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ABSTRACT

Increased lifetime of Organic Photovoltaics (OPVs) and the impact

of degradation, efficiency and costs in the LCOE of Emerging PVs

Balder Adad Nieto-Diaz

Emerging photovoltaic (PV) technologies such as organic photovoltaics (OPVS)
and perovskites (PVKs) have the potential to disrupt the PV market due to their ease
of fabrication (compatible with cheap roll-to-roll processing) and installation, as well as
their significant efficiency improvements in recent years. However, rapid degradation
is still an issue present in many emerging PVs, which must be addressed to enable
their commercialisation. This thesis shows an OPV lifetime enhancing technique by
adding the insulating polymer PMMA to the active layer, and a novel model for
guantifying the impact of degradation (alongside efficiency and cost) upon levelized

cost of energy (LCOE) in real world emerging PV installations.

The effect of PMMA morphology on the success of a ternary strategy was
investigated, leading to device design guidelines. It was found that either increasing
the weight percent (wt%) or molecular weight (Mw) of PMMA resulted in an increase
in the volume of PMMA-rich islands, which provided the OPV protection against water
and oxygen ingress. It was also found that adding PMMA can be effective in enhancing
the lifetime of different active material combinations, although not to the same extent,

and that processing additives can have a negative impact in the devices lifetime.

A novel model was developed taking into account realistic degradation profile
sourced from a literature review of state-of-the-art OPV and PVK devices. It was found
that optimal strategies to improve LCOE depend on the present characteristics of a
device, and that panels with a good balance of efficiency and degradation were better
than panels with higher efficiency but higher degradation as well. Further, it was found
that low-cost locations were more favoured from reductions in the degradation rate
and module cost, whilst high-cost locations were more benefited from improvements

in initial efficiency, lower discount rates and reductions in install costs.
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Figure 4.24 Initial electrical characteristics of DIO processed OPVs. PTB7:PC7:BM binary
blend, with and without ethanol wash, respectively; and PTB7:PC71:BM:PMMA ternary blend,
with and without ethanol wash, respectively (15 wt% of 97 kg mol* Mw PMMA was used for
both films). (a) Voc, (b) FF, (c) Jsc & (d) PCE. Four devices of each combination were

measured t0 ODTAIN tNESE TESUILS. .....cvuie i et et e et et r e e e e eaaeeaees 91

Figure 5.1 Emerging PV Characteristic Parameters from literature review. (a) Schematic
representation of the typical evolution of PCE in OPV and PVK devices. Plots of (b) Burn-in
vs PCE, (c) degradation rate vs burn-in, and (d) degradation rate vs PCE reported in the
literature for PVK (blue) and OPV (orange) devices. Each symbol represents a unique device,

the materials and architecture for which is listed in Table 6.1........cooviiviiiiiiiiieeeeies 106

Figure 5.2 PCE degradation as a function of cumulative peak solar hours (Sc) showing regions

of burn-in (Sc < ) and linear degradation (Sc > 8)...ccceceviiiiiiiiiiiii e 114

Figure 6.1 Impact of degradation rate in LCOE. Predictions of LCOE as a function of
degradation rate, D for panel replacement years of 2 (black), 5 (grey), 10 (red) and no
replacement within 20 year project (purple), with PCE; = 10% and burn-in losses of 40% (solid)
and 10% (open). A module cost matching Si PV (0.245 USD/Wp) was considered in all cases.

Figure 6.2 Impact of burn-in in LCOE. Predictions of LCOE as a function of burn-in, B for
modules with PCE; = 10% and D = 10%l/year (up triangles), 4%l/year (squares), 2%/year
(circles) and 1%/year (stars). A module cost matching Si PV (0.245 USD/Wp) was considered
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Figure 6.3 Impact of module cost in LCOE. Predictions of LCOE as a function of module cost
for panels with PCE; = 10% (shades of green) with burn-in B = 40% (closed) with D = 10%/year
(triangles), 2%/year (circles) and 1%/year (stars). Compared to this are modules with PCE; =
10%, B = 10% with D = 10% (green open triangles) and PCE; = 20%, B = 40% with D =
10%l/year (light brown triangles). Horizontal bars show range of literature estimated module
costs for OPV and PVK teCNNOIOGIES. ......cooiieieeeeeeeee e 126

Figure 6.4 Inter-relationship between PV metrics and LCOE. Contour plots of predicted LCOE
as a function of (a) PCE; and burn-in, B assuming module cost 0.245 USD/Wp; (b) Module
cost and burn-in, B assuming PCE; = 10%; (c) PCEi and module cost assuming burn-in, B =

40%. In all cases D is assumed = 10%/year with panel replacements every 5 years. ...... 128

Figure 6.5 Predicted LCOE for specific state-of-the-art PVK and OPV devices. Predicted

LCOE for PVK (blue) and OPV (orange) modules with parameters extracted from degradation
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CHAPTER 1
INTRODUCTION, OBJECTIVE AND

ORGANISATION

1.1 Introduction

Oll, coal, and natural gas-based conventional energy sources have shown to
be successful drivers of economic growth in the last century, but they are also harmful
to the environment and human health.! To tackle the climate change issue “The Paris
Agreement” was adopted by 196 countries in 2015, which goal is to limit global
warming to well below 2, preferably to 1.5 degrees Celsius, compared to pre-industrial
levels.? Solar energy harvesting technologies are one of the most appealing ways to
address this challenge since solar power is clean, renewable, and abundant.®
Commercial solar photovoltaic (PV) technology is mainly based on inorganic

semiconductors (silicon, cadmium telluride).*

Although inorganic photovoltaics are already established technologies, they still
present some issues such as high amount of materials required for panels
manufacturing, production involving vacuum processing, high installation costs and
their rigidity and weight,® as well as issues with recycling and use of scarce materials,®
which makes them unsuitable for some applications. However, emerging PV
technologies such as organic photovoltaics (OPVs) and perovskites may be able to
cover the remaining inorganic PV gaps by their compatibility with scalable, roll-to-roll
manufacture on flexible substrates® and the associated benefits of reduced cost.’
Therefore, emerging PV installations could be very useful not only minimising carbon
dioxide (CO2) emissions, but also powering remote places, considering that ~770
million people in the world do not have access to electricity.® Still, a significant
remaining challenge in the commercialisation of OPVs and perovskites is achieving
an acceptable lifetime,® which should be considered alongside with the efficiency and
costs of panels and installation to assess the viability of emerging PV technologies by

techno-economic analysis tools such as levelized cost of energy (LCOE) models.



1.2 Thesis Objective

The main objectives of this thesis are to showcase a simple and efficient
technique to enhance the lifetime of Organic Photovoltaics (OPVs) and to demonstrate
the real world impact of degradation using a novel LCOE model to make a quantitative
analysis of current state of the art devices, specifically including rapid degradation
(burn-in) which is a critical issue in such devices. The lifetime enhancing technique
provides materials processing guidance and allows researchers to improve stability of
their OPVs while reducing the amount of donor:acceptor material required, thus also
reducing cost. In the other hand, the LCOE model allows developers of emerging PV
technology to calculate the cost of energy from their technology while taking into
account the impact of realistic degradation for the first time, allowing people to see
whether the low cost of manufacture outweighs the poor lifetime and low efficiencies
that characterise these materials, which is often debated but not quantified.

1.3 Thesis Organisation

The thesis is structured in eight chapters (counting this Introduction Chapter)

as follows:

Chapter 2: Background

This chapter presents a brief summary of PV technologies history and main
characteristics, followed by a discussion of OPVs operation and its parameters,
alongside with economical concepts and factors that need to be considered in PV
installations. Chapters 4 and 5 introductory sections expand the discussion on
degradation of OPVs and viability of emerging PV panels, respectively.

Chapter 3: Experimental methods

This chapter provides details of the experimental methods and materials used
in Chapter 4 lab based experiments. The fabrication processes are explained and

illustrated, from the cleaning of substrates to the Al evaporation deposition as the



electrode and final layer of the OPVs, as well as the measuring techniques and

laboratory equipment used to characterise the OPVs initial performance and lifetime.

Chapter 4: Enhancing the lifetime of OPVs using a ternary blend strategy

In this chapter, ternary P3HT:PCe:BM:PMMA and PTB7:PC7:BM:PMMA
devices are fabricated and their lifetime is compared with their binary counterparts
(P3HT:PCs1BM and PTB7:PC71BM). The effect of PMMA on device performance and
lifetime is investigated by varying the molecular weight and weight percent of PMMA
in the ternary blend. The impact of processing additive DIO is also investigated.
Results were published in: Nieto-Diaz, B. A., et al. (2021), Solar Energy Materials and
Solar Cells 219.

Chapter 5: LCOE Model Development

This chapter shows the development of a novel LCOE model which is based
on degradation characteristics observed in real emerging PV devices for the first time.
Unlike other models, this one considers the impact of fast degradation at the beginning
of a module’s life (burn-in), which is common in emerging PV technologies. Chapters

6-7 results are obtained by using this LCOE model.

Chapter 6: Emerging PV degradation, efficiency and module cost impact on
LCOE

This chapter presents for the first time the relative impacts of realistic
degradation, initial efficiency and module cost upon LCOE of emerging PV devices in
the case study location (Fiji). The competitiveness of specific, state-of-the-art
perovskite PV (PVK) and OPV reported in the literature are assessed for a realistic
grid-scale PV installation. Additionally, a brief analysis of the emerging PV embodied
carbon is presented and compared against silicon (Si) PV. Results were published in:
Nieto-Diaz, B. A., et al. (2021), Applied Energy 299.



Chapter 7: Feasibility of Emerging PV at different locations

This chapter presents an LCOE analysis that evaluates the potential of
emerging PV technologies in eight different countries all around the world to cover a
range of economies and insolation levels. The impacts of PV parameters as well as
location specific parameters (e.g. discount rate and install costs) are quantified and
allow for comparisons between countries, while showcasing their ideal optimisation

strategies.

Chapter 8: Conclusions

This is the final chapter, which shows the summarised conclusions and

provides future work suggestions.
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CHAPTER 2
BACKGROUND

2.1 Introduction

The declining module cost of silicon-based solar cells has facilitated the rapid
increase in overall photovoltaic (PV) electricity production. Between December 2009
and December 2019, crystalline silicon (c-Si) module prices declined between 87%
and 92% for modules sold in Europe, depending on the type.! Similar cost reductions
have been observed globally as shown in Figure 2.1 learning curve of the International
Technology Roadmap for Photovoltaic (ITRPV). The learning curve indicates that for
every doubling of cumulative PV module shipment, the average selling price
decreases according to the learning rate (LR), which reached 23.5% by the end of
2019.2 The LR predicts that module cost will continue to fall and although some
regional differences apply, the established c-Si PV technology has reached “grid
parity” in many countries all around the world,? arising the question: Can new PV

technologies compete in the current and future electricity market?
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Figure 2.1 Learning curve for module cost as a function of cumulative shipments



In the last two decades, emerging PV alternatives, such as dye-sensitized cells,
tandem cells, organic photovoltaics (OPV), quantum dot cells and perovskite (PVK)
have all been object of intensive research* due to their potential to disrupt current
silicon-based solar cells because of their low long-term $/W potential and compatibility
with applications not suitable for silicon PV,* such as installations in some remote
places or within building structures, as well as indoor applications under low-light
conditions. For example, flexible and light weight emerging PV panels could be more
easily transported to remote locations than rigid and heavier Si PV panels, therefore
making PV technology accessible worldwide. Also, emerging PV films could be
installed in curved windows while keeping transparency, or in the walls of modern
buildings with very unique structures and shapes while tuning the colour of the panels
to blend with the background. Niche applications of emerging PV technologies also
include artistic installations in sculptures, vehicle integrated panels to provide auxiliary
power and indoor applications. The effectiveness of silicon solar cells for indoor
applications is limited by the spectrum sensitivity mismatch of frequently used indoor
illumination, such as fluorescent and LED lights,®> contrary to emerging PV which
usually present a good spectral response in the visible region (~400-700 nm)
characteristic of those light sources, allowing them to reach power conversion

efficiencies above 30% under ambient light.®

This thesis mainly focuses on Organic Photovoltaics (OPVs), which convert
solar energy to electrical energy. They are made from organic semiconducting
materials such as polymers and small molecules’ and promise to be a cheap
commercial technology if their short lifetime can be resolved. With OPV solar panels,
a manufacturing approach known as "roll-to-roll" processing is possible due to the all-
carbon nature of the polymers employed, which might result in very low-cost and high-
volume production-line output.® This, along with the material’s physical flexibility and
potential for transparency, makes it appealing for exotic uses such as building

integration.®

In this chapter, a brief summary of PV technologies is presented, followed by a
discussion of OPVs operation and its parameters, alongside with economical concepts

and factors that need to be considered in PV installations.



2.2 Photovoltaic generations

The photovoltaic effect was first observed in 1839 when French physicist
Alexandre-Edmond Becquerel was working with metal electrodes in an electrolyte
solution and noticed that small electric currents were produced when the metals were
exposed to light.8 Charles Fritts, an American inventor, created the first selenium solar
cells in 1883 and thought his solar cells would compete with Edison's coal-fired power
plants by coating the semiconductor selenium with a thin layer of gold to create the
junctions, but they were only 1% effective in converting sunlight to electricity and
therefore not particularly practical.® The efficiency of a solar cell is the most widely
used metric for comparing its performance to that of another. Efficiency is defined as
the ratio of energy output from the solar cell to input energy from the sun® (more
details about efficiency and PV parameters in section 2.6). For the following few
decades, some research on selenium photovoltaics continued, and a few applications
were discovered, but they were not widely used. The first workable photovoltaic cell
was not made until 1954 at Bell Laboratories by Daryl Chaplin, Gerald Pearson, and
Calvin Souther Fuller. Those first silicon (Si) solar cells were about six percent efficient
at converting the energy in sunlight into electricity, a huge improvement over any
previous solar cells.® Since then there have been many advances in the PV field and
solar cells have been classified into three generations according to their efficiency and

cost potential (Figure 2.2). The three PV generations are discussed below.
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Figure 2.2 Efficiency and cost projections for first- (1), second- (Il), and third- generation (ll1)

PV technologies!!



2.2.1 First PV Generation

Solar cells of the first generation are made of silicon wafers, each of which can
produce 2-3 watts of power.*? Solar modules, which are made up of numerous cells,
are used to enhance power. First-generation solar cells are divided into two kinds
based on their crystallisation levels. A single crystal solar cell is one in which the entire
wafer is made up of only one crystal, while multicrystal solar cells are made out of
crystal grains on a wafer. Monocrystalline and multicrystalline solar cells universally
have a single-junction structure and its theoretically highest efficiency is ~33%
(Shockley—Queisser limit).13 This maximum theoretical efficiency was calculated
taking into account standard solar cell test conditions (AM 1.5 G spectrum and solar
cell temperature of 25 °C) and detailed balance considerations proposed by William
Shockley and Hans-Joachim Queisser in 1961.14 They assumed that in an ideal solar
cell the only recombination path which cannot be reduced to zero is radiative
recombination (where a photon is released), and that photons with energies below the
energy band gap (energy required to promote a valence electron bound to an atom to
become a conduction electron) do not interact with the solar cell, but photons with
energies above the band gap are transformed into electron—hole pairs with a quantum
efficiency of 100%.13 It is however important to note that in reality there are losses
due to light reflection or material defects. Still, first generation PV cells typically last
longer and have a greater efficiency than later-generation PV cells. The record
efficiency for cell-size Si PV has increased from 16% in 1980 to ~26% in the present
day,* but the record efficiency has remained almost the same for the last 5 years,
suggesting that further improvements in efficiency may be difficult to achieve. For
monocrystalline panels, the commercial efficiency ranges between 16% and 24%,%°
whilst the efficiency of polycrystalline panels varies in the range of 14-18%.%
Although monocrystalline solar cells have a greater efficiency than multicrystalline
solar cells, wafer manufacturing of the latter is easier and less expensive, thus they
are competitive with monocrystalline solar cells.*? First-generation panels are typically
warrantied to lose no more than 0.7% of their output each year over the course of their
25-year lifespan.t® Their production processes, on the other hand, are expensive in
terms of energy usage and labour, and their performance is quickly degraded at high

temperatures.!’ First-generation cells are currently the most efficient and the most



widely used cells amongst all the three generations, occupying approximately 80% of
the PV market.'®

2.2.2 Second PV Generation

Second-generation PV cells aim to reduce the cost of first-generation cells
through use of smaller amounts of semiconductor material. The reason of this cost
reduction is that the film thickness of second-generation solar cells varies from a few
nanometres (nm) to tens of micrometres (um), much thinner than thin-film's first-
generation crystalline silicon solar cell (c-Si) that uses wafers of up to 200 um thick.1®
When compared to silicon-based first-generation cells, second-generation cells show
lower efficiencies since they use less semiconductor material. Amorphous silicon (a-
Si), CdTe, and CIGS are the three primary kinds of cells in this generation. Together,
they occupy approximately 20% of the total PV market. In amorphous silicon cells,
the efficiency typically varies from 4% to 10%,® but has a record efficiency of 14%,4
whilst record efficiency for a laboratory CdTe solar cell is 22.1%* and commercial
CdTe modules have reached 18% efficiency.® CIGS efficiency is in general higher,
with a cell-size record efficiency of 23.4%* and module-size record efficiency of 19%.%°
These thin-film solar cells can be growth on large areas up to 6 m2,'® and due to their
compatibility with flexible devices they can be used in applications on building
integrations, cars, windows, etc. A few specific advantages and disadvantages of
each thin-film technology are now mentioned. Amorphous silicon panels have strong
absorption in the visible spectrum and are more lightweight than c-Si,? but they have
low efficiencies and potential photo-induced degradation issues.?? CdTe solar cells are
processed at low-temperature, allowing flexible and cheap manufacturing, however,
cadmium is toxic and tellurium is an extremely rare material.?! CIGS panels have the
highest efficiency among thin-film technologies and have a tunable bandgap that
allows the possibility of tandem CIGS devices,?® however, CIGS cells are expensive

and require difficult manufacturing processes.?%:23
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2.2.3 Third PV Generation

The main objective of third-generation PV cells is to create high-efficiency
devices that employ thin-film technology similar to second-generation PV cells,
allowing them to be used in applications not suitable for c-Si panels (e.g. building
integrations and indoor applications under low-light conditions). These cells use a
range of novel materials to make solar PV technology more efficient and less costly.
This includes organic photovoltaics (OPVs), copper zinc tin sulphide (CZTS),
perovskite solar cells, dye-sensitized solar cells (DSSCs), and quantum dot solar
cells.#202427T  The majority of third-generation PV technology research and
development is currently carried out in laboratories by university or company research
groups.* Unlike previous generations, third generation PV panels are not commercial
yet. However, German company Heliatek has implemented more than 30 OPV pilot
projects worldwide,?® while English company Oxford PV is building the world’s first
volume manufacturing line for perovskite-on-silicon tandem solar cells and will
commence production in 2022.2° A brief summary of these emerging PV technologies

is added below.

CZTS cells have a kesterite crystal structure and an active layer with the
general form Cu2ZnSnS4.3° These cells make use of more abundant and non-toxic
components than CIGS cells, and they don't require the use of poisonous cadmium or
rare indium. The record efficiency for a pure CZTS cell is 11.0%.3! However, owing to
the addition of selenium, this has been surpassed, resulting in a CZTSSe cell with a
13% efficiency.*3? Still, both CZTS and CZTSSe are difficult to further optimise due
to their material complexity.33

Perovskites active material is based on a generic ABX3s structure, where A is
an organic cation such as methyl ammonium (CHsNHzs*), B is an inorganic cation,
typically lead (Pb?*) and X is a halogen anion, such as chloride (CI") or iodide (I).33
Perovskites are remarkable for their quick growth in reported efficiencies and for
achieving performance levels equivalent to second-generation inorganic cells, clearly
putting them ahead of competing third-generation solar technologies, with a cell-size
record efficiency of 25.5%.* However, perovskites need to overcome significant
stability difficulties, including quick degradation by the presence of moisture and
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toxicity concerns, because some perovskite based solar cells could contaminate the

environment if encapsulation fails to contain the toxic compounds.3?

The longest-running third-generation solar technology is DSSCs, which makes
use of organic dye-absorbers in a liquid electrolyte to fabricate coloured devices.
DSSCs share similar benefits and characteristics with OPVs, such as the availability
of solution-processable materials and compatibility with transparent and flexible
devices.®®* However, the record-certified efficiency for DSSCs is only ~13% and has
stayed roughly the same for nearly a decade,* suggesting that they may only be

suitable for niche applications.

Quantum dot solar cells refer to a group of devices that use semiconductor
nanocrystals to generate electricity from sunlight (commonly metal chalcogenide
nanocrystals such as PbS or PbSe).3* The record efficiency for a quantum dot cell-
size device is 18.1%.4 Quantum dot solar cells benefit from low-temperature solution-
processable manufacturing and a readily adjustable band gap?°, but frequently employ

hazardous or rare materials (e.g. selenium).

OPVs feature photoactive layers made up of a semiconducting polymer or small
molecule and a fullerene derivative or non-fullerene acceptor (NFA), which when
intermixed form a bulk heterojunction (BHJ) (further explained in section 2.3). Due to
the development of novel NFAs, the cell efficiency record of OPVs has improved from
2.5% in 2013 to 18.2% in 2021.4 Organic photovoltaic devices have a number of
benefits over Si PV devices, including inexpensive material costs, lightweight,
flexibility, and the compatibility with roll-to-roll printing manufacturing processes.?’
However, photochemical degradation causes stability difficulties in some OPV
blends,?” and oxygen and moisture ingress can lead to considerable drop in efficiency
with the passage of time,3* meaning that they degrade faster than the well-established

inorganic solar panels.

In the next sections (2.3-2.7) the operation of organic photovoltaics is further
discussed, and helps as background for the experimental methods (Chapter 3) and
results presented in Chapter 4, which focus in tackling the moisture and oxygen
ingress degradation issue in OPVs. Whilst in section 2.8 the discussion moves forward
to some basic economical concepts related to PV installations, which serve as a brief

background for the development of a levelized cost of energy model (LCOE) (Chapter
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5) with a focus in quantifying the impacts of PV parameters upon LCOE and analysing

the feasibility of OPV and perovskite technologies (Chapters 6-7).

2.3 OPVs operation and manufacture

OPVs are solar cells that have an absorbing layer based on organic
semiconductors, typically polymers or small molecules. The term "organic
semiconductors” refers to materials that are mainly made up of carbon and hydrogen
atoms and exhibit characteristics that are typical of semiconductor materials, such as
absorption and emission of light in the visible spectrum and a degree of conductivity
to operate semiconductor devices (e.g. light-emitting diodes and solar cells).®®
Organic semiconducting materials are based on chains of sp?-hybridised carbon?® (sp?
relates to o only) and require a high level of conjugation (alternating between single o
and double 11 bonds) to become conducting or semiconducting.” ¢ bonds are usually
formed by the overlap of hybridised atomic orbitals, while 1T bonds are formed by the

side-by-side overlap of unhybridised orbitals,3” as shown in Figure 2.3.

o bonds o bonds T bond

128

Figure 2.3 Five o bonds (left) and one 1 bond (right) in an ethene molecule (CzHa,).
C orbitals are sp? (yellow) and p (red and blue), while each H orbital is s (gray). The black

dots represent the nuclei of the atoms

The sharing of sp orbitals between adjacent carbons leads to strong o-bonding,
while hybridisation between the remaining 2p: orbitals results in weaker 1 (bonding)
or Tr* (anti-bonding) orbitals,3¢ and the electrons associated with the double bonds get
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delocalised over the whole length of conjugations.’” The highest bonding T-orbital is
referred to as the highest occupied molecular orbital (HOMO) and the lowest anti-
bonding 1*-orbital as the lowest unoccupied molecular orbital (LUMO). The difference
between the HOMO and LUMO is called energy band gap (Eg) and it determines the
energy required to excite an electron from HOMO to LUMO.” The typical band gap of
organic semiconductors is between 1.5 and 3.0 eV, which leads to absorption mainly
in the visible spectrum,® but band gaps can be tuned synthetically to optimise
absorption for the AM 1.5 solar spectrum. In the case of inorganic silicon the energy
band gap is ~1.1 eV, but the conduction and valence bands take the place of LUMO
and HOMO respectively. The Fermi level describes the probability distribution for
electrons as function of energy. The main thing in an inorganic semiconductor is that
it is mainly crystalline, and that the band structure (and associated gaps) is determined
by this regular periodicity. In organic semiconductors the Fermi level can be shifted
from a mid-gap position towards the LUMO by n-doping or towards the HOMO by p-
doping.®® Fermi levels can also be influenced by charges injected from contacts. A
comparison of organic and inorganic energy band gap diagrams is shown below in
Figure 2.4.

Conduction band -
(Ec) __ LUMO

Fermilevel (Ef) ————---—---—---—-~- Energy bandgap | ——________________. Er
(Eq)
Valence band ——— HOMO
(Ev) -

Figure 2.4 Energy band gap diagram of inorganic (left) and organic (right) semiconductors

To create photocurrents in an OPV cell, sunlight is absorbed in a photoactive
layer consisting of organic semiconductor donors (polymers or small molecules) and
acceptors (fullerenes or non-fullerenes). When the light energy is greater than or
equal to the band gap, a bound electron-hole pair (exciton), which is neutral, is

created.” The exciton binding energy (Eb) refers to the electron and hole attraction
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Light Absorption

and in the case of inorganic semiconductors the Ep can be easily overcome by thermal
energy at room temperature due to its small value (26 meV).4® However, organic
semiconductors have much higher values (~0.3-0.5 eV),*! hence the exciton does not
dissociate spontaneously into free charges. Prior to relaxation, excitons diffuse and
may come into contact with a donor/acceptor interface (Exciton Diffusion).#? Excitons
can diffuse ~5-10 nm prior to relaxation, a process in which the solar energy is lost,
hence the structure of the donor acceptor interface*® is very important to avoid
recombination (section 2.7) to allow exciton dissociation in its short lifetime (~100 ps-

1 ns).*

Within an OPV, at least two distinct organic semiconductors (donor and
acceptor) are required to offset their individual energy levels to a value higher than Eb
and allow exciton dissociation.”*! Arriving excitons then split into holes (positive
charge carriers) and electrons (negative charge carriers) at the D-A interface (Charge
Transfer).#? Recombination can occur at the interface between the two materials while
the electron-hole pair is still attracted in the charge-transfer state.” Charges that avoid
recombination move away from each other and become free charges (Charge
Separation). Following either the donor or acceptor phase, these holes and electrons
travel to the corresponding electrodes and are used in an external circuit to produce

current (Charge Extraction).*? Figure 2.5 summarises the OPV working mechanism.

Exciton Diffusion Charge Transfer

Charge Separation Charge Extraction

LUMO

N

A

A

A

H

Figure 2.5 Working mechanism of a bilayer organic photovoltaic (D = donor, A = acceptor).

Red circles represent electrons and black circles represent holes

Having established the principles of operation of OPVs we now discuss the

evolution of the device structures of OPV cells from Figure 2.6.
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Anode Anode

Figure 2.6 Device structure of OPV cells: (a) single layer, (b) bilayer, (c) bulk heterojunction
(BHJ). D = donor, A = acceptor

2.3.1 Single layer OPV

Organic photovoltaic cells with a single layer structure are the most basic.
These cells are created by sandwiching a layer of organic electronic materials between
two metallic conductors, generally a high-work-function layer of indium tin oxide (ITO)
and a low-work-function layer of aluminium, magnesium, or calcium. The first single
layer OPV was developed by Kearns and Calvin in 1958 and it was based on the
molecule magnesium phthalocyanine (MgPc), measuring a photovoltage of 200 mV.4
However, the potential of single layer OPVs is very limited and typically yields power
conversion efficiencies well below 0.1%%® due to issues with high exciton binding
energy (~0.3-0.5 eV),* which difficult excitons splitting and results in minimal current
output. Also, the field produced by the different work functions of the conductive
electrodes is not strong enough to help excitons to dissociate into free carriers.4’
Research continued given the limitations of single layer OPVs, and it was discovered
that having an interface between an electron-donor and electron-acceptor improves

excitons dissociation, as discussed in the following structures.

2.3.2 Bilayer OPV

The first bilayer OPV was developed by Tang in 1986 from copper
phthalocyanine and a perylene tetracarboxylic derivative, showing a power conversion
efficiency of 1%.4® The reason behind this increase in efficiency in comparison with
the single layer OPVs was that the bilayer structure, also called planar heterojunction
(PHJ), makes use of two materials with different electron affinities and ionisation
potentials, which favours excitons dissociation.*® The material with the highest
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electron affinity accepts the electron, whereas the material with the lowest ionisation
potential accepts the hole. However, bilayer OPV have their own limitations. Excitons
can only dissociate at the donor-acceptor interface, and they can only diffuse for
around 10nm before returning back to the ground state.*® In contrast, to absorb light
successfully, a total active layer thickness of over 100 nm is generally required,
indicating bilayer cells are either too thin to absorb light properly or too thick for efficient

exciton dissociation.’

