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Abstract

Metal halide perovskite (MHP) semiconductors are an extremely promising class of
materials for photovoltaic (PV) applications. The outstanding optoelectronic proper-
ties of MHPs and their relative ease of manufacture have caused much excitement in
the PV research and industrial communities alike. In turn, the solar-to-electrical power
conversion efficiencies of PV devices based on MHPs have continued to soar over the
past decade. Typically, and throughout this thesis, these are hybrid organic-inorganic
semiconductors which combine many of the best aspects of both inorganic and organic
semiconductors. Namely, their high charge-carrier mobility, long charge-carrier life-
times and diffusion lengths are typical of inorganic semiconductors, whereas their low
temperature processability and tunable optoelectronic properties are more typical of
organic semiconductors.

It has become apparent that the interfaces between the MHP semiconductor and the
organic semiconductors required as charge transport layers for full photovoltaic devices
are the limiting factor constraining the performance of perovskite solar cells. These
interfaces introduce additional, rapid non-radiative recombination pathways which are
detrimental to the open-circuit voltage of PV devices. Therefore, the highest efficiency
devices to-date are delivered via a process known as ‘passivation’ wherein an additional
chemical treatment is applied between the perovskite and the charge transport layer
to reduce non-radiative recombination at these interfaces. This process has pushed
the performance of single junction perovskite solar cells towards their radiative limit.
Regrettably, these passivation treatments can often introduce additional instabilities

into the device structure and hence are not suitable for long-term applications.
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More recently, as single-junction perovskite solar cells have neared their maximum
attainable efficiency, an increasing focus has been dedicated to wide (> 1.7eV) per-
ovskites which are suitable for tandem solar cells. Tandem solar cells significantly
raise the thermodynamic limit and so are able to deliver much higher power conver-
sion efficiencies. However, the wide bandgap perovskites perform significantly poorly
compared to their single junction counterparts. The reasons for this had been unclear
and are studied in detail herein.

In this thesis, I focus on understanding and improving the interfaces present within
MHP solar cells. In the first instance, a novel passivation strategy is implemented
for single junction devices and its influence on the optoelectronic properties of the
perovskite semiconductor and full devices is investigated in detail. Importantly, the
benefit of this passivation strategy is maintained over the course of harsh (85°C, full
spectrum AM1.5 illumination) ageing, a major advance in the field.

Following these investigations, the technologically relevant (for stable tandem solar
cells) methylammonium-free wide bandgap perovskite is investigated in detail. Com-
pared to their lower bandgap (< 1.6 eV) counterparts, these types of perovskites suffer
from higher levels of non-radiative losses constraining their efficiencies far below their
thermodynamic potential. The energy losses in MA-free high-bromide-content wide
bandgap perovskites are studied in detail. These perovskites are found to be charac-
terised by large non-radiative recombination losses in the bulk material and especially
that the interfaces with transport layers in solar cell devices strongly limit their open-
circuit voltage. In particular, the interface with the hole transport layer is discovered
to perform particularly poorly, in contrast to 1.6eV bandgap MHPs which are gen-
erally limited by the interface with the electron transport layer. To overcome these
losses, we incorporate and investigate the recombination mechanisms present with per-
ovskites treated with the ionic additive 1-butyl-1-methylpiperidinium tetrafluoroborate
([BMP]*[BF,]~). We find that this additive not only improves the radiative efficiency of
the bulk perovskite, but also reduces the non-radiative recombination at both the hole

and electron transport layer interfaces of full photovoltaic devices. The recombination
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processes in full devices are studied in detail, and directions for further enhancements
are suggested.

Finally, following the discovery that the hole transport layer is the limiting factor
in these wide bandgap devices, I focus on improving this interface in detail. I create
a novel hole transporting material developed by blending two commercially available
polymers. For certain blend ratios, the PV device performance is significantly enhanced
and the PV device physics of this system is investigated in detail. The structure and
basic optoelectronic properties of the MHP semiconductor is found to be insensitive to
the different polymer blends onto which it was deposited. The photophysical properties
of these polymer blend systems themselves are investigated in detail. While substantial
changes to the photophysics are observed, the reason for enhanced device performance

remain elusive and ought to be the focus of future research.
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Chapter 1

Introduction

1.1 Motivation - the Need for Sustainability

The world is on the precipice of a climate emergency. If humanity is to avoid the worst
effects of climate change, it is imperative that, by the year 2050, average global tem-
perature rises are constrained below 1.5 °C compared to preindustiral levels [I]. Tt has
been known for decades that changes to the climate are caused by human industrial
activity, most notably by the large-scale emission of ‘greenhouse’ gases such as carbon
dioxide (CO3) and methane. Despite this causal link being well-established, CO5 emis-
sions have continued to rise dramatically, with a 50% increase between the years 2000
and 2019 [2]. This is because energy consumption is vital to economic advancement
and hence human prosperity. Indeed, the energy consumed by a country is closely
linked to the gross domestic product (GDP) of that country [3].

According to the fifth assessment report of the Intergovernmental Panel on Climate
Change (IPCC), there are four major factors affecting global COy emissions, namely
population size, economic growth, energy intensity and emissions per unit energy gener-

ated [I]. T briefly summarise each of these factors below. Population growth is clearly a

driving force for increased emissions — basic human requirements such as food, clothing

and heating all contribute to the production of greenhouse gases. Simply put, more
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people requires more emissions. This is particularly striking given that the United
Nations (UN) predicts that the world’s population will be increased by ~ 40% to 11
billion people by the year 2100 [4]. As a result of this increasing population, global

COg emissions will rise over the coming decades. Economic growth is hugely beneficial

for society but is another key driving factor of emissions. Despite being drastically far
from evenly distributed, global GDP per capita is at its highest level ever [5], and the
proportion of those living in extreme poverty has concomitantly fallen to the lowest
value on record [6]. Economic growth is a key priority of all the world’s governments,
but it is especially important for developing countries. By growing their economies,
developing countries would be able to raise the standard of living for their citizens,
potentially lifting millions from poverty [6]. It would be massively unjust to expect
developing countries to cut their emissions, and hence stagnate their economies and
condemn their citizens to continued poverty. This is especially true since the wealthy
nations who would be demanding such an action are only wealthy because of histori-
cal emissions. Therefore, in my opinion at least, economic growth, particularly in the
developing world, must not be constrained to avoid wide-spread suffering. It is worth
noting that there are some indications that growth can be decoupled from emissions
in some well-developed countries (e.g. Sweden and the United Kingdom) [I], [7]. While
this bodes well for the long term, the link between economic growth and increased
greenhouse gas emissions remains strong.

