x 1078 A2, the decreased intensity of
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the doped dispersions can be attributed to the decreased scattering contrast caused by
DYMAP which, by interacting with d-PSS, reduces its SLD corroborating that the two
interact at a molecular level. It is worth noting that the SLD of DYMARP is closer to the
SLD of the subtracted background (solvent matched to PEDOT) than to the SLD of d-
PSS and hence, most of the scattering from DYMAP gets subtracted with the background

during the data reduction process.

| ] m d-PSS data |
a \ 5 mM DYMAP doped d-PSS data
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Figure 45: 1D SANS plots and corresponding fits (broad peak model) of pristine and different con-
centration DYMAP doped PEDOT:d-PSS. Samples were synthesised (and hence dispersed) in a solvent
which SLD matches that of PEDOT to obtain information on d-PSS.

In order to analyse the 1D scattering plots further, an empirical Broad Peak
Model was fitted to the data. The model has been used before to fit neutral and charged

polymer systems that exhibit electrostatic interactions, including PEDOT:PSS246:248,
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The model is described as

LA C
@ T+ (g—q | &

+B (24)

where A/q" is the low-q clustering term and C//[1+(] ¢—qo | £)™+ B] is the high-
q solvation term. More specifically, A is the Porod law scale factor, n the low-q scaling
exponent, C' the Lorentzian scale factor, m the high-q exponent, £ the screening length,
qo is the peak position, and B the g-independent background. Table 5 shows the resulting
fitting parameters for each sample. The analysis focused on two particular parameters
from the model, the peak position (go), and the screening length (£). Both parameters
are in the high-q solvation term of the model function that describes the interactions
between the scatterer and its surrounding environment at the nano scale. First, the peak
position is analysed which has a finite value for charged systems and a negligible value
for neutral systems?*8. Specifically, in polyelectrolyte systems this peak is characteristic,

and is caused by the interchain?9-2%2

spacing between the charged segments that exist
along the polymer chain?®®. This was corroborated for PEDOT:PSS by Murphy et al.
who, by conducting a serial dilution SANS study of PEDOT:PSS, confirmed that the qq
value is representative of the interchain distance between negatively charged rod-like PSS
segments that are located along the PEDOT:PSS chain?'6. Therefore, for this experiment
it can be safely assumed that go corresponds to an average interchain distance of 27/qq
A between the negatively charged d-PSS segments along the chain backbones that are not
attached to the PEDOT oligomers. As shown in table 5, the pristine d-PSS sample had
a ¢o of 0.0310 A! which corresponds to an average interchain distance between charged

d-PSS segments of ~202.7 A. This value is similar to that reported by Murphy et al. of
~196.4 A 16,
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Table 5: Parameters resulting from the Broad Peak model fits of pristine and different concentration
DYMAP doped PEDOT:d-PSS. Samples were synthesised (and hence dispersed) in a solvent which SLD
matches that of PEDOT to obtain information on d-PSS.

Doping &, Screening qo, Peak A, Porod law n, Low-q C, Lorentzian m, High-q X%,
concentration (mM)  length (A) position (A1) scale factor scaling exponent  scale factor  scaling exponent quality of fit

Pristine 41.1644.62  3.1040.10 x 102 8.5644.98 x 10 1.58+0.12 -0.3540.04 -1.0140.16 0.7603
5 41.4042.98  3.0840.08 x 102 1.9941.13 x 10 1.86+0.12 -0.41+0.03 -1.0540.12 0.7308
10 53.354£10.04 3.0740.07 x 102 6.3044.26 x 10 1.57+0.14 -0.37£0.05 -0.80+0.16 0.6080
15 53.8448.77  3.0640.09 x 102 7.1845.32 x 10 1.53+0.16 -0.3040.03 -1.04+0.16 0.9555
20 62.90+14.44 2.9640.12 x 102 1.264+1.19 x 107 1.3940.20 -0.2240.05 -1.1640.18 0.9005
25 64.81£10.88  2.8540.09 x 102 1.7341.61 x 10 1.80£0.20 -0.2840.03 -1.11+0.17 0.7589
30 110.07463.04 3.0840.12 x 102 3.1243.26 x 107 1.1740.22 - 0.15+0.06 - 1.10+0.42 0.6465

As the DYMAP doping concentration increased, a negligible change in ¢ is
initially observed. The ¢y of the 5 mM, 10 mM, and 15 mM doped samples were 0.0308
A1 0.0307 A, and 0.0306 A respectively. Figure 46 illustrates this change where it
can be clearly seen that the peak position does not significantly change when DYMAP
is added up to a 15> mM concentration indicating that the average interchain distance
between the charged d-PSS segments is barely perturbed by the addition of DYMAP
up to this doping concentration. However, at 20 mM and 25 mM doping concentration
qo decreases more abruptly to 0.0206 A and 0.0285 A respectively resulting in the
interchain distance between d-PSS charged segments being increased by ~ 7 A with each
of these increased concentration steps. Interestingly, at 30 mM doping concentration the
qo shifts back to 0.0308 A! which means that the average interchain distance between
d-PSS charged segments decreases to 203.8 A reverting back to the approximate same
value of pristine PEDOT:d-PSS.
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Figure 46: Screening length, peak position, and interchain distance as a function of DYMAP doping
concentration on PEDOT:d-PSS resulting from the Broad Peak model fits. Samples were synthesised
(and hence dispersed) in a solvent which SLD matches that of PEDOT to obtain information on d-PSS.

To understand the interchain distance change between the charged d-PSS seg-
ments induced by DYMAP, the behaviour of DYMAP alone in the same aqueous solvent
that the PEDOT:d-PSS is dispersed in was separately studied. The 1D scattering plot of
two 30 mM DYMAP aqueous solutions was obtained, one was in D,O/Hy0 SLD matched
to d-PSS, and the other was in D,O/H,0O SLD matched to PEDOT. Given that DYMAP
is a surfactant it is highly likely that DYMAP forms micelles in polar solvents such as
the one used in this study. To confirm this, the scattering data was analysed by fitting
it to a spherical form factor?*4%5, The scattering intensity is then described by equation

25

scale sin(qr) — qreos(qr) ]’

Iig) = v 3V (Ap) -

= +B (25)

where scale is a volume fraction, V' is the volume of the scatterer, r is the radius
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of the sphere, Ap is the difference between the SLDs of the scatterer and the solvent,
and B is the background scattering. As shown in figure 47, the scattering profile of both
solutions is very similar with the only clear difference being the intensity. As discussed
before, this is due to the difference in contrast between DYMAP and each subtracted
solvent. Since the SLD of DYMAP is 4.67 x 1078 A2, the solution with a D,O/H,0
solvent matched to d-PSS (SLD is 4.18 x 10-% A2) has a higher contrast than the one in
which DYMAP is dissolved in a D,O/H,0 solvent matched to PEDOT (SLD 1.80 x 107°
A‘z). This results in a higher intensity scattering signal from DYMAP when it is in the
d-PSS matched D,O/H,0 solvent. More importantly, the sphere model fitted the data
very well and resulted in a radius that was virtually the same for both samples. This was
expected given that the scattering object, DYMAP, is the same in both solutions. As
shown in table 6, the radius of the d-PSS matched sample was 25.7 A and the radius of
the PEDOT matched sample was 25.4 A . The radii are in reasonable agreement with the
theoretically estimated length of DYMAP (by adding up the standard values for every
bond length in the backbone of DYMAP) which is ~ 28 A . This is strong evidence that
DYMAP forms micelles in aqueous solvents. It is worth noting that the technical data
sheet of DYMAP provided by the supplier states that the critical micelle concentration
of DYMAP is 0.1-0.4 mM at 25°. This is further evidence that even the lowest DYMAP
doping concentration used in this work results in the formation of micelles. Moreover,
the molecular weight and the average micellar molecular weight of DYMAP are 363.6 and
30,200 respectively which means that, on average, there are ~80 molecules of DYMAP

per micelle.
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Figure 47: 1D SANS plots and corresponding fits (Sphere model) of 30 mM DYMAP aqueous solutions

Table 6: Parameters resulting from fitting the Sphere model to the 1D scattering plots of 30 mM
DYMAP aqueous solutions.

DYMAP in solvent DYMAP in solvent
matched to d-PSS matched to PEDOT

Scale 7.2040.10 x 1073 6.714+2.06 x 1073

Background (cm™) 3.5440.12 x 102 1.03+0.21 x 1072

SLD DYMAP (1E-6 A2)" 0.0467 0.0467

SLD Solvent (1E-6 A2)" 4.18 1.80

Radius (A) 25.68 25.43

* Calculated using the NIST Center for Neutron Research online
database?*0

While, according to the evidence presented above, DYMAP forms spherical
micelles in water, it is known that in the presence of additives with asymmetrically

distributed charges such as salts, surfactant micelles in solutions can grow from spherical
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objects to long worm-like micelles?°®. This phenomena is driven by thermodynamics and
the length and number of worm-like micelles are dependant on the concentration of the
additive which at very high concentrations results in gelation. Due to the polyelectrolyte
nature of PEDOT:d-PSS it is proposed that a similar effect occurs to DYMAP in the
presence of PEDOT:d-PSS. Such an effect could then also be responsible for the change
in the interchain distance between charged d-PSS segments induced by the addition of
DYMAP.

It is proposed that at low DYMAP doping concentrations from 5 mM to 15
mM, DYMAP starts to form short worm-like micelles in the presence of PEDOT:d-PSS.
These worm-like micelles grow as more DYMAP is added, however, up to 15 mM they are
significantly smaller than the interchain distance between the negatively charged d-PSS
segments. Above 15 mM concentration, the DYMAP worm-like micelles grow long enough
to start pushing the charged d-PSS chains apart due to steric hindrance. This effect is
corroborated by the linear decrease of ¢y as a function of the dopant concentration above
15 mM which indicates that as the worm-like micelles grow longer with the addition of

DYMAP, the charged d-PSS chains are proportionally pushed apart.

At 30 mM doping concentration the DYMAP worm-like micelles have grown
long enough to overcome steric hindrance and attach to the negatively charged d-PSS
segments. This can be attributed to the quaternary ammonium cation in DYMAP which
gets coulombically attached to the negatively charged d-PSS segments. This effect, in
which an asymmetrically charged dopant is attached by its positive charge to the neg-
atively charged backbone PSS segments of PEDOT:PSS, has been widely reported in

literature 186:196-203

The coulombic interaction between the positive cation of DYMAP
and the negatively charged d-PSS segment results in the relaxation of the backbone
segments previously stressed by the steric hindrance caused by the growing DYMAP

wormlike micelles.

The existence and growth of DYMAP worm-like micelles are further supported
by the observed gelation of the PEDOT:PSS dispersion at 30 mM doping concentration
which indicates that at this concentration the DYMAP worm-like micelles have grown

long enough to bridge separate strands of d-PSS resulting in the cross-linking of the d-
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PSS chains, and thus, the formation of a gel network. Figure 48 illustrates a schematic

representation of the effects described above.
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Figure 48: Schematic representation of the behaviour of DYMAP and its effects on the PEDOT:d-PSS

dispersion.

Now, the screening length (&) is analysed. In semi-dilute solutions whereby a
chain has been labelled with deuteration, the correlation length can be defined as the
size of a blob where the chain does not interact with other chains?*?. For polyelectrolytes
this can be interpreted as the average size of screening diameter caused by neutralised
objects, which for PEDOT:d-PSS are the d-PSS neutralised chain segments that have
the PEDOT oligomers attached along their length. The £ of pristine d-PSS was 41.16
A. Upon adding 5 mM DYMAP doping the screening length of the neutralised d-PSS
chains stays virtually the same at 41.40 A which indicates that this amount of DYMAP is
insufficient to induce any alterations to the original £ of neutralised d-PSS. At 10 mM and
15 mM doping concentration the ¢ increases by ~ 12 A relative to pristine d-PSS, and
further addition of DYMAP at 20 mM and 25 mM concentration the & increases to 62.90
A and 64.81 A respectively. Lastly, at the maximum doping concentration of 30 mM, the
¢ increases considerably more to 110.07 A | however the wide uncertainty (+63.04 A)
in this value makes it difficult to determine the magnitude of this increase. In order to

explain the change in ¢ as a function of DYMAP concentration, the focus is turned again

104



to the formation of worm-like micelles by DYMAP due to its surfactant characteristic.
As mentioned above, this is an effect driven by thermodynamics since, in the presence
of the charged PEDOT:d-PSS, forming worm-like micelles in between the d-PSS chains
is probably the more energetically favourable action for DYMAP. However, when the
micelles are in very close proximity to the negatively charged d-PSS backbone segments,
the quaternary ammonium cation in DYMAP can be attracted to the negative charge in
d-PSS, which results in the coulombic binding of DYMAP and the negatively charged
d-PSS segments. Therefore, a possible explanation for the increased £ as a function of the
concentration then, is the slow gradual attachment of DYMAP micelles to the negatively
attached d-PSS backbone as the concentration of DYMAP increases. While the formation
of worm-like micelles is probably the primary and most energetically favourable action for
DYMAP when introduced into the PEDOT:d-PSS dispersion, a lesser amount of DYMAP
ends attaching to the negatively charged d-PSS backbone segments. This results in a low
amount of DYMAP worm-like micelles growing from the d-PSS backbone some of which
will grow long enough as more DYMAP is added to connect with other worm-like micelles
formed either in other d-PSS backbones or in self-assembled worm-like micelles. More
importantly, the slow attachment of DYMAP to the negatively charged d-PSS backbone
segments results in the slight neutralisation of those segments which consequently results
in the extension of the screening reach of d-PSS. It can be seen in figure 46, by the
gradual increase in &, the slow and gradual attachment of a small amount of DYMAP
particles as the concentration is increased. At 30 mM, however, this effect is increased
significantly since the DYMAP fibril network is formed and the crosslinking induced by
DYMAP produces a significantly increased & of the d-PSS segments.

5.3.3 Conductivity

Now that the nano-scale structure of the DYMAP doped PEDOT:PSS dispersions had
been investigated, the thin film characteristics of the DYMAP doped PEDOT:PSS were
studied. Since the 0 (pristine) and 5 mM, 10 and 15, and 20 and 25 mM, doped disper-
sions showed very similar liquid state structures (figure 46), only the 0, 10, and 20 mM
DYMAP doped PEDOT:PSS films were selected to be investigated due to the limited

experimental time available on the Offspec instrument. First, the conductivity of the
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films was calculated using equations 18 and 19 with the sheet resistance values obtained
in section 5.3.1 and the thickness values obtained with ellipsometry. The results shown in
table 7 corroborate that DYMAP induces an increase of electrical conductivity of almost
two orders of magnitude on PEDOT:PSS relative to the pristine sample. This, however,
is only true when DYMAP is added at a 20 mM concentration.

Table 7: Conductivities of pristine, 10, and 20 mM doped PEDOT:PSS as a function of doping con-

centration.

Doping concentration | Conductivity (S em™) Thickness (nm)

Pristine PEDOT:PSS (2.2+0.8) x 1072 38.43 £0.17
10 mM DYMAP doped PEDOT:PSS (1.54+0.3) x 1072 47.42 £ 0.28
20 mM DYMAP doped PEDOT:PSS 0.84 £0.40 62.68 = 0.71

The results are interesting since it was expected that the conductivity would im-
prove as the concentration of DYMAP in PEDOT:PSS increased, in line with other cases
in literature in which PEDOT:PSS is doped with an asymmetrically charged dopant 188:196:201,
The conductivity of pristine PEDOT:PSS was (2.2 & 0.8) x 102 S em™, slightly higher
than the 10 mM doped sample which had a conductivity of (1.5+0.3) x 102 S cm™. How-
ever, when the doping concentration was further increased to 20 mM, the conductivity
increased to 0.844:0.40 S ecm™, more than one order of magnitude higher compared to the
pristine sample. As discussed in section 5.3.2, the screening length of the PSS backbone
segments increases as more DYMAP is added (see figure 48) due to DYMAP neutralising
the negatively charged PSS backbone segments. Such increased screening produced by
the dopant has been argued in literature to enhance the hopping rate of charge carriers
within the doped PEDOT:PSS when processed as a thin film?2%%2% resulting in improved
electrical conductivity. Additionally, the dramatic increase in conductivity from the 10
mM doped film to the 20 mM doped one could be indicative of a percolation threshold

being crossed. Such effect is worth investigating in follow up studies.