2.3.3 BHJ OPV

To solve the issues presented in bilayer OPVs, a solution was proposed in 1995
by Heeger et al.,* which consisted in a bulk heterojunction (BHJ) OPV achieving an
efficiency of 1.5%. The absorption layer of bulk heterojunction cells is made up of a
nanoscale blend film of donor and acceptor materials. Because this blend's domain
sizes are on the order of nanometers, excitons with short lifetimes can reach an
interface and dissociate because of the high donor-acceptor interfacial area.>!
Forming a solution comprising the donor and acceptor, casting (e.g. drop casting and
spin coating), and then allowing the two phases to separate, generally with the help of
an annealing step, is the most common way to make bulk heterojunctions. The two
components will self-assemble into a network that connects the two electrodes.>?
Electrons travel to the acceptor domains after capturing a photon, then are transported
through the device and collected by one electrode, whereas holes go in the opposite
direction and are collected by the other electrode. However, if the dispersion of the

two materials is too fine, charge transfer across the layer will be poor.52

() Cathode (b) Anode
Electron transport layer Hole transport layer
wuld (el
Hole transport layer Electron transport layer
Anode Cathode

wand d d  sd d 4

Figure 2.7 Architecture of OPV cells: (a) standard, (b) inverted
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Most of the OPVs used in current research are based on the BHJ structure, and

their architecture can be classified as standard or inverted as shown in Figure 2.7.

The buffer layers (hole transport and electron transport) are the intermediary
layers between the electrodes and the active layer, and they are important charge
extraction components in standard and inverted OPVs.>* In standard OPV devices,
poly(3,4 ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) is commonly
used as a hole-transport layer (HTL), which planarises the anode (ITO) surface and
lowers leakage current,> whilst lithium fluoride (LiF) is a common electron-transporting
layer (ETL). Calcium (Ca) is frequently used in conjunction with an aluminium (Al)
cathode’ to collect the electrons generated in the BHJ. Al is used on top of Ca as the
former is only slightly reactive, while the latter is very reactive. In the other hand, the
inverted OPV design reverses the traditional OPV layer sequence in order to avoid
using readily oxidised metals on the exposed cathode and increase device lifetime.>®
The ITO serves as an electron collector (cathode) in this architecture and is generally
covered with a transparent metal oxide layer such as zinc oxide (ZnO) or titanium
dioxide (TiO2). On top of the metal oxide layer, the active BHJ layer is deposited,
followed by an HTL (typically PEDOT:PSS), and the device is completed with the
deposition of a high work-function metal anode such as gold (Au), silver (Ag) or copper
(Cu).>’

The active layer is the core and the most important layer of any solar cell. A
light-absorbing electron donor semiconductor, generally a polymer, and an electron
acceptor material (fullerene or non-fullerene) make up the active layer in a solution-
processed organic photovoltaic system.>® The morphology and structure of the active
layer has to be controlled at the nanoscale to achieve maximum solar efficiency,> as
mixed donor/acceptor domains are required to provide optimum surface area to enable
efficient charge separation.>®  Also, high mobility®® and enhanced device
performance®! have been linked to increased crystallinity of the donor polymer phase,
resulting in reduced charge recombination processes.®? The active layer thickness in
OPVs is usually ~100 nm, leading to optimum performance that results from the
compromise between strong light absorption and efficient charge collection.®® If the

thickness is larger it can lead to non-geminate recombination (section 2.7).
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In ambient conditions, organic photovoltaics are known for their poor stability,
and photodegradation of the active organic layer plays a significant part in this short
lifetime.®* In comparison with most inorganic materials, organic materials utilised in
OPVs are more vulnerable to both chemical (from oxygen and water) and physical
(from morphological stability) deterioration.3* Furthermore, degradation can occur in
individual layers of OPVs or at their interfaces.® The following section discusses the

degradation mechanisms of OPVs in more detail.

2.4 OPVs degradation

Organic photovoltaics deteriorate at a higher rate than their inorganic
equivalents, thus understanding their degradation mechanisms is crucial. While
unencapsulated OPVs normally present lifetimes in the order of tens to hundreds of
hours, encapsulated devices have reached lifetimes of several thousands of hours
that can be extrapolated to champion lifetimes of >10 years,%3 but most OPVs are still
far from the typical lifetime of commercial Si panels (25 years). Degradation in OPVs
is categorised as intrinsic or extrinsic and can occur in the active layer, the buffer
layers, the electrodes and all the interfaces between them.%¢ The primary extrinsic
degradation processes found by researchers so far involve water and oxygen, which
enter an OPV, react with the materials under illumination, and cause them to lose their
capacity to absorb light.®” However, these mechanisms are in some cases
interconnected and occur at the same time, making it difficult to pinpoint the specific
degradation mechanisms at work. Furthermore, quantifying the impact of a single
degradation process on the total deterioration of OPV devices is more challenging.®

Oxygen and water related degradation is particularly critical,®” as light exposure
in combination with molecular oxygen and water entering the device causes photo-
oxidation,®® which results in polymer chains breaking, thus altering the OPV
absorption, carriers mobility®® and mechanical properties.®® Oxygen and water
diffusing through the device can oxidise the cathode and create a transport barrier,®
therefore decreasing the performance. Furthermore, hygroscopic PEDOT:PSS may
absorb water and allow it to penetrate all layers (including the active layer), affecting
excitons’ dissociation due to a reduction in the donor-acceptor interface area.®® One

way to deal with these issues involves the use of good encapsulants against water.°
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However, the majority of cost effective encapsulation solutions provide modest
protection, leaving the problem mostly unsolved.”* Chapter 4 shows a complementary
approach to minimise water ingress to the active layer, which makes use of a ternary
strategy by adding an insulating polymer to the donor-acceptor blend.

Light-induced degradation is also one of the most important extrinsic
degradation mechanisms in OPVs. During the first hundreds of hours of operation
under sunlight most OPVs show an exponential decrease in performance called burn-
in,%” due to accelerated morphological changes in the blended materials of the active
layer by the exposure to light.”? Photochemical degradation happens when irradiation
causes chemical changes in the active layer,%* regardless of the environment. When
oxygen is also present the reaction is called photo-oxidation. The diffusion of oxygen
and water into the active layer is also accelerated by excessive illumination,”® resulting
in oxidation of the interface between the cathode and the photoactive materials.”
Another issue with irradiation is that continuous illumination raises the temperature
and leads to thermally induced degradation, which accelerates the intrinsic

degradation of organic photovoltaic devices.’®

Degradation in OPVs includes intrinsic factors that refer to the stability of the
materials within the device itself.” Extrinsic degradation can be avoided by decreasing
or removing the stressors induced by the environment, although this does not
guarantee intrinsic OPV stability.®” Intrinsic degradation arises as a result of internal
material modification causing changes in the characteristics of the interface between
device layers.”® For example, commonly used aluminium cathode is very sensitive to
oxidation” and frequently used HTL PEDOT:PSS can corrode the surface of the ITO
anode when it comes into contact with it, causing indium diffusion into the active layer,
resulting in charge carrier trapping.’” Further, some polymers used in the active layer
of OPVs have higher photochemical instability than others” and the use of light
sensitive solvent additives to increase initial efficiency can saturate the polymer
conjugated backbone directly or be confined by fullerene moieties,®¢ accelerating the
active layer photo-oxidation.”® More details about the stability of specific polymers
(P3HT and PTB7) with or without the presence of an additive (DIO) are presented in
Chapter 4.
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Different strategies have been proposed to tackle the extrinsic and intrinsic
degradation of OPVs. For example, the use of inverted architecture and encapsulation
has already been mentioned, which is beneficial because it provides high protection
against oxygen and water ingress that rapidly degrades OPVs, although it also inflates
the price of devices. Other strategies include optimisation of HTL and ETL layers by
the use of metal oxides such as NiO, V20s and CrOx, Cs2COs respectively,”® all of
which are highly stable and compatible with roll-to-roll production.8® More importantly,
developing and choosing active layer materials that are not only highly efficient, but
also highly stable is critical to allow OPVs commercialisation. Due to their high
conductivity, good solubility, and ease of processing, regioregular poly(3-
alkylthiophenes) (rr-P3ATs) have been the subject of considerable investigation for
many years as OPV active layer components.?! Researchers have been studying the
photochemical stability of polymers in ambient conditions,®? which requires accurate
measurements and standard tests. Having a reliable test method for investigating the
stability of organic solar cells will aid in better understanding the degradation
mechanisms and improving the devices' stability.

2.5 Standardised lifetime testing

It is difficult to compare organic solar cells with different stack designs, such as
standard versus inverted architecture, or those using different materials (active layers,
buffer layers and electrodes) since distinct degradation mechanisms are involved. This
is further complicated considering that a common issue with OPV stability and lifespan
studies is the lack of standardisation of testing. Various experimental conditions, such
as temperature, encapsulation, humidity, and others, are used amongst researchers.
As a result, comparing the results of different laboratories is challenging. However, the
International Summit on Organic Photovoltaics Stability (ISOS) guidelines®* provide
procedures and protocols for evaluating the lifespan of thin film solar cell technologies
with accuracy. Although there are stricter standards for technology evaluation, such
as those provided by the International Electrotechnical Commission (IEC), they are
more suitable for commercial technology or ready-to-market technology, while the
ISOS stability standards are ideal for the research phase. There are four main

categories for degradation testing and each one of them is divided into three levels:
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Basic (Level 1), Intermediate (Level 2) and Advanced (Level 3). A summary of the

testing categories protocols is presented below:8

Dark storage: The shelf life of samples is determined by keeping them in the
dark with no load. These can range from leaving a sample at room temperature, ISOS-
D-1 (shelf), to controlling the temperature (65 °C/85 °C) with a hotplate or oven, ISOS-
D-2 (high temperature storage), to carefully control both the temperature (65 °C/85 °C)
and humidity (85%) with an environmental chamber, ISOS-D-3 (damp heat). The
major degradation mechanism in dark storage experiments is exposure to ambient
oxygen and moisture, therefore allowing to study the stability of OPVs under these
conditions without considering the effect of light-induced degradation (see laboratory

weathering).

Outdoor testing: Exposing photovoltaic systems to natural sunshine
(outdoors) and monitoring their performance in situ with a solar simulator at regular
intervals appears to be the most straightforward method of testing them. While in situ
monitoring is the most convenient and perhaps scalable, it can raise a humber of
difficulties, such as temperature coefficients, cloud cover, non-linearity between
performance and irradiance, and wind and seasonal fluctuation in the energy dosage
received by the specimen. Furthermore, the differences associated with diverse
climates, latitudes, and altitudes should all be given in order to facilitate comparisons

across different geographic areas.

Thus, three levels of outdoor testing were established, such as ISOS-0O-1,
where devices are kept outside and periodically measured inside under solar
simulation, 1ISOS-0-2, where devices are kept outside and measured outside under
daylight and ISOS-0O-3, where devices are kept and measured outside, but also from
time to time measured inside for improving the accuracy of measurements. ISOS-0O-1
requires simple ambient temperature and relative humidity (RH) measuring units for
monitoring, while ISOS-2 and ISOS-3 require a resistance temperature detector (RTD)
and RH sensor with + 5% capability. Outdoor testing is the most realistic test since it
exposes how the samples function in real-world conditions. To document the sample's
behaviour to the complete cycle of seasonal variations, the test should be conducted

for at least a year. One important note is that the size of the active area has an impact
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on efficiency and stability, as generally, enlarging the active area reduces efficiency

while increasing stability.®

Laboratory weathering: The spectral distribution of the light source to which
organic solar cells are exposed has a significant impact on their stability.2687 Because
the cells are very sensitive to the amount of UV light, they might operate differently
depending on the type of light source.® A light source that closely mimics the spectral
distribution of daylight must be used for realistic comparison of indoor stability testing
with real life. Lamps having a spectral mismatch class A in the range 400-1100 nm
and a considerable amount of UV light down to 300 nm can also be utilised. Xenon
arc, metal halide, sulphur plasma, tungsten halogen, and LED lamp combinations are
among the light sources that emit between the aforementioned range. However, only
xenon arc and metal halide generate enough UV radiation to initiate photo-degradation
reactions. Because the spectra of the lamps might vary with aging, it is critical to track

the light source intensity over time for these sorts of studies.

In the ISOS-L-1 level the temperature and relative humidity (RH) are monitored
but uncontrolled, while 1ISOS-L-2 level must have a monitored and controlled
temperature (65 °C/85 °C). For ISOS-L-3 both, the temperature (65 °C/85 °C) and RH
(50%) must be monitored and controlled. The main goal of these tests is to reveal the
photosensitivity of the devices, which is very important as polymers degradation is

closely related to the amount of UV-radiation received.

Thermal cycling: Thermal cycling with a temperature range considerably
outside the boundaries of regular usage is generally required for final product
certification to demonstrate that thermal cycling will not be a degradation mechanism
over the product's lifetime. However, because this test necessitates complex
equipment and may only offer limited data during development, it may be problematic,
especially when samples are vulnerable to heat cycling damage. In other words, a
single cycle between 85 and —-40 °C may damage a cell completely, thus this test acts
as a pass/fail rather than a more progressive deterioration test that might distinguish
between cells with similar but different resistances to thermal cycling damage. As a
result, there are many types of testing that are dependent on the degree of equipment

available as well as the cell's resistance to thermal cycling damage.
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Basic (ISOS-T-1) cycling is an initial test in which a sample is cycled from a
high temperature (65/85 °C) to room temperature using a hot plate set to the high
temperature and a clock-actuated switch to turn the hot plate on/off. Intermediate
(ISOS-T-2) cycling is similar except that more advanced equipment such as an
environmental chamber or a hot plate with the ability to automatically vary temperature
over time is used to precisely cycle the temperature gradually over the course of the
cycle period. Advanced (ISOS-T-3) cycling requires the most advanced equipment
where the temperature can be cycled from 85 to —40 °C and controlled during the
course of the cycle. The purpose of thermal cycling tests is to determine the sample's

sensitivity to temperature changes that may arise in real-world circumstances.

Having discussed the basic operation and aging measurement protocols of
OPVs, we now focus our attention in the individual parameters that characterise these

PV devices.

2.6 PV parameters

The capacity of a solar cell to convert light into electricity is measured by its
power conversion efficiency (PCE), which is the ratio of incoming light power to output
electrical power and is usually measured under standard conditions known as AM 1.5
G (later explained in this section). Current density-voltage (JV) measurements are
used to calculate the PCE and other relevant metrics (see Figure 2.8), and to facilitate
comparisons between cells with different areas, current density (J) is commonly

utilised instead of current (1).88

Figure 2.8 shows a J-V Curve with the following parameters involved in PCE

calculation:
o Juwp — Current density at maximum power
o Vmvp — Voltage at maximum power
o Pmax — Maximum output power (also known as maximum power point)
o Jsc — Short-circuit current density
. Voc - Open-circuit voltage
o FF — Fill Factor
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The PCE can be calculated using the following equation:

_ Pour _JscVocFF
Pin Pi

2.1)

Here, Pout is the output power and Pin is the input power of the cell (generally
an AM 1.5 G source). Having a higher PCE means that the OPV is more efficient
converting light into electricity.®® JV curves are performed under illumination so that
the OPV has a source to operate with. It is highlighted that JV curves parameters are
discussed in more detail in subsections 2.6.1 - 2.6.3. Also, JV curves in the dark are
useful for additional analysis of OPVs and are further explained in Figure 3.9 of
Chapter 3.

Current density
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Figure 2.8 J-V Curve showing electrical characteristics of an OPV under illumination

The Air Mass is very important in characterisation of JV curves, as it is the
length of the journey taken by light through the atmosphere, normalised to the shortest
possible path length (i.e. when the sun is directly overhead).®® As a result, the Air
Mass measures the loss of light's power as it travels through the atmosphere and is

absorbed by dust and air. The Air Mass is calculated as follows:

AM =

2.2
cos(8) @2)
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Where 0 is the angle from the vertical (zenith angle). The Air Mass is 1 when

the sun is directly overhead (Figure 2.9).
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Figure 2.9 Various global (G) air mass (AM)*!

Variations in both the spectrum and power of incidental light affect the efficiency of a
solar cell. A standard spectrum and power density for both radiation outside the Earth's
atmosphere and radiation at the Earth's surface has been defined to allow reliable
comparison between solar cells recorded at different times and locations.®® AM 1.5 G
is the standard illumination used to characterise PVs. This corresponds to a particular
spectrum and intensity of 100 mW/cm? (one sun). Because other conditions show
distinct spectra, which leads to nonlinear response from some solar cells, most
terrestrial solar cells are evaluated under AM 1.5 G conditions.®* For AM 1.5 standard
spectra are defined by the American Society for Testing and Materials (ASTM; see
Figure 2.10). Having this standard spectrum is particularly important for OPVs, as
most organic semiconductors present good absorption in the visible regime (400-700
nm) and some even in the near infra-red (up to ~1000 nm). Using different
combinations of donor and acceptor materials with different HOMO and LUMO levels
allows to tune the band gap of OPVs and therefore improve their absorption along the
AM 1.5 G spectrum.
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Figure 2.10 ASTM standard spectral irradiance for AM 1.5
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Having established the sun spectrum involved in JV curves measurement under
illumination, we now move on to further describe the main PV characteristics and how

these can affect the overall performance of OPVs.

2.6.1 Open-circuit voltage

The open-circuit voltage (Voc) is the maximum voltage across the device when
there is no flow of current.®> The Voc of an OPV can be estimated by the following

equation:%3

eVoc = (DHOMO - ALUMOY_ 0.3 eV (2.3)
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Figure 2.11 Voc under ohmic contacts

Where e is the elementary charge (magnitude of a charge on a single electron
or proton = 1.602176 x 101 C),%* (DHOMO . ALUMO) s the energy gap between the
HOMO of the donor and the LUMO of the acceptor, and 0.3 eV is an empirical factor
that accounts for charge separation.®> This applies when ohmic contacts are present
(Figure 2.11), meaning that the negative and positive electrodes match the A-“M° and
the DHOMO  respectively.®® Therefore, in OPVs where ohmic-contacts govern, having a
semiconductor polymer with a lower HOMO than another polymer leads to a higher
Voc if both polymers have the same LUMO level. For example, Jo et al.®” showed that
using PDHF-BT with a HOMO level of -5.47 eV resulted in a Voc of 0.71 V, while using
PDHF-TBT with a HOMO level of -5.22 resulted in a Voc of only 0.40 V.
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However, if the energetic barrier for hole transfer between the donor and the
anode is high, the contact is considered non-ohmic®® and surface recombination
severely restricts the maximum open-circuit voltage,®® which is determined by the
work function difference of the electrodes under non-ohmic contacts. The effect of
interface material layers and semiconductor energy disorder on Voc was confirmed by
Zampetti et al.1% In their study they found that when the contacts' work function is
within the bandgap, the device's Voc is highly dependent on even small work function
changes, while device performance is improved and less sensitive to changes in the
work function when it approaches the HOMO and LUMO levels of the active layer

components.

2.6.2 Short-circuit current density

The photogenerated current density of the cell when no bias is applied is known
as the short-circuit current density (Jsc). Only the cell's built-in electric field is
employed to push charge carriers to the electrodes in this scenario.®® In inorganic
photovoltaics, mobile electrons and holes seek to disperse evenly within the entire
volume due to their random movements over time (diffusion). The free charges
recombine as they pass through the junction, leaving behind fixed ions which create a
built-in electric field.1°* This built-in electric field affects free electrons and holes, with
electrons drawn to positive phosphorus ions and holes attracted to negative boron
ions. The number of electrons flowing due to diffusion and the number of electrons
flowing back due to the electric field finally achieve a stable equilibrium.2° In organic
photovoltaics the built-in voltage is determined by the difference in work function of the

electrodes.102

Because the active layer is where the bulk of incident light is absorbed and
charge carriers are produced, Jsc is roughly proportional to the quantity of light
absorbed.1% Bulk heterojunction (BHJ) OPV materials' absorption spectrum, which
typically spans the visible range (~400-700 nm), does not exactly match the solar
spectrum, which also includes the ultraviolet and infrared regions (below and above
the visible spectrum, respectively), thus limiting their efficiency.1®* The active layer
thickness should be substantial in the nm scale (100-150 nm)*% to absorb a significant

quantity of solar incoming light, but within some boundaries to avoid series resistance
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or non-geminate recombination'® (section 2.7) from rising. In OPVs, increasing the
series resistance reduces the efficiency of charge collection and transport, %’ resulting

in a fast drop in Jsc.

2.6.3 Fill Factor

The fill factor is defined as the ratio between the maximum obtainable output
power and the product of Jsc and Voc (see Figure 2.8).8% The close as possible to 1
the better, however, FF will never be exactly 1 because Jsc and Voc are the maximum
current and voltage respectively from a solar cell, and at both of these operating points
the power from the solar cell is zero.'® FF can be calculated using the following

equation:

_ Iup Vup
]SCI/OC

EF (2.4)

Here, Jwe and Vwp are the current density and voltage of the cell at maximum
power respectively. The FF is reliant on the OPV's transportation and recombination
mechanisms.1% Fill factor can decrease if there is poor balance in electron-hole
transport,11° as this causes space charges to accumulate and reduces the device's
built-in potential.!** A high series resistance (Rs), which is a parasitic resistance
present in every solar cell can also affect FF. Any of the interfaces between the layers
of the OPV might add resistance, thus the physical origin of the series resistance in
any OPV is not evident.''?2 What is more clear is that a high series resistance affects
the efficiency of OPVs by lowering the FF,113 because it acts as a barrier between the
cathode electrode and active layer, by which charge accumulation occurs and

inefficient exciton dissociation is obtained.114

Resistances arising from energy barriers at interfaces and bulk resistances
inside layers are accounted for by the series resistance. The energy barriers across
the different interfaces are caused by variations in the HOMO, LUMO, and Fermi levels
of the materials utilised for devices, which hinder the transfer of the charge carriers

across the interfaces and decrease performance.*® This should be kept to a minimum
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to avoid efficiency losses caused by increased charge carrier recombination, which
can be achieved by ensuring that the materials employed in the solar cell have
adequate energy level alignment.88  The next section discusses the main
recombination mechanisms that affect the performance of organic photovoltaics.

2.7 Recombination in OPVs

Recombination is a loss mechanism that can happen at different stages of the
OPV operation, and it is called that way because it refers to wasted energy due to an
electron and hole recombining.” Recombination can affect the open-circuit voltage,
short-circuit current and fill factor of OPVs, and it can be categorised in two main

categories: geminate and non-geminate.116

2.7.1 Geminate recombination

This type of recombination occurs when the electron-hole pair recombine
before exciton dissociation.” Only a fraction of electrons and holes escape their
Coulomb attraction and divide into free charges at the donor-acceptor interface.!’
Interfacial geminate pairs (GPs) are formed by electron-hole pairs that have not been
able to entirely split, and those interfacial GPs which have relaxed into charge transfer

(CT) states can undergo geminate recombination to the ground state.*'’

Geminate recombination happens on a time scale of a few nanoseconds!!® in
low mobility, poor conductivity, often disordered semiconductors.''® However, many
studies have concluded that geminate recombination is too weakly dependent on

device electric field to have a substantial influence on OPVs FF and Voc.1%°

2.7.2 Non-Geminate recombination

Charge separated states are formed when electron-hole pairs escape their
mutual Coulomb interaction. If their spatially separated carriers are extracted at the
electrodes, charge-separated states contribute to the device's photocurrent. However,

free electrons and holes may encounter and recombine during charge transport to the
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electrodes. This mechanism is known as non-geminate recombination because the
recombining charge carriers come from distinct photoexcitations.''’ In all OPVs the
driving force for charge extraction is reduced when the forward bias is applied, as does
the charge collecting efficiency.'?* This affects the FF, however, when the forward
bias is equal to the open circuit voltage, all photogenerated free charge carriers
recombine, and the net current flowing out of the device is zero, regardless of the FF
value. As a result, unlike geminate recombination losses, which may be entirely
avoided, all OPV devices are vulnerable to free charge recombination.'® Non-
geminate recombination can be radiative (a photon is released) in the case of band to
band recombination, and non-radiative (a photon is not released) such as trap-

assisted and Auger recombination.”’

Band to band recombination

In radiative recombination of inorganic photovoltaics, an electron from the
conduction band combines directly with a hole from the valence band, resulting in the
emission of a photon.??2 In OPVs the same concept applies but LUMO and HOMO
are used instead of the conduction and valence bands. Band to band recombination
in a disordered semiconductor with localised charge carriers is restricted by the pace
at which oppositely charged carriers locate each other. The rate of this recombination
in OPVs is related to the charge carrier mobilities because the quicker charge carriers
travel, the faster they will locate one other.''® This is described by the Langevin

equation:16
Ry= < (n+1p)(p —12)  (25)

Where q is the elementary charge, € the dielectric constant, pn the mobility of
the electrons through the LUMO of the acceptor, yp the mobility of the holes through
the HOMO of the donor, n and p represent the electron and hole charge density

respectively and ni is the intrinsic carrier concentration.
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Trap-assisted recombination

When a charge falls into a trap, which is an energy level within the bandgap
produced by the presence of a foreign atom or a structural defect, trap-assisted
recombination occurs.'?> When the trap is filled, it is unable to absorb any more
charges. In a second stage, the trapped charge recombines with a mobile carrier (hole
or electron).'?! Defects in the crystal lattice are the most prevalent source of trap-
assisted recombination,?? and the quantity of sites that function as traps and how
quickly the free carrier may reach the trapped carrier determine the recombination
rate,'?® which is described by the Shockley-Read-Hall (SRH) equation:*16

CnCpNer (np—n;?)
Cn(n+n1)Cp(p-p1)]

RSRH = [ (2.6)

Where Cn denotes the probability per unit time that an electron in the
conduction band will be captured for the case that the trap is empty and able to capture
an electron. Correspondingly, Cp indicates the probability per unit time that a hole will
be captured when a trap is filled with an electron and able to capture the hole. Ny is
the density of electron traps. And nip1 = ni? their product under equilibrium conditions
in the case that the Fermi level coincides with the position of the recombination centers

where ni denotes the intrinsic carrier concentration in the sample.

Although most fullerene derivatives are known to be trap-free, many trap-
assisted recombination events reported in organic photovoltaics are caused by traps
in the donor material or general impurities.**® However, trap-assisted recombination
at interfaces has been found to be the dominant recombination mechanism in
emerging PV devices,'** inducing losses in the photocurrent, but also limiting the

open-circuit voltage.1?®

2.8 PV installations

Now that the OPV operation, lifetime, parameters and recombination have been
covered, it is also important to discuss some of the factors and concepts involved in
PV installations. According to the International Renewable Energy Agency (IRENA)

Renewable Capacity Statistics 2021 report, the total worldwide installed capacity of
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solar PV now exceeds 700 GW, which represents ten times the worldwide installed
capacity by 2011.1%¢ This large increase in PV installations has been possible largely
due to a drop in silicon prices!?’ and efficiency gains associated with increased
adoption of newer cell architecture types, i.e., passivated emitter and rear contact
(PERC) solar cells.?%1?8 Higher module efficiencies directly reduce module costs per
watt and those balance of system costs related to the area of the solar installation
(e.g., racking and mounting structures, cabling, etc.).! Cost reductions have also been
achieved in the solar PV module manufacturing value chain (e.g., reduced materials
usage from diamond wire sawing, higher throughput in factories, automation and
reduced labour costs).! However, emerging PV technologies like OPVs and
perovskites may be able to provide even lower cost solutions by further reductions in
module cost and installation costs, if their efficiency and stability reach an adequate

level.

Although the National Renewable Energy Laboratory (NREL) in the United
States provides charts of the different PV technologies efficiency records per year,*2°
this information is not enough to demonstrate the feasibility of a technology, as it lacks
stability and costs information. Therefore, the 1SOS protocols® described in section
2.5 are very important to obtain useful and accurate information about the lifetime of
devices, leaving only the relevant costs pending to be addressed. This is where the
concept of levelized cost of energy (LCOE) comes into play, as it is a way to measure
holistically the costs, including the timeline of those expenditures, which go into the
production of a kilowatt-hour (kWh).1?° This includes the initial capital investment,
maintenance costs, any operational costs and the discount rate (see section 5.3 in
Chapter 5 for more information). Thus, an LCOE approach is useful to compare
different PV technologies by considering the lifetime of a project and all the associated

costs within that time scale.

Chapter 5 continues the discussion of PV installations and presents a novel
LCOE model that quantifies the relative impacts of realistic degradation, initial
efficiency and module cost of emerging PV technologies. The LCOE results are
present in Chapters 6-7.
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CHAPTER 3
EXPERIMENTAL METHODS

3.1 Introduction

This chapter provides details of the experimental methods used for Chapter 4
in this thesis. The OPVs fabrication processes and devices structure are explained
and illustrated in section 3.2, while the materials (polymers and fullerenes) relevant
characteristics and OPV batches are briefly described in section 3.3. Finally, the
measuring techniques and laboratory equipment used to characterise the OPVs initial

performance and lifetime are explained and illustrated in section 3.4.

3.2 Fabrication of devices and structure

Indium tin oxide (ITO) coated glass substrates were cut to size 19.5 mm x 16.5
mm and patterned into stripes by etching with zinc powder and hydrochloric acid, prior
to sequential sonication for 15 min each in propanol-2-ol, acetone, Decon 90 solution
(2% aqueous), and deionised water, followed by drying with N2 gas. Cleaned
substrates were treated with Oxygen plasma (Yield Engineering Systems Inc., YES-
R3) for 5 min with 100 W RF power.