The final two factors identified by the IPCC (energy intensity and emissions per unit
energy generated) describe how we can slow and eventually reduce CO4 emissions with-

out compromising on economic development or standard of living. Energy intensity is

a measure of how efficiently we use energy. Developing technologies that use energy
more efficiently, as well as organising society in such a way as to reduce waste, is a
priority to reduce greenhouse gas emissions. This encompasses everything from the
electrification of the transport network to more efficient insulation of homes and more.
Regrettably, however, simply reducing energy intensity will not be sufficient. No matter

how efficient a technology is, for as long as it needs power, it will generate emissions
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Figure 1.1: (a) Energy generation from different sources over time. Energy generated
from solar, despite rising exponentially, is still far behind energy generated using fossil
fuels. Reproduced with permission from Victoria et al. [9]. (b) The carbon intensity
1s giwven in grams of COq-equivalent emissions per kWh of electricity generated during
the lifetime of a typical type of generator (CSP = concentrated solar thermal power),
as per the IPCC protocol [1]. It is evident that renewables use far less carbon over
their lifecycle compare to fossil fuels which, despite recent progress, still dominate the
world’s energy generation. Figure and caption adapted from [10], @©) IOP Publishing.
Reproduced with permission. All rights reserved.

given the current methods in which energy is generated. Therefore the final factor,

emissions per unit energy, is vital and must be brought to zero as soon as possible.

Currently, the vast majority of the world’s power demand is satisfied by burning fossil
fuels such as coal, oil or natural gas, which are not only increasingly scarce, but also
generate significant COy emissions for each unit of energy generated [I]. Therefore,
reducing the world’s dependence on fossil fuels, and most especially coal, is the most
effective way of reducing CO, emissions whilst preserving human prosperity. Regret-
tably, the world is not doing nearly enough to keep fossil fuels, and the carbon they
contain, in the ground and as such the increase in global energy demand continues
to outpace decarbonisation efforts [8]. In the short term, reducing the world’s power
demand is not feasible as it would undoubtedly result in a significant downturn in GDP
across all economies and therefore a lower quality of life for potentially billions of peo-
ple. The solution, therefore, is meet the world’s energy demand by low- or zero-carbon

routes.
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1.2 Solar Energy

Solar energy is an extremely promising technology that has great potential to substan-
tially reduce the ‘emissions per unit energy’ factor, even being negative over the lifetime
of an installation. The solar resource is so abundant that in fact only 90 minutes of
solar radiation, if perfectly harvested, would be sufficient to satisfy the planet’s energy
demands. Even with the constraints of real technology, land area and materials abun-
dance, there are not expected to be any more bottlenecks for solar installation [9] [I1].
In addition, silicon-based solar panels are a mature technology and so are ready to be
rolled out on a world-scale. Despite these factors, energy generated from photovoltaics
(PV) lags significantly behind energy generated by fossil fuels, as can be seen in Figure
This is particularly troubling when comparing the ‘lifecycle carbon intensity’ of
fossil fuels with their renewable counterparts. Figure shows renewable energy is
roughly 10x less carbon intense over the lifetime of production than energy generated
from burning fossil fuels.

The good news is that the installed solar capacity, as seen in Figure [1.1a] is rising
exponentially. In fact, solar installations continue to outpace the predictions of the
International Energy Acency (IEA), as is shown in Figure . This is exciting —
not only is the rate of PV installations increasing, but it is increasing more rapidly,
consistently, than could have been predicted by the International Energy Acency. This
increasing rate of installation is driven by the price of solar energy falling precipitously
over the past decade. The so-called ‘learning rate’ describes how much cheaper new
installations of solar energy are as a function of the total installed capacity. Typically
this is described in cost reduction for every doubling of total installed capacity, and
this is the definition we use here. Since the mid-1970s, solar has maintained a learning
rate of over 25 % [0, [12]. Maintaining such a steep learning rate for so long is remark-
able, and was driven largely by improvements to the technology itself (i.e. efficiency
enhancements), the economy of scale and industry implementing research laboratory
developments [9, [13], as well as increased market competition driving down profit mar-

gins [14]. What is yet more remarkable, is that this learning rate is accelerating further,
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Figure 1.2: International Energy Acency (IEA) predictions for installed solar ca-
pacity (accounting for both photovoltaics (PV) and concentrated solar thermal power
(CSP) installations) from 2006 to 2018 are shown in coloured open circles. Consis-
tently, the actual installed solar capacity (black circles) has dramatically outstripped
the IEA’s predictions. Figure taken from [10] with permission. () IOP Publishing.
Reproduced with permission. All rights reserved.

and is estimated to be ~ 40 % since 2007, driven largely by standardisation, lifetime
enhancements to modules and reduced balance of systems costs [13]. In the following,

we briefly discuss how solar energy got here, and what the most crucial next steps are.

1.2.1 A brief history of solar

The history of photovoltaic cells is far longer than most realise. The common miscon-
ception is that PV burst onto the scene in the 1980s, however the first (reported) solar
cell was fabricated a century earlier in the 1880s. Scientists had noticed that selenium
had a very peculiar property — its resistance changed under light and this depended
on the kind and ‘strength’ of the light. Understanding this phenomenon proved to
be too challenging even for some of the greatest minds of the 19" century including
James Clerk Maxwell. Seemingly unperturbed by the mystery of it all, Charles Fritts

sandwiched selenium between two metal plates, the uppermost of which was semi-
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transparent gold. Just like that, the very first photovoltaic solar cell was made and
this was installed on a New York rooftop in the early 1880s [I5] — astonishingly early.
It would be nearly 100 years before a mature understanding of the operating principle
of this pioneering cell would be understood. The solar cell installed by Fritts was,
unsurprisingly, dismally inefficient at converting solar energy into electricity (< 0.5 %),
nevertheless, a seed was sown from which a zero-carbon future would begin to bloom.

Solar energy generation would be largely dormant for decades until a serendipitous
simultaneous arrival of the development of silicon and the space race which provided
the expertise and the funding necessary to make substantial developments. Perhaps
unsurprisingly, the first silicon based solar cell was developed at Bell labs, and achieved
an efficiency of ~ 6% [16] [I7]. However, despite this order of magnitude increase in
performance, meaningful power production for the average American was still a distant
dream. However, the US space program possessed, for all practical purposes, infinite
funds and was where solar saw its first ‘real world” application in satellites. Battery-
powered satellites could only survive for, at most, a few weeks before losing power
and becoming unoperational ‘space junk’. However, if power could be continuously
generated by solar panels, the lifetime of satellites could be extended for, in principle,
arbitrarily long times. Indeed, despite PV still being very much in its infancy, the first
satellite incorporating solar panels was operational for 6 years [18]!