The conductivity results imply that a significant conformational change in the
morphology of PEDOT:PSS3%186:204 ig Jikely to be ocurring as the DYMAP doping con-
centration is increased from 10 mM to 20 mM. It could be possible that, as the worm-like
DYMAP micelles start to from an interconnected network, the charge transport is facili-

tated through this network due to the dual charge of DYMAP resulting in the improved
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conductivity of the highly doped films. Regardless, it is clear that the 20 mM thin film
experiences a significant morphological change compared to the 10 mM thin film. There-
fore, in the next section the vertical structure of the DYMAP doped PEDOT:PSS films

will be investigated.

5.3.4 DYMAP distribution throughout the film

As discussed in section 5.3.3, DYMAP hinders the conductivity of PEDOT:PSS if it
is added in low concentrations (i.e. 10 mM), but it is significantly increased when the
DYMAP is added in higher concentrations (i.e. 20 mM). A similar effect was shown
by two of the other three zwitterions tested in section 5.3.1 in which low concentrated
DEMAP and DOMAP doped PEDOT:PSS films had an increased sheet resistance rela-
tive to the undoped PEDOT:PSS film, but higher doped films had a significant decreased
sheet resistance. Such results indicate that the dopant affects the structure of the PE-
DOT:PSS films differently at different concentrations. To explain this phenomena, it is
proposed that the distribution of DYMAP is not even throughout the film at low con-
centrations resulting in a more obstructive path for the flow of charges. However, at
higher concentrations DYMARP is evenly distributed throughout the whole film providing
a homogeneous pathway for charge carriers to flow with the beneficial characteristics dis-
cussed in sections 3.7.2 and 5.3.3 that result in the improved conductivity of the doped
PEDOT:PSS film. Moreover, the possibility of a non uniform distribution of the additive
within the deposited thin film has not been considered in literature, even though the
separation of organic compounds within the bulk of a mixture is a common phenomenon
during the preparation or the treatment of the film or the device that the film is part
of26%:261 " Tn this section, neutron reflectivity was used to study the vertical structure of
0, 10, and 20 mM DYMAP doped PEDOT:PSS films to determine the distribution of
DYMAP throughout the film at different doping concentrations.

Figure 49a shows the NR data for a pristine PEDOT:PSS sample and the
model used to fit it. A stack consisting of three layers was required for the model (see
figure 49b). From bottom to top these layers were silicon (Si) substrate, a silicon oxide

(Si0y) layer, and the PEDOT(1):PSS(2.5) film. For each layer three parameters were
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considered in the model. These were thickness (D), root mean square roughness (ogus),

and scattering length density (SLD).

10'

- Pristine film
— Fit (x°=6.8)

D =48.4nm
Ogms = 1.65 nm
SLD = 1.42 + 107°A2

PEDOT(1): PSS(2.5)

D =444nm
Opms = 0.66 nm
SLD = 3.17  107°A~2

Reflectivity (A.U.)
5

D =ocnm
Ogms = 0.5nm
SLD = 2.06 * 10"°A~2

Momentum transfer (A™")
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Figure 49: (a) Neutron reflectivity data for the pristine PEDOT:PSS film and its corresponding fit. (b)
Sketch of the stack proposed for the model (not to scale) along with their respective fit values for thickness

(b)

(D), root mean square roughness (cgrys), and scattering length density (SLD ).

The three parameters of the Si layer were fixed to 2.07 x 1076 A2 5 A and
oo for SLD, roughness, and thickness respectively. The parameters for the SiO, layer
were all fitted. The thickness of the fitted layer was 4.44 nm. This is slightly high for a
native oxide which typically has a thickness between 1 and 3 nm. In order to corroborate
that the first modeled layer (one above the Si substrate) was a SiO,, ellipsometry was
conducted on the same sample that was measured with NR. This was done by removing
the PEDOT:PSS from half the surface of the substrate with D.I. water and a cotton
swab. Figure 50a shows the Psi and Delta values from the ellipsometry measurement
along with their respective fits obtained by modelling a 5 nm thick oxidized layer on top
of a Si layer. The relative similarity between the fits and the measured data suggests
that the native oxide layer is &~ 5 nm. To further corroborate that the 4.44 nm layer
determined by NR is a native oxide of the silicon wafer, atomic force microscopy (AFM)
was conducted on the same cleaned substrate to obtain the roughness of the surface. The
measured ogrys by AFM was 0.92 + 0.05 nm which is comparable to the 0.66 nm given
by NR. In addition to this, the SLD of the NR fitted layer was 3.17 x 10-6 A2 which is in
between the standard values for SiO (2.90 x 10-% A=) and SiO, (4.19 x 10~ A2). Given
these results, it is proposed that the layer on top of the silicon substrate is a slightly
thicker than expected oxide layer. The reason why this layer was thicker than would

normally be expected is unclear, however a possible cause for this is that this particular
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substrate came from a different batch of Si substrates that were cleaned with a different
process (using a HyOy solution) than the one described in section 5.2.2. To determine
the reason for the abnormally high thickness of the SiO, more experimentation is needed,
however, since such study deviates from the main purpose of this thesis, and it has been
corroborated that the layer was a SiOs layer, it was decided not to investigate this matter

any further.
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Figure 50: Ellipsometry data and fits (a) and AFM height image (b) for the SiO, layer.

(b)

The NR simulation of the PEDOT:PSS layer resulted in a 48.4 nm thick PE-
DOT:PSS film which was as expected for the spin coating conditions used to deposit the
polymer (4000 RPM, 40 s)?? and is very similar to the 48 nm measured by the pro-
filometer (see table 10). The root mean square roughness (ogys) of the film according to
the NR data was 1.65 nm which is similar to the 1.19 nm resulting ozys from the AFM
measurement conducted on the same film. The SLD for this particular PEDOT:PSS
composition (1:2.5 ratio) was unknown so it was also fitted and the resulting value was
1.42 x 1078 A2 which is very similar to the 1.68 x 1078 A2 of the more conventional
PEDOT:PSS formula (1:6 ratio) reported in the literature?®®. To further confirm the
validity of this SLD value, the theoretical SLD values for the EDOT and PSS monomers
were calculated using the NIST Center for Neutron Research online database?!’. The
SLD values for the EDOT and the PSS monomers were 1.80 x 1076 A2 and 1.57 x 10°
A2 respectively. These values are slightly higher than the SLD value obtained from the
fit. The decreased SLD of the PEDOT:PSS film can be attributed to the absorption
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of ambient water by the samples. Since PEDOT:PSS is highly hygrocopic, the samples
were measured more than 24 hours after their preparation to allow water absorption to
equilibrium, and hence, stability of the film thickness. Therefore, given that the SLD
of HyO is —5.61 x 10~7 A2, the presence of water molecules in the film results in the

decreased overall SLD of the thin film.

In order to determine if there is a bi-layer structure within PEDOT:PSS:DYMAP
after spin-coating, two different models were applied to the NR data of the 10 mM sam-
ple. Then, the probabilistic evidence of the two models was compared using x? as the
normal constant for both models to determine the most probable structure of films. As
suggested by Sivia and Webster?6* a significant change in the probabilistic evidence is
strong evidence that the model with the lowest normalistaion constant is the most accu-
rate description for the structure that is being analyzed. Both models consisted of a 10
mM doped PEDOT:PSS film on top of a silicon substrate and a native oxide, however
for one model the polymer film was split into two layers, and for the other model the
polymer film was simulated as one homogeneous layer. Figure 51 shows the NR data
of the 10 mM doped sample along the fits of the two models all plotted as reflectivity
multiplied by the Fresnel decay of Q* (RQ*) to emphasize the differences between models,
as this representation allows for better appreciation of the quality of the fit26°. When
fitting with the first model, where the PEDOT:PSS was split into two layers, all three
parameters (D, SLD, and ogys) of the SiO, and the layer on top of the SiO, (bottom
polymer layer) were allowed to be fitted. For the top polymer layer, only D and SLD
were fitted and ogprs was constrained between the minimum and maximum values ob-
tained by AFM (see table 10, and section 5.3.5). According to the best fit achieved, the
SiO, layer was 2.15 nm thick and had an ogps of 1.01 nm, both within the common
known ranges of a native oxide layer. The SLD was 3.15 x 1076 A2 which is similar to

the well known value of 3.47 x 1076 A-2 reported in literature265-267

, confirming that this
layer is a native oxide. Out of the two models used, the bi-layer model had the best fit
with a x? of 2.95. The second model considered only one homogeneous PEDOT:PSS layer
(similar to the one used to model the pristine sample) and fitted the SLD and D for this

homogeneous layer along with the three parameters of the SiO, layer. The ogysg fitting

of the PEDOT:PSS layer was again constrained to the AFM minimum and maximum
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values just as for the two layer model. The SiO, layer obtained with this model had an
SLD of 3.6 x 107% A2 was 2.3 nm thick, and had a ogg of 1.7 nm. This model had a
x? of 3.6 which is 22% larger (worse) than the x? of the 2 layer model. This improvement
in the quality of the fit strongly suggests that the NR data of the 10 mM doped sample
are best interpreted by assuming a separation of layers within the polymer film which

would confirm the hypothesis described at the begining of this section.

I v ! T ' L
104 = 10 mM doped film data 4
: —— 2 layers fit (x*=2.95) ]
— 1 layer Simulated SiO, (x°=3.6) !
E o
—~ | 27 I ||
. O\ _ I E |
- v \ TN &/ 2\ A B ] A
§ 10 E "l"- . ,ﬁ‘ " / , Y// l‘ ,“/i‘!‘!”/ “,.’!n‘vii ‘i. :II III I !)l E
5 \ SRTR A adini=glE
o ; 4 1\ I ]
'/ 1A | ]
!/ ‘. ; VI"} T
| \ -
| 1 "
I
10-10 - ‘ /' ‘/ -
: |
/ ]
1 T T T T 1
1072 10”

Momentum transfer (A™")

Figure 51: Neutron reflectivity plotted as RQ* data for the 10 mM film and its corresponding fits using
the two layer model (black) and the one layer model (red) both under same simulation conditions. The
x? values of each fit are shown for comparison evidencing a 22% improvement from the 1 layer model to

the 2 layer model.

The 20 mM doped sample was analyzed in the same way to investigate if this
separation continues to occur as the doping concentration increases. The same types of
models were applied to the 20 mM doped sample NR data, however, the results were
different for this sample showing negligible improvement in the quality of the fit from the
one layer model to the two layer model (see figure 52) with their x? being almost identical

(1.93 and 1.92 respectively). This suggests that for a doping level of 20 mM, the resulting
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film is a homogeneous mixed layer. The comparisons between the 2 of both models for
the 10 mM and 20 mM are interesting as they suggest that at a lower level of DYMAP
doping (10 mM), the PEDOT:PSS:DYMAP deposited film separates into two layers, but

forms a homogeneous layer when the amount of zwitterion is increased (20 mM).
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Figure 52: Neutron reflectivity plotted as RQ* data for the 20 mM film and its corresponding fits using
a two layer model (black), a one layer model (red) both under the same simulation conditions. The
X2 values of each fit are shown for comparison of quality of fit evidencing that there is no significant

improvement from using a two layer model over a one layer model (1% increase in quality of the fit).

In order to corroborate the argument discussed above, the validity of the models
was tested by applying a two polymer layer model to the pristine sample, and a three
polymers layer model to the 10 mM sample. If the one layer model for the pristine sample
had a x? very similar to the one of the two layer model then it could be confirmed that
the one layer model describes correctly the pristine film structure. Moreover, if the three
layer model for the 10 mM sample had a x? very similar to the two layer model then it
can be corroborated that the two layer model correctly describes the film structure as

well. The results can be seen in figure 53 and table 8.
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Figure 53: Neutron reflectivity plotted as RQ* data for (a) the pristine film and its corresponding fits
using a one layer model (black line), a two layer model (green spaced line), and for (b) the 10 mM film
and its corresponding fits using a two layer model (black line) and a three layer model (green spaced

line) both under the same simulation conditions . The x* values of each fit are shown for comparison of
quality of the fits.

Table 8: Thickness (D), root mean square roughness (crars), and scattering length density (SLD)

resulting from modelling a 2 layer and 3 layer model for the pristine and 10 mM sample respectively.

Pristine (2 layer model)

D (nm) ogys (nm) SLD (10°A-2)
Top Layer 39.78 2.43 1.5
Bottom Layer 8.51 4.94 1.28

10 mM (3 layer model)

D (nm) ogys (nm) SLD (10°A-2)
Top Layer 43.6 1.16 1.37
Middle Layer 2.13 1.91 1.47
Bottom Layer 10.1 6.48 1.07

As it can be observed in figure 53a, the x? values for the one layer and two layer
models for the pristine sample are 6.77 and 6.25 respectively, which are very similar (7.7%
improvement of the quality of the fit from the one layer model to the two layer model).
This implies that the one layer model is the best interpretation for this film structure.
Figure 53b shows as well two similar x? values from the three layers (2.95) and two layers
(2.89) model for the 10 mM sample (2.1% increase from the two layer model to the three
layer model) indicating that, based on the principle of Occam’s Razor?®®, the two layer
model is the best interpretation for this film structure. To further confirm these findings a

second analysis for every model was conducted based on the Nevot-Croce scheme?®® and a
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different metric for the probabilistic evidence. This analysis can be found in section 9.2 in
the Appendices. In summary the secondary analysis agrees with the findings reported in
this section, confirming that, the one layer model for the pristine and the 20 mM samples,
and a two layer model for the 10 mM sample are the most plausible interpretations for

their respective polymer films.

Now, the polymer layers of the 10 and 20 mM samples are analysed. According
to the two layer model for the 10 mM sample, there is a 10.1 nm thick layer on top of the
SiOy with a ogyrs of 8.1 nm. This is an unusually high ogprg to thickness ratio which
indicates that this layer is not completely separated from the top layer, but rather going
through a gradual separation. The SLD of the bottom layer was 1.1 x 107% A2 which is
slightly lower than that of the undoped PEDOT:PSS film (see table 9). Given that the
theoretical SLD value of DYMAP is 4.7 x 1078 A2, the decreased SLD of this bottom
layer compared to that obtained for the pristine PEDOT:PSS suggests that the bottom
polymer layer likely contains most of the DYMAP precipitated within the polymer film.
The top polymer layer had a thickness of 45.86 nm, a ogyg of 1.15 nm, and an SLD
of 1.37 x 1076 A2 which is very similar to the one of the pristine sample. This implies
that the top polymer layer is mostly comprised of undoped PEDOT:PSS with very small
traces of DYMAP as indicated by a minimal decrease in SLD (from 1.42 x 1076 A2 to
1.37 x 107 A?). The total polymer film thickness of the 10 mM sample (bottom and
top polymer layers combined) increased by 18% compared to the pristine sample, which
hints at a swelling effect induced by DYMAP. As for the 20 mM sample two layer model,
the bottom polymer layer had a thickness of 12.1 nm and a ogys of 4.1 nm while the
top polymer layer had a thickness of 65.7 nm and a ogyg of 0.96 nm. However, the
scattering length densities of both layers were very similar being 0.76 x 10 A2 for the
bottom polymer and 0.82 x 10 A2 for the top polymer. This is a strong indication that
the layers are not different from each other, supporting the argument that there is no
separation of layers at this high concentration. On the other hand, the one layer model,
the polymer layer was 78.02 nm thick and the ozyrs was 0.96 nm. The SLD of the polymer
layer was 8.0 x 10~7 A2 which if compared to the pristine PEDOT:PSS layer and the
top layer of the 10 mM sample, is notably lower. This decrease in the SLD could be due
to the modified density of the film caused by the dopant since it is 60% thicker compared
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to the pristine sample (see table 9). It is worth noting that the 20 mM DYMAP doped
PEDOT:PSS dispersion exhibited slightly increased viscosity compared to the pristine
PEDOT:PSS dispersion. Therefore, since the same spin-coating conditions were used for
both dispersions, the 20 mM film is expected to be thicker. Extracting quantitative results
from two effects which have similar outcomes is therefore quite difficult. The increase
in thickness of the PEDOT:PSS film caused by an asymmetrically charged dopant is
an effect that is rarely considered in literature and has important implications on the
interpretation of the morphology modifications of PEDOT:PSS. Moreover, it directly
affects the measurement of its parameters such as efficiency in devices which is dependent
on the thickness of the film2?7° 272 and conductivity which is commonly obtained by
measuring the sheet resistance and assuming a constant thickness for the pristine and the

doped samples.