The conductive polymer poly (3,4-ethylenedioxythiophene):poly (styrene
sulfonate) PEDOT:PSS (CLEVIOS P VP Al 4083) was filtered using a 0.2 ym poly
(tetrafluoroethylene) (PTFE) syringe filter and spin-cast onto the substrate at 2500 rpm
for 45s using a spin coater (Figure 3.1) prior to annealing at 140 *C for 10 min in
ambient atmosphere, to give a layer thickness of ~30-35 nm, as measured by atomic
force microscopy (AFM). This recipe was chosen as it was optimised by Al Busaidi et
al.! for its use in level 4 cleanroom of the Department of Engineering at Durham

University, same cleanroom in which Chapter 4 experiments were carried out.
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Figure 3.1 Spin coater for buffer and active layers spin coating

The polymer donors considered in this study were P3HT and PTB7, which were
purchased from Rieke Metals and 1-Material Inc., respectively, alongside the acceptor
fullerenes PCs1BM and PC71BM, purchased from 1-Material Inc. PMMA with molecular
weights Mw = 15 kg mol?, 97 kg molt and 350 kg mol* were purchased from Sigma
Aldrich. P3HT:PCs1:BM materials were chosen to follow-up and expand a study? in
which PMMA wt% was increased to improve OPVs stability, while PTB7:PC71.BM
materials were chosen to study the impact of PMMA in a different active layer with
higher initial efficiency, due to PTB7 higher absorption in the infrared and bandgap
optimisation by pairing it with PC7:BM. In all cases the materials were used as
provided. Working in a N2 glovebox, 30 mg ml* solutions of the individual components

were formulated. Details as to solvents used and stirring times are listed in Table 3.1.

Two types of OPVs were fabricated, ternary OPVs containing a donor:acceptor
and PMMA, and binary OPVs with only a donor and acceptor which served as a
control. Binary solutions of P3HT:PCe1:BM were mixed in a 1:1 volume ratio, while
binary blends of PTB7:PC71.BM were mixed in volume ratio of 1:1.5, and stirred
overnight. Binary OPVs were fabricated by pipetting 150 ul of these mixtures onto the
PEDOT:PSS coated substrates prior to spinning at 1000 rpm for 1 min. Ternary OPVs
were fabricated in a similar fashion by adding 30 mg ml* solutions of PMMA to the
binary solutions described above, prior to spin coating. In devices that use
diiodooctane (DIO), this was added with a concentration of 3% to the binary or ternary
solutions, and stirred for 1 h before deposition. P3HT based devices recipe was also

chosen following Al Busaidi et al.? optimised recipe, whilst PTB7 based devices recipe
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resulted as the combination of literature standard?3 (ratio and concentration) and in-
house experience (pipetting and spinning values) to achieve efficient devices with
similar thicknesses observed on P3HT based devices to allow comparisons. Detailed
information about solvents used and stirring times are included in Table 3.1.

Table 3.1 Active layer preparation summary.

Active laver Dissolve Stir Mix Stir Mix Stir
y (30 mg/ml) | (alone) | (binary) | (binary) | (ternary) | (ternary)
P3HT in .
DCB 30 min N/A N/A
P3HT:PCs:BM 1:1 ratio 24 hrs
PCelBM in .
DCB 30 min N/A N/A
PMMA in 5/10/15
DCB 48 hrs N/A N/A Wi%
P3HT:PCs1BM: P3HT in 30 min 24 hrs
PMMA DCB
_ ) 95/90/85
1:1 ratio 3 hrs o
PCaBMin | o0 wtYo
DCB
PTB7 in CB | 30 min N/A N/A
1:1.5
PTB?ZPC7lBM . . 24 hrs
PCuBMIn 1 54 i | ratio N/A N/A
CB
PM(';/'BA N | 48 nrs N/A N/A 15 wt%
PTB7:PC1BM: Moreo B | 30 min 24 hrs
PMMA 1:1.5
PC.BM in 20 m ratio 3 hrs 85 wt%
CB min

Spin coating resulted in active layer films of ~100 nm thickness, whilst the
solvent is evaporated during spinning. Then, thermal evaporation was used to deposit
the Aluminium (Al) cathode, which involved heating the Al to a high temperature with
a tungsten filament in a vacuum chamber (<3x10° mbar) until it reached the point of
evaporation. The power supplied to the filament was manually adjusted during
deposition while observing a quartz crystal film thickness monitor to maintain a

deposition rate of 1 nm/s. An Edwards 306 thermal evaporator (Figure 3.2) was used
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inside the same glovebox in which the active layer was deposited via spin coating,
ensuring a high purity inert atmosphere was kept outside the evaporation chamber. Al
cathodes, 150 nm thick, were thermally evaporated through a shadow mask. Finally,
the devices were annealed at 120 °C for 10 min in the glovebox prior to testing.

Figure 3.2 Evaporator system inside glovebox

A binary control was included in each fabrication run to enable comparison
between different formulations and the control, even if slight changes in processing
protocols may lead to differences in aging performance. Each batch of OPVs
comprised four to six substrates of four devices each that were measured to ensure
reliable statistics. The overlap of the patterned ITO and Al electrodes defines the four
devices on each substrate, as observed in Figure 3.3b. The control devices used in
this study were two different binary blend bulk heterojunctions (BHJ) of a donor
(polymer) and an acceptor (fullerene) sandwiched between two electrodes (ITO and
Al), as illustrated in Figure 3.3a. Ternary bulk heterojunction active layers also were
fabricated by adding PMMA.

Substrates were handled with tweezers to avoid touching the active area
identified in a red tonality in Figure 3.3b, as scratching the film could cause failures

due to shorting of the anode and cathode. It is important to note that a mask was used
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during measurements, which provided an illumination area that is a small fraction of

the active area. The benefits of masking are further explained in section 3.4.1.

(a) (b)
I Al (~150 nm) Jesmm, ' 0

Active layer (~100 nm)I

~19.5 mm

A
¥ PEDOT:PSS (~35nm) | |

Active layer +
PEDOT:PSS

ITO

Figure 3.3 OPV layers structure (a) cross section and (b) plan view

3.3 Materials and batches

Poly(3,4 ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS)

(CLEVIOS P VP Al 4083 purchased from Heraeus) is used as an anodic buffer layer

in OPV devices, which planarises the anode (ITO) surface and reduces the leakage

current.* PEDOT:PSS forms a transparent film with high conductivity and has high

visible light transmission.® Its chemical structure is shown in Figure 3.4. PEDOT is

conductive but it is not soluble by itself, which is why it is embedded in the insulating,

soluble PSS. Doping PEDOT with PSS results in the formation of a water-based

complex that allows for spin-coating and enhances processability.®

SO4H

PEDOT

PSS

SOzH SOzH SO3zH SOzH

Figure 3.4 The chemical structure of PEDOT:PSS
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The active layer is the core of any solar cell. In OPVs it is normally composed
of a light absorbing electron donor semiconductor, typically a polymer, and an
acceptor, which can be a fullerene.” The electron donor used in the first active layer
combination was regioregular poly (3-hexylthiophene-2, 5-diyl) (P3HT) (Rieke Metals,
Mw=50-70 kg mol™) which is one of the most studied polymers used for OPV
devices.? The chemical structure of P3HT is shown in Figure 3.5. P3HT has good
solubility in common organic solvents® and a good hole mobility,*° which ranges from
10™* cm?/Vs up to 1071 cm?/Vs.! However, P3HT large energy band gap (~2.0 eV)
hamper efficient absorption of the most part of solar radiations (red and infrared
region) that is supposed to be the major reason of the low efficiency of P3HT.1? The
average efficiency for PSHT:PCe1BM devices is only around 3%,2 with a maximum
efficiency of 7.4% reported with the more expensive fullerene indene-Ceo-bisadduct
(ICBA),'2 which is still low compared to the current OPV record efficiency of 18.2%,
which utilises a quaternary approach comprising polymer donors PM6 and PM7, a

non-fullerene small molecule acceptor Y6, and the fullerene acceptor PC7:BM.1#

Figure 3.5 The chemical structure of P3HT (left) and PCesBM (right)

The fullerene used to complement the active layer with P3HT was [6, 6]-phenyl
Ce1 butyric acid methyl ester (PCe1BM) (Luminescence Technology Corp., Mw=0.91
kg mol™), as it can be easily dissolved in common solvents used for donor polymers,
allowing the simultaneous casting of polymer and fullerene and the formation of an
efficient bulk heterojunction.® PCe1BM also enables rapid and efficient charge transfer
and exciton dissociation when used in a device with a donor polymer.1® However,

although PCe1BM stabilizes P3HT films exposed to air, its fullerene cage is found to
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undergo a series of oxidations that are responsible for the deterioration of the
photoconductivity of the material, and these oxides act as traps for electrons in the
PCs1BM domains. Another drawback from PCs1BM is that it is limited by its poor light-
harvesting ability, typical of fullerenes, which has restricted fullerene based OPVs PCE
to =12%,'” whilst the non-fullerene ITIC breakthrough in 2015 (6.8% PCE)* has
inspired the research community to develop electron acceptors alternatives with
efficiencies higher than 17%.%° The chemical structure of PCe1BM is illustrated in

Figure 3.5.

The electron donor used in the second active layer combination was poly[[4,8-
bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl][3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7) (1-Material Inc., Mw=80-120
kg mol™), shown in Figure 3.6.

Figure 3.6 The chemical structure of PTB7 (left) and PC71:BM (right)

PTB7 is an amorphous polymer and has a hole mobility of about 1 x 103
cm?/Vs.?? however it gives higher efficiencies than P3HT based OPVs due to its
extended absorption into the near infra-red.?! By using new interface materials and
architectures, PTB7 based OPVs have been shown to reach efficiencies of 9.2%
PCE.22’23

The fullerene used to complement the active layer with PTB7 was [6,6]-phenyl-
Cr1-butyric acid methyl ester (PC7:BM) (1-Material Inc., Mw=1.03 kg mol™), which is

an electron acceptor commonly used in the most efficient organic photovoltaic devices.
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The non-symmetrical C7o cage of PC71BM enables energetic transitions that are
forbidden in Ceo, improving the absorption characteristics over PCs1BM for the visible
range of the solar spectrum.?* The chemical structure of PC71BM is illustrated in
Figure 3.6.

The insulating polymer used for ternary blend films of Chapter 4 was
poly(methyl methacrylate) (PMMA) (Sigma-Aldrich, Mw=15 kg molt, Mw=97 kg mol™
& Mw= 350 kg mol?). This polymer was chosen because it works increasing OPVs
lifetime, suggesting it is slightly hygroscopic, which means it has the ability to absorb
humidity from the air,?®> and three different molecular weights were used to observe its
effect on the lifetime of OPVs. Figure 3.7 illustrates the chemical structure of PMMA.

CHs

O O\

CHj

Figure 3.7 The chemical structure of PMMA

PMMA is readily available and dissolves easily in dichlorobenzene (DCB) and
chlorobenzene (CB), which were used as the solvents for the P3HT:PCs1BM and
PTB7:PC71.BM OPVs in this work. Al Busaidi et al. showed that the addition of PMMA
to P3HT:PCe:BM OPVs improves both its initial performance and lifetime.?
Measurements at a variety of relative humidities suggested that the PMMA acts as a
water gettering agent (absorbs water that would otherwise cause degradation). It was
also shown that the lifetime improvement with PMMA reduces with increasing relative
humidity, suggesting that the polymer can become saturated. Chapter 4 extends this
study by considering different molecular weights of PMMA and its effects in different

OPV systems, with and without the use of additives.

50



Although the fabrication of binary and ternary OPVs used for Chapter 4 is
explained in section 3.2, it is important to explain the differences between OPV
batches and the objective of each one. Control devices of P3HT:PCs1BM (1:1 ratio),
ternary P3HT:PCe1BM:PMMA Dblends having different

concentrations of PMMA. Four main P3HT based batches were prepared comprising

were compared with

the following:

Table 3.2 P3HT based batches with four devices per substrate.

Batch PMMA wt% (Mw in kg mol™?)
# Substrate | Substrate | Substrate | Substrate
1 2 3 4
1 0 5 (15) 10 (15) 15 (15)
2 0 5(97) 10 (97) 15 (97)
3 0 5 (350) 10 (350) 15 (350)
4 0 15 (15) 15 (97) 15 (350)

Each batch was prepared from the same stock solution of P3HT:PCes1BM and
PMMA. Four devices for each weight ratio of PMMA were prepared for the first three
batches. Four devices for each molecular weight of PMMA were prepared for the
fourth batch. Batches #1-3 were used to study the effect of varying the wt% of PMMA
with a standard Mw, while the batch #4 was used to study the effect of varying the Mw
of PMMA with a standard wt%. Initial performance measurements were performed on
all OPVs, while lifetime measurements were performed on an average device of each
wt% for batches #1-3, and an average one of each Mw of PMMA for batch #4. Between
each measurement, OPVs were stored in a dark environment in ambient air at a RH
of 40%. An environmental chamber was used to provide and maintain a uniform level
of temperature (20-25 °C) and humidity (~40-50% RH) in accordance with the
standard of the International Summit on OPV Stability ISOS-D-1 shelf aging protocol.?®

In the case of PTB7 based OPVs, the control devices comprised PTB7:PC71BM
in a 1:1.5 ratio, while the ternary devices had a standard 15 wt% of PMMA, having

different Mws. Three main batches were prepared with the following structure:
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Table 3.3 PTB7 based batches with four devices per substrate.

Batch PMMA wt% (Mw in kg mol™?) DIO additive 3 wt%
# S‘ib Sub2 | Sub3| Sub4 |Sub1l|Sub2|Sub3|Suba
0 0 0 0
5 DCB DCB CB CB No Yes No Yes
15 15 15
6 O | (15 | (97) | (350 Yes
15
7 0 (97) 0 15 (97) Yes No

Again, four devices were prepared for each Mw and initial performance

measurements were performed on all OPVs, while lifetime measurements correspond

to one average device for each molecular weight of PMMA in both batches. Batch #5

was used to study the effect of using 2 different solvents with and without the DIO

additive. Batch #6 was used to study the effect of varying the Mw of PMMA with a
standard wt%, while batch #7 was used to study the effect of PMMA without the

influence of DIO.

Three extra batches were prepared to briefly analyse the impact of DIO on

P3HT based devices, the effect of washing the PTB7 active layer with a small amount

of an inert solvent with a low boiling point, and the impact of high amounts of PMMA

on P3HT based OPVs, respectively. The same number of devices per substrate and

initial and lifetime measurements applied to these three batches:

Table 3.4 Additional batches with four devices per substrate.

Batch PMMA wt% (Mw in kg mol?) DIO additive 3 wt%
# |sSubl|Sub2|Sub3|Sub4|Subs| Subs Sgb Sgb Sub 3 | Sub 4 Sgb Sgb
8 15 15
P3HT 0 97) 0 97) N/A Yes No N/A
9 15 15 15 Yes + ethanol
pre7 | © (97) 0 @79 | © (97) es wash b
10 15 40 50
paut | O | @7 | (91 | (@7) N/A No N/A
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3.4 Measurement techniques and equipment

3.4.1 Solar Simulator (Light and Dark J-V Characteristics)

A solar simulator (Oriel SollA 94021 A) class ABB was used for the
measurement of J-V under illumination. This solar simulator uses a xenon proprietary
filter to meet, efficiently and reliably, class ABB performance parameters without
compromising an illumination close to the Air Mass (AM 1.5) solar spectrum, which
corresponds to an irradiance of 1000 W/m?2. Spectral match is indicated by the first
letter in the solar simulators class rating, meaning that the used solar simulator provide
the highest spectral match performance (class A) as defined by the most recent
standards from the International Electrotechnical Commission (IEC), Japanese
Industrial Standards (JIS) and American Society for Testing and Materials (ASTM).?’
The irradiance uniformity over the working area is indicated by the second letter in a
solar simulator class rating. Class B spatial uniformity performance standard is
designed to minimize the impact of hot spots, which can otherwise lead to errors in
measured cell efficiency. Temporal stability is the third performance parameter of solar
simulators, and class B ensures that lamp fluctuations do not significantly distort
measurements. At the Department of Engineering level 3 laboratory, the solar
simulator intensity output (~1 sun) was checked by myself, using a 91150V calibrated
reference cell and meter. However, unless the alignment settings are changed for
some other reason, the alignment calibration procedure should only be performed
when a new xenon lamp is installed (typical lamp lifetime ~1000 h). Adjustments knobs
and an adjustment ladder chain were used by the experimental officer Dr Chris

Pearson whenever a calibration was required.

Figure 3.8 shows the test chamber that was used to allow OPV measurements
in a protective and controlled environment, which minimized the risk of potential
external degradation mechanisms outside the scope of the OPV Stability ISOS-D-1
shelf aging protocol.?® A 1 mm diameter pinhole defined the illumination area of each
device to 0.79 mm?2. A photomask was used following best practices from literature,
as lateral electrical conduction or unconsidered scattering or light piping effects may
lead to overestimation of photocurrent generation.?82° Each substrate had a common
ITO anode and four aluminium cathodes, and spring pins were used to allow reliable

contact between these electrodes. The test instruments and the device inside the
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chamber were connected by a wire to the Al metal and another to the ITO. On the top
of the test chamber there was an integrated circuit powered by a 9V battery, which
allowed to easily switch between each of the four devices within a substrate for
measurements. A Keithley 2400 Source Meter controlled by a LabView PC program
applied a -1V to 1V DC voltage sweep to each device. PV characteristics were
measured with the solar simulator on, whilst dark J-V curves were measured with no
illumination. The Keithley 2400 Source Meter was used to create a J-V curve similar

to a diode characteristic when measuring J-V in the dark.

Figure 3.8 Solar simulator (left) and test chamber (right)

Light and dark JV-Curves examples of ternary OPVs with different content of
insulating polymer are shown in Figure 3.9. Voc and Jsc can be identified in the light
JV-Curve, and more details about these parameters are found in Chapter 2 (section
2.6). At low voltages (Region 1), the dark JV characteristics are primarily determined
by a shunt resistance (Rsh), at intermediate voltages (Region Il) by the diode
recombination currents and ideality factor parameters, and at high voltages (Region
I11) by a series resistance Rs.3° The ideality factor (n) found in the following Shockley
diode equation describes the voltage, or carrier density, dependence of total charge

carrier recombination.3?

54



J = Jo(ener — 1) @1
Where:
J = net current flowing through the diode n = ideality factor
Jo = dark saturation current k = Boltzmann constant

g = electronic charge T = absolute temperature (K)

In Region Il, the ideality factor controls the “rectangularity” (FF) of the light J—
V characteristic curve. In fact, the overall behaviour, i.e.the shape of the J-
V characteristic curve, can largely depend on the value of n.32 Most OPVs are non
ideal to some extent due to recombination arising from their distinctive BHJ structure
and their intrinsic large exciton binding energy (about 0.3-0.5 eV).3334 Therefore, the
recombination effect cannot be neglected, which deviates the ideality factor from the
ideal unity value.3'3° In OPVs the Rs may result from the bulk resistance of the active
layer or contact resistance at the electrodes, while Rsh may originate from current
leakage in the cell.®® The amount of leakage current at the active layer-electrode

interface is indicated by the reverse current, which can affect the open circuit voltage.3’
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Figure 3.9 Light (left) and dark (right) JV-Curves examples
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3.4.2 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is an imaging technique widely used by the
scientific community. To measure the force or potential energy between a small tip
and a sample, a nm scale probe (cantilever) is employed. AFM tips and cantilevers
are typically micro-fabricated from Si or SisN4, and typical tip radius is from a few to
10s of nm. The cantilever provides a force sensor and a force actuator. By pushing
the cantilever tip to the sample, its topographic height can be measured, and the
interacting force between the tip attached to the cantilever and the sample can be
measured by pulling it.38 Traditionally, most Atomic Force Microscopes use a laser
beam deflection system where a laser is reflected from the back of the reflective AFM
lever and onto a position-sensitive photodetector.3® AFM has a feedback loop using
the laser deflection to control the force and tip position. As the tip interacts with the
surface, the laser position on the photodetector is used in the feedback loop to track
the surface for imaging and measuring. The schematic diagram of a basic AFM system

is shown in Figure 3.10.

lLaser
®

Cantilever

Photodetector

Feedback -
control P

Piezo scanner

Figure 3.10 AFM schematic diagram

There are three basic modes of operation with an AFM: contact mode, non-
contact mode and tapping mode.38 The simplest mode is the contact mode, also called
static, while the non-contact and tapping modes can be grouped as dynamic, which

allow the collection of measurements for amplitude, frequency or phase of the
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cantilever oscillation. The static mode is done in “contact” with the scanned surface,
where the overall force is repulsive, with both long- and short-range forces adding up
to the imaging signal (binary or ternary OPVs morphology in this thesis). In the static
mode, both tip and sample can be subject to deformation, showing risks regarding
collision. The dynamic mode gets its name from the fact that, the cantilever is
deliberately vibrated at or close to its resonance frequency and, to allow external
excitation for its oscillation, is mounted on an actuator. The resonance of the cantilever
is characterised by amplitude, phase and frequency. The variation of these three
indicators, due to the interaction force, can be measured and the force will be
evaluated from the above registered signals, through a theoretical formalism. The
main differences between the non-contact and tapping mode is that the former is
dominated by attractive interaction forces with the tip never making contact with the
surface and its amplitude of oscillation is of less than 10 nm, while in the latter the tip
touches the surface intermittently and gently, with its cantilever amplitude oscillation

typically ranging from 100-200 nm.

AFM (Veeco Dimension 3100) shown in Figure 3.11 was used in tapping mode
to measure the thickness of the active layer and the surface morphology of binary and
ternary OPVs. AFM probes were from Budget Sensors, model Tap300AI-G with a
spring constant of 0.2 Nm™. AFM measurements were under carried by the
experimental officer Dr Chris Pearson in the level 4 cleanroom. A sharp metal point
was used to scratch the surface of the OPVs, and by imaging the edge of the scratch
it was possible to measure the different layers thicknesses. The scratched area was
scanned at a location where all of the OPV layers could be clearly observed, as shown
in Figure 3.12. After collecting the topography data, the image was flattened using the
AFM software. The flatten command eliminates unwanted and uncorrelated to signal
features (e.g., noise, bow and tilt) from scan lines. Finally, both the total thickness of
the device layers (active layer + PEDOT:PSS layer) and the PEDOT:PSS thickness
were determined, separately, from a line profile. The active layer thickness was
calculated by subtracting the thickness of the PEDOT:PSS from the total thickness.
Gwyddion 2.50 software*® was used to analyse the characteristics of the PMMA
islands that appeared in the ternary OPVs images.
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Figure 3.11 AFM equipment

Name I Yalue i Report I Limits |
B Results
Peak to peak distance 34.1780 nm Yes No
Minimum peak depth 711.465 nm  Yes No
Maximum peak depth 746 nm Yes No
Depth at histogram maxir 772,703 nm _Yes No
L Number of peaks found 103 Yes No

0 100 200 300 400 500 600 700 800 nm

Name I Value [ Report | Limits ]
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I— Peak to peak distance 118.841 nm Yes No
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1: Height ¢ 4000
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Figure 3.12 AFM flattened image showing OPV layers (left). A sharp metal point was used
to scratch the surface of the OPV and allow imaging of the edge of the scratch. Upper right
“peak to peak distance” indicates PEDOT:PSS thickness, and lower right “peak to peak
distance” indicates active layer thickness
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3.4.3 Ultraviolet visible (UV-vis) spectroscopy

UV-vis Spectroscopy (or Spectrophotometry) is a quantitative technique used
to measure the absorption of solid thin films.#! This is done by measuring the intensity
of light that passes through a sample with respect to the intensity of light through a
reference sample or blank. In this study the reference sample was a clean ITO coated
substrate with PEDOT:PSS on the top, whilst the active layer sample was a binary or
ternary OPV (Figure 3.3).

A Shimadzu UV-1800 spectrophotometer (Figure 3.13) was used to measure
the absorption of the OPV blend films over the range of 300 to 1100 nm. The
spectrophotometer uses a deuterium lamp and a tungsten-halogen lamp to cover the
specified wavelength range. A monochromator splits the light into the different
wavelengths that pass through the samples, and a silicon photodiode detector
measures the photons transmitted through the film. Figure 3.14 shows the

spectrophotometer schematic diagram.

Figure 3.13 UV-vis equipment

Reference
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Deuterium
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Figure 3.14 Spectrophotometer schematic diagram



3.4.4 External Quantum Efficiency (EQE)

The external quantum efficiency (EQE) is the ratio of the number of carriers
collected by the solar cell to the number of photons of a given energy incident on the
solar cell.*? The quantum efficiency may be given either as a function of wavelength
or as energy. If all photons of a certain wavelength are absorbed and the resulting
minority carriers are collected, then the quantum efficiency at that particular
wavelength is 1.0 or 100%. The quantum efficiency for photons with energy below the

band gap is zero.

EQE measurements were conducted using a Monochromator System (Oriel
Cornerstone™ 130 1/8 m) (Figure 3.15) linked to a PC with MatLab software capable
of plotting the graphs to observe the effective percentage of photon absorption along
the visible spectrum. To ensure the correct operation of the system a weekly

calibration was performed with a certificated reference photodiode.

Figure 3.15 EQE measuring system

3.4.5 Scanning Electron Microscopy (SEM)

A scanning electron microscope scans a focused electron beam over a surface
to create an image. The electrons in the beam interact with the sample, producing
various signals that can be used to obtain information about the surface topography
and composition.*® My analysis reports SEM findings from Al-Busaidi, Zakiya, former

PhD student from the Department of Engineering at Durham University.** In her
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thesis, OPV films were coated with carbon to ensure the material was fully conductive
and improve the imaging quality. A focused ion beam (FIB) system was used to cut a
cross section of the OPVs, and platinum was used as a protective layer while FIB

milling.

SEM measurements were under carried by Leon Bowen, Technical Manager
of the Electron Microscopy Laboratory from the Physics Department at Durham
University. A Hitachi SU-70 scanning electron microscope (Figure 3.16) with a beam
energy of 5keV and FEI Helios Nanolab 600 microscope (Figure 3.17) were used to

create the SEM images.

Figure 3.17 FEI Helios Nanolab 600 equipment
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CHAPTER 4
Enhancing the lifetime of OPVs using a ternary
blend strategy

4.1 Introduction

Organic Photovoltaics (OPVs) use a variety of donor and acceptor
combinations which lead to devices with different efficiencies, but they all degrade by
similar mechanisms mainly linked to ambient light,3 temperature,*> oxygen®#® and
water.”219 Coupling the donor with the fullerene acceptors phenyl-C61-butyric acid
methyl ester (PCes1BM)'! and phenyl-C71-butyric acid methyl ester (PC7:BM)*?
reduces photo-oxidation, which would otherwise have a negative impact in its
mechanical and electronic properties.'® However, this improvement in photo-oxidation
stability is not enough to yield commercial level lifetimes. Water and oxygen can
ingress to the active layer through microscopic holes in the electrode,* reacting with
the donor or acceptor!® and leading to increased charge recombination,® which
accelerates the degradation of OPVs performance.'’ Some donor and acceptors are
less affected by degradation than others,'1*81° put they all need further improvements
in active layer stability and compatibility with encapsulation methods in order to
achieve acceptable lifetimes. Fluorinated plastic laminates and parylene, Al203 and
Zr022%-22 parrier layers have been proved to be compatible with flexible OPVs. Despite
the compatibility between OPVs and these barriers there are some drawbacks. The
mentioned barrier layers can greatly increase the cost?32° of the final device and still
do not assure a long enough lifetime from a commercial point of view, as the water
vapour and oxygen ingress protection is not sufficient. It is important to note that the
focus of this chapter is looking at intrinsic stability, which is an important contributing
part of the lifetime solution, although some sort of encapsulant would still be needed

to minimise extrinsic degradation.

A recent study explored a novel method to reduce OPV degradation, which
consisted in combining the donor poly(3-hexylthiophene) (P3HT) and acceptor
PCe1BM with the inert polymer poly-methyl(methacrylate) (PMMA) in a common
solvent prior to deposition.?® It was suggested that the hygroscopic PMMA?’ acts as a

gettering agent for water, because experiments revealed that the ternary OPVs had
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longer lifetimes than the P3HT:PCes1BM control to an extent which depended on the
relative humidity. Despite the reduced P3HT:PCes1BM content in the active layer, they
found that diluting the donor:acceptor layer with PMMA marginally boosted the initial
power conversion efficiency (PCE) at some concentrations, similarly as observed by
Qin et al.?® in another study. Therefore, blending PMMA with the active layer can
potentially reduce the requirements placed on active materials and encapsulants for
flexible and rigid OPV devices, whilst minimising their cost. However, it is unclear from
past research what role PMMA morphology has in this approach's success, or whether
this procedure is relevant to other donor:acceptor mixtures. Here, the PMMA weight
percentage (wt%) and molecular weight (Mw) is varied in two different active layer
combinations (P3HT:PCs1BM and PTB7:PC71BM) to further address the unanswered
guestions of this lifetime increasing method. Fabrication of OPV devices is explained
in Chapter 3 (section 3.2), whilst composition of control and ternary devices of each

batch is explained in Chapter 3 (section 3.3).

Overall, the goal of this chapter is to improve and explain the lifetime of OPVs
through blending the donor:acceptor binary blend with the inert polymer PMMA, which
slows performance degradation via the ‘gettering’ of water.?® The effect of PMMA
morphology on the success of this strategy is investigated, leading to device design
guidelines. It is shown that adding PMMA can be effective in enhancing the lifetime of
different active material combinations, although not to the same extent, and it is also
shown that processing additives can have a negative impact in the devices lifetime.
These findings show that blending PMMA with different donor:acceptor pairs is an
easy and efficient technique to improve OPVs lifetime, and suggest that combining
this approach with newer more stable materials and more efficient encapsulants may

enable OPVs to have long lifetimes required for commercial applications.