While solar was firmly establishing itself in space-based applications, it took much
longer for the cost of producing power from PV to becoming feasible on Earth. Perhaps
ironically, it was the fossil fuel industry who first took a major interest in the use of solar
cells to reduce the maintenance costs for their oil platforms in the 1970s, more detail
can be found within Ref. [19]. At a similar time, PV was starting to be used to help
electrify developing nations which lacked grid-connectivity and where personal diesel
generators proved too unreliable. It was the French that pioneered the use of solar for
rural electrification by installing, in 1978, solar panels on all huts in French Polynesisa
[20]. However, main stream adoption of solar was hampered by successive American

administrations. John Perlins describes the situation of the relative neglect towards
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solar research well: “Although the President’s Materials Commission had proposed an
equally weighted research effort for solar and nuclear, the American government under
the incoming Eisenhower Administration and until Obama took office remained biased
towards the nuclear option. The discovery of previously unseen documents reveal the
strong support for solar, especially solar photovoltaics, by expert advisory groups to
various presidential administrations from FEisenhower to Reagan, only to be rejected
and suppressed by them to perpetuate support for fossil fuels and nuclear energy” [21].
Despite this neglect, the cost of generating power from solar continued to fall rapidly
[9]. The US would never manage to regain world-leadership in the solar industry due
to this multi-administration-long dismissal of the vast solar resource (over 30,000 TW
are available on land alone!), and this leadership was taken on by Japan, then Germany
and now China.

A particularly important innovation in solar was made by Markus Real, a Swiss
engineer. He realised that solar need not compete with centralised fossil fuel plants,
and could instead make the dispersed nature of solar energy work to the PV industry’s
benefit. He was one of the major pioneers behind rooftop installations such that each
building could generate its own power, in his own words: “It makes sense, absolute
sense. The roof is there. The roof is free. The electrical connections are there” [20].
This culminated with the installation of over 1 MW of solar across rooftops in Zurich.
This approach was taken up to immense success by Germany in the late 1990s and early
2000s. Germany required energy providers to ‘buy-back’ the surplus energy generated
by individuals at at least 457 euro/MWh for 20 years. This provided unprecedented
confidence in PV, with consumers more happy to cover the high upfront costs knowing
that they were guaranteed a long term return on their investment. This huge uptick in
demand lead to a surge in companies selling photovoltaic panels and investors poured
billions into this thriving industry. Regrettably, the PV industry was hit hard by the
financial crisis of 2008 when the demand for new installations dropped dramatically,
and many companies went bust. The loss on investment means that many are still

reluctant to invest in the industry, even to this day.
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Today, the solar industry has become largely based in China. It is now the case that
solar is the cheapest way to produce energy for many countries [9, [10]. Indeed, the ITEA
Photovoltaic Roadmap predicts that solar will be the dominant source of electricity by
2050 [22]. Indeed, if the trend in Figure continues, one might be hopeful that we

can achieve this milestone earlier.

1.2.2 The need for tandem solar cells

While there is undoubted cause for optimism, it is important to keep in mind that the
entire industrial system must be overhauled. The concept of a personal ‘carbon foot-
print’ was popularised by BP in 2005, shifting the responsibility from the large emitters
(such as themselves) to the average person. This propaganda was, and continues to
be, highly effective. However the scale of the problem simply does not support this
narrative. Back-of-the-envelope calculations show that if the average person in a well-
developed country caused no emissions across their entire life, it would reduce less than
1 second of the current global emissions. This is not to say individual, and particularly
societal, efforts are not important, but to demonstrate that a larger overhaul is neces-
sary. The most vital contribution we can make is to influence governmental policy and
to make a greener future a priority for those in positions to influence large scale change.
This includes the funding of existing technologies, but also investment in research and
development of new strategies to accelerate decarbonisation of the entire industrialised
world, and particularly help developing nations achieve prosperity without large-scale
emissions.

With the overhaul of the industrial system as our goal, energy generated from
zero-carbon strategies needs to be plentiful, and far cheaper than current fossil-fuel
based strategies. With this strong economic incentive, industry will naturally make
the transition to energy generated from renewables. ‘Tandem solar cells’, wherein two
suitable solar absorbers are electronically coupled to more efficiently harvest the solar
spectrum, have great potential in this area. They can, at a relatively low addition cost,

dramatically boost the efficiency attainable from PV modules, to over comfortably
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Figure 1.3: Schematic showing the light harvested by a single junction solar cell (left),
and a tandem solar cell (right). The use of tandem solar cells extends the solar spectrum
absorbed, and gives more energy per absorbed photon. These factors combined enable
far higher efficiencies from tandem solar cells than their single junction counterparts.

30 % [23]. The reason for this is shown schematically in Figure which shows
that a tandem solar cell is able to make use of a wider proportional of the available
solar energy. Moreover, for reasons discussed in detail in Chapter one actually
harvests more energy for each photon absorbed. These two factors combined result in
the dramatic efficiency boost afforded by tandem solar cells. This increased efficiency
means that significantly less land needs to be used or solar farms, while maintenance
and the balance of systems costs remain unchanged. This dramatically drives down
the cost to produce energy from solar. Tandem solar cells are not a new concept,
with their roots in the 1970s, but fabricating them was prohibitively expensive since
it required near perfect (epitaxial) growth conditions of suitable ITI-V semiconductors.
Recently, a new class of semiconductors, metal halide perovskites (MHPs), has emerged
with immense potential in this area. They are both suitable with the incumbent c-Si
technology, but have potential to be used in a so called ‘all-perovskite’ tandem. The

benefits of multijunction PV and metal halide perovskites is discussed in detail in the
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following chapter.

1.3 Aims of this Thesis

This thesis aims to provide a comprehensive overview of the motivation behind this
research and the physics underpinning the results. Earlier in this Chapter, we explored
the need for sustainability, described why solar was such an attractive source of zero-
carbon electricity generation and how perovskites fit into the developing picture of the
solar industry.