Figure 54 compares the scattering length density profiles of pristine (1 layer
model), 10 mM (2 layer model) and 20 mM (1 layer model) DYMAP doped PEDOT:PSS.
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Figure 54: Neutron scattering length density profiles of pristine, 10 mM(2 layer model), and 20 mM(1
layer model) DYMAP doped PEDOT(1):PSS(2.5).
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Given the results presented in this section, it is proposed that at lower doping
concentration (e.g. 10 mM for DYMAP in PEDOT:PSS) the dopant preferentially accu-
mulates close to the substrate surface resulting in a bi-layer structure with the lower layer
rich in the dopant (in this case DYMAP), and the top layer comprised of mostly undoped
PEDOT:PSS. An explanation for this phenomenon could be that at 10 mM the amount
of DYMAP is insufficient to dope all of the PEDOT:PSS molecules. Subsequently, when
this mix is processed into a thin film, separated layers form with the heavily doped layer
near the Si interface. Moreover, the large effective roughness (relative to film thickness)
of the bottom polymer suggests that this separation of layers is not into two distinct types
of materials, in which one of them ceases to be at a specific point within the film’s height.
Instead, the film has a graded structure in which most of the dopant is found near the
bottom of the film and its presence gradually decreases as a function of the film’s height
leaving the top of the film comprised of mostly PEDOT:PSS (see figures 55a and 55b). Tt
is also proposed that when the dopant concentration increases (e.g. the 20 mM DYMAP
doped PEDOT:PSS), the more evenly balanced PEDOT:PSS to dopant ratio allows the
formation of a homogeneous film (see figures 55¢ and 55d). It is worth noting that this
is a possible explanation suggested by the author and that determining the precise cause
for this phenomenon requires a separate study that is out of the scope and objectives of

this thesis.
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Figure 55: Neutron reflectivity data for the 10 mM (a) and 20 mM (c) DYMAP doped PEDOT:PSS
films and their corresponding chosen fits. The sketches of the 10 mM (b) and the 20 mM (d) samples
(not to scale) are also shown along with their respective resulting values for thickness (D), root mean
square roughness (crys), and scattering length density. (SLD)
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Table 9: Thickness (D), root mean square roughness (crys), and scattering length density (SLD) of
each sample by layer. The numbers shown for the 10 and 20 mM sample correspond to the 2 and 1 layer

model respectively.

Pristine
D (nm) opys (nm) SLD (10°A2)
PEDOT:PSS 48.40 1.65 1.42
5105 4.44 0.66 3.17
10 mM
D (nm) opgys (nm) SLD (10°A2)
Top Layer 45.86 1.15 1.37
Bottom Layer 10.1 8.10 1.10
510, 2.15 1.01 3.15
20 mM
D (nm) opgys (nm) SLD (10°A2)
PEDOT:PSS:DYMAP | 78.02 0.96 0.80
510, 1.72 1.32 4.09
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Figure 56: Schematic representation of the wvertical structure modification of DYMAP doped PE-
DOT:PSS.
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5.3.5 Surface characteristics of the DYMAP doped PEDOT:PSS films

In order to study the surface morphology of the films and to aid the NR data analysis by

determining the orys, AFM was conducted. The results can be compared in table 10
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Figure 57: AFM height (top) and phase (bottom) images of pristine PEDOT:PSS (a and d), and 10
mM (b and ¢) and 20 mM (¢ and f) DYAMP doped PEDOT:PSS. Images show decreasing root mean

squared Toughness as the dopant concentration increases.

Height and phase images are presented in figure 57. The pristine sample (57a
and 57d) had an average ogys of 1.19 nm, the highest of all samples. Figure 57 also
shows that there are clear nodules (spherical features) in the height image which have
been identified before as PEDOT aggregates?’®. As the concentration increases, it can be
seen how those nodules tend to disappear or dissipate, and instead a more interconnected
film network is formed. This observation is also supported by the subtle decrease in the
average roughness of the 10 and 20 mM samples which are 1.07 nm and 0.96 nm respec-
tively, as it is known that PEDOT is a rough polymer when deposited as a thin film2°!
To confirm this trend, a 2D fast Fourier transform (FFT) was applied to the height images
and then a horizontal cut from the middle of the FFT images was extracted. As shown
in figure 58 the peak intensity of the FF'T horizontal cut of the images decreases from

6.59 nm (pristine) to 4.44 nm (10 mM) and 3.70 (20 mM) which corroborates a change
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in the surface of the films as the doping concentration increases. This trend supports
the argument presented in the NR analysis section where it is observed that at a low
concentration of DYMAP the surface layer is mostly PEDOT:PSS with minor traces of
DYMAP. However as the doping concentration increases, the DYMAP becomes better
mixed through all PEDOT:PSS and the resulting surface morphology is considerably dif-
ferent in comparison to the pristine sample being smoother and less aggregated. This
change in surface morphology can also be seen in the phase images (figures 57d, 57e,
and 57f) where the 20 mM sample looks more homogeneous than the 10 mM and pris-
tine samples supporting the idea described in the NR section of the surface of the film

transitioning from PEDOT:PSS to PEDOT:PSS:DYMAP as the dopant concentration

increases.
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Figure 58: 2D Fast Fourier transforms (FFT) of the AFM height images (top), and their horizontal
cut taken from the middle of the images (bottom). Images of pristine PEDOT:PSS (a and d), and 10
mM (b and e) and 20 mM (c and f) DYAMP doped PEDOT:PSS show a decreasing peak intensity as

the dopant concentration increases.

Table 10 shows root mean square roughness and thickness values obtained
with neutron reflectivity, AFM, and profilometry. The discrepancy between the NR
and profilometry thickness measurements can be attributed by the low accuracy of the

profilometry technique at such low scales, and to the different exposure time to ambient

120



humidity of the samples for each different technique (see section 5.2.2). The ambient
water absorption causes the PEDOT:PSS films to swell reaching maximum swelling at
maximum absorption at about 24 hours of exposure to constant ambient humidity. Figure

86 in the appendixes corroborates this trend.

Table 10: Root mean square roughness (orys and thickness (D) values of the pristine, 10 mM, and
20 mM DYMAP doped PEDOT:PSS samples obtained by surface measurement techniques (AFM and

profilometer) and neutron reflectivity modeling.

orms(nm) D(nm)

| NR AFM | NR  Profilometer
Pristine | 1.65 1.1940.12 | 48.40  48.0£0.8
10 mM | 1.15 1.06£0.10 | 55.96  58.3+4.5
20 mM | 0.96 0.98+0.10 | 78.02  90.3+5.7

5.3.6 Incorporation of DYMAP doped PEDOT:PSS films into P3HT and
PCDTBT based devices

Now that the nano-scopic structure of the different concentration DYMAP doped PE-
DOT:PSS dispersions and the vertical structure of the respective processed films had been
determined, the 0, 10, and 20 mM DYMAP doped PEDOT:PSS films were incorporated
into P3HT:PCBM and PCDTBT:PC,;BM based devices. As discussed in sections 3.7.2
and 5.1 it was expected that the incorporation of improved conductivity DYMAP doped
PEDOT:PSS films into OSCs would result in the enhanced photovoltaic performance of
devices. Specifically, an increase in the power conversion efficiency (PCE) of the 20 mM
sample as expected since its conductivity is significantly increased by more than one order
of magnitude compared to the pristine and the 10 mM sample. The results are shown in

figure 59 and table 11.
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Figure 59: Box plots (left) showing the Photovoltaic performance (short circuit current, open circuit
voltage, fill factor, and power conversion efficiency) of PSHT:PCBM (a) and PCDTBT:PC»2BM (b)
based devices with pristine (blue), 10 mM DYMAP doped (magenta), and 20 mM DYMAP doped (orange)
PEDOT:PSS. N equals the number of measurements for each type of device, the width of the box represents
one standard deviation on each side of the mean average value, the top and bottom ticks are the mazximum
and minimum values respectively, the horizontal line in the box is the median, and the circle in the middle
of the box is the mean average value. The J-V curve (right) of each champion device is also shown for

performance comparison.
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Table 11: Photovoltaic performance metrics of PSHT:PCBM and PCDTBT:PC.yBM based devices
fabricated with DYMAP doped PEDOT:PSS as hole transporting layer in 0, 10, and 20 mM doping

concentration. The errors represent one standard deviation for N’ number of measurements.

Average Maximum value

Jsc (mA/em?)  Voc (V) FF (%) PCE (%) Js¢ (mA/em?) Voc (V) FF (%) PCE (%) N
P3HT:PCBM, pristine 7.45+0.28 0.536£0.010 58.82£3.00 2.35+£0.16 7.82 0.555 63.14 2.57 46
P3HT:PCBM, 10 mM 7.61£0.28 0.480+£0.025 54.78+£4.33  2.01+£0.25 7.94 0.514 59.27 2.38 14
P3HT:PCBM, 20 mM 6.85£1.03 0.438+0.014 51.114£6.09 1.56%0.37 7.60 0.460 57.78 1.90 12
PCDTBT:PC,BM, pristine 9.7540.42 0.86240.013  55.39+ 3.41 4.6540.24 10.32 0.874 60.71 5.09 18
PCDTBT:PC7BM, 10 mM 9.43+0.68 0.769+0.034 42.39+4.19 3.1040.54 10.01 0.799 46.90 3.66 19
PCDTBT:PC7,BM, 20 mM 9.14+0.46 0.720£0.041  38.30£4.83  2.53+0.36 9.98 0.812 42.54 2.87 12

The results were unexpected since the average PCE of the devices went down
from 2.35£0.16% to 2.01£0.25% and 1.56£0.37% for P3HT based devices, and from
4.65+0.24 to 3.104+0.54, and 2.53+0.36 for PCDTBT based devices respectively as the
concentration of DYMAP increased. All the other three photovoltaic parameters of
PCDTBT base devices also decreased as the concentration of DYMAP increased. Sim-
ilarly, the V.. and FF of the P3HT based devices with a 10 mM and 20 mM DYMAP
doped PEDOT:PSS HTL were lower compared to the reference device, however the 10
mM doped HTL devices had a slightly increased Jg.

To understand the reason behind the lower performance of the doped HTL
incorporated devices, the J-V curves of the devices were analysed. As can be seen in
figure 59, the J-V curves of the best performing pixels of the doped HTL incorporated
P3HT and PCDTBT devices are worse than the reference device. This can be quantified
by the FF of the devices which was 58.82+3.00, 54.78+4.33, and 51.11£6.09% for the
0, 10, and 20 mM DYMAP doped PEDOT:PSS incorporated P3HT devices respectively,
and 55.394+3.41, 42.39+4.19, and 38.30+4.83% for the 0, 10, and 20 mM DYMAP doped
PEDOT:PSS incorporated PCDTBT devices respectively. The fact that the FF of the 10
mM doped HTL P3HT devices is lower than that of the control devices despite the slight
increase of Jg (from 7.45+0.28 to 7.61+0.28 mA c¢m™?), indicates that the lower FFs are
not caused exclusively by the decreased V. of the devices. This is further supported by
the less ideal shape of the J-V curve (see section 2.4) of the doped HTL incorporated
devices which indicates that the decreased FF of the doped HTL incorporated devices
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could be attributed to a lower quality of the contact between the doped HTLs and the
active layer. During the spin coating step of the fabrication process, the doped films
exhibited an increased phobic behaviour towards the solvent (chlorobenzene)in which the
active layer was diluted. This resulted in difficulties spin-coating the active layer onto
the doped PEDOT:PSS films evidenced by areas on the HTL layer that were not coated
due to the surface repelling the active layer solution. This effect was considerably more
intense in the 20 mM doped sample compared to the 10 mM doped one which explains
the lower PCE of the 20 mM doped HTL incorporated devices. A phobic behaviour of
the doped HTLs towards the PAL solvent can result in the poor adhesion between the
HTL and the PAL hindering the photovoltaic performance of the device. In order to
corroborate that the doped samples exhibit a phobic behaviour towards chlorobenzene,
contact angle measurements were conducted on the pristine, 10 mM, and 20 mM DYMAP
doped PEDOT:PSS films by dropping 5 ul. of chlorobenzene on the surface of each film.
As shown in figure 60, the contact angle increases from 10.58° to 16.15° from the pristine
to the 10 mM doped film respectively confirming and increased phobic behaviour of
the doped sample towards chlorobenzene. This phobic behaviour was found to have a
correlation with the doping concentration since the contact angle of the 20 mM doped
film was 20.48° which is higher than the pristine and the 10 mM doped film. These
results confirmed that the doped films develop a phobic behaviour towards the active
layer solvent. The increased phobic behaviour of the DYMAP doped PEDOT:PSS film
hinders the quality of the contact between the HTL and the active layer due to the
increased dewetting. This slightly increases the series resistance of the devices and most
prominently decreases their shunt resistance (as shown by the shape of the J-V curves
in figure 59) allowing for a leakage current to hinder the photovoltaic parameters and
performance of the solar cells using DYMAP doped PEDOT:PSS. It is worth noting that
the reduced V. of the 10 and 20 mM HTL incorcporated devices relative to the control
devices could indicate that the HOMO and LUMO levels of the doped HTL films may
be shifted by the inclusion of DYMAP in PEDOT:PSS hindering its electron blocking
capabilities. This could lead to electrons migrating to the doped PEDOT:PSS HTL and
the HCE increasing the number of recombination events within the device and hence

result in its poor performance.
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Figure 60: Contact angle images of the pristine (a and d), 10 mM (b and d), and 20 mM (c and f)
DYMAP doped samples. 5 L of chlorobenzene were dropped on top of the films for these measurements.

The reason behind the slight increase of Jg. of the 10 mM doped HTL incorpo-

rated P3H'T devices is unclear. A possible explanation for this could be that the bottom

DYMAP doped layer in the quasi-bilayer structure of the 10 mM doped film provides a

slightly more favourable conductive pathway for the charges to travel through the film

(see section 5.1). However, in the case of the 10 mM doped HTL PCDTBT device, the

drop in V. is significant enough to overcome any slight benefit from such favourable

conductive pathway resulting in a reduced J,. compared to the reference device. Since

the 20 mM doped film is entirely homogeneous, the more favourable conductive pathway

throughout the whole film should, on its own, result in the improved efficiency of both

the P3HT and PCDTBT devices. However, in such a case the phobic behaviour towards

the active layer results in a contact quality that is sufficiently poor to exceed any charge

transport benefit. This results in the overall decrease of all the photovoltaic parameters

of the devices. Given that the DYMAP doped HTLs decreased the efficiency of OSCs,

and that the reason for such an effect was determined, it was decided to not investigate

them further. However, it is clear that the increased conductivity of an HTL alone does

not necessarily result in the improved efficiency of the device if the interlayer contact
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quality is poor.

In chapter 8, different possibilities for future work are suggested to specifi-
cally address the contact between DYMAP doped PEDOT:PSS and P3HT:PCBM or
PCDTBT:PC7BM. From the results of this chapter it is clear that the contact quality
between the HTL and the PAL plays an important role in the efficiency of the devices,
therefore, the next step in this thesis was to investigate a method to improve the contact

quality between the HTL and PAL of OSCs.