4.2 Characterisation summary

The current-voltage characteristics of OPVs were measured in the dark and
under AM 1.5 illumination (Oriel Sol1A 94021 A) using a Keithley 2400 SourceMeter
(section 3.4.1). All measurements under illumination used a mask to restrict
illumination to an active area of 0.79 mm?2. Each batch of OPVs comprised four to six

substrates of four devices each that were measured to ensure reliable statistics. UV-

67



vis absorption was measured alongside current-voltage measurements using a UV-
1800 Shimadzu UV spectrophotometer (section 3.4.3). EQE measurements were
conducted using a Monochromator System (Oriel Cornerstone™ 130 1/8 m) (section
3.4.4). In all cases, measurements of average devices are reported rather than
‘champion’ devices with the highest performance or lifetime. Following initial
characterisation in a N2 atmosphere, OPVs were stored in a dark environmental
chamber in ambient air with controlled temperature (20—-25 °C) and humidity (40-50%
RH), thereby following the standard of the International Summit on OPV Stability
ISOS-D-1 shelf aging protocol.?® Devices were removed from the environmental
chamber for current-voltage and UV-vis absorption measurements to be taken, prior
to being replaced for further aging. This process was repeated until the power
conversion efficiency (PCE) fell to 20% of its original value. AFM was used in a
cleanroom environment to characterise surface topography and measure layer
thicknesses (section 3.4.2). Gwyddion 2.50 image processing software ° was used to
analyse the characteristic surface features shown in the ternary OPV blends. Chapter
3 provides more details for the equipment enlisted in this section.

4.3 Impact of PMMA morphology on P3HT:PCs1BM lifetime

Two series of ternary P3HT:PCs1iBM:PMMA OPVs were manufactured to
investigate how the distribution of PMMA within the active layer effects OPV lifetime
and performance. PMMA weight percent (wt%) and molecular weight (Mw) were varied
in each series, respectively. Molecular weight is the average weight of the molecules
that make up a polymer and thus gives an indication of the length of the polymer
chains. The polymerization process is subject to variation so there is no single chain
length, there is actually a wide range of lengths, and the Mw average is found by
measuring samples of the material as it is produced.3! In general, a higher molecular
weight improves the mechanical properties of polymers. However, a higher molecular
weight also increases the melt and glass transition temperature as well as the solution
and melt viscosity which makes processing and forming of the polymeric material more
difficult.3> The molecular weight of polymers is also known to influence phase
separation, through its effect on several parameters. For instance, an increasing chain

length increases the free energy of mixing in polymer solutions and, thus, promotes
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phase separation,33 which can be described in terms of the Flory-Huggins interactions
parameter x. In the Flory-Huggins theory, each lattice site is taken to be the volume of
one solvent molecule and it is assumed that each polymer occupies N lattice sites
(number of statistical segment lengths). As a consequence, the statistical segment
size is calculated at a reference volume of the solvent. For volume fractions @1 and ¢z,
the following expression for the free energy of mixing per site of a polymer solution

applies:®*

AG Q
k_,;n = (‘P1ln‘P1 + WZZWPZ + ‘P1‘P2X) (4.1)

Where k is the Boltzmann constant and T is the absolute temperature. Although
Flory-Huggins can be useful to predict the behaviour of mixtures of a conjugated
polymer with a solvent, fullerene or another polymer, it is more complicated to predict
the behaviour of ternary blends like the two series of ternary P3HT:PCs1BM:PMMA
OPVs here analysed, especially taking in consideration P3HT crystallisation. PMMA
is available in a range of Mws, hence we varied the Mw from 15 kg mol* to 350 kg mol-
L whilst keeping 15 wt% of PMMA in one series, while the other series kept a constant
PMMA Mw of 350 kg mol*and its concentration was increased from 5% to 15 wt%. In
this way, aspects of the ternary blend morphology could be controlled, and the
corresponding impact on OPV performance measured. All series included binary
P3HT:PCes1BM OPV devices to serve as a control (more details in sections 3.2 and 3.3
of Chapter 3). Figure 4.1a-d shows the AFM images of the series of blend films in
which PMMA Mw was varied. It is observed that domed regions appear in the topology
when PMMA is added to the P3HT:PCe1BM blend. The corresponding AFM images
for the series in which wt% of PMMA was varied are shown in Figure 4.2. Experiments
from a previous study by Al-Busaidi et al.?® also showed the appearance of domed
regions in the topology of P3HT:PCes1:BM:PMMA OPVs with 14wt% of PMMA with Mw
= 97 kg mol?l. They inferred that the domed sections were PMMA-rich because
conductive AFM measurements showed that they had low conductivity when
compared to the surrounding regions (P3HT:PCes1BM-rich). Figure 4.1e shows a
cross-sectional SEM image, here used to further investigate the domed regions.
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Surprisingly, it is found that the PMMA-rich domains form beneath the active layer,
suggested to be due to the high wettability of the PMMA on the PEDOT:PSS surface.®®
Given that the addition of PMMA extends the lifetime of P3HT:PCes1BM-based OPVs
in the presence of atmospheric water vapour,?® this suggests that atmospheric water
has significant mobility in the device before reacting with the active materials, be it
either through the PEDOT:PSS layer or through the P3HT:PCs1BM-rich active layer.
This supposition is supported by conductive AFM images of ternary devices reported
by Al-Busaidi et al.,?® since the conductivity of the P3HT:PCeiBM-rich regions
degrades uniformly across the heterogeneous film. It is important to note that PMMA
was kept as part of the active layer blend and not as top-layer because it was found

that laminating devices with PMMA can diminish the electrical properties of OPVs.2¢

Carbon

Al

P3HT: PCBEM
PMMA

Figure 4.1 AFM topography images of active layers comprising (a) P3HT:PCs:BM and

P3HT:PCe:BM:PMMA with 15 wt% PMMA of Mw (b) 15 kg mol?, (c) 97 kg mol* and (d) 350

kg mol™. (e) Cross-sectional SEM image of a P3HT:PCsBM:PMMA blend film with 14 wt%
of Mw = 97 kg mol'* PMMA.

The size of the PMMA-rich domains can be adjusted by the Mw and wt% of PMMA,
according to the present P3HT:PCs1BM:PMMA devices AFM studies. Figure 4.1
shows that the size of the PMMA-rich domains increases with PMMA Mw for a constant
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wt% of PMMA (Table 4.1 lists average area, density, and height of the PMMA-rich
domes). The solvent evaporates faster from the PMMA-rich phase and solidifies first
onto the substrate as Mw increases.3® This accelerated drop out of the solution results
in larger PMMA-rich domains and less PMMA available in the remaining
P3HT:PCes1BM-rich regions, therefore resulting in a total higher volume of isolated

PMMA (Figure 4.3) that provides increased protection against water vapour.

Figure 4.2 AFM topography images of average binary P3HT:PCes:BM film (a) and
P3HT:PCs:BM:PMMA ternary films with PMMA at 350 kg mol* Mw in concentration (b) 5
wit%, (c) 10wt% and (d) 15 wt% of PMMA.

Table 4.1 AFM images showing circular islands characteristic of average
P3HT:PCesBM:PMMA ternary films with 15 wt% of PMMA and a Mw of 15, 97 & 350 kg mol™.

Active |PMMA Mw| : islands LEm
layer | (kg mol?) Wt%|  Density (# of Mean Area Mean Depth | thickness

islands) (Um?) (nm) (nm)

15 15 152 0.1235 13.57 103.48

P3HT: 97 15 49 0.4249 25.01 105.22
PCslBMZ

PMMA | 350 | 15 28 0.4985 49.62 121.74

Average 76 0.3490 29.40 110.14

71




28

. ° 21 3
R 12 <
O
7 |
<
0
0 100 200 300 400
PMMA M,,

Figure 4.3 Total volume and area coverage of the PMMA islands observed in
P3HT:PCs:BM:PMMA ternary films in Figure 4.1b-d. Total area = density X mean area,

and Total volume = total area x mean depth, from Table 4.1.

Increasing the wt% of PMMA whilst keeping the Mw constant also increases
the size of PMMA-rich domains in P3HT:PCs1BM:PMMA devices, as shown in Figure
4.2. Unlike the first series, changing only the wt% of PMMA and not the Mw, is not
expected to change the equilibrium concentration of PMMA in the PMMA-rich and
P3HT:PCs1BM-rich regions.3” Bigger PMMA-rich regions are simply a result of the
higher concentration of PMMA in solution. Therefore, the two series of
P3HT:PCs1BM:PMMA devices allow for some degree of control over the amount and
location of PMMA within the OPV.

Turning the attention into the lifetime of the ternary OPVs, Figure 4.4a
illustrates ISOS-D-1 degradation of the PCE for average P3HT:PCs:BM:PMMA OPVs
with 15 wt% PMMA but varying Mw, normalised to the initial value. Similar to Al-
Busaidi et al,?® it is shown that ternary OPVs with PMMA have a longer lifetime than
the binary control. Figure 4.4b-d shows that this improvement in lifetime is largely due
to an improvement of the rate in which Jsc degrades when PMMA is added. In the
presence of PMMA, the Fill Factor (FF) degrades more slowly, while the open-circuit
voltage (Voc) remains basically constant for all devices with measurable photovoltaic
action. It has been argued that the presence of water in P3HT:PCs1:BM OPV active
layers leads to trap formation and increased recombination,® and that water-related
trap-formation is slowed in the presence of PMMA.%¢ Increased trapping can lead to

increased charge recombination, as suggested by other OPV systems data.®®3° This
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in turn effects Jsc and FF as seen here, hence the data is consistent with this
explanation. However, it is important to clarify that although 1ISOS-D-1 aging protocol
is useful to assess the shelf stability of OPVs under oxygen and moisture conditions
(focus of this chapter), it does not take into account the effect of light induced
degradation as ISOS-L-1 or ISOS-O-1 do, which would change the rate of Jsc and FF

degradation of encapsulated OPVs used in real world applications.
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Figure 4.4 Normalised (a) PCE, (b) Jsc, (c) FF and (d) Voc as a function of time for average
binary P3HT:PCgBM blend (black squares) and ternary P3HT:PCgBM:PMMA blend with 15
wt% of PMMA and Mw = 15 kg mol? (red circles), 97 kg mol* (blue up triangles) and 350 kg
mol? (pink down triangles). Devices were aged according to ISOS-D-1 standard. Initial PCE

range (not normalised): 0.9 - 1.1%.

Figure 4.4a shows a significant variation in OPV lifetime as a function of PMMA
Mw. This set of devices contains the same amount of PMMA, but that its distribution
varies with Mw (Figure 4.1). The positive impacts of PMMA are greatest for the largest

Mw (350 kg mol?), which have the largest, most widely distributed PMMA-rich regions
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(Figure 4.1d). Figure 4.5c shows normalised PCE lifetime for the second series of
OPVs in which wt% of 350 kg mol* PMMA was increased from 0% to 15%. It can be
seen that lifetime improves with increasing wt% of PMMA, which from Figure 4.2, is
associated with larger PMMA-rich domains. Figure 4.6 shows that the improvement
in lifetime is again largely due to a reduction in the rate at which Jsc degrades. These
findings suggest that large, widely spread PMMA-rich zones are most effective at

extending OPV lifetime, thus providing design criteria for future ternary OPV devices.

(a) (b)
1.0 142L A
v v
L L
v 10% V¥
2 ool ST e,
gl =y 0.8 Yo ¥
@ 0.6 @ n A
K2 2 0.6 | m
T [ ] v © i u ® o A
£ 0.4 ¥ = "
= u = 0.4 (S
S, ° v, 2
0.2- . A v 0.2 -
| | | | X
0-0 T T T T L T T T T 0.0 T T T T
0 20 40 60 80 100 120 140 160 0 50 100 150 200
Time (h) Time (h)
(c)
m Owt%
1-°Jt ® 5wi%
w d A 10 wt%
O 08 v v 15 wt%
a —
o A
o6l ™ .
2 e % 4 v
© " M
€ 0.4 -
S
v
Z 02- - A
® v
0-0 T T T T 1
0 50 100 150 200 250
Time (h)

Figure 4.5 Normalised power conversion efficiency (PCE) as a function of time for
average devices with different content of PMMA with (a) 15 kg mol?, (b) 97 kg mol* and (c)
350 kg mol* Mw. Binary P3HT:PCs:BM blend (black squares) and ternary
P3HT:PCs:BM:PMMA blend with a 5 wt% (red circles), 10 wt% (blue up triangles) and 15
wit% (pink down triangles) of PMMA. Initial PCE range (not normalised): 0.8 - 1.2%.
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Figure 4.6 Normalised electrical characteristics showing the degradation of average binary
P3HT:PCs:BM (black squares) and ternary P3HT:PCs1BM:PMMA 15 wt% Mw 350 kg mol?
(red circles) OPVs. (a) Voc, (b) FF & (c) Jsc.

External quantum efficiency (EQE) measurements were also taken. EQE is the
fraction of photons incident on the solar cell that create electron-hole pairs in the
absorber, which are successfully collected, so it is related to Jsc, which degradation
was slowed in the ternary OPVs. Figure 4.7 shows the EQE degradation spectra of
binary P3HT:PCs1BM and ternary P3HT:PCe1BM:PMMA OPVs with increasing Mw.
Although the devices with 15 kg mol* & 97 kg mol* Mw had a higher initial EQE than
the 350 kg mol* Mw OPV, still this last one showed a much lower EQE degradation
rate and outperformed the others in terms of lifetime (Figure 4.4). In all cases, the
shape of the EQE curve did not change with degradation, rather its value was scaled.

This suggests degradation is not related to light absorption of one component, rather

75



EQE (%)

EQE (%)

it appears the losses that happen during degradation are due to electronic

recombination.16
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Figure 4.7 EQE degradation of (a) average binary P3HT:PCs:BM binary blend and of
P3HT:PCs:BM:PMMA ternary blends with 15 wt% of PMMA and (b) Mw = 15 kg mol? (c), Mw
=97 kg mol* & (d) Mw = 350 kg mol™.

Although the morphology role and benefits of PMMA to OPV lifetime are
established by the data, the precise mechanism by which PMMA extends lifetime in
OPVs is less clear. However, the gathered evidence is here evaluated. Al-Busaidi et
al*® demonstrated that adding PMMA to P3HT:PCes1BM slowed the rate of OPV

degradation resulting from atmospheric water vapour. Water may enter through
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pinholes in the Al electrode®® or by diffusion through the PEDOT:PSS layer. While
there were no observable pinholes in the Al electrodes after fabrication, there was
localised delamination in the form of bubbles after aging, as shown in Figure 4.8.
Following aging in ambient air, similar bubbles on the cathode of organic LEDs were
reported by Luo et al*'. This was attributed to the formation of Hydrogen gas as a
result of a reaction between water and Aluminium, which resulted in electrode
delamination.#? Further, Luo et al** found that PEDOT:PSS facilitated the formation
of bubbles in the electrode, suggesting that the hygroscopic nature of PEDOT:PSS
transported atmospheric water laterally through the device. Here, although bubbles
appeared on the Al electrode of both aged ternary and binary OPVs, less bubbles
were present in the ternary electrode. As a result, the data appear to be compatible
with initial atmospheric water infiltration through the PEDOT:PSS, which is accelerated
by the electrode rupturing due to Al-water reaction. More importantly, the physical
process of electrode delamination is slowed down by the inclusion of PMMA in the

ternary devices.

Figure 4.8 Optical micrographs of Al electrode following 24 hours exposure to 85%
relative humidity ambient, corresponding to accelerated aging conditions. Left shows
P3HT:PCs:BM reference device whilst right shows P3HT:PCes:BM:PMMA ternary device with
14 wt% PMMA with Mw = 97 kg mol™.

Delamination in combination with aging also affects the PV performance
parameters of the OPVs. The current findings demonstrate that changes in FF and
Jsc are the primary cause of PCE deterioration, indicating that recombination
increases over time. Figure 4.4d shows that Voc is barely impacted with aging, hence

these results are an indicative of shallow trapping (i.e. not recombination-active).
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Shallow traps have been proven to form from clusters or simple traces of water,4344
limiting charge transport and increasing current voltage dependency.*® This is in
agreement with Al-Busaidi et al,?® who utilised conductive AFM and observed reduced
conductivity in aged devices, which underwent chemical changes that lead to
increased trapping. However, despite the heterogeneity of the ternary blend, they also
revealed that the loss of conductivity had negligible spatial dependence. Still, all the
gathered data analysis shows that PCE degradation is a consequence of electrode
and active layer chemical changes accelerated by atmospheric water vapour
infiltration. More evident is that water has significant mobility in the buffer and active
layers before interacting with Al or any of the active materials (P3HT and PCs1BM) and
that PMMA regions can trap the water during this time of mobility, which consequently
improves the lifetime of the OPVs.
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Figure 4.9 Initial electrical characteristics of binary P3HT:PCe:BM films (0 wt%)
and P3HT:PCs:BM:PMMA ternary films (5, 10 & 15 wt%) with PMMA Mw of 350 kg
mol™. (a) Voc, (b) FF, (c) Jsc & (d) PCE. Four devices of each wt% were measured

to obtain these results.
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Having established that PMMA can reduce the rate at which PCE degrades,

now the impact of PMMA on initial absolute performance is considered. Figure 4.9

and Figure 4.10 show the impact of varying wt% and Mw of PMMA respectively upon

the statistics of PCE, Jsc, Voc and FF. No significant trend in PCE is observed in either

series, with most devices displaying a PCE in the region of 0.8 to 1.2%, suggesting

that adding PMMA does not have a significant impact in the initial performance of

P3HT:PCes1BM OPVs. Instead, the initial efficiency range is attributed to batch to batch

variations.
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Figure 4.10 Initial electrical characteristics of PSHT:PCs:BM binary films (no
PMMA) and of P3HT:PCs:BM:PMMA ternary films with a 15 wt% and 15 kg mol*
(Low), 97 kg mol* (Mid) & 350 kg mol* (High) Mw of PMMA. (@) Voc, (b) FF, (¢) Jsc &

(d) PCE. Four devices of each Mw were measured to obtain these results.

However, as observed in Figure 4.11, the inclusion of PMMA reduces reverse

leakage current, which is attributed to a reduction in parallel current routes across the
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PMMA-rich regions shown in Figure 4.1e. The reduction in reverse leakage current
indicates that blending donor:acceptor materials with PMMA may also improve the
detectivity of organic photodetectors.*> These data add to those reported for organic
field-effect transistors*® and light-emitting diodes,*” which show that devices
containing inert polymers can perform as or better than those with polymer small

molecule blends.
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Figure 4.11 Dark J-V Curves for average binary P3HT:PCs:BM blend (black squares), and
ternary P3HT:PCsBM:PMMA blend with 15wt% and a My of 15 kg mol* (red circles), 97
kg mol? (blue up triangles) and 350 kg mol* (pink down triangles) of PMMA.

4.4 Effectiveness of PMMA on PTB7:PC7:BM system

To investigate whether incorporating PMMA into the active layer can increase
the lifetime of other donor:acceptor systems, a series of OPVs were fabricated with
PTB7 as donor and PC71BM as acceptor, being an OPV blend with different
morphological characteristics*® and higher performance*® than previously analysed
P3HT:PCBs1BM. The additive DIO is commonly used in binary PTB7:PC71BM OPVs
to limit the size of fullerene aggregates and thereby maximise PCE,*® hence, the
initial consideration was to fabricate binary PTB7:PC7:BM and ternary
PTB7:PC7z1BM:PMMA OPVs incorporating DIO as described in section 3.2 of Chapter
3. However, two different solvents (DCB & CB) with and without DIO were used in the
preparation of PTB7:PC7:BM OPVs to test which solvent resulted in higher initial
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performance of binary devices before fabricating ternary OPVs. Figure 4.12 illustrates
the typical J-V curves under illumination for binary devices using DCB & CB solvents
with and without the DIO additive. It is observed that adding the DIO additive to both
solvents DCB & CB conducts to a significant increase in the Jsc (from 5 & 4 mA/cm?
to ~8 & 11 mA/cm? respectively) and therefore an increase in the PCE. The positive
effect of DIO is more pronounced when using CB, leading to good charge generation,
attributed to uniform morphology with small phase separation in a previous study.>!
The improvement in Jsc is the reason why the following ternary batch was carried out

with CB+DIO as the mixture solvent.
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Figure 4.12 J-V Curves under illumination for average binary PTB7:PC7:BM OPVs using
DCB as solvent without DIO (filled blue circles) and with DIO (open blue circles), and using
CB as solvent without DIO (filled red triangles) and with DIO (open red triangles).

Figure 4.13 shows |ISOS-D-1 PCE degradation for ternary
PTB7:PC71BM:PMMA OPVs with 15 wt% of PMMA having Mw = 15, 97 and 350 kg
mol?, compared to a binary PTB7:PC7:BM OPV control. It is apparent that the lifetime
of PTB7:PC71:BM-based devices is lower than that of P3HT:PCBes1BM (Figure 4.4),
and that addition of PMMA has no discernible impact on OPV lifetime. Furthermore,
Figure 4.14 shows that initial Jsc and PCE for ternary PTB7:PC71BM:PMMA OPVs is
less than half that of the binary counterpart initial performance. To investigate the
underlying reasons of PMMA having an apparent negative effect in PTB7-based

OPVs, further measurements and analysis are now presented.
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Figure 4.13 Normalised PCE as a function of time for average binary PTB7:PC+BM blend
with DIO (black squares) and ternary PTB7:PC7:BM:PMMA blend with DIO and 15 wt% of
PMMA and Mw = 15 kg mol? (red circles), 97 kg mol* (blue up triangles) and 350 kg mol*
(pink down triangles). Initial PCE binary (not normalised): 3.0%. Initial PCE range ternary
(not normalised): 0.5 - 0.8%.
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Figure 4.14 Initial electrical characteristics of PTB7:PC7:BM binary films and of
PTB7:PC71BM:PMMA ternary films with a 15 wt% and 15 kg mol? (Low), 97 kg mol* (Mid) &
350 kg mol* (High) Mw of PMMA. All blends have DIO. (a) Voc, (b) FF, (c) Jsc & (d) PCE.

Four devices of each Mw were measured to obtain these results.
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Figure 4.15 illustrates the typical dark J-V curves for ternary devices containing
the same amount of PMMA (15 wt%) but different Mw. We note that an increase in
series resistance (Rs) is not generally observed in P3HT:PCs1BM OPVs when PMMA
is added (~2 Q cm? in Figure 4.11), while here it is observed that Rs increases when
adding PMMA to PTB7:PC71:BM OPVs (Table 4.2). Other studies have argued that
increased Rs can reduce FF, and reduce the efficiency of charge collection, and hence
Jsc.52%% Increased Rs may therefore be a reason PTB7:PC7:BM:PMMA ternary
devices have lower performance than the PTB7:PC71BM binary controls possibly due
to reduced charge generation, however the exact mechanism leading to this behaviour

remains uncertain at this point.
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Figure 4.15 Dark J-V Curves for average binary PTB7:PC7:BM blend (black squares), and
ternary PTB7:PC71.BM:PMMA blend with a 15wt% and 15 kg mol? (red circles), 97 kg mol?
(blue up triangles) & 350 kg mol™? (pink down triangles) Mw of PMMA.

Table 4.2 Series resistance of average binary PTB7:PC7:BM blend (0 wt%) and ternary
PTB7:PC71.BM:PMMA blend with a 15 wt% and 15 kg mol?, 97 kg mol* & 350 kg mol* Mw of
PMMA.

PTB7:PC.BM:PMMA
PMMA
0,
Vo (kg ol | 0% | 15 97 350
Rs 136 | 804 | 333 | 1917
(Q cm2) . . . .
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The morphology of binary and ternary films was used to further study the
reasons behind the affected performance of PTB7-based devices. When PMMA was
added to the PTB7:PC71BM films, domed regions appeared, which grew in size as the
Mw of the PMMA utilised was raised (Figure 4.16), similar to what was found with the
P3HT:PCBs1BM:PMMA ternaries in Figure 4.1. PMMA had a very similar effect in both
P3HT:PCBs1BM:PMMA and PTB7:PC71:.BM:PMMA OPVs, indicating that morphology
is unlikely to be the cause of the differences in initial performance and lifetime

behaviour.

Figure 4.16 AFM topography images of (a) PTB7:PC+1BM, and of PTB7:PC71:BM:PMMA
with 15 wt% of PMMA with (b) 15, (c) 97 and (d) 350 kg mol™.

One significant difference between the PTB7-based and P3HT-based devices
is the use of DIO in the former. The use of processing additives has been proven to
cause increased photo-bleaching.>* Therefore, a hypothesis is that the short lifespan
of PTB7:PC71BM:PMMA ternary OPVs may be due to residual DIO which becomes
trapped in the PMMA. This assertion was tested by fabricating further PTB7:PC71.BM
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and PTB7:PC71:BM:PMMA OPVs without DIO, and subjecting them to the same ISOS-
D-1 aging protocol, as shown in Figure 4.17. It can be seen that adding PMMA into
the PTB7:PC71.BM blend when DIO is absent improves lifetime, thereby recovering the
result seen for the P3HT-based devices, however, it is noted that improvement is less
pronounced. When PMMA is added to P3HT-based blends, the time it takes to
decrease to 20% of the initial PCE is enhanced by up to a factor of ~2, while the
improvement in lifetime for PTB7-based blends when PMMA is added is ~1.3. There
are a number of possible reasons for this difference in behaviour. PTB7 contains a
bridging O atom®>* which is not present in P3HT, and thus P3HT devices are more
stable than their PTB7 counterparts.®® Further, PTB7-based devices were fabricated
with PC71.BM, while P3HT with PCs1BM. The larger size of PC7:.BM has an influence
on phase segregation in the polymer—fullerene blend films,> which can lead to
morphological changes with the passage of time, and may be one of the reasons for
the poor ISOS-D-1 stability of PC71.BM-based devices.>” The evidence that PMMA
can extend the lifetime of PTB7:PC71.BM OPVs, albeit slightly, suggests that water
plays some role in these degradation mechanisms.
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Figure 4.17 Normalised PCE as a function of time for average binary PTB7:PC+:BM blend
(open black squares) and ternary PTB7:PC7:BM:PMMA blend with 15 wt% of PMMA and Mw
= 97 kg mol* (open blue up triangles). Devices were fabricated without DIO and were aged
according to ISOS-D-1 standard. Initial PCE binary (not normalised): 0.65%. Initial PCE

ternary (not normalised): 0.3%.

85



() (b)
—m— Voc 0.401 =

0.50 -
0.49- G384
. 0.48+ | 0.36 |
> 1 i g
— g L S
0.47 ~m .
Q L 0.34- T
> 0.46- e
0.32 “m
0.45
0.44—- 1 0.304 1
Binlary Ter;lary Binlary Terrlwary
OoPV OoPV
(c) (d)
4.0 _ —m— Jsc 0.8 —m— PCE
"
N\
& 3.5 ) 7 +
\\ —~~ 1 \\
[&) 1 \\\ 2 0.6+ N
< 3.0 < LY
e | .Y I-(IJJ 0.5 LY
& 55 % a Sy
n % 0.4
- S | .
2.04 \‘i 0.34 Lo
1.5 T T 0.2 T T
Binary Ternary Binary Ternary
OoPV OoPV

Figure 4.18 Initial electrical characteristics of PTB7:PC7:BM binary films (no PMMA) and
of PTB7:PC71BM:PMMA ternary films with 15 wt% of 97 kg mol* Mw PMMA. Both blends
have no DIO. (a) Voc, (b) FF, (c) Jsc & (d) PCE. Four binary and four ternary devices were

measured to obtain these results.

When compared to their binary counterparts, the PTB7:PC7:BM:PMMA OPVs
with or without DIO show a decrease of >50% in initial Jsc and PCE when PMMA is
added (Figure 4.14 & Figure 4.18), indicating that PTB7-based devices initial
performance is significantly affected by the addition of PMMA, as opposed to P3HT-
based devices, which are almost unaffected as described in the previous section.
Figure 4.19 shows a decrease of ~24% in absorption of P3HT:PCs1BM:PMMA OPVs
when compared to the binary control devices, while Figure 4.20 shows a similar
decrease of ~17-22% in absorption of PTB7:PC71.BM:PMMA OPVs when compared
to their binary counterparts, suggesting that changes in absorption are not the root

cause of the difference in initial behaviour.
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Figure 4.19 UV-vis absorption of average binary P3HT:PCsBM blends (black lines) and
ternary P3HT:PCsBM:PMMA blends (red lines) with 15 wt% of 97 kg mol* Mw PMMA (Solid

lines for “no DIO” and dashed lines for “with DIO”).
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Figure 4.20 UV-vis absorption of average PTB7 based devices with different
processing. Binary PTB7:PC71BM blends (black lines) and ternary PTB7:PC71:BM:PMMA
blends (red lines) with 15 wt% of 97 kg mol* Mw PMMA (Solid lines for “no DIO” and
dashed for “with DIO”). Binary blend with DIO plus ethanol wash (green solid line) and

ternary blend with DIO plus ethanol wash (green dashed line).
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Instead, it is here suggested that the differing impacts of PMMA upon initial
performance of PTB7-based and P3HT-based devices is due to differences in
microstructure. A previous study by Kumano et al.,*® used time resolved microwave
conductivity (TRMC) to show that adding an insulating molecule as a ternary
component can enhance photoconductivity in crystalline polymers like P3HT and
PffBT4T, and degrade photoconductivity in amorphous polymer PTB7, implying that
insulating molecules/polymers are more compatible with crystalline than amorphous
polymers. In other studies, energy filtered transmission electron microscopy (EFTEM)
measurements have shown that P3HT:PCe1BM films form nano fibrils; while there are
no obvious PTB7 crystals in the PTB7:PC71BM films, only PC7:.BM aggregates.>%¢°
These data suggest that the addition of insulating polymers/additives can disrupt
charge transport in PTB7:PC71BM:PMMA OPVs.6162 This provides a deeper
understanding of how inert polymers may be utilised within OPV devices, as the data
of this chapter suggest that PMMA can be effective in enhancing lifetime in different
blend systems, but that it can also disrupt charge transport in amorphous donor
polymers.