In Chapter [2| T provide detailed background of the physics which underpins to
results presented later in this thesis. It is intended that someone with little knowledge of
band structure and PV device physics will gain sufficient knowledge to understand the
experimental developments presented later in this thesis. I describe basic band theory,
charge-carrier generation and recombination, the thermodynamics of solar cells, and
practical limitations that reduce this efficiency. I then describe in detail the material
class of metal halide perovskite (MHP) from its first use in solar cells in 2009 to the
current state of the art. In particular, I provide an in-depth review of the literature
describing technologically-relevant (owing to their superior stability and suitability for
tandem solar cells) methylammonium-free wide bandgap (> 1.7 eV) perovskites.

Chapter [3] describes the experimental procedures used throughout the work pre-
sented within this thesis. A wide range of techniques were used, and this chapter gives
enough detail that the results in the later chapters could be reproduced.

In Chapter (4] the development and understanding of a thermally stable passivation
treatment is presented. Thermal stability, coupled with high performance, is a key
requirement for perovskite solar cells. The highest efficiencies to date are delivered
when the polycrystalline perovskite thin-film is ‘passivated’ by the addition of a new
chemical treatment. These treatments are designed to overcome the limiting interfacial
losses present within these devices. Regrettably, the influence of the vast majority these

passivation treatments is short lived, particularly under accelerated ageing conditions.
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In this chapter, I overcome this barrier by developing the use of benzylammonium
bromide (BenABr) as a surface passivation treatment which enabled perovskite solar
cells with power conversion efficiencies up to 19.5 %. Crucially, while the overall device
stack suffered from instability, the influence of the BenABr treatment was not lost over
the course of harsh (85 °C , AM1.5 illumination) ageing.

Chapter |5| describes in detail the recombination processes present within the most
stable wide bandgap (> 1.7 eV) perovskite solar cells. Explicitly, this concerns the
methylammonium (MA )-free perovskites fabricated in a p-i-n device architecture. The
Voc of devices based on these perovskites did not increase with the bandgap as you
would expect, and instead plateaued at ~ 1.2 V. The reason for this had been elusive,
but in this chapter, I uncover the reasons for the voltage loss, descovering that the
hole transport layer interface performs particularly poorly. Following this discovery,
I implement an effective mitigation strategy to overcome these losses. In addition, I
elucidate the next steps necessary for the field to make further advances.

Chapter [6] picks up on the developments made in the previous Chapter. In par-
ticular, I work extensively on developing a novel strategy for the hole transport layer
layer for methylammonium-free wide bandgap perovskites. This strategy involves the
blending of two commercially available polymers which yields outstanding enhance-
ments compared to the control case, as predicted from the major results within Chap-
ter [5] Whilst an in-depth PV device optimisation process was undertaken, this is
not discussed in detail. Instead, the physics of this new hole transport layer layer
is investigated in detail, along side the polymer blend / metal halide perovskite het-
erostructures.

Finally, concluding remarks and suggestions for areas of future work are given in

Chapter
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Chapter 2

Background and Theory

In this chapter, the fundamental of semiconductor physics is discussed and how this
relates to photovoltaic device applications. Following this introduction to solar cells
in general, the emergence of metal halide perovskites is discussed, and a short sum-
mary of notable developments is given. Finally, the developments in the sub-field of
methylammonium-free wide bandgap (> 1.7 eV) metal halide perovskites are discussed
in detail. This chapter is informed by ‘The Oxford Solid State Basics’ — Steve Simon
[1], “The Physics of Solar Cells’ — Jenny Nelson [2], and ‘Physics of Solar Cells: From

Basic Principles to Advanced Concepts’ — Peter Wiirfel and Uli Wiirfel [3].

2.1 Semiconductors

Semiconductors are the backbone for the modern world. They are the crucial element in
transistors, enabling efficient computation, light-emitting diodes, lasers and solar cells
to name but a few. The immense versatility and power of semiconductors comes from
the remarkable property, under certain circumstances, that they can switch between
being a good electrical conductor or an electrical insulator. At first glance, this property
might not seem overly significant, but it has profound consequences and has enabled
so much of the technological advancements the world had enjoyed over the past few

decades. Indeed, it has been so revolutionary that some say we are living in the so-
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called ‘silicon age’. In the following, I discuss the basics of semiconductor physics,

starting from a basic quantum mechanical treatment.

2.1.1 Band theory

To understand electronic devices, an in-depth understanding of band theory is required.
In an atomic system, electrons can only occupy certain allowed states, or discrete energy
levels. When two atoms are brought close together, the wavefunctions of the electrons
on the individual atoms can ‘spread out’, or delocalise, across the two atoms. Each
electron feels the influence of the others in the two atom states, and so new states form
and the wavefunctions (orbitals) are said to hybridise. These hybridised states have
slightly different energies, spatial distributions etc to the original atomic orbitals. A
similar process occurs in a crystalline material, in which there are ~ 10%* atoms per
cubic centimetre and so the wavefunction of the electron can spread out over many
atoms. This leads to new energy levels with a tiny difference < 10723 eV. This energy
difference is so small that it has a negligible effect for an electron moving between
one state and the next, and so these many, finely spaced orbitals form a continuum
of states. This is the process whereby atomic orbitals are said to spread out to form
‘bands’. A band describes the allowed states (energy and momentum) an electron can
have in the solid. The shape (i.e. curvature) and location of the bands is directly
informed by the constituent atoms, and crucially, has profound implications for the
material properties. In the following, we will show how bands arise, and see how these

inform electronic properties.

Free electrons

In free space, the energy of an electron is purely from its kinetic energy. Quantum

mechanically, this means the Hamiltonian, H,is given by

: (2.1)
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where m, is the free electron mass, and p is the momentum operator given by p = —1hAV
where h is Planck’s reduced constant [I]. In free space, the energy, E of the electron
is not changing in time (in steady-state) and as such we can use the time-independent

Schrodinger equation (TISE),

H|y) = Elp), (2:2)

where |¢) is the electron’s wavefunction. We can substitute the Hamiltonian from
Equation 2.1 into the TISE to solve the electron wavefunction. In one dimension,

this gives

h? 0?
B 2me 072

(z) = Ev(x), (2.3)

which can be easily solved to give

Y(z) o e * where k = \/2m.E/h2. (2.4)

While this above is a simple analysis, it reveals some crucial insights on which
we will build. Firstly, that free electrons, a particle, are behaving like plane waves
— we have recovered wave-particle duality! Secondly, we have seen that the electron
energy scales quadratically with its momentum, which we will be important later when
discussing electrons in crystals. It is important that the wavefunction is normalisable
(i.e. the chance of finding the electron somewhere is 1). This is achieved by including a
normalisation prefactor of 1/ V'L, which assumes our system is of size L. The normalised

wavefunction is therefore given by 1 (z) = %e‘““” (1L, [4].