5.4 Conclusions and next steps

Four zwitterions were used to dope the PEDOT:PSS dispersion, seeking to improve the
conductivity of the films to subsequently incorporate them as HTL in OSCs for im-
proved photovoltaic performance. The sheet resistance of the four zwitterion doped
PEDOT:PSS films at different concentrations was determined. Out of the four zwit-
terions, only DYMAP showed no simultaneous gelation and significantly decreased sheet
resistance relative to a pristine PEDOT:PSS film. Different concentration DYMAP dis-
persions were then investigated with small angle neutron scattering to determine the
nano-scale modifications of the PEDOT:PSS structure caused by DYMAP. It was found
that DYMAP forms micelles in water, and it was proposed that when in the presence of
PEDOT:d-PSS, DYMAP grows into worm-like micelles as the concentration of DYMAP
is increased up to the point of gelation of the dispersion. The interchain distance be-
tween negatively charged d-PSS backbone segments remains virtually unaffected by the
DYMAP worm-like micelles up to 15 mM DYMAP concentration, however, as more
dopant is added the worm-like micelles grow long enough to increase the interchain dis-
tance between negatively charged d-PSS segments due to steric hindrance. At 30 mM
however, the DYMAP worm-like micelles grow long enough to form an interconnected
network with the d-PSS chains by coulombically interacting with them which results in
the relaxation of d-PSS chains and a decrease in the interchain distance between them.
The screening length of the neutralised d-PSS segments that are attached to the PEDOT
oligomers increases as DYMAP concentration is increased as a result of the slow and

partial neutralisation of some negatively charged d-PSS. This effect is greatly improved
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at 30 mM when the gelation of the dispersion occurs due to the interconnected DYMAP

network significantly screening the negatively d-PSS backbone segments.

The DYMAP doped dispersions were then processed as thin films and their
vertical structure was investigated with neutron reflectivity. It was found that upon
doping, the film thickness increases and at low concentration the DYMAP preferentially
segregates towards the substrate resulting in two layers with a graded interface after
film deposition. The bottom polymer layer is comprised of DYMAP doped PEDOT:PSS
and the top polymer layer is mostly comprised of PEDOT:PSS with negligible traces
of the zwitterion. The large roughness of the interface between these two layers sug-
gests that across the interface, the zwitterion content decreases as a function of height
within the film. This separation into two layers only occurs at the low zwitterion to
PEDOT:PSS ratio, however, when the concentration of DYMARP is further increased the
NR data shows complete intermixing of the PEDOT:PSS with the zwitterion resulting
in a homogeneously mixed film. The AFM results indicate a change in surface mor-
phology from rough to smooth, with fewer PEDOT aggregates on the top surface as
it changes from PEDOT:PSS to PEDOT:PSS:DYMAP. The homogeneous 20 mM PE-
DOT:PSS:DYMAP films have a significantly higher conductivity, by over an order of
magnitude (~20-50 times) compared to the intermediate 10 mM films and the pristine
PEDOT:PSS. The latter two had similar conductivities with the 10 mM films showing
a similar surface texture and only a slight reduction in conductivity compared to the

pristine PEDOT:PSS.

When incorporated as HTLs into P3HT and PCDTBT based devices, it was
found that the DYMAP doped PEDOT:PSS films decrease the photovoltaic performance
of the devices as the concentration of DYMAP increases. This is attributed to an increased
phobicity towards the solvent in which the PAL is diluted of the films caused by DYMAP.
This increased phobicity of the films results in the lower quality of the contact between
the DYMAP doped PEDOT:PSS films and the active layer which lead to a decrease in
the fill factor and open circuit voltage of the DYMAP doped HTL incorporated devices.
It is also possible that the energy levels of DYMAP doped PEDOT:PSS are unfavourable
to block electrons allowing them to travel from the active layer to the HTL and HCE

which would result in an increase of recombination events. It is clear that in order to
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improve the quality of the interface between PEDOT:PSS and P3HT:PCBM for improved
device performance, the increased electrical conductivity of PEDOT:PSS on its own is not
sufficient and that the contact quality between both layers and the beneficial alignment of
their energy levels plays an important role in the device performance. Therefore, the next
chapter of this thesis focuses on investigating a method to improve the contact quality
and the energy level alignment between the HTL and the active layer films. However,
the findings on this chapter are expected to contribute with understanding on doped

PEDQOT:PSS for its future optimisation to improve charge transport in OSCs.
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6 Improving the contact quality between the HTL and
PAL of P3HT based devices

6.1 Introduction

The research presented in this chapter has been submitted to the Small journal.

In the previous chapter it was found that poor compatibility between the HTL
and the PAL in OSCs can overcome other improved characteristics within the device
such as the conductivity of the HTL resulting in the decreased photovoltaic performance
of the device. Therefore, this chapter focuses on investigating a method to improve the
contact quality between the HTL and the PAL to improve the efficiency and stability of
OSCs. Specifically, the improvement of the quality of the contact between PEDOT:PSS
and P3BHT:PCBM in ITO/PEDOT:PSS/P3HT:PCBM /Al structured devices will be in-

vestigated due to the simplicity, scalability, and potential uses of such structure.

During the last decade, the low power conversion efficiency (PCE) of OSCs has

109 gych as

been continually improved by synthesising specifically tuned donor materials
PTB72%, PABTAT-20D % PBDTTT-EFT2™, PBDB-T-C1'7 , and light absorbing non-
fullerene acceptors® such as TPB%, ITIC%, and IT-4F,%? achieving PCEs between 10%
and 14%. Recently, a 17.3% PCE tandem device was reported demonstrating the promis-
ing future for OSCs!'!?. Despite this progress, scalability and stability of such highly
efficient materials remains a considerable challenge for their commercialization?" 278,
Poly(3-hexylthiophene) (P3HT) based OSCs however, are among the few organic photo-
voltaic systems that have been successfully scaled-up!2'12% despite their low efficiency,
and thus, remain as arguably the most investigated type of OSCs?™. Due to their proven

readiness for commercialization, finding new methods to improve the efficiency of P3HT

based OSCs remains an active area in research 280284,

As mentioned in section 3.7.1, poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) is by far the most used hole transporting layer (HTL) in scaled
up P3HT based OSCs due to its simple processability, high transparency to most of
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the solar spectrum when processed as a thin film!% good mechanical and thermal sta-

134

bility 12717 and excellent water solubility '**. However, the interface between the PE-

DOT:PSS and the P3HT:acceptor bulk heterojunction layer is far from optimal as it ex-
hibits poor adhesion and an unfavourable energy difference between adjacent layers 80182,
Moreover, it has been shown before that PEDOT:PSS coated films have a surface rich in

179:285  This allows a reaction to

PSS with the sulphate group oriented towards the surface
occur between PSS and P3HT that results in the p-doping of P3HT and its degradation
due to the highly acidic nature of PSS?%6. Additionally, if a >150 °C thermal annealing
step is used during device fabrication (like the one used in this thesis 4.2.4) after the
P3HT based layer has been deposited on the PEDOT:PSS for improved performance, it
has been demonstrated that PSS intermixes with PSHT ™. Several efforts to improve the
contact quality between PEDOT:PSS and P3HT have been made, mainly through dop-
ing PEDOT:PSS with different substances in order to change its physical and chemical
properties such as selective carrier blocking and mobility, PSS content, and morphol-

132;166;200:287  However. and
. ?

ogy resulting in improved device performance and stability
as demonstrated in chapter 5, since the morphological changes that PEDOT:PSS goes
through after doping are complex?, this route towards improving of the contact quality
of PEDOT:PSS and P3HT:acceptor can be unreliable and is risky to scale up. On the
other hand, the incorporation of a well understood, organic inter-facial that improves the

contact quality between PEDOT:PSS and P3HT:acceptor, and which interactions with

each adjacent layer are well known, could have a good scalable potential.

Block co-polymers have been extensively used as compatibilizers?®8289  tem-

290;291 292:293

plating agents , active materials , and electrode-active layer inter-facial mate-
rials 2429 to improve the efficiency and stability of organic solar cells. This is due to the
advantageous thermodynamic incompatibility between the different blocks in the block

296297 This incompatibility allows the block co-polymer to separate into dif-

co-polymer
ferent domains of the polymer constituents on the nanoscale, while remaining linked in
the macroscale due to the covalent binding of the blocks. These features have allowed
the control of the microphase separation of donor-acceptor blends, and the prevention of

macrophase degradation, features that are paramount to improve the efficiency and sta-

bility of devices?%83% Moreover, each block can have different interactions with different
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components of the block co-polymer surrounding environment depending on the compo-
sition and properties of the blocks. In a previous study, Erothu et al. demonstrated
the synthesis and characterisation of a poly(3-hexylthiophene)-block-poly(neopentyl p-
styrenesulfonate) (P3HT-6-PNSS) block co-polymer that upon deposition goes through a
thermal treatment of 150°C to remove the neopentyl group in the PSS blocks and convert
into P3HT-b-PSS (figure 61). The motivation to synthetise this block co-polymer was
to use it as an inter-facial layer between the hole transporting layer (HTL) PEDOT:PSS
and the photoactive layer (PAL) P3HT:PCBM to enhance the transport of holes between
them. The design of this block co-polymer is intended to allow the P3HT block to inter-
act and enhance adhesion with the P3HT based PAL, and the PSS block to engage in
electrostatic interactions with the PEDOT:PSS HTL. Due to the polar nature of PSS, the
neopentyl group was added to the pre-annealed block co-polymer to enable its solubility

in a common organic solvent3!,
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Figure 61: Synthetic strategy for the preparation pf PSHT-b-PSS. Reprinted with permission from 3%
Copyright 2015 American Chemical Society.
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In this chapter, it is demonstrated that specifically designed block co-polymers
can be incorporated as inter-facial layers between the HTL and PAL of OSCs to enhance
the contact quality between them, improving the photovoltaic performance and stability
of the devices. This is done by succesfully incorporating three variants of P3HT-b-PNSS
with different PSS block lengths (9, 16, and 23 units per 50 units of P3HT) as inter-facial
layers between PEDOT:PSS and P3HT:PCBM in ITO/PEDOT:PSS/P3HT:PCBM /Al
structured OSCs. The origin of the improved performance and stability of the block
co-polymer incorporated devices is investigated by characterising the block co-polymers
with ellipsometry, small angle neutron scattering, UV-Vis spectroscopy, atomic force
microscopy, ultraviolet and x-ray photon spectroscopy, and testing the device performance

under constant and non-constant illumination.

6.2 Experimental

6.2.1 Materials

The P3HT50-6-PNSSg, P3HT50-0-PNSS;6, and P3HT54-b-PNSSs3 block co-polymers were
synthesised by Erothu et al. Table 12 shows the number average molecular weight (M,,),
weight average molecular weight (My ), and polydispersity values of the three block co-
polymers. Other properties of the block co-polymers can be found in the synthesis re-

port3%'. The details of all the other materials used in this chapter are described in sections

4.2.1 and 5.2.1.

Table 12: Number average molecular weight (M,,), weight average molecular weight (M,,), and polydis-

persity values of the three block co-polymers.

M, M,  Polydispersity

P3HTs-b-PNSS, | 15,000 18,300 1.22
P3HT5-b-PNSS ;5 | 18800 23,876 1.27
P3HT50-b-PNSS»; | 19600 28,420 1.45
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6.2.2 Device fabrication and measurement of photovoltaic performance

The 1, 2.5, 5, and 10 mg mL™ block co-polyemer solutions were prepared by putting 0.5,
1.25, 2.5, and 5 mg respectively of each block co-polymer in a 4 mL amber vial each and
adding 0.5 mL of chlorobenzene to them. The solutions were then stirred at 75 °C for two
hours and subsequently stirred at 30°C overnight. All the other inks used were prepared

as described in section 4.2.4.

The 8 pixel type ITO coated substrate (figure 22) was used for the fabrication
of devices in this chapter. The substrates were cleaned as described in section 4.2.3. The
PEDOT:PSS dispersion was spin-coated (section 4.2.4) at 5000 RPM for 40 seconds and
the top and bottom stripes of the film were removed as required for the formation of the
circuit, using a cotton swab dampened in D.I. water. The sample was then thermally
annealed on a hot plate at 150 °C for 15 minutes. The block co-polymers were then spin-
coated onto the samples (the top and bottom stripes of the film were formed with a cotton
swab dampened in chlorobenzene) and then transferred to a nitrogen filled glovebox to
be thermally deprotected on a hot plate at 150 °C for three hours. The samples were
then taken out of the glovebox and the P3HT:PCBM solution was spin-coated at 2000
RPM for 30 seconds onto the substrates forming the top and bottom stripes of the film
with a cotton swab damp in chlorobenzene. The active layer solution was filtered through
a 0.45 pum polytetrafluoroethylene filter before use. The samples were then placed in a
thermal evaporator under a <2.0 x 107% Pa vacuum to deposit a 100 nm Al electrode.
The devices were then thermally annealed at 150°C for 30 minutes and subsequently
encapsulated by using expoxy and glass coverslips and a 15 minutes ultraviolet light

curing step. A schematic representation of the fabrication process is shown in figure 62.
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Figure 62: Sketch showing the device fabrication procedure for the block co-polymer incorporated devices.

The photovoltaic performance of the devices was obtained as described in sec-

tion 4.2.5.

6.2.3 Characterisation

The UV-Vis spectroscopy (section 4.2.6), ellipsometry (section 5.2.6), atomic force mi-
croscopy (section 5.2.8), and small angle neutron scattering (section 5.2.5) techniques

and specifications used in this chapter have been described in previous chapters.

To determine the highest occupied molecular orbital (HOMO) of the thin films,
ultraviolet photoelectron spectroscopy was used. In this technique the sample is placed
in an ultra high vacuum environment and is then bombarded with ultraviolet photons
that remove the valence electrons from the sample. The removed electrons are detected
and their kinetic energy K F is measured. An intensity vs K E photoelectron spectrum

can then be produced, and using equation 26, where h is Planck’s constant, and v is the
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frequency of the ultraviolet photons, the K'FE can be converted into binding energy BFE.

hv = BE + KE (26)

For the type of samples used in this chapter, the kinetic energy at which the left
hand cut off occurs in the photoelectron spectrum is equal to the energy gap between the
vacuum level and the Fermi level. To determine the HOMO level, the energy gap between
the Fermi and the HOMO levels must be added to the K'F (see figure 63). The energy
gap between the Fermi and the HOMO levels can be determined by superimposing a line
through the edge of the photoelectron spectrum at low binding energies and intersect it
with a similar line drawn through the background beyond the Fermi edge. The HOMO

level can then be determined with the following equation

HOMO = KE + EqoMO-Fermi (27)

photon source energy analyser

A Evacuum

4 HOMO=KE+Eomo-remi | KE

(p <107 mbar )

N EFermi
= / Uy Ul o v 4 Eromo-Fermi
- Ultra Higl acuumJ HOMO

Figure 63: Simplified schematic representation of the UPS technique (left) and energy level diagram
(right) of the different parameters used to calculate the HOMO level of samples. Image on the right
originally created by Sahit (https: // commons. wikimedia. org/ wiki/File: ARPESgeneral. png ) and

reproduced from the Wikimedia Commons free media repository

To obtain the ultraviolet photoelectron spectra the samples, a Kratos Axis
Supra X-ray photoelectron spectrometer with a Hel plasma line with of 21.2 eV was
used. The area of analysis was 110 um diameter spot and the spectra was collected from

approximately 20 eV to -5 eV binding energy, at 0.025 eV intervals, 10 eV pass energy for
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one 300 second sweep.