We now return to analyse P3HT based devices with the presence of DIO to see
if the negative impact of the additive is present there also. To allow this, further
P3HT:PCes1BM devices were fabricated with DIO, to repeat similar experiments as
those shown in Figure 4.4, although only considering one Mw with the addition of DIO
for comparison. Figure 4.21 shows ISOS-D-1 degradation of PCE for binary
P3HT:PCes1BM OPVs and ternary P3HT:PCs1BM:PMMA OPVs comprising 15 wt% of
PMMA with Mw = 97 kg mol?, both of which included DIO as an additive. The addition
of PMMA to the blend leads to very rapid reduction of OPV performance as compared
to the binary control, which is the opposite behaviour to that observed in
P3HT:PCes1BM based devices when DIO is absent (Figure 4.4). It is concluded that
while integrating PMMA as a ternary component can boost lifetime in a variety of
donor:acceptor systems, its efficacy varies and is negatively impacted by the use of

some processing additives.
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Figure 4.21 Normalised PCE as a function of time for average binary P3HT:PCsBM blend
(black squares) and ternary P3HT:PCsBM:PMMA blend with 15 wt% and a 97 kg mol™ (red
circles), both of which were processed with DIO. Initial PCE binary (not normalised): 1.6%.

Initial PCE ternary (not normalised): 1.8%.

It is also noted that some studies have shown that washing the active layer with
a small amount of an inert solvent with a low boiling point like methanol or ethanol can
remove residual DIO and thus improve stability.364 This approach was tested on the
current devices to examine whether it could reduce or remove the negative impact of
DIO on ternary OPVs. An ethanol washing treatment was used in an attempt to
remove the negative lifetime impact of DIO. This treatment consisted in dropping 50
ML of low boiling point (~78 °C) ethanol onto the active layer. The ethanol was then
spin-coated at 4000 rpm for 30 s and device fabrication was completed by Al
evaporation and annealing of OPVs at 120 °C for 10 min in the glovebox prior to
testing. However, Figure 4.22 shows that the lifetime was not improved for the
devices with the ethanol treatment, indicating that removal of residual DIO from the
binary and ternary films was not successful. Further figures show that the ethanol
treatment has no clear effect in the morphology (Figure 4.23), initial efficiency (Figure
4.24) and absorption (Figure 4.20). It is thus concluded that removing residual DIO
is very difficult and may require more complex techniques than washing the active
layer with ethanol, at least for the combination of blend films, additives and processing

conditions considered in this thesis.
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Figure 4.22 Normalised power conversion efficiency (PCE) as a function of time for
average PTB7 based devices with different processing. Binary PTB7:PC71:BM blends (black
squares) and ternary PTB7:PC7:.BM:PMMA blends (red circles) with 15 wt% of 97 kg mol*

Mw PMMA (Solid symbols for “no DIO” and open for “with DIO”). Binary blend with DIO

plus ethanol wash (green up triangles) and ternary blend with DIO plus ethanol wash
(green down triangles). Initial PCE binary range (not normalised): 2.2 - 2.5%. Initial PCE

ternary range (not normalised): 0.4 - 0.5%.

Figure 4.23 AFM topography images of DIO processed OPVs. PTB7:PC7:BM binary films,
with (a) and without ethanol wash (b). PTB7:PC7:BM:PMMA ternary films, with (c) and
without (d) ethanol wash (15 wt% of 97 kg mol* My PMMA was used for both films).
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Figure 4.24 Initial electrical characteristics of DIO processed OPVs. PTB7:PC7:BM binary

blend, with and without ethanol wash, respectively; and PTB7:PC7:BM:PMMA ternary blend,

with and without ethanol wash, respectively (15 wt% of 97 kg mol* My PMMA was used for
both films). (a) Voc, (b) FF, (¢) Jsc & (d) PCE. Four devices of each combination were

measured to obtain these results.
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Table 4.3 Initial electrical characteristics and lifetime summary of average binary (0 wt%) and
ternary (“x” wt%) P3HT:PCs:BM:PMMA OPVs with high content of PMMA and a 97 kg mol?
Mw.

P3HT:
PCs1BM:PMMA

PCE avg |PCE best| Tso | T2

Voc (V) Isc (mA/cm?) FF (%) (%) (h)y | (h)

0 wt% (no DIO) |0.50 = 0.04/-2.35+0.39|0.53 + 0.03|0.66 + 0.09] 0.75 4 42

15 wt% (no DIO) |0.53 £ 0.01|-3.15+0.35/0.53£0.01|0.93 £ 0.11| 1.04 16 | 100

40 wt% (no DIO) [0.48 £0.02/-3.75+0.62|0.56 + 0.01 [1.05 + 0.20] 1.25 80 | 256

50 wt% (no DIO) |0.41 £ 0.01|-2.59 £0.29|0.57 £0.01/|0.61 £ 0.10] 0.71 32 | 240

An additional limited set of P3HT:PCs1BM:PMMA devices were prepared with
higher PMMA content (up to 50 wt%) to test if the initial electrical characteristics and
lifetime continued to improve beyond 15 wt% (Table 4.3). These preliminary results
show that the highest initial efficiency and longest lifetime was achieved by the 40 wt%
devices, while the 50 wt% devices showed a comparable lifetime but a decrease in
initial PCE. However, the limited number of devices tested (four for initial
characteristics and one of each wt% for lifetime) in only one high PMMA content batch,
emphasises the need for additional measurements to be taken. Due to laboratory
constraints and the pandemic it was not possible to continue with these additional

measurements.
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4.5 Conclusions

Improvements in lifetime and cost of encapsulant technologies are required for
commercial viability of OPVs. This chapter has shown that ternary blends
incorporating PMMA can improve the ISOS-D-1 lifetime of OPVs. The data show that
the improvement in lifetime is sensitive to the PMMA morphology, with larger, PMMA-
rich domains providing the most benefit, thereby providing design rules for future
devices. However, the efficacy of this technique varies depending on the
donor:acceptor system. For example, the improvements in lifetime were as high as a
factor of 2 without significantly effecting the initial efficiency of P3HT-based devices,
while a lesser factor of 1.3 and an initial PCE drop of >50% was observed for PTB7-
based devices. By analysing the gathered evidence from this and other studies, it is
hypothesised that the compatibility between PMMA and the donor polymer is the
reason why adding the inert polymer is more effective in some blend systems than in
others, preferring crystalline polymers over amorphous polymers. Finally, it is also
shown how the use of processing additives (here DIO) in addition to PMMA can have
a negative impact on lifetime, indicating some limitations to the processing
methodologies for ternary OPV devices with PMMA.
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CHAPTER 5
LCOE Model Development

5.1 Introduction

Due to their cheap cost of manufacture!? and fast rising power conversion
efficiency (PCE), organic and perovskite based emerging photovoltaic (PV) devices
have the potential to be a breakthrough energy generation technology. However, a
critical assessment of the resultant cost of energy is needed to evaluate the feasibility
of these new technologies. The Levelized Cost of Energy (LCOE), which accounts for
cumulative energy and related expenses throughout the life of a project, is the
standard criterion by which energy generating systems are evaluated. Emerging PV
faces a difficulty here, as energy yield degrades more quickly than existing silicon (Si)
PV modules, which are typically warrantied to lose no more than 0.7% of their output
each year over the course of their 25-year lifespan.® It is unclear how the competing
impacts of cost, efficiency and degradation impact the current competitiveness of
emerging PV, which complicates the selection of improvement paths to make newer

technologies viable.

LCOE models are becoming more common as a tool for showing the
commercial benefits of new PV devices as well as the problems they face. Several
LCOE studies, for example, have used bottom-up approaches to assess the impact of
cost of materials (e.g. active layer) and manufacturing processes at lab, upscaling and
industry levels, revealing that potential bottlenecks to low-cost OPV production lie in
cost of raw materials and not in processing costs.* A Monte Carlo approach has also
been used in other studies to determine a range of costs for emerging PV devices,
whilst also highlighting the importance of efficiency, lifetime and other parameters by
a sensitivity analysis.”® Additionally, the benefit of replacing panels when module
performance increases quickly due to advancing technology has also been shown in
an LCOE model.° However, one concern is that emerging PV LCOE models have
assumed degradation similar to that of commercially established Si PV, rather than

that of emerging PV. Others have shown the significant impacts of degradation on

99



LCOE in existing developed technologies,!! but these models were not designed to

capture the complex degradation behaviour of emerging PV.

The focus in this chapter is to show the development of a model which is based
on degradation characteristics observed in real emerging PV devices for the first time.
This new model of LCOE is able to quantify the impact of rapid degradation at the start
of a module’s life (burn-in) that is characteristic of emerging PV technologies, and
makes it possible to quantify the relative impacts of realistic degradation, initial

efficiency and module cost upon LCOE, as shown in the results Chapters 6-7.

5.2 Literature review of emerging PV degradation profile

A literature review of degradation profile of perovskite (PVK) and organic
photovoltaic (OPV) devices was conducted to guarantee that the model could properly
represent the degradation behaviour that is characteristic of emerging PV. The search
engine Web of Science was used to perform a topic search for the terms ‘lifetime,’
‘degradation’, ‘burn-in,” ‘photovoltaic,” ‘solar cell,” and either ‘organic’ or ‘OPV’, or
‘perovskite’ on 8th Oct 2020, in the date range Jan 2013 to Jun 2020, returning 134
papers. A further topic search was conducted to ensure the state of the art was
captured. In the new search, the terms ‘stable’ or ‘stability’ replaced lifetime related
terms (lifetime or degradation or burn-in) and it was performed on 27th Jan 2021, with
an extended date range from Jan 2013 to Dec 2020. Due to the large number of
articles returned by the search, only the 100 most cited papers up to and including
2019, and 2020 papers with more than 15 cites (65 papers) were considered. The
information related to degradation profile, device structure and measurement
conditions was noted for each of the 299 examined papers returned by the searches,
but only those papers which reported degradation behaviour in sufficient detail (burn-
in studies needed to clearly indicate the burn-in period and loss, minimum aging of
200 hours to calculate degradation rate, aging protocol and test conditions specified,
including if the device was encapsulated or unencapsulated so it could be categorised,
UV-filters were acceptable although most studies did not indicate using them) were
considered in the following analysis. Table 5.1 summarizes the information obtained
for the 38 OPV and 30 PVK datasets revealed by the search. These data were grouped

into the following broad categories according to the measurement conditions:
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e Light-soaking. Experiments which involved continuous illumination at or close to
AM1.5G simulated sunlight with 1,000 W/m? intensity. The devices were either
encapsulated in some manner (e.g. epoxy glued coverslips) or were tested in an

atmosphere with reduced water vapour and oxygen content.

e Light-soaking without encapsulation. As light-soaking but without encapsulation

and an ambient atmosphere similar to typical indoor conditions.
e Thermal aging: As light-soaking, but at elevated temperature of 85 °C.

e High-temperature storage: Devices were stored in the dark at elevated
temperatures of 65/85 °C.

e OQutdoor testing. Devices tested outdoors with either encapsulation or ambient
atmosphere with reduced water vapour and oxygen content.

Only devices aged under light-soaking conditions were examined in the
following analysis to reduce the impact of different measurement techniques. There
were 29 OPV and 26 PVK devices in this smaller dataset. While the outdoor testing
category is the most representative of real-world conditions, there are currently too
few measurements reported to allow comparisons amongst candidate emerging PV
devices. As a result, the light-soaking category was chosen since there is a wide
variety of device and material data available, and the measurements under this

protocol allow for the possibility of active materials photo-oxidation.
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Table 5.1a Reported OPVs initial efficiency (PCE;), burn-in (B) and degradation rate (D) in literature.

Test or

Test or

Testing Active PCE; B B Extrapolated D Ref. | Year Testing Active PCEi B 8 Extrapolated D Ref. | Year
conditions layer (%) (%) (h) Lifetipme (h) (%lyear) ' conditions layer (%) (%) (h) Lifetipme () (Ylyear) ’
Light-soaking | "0 | 560 | 39.0 | 250 14,500 276 | [ | 2015 | Lightsoaking | oo | 303 | 230 | 500 2,000 200 | [29] | 2017
70
Light-soaking | peooy | 370 | 35.0 | 1000 6,500 615 | [%4] | 2013 | Light-soaking Sl 6.05 | 0.00 | 0 4,500 889 | [19] | 2017
Lightsoaking | S S"0F | 280 | 000 | 0 12,000 167 | [9] | 2014 | Lightsoaking | “HCOEET | 721 | 000 | o 20,000 200 | 19 | 2014
Light-soaking | ‘po D1 | 550 | 20.0 | 1500 18,000 222 | [1] | 2013 | Lightsoaking | "nS'CIN | 881 | 250 | 400 N/A NA | 2] | 2019
Light-soaking PPCC?E\;: 530 | 40.0 | 3000 41,000 098 | [19] | 2015 | Light-soaking ngzgm 8.80 | 40.0 | 300 800 500 | [ | 2019
; High- AN
Lightsoaking | DT80 | 5.0 | 400 | 4000 16,000 250 | [°] | 2015 | temperature Pff%gIBwaD' 442 | 400 | 2 N/A NA | 29 | 2019
storage
. High- oo,
Light-soaking | PopLT EEFT | 6.00 | 600 | 5 N/A NA | [21] | 2016 | temperature PffEF”,TC‘gBiAOD' 398 | 100 | 2 N/A NA | P9 | 2019
storage
Light-soaking | PZpLTEEFT | 7.30 | 60.0 | 10 N/A NA | [ | 2016 | Lightsoaking | 22T | 7.78 | 7.00 | 200 11,000 364 | [2] | 2019
Lightsoaking | ‘S OTR | 540 | 164 | 60 N/A NA | [29] | 2014 | Lightsoaking | 22T | 803 | 7.00 | 200 9,500 221 | 7 | 2010
Light-soaking PPcs;?BTM 340 | 50.0 | 150 N/A NA | [4] | 2014 | Lightsoaking | PO | 823 | 60.0 | 200 200 200 | [2] | 2019
Lightsoaking | ‘D0 | 570 | 400 | 150 N/A N/A | [24] | 2014 | Light-soaking SFF()SE'IIEM 300 | 380 | 192 N/A NA | [P | 2020
Light-soaking | PReTSBOT | 9560 | 47.0 | 990 5,600 744 | [29] | 2017 | Light-soaking Fony 292 | 400 | 96 N/A NA | 9] | 2020
Lightsoaking | T | 980 | 470 | 770 5,200 769 | [#] | 2017 | Lightsoaking | ool | 282 | 17.0 | 48 N/A NA | [25] | 2020
. PBDTTT-
Lightsoaking | o5, | 730 | 410 | 1480 4,150 9.64 | [26] | 2017 | Thermal aging OFT: 130 [ 000 | 0 1,050 3810 | [27] | 2020
IEICO-4F
Lightsoaking | 2%, | 630 | 440 | 1420 3,520 114 | [29] | 2017 ?:Stf:ggr PORLZ | 324 | 200 | 120 N/A NA | [ | 2020
- DRCNTT: ” Outdoor PCELL: ”
Light-soaking | e bt | 9.10 | 310 | 1160 3,450 16 | P | 2007 | SQocioe poay | 250 | 600 | 120 N/A NA | [28] | 2020
?é‘stﬂﬁgr PFEC: fg:ﬂ'& 590 | 38.0 | 1450 10,000 400 | [#] | 2017 | Light-soaking DCB75: 6.07 | 000 | 0 9,000 178 | [ | 2019
?:;?iggr TSy | 624 | 200 | 450 6,200 645 | [%] | 2016 | Lightsoaking | °CTR | 10 | 000 | 0 34,000 118 | [} | 2020
71 -
Thermalaging | gy | 730 | 400 | 500 N/A NIA | [] | 2019 | Thermalaging | oo | 463 | 600 | 500 N/A NA | [ | 2019
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Table 5.1b Reported PVKs initial efficiency (PCE;), burn-in (B) and degradation rate (D) in literature.

Testing Active PCEi B B gitsrtaor D Ref Year Testing Active PCEi B B Eitsrtaor D Ref Year
conditions layer (%) (%) (h) Lifetimep.(h) (%lyr) : conditions layer (%) (%) (h) Lifetimep.(h) (%lyr) )
Light-soaking | CHERESFOCE 1102 | 400 | 160 280 143 | [] | 2018 | Light-soaking (BA)F;(CN‘ISZE)Z'V;/MB 125 | 000 | © 2,500 0.00 | [] | 2016
PCe1BM/ (5-AVA)(MA).

Light-soaking FAo53CSo0.17 151 | 125 | 150 3,350 11.9 | [3] | 2017 | Light-soaking (Pbls/ 12.8 | 000 | © 1,000 000 | [7] | 2014
Pb(lo.6Bro.4)s TiO,
PCe1BM/

- : BAo.0s(FAo 83 36 S . SnOy/ 8

Light-soaking Cso17)osr 155 | 125 150 3,800 10.3 [36] | 2017 Light-soaking FAPbIs 145 | 30.0 48 592 67.6 [38] | 2018
Pb(|olsBr0,4)3

Light-soaking ',\D"éspog',f/f 12.8 | 400 | 30 2,000 200 | [39] | 2018 | Light-soaking FAogfgs?fo/szlg 175 | 20.0 | 48 1,360 29.4 | [3¥] | 2018

Light-soaking A 147 | 200 | 10 200 200 | [®] | 2018 | Light-soaking LoxCl 201 | 000 | © 525 114 | (4] | 2017

Light-soaking ',;"CAGPOE';/{ 132 | 150 | 1500 N/A N/A | [ | 2018 | Light-soaking 'I\D"éepogbwf 150 | 000 | © 1,000 200 | [4] | 2015

Light-soaking PC&“&NS;E:SEN’ 193 | 300 | 150 1,060 165 | [#2] | 2018 | Light-soaking CHPS'(E'QSBF’,\;’W 197 | 000 | 0 1,000 200 | [ | 2020

— _ Tio,/ - _— . CsMAFA/ 44

Light-soaking CHsNH3Pbls 146 | 45.0 | 150 50 800 [#4] | 2018 | Light-soaking AALS 21.2 | 0.00 0 1,000 0.00 [#4] | 2020
" C(ﬁﬁ’/) ) CSMAFA/

Light-soaking CSOif 083 16.0 | 15.0 | 100 3,420 11.7 [45] | 2016 | Light-soaking spiro-OMeTAD | 16.9 | 40.0 | 100 520 95.2 [46] | 2020
Pb(lo.sBro.)s (Pbl 1.18 )

Light-soaking B AT'%é CsMAFA/

without DA 20.6 | 20.0 | 100 1,170 34.1 [47] | 2019 | Light-soaking spiro-OMeTAD | 17.6 | 0.00 0 520 3.85 [46] | 2020
encapsulation (FA0.8sMA0.17)0.95]0.8 (Pbl; 1.15 )

Pb(|o.§3Bl’o.17)3
Light-soaking (':I'ISOZ/ CsMAFA/

without 0.05 18.7 | 20.0 | 100 718 55.7 [47] | 2019 | Light-soaking spiro-OMeTAD 17.3 | 0.00 0 520 30.8 [46] | 2020
encapsulation (’;Abo(fsz:g(r)olg;);s (Pblz 1.12 )

Light-soaking PC%'\S";OPF'%SQRW 187 | 6.00 | 35 1,000 200 | [#] | 2018 | Light-soaking CH?’N':\T’ZP(;’;HC'*/ 12 | 500 | 200 500 000 | [#] | 2013
m-SnO2/ (HOOC(CHz)aNH

Light-soaking | FAIPbl,MABIPb | 16.4 | 25.0 | 200 1,000 10.0 | [] | 2018 | Light-soaking 2)2Pbl/ 119 | 000 | 0 1,000 000 | [B] | 2017
BrZCSI CH3NH3Pb|3

Light-soaking PCeBM/ FAIPbI,MABrPb

without L 116 | 60.0 | 24 250 160 | [3] | 2016 | Light-soaking Bry/ 18.7 | 0.00 | © 4,320 093 | [579 | 2016
. MAPbIs .

encapsulation spiro-OMeTAD

Light-soaking

without PCeiBM/ 125 | 200 | 200 2,050 488 | [®] | 2016 | Light-soaking PCeBM/ 116 | 600 | 10 250 160 | [%] | 2016
encapsulation | (BA)2(MA)sPbalis MAPbI;
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Figure 5.1a depicts a typical degradation curve that represents the dataset
behaviour over time. This degradation profile includes a quick phase of initial
degradation, referred to as ‘burn-in,” followed by a slower and consistent period of
linear decay.>® When exposed to light or heat, morphological changes in the blended
materials of the active layer of emerging PV devices can induce burn-in,>% as well
as the interfacial resistance between the electron-transporting layer (ETL) and the
photoactive layer.?° Linear degradation, on the other hand, is mostly caused by the
entry of water and oxygen into the device (as shown in Chapter 4 results), which can
react with the organic layers under illumination, resulting in photo-bleaching or limited
light-absorption capacity.>® It is also important to comment on additional degradation
behaviours not highlighted by the literature review. Some PVK devices have been
demonstrated to have some burn-in recovery in the dark,*® but it is unclear how much
of this recovery would appear in a real-world environment, therefore it is not included
here. However, it is pointed out that the approach given here can compute LCOE for
degradation profiles with any temporal resolution, which would be required to account
for such scenarios. Within the LCOE calculation, this could present itself as a lower
effective burn-in than would be measured in an experiment with continuous
illumination. The model could also be easily modified to adapt to even more rare
devices presenting an inverse burn-in, i.e. devices with increasing efficiency in their
initial aging period after fabrication. Returning to the literature review data, in around
a quarter of the dataset devices (15), there was no burn-in, therefore their degradation
profile was described by linear degradation only. While it is not expected that all
emerging PV devices will be well-described by the parameterisation shown in Figure
5.1a, this degradation profile suits all 55 datasets captured by the literature review.
Further discussion of how the LCOE model can be modified to account for arbitrary

degradation profiles as required is available in section 5.3 (Model development).

Returning to the data, it is shown that ‘burn-in’ takes place over a period of time,
8 that is typically of the order of hundreds of hours in full sun.>3 Here, PCE; and PCEg
denote the initial and post burn-in efficiencies, respectively, with burn-in loss, B,
denoting the percentage decrease in efficiency throughout the burn-in phase (e.qg. if
PCEi=10% and PCEg = 8%, B = 20%). PCE;i (%) and B (%) values were taken directly
as specified in the papers. However, the specific value of linear degradation is not

usually mentioned in emerging PV studies. The linear degradation following burn-in is
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parameterised by a degradation rate, D, which is defined as the fractional percentage
loss of post-burn in efficiency per year of operation. To calculate the linear degradation
rate, D (%l/year) the difference between absolute post burn-in efficiency (PCEy) and
efficiency at the end of the test (PCEend) was divided by the ratio of the intervening
time period and the number of peak solar hours in a year, although in some cases, D
was instead calculated by considering the extrapolated lifetime reported in the paper
(often the estimated time for post burn-in efficiency to drop by 20%). It was necessary
to convert the time spent under continuous illumination in a laboratory environment to
a degradation rate per year, D (%l/year), which reflects the diurnal and seasonal
variance in sunshine in the project location for later LCOE calculations.>® Each day
was assumed to have 5.5 hours of direct full sunlight (equating to ~2,000 hours per
year!®) in this calculation, which was selected to be similar to the 1,889 annual peak
solar hours for the chosen installation location (Suva, Fiji).>” Given that the rate of
aging in the dark is significantly lower than light aging, it was assumed that degradation
only occurs during the hours of full sun.%® The degradation rate was not calculated for
those papers which did not provide enough detailed information about the test lifetime.

The values of PCE;, B and D for emerging PV devices aged under light-soaking
conditions only are plotted against one another in Figure 5.1b-d. The only clear
distinction between OPVs and PVKs is that the datasets PCE; in the former is lower
than in the latter, but otherwise there appears to be little correlation amongst the
datasets. Table 5.2 shows the Pearson correlation coefficients of each pair of
parameters in the light-soaking category attempting to clarify data relationships.
Degradation rates of 30%/year or more were omitted from the analysis as
unrepresentative outliers. OPVs had correlation coefficients close to zero (PCEi vs B
= 0.04, PCEj vs D = -0.08, D vs B = 0.31), indicating negligible correlation between
PCE;, B and D. However, PVKs display a stronger negative correlation between PCE;
and burn-in (-0.46). This suggests that OPVs with high PCE; will not necessarily have
low B or D, whilst in PVKs, there is some correlation between initial performance and
degradation as discussed elsewhere.>*%1 |t is however noted that the certified record
efficiencies for lab-scale PVK and OPV devices®? are far in excess of the highest
reported initial efficiency of lab-scale devices that have undergone degradation studies
shown in Figure 5.1. This gap in performance is equivalent to a time-lag of ~7 years

for OPV devices and ~3 years for PVK devices, and it emphasizes the need for
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standardized degradation tests®3%4 on the latest PV materials and architectures to

prove the viability of these technologies.
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Figure 5.1 Emerging PV Characteristic Parameters from literature review

(a) Schematic representation of the typical evolution of PCE in OPV and PVK devices. Plots

of (b) Burn-in vs PCE, (c) degradation rate vs burn-in, and (d) degradation rate vs PCE

reported in the literature for PVK (blue) and OPV (orange) devices. Each symbol represents

a unique device, the materials and architecture for which is listed in Table 6.1.
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Table 5.2 Pearson coefficients and average characteristics of Figure 5.1 devices.

Pearson coefficients Device characteristics
PV type
PCEivs B | PCEivs D | DvsB | PCE;i (%) | B (%) D (%l/year)
oPV 0.04 -0.08 0.31 6.2% 30% 6%
PVK -0.46 0.20 0.26 16% 19% 9%

(Left) Pearson correlation coefficients of initial PCE (PCE;), burn-in loss (B), and long-term
degradation rate (D), and (Right) average device characteristics for OPV and PVK devices
captured by the literature review.

5.3 Model development

The LCOE can be calculated by dividing the net present value (NPV) of the total
costs incurred by the NPV of the total PV generation in the project lifetime:

l Ce
fot Zt=1(rs ayt
l E¢

t=1(14+a)t

LCOE = (5.1)

Here I, is the installation cost (USD); C; are the total costs in year t (USD)
comprising operating costs, and panel/inverter replacement costs at the end of their
life; E, is electricity generation in year t (kWh); [ is the project life (years); and d is the

discount rate (%).

PV modules (e.g. panel replacement year, panel cost or burn-in), PV project
(e.g. project lifetime, inverter lifetime and land rental), and location (e.g. local
discount rate, PV array tilt and peak solar hours per year) information are among the
model input parameters. Section 5.3.1 shows a list of input parameters for PV
modules and the project, together with justifications for values chosen, whilst location
information can be found in section 5.3.2. The main project location of Suva, Fiji was
selected due to its high yearly insolation and availability of underpinning data,
although other arbitrary locations can be modelled using this approach (as shown in

Chapter 7). Installation and balance of system costs scale with module efficiency to
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reflect changing land-use, cabling and infrastructure requirements for the project.
From these data, costs are calculated using equations shown in section 5.3.2, which
in combination with the electricity generation model (section 5.3.3) allow to calculate
the LCOE (equation 5.1).

5.3.1 Model inputs

Table 5.3 shows the estimated emerging PV module cost reported in the
literature, although these technologies are not commercially available yet. Given that
different studies consider different active layer combinations, encapsulation methods
and even production scales (e.g. up-scaling or industry scale), there is a significant
range between the reported module cost values. Taking this in consideration, a much
wider range of module costs was used for LCOE predictions in Chapters 6-7, which
allows the model to assess the importance of module cost and account for future

improvements.

Table 5.3 Estimated emerging PV module cost reported in the literature.

PV type Module cost ($/Wp) Ref. Year
0.43 [ 2019
0.23-0.34 [ 2016
OPV O.10-1.0§ (up—sF:allng) [°9] 2014
0.06-0.72 (industrial scale)
0.14-0.27 [66] 2014
0.41 6] 2017
0.17
PVK 0.48 (Si-PVK) 5] 2018
0.21 (PVK-PVK)
0.21-0.28 [67] 2017

Table 5.4 provides input parameters used to calculate LCOE. The ‘Cell info’
parameters represent a standard emerging PV device and were selected according to
the literature analysis of Table 5.1, but were varied as described in Chapters 6-7 to

analyse improvements or specific state-of-the-art devices.
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Table 5.4 Model input parameters.

Default Value
Group | Id Model Input unless otherwise
specified
Prep Panel replacement year 5
Co Panel cost, USD/Wp 0.245%869
PCE; Initial PCE, % 10
Cell Gre Geometric Fill Factor, % 9870
info | Dp Power density, Wp/m? 98
B Burn-in degradation, % 40
Burn-in hours 500 (OPVs), 250
8 (PVKSs)
D Degradation rate, %/year 10
Inv Inverter life, years 107472
l Project Life, years 207374
Parr Size of PV array, kWp 5,492
Ap Panel area (72 cell), m? 1.95"
Model Fixed operating cost exc. replacements, 76,77
o Cop USDMWp 0.01
R Rental per year, USD/m? 0.5
ls Inflation, % 2.17
C Basecase install cost per panel (exc.
P panels), USD 200.04%°
Cinv Basecase Inverters cost, USD 519,09569.80

The ‘Model info’ parameters relate to project-specific parameters for the chosen
5.5 MWp PV installation in Fiji, as well as financial parameters such as discount rate.
The assumptions used for these are as follows:

e The inverter life reflects a typical inverter warranty from major manufacturers.’%72

e A project life of 20 years, which requires a single inverter replacement during the
project life. Note that Si PV panels may have a 25 or 30 year performance
warranty,’>’ but this results in sub-optimal inverter and panel replacement

windows for emerging PV.
e Operating costs link to US inflation (2017-2019 average) for bankability.”®

e The PV array size, inflation, rental and operating costs are based on advice from
industry with respect to a realistic project size, and fall within the range of utility

scale values reported elsewhere.”67881 Basecase inverters cost and install cost
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per panel take input from the Fraunhofer ISE/Agora® PV costs study and the NREL

Q2/Q3 Solar Industry Update®® report, as well as advice from industry.

e Discount rate is assumed to be 10%, same value used for non-OECD
(Organisation for Economic Co-operation and Development) countries in the
IRENA Renewable Power Generation Costs in 2019 report.”’

e The refurbishment cost of panels (exc. panel cost) is assumed to be 10% of the

initial capital cost based on advice from industry.