Nearly-free electron model

Now we are interested in what happens in the presence of a small periodic potential,
such as that which an electron might feel inside a crystal. To understand its effect we

need to include a potential V' (x) into the Hamiltonian, which gives,

2.1. SEMICONDUCTORS Page 16
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}32

2m,

H= + V(x). (2.5)

Crucially, this potential is periodic, meaning that translation by any direct lattice
vector R (a vector that takes you from one lattice point to another in the direct
lattice) does not change the potential. Mathematically this is expressed as V(x+R) =
V(x). Since we are treating the potential as small, we can use perturbation theory to
understand its influence on the electron within the crystal. Therefore we will need the

Fourier components, which are given by

1 o
View = (K'|V]k) = 7 / dz e =Ty ()

1 —
=7 / dz e " FT Y (1 + R),

where |k) labels the state with momentum k, we have started from free-electron wave-
functions (since we are treating the problem perturbatively), we have reduced the prob-
lem to 1 dimension to make the analysis more straightforward and in the final step we
have used the periodicity of the potential. Now we can make a simple substitution of

y = = + R, which then gives

1 _
Vieas = (KIVIE) = - [ dye 10wy (2:6)
. / 1 ; /
= /IR / dy e " FF Y (y), (2.7)
= !BV | k). (2.8)

For this equation to be true, we require ¢!*~¥)% = 1 which is only true if k — k' = G,
where G is a reciprocal lattice vector (Laue condition) [I]. Therefore, the influence of
the crystal potential can only scatter an electron between momentum states that are
separated by a reciprocal lattice vector.

Now, we need to make use of perturbation theory to understand how this potential
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has affected the energy eigenstates of the system. Remember, the unperturbed energy

is given by

R

E(k) S

, (2.9)

to which the first order shift is given by

SEW = (K[V]k) = %/de(m) ~ 1

This is just a constant energy shift and is the same for each eigenstate, and so is not
particularly interesting. In fact, we will set this equal to 0 in the following to simplify
the mathematics. We can go further to find the second order shift in energy levels

using [4]

o (K VR)
SE > B0 — BV (2.10)
k'=k+G,
G#0

Now, since the energies of states E(k) and E(k’) can be extremely close, or even
precisely equal, the denominator in Equation can go to 0 and invalidate this
perturbative approach. To avoid this issue, we need to use degenerate perturbation
theory, in which we ensure the numerator in Equation is 0 whenever the de-
nominator is too, which removes this problem. As such, we need to ‘diagonalise the

degenerate subspace’, which occurs when

E(k) = E(K) (2.11)
k=K+G. (2.12)
Since we have E o k?, the solution to the above equations occurs when k = —k’ = n7/a

where n is an integer. This precisely describes the Brillouin zone boundaries. The

subspace to diagonalise is described by
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(k|H|k) = E(k) (2.13)
(K'|H|KY = E(K) (2.14)
(K| H|k) = Vip = Ve (2.15)
(k| H|K') = Ve = V§ (2.16)

where we have made use of Equations & [2.12] and we know that V_g = Vg
because the potential V() is real (see Equation [2.8]).

Now, since |k) and |k') = |k + G) are linearly independent, we know that any state
within this this degenerate subspace can be described by any linear combination of
the two states, or [¢) = alk) + |k + G) with |a|* + [3]*> = 1 to ensure the state is

normalised correctly. Now the system of equations we need to solve is

E(k) | % a a
Vo Ek+G)] \p 6}

I
)

(2.17)

where € is the perturbed energy state. This system of equations has non-trivial solutions

when the determinant of the matrix is zero, which gives the secular equation

(E(k) —e)(E(k+G)—¢) — |Vg]* =0. (2.18)

Precisely on the Brillouin zone boundary, we have F(k) = E(k+G) (Equation [2.11)).

This then simplifies to

Equation reveals some really powerful physics: the presence of a periodic po-
tential has caused a gap between allowed energy states of 2|V| at the Brillouin zone
boundary! This very simple model of a weak perturbation by a potential is sufficient

to give rise to a bandgap (a region with no available states), which has profound impli-
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cations which we explore later in this thesis. In fact, it is the presence of this bandgap
that enables the immense technological developments discussed briefly earlier in this
thesis. In this model, we can understand how this gap arises. For the higher energy
band, the wavefunction has its maxima (i.e. highest probability of finding an electron
in this region) at the position of maximum potential. This raises the energy compared
to the case with no potential. The lower energy branch has its maxima between the

periodic potential and so has a lower energy.

Bloch’s Theorem

However, in real crystals, the interaction between the electrons in the bands and the
atoms giving rise to the periodic potential may not always be considered as weak, and
so this perturbation approach should not, at first glance, be valid (certainly only going
to second-order perturbation is extremely unlikely to be sufficient).

One important property about electrons in crystals to stress is that ‘plane wave
momentum’ of electrons is not a conserved quantity, and instead the ‘crystal momen-
tum’ is. The crystal momentum is only known up to a factor of G, i.e. electron with
momentum hk and h(k + G) are physically identical. This arises from Noether’s the-
orem [5]: in the crystal, we no longer have arbitrary translational symmetry (as in
free-space), but instead the translation symmetry has the periodicity of the unit cell.
Therefore the conserved quantity (momentum) associated with this symmetry also has
the periodicity of the unit cell. This is true regardless of the strength of the periodic
potential.

Bloch’s theorem states that for each electron in a system, there is a basis of wave-

functions such that

— each of these wavefunctions is an eigenstate, and

— each of these wavefunctions can be written as W(r) = e u;(r), where k is the
crystal momentum, and wu; is a function with the same periodicity as the unit

cell. wuy is called the ‘Bloch function’ and ¥ the ‘modified plane wave’.
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Figure 2.1: Schematic of a modified plane wave from Bloch’s theorem in one dimen-
sion. The grey circles are the atomic positions, the black dashed line is the (real part)
of the plane wave, and the blue line shows the modified plane wave W(r) = e uy(r)
from Bloch’s theorem.

The power of Bloch’s theorem is that it tells us that even if the potential that the
electron experiences from each atom is large (and it is likely to be!), the electrons still
behave almost as if they do not see the atoms at alll They still almost form plane wave
eigenstates, with the only modification being the periodic Bloch function wu; and the
fact that momentum is now crystal momentum [I]. This is what justifies a lot of our

future analysis pertaining to plane-like waves for electrons moving through crystals.