6.2.4 Lifetime

For the lifetime test under constant illumination, an Atlas Suntest CPS+ with A 1500
W xenon bulb, quartz IR reducing filters, and internal reflectors was used®’? . The lamp
spectrum approximately matches AM1.5G3%. The combined bulb and internal reflectors
irradiance was ~100 mW cm™. PCE values reported here are normalised to seven silicon
photodiodes that take into account fluctuations in the illumination intensity. The applied
bias was swept from 0 to 1 V in 0.01 V intervals with a Keithley 2400 source measurement
unit. Devices were held at open circuit between measurements with every device being
scanned every =15 minutes and were not masked during the measurements. A total of
6 measurements per device, per time unit were obtained to calculate the average values
shown in figure 75. Metrics are normalised to their initial values. The temperature of the
devices inside the Suntest was 42+3 °C during operation. For the lifetime test not under
constant illumination the devices were measured as described in section 4.2.5 immediately
after fabrication and then were stored in the dark at 20 °C and 30-40% relative humidity
until the next measurement, and then stored again under the same conditions. A total
of 8 measurements per sample were taken and averaged to obtain the values shown in

figure 76.

6.3 Results and discussion

6.3.1 Thickness of the block co-polymers

An important issue to consider when using an inter-facial layer based on P3HT in the
transparent part of the conventional device structure (e.g. between the HTL and the
PAL) is the absorption of light by the P3HT chains of such inter-facial layer. This
results in less light reaching the active layer and hence less current generated by the
device. One way to address this issue is by controlling the thickness of the film. The

thinnest inter-facial film allows for maximum transparency. However, if the film is too

136



thin the quality of the contact between the PEDOT:PSS and the P3HT:PCBM films
is hindered, decreasing the fill factor of the devices. First, different thicknesses of the
block co-polymers films resulting from different processing conditions were determined.
Four different concentration solutions (1 mg mL™?, 2.5 mg mL™!, 5 mg mL?, and 10 mg
mL1) were prepared and spun-cast at three different speeds (2000 RPM, 4000 RPM,
and 6000 RPM) to obtain 12 different thicknesses for each block co-polymer measured
with ellipsometry. As shown in figure 64d and table 13, the thickness of the three block
co-polymers films decreases as the concentration of the solution decreases, and as the
spin speed increases. Such trend is expected, however, the results also show that the
thickness of the block co-polymers films have an additional dependence on the length of
the PNSS chain. The longer the PNSS chain, the thinner the resulting film is under the

same processing conditions, particularly for the higher thicknesses.
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Figure 64: Thickness of the block co-polymers films as a function of concentration and spin speed. The
error bars represent the one standard deviation on each side of the average value. Figures a), b), and
¢) show the thickness of each block co-polymer separately before and after deprotection, while figures d)
and c) show a comparison of the three block co-polymers simultaneously before and after deprotection

respectively
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Table 13: Thickness of the block co-polymer films as a function of the precursor solution concentration

and spin speed before and after deprotection. The error bars represent the standard deviation

Thickness (nm)

Before deprotection After deprotection
P3HT50-0-PNSSy  P3HT50-0-PNSS1s  P3HT50-0-PNSSy3 P3HT50-b-PSSy  P3HT5-0-PSS1s  P3HT50-0-PSSs
10 mg mL* - 2000 RPM 38.38+0.10 35.91+0.05 29.89+0.01 35.96+0.25 31.94+0.16 27.18+0.07
10 mg mL! - 4000 RPM 24.05+0.07 21.92+0.03 1940.24 21.95+0.16 19.3740.3 17.13+0.32
10 mg mL™! - 6000 RPM 19.14+0.08 18.014+0.24 16.134+0.29 17.5£0.17 16.2740.20 14.964+0.38
5 mg mL" - 2000 RPM 17.3540.13 15.7840.33 14.2440.33 16.914+0.18 13.3440.14 12.6940.07
5 mg mL - 4000 RPM 11.714+0.24 10.9+0.28 9.840.23 11.0340.56 9.9240.41 9.34+0.35
5 mg mL™? - 6000 RPM 9.09+0.12 8.76+0.22 8.48+0.23 8.540.27 7.95+0.20 7.97£0.38
2.5 mg mL! - 2000 RPM 7.544+0.18 6.91+0.29 6.7£0.19 7.23+0.43 7.00+0.16 6.41+0.18
2.5 mg mL! - 4000 RPM 5.4440.27 5.5240.13 5.284+0.31 5.094+0.26 5.014+0.22 4.45+0.21
2.5 mg mL! - 6000 RPM 4.8540.24 4.4640.15 4.17+0.13 4.424+0.26 4.35+0.17 4.1940.20
1 mg mL! - 2000 RPM 3.4940.11 3.39+0.29 3.240.33 3.1540.14 2.82+0.09 2.75£0.07
1 mg mL! - 4000 RPM 2.64+0.10 2.64+0.18 2.56+0.24 2.434+0.07 2.174+0.05 2.15+0.33
1 mg mL! - 6000 RPM 2.54+0.08 2.3+0.10 2.340.14 2.06+0.05 1.934£0.04 1.984+0.04

In order to investigate the origin of the film thickness dependence on length
of PNSS chains of the block co-polymers, the radius of gyration (R,) of the block co-
polymers in solution was determined using small angle neutron scattering (SANS). A
10 mg mL™? solution was prepared for each block co-polymer. Since the theoretically
calculated scattering length densities (SLD) of P3HT (6.7 x 10~7 A-2), PNSS (1.02 x 10~¢
A?) | and chlorobenzene (1.82 x 1076 A2) are very similar, deuterated chlorobenzene
(SLD=4.709 x 10~% A-?) was used as the solvent to produce a higher contrast between
the solvent and the block co-polymers. The R, of the block co-polymers was then obtained
by fitting a Poly Gauss Coil model to the obtained 1D scattering plots. This empirical
model describes the scattering from polydisperse polymer chains in theta solvents or

polymer melts, assuming a Schulz-Zimm type molecular weight distribution 304307

Iy = scale - Iy - Py + background (28)

where

]0 - ¢poly -V (ppoly - psolv)2 (29)

20014+ UZ)7 +2—1]
1-U)22

P =
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=110 (31)
Mw
U= ST 1 (32)
M
V= (Va0) (33)

and ¢, is the volume fraction of the polymer, V' is the volume of a polymer
coil, M is the molecular weight of the polymer, N4 is Avogadro’s Number, ¢ is the bulk
density of the polymer, pgon and ppo, are the SLDs of the solvent and the polymer,
respectively, and R, is the radius of gyration of the polymer coil. As shown in figure 65
and table 14, the R, of P3HT50-b-PNSS;¢ is 59.24£0.89 A which is slightly lower than that
of P3HT50-b-PNSSg (60.60+0.99 A) Given that these R, values are within the statistical
uncertainty of each other it is assumed that the difference is minimal. Nevertheless, the
lower R, average value of P3HT50-0-PNSS,4 suggests a downward trend that is related to
the increased length of the PSS block. This trend is corroborated by the R, of P3HTj5,-
b-PNSSy3 (54.00+0.80 A), which is considerably smaller than that of P3HT50-b-PNSSy4
confirming a trend that reveals an inverse relationship between the R, and the PNSS
chain length. We attribute the decrease in R, to the inferior solubility of the PNSS
block compared to the P3HT block. As mentioned in section 6.1, PSS is not soluble in
organic solvents and therefore a neopentyl group was added to it to allow dissolution of
the block co-polymers in a single organic solvent. This proved successful, however, the
PNSS block remains a low soluble moiety. Therefore, the longer the PNSS block is, the
less soluble the block co-polymer becomes. This lower solubility of the block co-polymers
with the longer PNSS blocks is not significant enough to have an effect on the macroscopic
quality of the solution, however, as a consequence of the phobicity of the PNSS block
towards the solvent, the block co-polymer packs into tighter coil as the length of the

PNSS block get larger, resulting in a reduced Rg. Morgan & Dadmun?3%®

also reported
a correlation between the decreased Rg of P3HT in solution and its decreased solubility,
which leads to the increased P3HT-P3HT interactions that drive the polymer to a more

contracted formation. This could explain the reduced film thickness of P3HT5q-0-PNSSo3
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compared to P3HT5¢-0-PNSS¢ and of P3HT5y-0-PNSS14 compared to P3HT5y-6-PNSSq
when processed under the same conditions. Since the block co-polymers with the longer
PNSS blocks pack tighter in solution, they also occupy a lower volume, and when the
solution is spin-cast, a lower volume film is formed, resulting in a reduced thickness. This
is also supported by the difference in thickness (see figure 64d) between P3HT50-5-PNSS,
and P3HT5p-6-PNSS1¢ which is lower than that of P3HTx-b6-PNSS1s and P3HT5,-b-
PNSS,3. This trend seems to emulate that of the Rg and be more significant for the
higher thicknesses which confirms that the impact of PNSS block length is subtle, but

nonetheless genunine.

1 T T T T

; a) : b)
0.1 | |
Rg=60.60+0.99 A Rg=59.24+0.89 A
" - P3HT,,-b-PNSS, data - P3HT.,-b-PNSS,, data
&) . .
2 0.01 : . : :
2]
o
| 0) | fae.. d)
_ b:gs@&s )
|E L‘
0.14 > |
— 2 = P3HTg-b-PNSS, data
Rg=54.00+0.80 A £ P3HTzz-b-PNSSZ fit
o P3HT.-b-PNSS,, data
P3HT,;-b-PNSS,, fit
¢ P3HT5-b-PNSS,; data e P3HT:z-b-PNss;z data
Fit P3HT,-b-PNSS,; fit
0.01 T T T
0.01 01 0.01

q (AT

Figure 65: SANS data and corresponding fits (black) of a) PSHT50-b-PNSSg, b) PSHT5p-b-PNSSs,
and ¢) P3HT5p-b-PNSSzs dissolved in deuterated chlorobenezene. All data and fits are also shown to-

gether (d) for comparison.
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Table 14: Parameters resulting form fitting the Poly Gauss Coil model to the 1D SANS scattering plots
of the three block co-polymers

P3HT50-6-PNSSy P3HT50-0-PNSSy4 P3HT50-0-PNSSo3

Rg (A) 60.60+0.99 59.2440.89 54.00+0.79
Iy (cm™) 0.46140.010 0.49040.001 0.435£0.008
Polydispersity” 1.22 1.27 1.45
Background (cm™)  0.00944-0.0008 0.0091£0.0008 0.0084+0.0009
Scale 1 1 1

x? (goodness of fit) 1.1824 1.196 1.2329

* Previously obtained in the synthesis report of Erothu et al.?!

As previously mentioned, in order for the block co-polymers films to function
as originally intended in OSCs the polar properties of the PNSS block must be restored
by removing the neopentyl group. This is achieved by a thermal deprotection process
in which the block co-polymers films are annealed at 150°C for 3 hours. A thermal
annealing process is also known to affect the thickness of P3HT based polymers3®® due

310311 © and since the

to the reordering of its polymer chains and increased crystallinity
block co-polymers are comprised mostly of P3HT, a similar effect can be expected on
them. In order to obtain the accurate thickness values of the block co-polymer films
that will be incorporated in the devices, their thickness after the deprotection process
were measured and found to be slightly reduced by the thermal deprotection process
particularly at the higher thicknesses (see figures 64a-d). In addition to the increased
crystallinity mentioned above, this decreased thickness is also likely to be caused by the
evaporation of the remaining chlorobenzene solvent in the films, which has a boiling point
of 132°C. The effects of the thermal deprotection process on the block co-polymers were

further investigated with UV-Vis spectrocoscopy and atomic force microscopy in section

6.3.3 of this chapter.

6.3.2 Photovoltaic performance of block co-polymer incorporated devices

The block co-polymers were incorporated as inter-facial films into OSCs in seven dif-
ferent thicknesses, and the photovoltaic performance of the devices was determined and

analysed. Devices with the structure ITO/PEDOT:PSS/P3HT-b6-PSS/P3HT:PCBM /Al
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were fabricated in air (except for the deprotection process) and without an electron trans-
port layer for simplicity and industry scalable feasibility. The photovoltaic performance
of the devices is shown in figure 66 and table 15. The average PCE, FF, Voc and Jsc of
the reference device were 2.35+0.16%, 58.82+3.00%, 0.536+0.010 V, and 7.45+0.28 mA
cm? respectively which are comparable to the values obtained in section 4.3.1 and in the
literature for this type of device structure?!%?21-223 The incorporation of P3HT5,-b-PSS,
resulted in a decreased performance of the devices irrespective of the thickness, however,
P3HT50-6-PSS1 and P3HT50-0-PSSss improved the efficiency of the devices optimally
by 9%, and 12% respectively when deposited as a 10 nm and a 13 nm film. The devices
with a 10 nm thick P3HT5y-b-PSSy¢ inter-facial layer had a PCE of 2.564+0.12%, while
the PCE of the devices with a 13 nm thick P3HT5¢-b-PSSs3 inter-facial layer had a PCE
of 2.63+0.08%. The enhanced efficiency in both type of devices is mainly caused by a
9% increase in the V,. which was 0.586+£0.007 V for the P3HT50-b-PSS;¢ incorporated
device and 0.585+0.008 V for P3HT50-b-PSSy3 incorporated device. It is worth noting
that even though P3HT5,-6-PSSg incorporated devices had a significantly lower pho-
tovotlaic performance than the reference device, their V. increased by the same amount
that the V. of the P3HT5,-0-PSS16 and P3HT5-b-PSSy3 incorporated devices. A slight
increase of 2.8% and 6.2% in fill factor of the the P3HT50-b-PSS16 (60.46+2.14%) and
P3HT50-b-PSSy3 (62.49+1.14%) incorporated devices respectively also contributed to the
improved PCE. The increased V,. and FF of the devices with the 10 nm and 13 nm
block co-polymer incorporated films compensate for an expected decrease in Jy. of 3.2%
and 4.0% respectively due to the light absorbance of the block co-polymer layer. The Jg.
of the P3HT5,-b-PSS¢ incorporated device was 7.2240.19 mA c¢m™ while the J. of the
P3HT50-b-PSS,3 incorporated device had a Jg. of 7.1640.17 mA c¢m™2,
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Figure 66: Boxz plots showing the Photovoltaic performance (short circuit current, open circuit
voltage, fill factor, and power conversion efficiency) of P3HT based OSC devices with P3HTs0-b-
PSSg(a), P8HT50-b-PSS16(b), and P3HT5p-b-PSSes(c) incorporated as inter-facial layers between the
PEDOT:PSS and PSHT:PCBM layers. N equals the number of measurements for each type of device,
the width of the box represents one standard deviation on each side of the mean average value, the top
and bottom ticks are the mazimum and minimum values respectively, the horizontal line in the box is the
median, and the circle in the middle of the box is the mean average value. The J-V curve (d) of each

champion device is also shown for performance comparison
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Table 15: Photovoltaic performance metrics of OSC devices with the different block co-polymers in-
corporated in varying thickness as inter-facial between PEDOT:PSS and PS8HT:PCBM. The error bars

represent the standard deviation

Average Maximum value
Jsc (mA/cm?) Voc (V) FF (%) PCE (%) Jsc (mA/em?) Voc (V) FF (%) PCE (%) N
Reference 7.45+0.28 0.536+0.010 58.82+3.00 2.35+0.16 7.82 0.555 63.14 2.57 46
P3HT50-b-PSSy (nm)
2.5 6.89£0.30 0.531+0.015  38.95+3.01  1.4240.12 7.27 0.546 43.02 1.61 23
5 6.90+0.38 0.569+£0.008  37.16£3.18  1.4640.15 7.24 0.584 41.95 1.69 24
11 5.58£0.31 0.5944+0.006  38.984+2.97  1.2240.08 5.79 0.603 42.34 1.33 16
17 4.44+0.26 0.598+0.005  47.07+2.54  1.25%+0.14 4.84 0.605 49.83 1.43 7
17.5 4.59+0.23 0.600+0.004  38.90+2.02  1.07+0.08 4.88 0.606 40.98 1.15 7
22 4.84+0.12 0.594+0.003  53.02+0.55  1.5240.04 4.99 0.599 53.80 1.56 7
36 2.2940.42 0.595+0.010 37.12+2.83  0.51+0.13 2.86 0.605 40.22 0.70 8
P3HT50-b-PSS;6 (nm)
2 7.1840.28 0.550+0.006  42.094+2.59  1.66%0.09 7.50 0.564 46.73 1.83 16
5 7.2440.16 0.576+0.001  49.51+2.28  2.07%+0.12 7.56 0.590 52.32 2.26 16
10 7.22+0.19 0.586+0.007 60.46+2.14 2.56+0.12 7.57 0.600 63.17 2.70 61
13 7.03+0.26 0.588+0.007  61.74+1.44  2.50%0.11 7.53 0.601 64.06 2.67 24
16 6.76+0.18 0.576+0.005  63.10+0.38  2.46+0.07 6.98 0.58 63.65 2.52 8
19 6.63+0.16 0.584+0.006  63.06+0.55  2.4440.08 6.81 0.591 63.94 2.54 8
32 5.934+0.17 0.591+0.003  60.91+0.01  2.1440.09 6.18 0.594 62.83 2.25 8
P3HT50-b-PSSs3 (nm)
2 7.27+0.16 0.550+0.009  42.284+2.15  1.69+0.11 7.56 0.566 46.08 1.87 16
4.5 7.2940.14 0.576+0.008  50.80+2.42  2.13%+0.14 7.60 0.586 54.53 2.40 16
9 7.25£0.20 0.5824+0.006  61.06+1.26  2.5940.10 7.60 0.595 63.56 2.80 53
13 7.16+0.17 0.585+0.008 62.49+1.14 2.63+0.08 7.47 0.596 63.85 2.80 40
15 6.86£0.06 0.583+0.002  63.89+0.53  2.551+0.04 6.93 0.585 64.54 2.61 8
17 6.66+0.15 0.585+0.005  64.72+0.50  2.5240.07 6.82 0.591 65.44 2.60 8
27 5.9440.22 0.588+0.006 64.31+0.22 2.2440.06 6.22 0.596 64.54 2.33 8