The model information data are either chosen to be specific values from the
literature, or typical values within a practical range for the location or technology. In
Chapter 7 some model info parameters are linked to a certain location and their impact
is analysed (e.g. discount rate in section 7.6 and install costs in section 7.7). For Cell
data, the taken approach was specifying typical values that may apply to either OPV
or PVK devices as the literature review showed significant variation in performance
within device types. Within Chapter 6, these defaults are changed to examine the
impact of the range of reported values on LCOE (D, B and panel replacement year in
section 6.2; module cost in 6.3; PCE; in 6.3 and 6.4). However, specific state-of-the-
art devices LCOE calculations are also available in Chapters 6-7 (sections 6.6 and
7.9) to understand how close are these devices to be market competitive if they are
scaled up to module level.

5.3.2 Location data and calculated costs

Fiji is an island country in Oceania whose power needs are currently supplied
mostly through fossil fuels (~45%) and hydropower (~50%).82 However, the
government of Fiji has the target of sourcing 100% of its power generation from
renewable energy by 2030. In fact, a 15 MWp solar project was approved in late 2020
in Fiji (largest PV project of its kind in the Pacific).8? Fiji’s high insolation values and

interest in PV installations therefore make it a very interesting case study.

110



Table 5.5 summarises PV yield, tilt, discount rate, array spacing and peak Solar
hours in Fiji (unreferenced values provided through industry advice), whilst Table 5.6

shows monthly variations in PV yield® and Peak Solar hours.?*

Table 5.5 Location specific parameters.

Id Location Parameter Fiji

d Discount rate, % 1077

Y PV Yield (kWh/kWp) per year 1,23783
Taeg Tilt based on latitude, deg 12
Sparr Array spacing, m 5

S Peak Solar Hours per year 1,8898

Table 5.6 Monthly and annual PV Yield®® and Peak Solar Hours.8

Fiji Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Annual

vield 1123|108 | 119 [105| 96 | 85 | 91 | 98 | 95 | 104|101 | 112 | 1,237
(KWh/kWp) ’
Peak Solar | 106 | 171 | 174 | 130 | 127 | 112 | 122 | 137 | 155 | 176 | 183 | 196 | 1,889

Based on the input (section 5.3.1) and location (section 5.3.2) parameters,
further variables are calculated that are used in the following calculated costs table,
as well as in the electricity generation model (5.3.3) section. Table 5.7 show variables
related to the capital costs and those resulting from refurbishments (panels every prep
years, and inverters every 10 years), annual operations & maintenance (O&M) and
land rental costs, assuming a 2.1% inflation rate. The variable y denotes the current

year (e.g. 1, 2,...20) in the inflation calculations.
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Table 5.7 Calculated costs.

Id Model Output Formula
Rip Panel rating, W DpA,
Alp Land area per panel, m? (Sparr + 1.92 cos (radians(Tdeg)) 2) (%)
_ 1000P,,,
Np Required number of panels T
tp
Aarr Array area, m? ApNp
Ciep Installation cost exc. Panels, USD N, Cip
Cp Total Panels Cost, USD 1000F,,-C,
lo Installation cost or capital cost, USD Ciep + Cyp
Refurbishment cost (panels - PV),
Chveet USD (P ) 1000P,,,C,
Cort Refurbishment cost (panels - other), (04 x Ip)(1 + Ig)*~1
UsSD
Coref Refurbishment cost (panels), USD Cpyrer + Coref
C nv
Cinvpet Inverter cost as % of Ciep, % C{
iep
Cinvref Refurbishment cost (inverter), USD CinvpetCiep (1 +16)7 ™1
Com Annual O&M cost, USD (1000P,,,.Cop) (1 + I5)¥ 1
Cr Land Rental, USD AgrR
Ci Total costs, USD Cpref + Cinvrer + Con + Cg

5.3.3 PCE time-dependant electricity generation model

Changes in PV capacity due to burn-in and subsequent linear degradation, as
well as panel replacement, are accounted for in the power generation model. Under
the consideration of degradation only occurring during the hours of full sun in the
project location, the cumulative peak solar hours (Sc) were defined from the installation
date to adjust PV capacity depending on the current panel period (either burn-in or

linear degradation). The monthly peak solar hours in Fiji are shown in Table 5.6.

PCE’s time-dependence was parameterised so that PV capacity could be
calculated at any given time. The following functions were defined for BF and Dr as
the fractional loss in PCE as compared to the PCE at the start of the burn-in and linear
degradation periods respectively, such that PCE = PCE;By during burn-in and PCE =
PCE, Dy during linear degradation.
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Br (%) = aS.* + bS. + 100 Sc < 1p (5.2)

DF(%) = dLSC +c+B SC > T (53)

Table 5.8 Degradation coefficients.

Id Model Coefficient Formula
D
do d|_, %/hr -
Sc
B —(d
a Coefficient a ( ZLTB)
TB
b Coefficient b —d; — (2atg)
C Coefficient c (100 — B) — (d,Tg)

As shown in Table 5.8, burn-in (B) and linear degradation (D) values for the
candidate PV modules are used to determine the variables dL, a, b, and c. The
coefficients a and b describe a quadratic burn-in period, while d. and c are the slope
and intercept of a linear degradation region. These equations lead to a time-
dependence of PCE of a form shown in Figure 5.2. Although equation 5.2 and 5.3
were selected as they described the general form of emerging PV degradation
behaviour revealed in the literature review (section 5.2), it is noted that this framework
could be modified to accept other arbitrary degradation functions that can represent
OPVs and PVKs, or even other technologies if desired. The capacity to change panels
at any moment over the project's lifetime is a characteristic of the model, reflecting the
potential of supporting infrastructure having a longer lifespan than panels. While the
panel replacement in emerging PV has been considered in a previous study,® the focus
there was taking into account future improvements in efficiency that reduce balance
of system (BOS) cost, whilst here the panel replacement is used to mitigate the impact
of degradation. Whenever panels are replaced, Scresets to zero so that the same
PCEi and degradation profile is applied to all panels. Setting ts =0 allows the model to
account for cases in which B = 0%, such that linear degradation begins immediately

after initial installation or panel replacement.
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PC
PCEi \
PCEp = — —

Eq.
(5.3

Eq.
(5.4

»S¢, h
0 TB ¢

Figure 5.2 PCE degradation as a function of cumulative peak solar hours (Sc)

showing regions of burn-in (Sc < ) and linear degradation (Sc > ).

The peak capacity of the PV array, P at any moment in time is thus represented
as:

P = ParrBF SC S TB (54)

(100-B)

P=P
arr 100

Dp Se > 15 (5.5)

Where Par is the size of PV array (Table 5.4) and B is the Burn-in degradation,
%. Energy generation is calculated using the peak capacity at start of the project (Par),
and the end of each month, m (Pm) according to equation (5.4) and (5.5). Since the
resolution of the model is on a monthly scale, equation (5.5) is used to calculate P if
the swap from burn-in to linear degradation happens in the middle of a month. For
ease of notation, the initial size of the PV array Par is subsequently described as Po.

Electricity Generation in month m is thus calculated as follows:

(5.6)

Where Em = Electricity Generation at current month, Ym = Yield at current month
(from Table 5.6), and Pm-1 = Peak capacity at previous month. Monthly electricity
generation values are aggregated for each year of the project, and joined with yearly

project costs, to calculate the LCOE using equation (5.1) for the 20-year project.
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CHAPTER 6
Emerging PV degradation, efficiency and
module cost impact on LCOE

6.1 Introduction

Levelized cost of energy (LCOE) models are frequently used to assess the
economic competitiveness of established technologies. However, current literature
models are not suitable for accurate LCOE calculation of emerging PV technologies
because the degradation profile they consider is similar to that of silicon (Si) PV,
instead of the one that characterises developing devices. This Chapter presents LCOE
results from the novel model discussed in Chapter 5, which allowed quantifying the
relative impacts of realistic degradation, initial efficiency and module cost upon LCOE
of emerging PV devices for the first time. Further, the competitiveness of specific,
state-of-the-art perovskite PV (PVK) and organic PV (OPV) reported in the literature
are assessed for a realistic grid-scale PV installation in the case study location (Fiji),
which was chosen due to its high insolation values, interest in adding PV capacity and
availability of data required as input for the model. Itis demonstrated that the approach
used to optimise LCOE is highly dependent on the current state of the technology, i.e.
module cost, initial power conversion efficiency (PCE;), and subsequent degradation.
It is also found that devices with high PCE; do not necessarily result in low LCOE
values (e.g. PCE; = 20% with B = 40% & D = 10%/year results in an LCOE of 0.26
USD/kWh, while a device with PCE; = 10% with B = 10% & D = 1%/year results in an
LCOE of 0.17 USD/kWh), which is attributed to the largely uncorrelated degradation
within devices from literature, therefore highlighting the importance of characterising
lifetime energy yield in candidate emerging PV devices. PVK and OPV devices LCOE
model predictions indicate that these emerging PV technologies have the potential to
compete in wholesale electricity markets, but that the inter-relationship of cost, initial
performance and degradation must be considered during research and pre-production
stages. Additionally, a brief analysis of the emerging PV embodied carbon is presented
and it is shown that if some devices can be scaled up to the module level they can

offer reduced carbon emissions in comparison with Si PV.
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6.2 Impact of degradation on LCOE

Silicon PV panels have dominated the PV market in the last few decades due
to their well-established initial efficiency and proven low degradation. Therefore, a
good understanding of the degradation profile of emerging PV devices is needed to
critically assess the viability of these technologies (OPV and PVK). The impact of
degradation in emerging PV devices is here analysed by separating the impacts of
burn-in (i.e. short time degradation) and following linear degradation, as there is

negligible correlation between them (Chapter 5 Table 5.2).

First we analyse the impact of linear degradation by considering specific cases
of initial efficiency and burn-in. LCOE predictions are shown in Figure 6.1 for emerging
PV panels with PCE; = 10% as a function of D with panel replacement after every 2, 5
or 10 years compared to no replacement in the 20-year project. Current champion PV
modules for OPVs and PVKs have efficiencies of 11.7% and 17.9%?* respectively, and
by this reason most calculations in this chapter consider initial efficiencies of 10% and
20% to account for present technology status as well as realistic improvements in the
near future. Regarding the burn-in, B = 10% and 40%, were chosen as the two main
cases to represent typical values within the spread reported in the literature, as
discussed in section 5.2 of Chapter 5. 40% represents the most repeated B value in
the upper end of literature, whilst 10% represents a B value in the lower end of
literature. However, specific literature devices with B = 0% are also considered in
section 6.6. Moving on to analysing the impact of degradation, the LCOE sensitivity to
D decreases with more frequent panel replacement, whilst increasing project costs.
This behaviour leads to significant variations in the ideal panel replacement year as a
function of degradation rate, D, for the project under consideration. An important note
is that the optimal panel replacement year for the instances examined does not match
the ‘stabilised lifetime’ (Tsgo), which is defined as the time it takes for the post-burn-in
efficiency to decline by 20%. Also, for specific installations, optimal replacement years
are shown to be independent of PCE; and B, since intersections between pairs of panel
replacement curves (e.g. 20 years and 10 years at D = 3%) occur for the D when the
project cost and PV yield fractional differences match. However, it is important to note
that replacing panels too frequently may result in difficulties for the construction and
installation sectors, due to complex transportation logistics and increased labour.

Whilst emerging PV modules are expected to reduce embodied carbon dioxide as
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compared to Si PV? (briefly explored in section 6.7), the recyclability impact, as well

as the disposal and use of critical elements should be considered if emerging PV is to

be commercialised, although this is out of the scope of this thesis.
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Figure 6.1 Impact of degradation rate in LCOE
Predictions of LCOE as a function of degradation rate, D for panel replacement years of 2

(black), 5 (grey), 10 (red) and no replacement within 20 year project (purple), with PCE;
10% and burn-in losses of 40% (solid) and 10% (open). A module cost matching Si PV

(0.245 USD/Wp) was considered in all cases.

Now we move on to examine the impact of burn-in whilst considering panel
replacement lessons learned from linear degradation. Figure 6.2 illustrates LCOE
projections as a function of burn-in loss, with B ranging from 5 to 40% for modules with
PCE;

selected to be representative of the emerging PV literature spread from Figure 5.1

10% and four scenarios of D = 10, 4, 2, and 1%/year. Values of B and D are

(Chapter 5). According to the lowest LCOE for the value of D given in Figure 6.1,
panel replacement is chosen to occur after 5 years, 10 years, or not at all throughout
the 20-year project. LCOE predictions are shown to vary in a non-linear fashion with
B, and when B and D values are close to the lower end of the considered ranges,
LCOE approaches a local minimum. Because LCOE prioritises production and
expenses early in the project life, the non-linearity with B is understandable as PV yield
is significantly enhanced during the first months of panels operation when B is low.
Figure 6.2 also shows that potential materials and device structures might be chosen

based on a good mix of short-term and long-term degradation, rather than ‘champion’
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status in one or the other (e.g. D = 4%l/year & B = 20% better than D = 1%/year & B =
40%).
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Figure 6.2 Impact of burn-in in LCOE

Predictions of LCOE as a function of burn-in, B for modules with PCE; = 10% and D =
10%/year (up triangles), 4%l/year (squares), 2%/year (circles) and 1%/year (stars). A module
cost matching Si PV (0.245 USD/Wp) was considered in all cases.

6.3 Impact of module cost on LCOE

After determining the influence of the degradation profile on LCOE, our
attention now moves to the possibility for reduced module cost, which is also a feature
of emerging PV technologies. One issue however is that OPVs and PVKs are not
commercialized yet, hence there are no specific values of module cost that can be
taken directly from PV manufacturers. However, the module cost of emerging PV has
been predicted in some literature studies, although they take different considerations
(materials, processing, encapsulation, etc.) that lead to a significant range of predicted
module costs for emerging PV, as shown in chapter 5 (Table 5.3). Therefore, to
account for uncertainty and future improvements, the approach here taken does not
specify a single module cost that is characteristic of a certain PV panel, but rather
predicts LCOE over a significantly larger range of module costs than indicated in the
literature. LCOE predictions are shown in Figure 6.3 for emerging PV modules with

PCEi = 10%, B = 40% and D = 10%/year, 2%l/year and 1%/year, representing values
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within the spread reported in the literature. These modules with a range of D are
compared to those with reduced burn-in (PCE; = 10%, B = 10% and D = 10%/year) or
increased initial efficiency (PCEi = 20%, B = 40%, D = 10%/year). Modules with D =
10%/year are replaced every 5 years, and modules with D = 2 and 1%/year are not
replaced within the 20-year project lifetime, following the optimal panel replacement
years from Figure 6.1. It is important to note that Si PV module cost depends on
materials, processing, transportation and importation of modules, while emerging PV
module cost does not add any importation costs, as the model assumption is that

emerging PV can be manufactured locally due to the ease of roll-to-roll processing.
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Figure 6.3 Impact of module cost in LCOE

Predictions of LCOE as a function of module cost for panels with PCE; = 10% (shades of
green) with burn-in B = 40% (closed) with D = 10%/year (triangles), 2%/year (circles) and
1%l/year (stars). Compared to this are modules with PCE; = 10%, B = 10% with D =
10%/year (green open triangles) and PCE; = 20%, B = 40% with D = 10%/year (light brown
triangles). Horizontal bars show range of literature estimated module costs for OPV and
PVK technologies, as well as Si PV present market module costs range.

Due to the fixed costs of PV installation in the model, such as site
establishment, grid connection, and so on, LCOE varies almost linearly with module
cost above ~1 USD/Wp, but converges to a minimum value below ~0.2 USD/Wp. At
low module cost, the minimum LCOE changes significantly with PCE; and B, but is

less effected by D. When module costs are high, however, doubling PCE; has a smaller
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impact. These findings show that the current model approach can provide targeted
advice on the most efficient ways to reduce LCOE. For example, the LCOE of a device
with a module cost of less than 0.2 USD/Wp can be improved by using a more
expensive fluorinated encapsulation that reduces degradation.®> However, if the
module cost of a PV technology exceeds 2 USD/Wp, cost reductions in the module
(e.g. by using lower cost materials or improving the efficiency of manufacturing
processes), are expected to have a greater impact than any improvements in PCE..
Therefore, it is noted that the dependence of LCOE on module cost varies substantially
over the projected module cost range. Reducing burn-in, on the other hand, is always
beneficial; for example, lowering burn-in from 40% to 10% reduces LCOE by ~32%.
However, as observed in Figure 6.3, reducing B is recommended over reducing D
when the module cost is low (<0.2 USD/Wp), and the contrary when the module cost
is higher than 0.2 USD/Wp. These findings inspire additional research into determining
the projected costs of commercially manufactured emerging PV modules, since this

will allow for a more quantitative approach to LCOE optimisation.

6.4 Inter-relationship between PV metrics and LCOE

After looking at the effects of degradation, module cost, and initial efficiency in
sections 6.2 and 6.3, we will now have a look at how these parameters interrelate.
Pairwise functions of PCE;, B and module cost are shown as contour plots of LCOE
predictions in Figure 6.4a-c. Once again, the range of values for these parameters is
selected considering the literature review as well as possible future improvements.
Here, a degradation rate of D = 10%l/year and panel replacement every 5 years are
assumed, although qualitatively similar data is shown in Appendix A Figure Al for
panels with improved degradation (D = 2%/year with no panel replacement) in the 20-
year project. One benefit of having the data presented in this way is that it allows
guantitative comparison of different technologies as a function of the PCE;, B and
module cost they provide. For example, a 7.5% PCEi module with low module cost of
0.12 USD/Wp provides the same LCOE that achieves a 25% PCE; module with high
module cost of 0.75 USD/Wp. However, optimisation strategies would differ
regardless of the equivalence in LCOE, since any reductions in module cost would
have a low impact on the LCOE of the module with 7.5% PCE;, whilst the 25% PCE;
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module would be greatly benefited with further module cost reductions. It is also
observable that a low efficient module (PCE; = 5%) is highly benefited from
improvements in PCE;, while a more established efficient module (PCEi = 15%) would
be more benefited from reductions in burn-in when the initial scenario has B = 40% for
both modules. In a more general way, Figure 6.4 show that the gradient of LCOE is a
complex function of the lifetime energy yield, underlining the importance of using

LCOE modelling to guide technological development.
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Figure 6.4 Inter-relationship between PV metrics and LCOE
Contour plots of predicted LCOE as a function of (a) PCE; and burn-in, B assuming module
cost 0.245 USD/Wp; (b) Module cost and burn-in, B assuming PCE; = 10%; (¢) PCE; and
module cost assuming burn-in, B = 40%. In all cases D is assumed = 10%/year with panel

replacements every 5 years.
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6.5 Contextualising LCOE within the electricity market

So far LCOE has been calculated for a wide range of emerging PV parameters,
but comparing the resultant LCOE of different PV modules is not enough to prove the
feasibility of these technologies. Therefore, the competitiveness of emerging PV LCOE
values with respect to other energy generation technologies is now discussed. It is
crucial to consider how LCOE compares to energy generation or supply costs from
typical grid sources. As a result, LCOE estimates for low and high scenarios of energy
generation and sale in Fiji are now taken into account. These values were calculated
using similar parameters to the model (10% discount rate, 2.1% inflation and in this
case a 25 years lifetime as a mature technology), based on the cost of generation from
the Pacific Power Association report (0.1240 USD/kWh)# and the small business tariff
of Energy Fiji Limited (EFL) (0.1849 USD/kWh)®, which have an LCOE of 0.1461
USD/kWh and 0.2178 USD/KWh respectively. For context, electricity costs in Fiji are
in general cheaper than in European countries (e.g. UK ~0.234-0.255 USD/kWh),® but
not as cheap as in USA (~0.111-0.149 USD/kWh)® and other regions in America or
Africa. However, it is important to clarify that the predicted LCOE values here are only
applicable to Fiji, and that to comment on viability of emerging PV in other locations
would require calculations with appropriate insolation and financial data for the

location, which is later discussed in Chapter 7.

Although Figure 6.3 shows that to compete with the Fiji electricity market
reference values, most scenarios for emerging PV would require a module cost of less
than 0.1 USD/Wp, Figure A2 in Appendix A also shows that increasing PCE; to 20%
and 30%, as may be possible in high-performance single junction or tandem PVs,’
would enable emerging PV competitiveness for a wider range of module costs and
degradation parameters values. Panels with B = 40% and D = 2%, for example, are
expected to beat the cost of generation for module costs less than 0.12 USD/Wp when
PCE; = 20%, and for module costs less than 0.25 USD/Wp when PCE; = 30%,
notwithstanding the high burn-in, which if also reduced would result in significantly

lower LCOE values.
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6.6 LCOE Assessment of state-of-the-art emerging PV devices

With previous sections analysing the impact of initial efficiency and degradation
parameters (as well as their inter-relationship) upon LCOE for a ‘typical’ emerging PV
module and expected improvements, it is now time to discuss LCOE projections for
specific state-of-the-art PVK and OPV devices revealed in the literature review
described in section 5.2 (Chapter 5) and listed in Table 6.1 (note that partial derivatives
are also included, but these are explained later on). Only devices which were tested
under light-soaking conditions and some form of encapsulation or protective
atmosphere (listed in Chapter 5 Table 5.1) are here considered, however, devices
with degradation rates of 30%/year or more were omitted from the analysis as
unrepresentative outliers. As mentioned in chapter 5 (section 5.2), the light-soaking
category was chosen over the outdoor testing category because the former has been
widely reported in emerging PV literature unlike the latter. Also, light-soaking protocols
account for the possibility of active materials photo-oxidation, making it a real-world
relevant degradation protocol. Furthermore, all considered OPV and PVK devices
have a burn-in period s that is equal to the average for that device type (OPVs 18 =
500 hours & PVKs 1 = 250 hours, as shown in Chapter 5 Table 5.4) to reduce the
number of variables evaluated and facilitate the analysis. Once again, the assumed
project was a 5.5 MWp PV installation in Fiji with a local discount rate of 10% and a
20-year project lifetime. Due to substantial variance in the projected module price for
PVK and OPV devices, it is here assumed that their module cost is equal to silicon
(0.245 USD/Wp), noting that this value fits within the range of expected module costs
from Table 5.3 (Chapter 5) literature review. Knowing that the optimal panel
replacement year depends on the degradation parameters of a certain device, the
LCOE was calculated for each device considering panel replacements every 2, 5, 10
and 20 years, to ensure obtaining the lowest possible LCOE value, which was

ultimately the only LCOE prediction recorded for that particular device.
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Table 6.1a Predicted LCOE and partial derivatives for literature OPV devices. The symbols in

this table relate to datapoints shown in Figs 6.5 & 6.7.

6LCOE

v Lcor SLCOE SLCOE — SLCOE
layer (USDIkwh) | e v | UsDawho) DAY gty || ™
PPCC?IIEI\}I—: 0.44 -1.8 10 0.15 0.014 | [8]
PFgel:gM 0.68 -1.9 12 0.59 0.023 [°]
PF;:?:;KA 0.47 1.1 0.0 0.10 0.0061 | [1]
PPCCEZ;I—BBI\-/II—: 0.33 -1.4 1.6 0.13 0.0079 | [Y]
PPCCEZ;I—;\;: 0.41 1.7 10 0.028 0.0096 | [*]
PPCCE;I—E?I\-/I;: 0.48 -1.8 12 0.13 0014 | [*q
DF;S’CTEBBAE/?T: 0.41 -2.6 15 1.1 0.020 | [19]
DPFESE;SJ : 0.41 -2.4 15 0.58 0.029 | [¥]
PchéM 0.48 -2.3 12 1.1 0.027 | [%9]
61
Péi;M 0.59 25 18 1.9 0.030 | [13]
DPFESI\I‘;J: 0.37 2.0 4.8 1.3 0.024 | [13]
P'g':g';ﬂ 0.94 2.0 5.9 3.2 0.044 | [1]
IFI;Q:FHBTF; 0.33 1.4 0.0 0.75 0016 | [1]
L-gggga“ 0.21 1.1 0.0 0.068 0.0063 | [15]
F;TBI[él?Z-l: 0.23 1.3 0.12 0.14 0.0098 [16]
F;-I?féBT-Ir; 0.23 1.3 0.12 0.19 0.010 [16]
DCBP: 0.24 -1.1 0.0 0.06 0.0062 [17]
70
IPETIEZ)'H; 0.15 -1.0 1.0 0.016 0.0059 | [18]
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Table 6.1b Predicted LCOE and partial derivatives for literature PVK devices. The symbols in

this table relate to datapoints shown in Figs 6.5 & 6.7.

SLCOE
SLCOE SLCOE
Active LCOE 8PCE SL;; : oD 5C Ref. | Symbol
i P .
layer (USDARWR) | yspkwhos) | (USD/kWhos) (‘/JEV[\)IK;J‘;“ (Wp/kWh)
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FAo8sCso.17 0.22 1.7 0.39 0.92 0020 || B8
Pb(lo.sBro.4)3
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BAo.0s(FAo.83 _ 19
Cso.17)0.01 0.21 1.6 0.37 0.62 0.019 [*9] .
Pb(lo.6Bro.4)s
MAPbls/ 20
PCeoBM 0.47 3.2 11 6.7 0038 | [ | A
PCs0BM:Ce0:PFN/ o
CHsNH3Pbla/ 0.29 2.4 3.5 2.5 0020 | [ | Y
Ceol
(HC(NH2)2)o.83 ) 22
Cso.17 0.22 1.7 0.57 0.86 0.021 [22] |:|
Pb(lo.6Bro.4)s
PCBM:PMMA/ 23
RbsCs10FAPbls 0.11 Az 0.043 0035 | 00067 | [2]| O
m-SnO2/
FAIPbI2MABIPb 0.24 1.8 1.9 0.64 0022 | 24| /\
BroCsl
PCs1BM i e
(BAMMAPba || 012 0.96 0.0 0.0 00054 | %] | S
SnO2/ 26
FA0.98CS0.02PDbl3 0.36 -2.3 17 3.5 0.049 [<°] E
TiO2-Cl/ 27
CSMARA 0.17 -15 0.0 0.68 0018 | 2| &
MAPDlIs/ 28
PCeoBM 0.27 -2.0 0.0 4.3 0.024 | 28] | A
CSMAFA/
Spiro-OMeTAD 0.13 12 0.0 0.094 00003 | ] | A\
(Pblz 1.15 w)
CHzNH3Pbls/ 30
PCe1BM 0.24 -2.0 0.0 3.8 002 | 7| X
(5-AVA)(MA)1.
(Pbls/ 0.12 -0.96 0.0 0.0 00054 | (]| X
TiO2
CHsNHsPbls-Cl/ 32 K
ol 0.25 1.9 11 0.0 0011 | [
(HOOC(CHz)aNH
3)2Pbla/ 0.12 -0.96 0.0 0.0 0.0054 [*9] %
CHsNHszPbls
FAIPbIzMABrPb
Brz/ 0.098 -1.0 0.0 0.0065 | 00059 | [*4 | [
spiro-OMeTAD
CSFAMA/
AALS 0.085 -0.96 0.0 0.0 0.0054 | [*] | @
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Both OPV and PVK devices are projected to have a broad distribution of LCOE
values, as shown in Figure 6.5a. Although PVKs have a lower average LCOE than
OPVs, the distributions overlap. Overall, two OPV devices and eight PVK devices
result in LCOE values below the higher electricity selling price LCOE of 0.22 USD/kWh
in Fiji, and seven of these PVK devices even beat the lower electricity sale price LCOE
of 0.15 USD/kWh. While these LCOE predictions take into account cell level devices
characteristics of LCOE, the performance of a real sized module would be expected
to be worse. However, PV modules efficiency is also expected to improve in the future.
Currently, certified record initial efficiencies for modules are ~5 years behind those of
cells for both PVK and OPV devices.!3¢ Increasing the number of initial efficiency and
degradation studies of emerging PV modules is therefore crucial to bridge the gap

between research and commercial applications.

Figures 6.5b, c, and d depict the predicted LCOE's dependency on individual
B, D, and PCE;,, respectively, with Table 6.2 including the corresponding statistical
data. It is observed that OPV and PVK devices with the highest initial efficiencies are
not necessarily those with the lowest resultant LCOE values, which confirms the earlier
supposition that emerging PV devices are more favoured from a balance of good
efficiency and low burn-in and degradation rates, rather than having a ‘champion’
status in only one parameter. For example, the second highest PCE; for OPVs within
the dataset was 9.8%, but this device was predicted to have an LCOE of 0.41
USD/kWh because of high B and D, while an OPV with PCE; of 7.2% was predicted
to have a better LCOE of 0.21 USD/kWh as it had D = 2%/year degradation and
minimal burn-in. While the finding that emerging PV devices with state-of-the-art initial
efficiencies are not necessarily those with state-of-the-art LCOE is not necessarily
surprising, it does highlight the importance of quantifying energy generation and
associated costs over the lifespan of a device, as individual PV parameters do not
provide a clear idea of the technology potential for grid-scale applications, as LCOE

does.
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Figure 6.5 Predicted LCOE for specific state-of-the-art PVK and OPV devices
Predicted LCOE for PVK (blue) and OPV (orange) modules with parameters extracted from
degradation measurements shown as (a) a histogram, and as a function of (b) B (c) D, and
(d) PCE.. Each symbol represents a unique device, the materials and architecture for which

is listed in Table 6.1.