2.1.2 Semiconductor under illumination

We have seen how bands can arise in a semiconducting material, and in their most
basic form they describe the allowed states (energy, momentum combinations) that
an electron can have in a system. However, the bands have a profound effect on the
resulting electronic properties of the material. The distribution and occupation of
the bands in a material determine whether a material is an insulator, semiconductor,
semimetal, or metal and the curvature of the bands describes how easily electrons can
move, quantified through the effective mass, m*. We explore these properties below.
In the following, we are going to assume parabolic bands, and a 3D material. Fur-
ther, we are going to consider the valence and conduction bands only. This is justified
since, in all cases investigated in this thesis, all bands below the conduction band will
be fully occupied (these are called ‘core levels’), and so electrons are not free to travel

within these bands. Any band above the conduction band is assumed to be entirely

2.1. SEMICONDUCTORS Page 21



CHAPTER 2. BACKGROUND AND THEORY

empty since, for the materials investigated in this thesis, there are few photons within
the solar spectrum that have sufficient energy to promote an electron from the valence
band to any other band than the conduction band. Moreover, any electrons gener-
ated in a higher band than the conduction band are likely to rapidly relax back to
the conduction band minimum. However, even this simplified picture yields deep and
rich physics. Furthermore, when an electron is promoted from the valence band into
the conduction band it leaves behind a ‘hole’, an abstraction, or quasi-particle, which
possesses the same energy and momentum as electron in the same location in the va-
lence band, but has positive charge. In semiconductor physics, it is often much more
convenient to consider holes as fully fledged charge-carriers rather than tracking the
unpromoted electrons left in the valence band. I will adopt this approach throughout
this thesis.

An extremely important property of a semiconductor — especially for solar applica-
tions — is its bandgap, F,, defined as the difference between the maximum energy of
the valence band (&), and the minimum energy of the conduction band (e.), expressed

mathematically as

Ey =e.—¢y. (2.20)

Next, it is important to determine the occupation of bands at a given absolute
temperature T'. Several factors are important during this derivation, including the
chemical potential y (sometimes called the ‘Fermi level” in the context of semiconduc-
tors), which describes how much energy is required to add/remove an electron to/from
the system and the density of states within the conduction and valence bands. In the
following, we will use an effective mass for holes mj in the valence band and electrons

*

m? in the conduction band. Since we have assumed that the bands are parabolic, the
effective mass is a constant in each of the bands. However, it is worth noting that this
is not true in reality and the effective mass is a function of k (i.e. where in the band an
electron is), and can be anisotropic. More fully the effective mass for electrons would

e

be a tensor whose ;™ component is given by h? [(m*)_l}ij = 0*E/0k;0k; [1].
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The density of states per unit volume as a function of energy in the conduction and

valence bands are given by, respectively [1],

@me)*”

gC(E > €C> = 27T2h3 E — & (221)
(2m:)*?

(B <ey) 2W§h3 e, — E. (2.22)

It is in these expressions that we have assumed that the bands are parabolic (i.e.
E o< k?). Given electrons are fermions, they ‘stack up’ following the Fermi occupation
factor (ng) to occupy a band, since they are subject to the Pauli expulsion principle.
However, this is only relevant for extremely low temperatures, and for the most part

Boltzmann statistics suffice. Quantitatively, this is the statement that

1 osEw

ne(E,p,T) = FED 1 :

(2.23)

where = 1/kgT. The approximation within Equation holds for B(E —p) > 1,
or for temperatures that are sufficiently low so there are only few electrons in the
conduction band. We can now work out the density of electrons in the conduction

band (n(7')) and holes in the valence band (p(7')) according to

() = [ el B T) () B, (2.24)
o) = [ 1= el T 0o () (2.25)

The one minus the Fermi occupation factor in Equation (factor in square brack-
ets) originates from the probability a state is occupied by a hole is in fact the probability
it is not occupied by an electron. In the following, I will continue with Equation |2.24],
but a perfectly analogous analysis is possible for the case with holes. Next, we will
utilise the approximation in Equation [2.23| and assume a fixed chemical potential,

yielding
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* o B(E-) (2mg)*"?

/ e PE-W\/E — ¢ dE. (2.26)

Next, we can make a substitution ¢ = E — ¢, so we arrive at

2m2)3/2

n(T) = (%Thge—ﬁ(&—m /D e P\ /e de. (2.27)

The integral in this equation can be readily evaluated, giving %6*3/ 2/m. With this,

we are now in a position to calculate the density of electrons in the conduction band

1 2miks T\ s

and the analogous expression for holes in the valence band is

1 (2miks T\ . _
p(T) = (;Tf) e, (2.29)

The prefactors in these equations are often written as V. and IV, respectively to denote
the so called ‘effective density of states’ in the conduction and valence bands. Things
to notice are, firstly that N, and N, vary relatively slowly with temperature, whereas
the populations n or p have an exponential dependence on temperature, which strongly
impacts solar cell performance, as will be discussed later. Secondly, the effective density
of states encoded within N, and N, is determined from the effective mass of charge
carriers within that band. The effective mass is determined from the curvature of the
bands, and so the shape of the bands directly informs the density of states, and so
number of carriers within a band and the physics of the system as a whole.

A critical parameter in semiconductor physics is the ‘np product’ which is constant
regardless of doping density, which is also called the Law of Mass Action. This is given
by

n? =n(T)p(T) = N.N, e e (2.30)
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where n; is the intrinsic carrier-density and is related solely to the effective density
of states in the valence and conduction bands, the bandgap of the material and the
temperature.