To determine the origin of the improved V. of the 10 nm P3HT5,-6-PSSy¢, and
13 nm P3HT54-b-PSSs3 incorporated devices, the HOMO energy levels of PEDOT:PSS
and the block co-polymers films were studied. As discussed in section 3.5, efficient exciton
charge transport is highly dependant on the beneficial alignment between the energy levels
of the buffer layers and the active layer. Moreover, it is well known that the V. of OSCs
has a strong dependance on the alignment of the energy levels of the different materials
within its structure?'®3'%313 The HOMO level of a P3HT thin film (~ 100 nm) with
a Mw of more than 30,000 measured with UPS has been reported to be in the range of
-4.8 to -4.7 eV3M315 For holes to efficiently move to the HTL avoiding significant V.
losses, the HTL must have a HOMO higher than the P3HT. To determine if this is the
case for the structure of the reference device, the HOMO of a PEDOT:PSS film equal
to the one used in the devices was determined with UPS. It was found that the HOMO
level of the PEDOT:PSS film was -4.98 eV (agreeing with the value advertised by the
provider3'%) which is lower than the HOMO level of P3HT. This is non-ideal for holes

to move to since they have to overcome a barrier of ~0.2 eV to move from the P3HT to
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the PEDOT:PSS. This results in V. losses due to the recombination events caused by
the holes that are not able to move to the PEDOT:PSS HTL2'% and the excitons that
are not successfully dissociated at the PEDOT:PSS-P3HT:PCBM interface. It is possible
that the HOMO levels of the block co-polymers provide a a more favourable energy level
than PEDOT:PSS for the holes generated in P3HT to travel to. To investigate this, the
HOMO levels of 11 nm P3HT5p-0-PSSg, 10 nm P3HT50-6-PSS16, and 13 nm P3HT54-b-
PSSo3 thin films were determined to be -4.50, -4.55, and -4.68 ev respectively. The 11 nm
thickness for the P3HT5q-0-PSSg was selected for comparison to the similar thicknesses
of 10 and 13 nm of the other two block co-polymers. The UPS measurements of the block
co-polymers confirmed that they have a higher HOMO than the P3HT which facilitates
the transfer of holes from the P3HT to the block co-polymers compared to the transfer
from P3HT to PEDOT:PSS (see figure 67). This also implies that it is highly likely
that the excitons generated within travel distance of the interface between the block co-
polymers and the active layer can dissociate more favourably than the excitons at the
interface between PEDOT:PSS and P3HT in the reference device. The more energetically
favourable level provided by the block co-polymers results in less V. losses and thus, a
higher V. of the block co-polymer incorporated devices. This is also confirmed by the
fact that the improved V,. of the block co-polymer incorporated devices was increased
by approximately the same amount relative to the reference device (see figure 66 and
table 15) irrespective of the processing conditions of the block co-polymer (i.e. resluting
thickness, and hence UV-Vis transmittance). While it is true that the holes in the
block co-polymer layer would still have to overcome an unfavourable energy alignment
to travel to the PEDOT:PSS, it is proposed that the electrostatic interactions between
the PEDOT:PSS layer and the PSS block in the block co-polymer result in the formation
of an intermixed interface that can be considered as homogeneous. This can also be
interpreted as the band-bending of the HOMO of PEDOT:PSS to a higher energy level
more similar to the one of the block co-polymer enabling the good transition of holes from
the block co-polymer to the PEDOT:PSS. It is also possible that the block co-polymer
film prevents the contact of PCBM with the PEDOT:PSS ensuring that electrons don’t
leak to the PEDOT:PSS and eventually to the ITO electrode. The block co-polymer
can then be conceptualised as an additional filter for electrons to not reach the hole

conducting electrode, and thus avoiding more recombination events that decrease V. of
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the device. The photoelectron spectra of each film is shown in the annex 9.5.

To confirm that the reason behind the improved V. of the block co-polymer
incorporated P3HT devices is the beneficial HOMO levels provided by the block co-
polymers for the holes to move from the P3HT, the 4.5, 9, 13, and 17 nm P3HT5¢-0-PSSo3
films were also incorporated in PCDTBT devices. Since PCDTBT has a HOMO level (-5.4
to -5.51%6) lower than both PEDOT:PSS and the block co-polymer, the holes in PCDTBT
would relax more favourable to PEDOT:PSS than to the block co-polymer. This is due
to the fact that the HOMO level of PEDOT:PSS (-4.98 ¢V) is closer to the HOMO of
PCDTBT than the HOMO of P3HT5-b-PSSa3 (-4.68 eV) is to the HOMO of PCDTBT
(see figure 68). Therefore, it would be expected that incorporating P3HT50-b-PSSo3 in
PCDTBT devices would result detrimental to the V,. of the devices. Moreover, since
the PCDTBT donor is not as compatible with the P3HT block in the block co-polymers
as the P3HT donor, it is also expected that the fill factor and the overall photovoltaic
performance of the device will be lower than the PCDTBT reference device without the
interfacial P3HT50-6-PSSo3 layer. The photovoltaic performance of the PCDTBT based

devices are shown in figure 67 and table 16.
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Figure 67: (Left) Box plots showing the photovoltaic performance (short circuit current, open circuit
voltage, fill factor, and power conversion efficiency) of the OSC devices with P8HT5,-b-PSSss incor-
porated as interfacial layers between the PEDOT:PSS and PCDTBT:PCyyBM layers in different thick-
nesses. N equals the number of measurements for each type of device, the height of the box represents one
standard deviation on each side of the mean average value, the top and bottom ticks are the mazimum
and minimum values respectively, the horizontal line within the box is the median, and the circle in the
middle of the boz is the mean average value. (Right) The J-V curve of each champion device is also

shown for performance comparison.

146



Table 16: Photovoltaic performance metrics of OSC devices with a P3HT5y-b-PSSss incorporated as
an interfacial between PEDOT:PSS and PCDTBT:PCq,yBM in different thicknesses. The error values

represent the standard deviation for N’ number of measurements.

Average Maximum value
Jse (mA/em?)  Voc (V) FF (%) PCE (%) Jse (mA/em?) Voc (V) FF (%) PCE (%) N
PCDTBT reference 9.77£0.35 0.850+0.021  53.56+£3.98 4.454+0.36 10.32 0.874 60.71 5.09 26
4.5 nm 8.76+0.17 0.644£0.018  39.824+0.87 2.2540.14 9.02 0.674 41.08 2.50 8
9 nm 8.81+0.31 0.638+0.011  43.19£0.87 2.4340.15 9.09 0.654 44.50 2.59 8
13 nm 8.62+0.14 0.615+0.004 44.12+ 0.91 2.3440.09 8.82 0.619 45.35 2.47 8
17 nm 7.90£0.14 0.666+0.011 44.98+2.48 2.37+0.14 8.12 0.680 46.49 2.45 8

As predicted, the average V,. of the PCDTBT devices with an P3HT54-5-PSSo3
interfacial layer was lower (0.64440.018, 0.638+0.011, 0.61540.004, and 0.666+0.011 V
for the 4.5, 9, 13, and 17 nm thick films respectively) than the average V. of the reference
device (0.85040.021 V) regardless of the thickness of the block co-polymer used. It is
highly likely that the reason behind the reduced V. in the P3HT5y-0-PSS,3 incorporated
PCDTBT devices compared to the reference devices is the increased V. losses due to
the bigger difference in energy between the HOMO of PCDTBT and the HOMO of
P3HT5p-b6-PSSy; than the HOMO of PCDTBT and the HOMO of PEDOT:PSS. The FF
of the P3HT5(-b-PSSy3 incorporated devices (39.82+0.87, 43.19+0.87, 44.12+0.91, and
44.98+2.48% for the 4.5, 9, 13, and 17 nm thick films respectively) was also lower than
the FF of the reference device (53.56+3.98%) regardless of the thickness of the block co-
polymer. This could indicate that the contact between the P3HT50-b-PSSa3 interfacial

layer and PCDTBT is poor resulting in an increased series resistance of the devices.
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Figure 68: a) HOMO levels of PSHT, PEDOT:PSS and the block co-polymers and (b) cross sectional

view of the structure of the devices.

In order to corroborate that the decrease in Jg. of the block co-polymer incor-
porated P3HT devices is caused by the light absorption of the block co-polymers, the
UV-Vis transmittance of the seven film thicknesses of each block co-polymer used for
device fabrication (after deprotection) was measured. Figure 69a, 69b, and 69c¢ show
the transmission spectra of the block co-polymers where the three characteristic vibronic
shoulders of P3HT films at A=520 nm, A=554 nm, and at A=610 nm can be immediately
identified?*®. This is expected since more than 50% of the block co-polymers chains are
comprised of P3HT. It is worth noting that PSS absorbs the ultraviolet part (A<300 nm)
of the electromagnetic spectrum®'” and therefore, does not show in these spectra. More-
over, the transmittance of the three block co-polymer films decreases as their thicknesses
increase which indicates an increased absorption of light by the thicker films. This is con-
sistent with the decrease in Jy. of the devices shown in figure 66 which is also correlated to
the increase in thickness of the block co-polymers films. This is further confirmed by fig-
ure 69d which shows that the transmittance minima of the 13 nm P3HT5y-b-PSSy3 film is
slightly lower (83.9% at A=520 nm) than that of the 10 nm P3HT5¢-5-PSSy film (85.0%
at A=520 nm) which explains the reduced Jg of the P3HT5q-b-PSSy3 block co-polymer
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incorporated device compared to that of the P3HT5y-b-PSS4 incorporated one.

The Uv-vis data also shows that the block co-polymer films with the longer
PSS blocks have lower transmittance than the block co-polymer films with the shorter
PSS blocks even if the different films have the same thickness. Figure 70 compares the
Uv-vis spectra of the 7 nm P3HTj50-0-PSSg and the 7 nm P3HT5,-b-PSS1¢ deprotected
films. Despite having the same thickness, the P3HT5q-b-PSS;¢ film has a higher transmit-
tance than the P3HT5y-b-PSSe film. Since both films were cast from solutions with the
same concentration of block co-polymer (2.5 mg mL™) and the solutions were prepared
by weight, this can be explained by the P3HT5y-0-PSSi4 film having a lower relative
amount of P3HT compared to the P3HT5-6-PSSy film. This trend is also shown by
non-deprotected films as it can be seen in figure 70 that the 19 nm P3HT50-0-PNSSo3
film has a higher transmittance than the 19 nm P3HT5,-b-PSSg film.
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Figure 69: UV-Vis transmittance of a) PSHT5p-b-PSSg, b) PSHT50-b-PSS;6, and c) PSHT50-b-PSSss
deposited as seven different thickness films. The spectra of the 10 nm P3HT5p-b-PSS;s and 13 nm
P3HT59-b-PSSss films which resulted in the best performing devices when incorporated into OSC is

shown separately (d) for comparison
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Figure 70: (Left) UV-vis transmittance of the deprotected 7 nm PSHTs5p-b-PSSy and PSHTs0-b-PSS;4
films. (Right) Uv-vis transmittance of the non-deprotected 19 nm P8HT50-b-PNSSo and the P8HT5,-b-

It is well known that the surface roughness of the different layers that comprise

the structure of the device has an impact on its performance?3!®-322

. Therefore, to in-
vestigate the cause of the slightly increased fill factor of the 10 nm P3HT5y-5-PSS;¢ and
13 nm P3HT5¢-b-PSSo3 incorporated devices, the surface of the block co-polymers and
PEDOT:PSS films was analysed by atomic force microscopy (AFM). Figures 71a and 71d
show the height 2D and 3D images respectively of PEDOT:PSS which has an average
root mean square roughness (ogars) of 1.49 + 0.13 nm, a value that is consistent with
literature?*%323,  Meanwhile, the 10 nm P3HT5-b-PSSys (figures 71b and 7le) and 13
nm P3HT50-0-PSSss (figures 71c and 71f) films have a very similar ogys of 0.49 4+ 0.05
and 0.51 4+ 0.05 respectively which is three times lower than that of PEDOT:PSS. Such
smoother surface of the block co-polymers allows the formation of an enhanced contact
with the P3HT:PCBM layer improving the fill factor of the device. This could explain
why thinner block co-polymer layers (<9 nm) result in a decreased fill factor when in-
corporated in devices (see figure 66 and table 15). While the 10 nm and 13 nm block
co-polymer films are thick enough to overcome the peak to valley average height of the
PEDOT:PSS surface (Rz=5.854+0.51 nm), thinner films such as the 2.5 nm and 5 nm, and
2.5nm and 4.5nm of P3HT50-0-PSS1s and P3HT50-0-PSSa3 respectively, are sufficiently
thin to have their surface roughness significantly affected by the PEDOT:PSS roughness.
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Figure 71: AFM height 2D (top) and 3D (bottom) images of pristine PEDOT:PSS (a and d), 10
nm thick PSHT50-b-PSS16 (b and ¢), and 13 nm thick PS8HT50-b-PSSss (¢ and f). Root mean square
roughness (ocrnys) and average peak to wvalley roughness (Rz) are shown for comparison. The error

represent the standard deviation

To investigate whether the low thickness of the block co-polymers films is re-
sponsible for the low fill factor of the devices with a <9 nm block co-polymer film (figure
66), the 2.4 nm P3HTj5-b-PSSy, 2.2 nm P3HT50-b-PSSi6, and 2.2 nm P3HT50-0-PSSo3
films were analysed with AFM. Figure 72 shows the 2D and 3D height images of such
films where some protuberances can be immediately identified. The protuberances shown
in the images are likely to be block co-polymer aggregates. The cause of the aggregation
of block co-polymer can be attributed to the low amount of block co-polymer spin-coated
and consequently the low thickness of the films. Figure 72 seems to indicate that rather
than forming a smooth uniform film, the spin-coating of dilute block co-polymer solu-
tions results in unevenly coated films that have several clustering points where the block
co-polymer aggregates. These aggregates could cause a poor contact between the block
co-polymer layer and the active layer which allows leakage current to flow within the
device. This results in the decreased shunt resistance of the device which is evidenced by

the decreased fill factor of the devices.
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Figure 72: AFM height 2D (top) and 3D (bottom) images of 2.4 nm thick PSHT50-b-PSSy (a and
d), 2.2 nm thick P8HT5,-b-PSS1s (b and ¢), and 2.2 nm thick PS8HT5,-b-PSSes (¢ and f). Root mean

square roughness is shown for comparison.