Table 6.2 Statistical analysis of data displayed in Figure 6.5.

PV Pearson coefficients Average
. LCOE

e LCOE PCE; LCOE D LCOE B
yp S VS Vs (USD/KWh)
OoPV -0.61 0.71 0.50 0.41
PVK -0.19 0.82 0.70 0.21
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Table 6.2 shows that both OPV and PVK devices have very high LCOE
correlation with D (0.71 & 0.82 respectively), clearly indicating that devices with low
degradation are likely to have a low LCOE. However, there are significant differences
between the PCE; and B correlation coefficients for PVK and OPV technologies,
suggesting that optimal development strategies for emerging PVs may be different.
Figure 6.6 is used to further analyse this by presenting LCOE predictions for an
average OPV or PVK device respectively (Chapter 5 Table 5.2), which is then
subjected to various parameter improvements. Specifically, the average device for
OPVs or PVKs is taken and either: PCE; is increased by factor 2; burn in is reduced
by factor 2; degradation rate is reduced by factor 2; burn-in and degradation rate are
reduced by factor 2; or module cost is reduced by factor 2. These improvements
represent ways in which average devices may develop by replacing active materials
or using a certain methodology. For example, reducing the degradation by factor 2
was observed in P3HT:PCs1BM OPVs in Chapter 4 by the addition of the insulating
polymer PMMA, and although this improvement was observed in shelf life, the concept
is still applicable. All the previously mentioned improvements by factor 2 lead to LCOE
predictions that are compared against the champion LCOE values for OPVs or PVKs,
and values corresponding for commercial Si PV (PCE; = 20%, B = 2%, D = 0.7%l/year).
It should be noted that the LCOE estimates for OPV and PVK correspond to cell-level
devices parameters, thus these LCOE values are unlikely to be achieved by current

modules of OPV and PVK technologies, although that might change in the future.

While doubling the PCE; results in the greatest decrease in LCOE for both OPV
and PVK devices, in the case of the PVK, the effectiveness of doubling initial efficiency
is equivalent to halving burn-in and degradation. These findings could indicate that
PVK devices are approaching a certain technological maturity, where future
optimisation efforts should focus on reducing degradation rather than increasing
efficiency. The fact that the champion PVK LCOE prediction is for a device with
negligible burn-in and degradation backs up this theory. This champion cell-level PVK
device even outmatches the LCOE of commercial silicon PV module, indicating that
this technology can be cost-competitive in the near future if cell-level parameters can
be scaled up to module-level.
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Figure 6.6 Average and Champion OPV & PVK vs Si PV LCOE
Comparison of literature review (a) Average OPV (PCEi=6.2%, B=30%, D=6%/year) with
improvements, Champion OPV (PCEi=10%, B=0%, D=1.18%/year), and (b) Average PVK

(PCE=16%, B=19%, D=9%/year) with improvements & Champion PVK (PCE;i=21.2%,
B=0%, D=0%/year) vs a Si PV baseline (PCEi=20%, B=2%, D=0.7%/year). Module cost
assumed to be 0.245 USD/Wp for all, except when Mod cost + 2 is indicated (0.1225
USD/Wp).

The partial derivatives of LCOE with respect to PCE;, B, D and module cost at
the point corresponding to each unique device (Table 6.1) were calculated numerically
to further investigate optimal development strategies. These data are displayed as
box plots in Figure 6.7 and as pair-wise scatter plots in Figure A3 of Appendix A. The
partial derivatives of both PVK and OPV devices appear to differ substantially both
between and within populations. This is a significant finding since it demonstrates that
to provide gquantitative suggestions on how to minimise LCOE, the lifetime energy yield
of an individual PV design must be considered (quantified by PCE;, B, and D). In light
of this finding, it is worth noting that, while publications focusing on lifetime energy
yield (e.g. ISOS?®7:38 L or O standards) are becoming more common, those focusing
on initial performance are far outnumbering them. Therefore, the focus of OPV and
PVK studies must find a new balance that integrates the initial performance,

degradation, and cost to fully realise the benefits of LCOE modelling to select and
optimize emerging PV devices and modules.
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Figure 6.7 Partial derivatives of LCOE vs Emerging PV parameters

Statistical data for partial derivatives of LCOE with respect to (a) PCE;,, (b) B, (c) D and (d)
C, for OPV (orange) and PVK (blue) light-soaked devices. Each symbol represents a unique
device, the materials and architecture for which is listed in Table 6.1.

6.7 Embodied carbon analysis of emerging PV

Having analysed the impacts of emerging PV parameters upon LCOE, we now
focus our attention in a brief analysis of the embodied carbon provided by OPV and
PVK devices. Embodied carbon refers to the carbon dioxide equivalent (CO2e)
emissions associated with materials and construction processes (extraction,
transportation, manufacturing) throughout the whole lifecycle of a building or
infrastructure, in other words, the carbon footprint of a product or project.®® It is

therefore important to know the embodied carbon of emerging PV technologies to
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make a comparison with established Si PV. Although embodied carbon is commonly
stated in g CO2e per kWh, here we go one step back and consider literature values
expressed in either kg COze per kWp or kg COz2e per m?, which allows to account for
differences in rated power or area required for specific devices. Table 6.3 shows a
range of literature embodied carbon values for Si and emerging PV technologies,
which serve as input to calculate the total embodied carbon of the 20-year PV project
in Fiji, as well as to express the carbon footprint values by units of electricity generation
(g CO2¢e per kWh) so a direct comparison can be made between the different PV
technologies. It is important to note that in cases where panel replacements apply, the
carbon emissions per area are multiplied by the corresponding factor to reflect the
added effect of new panels. For example, replacing panels after 10 years within the
20-year project results in doubling the kg CO2e per m? values, whilst replacing panels

every 5 years would represent an increase by factor 4.

Table 6.3 Literature embodied carbon range of Si and emerging PV technologies expressed

in kg CO2e per kWp or per m2,

PVtype | kg CO.e per kWp | kg CO.e per m?2| Ref.
Si 1,500 - 2,560 - [4042]

OPV & PVK --- 14.52 - 52.23 eael

Given that the base case 5.5 MWp Si PV plant generates more electricity than
an equivalent 5.5 MWp emerging PV plant throughout its life (20 years) due to higher
initial efficiency and lower degradation of the former, here we take a basis for
comparison a rated amount of power generation of 152 GWh for the two technologies.
Figure 6.8 illustrate the required initial capacity (MWp) and array area (m?) for OPV
and PVK (average, improved and champion) devices to match the aforementioned Si
PV generation. Although the required area for most OPV and PVK based installations
is many times greater than for Si PV, it is shown that doubling the efficiency of average
devices halves the area requirements. The PVK PCE; improved device even matches

Si PV array area, whilst the champion PVK requires even less land for its installation
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due to having a slightly higher initial efficiency than the base case Si PV (21.2% vs
20%).
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Figure 6.8 Average and Champion OPV & PVK vs Si PV Array Area

Comparison of literature review (a) Average OPV with improvements, Champion OPV, and
(b) Average PVK with improvements & Champion PVK vs a Si PV baseline. The array area
and indicated MWp initial capacity above each bar matches the total generation of a 5.5
MWp Si PV installation.

Having established the array area requirements for each device it is now
possible to present the embodied carbon calculations. Figure 6.9 show the predicted
range of embodied carbon of each OPV and PVK device in floating bars, whilst the Si
PV range is within the dashed lines. The corresponding array area from Figure 6.8
was multiplied by the kg COze per m? values from Table 6.3 and then either multiplied
by factor 2 or 4 to calculate the embodied carbon range of the average OPV and
average PVK, respectively. Multiplying by factor 2 accounts for added emissions of
replacing panels once at 10 years, whilst factor 4 accounts for panel replacements
every 5 years during the 20-year project. Improving the PCE; or B of average devices
does not have an effect in the optimal panel replacement year, unlike reducing
degradation (D + 2 and B&D =+ 2), which doubles panel lifetime, therefore halving the
multiplying factor involved in embodied carbon calculations. Champion OPV and PVK
devices had a low enough D to avoid panel replacements (factor 1). Si PV also did not

require any panel replacements, but its embodied carbon range was instead
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calculated by multiplying its initial capacity (5.5 MWp) by the CO2e values per kWp
(Table 6.3).

Average embodied carbon reductions of ~50% are achieved either by doubling
the initial efficiency or halving the degradation rate of average OPVs or PVKs
(representing a lifetime reduction of 15,000 and 9,000 tonnes of COze respectively),
whilst halving burn-in only reduces the embodied carbon by 10-17%. However, the
reason behind the considerable reductions is not the same in all cases. Doubling the
efficiency reduces the required area, whilst halving degradation allows panels to be
replaced less often, but both improvement paths lead to halving the embodied carbon.
It is also shown that the lower end of the range of OPV devices can compete with the
Si PV range (~50-90 g CO2e per kWh), whilst even the upper end of PVK devices can.
Champion OPV and PVK devices even beat the whole Si PV range, with values of
~15-54 and ~5-18 g CO2e per kWh respectively, which denotes the potential of

emerging PV technologies to reduce carbon emissions of utility scale installations.
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Figure 6.9 Average and Champion OPV & PVK vs Si PV Embodied Carbon
Comparison of literature review (a) Average OPV (PCEi=6.2%, B=30%, D=6%/year) with
improvements, Champion OPV (PCEi=10%, B=0%, D=1.18%/year), and (b) Average PVK

(PCEi=16%, B=19%, D=9%/year) with improvements & Champion PVK (PCE=21.2%,
B=0%, D=0%/year) vs a Si PV baseline (PCEi=20%, B=2%, D=0.7%/year). Embodied

carbon is expressed in t COze and in g CO.e per kWh.
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6.8 Conclusions

This chapter presented and quantified the impacts of emerging PV parameters
upon LCOE, utilising the novel time-resolved model developed in Chapter 5. A
thorough literature review of state-of-the-art OPV and PVK devices captured the
degradation behaviour of emerging PV devices, and this data was used to analyse the
LCOE potential of these technologies in a realistic 5.5 MWp PV installation in Fiji. ldeal
strategies to improve LCOE were found to depend on the current status of a device,
which is characterised by initial efficiency, degradation and module cost. It is shown
that panels with higher PCE; are not necessarily those with ‘champion’ LCOE, as a
good balance of efficiency and degradation can lead to lower LCOE values. These
findings demonstrate that the feasibility analysis of new PV technologies should
consider a holistic approach including degradation as well as costs, and not only the
initial efficiency (current focus of many studies). The data also suggest OPV and PVK
technologies can compete on wholesale electricity markets if cell-level parameters can
be scaled up to module-level. Additionally, it is shown that emerging PV devices have
the potential to compete with the embodied carbon values of Si PV, despite most
emerging PV installations currently require larger areas and panel replacements due
to their lower efficiencies and higher degradation rates. However, champion OPV and
PVK devices already beat the embodied carbon values provided by Si PV,
demonstrating that future PV installations may result in the reduction of thousands of
tonnes of CO2 equivalent emissions per 20-year project if modules can mimic the cell

characteristics.
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CHAPTER 7
Feasibility of Emerging PV at different
locations

7.1 Introduction

Although Photovoltaic (PV) commercial technologies already provide low-cost
energy generation with less carbon intensity than conventional energy sources (e.g.
coal or natural gas),! regional cost differences in module cost, inverters and balance
of system (BOS) persist.? Solar power prices are often cheaper in developed
economies with solid policy frameworks and strong credit ratings in comparison to
developing nations.® However, there have been an increasing number of cases in
recent years of developing countries with impressively low power purchase
agreements (PPAs).2 As explored in Chapter 6, emerging PV technologies may be
able to compete with silicon (Si) PV in the future due to improvements in efficiency,
degradation and cost, however, that analysis only considered the base case location
Fiji, and at this point it is uncertain the impact that emerging PV devices can have on

different locations.

In this chapter, an emerging PV levelized cost of energy (LCOE) analysis is
carried out for eight countries all around the world to cover a range of economies and
insolation levels. This analysis considers the technological and economic
improvements of emerging PV devices sourced from literature, to predict their
feasibility in the utility scale solar market currently dominated by silicon. It is found
that there is a very high correlation between the capital cost and the LCOE of emerging
PV, indicating an area of opportunity to lower the LCOE in all locations, but especially
in those with currently expensive costs. Average, champion and specific state-of-the-
art organic PVs (OPVs) & perovskites (PVKs) LCOE results show that technological
improvements effect the viability of PV in a country to different degrees (e.g. India less
sensitive to changes in PCE; than Japan). High-cost locations (i.e. countries with high
total installation cost) are more benefited from improved initial efficiency, discount rate
(DCR) and install costs, whilst low-cost locations are favoured from reductions in

degradation rate and module cost. This emphasises the need to move away from a
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‘western centric’ view of PV technology and ensure that the needs and circumstances

of the location are considered at the point of research and development.

7.2 Country selection

Figure 7.1 Chosen countries for LCOE analysis

World map with coloured countries considered in this study: USA (United States of America),
JPN (Japan), IND (India), ZAF (South Africa), BRA (Brazil), ESP (Spain), GBR (United
Kingdom) and AUS (Australia). Countries are identified by their ISO 3166 alpha-3 codes.*

To analyse the emerging PV LCOE behaviour in different locations of the world,
at least one country per continent was considered (Figure 7.1). The 2019 IRENA
Power Generation Costs Report® and the Solar Power Europe - Global Market Outlook
2020-2024 Report® were consulted to search for candidate countries with high PV
installation activity or good solar potential, and available costing information. For this
analysis, eight countries were chosen taking in consideration those sources as well as
other PV yield”® and DCR®1° relevant sources, to cover a range of economies and
insolation levels. USA was chosen from North America as it is part of the top 3 PV
markets in the world, while Brazil was chosen from South America to represent a
location with high DCR. Australia was chosen from Oceania due to its high insolation.
From Asia, India and Japan were chosen to represent locations with low and high
installation costs, respectively. South Africa was chosen from Africa due to its high
insolation, DCR and inflation rate. From Europe, United Kingdom (UK) and Spain were
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chose to represent locations with low and high insolation levels, respectively. The
following paragraphs explain how all the parameter values were carefully chosen, and

these are all available in Table B1 of Appendix B.

A 15-year period (2005-2019) average was considered for PV yield and peak
sun hours values, and these were obtained using the Global Solar Atlas” and NASA
Power Data tools,® respectively. South Africa and Australia showed the highest
insolation values, whilst UK and Japan showed the lowest. Discount rate was selected
from the 2018 Grant Thornton — Renewable Energy Survey Reports,® whilst inflation
rate comes from the World Bank Data 2019 indicators.!! It is noted that the countries
with the highest inflation (IND, ZAF & BRA) also had the highest DCR, which suggests
inflation is somehow related to risk in investments, although real reasons may be more

complex than that.

The Si PV total installation costs, including inverter and module costs were
chosen from the 2019 IRENA Power Generation Costs Report.®> It is important to
mention that Si PV module cost is different at all locations, given that most commercial
panels are manufactured in China, so different transportation and importation costs
apply. However, the selected base module cost for emerging PV reflects an average
of various literature studies,*?*> given that this technology is not commercial yet.
Emerging PV module cost is kept the same at all locations so that focus can be made
on technological interventions to modules. This reduced module cost also effects the
total installation costs of emerging PV. All these specific values can be found in the
Table B1 of Appendix B. However, the effect of further decreasing module cost is

also analysed in section 7.5.

7.3 LCOE and location parameters correlation

In Figure 7.2, the eight studied locations are split into maximum vyield and
average Yyield to cover places with the best PV potential and with an average PV
potential within the country, respectively. All these locations consider the use of the
same technology, which consists of ‘standard’ emerging PV with the following
parameters: PCEi= 10%, B= 40%, D= 10%lyear; and they are compared with a
reference silicon PV module (PCEi= 20%, B= 2%, D= 0.7%/year). However, the LCOE
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is very different between locations due to differing PV yield, peak sun hours, total

installation cost, discount rate (DCR) and inflation rate. Table 7.1 shows values

normalised to the mean value of each parameter to allow quantifiable comparisons

between countries.

Figure 7.2 Location specific Standard Emerging PV and Si PV LCOE

0.8- B Std Emerging PV Max yield
® Std Emerging PV Avg yield
0.7 1 ® ® Silicon Max yield
=06, | ® Silicon Avg yield
|
=< 0.5- L
@ m X
30.4 1 e Py ]
Wo3| m 5 “
Qo021 = [
0.1+ B g ] & & &
0.0 T T T T T T T |
USA JPN IND ZAF BRA ESP GBR AUS

Location

Standard Emerging PV (PCE; = 10%, D = 10%/year, B = 40%) and Si PV (PCE; = 20%, D =

0.7%lyear, B = 2%) LCOE of maximum and average Yield locations within each country from

Figure 7.1.

Table 7.1 Location parameters normalised to mean value.

Peak Basecase Utility-
_ PV Yield sun scale Emerging Inflation Emerging
Location avg hours PV DCR®10 11 PV LCOE
location’ avg Total Installation rate avg yield
location® Cost®
USA 1.04 1.02 1.04 0.91 0.66 0.94
Japan 0.81 0.81 1.75 0.56 0.18 1.67
India 1.04 1.10 0.55 1.26 2.83 0.68
South Africa 1.22 1.19 0.95 1.61 1.50 0.92
Braazil 1.04 1.10 1.12 1.26 1.36 1.13
Spain 1.04 0.99 0.64 0.77 0.26 0.58
UK 0.61 0.58 0.84 0.81 0.62 1.25
Australia 1.20 1.20 1.11 0.81 0.59 0.82
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From Table 7.1, it is observed that low values of LCOE can be achieved
notwithstanding high DCR, as shown by India which has the second highest DCR
(1.26) and the second best LCOE (0.68) at the same time. It is also observed that the
country with least insolation (UK) still results in a lower LCOE than Japan (1.25 vs
1.67). This shows that a lower or higher parameter may not be definitive to predict the
LCOE. However, a correlation analysis is conducted later on to quantify the probability
of these predictions. As shown in Figure 7.2, emerging PV are closer to market in
some places than others. This is why it is important to identify the key challenges to
reduce their implementation gap. The challenge for each location may be different, as
for example Japan would be greatly benefited by cost reductions, whereas in South
Africa reducing risk in installations may reduce DCR, which ultimately reduces LCOE.
Also, their reduction goal would be different considering that the silicon PV LCOE

values vary from country to country.

From a more general perspective, in Table 7.2 is shown that emerging PV and
Si PV LCOE share similar correlation values with insolation and costs. However, DCR
and inflation rate correlation increases on emerging PV devices, which could be due
to an increased time dependence because of more need for panel replacements as a
consequence of having higher degradation rates than Si PV. Still, emerging PV LCOE
correlation with DCR (-0.34) and inflation rate (-0.37) is much lower than its positive
correlation with total installation costs (0.81), or its also high negative correlation with
PV vyield and peak sun hours (~-0.60). This remarks the importance of these
parameters and indicates a high likelihood of having a low LCOE in locations with low
installation costs, whilst DCR or inflation rate would be a less obvious indicative. Also,
even if the installation costs are important for both, Si and emerging PV, the former is
already well optimised, whereas the latter may still have room to improve, as emerging
PV panels are compatible with ready-to-use film solution with self-adhesive backside,
and preconfigured wiring that can be easily mounted to decrease installation time and
labour.'® By these reasons, three countries have been chosen to represent locations
with cheap (IND), average (USA) and expensive (JPN) total installation costs, and
most of the main figures will focus on them. However, discussion still considers the

eight studied locations and additional figures can be found in Appendix B.

150



Table 7.2 Location parameters correlation with LCOE.

Correlation of S;?g%?;% Silicon

LCOE vs PV
PV

PV Yield -0.62 -0.57
Peak sun hrs -0.59 -0.53
Total Inst. Cost 0.81 0.76
DCR -0.34 -0.10
Inflation rate -0.37 -0.24

7.4 Sensitivity analysis of emerging PV parameters

Figure 7.3 show the impact of technological advances in each location. The
following improvements were selected to represent values in the lower end (D and B)
and higher end (PCE;) of the literature review from Chapter 5, although champion
devices with even better characteristics are discussed in sections 7.9 and 7.10.
Improving the burn-in from 40% to 10% always results in an LCOE decrease of ~33%
regardless of the location. One interesting observation is that for most locations it is
slightly better to double the PCEi (10% to 20%), rather than reducing D from 10%/year
to 1%l/year, with India, UK and Spain being the exception, as they are more benefited
from D improvements. This indicates that different locations require optimisation
strategies. For example, the LCOE reductions in India are of 28% and 40% when
improving PCEi or D, respectively. This behaviour is attributed to India’s lower costs
and is explained in more detail in the following module cost section. However,
improving D & B at the same time in the ‘standard’ devices is always better than
doubling PCE;, regardless of the location, with LCOE reductions in the range of 54-
60% as observed in Figure 7.3. Still, one needs to consider a balance of
improvements to make emerging PV competitive against current commercial
technologies, and here it is shown that the relative importance of those changes
depends on the location.
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Figure 7.3 Sensitivity analysis of standard emerging PV and its improvements

Baseline emerging PV device (PCE; = 10%, D = 10%/year, B = 40%) LCOE (black) and its
reduction by either improving B to 10% (red), D to 1%/yr (blue), PCE; to 20% (pink), or D & B

to 1%/yr & 10% at the same time (green).

7.5 Effects of improving module cost in different locations

A major factor in the interest in emerging PV is the potential low cost, hence it

is important to quantify its impact in location-specific LCOE predictions to test the

economic viability of panels with reduced cost.
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specific combinations of PCE;, D & B, while varying the module cost, and compare the
LCOE values to understand the relative importance of module cost upon LCOE for
different technology scenarios. Figure 7.4 show that reducing module cost below the
‘standard’ module cost here considered to be 0.245 USD/Wp (value within those
reported in literature),*?1> results in steeper curves when both, degradation rate and
burn-in are high, regardless of the initial efficiency (closed triangles). This means that
reducing the module cost is especially critical for devices with low stability, as it
compensates for the abrupt decrease in efficiency and need for often panel
replacements due to the high levels of B and D. As we can see, standard module cost
devices with reduced B or D are better than devices with doubled PCE; in India, but
the order is reversed in Japan, indicating a greater importance of degradation in low
cost locations. This happens because having a low install cost per panel, results in a
lower ratio against module cost. For example, if India had the costs of Japan, the PCE;
would have priority over D or B (Appendix B Table B2), but if Japan has the costs of
India, then the degradation has priority over PCE; (Appendix B Table B3). This
indicates that costs are the key for this behaviour, considering that both countries have
very different insolation levels, DCR and inflation rate. Taking this in consideration, we
can observe that if the module cost keeps falling, the trend becomes the same for all
countries, with D & B combined reductions being better than PCE; improvements, but

the latter being more effective than alone D or B reductions.

Reducing the module cost at low D (1%/year) has a lower impact in LCOE than
at high D (10%/year). This can be explained by knowing that only high D panels need
to be replaced during the 20-year project lifetime, therefore reducing the panel’s
refurbishment costs, which do not apply to the low D modules. At 10% PCE; the LCOE
improvement by module cost reductions goes from 3-16% for low D modules, and from
7-29% for high D modules, depending on the country. India, Spain and UK show the
best improvements in LCOE, as these are the countries with lower utility costs. At 20%
PCEi the LCOE reductions are even greater, with a range of 5-24% for low D modules,
and of 12-40% for high D modules, which is a consequence of the installing costs ratio
variation with respect of the module cost. Therefore, it is concluded that devices with
increasing PCE; are more benefitted from module cost reductions than devices with

lowering D & B.
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Figure 7.4 Module cost impact in LCOE

Predictions of LCOE as a function of module cost for devices with PCE; = 10% (purple) or

PCE;

symbols) or B = 10% (closed symbols).

7.6 Impact of DCR on LCOE

20% (green), D = 10%l/year (up triangles) or 1%/year (stars), and B = 40% (open

A key factor that is not often considered in the viability of new PV technology is

the impact of financing on viability. This is especially important for emerging PV in
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which panel replacement changes the typical operations and maintenance (O&M)
cost, and for which the competing impacts of cost versus efficiency are not yet known.
One important parameter related to risk in investment is the discount rate, and now
we focus our attention into the impact of this parameter. For this section, the locations
with the highest DCR have been chosen: South Africa — 11.5%, India — 9% and Brazil
— 9%, as these are the least similar to Europe and North America, where most
emerging PV activity is located. | focus on changes in DCR as this may be impacted
by, for example, favourable financing by governments or non-governmental
organisations (NGOs). | am therefore asking the question, is favourable finance or
further improvements in device performance most beneficial to making emerging PV

viable?

In Figure 7.5 we can see that technical improvements in panels are better than
economic improvements (i.e. reducing DCR). This correlates with Table 7.2 findings
(low LCOE vs DCR correlation value), which indicates that a low DCR is far from being
an indicative of low LCOE. However, the benefit of having a lower DCR is still
observable even without technological improvements, and varies depending of the
location. At D = 1%/year, major reductions in LCOE of 14% in India, 28% in South
Africa and 20% in Brazil are observed when the DCR is decreased from nominal
values to 5%, suggesting that the DCR is sensitive to changes in degradation. And
although these three countries in principle share a high PV Yield, DCR and inflation
rate, only India has very low total installation costs (Table 7.1), which lead us to the

conclusion that reducing the DCR is more effective in locations with higher PV costs.
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Figure 7.5 DCR impact in LCOE

Predictions of LCOE by improving DCR from nominal (green squares) to 7.5% (orange

circles) and 5% (purple triangles) for different technology scenarios.
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7.7 Impact of install costs on LCOE

Here | look at install costs because emerging PV have the potential to result in
cheaper installations than those of Si PV, but to what extent this is beneficial is
unknown as emerging PV is not commercial yet and therefore there is no record of
their installation costs from the PV industry. Install costs play an important role in the
LCOE calculation, because if they are expensive a solar PV plant installation may not
be feasible, even if the location has good insolation and efficient panels. Figure 7.6
show the impact of reducing by 10% and 20% the install cost per panel, and the
reasons behind these analysed reductions relate to the potential of emerging PV for

cheaper mounting and mechanical installation, to name a few examples.

From the eight studied locations the LCOE average total reductions go from ~4-
8% by 10% install cost reduction, and from ~9-15% by 20% install cost reduction.
Japan has the greatest reductions and India the lowest, due to their expensive and
cheap installation costs, respectively. Still, Japan would need greater reductions to
compete with the LCOE of India due to the high difference in utility costs (Figure 7.6
& Table B1 from Appendix B). There are many reasons of why utility costs vary so
much from country to country. For example, Japan is affected by limited land
availability and expensive construction and soft costs,® whilst India benefits from lower
costs due to the government role in the solar market, price sensitivity and low cost of

labour.’

Of course emerging PV has a long way to go to become competitive against Si
PV, but the aim of this chapter is to identify how far, and what route emerging PV
should take in each location. Reducing the install cost per panel is useful for improving
emerging PV LCOE, however, the resultant LCOE can only reach similar Si PV LCOE
levels if technological improvements are also addressed (PCEi=20%, D=1%l/year,

B=10%), regardless of the location.
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Figure 7.6 Install cost per panel impact in LCOE
Predictions of LCOE of devices with typical install costs (right gray edge), reduced by 10%
(gray and purple intersection), and reduced by 20% (left purple edge) for different technology

scenarios.

7.8 Combined technological and economic improvements

It is now time to analyse the total LCOE reduction by combining all the
technological and economic improvements from the previous sections. This analysis
is distinct from the individual sensitivity analysis of section 7.4, as the aim of this
section is to accumulate the improvements to see whether the additive improvements
can ‘beat’ Si PV LCOE. Figure 7.7 show a step by step LCOE reduction by improved
D, B, PCEi, Module cost, DCR and Install cost per panel. Only Japan did not benefit
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from further DCR reductions, as it already has a lower DCR (4%) than the suggested
improvement (5%) for the rest of the locations. It is observed that emerging PV can
be competitive against silicon PV (red arrows) in all locations by technological and

economic improvements.
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Figure 7.7 Step by step LCOE reduction
10%, B = 40%, D = 10%/year) LCOE and its

reduction by subsequently improving D to 1%l/year, B to 10%, PCE; to 20%, Module cost to
0.1225 USD/Wp, DCR to 5% and Install cost per panel by 10%. Red arrows indicate the

reference Si PV (PCEi =

comparison.
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Emerging PV in India and South Africa can match Si PV LCOE just by
addressing D, B and PCE;, and the rest of the countries by further improving the
module cost. In the case of India it is attributed to having the cheapest costs of the
eight studied locations, and for South Africa it is attributed to the major difference of
its silicon PV module cost and the suggested emerging PV module cost (Appendix B
Table B1). By also improving the DCR there is a total LCOE reduction of 6% for South
Africa, 4% for Brazil and of only 1-2% for the remaining locations, which indicates the
importance of reducing the % in places with a high DCR, even if using modules with
high efficiency and low degradation. Further reducing by 10% the install cost per panel
only contributes with a total LCOE reduction of 1-2% in all locations, but we need to
keep in mind that at this point everything else has been improved, so the reductions
are expected to be much lower. Still, install cost per panel reductions is a high area
of opportunity for improvement, and previous section explored 10% and 20% install
cost per panel reductions, but even greater reductions could be achieved by emerging
PV, although more research is needed to validate the assumptions. Finally, combining
all technological and economic improvements result in a total LCOE reduction of ~79-

83% compared to the baseline of each location.