For the special case of an intrinsic (undoped) semiconductor, we have that each
electron in the conduction band ‘left behind’ a hole in the valence band, so n(T") = p(T),

which means that

n(T) = /n(T)p(T) = \/N.N,e s/, (2.31)

or equivalently

T “\ 3/2
) e
h

This allows us calculate the chemical potential of an intrinsic semiconductor as a

function of temperature as

me

W(T) = %@c +ey) o+ %(/ﬁm In (mﬁg) , (2.33)
which is typically very close to the middle of the bandgap. Doping the semiconductor
with electrons shifts the chemical potential nearer the conduction band, and similarly
doping with holes shifts the chemical potential nearer the valence band. This effect is
shown schematically in Figure [2.2]

With this knowledge, we can understand how a semiconductor behaves under illumi-
nation. So far all of our analysis has concerned a semiconductor in thermal equilibrium
and in the dark. It is important for photovoltaic applications to consider the case of
a system out of equilibrium. This is because the basic premise of a solar cell is to
convert solar energy into electrochemical energy (i.e. electrons in an excited state)
which is then harvested. Detailed discussion concerning absorption and charge carrier
recombination processes are not required in the following, but more detail is given in

Section 2.1.3]

When a photon is absorbed promoting an electron to the conduction band, the
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Intrinsic n-doped p-doped
CB CB CB
___________________ u
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_______________ 7]
VB VB VB

Figure 2.2: Schematic showing the effect of doping on the chemical potential (Fermi
level) position, p. The solid lines donate the location of the conduction band (CB)
minimum and valence band (VB) mazimum. For an undoped, intrinsic, semiconductor
the chemical potential lies very close to mid-bandgap according to Equation (left
panel). Doping with electron donors results in n-doping and the chemical potential is
shifted towards the conduction band (middle panel). Similarly, doping with electron
acceptors results in p-doping and the chemical potential is shifted towards the valence
band (right panel).

free energy of this electron has been raised. We will assume that the electrons in
the conduction band and holes in the valence band form a quasi-thermal equilibrium,
but each with a different chemical potential or quasi-Fermi level. The increase in the
electrochemical potential of such a system is given simply by the Gibbs free energy,
NAp, where N is the number of electrons promoted and Ay is the difference in chemical
potential for holes in the valence band and electrons in the conduction band. A, which
is zero at equilibrium as per our previous analysis, is often called the quasi-Fermi level
splitting (QFLS), which is the terminology I will use for the rest of this thesis.

In more detail, under above-bandgap illumination, the population of electrons in
the conduction band is higher than in the dark. As discussed later in Section [2.1.3]
this population will be in a (quasi)thermal equilibrium near the band edge, but about
a new chemical potential, or quasi-Fermi level. This quasi-Fermi level for electrons in
the conduction band (Efg,), will be closer to the conduction band than the chemical
potential in equilibrium. In much the same way, the populations of holes in the valence
band will be increased, and this population will also be in a quasi thermal equilibrium
near the valence band edge with a new chemical potential. This is the quasi-Fermi

level for holes in the valence band (Er,), and will be closer to the valence band edge

compared with the chemical potential in equilibrium. Mathematically, we can express
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the populations of excited electrons in the conduction band (ne. (7)) as

Nexe(T) = Ne e PEePra) (2.34)

and excited holes in the valence band (pex.(7")) as

Pexc(T) = N, e PErp=ev) (2.35)

The product of the excited electron and hole populations is

NexcPexec = NCNV eiﬁ(667sv) eB(EFniEFp) = n? e(EFniEFP)/kBT. (236)

The quantity Ep, — Ep, is precisely the QFLS. Its importance arises since it is
directly related to the population of free carriers within the semiconductor and the
electrochemical potential energy that these carriers possess. By rearranging Equation
2.36], we can see how the QFLS is related to the charge carrier population within the

semiconductor as

2
QFLS = Ey, — By, = ksTn (”an) = kpTIn <%) (2.37)

i i
where in the last step we have set Ny = Pexe = 1, Which is valid for high level injection

and low doping density.

2.1.3 Charge-carrier recombination

Understanding recombination of charge carriers in semiconductors is vital since re-
combination underpins the working principles of many (opto)electronic devices. For
example, the charge carrier lifetime describes the time in which a carrier must be
extracted in a solar cell before a competing recombination process occurs and the exci-
tation is lost. In this Section, I will focus on how charge-carrier recombination affects
solar cell operation. This Section is inspired by Refs. [11 2, [6] [7].

Absorption can occur when an above bandgap photon is incident on a semiconduc-
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tor. The absorption coefficient, «()), determines how likely a photon of wavelength
A is to be absorbed within a certain depth. As stated earlier, but repeated here for
completeness: the absorption of an above bandgap photon promotes an electron from
the valence band into the conduction band. This leaves behind a ‘hole’, an abstraction,
or quasi-particle, which possesses the same energy and momentum an electron in same
location in the valence band, but has positive charge. In semiconductor physics, it is
often much more convenient to consider holes as fully fledged charge-carriers rather
than tracking the un-promoted electrons left in the valence band. I will adopt this
approach throughput this thesis. Several processes can occur following absorption we

I discuss briefly below.

Excitons

If the Coulombic attraction between the electron and the positively charge hole is suf-
ficiently large, an exciton could form. An exciton is a quasi-particle that can transport
energy, but no net-charge. Forming an exciton is a stabilising process in that it re-
quires slightly less energy to form an exciton than it does to generate free electrons
and holes. The electron-hole pair in an exciton have a hydrogen-like wavefunction, but
modulated for the electron and hole effective masses, m?, m;, respectively, and the elec-
trostatic screening within the semiconductor, characterised by the relative dielectric

permittivity, €,. The exciton binding energy is given by

/
1
Ex = Ry x —x (2.38)
Mme €2
where Ry = 13.6 eV is the Rydberg energy, i/ = mim; /(m%+m;]) is the reduced mass

of the electron-hole pair (the prime is to be distinct from the mobility), and m, is the

free electron mass. The radius of the exciton is given by

ax = ag X ﬁ/e X €, (2.39)
!

where ag = 0.529 nm is the Bohr radius. Since most MHPs possess relatively high
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dielectric permittivity and low effective masses, by considering Equations &
we can conclude that there will be low exciton binding energies and the exciton
radius is large. Critically, the exciton binding energy is below the thermal energy at
room temperature (and well below normal operating temperatures for solar cells). As
such, electron-hole pairs quickly dissociate into free carriers and the role of excitons is
minimal in most of these materials at one sun carrier-densities [6H8]. T note that this
is not the case for all MHP semiconductors, i.e. 2D or nanocrystalline perovskites [g].
However, these classes of MHP semiconductors are not the focus of this thesis and so

are not discussed in more detail.