In figures 66b and 66¢ it can also be noticed that the fill factor continues to
improve in P3HT5-6-PSS1g and P3HT5-b-PSS,3 incorporated devices as the thickness
is increased further above 10 nm and 13 nm respectively. This is true until the decrease
in Jg is significant enough to overcome the benefit of an enhaced contact quality between
the PAL and HTL provided by the block co-polymers resulting in an overall decreased
fill factor. This corroborates that the fill factor of the block co-polymer incorporated
devices benefits from an improved thickness of the block co-polymers. It is worth noting
that the smoother surface of the block co-polymers is not the only contributing factor
to the enhanced contact. Since the deprotected block co-polymer surface is comprised
mostly of P3HT (as demonstrated in section 6.3.3), it is likely that the P3HT chains
in the active layer have an enhanced adhesion to the P3HT chains in the block co-
polymers than the adhesion they would have to the PEDOT:PSS chains of the HTL.
Moreover, since the deprotection process promotes the precipitation of PSS towards the
bottom of the film3?* (see section 6.3.3), the PSS chains in the block co-polymer can take

part in electrostatic interactions with the PEDOT:PSS enhancing the inter-facial contact
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between PEDOT:PSS and the block co-polymers compared to that of PEDOT:PSS and
P3HT:PCBM. This also provides an explanation for the reduced photovoltaic performance
of the P3HT5y-b-PSSy incorporated devices regardless of the block co-polymer thickness
used. The low performance of P3HT5-6-PSSg incorporated devices can be attributed
to the insufficient PSS in the block co-polymer film to provide a favourable adhesion to
PEDOT:PSS. Since the P3HT block is highly dominant in the block co-polymer, the
film behaves functionally as an additional P3HT layer rather than a block co-polymer
hindering the inter-facial quality and thus, the fill factor of the device as shown by figure
66a.

6.3.3 Effects of the deprotection process on the block co-polymers

To investigate the effects of the deprotection process on the morphology of the films, UV-
Vis was conducted on all the different thickness block co-polymer films. It was found that
the vibronic shoulders at A=520 nm, A=554 nm, and A=610 nm increase after the thermal
annealing process despite the reduced thickness as shown in figure 64 and table 13. This
results in the reduced transmittance of the films at such wavelengths. The increased
vibronic peaks can be attributed to the improved crystallinity of P3HT triggered by the
thermal annealing step®?®. The three vibronic shoulders of P3HT are caused by the

8

m-m* transitions in crystalline 7-m stacking?'® and as temperature increases, the P3HT

crystals grow and its chains become more ordered improving the stacking and promoting

-7 interactiong 2193326
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Figure 73: UV-Vis transmittance of the block co-polymers before and after deprotection at different
thicknesses.

The effect of the deprotection process on the surface of the block co-polymers
was also analysed with AFM. Figures 74d, 74e, and 74f show the AFM height images
of the 11 nm P3HT50-5-PSSg, 10 nm P3HT50-6-PSS16, and 13 nm P3HT5p-0-PSSa3 films
respectively before deprotection where plenty of amorphous material can be quickly iden-
tified. This indicates that the surface of these films is likely to be dominated by PNSS

as it is highly amorphous®’!

and it has been shown before that upon solution coating,
PSS based polymers tend to have a top rich PSS layer?”. Upon thermal annealing, such
amorphous surface disappears and instead a more crystalline surface emerges as evidenced
by figures 74a, 74b, and 74c. This can be attributed to the growth of P3HT crystals and
the improved order of its chains enabling P3HT to emerge to the surface, and to the
precipitation of PSS due to the 150°C' thermal annealing®?*. The AFM height images
corroborate that after thermal deprotection the surface of the block co-polymers films is

mostly comprised of the P3HT block, which will come into contact with the active layer

in device fabrication. Moreover, the improved vertical stratification of PSS means that
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there will be more of it at the bottom of the film to come into electrostatic interactions

with PEDOT:PSS.
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Figure 74: AFM height images of 11 nm thick PSHT50-b-PSSy (a and d), 10 nm thick PSHT5y-b-PSS;
(b and e), and 13 nm thick PS8HT5p-b-PSSes (¢ and f) before (bottom) and after (top) deprotection

6.3.4 Lifetime of the block co-polymer incorporated devices

Over time, the physical and chemical interactions between PEDOT:PSS and P3HT:acceptor
can degrade the materials and result in detrimental effects for device performance. This
interface can experience degradation mechanisms specific to the contact between the adja-

cent layers such as delamination, intermixing, and chemical reactivity 179%180:286

, resulting
in the breakdown of device performance over time. The interfacial block co-polymer in-
corporated between the HTL and the PAL is expected to serve as a barrier to prevent
some of these processes to happen given that, as discussed before, the P3HT block in the
block co-polymer comes into contact mainly with the P3HT in the PAL, and that the PSS
block comes into contact with the PEDOT:PSS. Therefore, lifetime tests were conducted
on the devices with the 10 nm P3HT'50-6-PNSS14 and the 13 nm P3HT5-6-PNSS»3 films

to determine if they would degrade at a slower rate than a reference device without any

block co-polymer. First, a lifetime test under constant illumination was conducted. As
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shown in figure 75, it was found that all the devices degrade at very similar rates having
their PCE decreased to <30% of their initial value after 160 hours. Given that all the
devices degraded in less than 160 hours at virtually the same rate, it was concluded that
the degradation of the devices within this short time was not due to the long term effects
described above, but rather due to the quick photochemical degradation of P3HT caused
by the reaction of the device with O, and H,O from the atmosphere which is accelerated
by constant exposure to light3?¥7330, The exposure of P3HT to both UV light and oxy-
gen severely damages the polymer structure resulting in the decreased and blue-shifted
UV-vis absorption spectrum of P3HT 33!, Additionally, the exposure of OSCs to constant
illumination has been shown to result in an immediate decay of the V.. of the devices
which is not exhibited by the similar devices not exposed to constant illumination con-
ditions?®*?. The results from the lifetime test under constant illumination, however, show
that the stability of the devices with the block co-polymers are not any more susceptible
to ambient degradation than the reference devices. This is an interesting finding since
the devices with a block co-polymers have an additional layer that could have provided

an additional degradation route to the device.
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Figure 75: Normalised power conversion efficiency as a function of time under constant illumination
of a reference device, and 10 nm P38HT5y-b-PSS1s and 18 nm P3HT5,-b-PNSS»3 incorporated devices.
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To determine if the block co-polymers prevent long term degradation mecha-
nisms (e.g. chemical reactivity), a second set of lifetime experiments were conducted on a
new batch of devices, this time by storing the devices in the dark under constant tempera-
ture and humidity, and exposed to light only when measured occasionally during a period
of 2232 hours. This way, the quick photochemical degradation due to the combination of
oxygen, water and light that occur during the constant illumination test was minimized.
The devices were first measured every 24 hours over 168 hours to obtain multiple data
points within the same time period as that used for the constant illumination measure-
ments. As shown in figure 76, none of the devices degraded significantly, and neither did
they exhibited different degradation rates during the first 168 hours as evidenced by the
widely overlapping error bars. These results confirm that the quick decrease in perfor-
mance of the devices under constant illumination was due to photochemical degradation,
and that such period of time is too short to determine if the block co-polymers prevent
any long-term device degradation mechanisms. The devices were then stored for 192
additional hours and then measured again (at 360 hours after fabrication). This time,
the reference device showed slightly more degradation (97.40+£1.02% normalised PCE),
than the device with the block co-polymers (98.87+£0.96% and 99.67+0.97% normalised
PCE for the device with the 10 nm P3HT5y-0-PNSS+4, and the 13 nm P3HT5y-6-PNSSo3
films, respectively). The devices were stored again for 552 additional hours, and within
that time, measured 5 more times in which the reference device showed more degradation
than the devices with the block co-polymers. After a total of 912 hours since fabrication,
the reference device was clearly more degraded (94.33+1.57% normalised PCE) than the
ones with the 10 nm P3HT5,-0-PNSS;4, and the 13 nm P3HT50-0-PNSSa3 (97.64+0.58%
and 98.09+0.92% normalised PCE, respectively). Finally, all the devices were stored
again for 1320 additional hours (a total of 2232 hours since fabrication) and measured
twice within that period of time. These two measurements confirmed that the reference
device degrades faster than the devices with the block co-polymers. The final normalised
PCE of the reference device was 92.33+1.69%, while the final normalised PCE of the
devices with the 10 nm P3HT50-0-PNSS;¢ and the 13 nm P3HT5,-6-PNSS,3 films were
95.58+1.45%, and 95.12+0.67%, respectively. To corroborate these findings, the exper-
iments were repeated by fabricating another batch of devices and testing them under

the same conditions (stored in the dark and exposed to light only when measured) for a
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similar period of time. The results of the replicated experiment followed the same trend
as figure 76 and thus confirmed that the reference device degrades faster than the devices
with the block co-polymers (see figure 87 in the appendixes). From the constant illumina-
tion lifetime results, it is concluded that the ambient conditions affect all devices equally.
Therefore, it is highly likely that the improved long term stability of the block co-polymer
incorporated devices can be attributed to the prevention of degradation mechanisms such
as delamination and chemical reactivity resulting from the contact between PEDOT:PSS

and P3HT:acceptor that occur in the reference device.
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Figure 76: Normalised power conversion efficiency as a function of time of a reference device, and 10
nm P3HT5,-b-PSS;s and 18 nm PS8HT54-b-PNSSss incorporated devices. The error bars represent one
standard deviation on each side of the average value. Devices were kept stored in the dark except when
measured.

6.4 Conclusions

In summary, three variants of a P3HT-b6-PSS block co-polymer with different PSS block
lengths (9, 16, and 23 units per 50 units of P3HT) were incorporated as an inter-facial
layer between the PEDOT:PSS HTL and P3HT:PCBM PAL in OSCs. It was found
that the thickness of the block co-polymers depends not only on the concentration of the

solution and spin-casting speed, but also on the PSS block length. As the PSS block
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length increases, the thickness of the film decreases. When incorporated into devices,
P3HT50:0:PSS16 and P3HT5¢:5:PSSq3 improved the efficiency of devices optimally when
deposited as a 10 nm and a 13 nm thick film respectively. The improved efficiency is
caused mainly by a 9% increase in the V., but also by a slight increase of 2.8% and
6.2% in the FF for the P3HT50:5:PSS1¢ and P3HT50:0:PSSes respectively. Both the im-
proved V,. and FF compensate for a decrease in Jg caused by the light absorption of the
block co-polymers which results in less light reaching the PSHT:PCBM active layer. The
improved V. is a result of the more favourable HOMO levels of the block co-polymer
(compared to the HOMO levels of PEDOT) for holes to travel to from the P3HT. The
improved FF of the P3HT50:6:PSS14 and P3HT50:5:PSSa3 incorporated devices is due to
an enhanced contact between the block co-polymer and the P3HT:PCBM layer allowed
by the smoother surface of the block co-polymers compared to that of PEDOT:PSS, and
to the interactions between the P3HT block with the PAl and the PSS block with the
HTL. The FF and PCE of the block co-polymer incorporated devices are only improved
if the thickness of the respective block co-polymers is < 10 nm due to the presence of
small particles contaminating the surface on which the block co-polymers are deposited.
The best performing block co-polymer incorporated devices also exhibited a higher nor-
malised efficiency after 2000 hours of storage compared to the reference devices. This was
attributed to the block co-polymer acting as a barrier to prevent degradation mechanisms
caused by the long-term interactions between PEDOT:PSS and P3HT:PCBM. Finally,
it was corroborated that the block co-polymers do not increase the vulnerability of the

devices to the combined degradation effects of oxygen, water, and light.
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7 Conclusions

The characterisation and optimisation of PEDOT:PSS and P3HT5y-6-PSSx hole trans-
porting interfacial materials led to the improvement of the photovoltaic performance of
devices and the prevention of their long-term degradation meeting the general objectives

presented in section 1.1, and the specific objectives presented in section 3.8.

Chapter 4 focused on the first specific objective which was the successful fab-
rication of OSC devices that performed at a standard compared to those reported in
literature. It was found that an electron beam evaporation technique used to deposit
the metal electron conducting electrode can be highly detrimental for the performance
of the device. This is due to the transition from crystalline to amorphous P3HT which
is evidenced by the complete disappearance of two of its three vibronic peaks and the
significant decrease and blueshift of the other one. This is highly likely to be caused by
the byproduct radiation from the electron beam striking the source material (Al). This
byproduct radiation was attributed to the fixed high voltage settings of the electron-
beam evaporator used. In contrast, a thermal evaporation technique used to deposit the
Al proved to be successful and reliable for producing standard performing P3HT and
PCDTBT based devices. Once the methodology to fabricate consistently standard per-
formance OSCs was developed, it was possible to investigate different methodologies to

improve the interface between PEDOT:PSS and P3HT:PCBM.

In chapter 5 the second specific objective was addressed. This was done by
using four zwitterion species to dope PEDOT:PSS in an attempt to improve its conduc-
tivity, and by investigating the mechanisms of morphology modification of PEDOT:PSS
(both in dispersion and as a thin film) after being doped with a asymmetrically charged
dopant such as an ionic liquid, acids, surfactants, or, in this case, zwitterions. Only one of
the zwitterions (DYMAP) successfully decreased the thin film sheet resistance of the PE-
DOT:PSS without causing the dispersion to gelate. The mechanisms of morphology mod-
ification of the PSS backbone chain in the PEDOT:PSS dispersion after DYMAP doping
were investigated with small angle neutron scattering and using a deuterated version of
PEDOT:PSS (PEDOT:d-PSS). It was found that the interchain spacing between d-PSS

backbone chain segments increases as the concentration of DYMAP increases, probably
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due to steric hindrance between d-PSS and the formation of worm-like DYMAP micelles
which are suspected to grow as a function of the dopant concentration. Eventually, the
worm-like micelles grow long enough to form an interconnected network between them-
selves and with the negatively charged d-PSS backbone chain segments. The worm-like
micelles and d-PSS backbone interactions are attributed to coulombic attraction forces
between the negatively charged d-PSS and the positively charged quaternary ammonium
ion in DYMAP resulting in the gelation of the dispersion. This later interaction results
also in the increase of the screening length of the neutralised d-PSS segments that are
attached to the PEDOT oligomers due to the neutralisation of the adjacent negatively
charged d-PSS segments.

Subsequently, DYMAP doped PEDOT:PSS films were investigated with neu-
tron reflectivity to determine their vertical stratification. It was found that the thickness
of the films increases as the DYMAP concentration increases and that the surface rough-
ness of the films decreases as the DYMAP concentration increases. Moreover, it was
found that at a low doping concentration, DYMAP segregates at the bottom of the film
causing the entire film to separate into a quasi bi-layer film. However, at a higher doping
concentration, the PEDOT:PSS:DYMAP film exhibits complete intermixing resulting in
a homogeneous film which also exhibits an increase of almost two orders of magnitude
compared to an un-doped PEDOT:PSS film. The DYMAP doped PEDOT:PSS films
were then incorporated as an HTL in P3HT and PCDTBT devices, and an increase in
the photovoltaic performance of the device due to the increased conductivity was ex-
pected. However, it was found that the devices with the DYMAP doped PEDOT:PSS
HTLs performed worse than the control devices with a pristine PEDOT:PSS HTL. This
was attributed to the increased phobicity of the DYMAP doped PEDOT:PSS films to-
wards the organic solvent in which the active layer was dissolved. This resulted in the
poor contact quality between the HTL and the active layer which caused a decreased
Vo. and FF of the devices. Additionally, it is suggested that DYMAP may induce an
energy change in PEDOT:PSS that hinders its electron block capabilites resulting in the
increase of recombination events happening in the HTL of the devices. At this point
it became clear that the quality of the contact and beneficial energy aligment between

the PEDOT:PSS HTL and the P3HT:PCBM layer plays a very important role on the
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performance of the devices and therefore, the next step was to investigate a method to

improve this interface.