7.9 Location-specific LCOE analysis of state-of-the-art emerging PVs

Having analysed the separate and combined impact of many factors and their
improvements on the LCOE of the different locations, it is now time to present LCOE
results for specific state-of-the-art OPVs and PVKs. The analysed devices were
chosen from an 8-year literature review (Jan 2013 - Dec 2020)*859 fully described in
Chapter 5. Only devices which were tested under light-soaking conditions and some
form of encapsulation or protective atmosphere were considered and are listed in
Table 6.1 of Chapter 6. Project lifetime (20 years), initial capacity (5.5 MWp) and
module cost (0.245 USD/Wp) was kept the same for all locations, whilst specific
location data such as PV yield, peak sun hours, inflation, DCR and other costs can be
found in Appendix B Table B1.
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Figure 7.8 Predicted LCOE for specific state-of-the-art OPV and PVK devices

Predicted LCOE for OPV (orange) and PVK (blue) modules with parameters extracted from

degradation measurements shown as a function of (1 row) PCE;, (2™ row) B, and (3" row)

D for (1% column) India, (2" column) USA, and (3" column) Japan. Each symbol represents

a unique device, the materials and architecture for which is listed in Table 6.1 of Chapter 6.

Figure 7.8 shows the predicted LCOE values of specific emerging devices

installed in India, USA and Japan, and Appendix B Figure B1 presents the same

information but normalised to the lowest LCOE of each location. It is clear that PVKs

have a lower LCOE than OPVs in general, due to the high difference in efficiency of
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the reported devices. Also, there are some apparent trends in PCE;, D and B with
respect to LCOE, however, it is not clear to what extent is LCOE dependent on these
parameters, and if the dependency is higher on OPV or PVK devices. To clarify this,
Table 7.3 and Table 7.4 show the correlation of the PV parameters with LCOE on
OPVs and PVKs respectively. These data make it clear that the functional
dependence of LCOE on the PV parameters of emerging PV devices is different in
different locations. Although the PCE; correlation with LCOE is much higher on OPVs
than in PVKs due to the greater efficiency of PVK devices, the correlation value
increases in both technologies when going from India to Japan, suggesting that
locations with high costs are more sensitive to changes in efficiency. In the case of B,
the behaviour is not so obvious but higher correlation values are observed in the PVK
devices, which could be due to having more devices with 0% burn-in than OPVs in the
dataset of Figure 7.8. However, the highest correlation values are those involving the
degradation rate. Here, the correlation value decreases when going from India to
Japan, indicating that reducing degradation has a higher impact in low-cost locations.
These data are aligned with observations from the previous sections, demonstrating

that different optimisation strategies may apply depending on the location.

Table 7.3 Statistical analysis of OPV data displayed in Figure 7.8.

correlation vs | N0 | USA | JPN
PCE, 054 | -0.62 | -0.65

B 050 | 046 | 044

D 0.77 | 071 | 0.69

Table 7.4 Statistical analysis of PVK data displayed in Figure 7.8.

correlationvs | N0 | USA | JPN
PCE, 013 | -021 | -0.24

B 065 | 0.69 | 0.70

D 086 | 081 | 0.78
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7.10 Champion and average OPV & PVK LCOE

Figure 7.9 shows the predicted LCOE fractional difference of average and
champion OPV (orange) and PVK (blue) devices against the silicon PV LCOE of each
location. Appendix B Figure B2 shows a complementary graph with the specific
LCOE predictions, rather than a fractional reference. The analysed devices were
chosen from the literature review, with champion devices being identified in Figure 7.9
with closed symbols and average devices with open symbols. It is observed that
current average OPVs are far to compete with the silicon PV LCOE. With champion
OPVs and average PVKs, the LCOE difference becomes smaller, but their predicted
LCOE is still ~1.4-2.6 times higher than that of silicon PV.
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Figure 7.9 Fractional difference of OPVs & PVKs vs Si PV LCOE

Champion (closed symbols) and average (open symbols) OPV (orange) & PVK (blue)
devices fractional difference vs Si PV LCOE. Dashed line indicates parity with Si PV.
Champion OPV (PCE;, D, B): 10% - 1.18%l/yr - 0%, Avg OPV (PCE;,, D, B): 6.2% - 6%l/yr -
30%, Champion PVK (PCE;, D, B): 21.2% - 0%l/yr - 0%, Avg PVK (PCE;, D, B): 16% -
9%lyr - 19%.

Although PVK devices are generally better than OPVs, their distributions
overlap and champion OPV devices beat average PVK ones. One can note that at all
locations the champion OPV with 10% PCE; achieves a better LCOE than the average
PVK with a high 16% PCE;, due to the low D & B of the former (1.18%/yr & 0%)
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compared to the latter (9%/yr & 19%). This is very important, because it shows that
significantly decreasing degradation after a certain threshold is better than alone
improvements in efficiency, even in high-cost locations like Japan. However, it is still
noted that low-cost locations like India and Spain are even more favoured by these
improvements in stability, denoted by the greater gap between champion OPV and
average PVK devices in Figure 7.9. In the case of the champion PVK here analysed,
its LCOE even beats the silicon PV, due to its high PCE; (21.2%) and negligible D &
B. These results are encouraging, taking in consideration that further improvements
in module cost, DCR and install cost per panel reductions could lower the LCOE even
more. However, it is important to note that here cell-size devices are considered,
which would need to be scaled up to module size preserving its efficiency and
degradation parameters. Also, with champion PVKs the LCOE difference between
maximum yield and average yield locations becomes minimal (Appendix B Figure B2),
making the technology equally viable all across the same country. This would be a
significant advantage for emerging PV deployment, because there would be less land
restrictions as installing PV plants lead to a similar LCOE regardless of the chosen

location within a country.

7.11 LCOE optimisation using a genetic algorithm

Additionally, a genetic algorithm (GA) coded by Cai Williams (Engineering
Department of Durham University) was used in conjunction with the LCOE model, to
simulate the process of technology development, as a way of demonstrating an LCOE
focussed approach to optimising PV technology. A GA is a heuristic search algorithm
used to solve search and optimisation problems by employing the concept of natural
selection and genetics.®® The considerations and outcome of the GA used in this

thesis are explained in the following paragraphs.

To make use of the GA it was needed to establish an initial population of sets
of emerging PV parameters that represent current status and potential improvements.
Each individual parameter represents a gene, while each set of parameters represents
a chromosome (Figure 7.10). The 36 devices from literature review (Table 6.1 of
Chapter 6) were upscaled to 200 chromosomes to have a larger population that

allowed for a more widespread representation of parameters that could take place in
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the real world. The 200 candidate OPV/PVK devices were created, in addition to those
found in the literature review, to provide a suitable population of devices to ‘evolve’.
These devices were created in line with the statistics reported for real devices — e.g.
the PCE; was drawn at random from a Gaussian distribution with the same mean and
standard deviation as that in the literature. In the case the value of a gene was beyond
the chosen parameter limits, the value was limited at the appropriate bound. The
bounds of each parameter were chosen according to the literature review maximum
and minimum values, except in the case of PCE;, where its upper bound was increased
to 30% to account for physical limits. For module cost the bounds were chosen from
the industrial scale range shown in Table 5.3 of Chapter 5. All parameters bounds

are specified in Table 7.5.

Mod cost  pCE; B D

(USD/Wp) (%) (%) (Ylyear)
C. | 0245 | 11.6 | 41.6 Gene
C. ||0.347 | 253 | 29.1 | 0.9 ||Chromosome
Cao | 0.089 | 182 | 104 | 4.2 |[|Population

Figure 7.10 Population components in the GA

Each emerging PV parameter (mod cost, PCE;, B & D) value represents a gene within a

chromosome Cx. A chromosome contains a set of four parameter values, which represent a

unigue device. The sum of all chromosomes conforms the population (C1-Ca2qo in this case).

Table 7.5 GA parameter bounds.

Parameter Lower bound | Upper bound Mean Standard deviation
Mod cost (USD/Wp) 0.06 0.7 0.3275 0.088
PCE; (%) 2.8 30.0 17.56 17.85
B (%) 0.0 50.0 7.59 7.34
D (%lyear) 0.0 30.0 11.42 5.49
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Once the initial generation was formed (Go), the LCOE was calculated for each
chromosome considering panel replacements every 2, 5, 10 and 20 years, and only
the lowest LCOE value was kept. After this, the fitness function expressed in Equation
7.1 was used to calculate the fitness score of each chromosome. The fithess score
indicates how “fit” or how “good” the solution is with respect to the problem, which in

this case is trying to minimise the LCOE as close to zero as possible.

LCOE,,,, — LCOE,,
f(C) = LCOE,,,. — LCOE,;,
x 2.200 LCOEmax - LCOECl
i=1 LCOE, 05 — LCOE min

(7.1)

Where:

f(Cx) = fitness of current chromosome

LCOEmax = maximum LCOE in current generation
LCOEmin = minimum LCOE in current generation

LCOEcx = LCOE of current chromosome

The top 10 performing devices were then selected (highest fitness) and passed
over to the next generation. For the rest of the places (190) in the subsequent
generation of candidate PVs, crossover occurs. Crossover is essentially the creation
of offspring from two ‘parent’ PV devices in the previous generation. This might
represent, for example, an acceptor compound with superior characteristics being
used in a new context, or the translation of a processing methodology to a new type
of device. Parents are chosen randomly, but in a way that is weighted by the parent’s
fitness (i.e. such that more fit parents are more likely to generate offspring). The
fitness values of each generation are made to sum to unity. When making the
weighted choice the fitness is the probability that the device will be selected, and each
selection of a member is independent from all the others. So, a device may be
selected more than once, hence be a parent more than once. A random number
selects how many of the genes are inherited from the ‘mother’ and ‘father’ devices to

create the next generation members along with the top performing devices.
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Additionally, any of the devices in the next generation may undergo mutation of
a gene. Whether mutation occurs is determined by a random number, which if it
exceeds (1-mutation rate), which here is 0.25, mutation of a single gene occurs. Which
gene is randomly selected, and a new value is selected from the population distribution
as for the creation of the initial population. However, there is an exception for the gene
representing module cost of devices. A random sample of a normal distribution of a
set standard deviation (0.088 from Chapter 5 Table 5.3) is used, as the module cost
in the initial data was considered the same for all devices (0.245 USD/Wp). This
exception is made as there is not any statistical data on emerging PV costs. Each
gene value is then checked against the bounds and clipped where needed. Figure
7.11 summarises the genetic algorithm process, which was iterated for 50 generations.
It is noted that the population size, number of generations, mutation rate, crossover
and number of top performing devices can be modified to match the evolution of

technology.

Generate a random initial population Perform crossover
within parameter bounds v
v Apply random mutation
LCOE calculation v
v New generation is formed (Best
Calculate fitness performing devices + Crossover &
v Mutation devices)
Keep best performing devices
v
Select father-mother pairs according _
to fitness Is this the\ NO
50" gen?

Figure 7.11 Genetic algorithm process

Figure 7.12 shows the GA results after 50 generations in a graphic way. To
populate this figure, the average value of the 200 genes associated with a parameter
(Mod cost, PCE;, B or D) was calculated for every generation and for every location,
so each average value represents a single point within the graphs. This allows to see

the evolution of each parameter from generation to generation, and observe the
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differences between countries. A difference in the progression of the parameters
observed in Figure 7.12, demonstrates that the course of a technology to optimal
LCOE is different, and so indicates that technology development is local to each
country. During the first generations the differences are not very clear, as the GA is
learning and adapting to achieve better LCOEs. However, some differences can be
observed in the mid generations, before all the values converge in the last generations,
when the GA has optimised all parameters close to the lower or upper bound values

from Table 7.6. By these reasons, the analysis focus in the mid generations.

(a) 0.35- —=—AUS| (b)
e BRA 301
—a—IND
v JPN
o zAF| %]
<«—ESP| R
—UK | |+ 20-
oG e USA &
\ b & o
\ '\-(::i:vv 15
LY
W ‘
10+
0 10 20 30 40 50 0O 10 20 30 40 50
Generation Generation

c
()20_
8-
15
< 5 °
& 104 =
m X 4+
=)
5- 2]
0+ 0-
0 10 20 30 40 50 0 10 20 30 40 50
Generation Generation

Figure 7.12 Genetic Algorithm Generations

GA average parameter results: (a) module cost, (b) PCE;, (c) B and (d) D of the

50 generations.
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The most notable difference is observed in the module cost parameter, as it is
shown that module cost is quickly reduced in India and Spain (low-cost locations),
while its reduction is much slower in Japan and Brazil (high-cost locations). This
indicates that module cost is a more effective route to lower the objective function
(LCOE) in some cases than others. Specifically, those countries with low install costs
(e.g. IND) benefit from low module prices as modules represent a larger proportion of
the costs than in a country with larger install costs (e.g. JPN). Itis noted that this trend
is reversed in PCE data, with countries having a high install cost showing the greatest
rate of change in PCE;,, indicating that PCE; is a more favourable route to reduce
LCOE. This can be understood as the calculation assumes panel is already bought,

and therefore LCOE benefits mostly from increases in PCE..

By contrast, while there are differences between pairs of countries in the B and
D data, it is noted that the curves change at roughly the same rate. This indicates that
impact of degradation on the LCOE is somewhat similar in the cases observed. The
difference between these data and those earlier may be due to: 1.The variation in
panel replacement year, which is optimised in each case in the GA, which may act to
reduce the impact of degradation generally, or 2.Degradation having a higher
correlation with LCOE than PCE;, which leads to an accelerated transition to lower B
and D values regardless of the location. For example, after only 10 generations most
locations have B values below 5% and D values below 2%/year. Although degradation
differences between countries are more difficult to highlight, it is however noted that
the GA quickly reducing B and D suggests that improving stability of devices is of
utmost importance at all locations to enable commercialisation of emerging PV
technologies. Thus, technology improvements should not only focus in efficiency, as
the impact of degradation and cost is crucial to determine the viability of new PV

technologies at a given location.
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7.12 Conclusions

This chapter presents an LCOE analysis that evaluates the potential of
Emerging PV technologies in eight different countries. The optimisation strategies are
mostly linked with the utility costs of each country, given that install costs have a high
correlation with LCOE (~0.80). Low-cost locations are more favoured from reductions
in the degradation rate and module cost, whilst high-cost locations are more benefited
from improvements in initial efficiency, lower discount rates and reductions in install
costs. Also, some improvements in location parameters show greater LCOE
reductions depending on the device parameters. For example, devices with low
degradation rate are more benefited from DCR reductions than devices with high
PCEi, but devices with increasing PCE; are more benefited from module cost
reductions than devices with decreasing D or B. Ultimately, Emerging PV modules
with a good balance of initial efficiency and degradation like the devices here analysed,
can deliver competitive LCOE values even in locations like UK with very low PV yield,
Japan with very high utility costs, or South Africa with very high DCR. These LCOE
values can be reduced even further if they are combined with reductions in the
parameters from the previous sections (module cost, DCR and install cost per panel),
making OPVs and PVKs a very interesting option in the up-scaling electricity global
market. Additionally, it was shown that machine learning methods can be useful to

help assessing the feasibility of emerging PV technologies at different locations.
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CHAPTER 8
CONCLUSIONS

8.1 Conclusions

Emerging PV technologies such as OPVs and PVKs have the potential to
disrupt the PV market due to their ease of fabrication (compatible with cheap roll-to-
roll processing) and installation, as well as their significant efficiency improvements
over the last few years. However, rapid degradation is still an issue present in many
emerging PV devices, and it must be addressed so these new solar harvesting
technologies can become widely commercialised. This thesis focused on showing an
OPV lifetime enhancing technique by adding the insulating polymer PMMA to the
active layer, and quantifying the impact of degradation (alongside efficiency and cost)
upon LCOE in real world emerging PV installations. A summary of the main

conclusions is presented below.

The effectiveness of an ISOS-D-1 lifetime enhancing technique was studied by
varying the concentration (wt%) and molecular weight (Mw) of PMMA added as a
ternary component in P3HT:PCs1BM OPVs. It was found that either increasing the
wt% or Mw of PMMA lead to larger PMMA-rich domains. This resulted in a total higher
volume of isolated PMMA, which provided increased protection against water vapour,
which would otherwise cause increased trapping and charge recombination, and thus
effect Jsc and FF. However, these parameters had a slower degradation when PMMA
wt% or Mw was increased. These findings suggested that large, widely spread PMMA-
rich zones are most effective at extending OPV lifetime, thus providing design criteria

for future ternary OPV devices.

The efficacy of the ternary PMMA technique was also tested on a different OPV
system consisting of PTB7:PC71BM, but the results were not as good as those
achieved by P3HT:PCs1BM OPVs. For example, the improvements in lifetime were as
high as a factor of 2 without significantly effecting the initial efficiency of P3HT-based
devices, while a lesser factor of 1.3 and an initial PCE drop of >50% was observed for
PTB7-based devices. The morphology was discarded as the cause of the differences

in initial performance and lifetime behaviour, because adding PMMA to PTB7-based
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OPVs resulted in the appearance of domed regions which grew in size when the
PMMA Mw was raised, similar to what was observed in P3HT-based devices. One
significant difference between the initial set of PTB7-based and P3HT-based devices
was the use of the additive DIO in the former. The addition of DIO has been proven
to cause increased photo-bleaching and shortened the lifetime of the PTB7-based
devices. When further PTB7-based OPVs were fabricated without DIO, the lifetime
enhancement by PMMA was again observed, although not to the same extent that it
was observed in P3HT-based OPVs. By analysing the gathered evidence from this
and other studies, it was hypothesised that the compatibility between PMMA and the
donor polymer is the reason why adding the inert polymer is more effective in some
blend systems than in others, preferring crystalline polymers (P3HT) over amorphous
polymers (PTB7).

While integrating PMMA as a ternary component can boost lifetime in a variety
of donor:acceptor systems, its efficacy varied and was negatively impacted by the use
of the processing additive DIO. An ethanol washing treatment was used in an attempt
to remove the negative lifetime impact of DIO, but was not successful, as it had no
clear effect in the morphology, initial efficiency, degradation or absorption of the OPVs.
It was thus concluded that removing residual DIO is very difficult and may require more
complex techniques than washing the active layer with ethanol, at least for the
combination of blend films, additives and processing conditions considered in this

thesis.

To quantify the impact of emerging PV degradation upon LCOE in real world
installations, a novel model was developed taking into account realistic degradation
profile sourced from an eight-year (Jan 2013 - Dec 2020) literature review of state-of-
the-art OPV and PVK devices. Further, the competitiveness of these emerging PV
devices were assessed for a realistic grid-scale PV installation of 5.5 MWp in the case
study location (Fiji), which was chosen due to its high insolation values, interest in
adding PV capacity and availability of data required as input for the model. It was
found that optimal strategies to improve LCOE depend on the present characteristics
of a device (i.e. initial efficiency, burn-in, degradation rate and module cost). For
example, a 7.5% PCE; module with low module cost of 0.12 USD/Wp provides the
same LCOE that achieves a 25% PCE; module with high module cost of 0.75 USD/Wp,

but only the latter would be greatly benefited with further module cost reductions.
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The LCOE model results also showed that panels with a good balance of
efficiency and degradation were in many cases better than panels with higher PCE;
but higher degradation as well, demonstrating that to provide quantitative suggestions
on how to minimise the LCOE of new PV technologies, a holistic approach including
degradation and costs must be considered, and not only the initial efficiency (current
focus of many studies). LCOE results of specific OPV and PVK devices also
suggested that these technologies can compete on wholesale electricity markets if
cell-level parameters can be scaled up to module-level.

The environmental impact of emerging PV panels was also briefly analysed. It
was shown that emerging PV devices have the potential to compete with the embodied
carbon values of Si PV, despite most emerging PV installations currently require larger
areas and panel replacements due to their lower efficiencies and higher degradation
rates. However, the embodied carbon values provided by Si PV were beaten by the
champion OPV and PVK devices, showing that future PV installations may result in
the reduction of thousands of tonnes of CO2 equivalent emissions per 20-year project

if modules can mimic the cell characteristics.

Finally, an LCOE analysis was carried out for eight countries all around the
world to cover a range of economies and insolation levels, and evaluate the potential
of emerging PV in each place. The optimisation strategies were mostly linked with the
utility costs of each country, given that total install costs had a high correlation with
LCOE (~0.80). Average, champion and specific state-of-the-art OPVs & PVKs LCOE
results showed that technological improvements effect different countries to different
degrees, e.g., Installations in India are less sensitive to changes in PCE; than in Japan.
In general, it was found that low-cost locations were more favoured from reductions in
the degradation rate and module cost, whilst high-cost locations were more benefited
from improvements in initial efficiency, lower discount rates and reductions in install
costs. For example, if shelf life improvement by factor 2 from Chapter 4
P3HT:PCe1BM:PMMA OPVs can be kept in operational lifetime of Chapter 6-7
standard emerging PV (PCEi=10%, B=40%, D=10%/year to D=5%l/year), while
reducing module cost (e.g., from 0.245 to 0.1225 USD/Wp) due to PMMA reducing
active material requirements, different levels of alone efficiency improvement would
be required to match the resultant LCOE depending on the location. India would

require improving PCE; to ~21.3%, whereas Japan would only require improving PCE;
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to ~13.7%. These findings showed that locations had different ideal optimisation
strategies, and that tuning parameters of future commercial emerging PV panels may

be necessary to achieve the lowest possible LCOE of a given location.

8.2 Future research suggestions

Emerging PV is currently an exciting field of research and there are many
aspects that can be studied and improved to accelerate its commercialisation. Two

future work suggestions are presented below:

Ternary OPVs by adding insulating polymers to devices with Non-Fullerene
Acceptors (NFAs)

The discovery of the non-fullerene acceptor (NFA) material, ITIC in 2015 was a
breakthrough in the OPV field and has allowed a rapid increase in device efficiency
over the last few years.! However, recent review articles have focused in highlighting
the importance of reducing degradation, as NFA OPVs instability is one of the major
barriers to their commercialisation.?* These reviews show that degradation arising
from oxygen, irradiation and interfaces has been tried to be reduced by different
strategies, such as molecule design and passivation of interlayers. However, stability
improvements have not been enough to reach commercial levels. Therefore, using a
ternary approach like the one described in Chapter 4 of this thesis could be an
interesting option to improve the lifetime of NFA OPVs. Previous findings such as
insulating polymer (PMMA) large domains and compatibility with crystalline polymers
should be considered, but experiments could be taken further by for example, pushing
PMMA amount to a maximum limit without losing its benefits and encapsulating the
devices for accelerated aging tests. Combining the effects of the PMMA method with
other literature strategies may result in NFA OPV devices with a lifetime long enough

to be considered for real life applications.
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LCOE assessment with updated costs for building integrated applications

LCOE models are becoming more popular as a technique for demonstrating
both the commercial benefits and the issues that new PV devices face. Previous
models®>® have been used to assess the impacts of module efficiency, manufacturing
processes and panel replacements, although none of them have considered the
complex degradation behaviour of emerging PV. Unlike those models, the LCOE
model developed in Chapter 5 did consider realistic degradation characteristic of
emerging PV devices, and was useful to quantify the economic and environmental
impact of emerging PV parameters (Chapter 6) as well as to identify ideal optimisation
strategies depending on the location (Chapter 7). However, this model can still be
updated and applied in different applications. For example, researchers and industry
partnering can lead to the development of novel materials and more efficient
processing, thus impacting the manufacturing and installations costs of emerging PV.
These inputs could be applied in the LCOE model not only for typical ground-mounted
or roof installations, but also for more rare applications like building integrated panels.
Updating the model with more specific cost information could result in LCOE analysis
demonstrating the feasibility of emerging PV in certain building integrated applications
where a higher degradation and lower efficiency than Si PV is acceptable, as long as
panels are cheap, flexible and easily installed. Ultimately, publishing well-validated
results in the right channels may attract the attention of investors and accelerate the

commercialisation of emerging PV, even if only at niche markets.
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Figure Al Contour plots of predicted LCOE as a function of (a) initial efficiency, PCE; and

burn-in, B assuming module cost 0.245 USD/Wp; (b) Module cost and B assuming PCE; =

10%; (c) PCE; and module cost assuming B = 40%. In all cases D = 2%l/year is assumed

with no panel replacement in 20-year project.
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Figure A2 Predictions of LCOE as a function of module cost for panels with (a) PCE; =
20% and (b) 30% assuming burn-in B = 40% (closed) or 10% (open), with D = 10%/year

(triangles), 2%/year (circles) and 1%l/year (stars). Panels with D = 10%/year are replaced

every 5 years, and the remaining have no panel replacement in 20-year project.
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Table B1 Location parameters individual values.

Basecase
Basecase o Module
. Peak Utility-scale Utility-scale Module cost
PV PV Yield Peak sun - Emerging PV .
. . sun Silicon PV cost Emerging
Location Yield avg h hours avg | Total i
max? location? ours 1 Jocation? Tota Installation silicon PV PV
max? Installation Cost (USD/kW)® | (USD/KW)
(USD/KW)? Cost a1
(USD/KW)3
USA 1997 1558 2049 1710 1221 1107 358
Japan 1512 1223 1419 1346 2070 1864 451
India 1886 1568 2022 1842 618 585 278
Sogth 2074 1826 2241 1994 1321 1009 557
Africa 245
Brazil 1886 1562 2166 1829 1255 1194 306
Spain 1788 1568 1773 1649 800 685 360
UK 1119 913 1189 976 1018 900 362
Australia 1978 1802 2341 2010 1236 1187 294
Install Install
cost per cost per . Emerging | Silicon PV | Emerging | Silicon PV
. panel panel Inverter | DCR | Inflation | 5} coE | [cOE max | PVLCOE | LCOE avg
Location L : cost (%) rate . . ; .
Silicon Emerging (USD/KW)3 8.9 (%) max yield yield avg yield yield
PV (exc. PV (exc. (USD/kWh) | (USD/kWh) | (USD/kWh) | (USD/kWh)
panels)? panels)?
USA 353.83 353.62 68.4 6.5 1.8 0.3014 0.0690 0.3833 0.0885
Japan 663.79 663.82 223.7 4 0.5 0.5516 0.1250 0.6793 0.1545
India 139.40 139.56 444 9 7.7 0.2298 0.0589 0.2777 0.0715
i?rﬁ‘ég 313.24 313.24 89.8 115 41 0.3325 0.0987 0.3755 0.1118
Brazil 389.09 389.24 71.2 9 3.7 0.3869 0.0903 0.4622 0.1088
Spain 180.40 180.58 57.4 5.5 0.7 0.2094 0.0499 0.2376 0.0569
UK 268.96 268.69 54.8 5.75 1.7 0.4228 0.1004 0.5111 0.1230
Australia 386.22 386.21 62.5 5.75 1.6 0.3092 0.0669 0.3356 0.0733
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Table B2 LCOE and project costs of India with higher install cost per panel (same as JPN).

LCOE Module Panel Install cost per Project price Project price with | NPV Total NPV Total
PCEi | D B (USD/KWh) cost cost, panel (exc. exc. panels, these panels, Costs, Generation,
(USD/Wp) usD panels) uUsD uUsD usD kWh
10 10 | 40 0.8477 21,480,875 22,826,532 33,271,791 39,250,128
20 10 | 40 0.4872 10,740,438 12,086,094 19,124,279 39,250,128
0.245 1,345,656 748.25 —— — — —
10 10 | 10 0.5700 21,480,875 22,826,532 33,271,791 58,369,576
10 1 40 0.5507 21,480,875 22,826,532 25,381,915 46,093,522
Table B3 LCOE and project costs of Japan with lower install cost per panel (same as IND).
LCOE Module Panel Install cost per Project price Project price with | NPV Total NPV Total
PCEi | D B (USD/KWh) cost cost, panel (exc. exc. panels, these panels, Costs, Generation,
(USD/Wp) usD panels) uUsD uUsD usD kWh
10 10 | 40 0.2681 4,390,338 5,735,994 11,945,441 44,563,428
20 10 | 40 0.1964
0245 1,345,656 152.93 2,195,169 3,540,825 8,753,585 44,563,428
10 | 10 | 10 0.1806 4,390,338 5,735,994 11,945,441 66,132,898
10 1 140 0.1543 4,390,338 5,735,994 7,950,019 51,536,644
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Figure B1 Normalised LCOE for specific state-of-the-art OPVs and PVKs

LCOE normalised to the lowest value of each location for OPV (orange) and PVK (blue)

modules with parameters extracted from degradation measurements shown as a function of

(1%t row) PCE;, (2" row) B, and (3" row) D for (1% column) India, (2" column) USA, and (3"

column) Japan. Each symbol represents a unique device, the materials and architecture for

which is listed in Table 6.1 of Chapter 6.
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Figure B2 Location specific OPVs, PVKs and Si PV LCOE
Champion (closed symbols) and average (open symbols) OPV (orange) and PVK (blue)

devices LCOE compared with Si PV (crossed symbols) LCOE of maximum (squares) and
average (circles) yield locations within USA (United States of America), JPN (Japan), IND
(India), ZAF (South Africa), BRA (Brazil), ESP (Spain), GBR (United Kingdom) and AUS

(Australia).
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