The third specific objective was to incorporate three variants of a P3HT-b-
PSS block co-polymer as an interfacial layer between the PEDOT:PSS HTL and the
P3HT:PCBM active layer to improve the interface quality between such layers and prevent
long-term degradation mechanisms caused by the reaction between PEDOT:PSS and
P3HT. This was done in chapter 6, and it was found that incorporating a 10 nm P3HT5¢-b-
PSSi¢ or a 13 nm P3HT50-0-PSS16 interfacial into the devices improves their photovoltaic
performance. This is mainly attributed to an increase in the V. of the block co-polymer
incorporated devices caused by the beneficial HOMO alignment of the block co-polymers
with the HOMO of the P3HT donor for improved charge transport from the active layer
to the block co-polymer. Additionally, an enhanced contact between the block co-polymer
interfacial layer and the adjacent layers is allowed by the interactions of the PSS block
with the PEDOT:PSS and the P3HT block with the P3HT of the active layer, and
by the smoother surface of the block co-polymer (compared to the rougher surface of
PEDOT:PSS). Such enhanced contact results in an increased FF of the block co-polymer
incorporated devices compared to the control devices. Moreover, the block co-polymer
serves as a barrier to prevent the long-term degradation mechanisms of the device caused
by the reaction between the PEDOT:PSS and P3HT:PCBM layers. This last chapter
demonstrated that a specifically designed block co-polymer can be incorporated as an
interfacial layer in OSCs for improved photovoltaic performance and lifetime, fulfilling
the objective of this thesis of improving the quality of the interface between the HTL and
active layer of OSCs.
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8 Future work

This thesis presented a systematic and comprehensive study to improve the efficiency
and stability of OSCs through the characterisation and optimisation of the hole transport
interface. Thus, a typical optimisation process that leads to the improvement of a specific
technology was demonstrated. However, due to the specific focus on the objectives set for
this thesis, there were some aspects, which will be discussed below, of this research that
were not addressed or studied in detail that could potentially provide valuable knowledge
to the further improvement of OSCs technology. Moreover, the methodologies presented
in chapters 6 and 5.3.2 to optimise hole transporting materials for improved photovoltaic
performance and stability of devices, can be used in the future to design interfacial
materials that can be incorporated in higher performing active layer blends such as PBDB-
T-Cl or PM6. Therefore, some suggestions for further research based on this thesis are
presented here for members of the scientific community who could potentially continue

the investigation of the improvement of the interface quality between the HTL and active

layer in OSCs.

As mentioned in the conclusions section of chapter 4, the high voltage used
for the electron-beam evaporation was probably the factor causing the degradation of
P3HT in the active layer of the devices. It is recommended that a systematic study
of e-beam voltage vs device performance and P3HT damage is done to determine the
correct parameters for e-beam evaporation of electrodes for OSCs. Additionally, a gas
x-ray detector can be placed next to the device in the evaporation chamber to measure
the byproduct radiation produced by the electron beam striking the evaporation source.
This experiment can be repeated for other source materials such as Ag, Au, or Pt, which

are also commonly used in OSCs.

Chapter 5 provided an in-depth study on the morphological changes that PE-
DOT:PSS experiences after DYMAP doping, however, there are still some areas of further
research that would lead to improve the current knowledge on dual-charge doped PE-
DOT:PSS. First, an ultra small angle neutron scattering experiment could be conducted
to understand the morphology modification of PEDOT:PSS at the micron scale level to
understand the interactions between the colloidal PEDOT:PSS structures with each other
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in the dispersion. This could provide insight on the charge transfer at the micron scale
within DYMAP doped PEDOT:PSS which could further explain the reason for conduc-
tivity improvement. In section 5.3.3 it was also shown that the conductivity increased
dramatically from the 10 mM to the 20 mM sample, which is indicative of a percolation
effect. This can be investigated by simply measuring the sheet resistance and thickness
of several DYMAP doped PEDOT:PSS films with several doping concentrations between
10 and 20 mM, and plotting their conductivities against the doping concentration to de-
termine the threshold at which the conductivity is increased dramatically. Regarding the
bi-layer separation mentioned in section 5.3.4 the reason behind DYMARP precipitating
towards the bottom of the film could be determined by calculating the surface energies
of the silicon substrate and a DYMAP film. This can be done by measuring the contact
angle of different solvents on the silicon and DYMAP films. Finally, the poor contact be-
tween the DYMAP doped PEDOT:PSS films and the active layer due to the phobicity of
the doped HTL to the active layer solvent described in section 5.3.6 could be addressed by
trying different solvents for the active layer blends, preferably, solvents with a higher po-
larity such as chloroform, dimethylformamide, and 2-propanol. However, if this method
is not successful, a more complicated approach would be needed such as synthesising
polar soluble active layer materials. It is also advised that the LUMO levels of DYMAP
doped PEDOT:PSS are obtained (low energy inverse photoelectron spectroscopy can be
used for this) to determine if the electron blocking capabilities PEDOT:PSS are hindered
by DYMAP. Finally, regarding other zwitterions, a correlation between the length of
the non-polar hydrocarbon chain of the zwitterion and the decrease in sheet resistance
was found. It is recommended that other zwitterions with longer hydrocarbon chains
than DYMAP are used to dope PEDOT:PSS to study the effect that the length of the
hydrocarbon chain has on the conductivity of PEDOT:PSS.

Chapter 6 provides perhaps the most interesting possibilities for future re-
search. First, even though the P3HT-b-PSS block co-polymers improved the photovotlaic
performance of P3HT:PCBM based devices and prevented some long-term degradation
mechanisms, there are improvements that can be done to the processing of the block
co-polymers, specifically, to the deprotection step. An annealing annealing treatment of

3 hours and 150°C for the deprotection of the block co-polymers is costly at the indus-
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try scale level and therefore not ideal for the commercialization of devices. Therefore,
different and more simple deprotection routes should be investigated such as an electro-
magnetic radiation treatment. However, given that the principle of using a specifically
designed block co-polymer to improve the interface between the HTL and the active
layer was proven to be successful, the most exciting opportunity for future research is the
synthesis of other block co-polymers that are compatible with higher performing donor
materials such as PBDB-T-Cl or PffBT4T-20D and with PEDOT:PSS or other hole
transporting materials such as the ones mentioned in section 3.7. This could result in the
improved performance and stability of devices with higher performing blends. Moreover,
specifically designed block co-polymers could also be used for improving the interface
between the materials used in tandem devices to prevent degradation due to the reaction

between the materials of such complex structures.
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9 Appendices

9.1 Relative errors for figure 43
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Figure 77: Sheet resistance measurements of zwitterion doped PEDOT:PSS films as a function of the

doping concentration. The relative errors are shown for comparison.

9.2 Beyond the chi squared analysis of the models

To further confirm our findings, we performed an additional analysis for all the models

presented in this work based on the following considerations:

1. Free fitting all the parameters of the system (i.e. SiO,, PEDOT:PSS and additional

layers).

2. Fitting the system with the SiO, layer highly constrained to represent consistency

across the different wafers.
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3. Fitting the systems with n+1 layers of PEDOT:PSS, where n is the number of

layers which gives the best fit.

The analysis of the fits were based on the following considerations:

1. The goodness of the fit, which is represented by the probabilistic evidence.
2. The change in SLD and the data’s sensitivity to it.

3. Improvement of the fit over a simpler model

All of the fits were contstrained to the Nevot Croce theory?%?, so roughness
could not be more than half the layer thickness, and no sharp transitions were allowed.
Fits were stopped when the models were stable to perturbation, i.e. obtain a fit, then
change one of the parameters then refit and the same solution is achieved. The normal-
isation constant used was a log with error-bar based figure of merit (described in GenX
help) as this gave greater sensitivity across the range of Q. The reflectivity curves are all

of high enough quality to resolve the differences we are looking at.

9.2.1 Native oxide layer

This was set for all wafers to be around 40 A thick, with an SLD around 3.5 x 1076 A2,

9.2.2 Pristine PEDOT:PSS

Table 17: Figure of merit (FOM), scattering length densities (SLD’s) and total thickness resulting from

1 layer and 2 layer models for the pristine sample.

Pristine PEDOT:PSS
1 layer 2 layers

FOM 1.65  1.648
SLD 1 (10°A%) | 1.399 1.4
SLD 2 (10°A-2) - 1.399

Total thickness (A) | 481 481
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As shown in table 17 | and figures 78 and 79, the data is clearly described as well as it
could be using a single PEDOT-PSS layer. The SLD and fit curves both look almost

identical for the 1 and 2 layer models.
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Figure 78: Neutron reflectivity data, fit, and fitting parameters for the 1 layer model of the pristine

sample in GenX.
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Figure 79: Neutron reflectivity data, fit, and fitting parameters for the 2 layer model of the pristine

sample in GenX.

9.2.3 10 mM DYMAP doped PEDOT:PSS

Table 18: Figure of merit (FOM), scattering length densities (SLD’s) and total thickness resulting from
1 layer, 2 layers, and 3 layer models for the 10 mM sample.

10 mM DYMAP doped PEDOT:PSS

1 layer 2 layers 3 layers
FOM 1.28 1.10 1.10
SLD 1 (10°A-?) 1.16 1.11 1.11
SLD 2 (10°A-?) - 1.24 1.18
SLD 3 (109A42) - - 1.24
Total thickness (A) | 554 554 554

As shown in table 18 and figures 80, 81, and 82, the fit here is improved both by the
metric of FOM, and visually, by the splitting of the PEDOT:PSS into two distinct layers.
Adding a third layer to the system does not improve the FOM, but interestingly it does

seem to reproduce the SLD of the 2 layer model, suggesting a stable minima in the fit.
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Compared to the pristine film, this film (10 mM) is thicker and has a lower
SLD. The preparation of the films was identical in the procedure, but the addition of the
DYMAP does increase the viscosity of the solution, thus a thicker film is expected. In
addition, since DYMAP causes the films to swell in this system, it is also likely to have
changed the SLD of the film. Since the combination of increased viscosity and swelling

can both have the same effect, we cannot easily disentangle each’s contribution.
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Figure 80: Neutron reflectivity data, fit, and fitting parameters for the 1 layer model of the 10 mM

sample in GenX.
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Figure 81: Neutron reflectivity data, fit, and fitting parameters for the 1 layer and 2 layer models of
the 10 mM sample in GenX.
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Figure 82: Neutron reflectivity data, fit, and fitting parameters for the 1 layer, 2 layers, and 3 layer
models of the 10 mM sample in GenX.

9.2.4 20 mM DYMAP doped PEDOT:PSS

Table 19: Figure of merit (FOM), scattering length densities (SLD’s) and total thickness resulting from
1 layer, 2 layers, and 8 layer models for the 10 mM sample.

20 mM DYMAP doped PEDOT:PSS

1 layer 2 layers 3 layers
FOM .03 0.99 0.95
SLD 1 (10°A-2) 0.81 0.69 1.08
SLD 2 (10°A-2) - 0.87 0.82
SL.D 3 (10°A-?) - - 1.18
Total thickness (A) | 771 791 778

As shown in table 19 and figures 83, 84, and 85 the changes in FOM elicited by the increase
in layers are less clear cut in this sample. The SLDs of the films are again reduced with
respect to the undoped sample, and the thickness again increased. As discussed for the

10mM sample, this is not unexpected, nor easily anlysed further.
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The SLD change for the two layer structure is less than half that of the 10mM
sample and possibly pushing the limits of what sort of change would be detectable for an
NR experiment. A similar size of SLD change is observed in the three layer model. In the
three layer and two layer models we see that for the first time, the total thickness does not
agree across the three fits. This is possibly due to the fact that the top layer of the such
models is a change to the top interface, making a previously rough looking interface into
almost a step function. Since the fits and the FOM’s are nearly identical, we can say that
we do not have the ability to distinguish between the two models. However, Occam’s
razor?®® would suggest to take a model with less parameters and a similar goodness
of fit. Overall, the 20 mM sample’s models with additional layers do not improve the
agreement with the data enough to justify their inclusion. If any additional layers might
be present, the SLD’s would suggest a slightly lower SLD layer nearer the Si surface, in
the same manner that we saw with the 10mM film. However, to conclude this would not
be reasonable given the experimental data. Therefore we conclude that this film is best

described by a single layer model.
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Figure 83: Neutron reflectivity data, fit, and fitting parameters for the 1 layer model of the 20mM

sample in GenX.
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Figure 84: Neutron reflectivity data, fit, and fitting parameters for the 2 layer model of the 20 mM
sample in GenX.
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Figure 85: Neutron reflectivity data, fit, and fitting parameters for the 8 layer model of the 20 mM
sample in GenX.
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9.3 Swelling of PEDOT:PSS films
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Figure 86: Thickness of the pristine PEDOT:PSS, and the 10 mM and 20 mM doped PEDOT:PSS
films as a function of time while exposed to a 30% ambient humidity. The humidity percentage was

controlled by the default conditions of a cleanroom.
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9.4 Corroboration of lifetime measurements
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Figure 87: Normalised power conversion efficiency as a function of time of a reference device, and 10

nm P3HT5y-b-PSS;6 and 9 nm P3HT5,-b-PNSSs5 incorporated devices. The error bars represent one

standard deviation on each side of the average value. Devices were kept stored in the dark except when
measured.

9.5 UPS spectra

Table 20: Different energy levels obtained by ultraviolet photoelectron spectroscopy. The units of the
values are eV and the energy of the ultraviolet beam was 21.2 eV.

‘ Binding energy Kinetic Energy HOMO to Fermi energy HOMO

PEDOT:PSS 16.17 5.03 -0.055 4.98
P3HT50-0-PSSyg 16.85 4.35 0.145 4.50
P3HT50-0-PSSy6 16.85 4.35 0.195 4.55
P3HT50-0-PSSo3 16.68 4.52 0.15 4.68
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9.5.1 PEDOT:PSS
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Figure 88: Photoelectron spectra of PEDOT:PSS (a). A zoom to the high energy cut-off (b) and the

low energy cut-off (c¢) of the spectra is shown. The tangents on the low energy cut-off are shown (d) to
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9.5.2 Block co-polymer with 9 PSS units
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Figure 89: Photoelectron spectra of PSHT5y-b-PSSy (a). A zoom to the high energy cut-off (b) and the
low energy cut-off (c) of the spectra is shown. The tangents on the low energy cut-off are shown (d) to

demonstrate the intercept value.
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9.5.3 Block co-polymer with 16 PSS units
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Figure 90: Photoelectron spectra of PSHT5,-b-PSSis (a). A zoom to the high energy cut-off (b) and

the low energy cut-off (c) of the spectra is shown. The tangents on the low energy cut-off are shown (d)
to demonstrate the intercept value.
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9.5.4 Block co-polymer with 23 PSS

900000
800000
700000

£ 600000

S

= 500000

B

2400000

Q

2 300000
200000
100000

17.5

17

8
Binding Energy (eV)

P3HT-b-PSS on Si

| Intercept = 16.68 eV

OM.

16.5
Binding Energy (eV)

16

Intensity (CPS)

units

P3HT-b-PSS on Si

Z

’=l
L

600

500

400

300

200

100

2 1
Binding Energy (eV)

P3HT-b-PSS on Si

o | Intercept = 0.150 eV

2000

0.5

Ny W aseeest o taytey/

0
Binding Energy (eV)

-0.5

-

-1

Figure 91: Photoelectron spectra of PSHT5,-b-PSS23 (a). A zoom to the high energy cut-off (b) and

the low energy cut-off (c) of the spectra is shown. The tangents on the low energy cut-off are shown (d)
to demonstrate the intercept value.
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