Thermalisation

Thermalisation is a process wherein the an excited electron in the conduction band (or
hole in valence band) rapidly relaxes to the band edge. During this relaxation process,
the electron (or hole) loses energy by generating one or more phonons — quasiparti-
cles of crystal vibration that carry energy and momentum. The emission of phonons
is equivalent to heating a system, hence the term ‘thermalisation’. Strictly speaking,
thermalisation is the process of reaching thermal equalibirum, and so can include cool-
ing processes as well. This process is extremely rapid (fs time scale), and hence carriers
typically lose their excess energy due to thermalisation before other processes occur.
Indeed, these so-called thermalisation losses are a major consideration in the thermo-
dynamic, detailed balance upper limit for the efficiency of a solar cell, as discussed in
Section 2.2.2]

Following thermalisation, there will be a population of free charge carriers near
the band edge. This concentration of excess free carriers, n(t), will recombine through
different competing mechanisms. Some of these recombination pathways are avoidable,
e.g. trap-mediated due to imperfect materials, and others are unavoidable including
Auger and radiative recombination [2]. For the special case of MHPs, the recombination
of the excess charge carrier density can be accurately described by the volumetric rate

equation [6] [7, (9] [10]
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a Trap-mediated b Bimolecular C Auger

VB1 VB1 VB1 VB1

Figure 2.3: Schematic describing charge-carrier recombination processes within a
semiconductor. (a) Schematic of the trap-mediated recombination process depicting an
electron-trapping process. This process only involves a single carrier, and a ‘trap’, ex-
plaining the dependence on n only. Once captured, the electron will either be de-trapped
(perhaps by thermal effects), or will return to the valence band (where it annihilates
a hole) by emitting a series of phonons. I note detrapping is not included in the sim-
plified rate equation used here which assumes trapped carriers recombine instantly. (b)
Bimolecular recombination is a radiative process in which an electron from the con-
duction band recombines with a hole in the valence band — hence the n? dependence.
This excess energy is emitted as a photon, explaining why this is often called ‘radiative
recombination’. (c¢) Auger recombination is a ‘many body’ process and is nonradia-
tive (a loss process). Auger recombination involves either two electrons and a hole (as
shown) or two holes and an electron, and so depends on n3. In this process, an elec-
tron recombines with a hole in the valence band, but the energy is transferred to a third
charge-carrier instead of being emitted as a photon. This third carrier can be promoted
into a higher band (right), or interact with a phonon to transfer momentum. Figure
taken from [6]] with permission.

i—? = —kin — kon® — ksn?, (2.40)
where k; is the monomolecular, trap-mediated recombination rate, ks is the radiative,
bimolecular band-to-band recombination rate, and k3 is the Auger recombination rate.
In this equation, we have assumed that there is an equal population of electrons and
holes (n. = ny = n), which is valid for an undoped semiconductor with a low ther-
mal population of carriers compared to photogenerated carriers, and we have neglected

excitons as justified earlier. Later in this Section, derivations and more detailed discus-

sion is provided to justify the form of Equation [2.40, These three processes together
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all contribute to a total recombination rate R(n(t)) which is described by

R(n) = ki + kon + ksn®. (2.41)

This recombination rate describes how long an excited charge-carrier persists in a
semiconductor. In Figure the separate contributions to the recombination rate
are plotted. At low charge-carrier densities (n < ko/k1), monomolecular recombination
(shown in blue) dominates. In this regime, R ~ k; for a wide range of charge carrier
densities and most recombination is trap-assisted (which is most likely non-radiative).
At intermediate charge carrier densities (k2/k1 < n < k3/k2), most recombination is
bimolecular, and the Auger recombination becomes dominate at high charge carrier
densities.

The recombination rate and the charge carrier mobility, fimep, Will determine how

far a charge-carrier can diffuse on average. This is called the diffusion length (Lp), and

/flmokaT
Lp =4/ ————— 2.42
D \/ R(n)e ’ (2.42)

with e being the charge of an electron [6l, 9l 10]. Increasing the charge carrier diffusion

can be estimated as

length is a key strategy to improved solar cell performance since charges become more
likely to reach the correct electrode and so can be extracted as current.

In solar cells under typical working conditions, i.e. under AM1.5 illumination (dis-
cussed in Section , the charge carrier densities within the semiconductor are
of the order 10 — 10'® ¢cm™3 [6, [7]. In such a regime, for most MHPs, we have
k1 > kon, ksn?, and as such k; is the dominant contributor the recombination rate in
Equation [2.41] as can be seen in Figure [2.4] Therefore, minimising k;, or more pre-
cisely the severity of trap-mediated recombination, is critical to enhance optoelectronic

properties and solar cell device performance [2, [3].
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Figure 2.4: Recombination rate, R(n) (equation , of free carriers in a semi-
conductor as a function of charge carrier density, n. The monomolecular (blue), bi-
molecular (green) and Auger (purple) contributions have been plotted separately and
their sum is plotted in black. At low charge carrier densities (n < ko/ky ), trap-mediated
(monomolecular) recombination dominates and R(n) =~ ky. At intermediate charge
carrier densities (ka/k1 < n < ks/ks), most recombination is bimolecular, and the
Auger recombination becomes dominant at high charge carrier densities. ky = 10° s71,
ky = 10719 em3s7t, kg = 10728 emSs—! were used as inputs as they are typical for MHP
semiconductors [7)].

Recombination via a trap state]

A schematic of a trap-assisted process is shown schematically in Figure [2.3. The
nomenclature of ‘trap’ arises since the previously delocalised conduction band electron
or valence band hole are captured by a spatially localised defect. The terminology
‘monomolecular’ and trap-assisted recombination are largely used interchangeably in
the field of MHP semiconductors, but this is not strictly accurate, since trap-mediated
recombination always an electron and a hole as we will see later in this section. The

nomenclature ‘monomolecular’ really refers to the process being linear in n which can

!This is often called the ‘Shockley Read Hall’ recombination. However, due to Shockley being
a well-documented racist and eugenicist [IT, 12], I refuse to associate his name with the physics
throughout this thesis, and I encourage anyone reading this to do likewise, as is becoming more
commonplace in the field [12]. T will use alternative names for any formulae, or similar, named after
him throughout this work.
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be the case for trap-assisted recombination as will be demonstrated later in this sec-
tion. The rate of trap-assisted recombination, k1, is determined by the density, depth,
distribution, and capture cross-section of traps within the semiconductor. These traps
are assumed to be related to defects (vacancies, interstitials, impurities etc.) within
the perovskite structure [13]. This trap-assisted recombination is non-radiative, so-
called since it does not involve the emission of a photon. Non-radiative recombination
is they key limiting factor limiting the efficiency obtained from perovskite solar cells.
Encouragingly, k; is a largely extrinsic property since factors such as processing route
and handling can influence, for example, the density of defects and hence trap states.
The trap-mediated recombination rate can be further reduced by a process known as
passivation, wherein an additional chemical treatment is applied to mitigate the influ-
ence of traps on the perovskite [14]. Passivation will be discussed in detail later in this
thesis, especially in Chapter [4]

The presence of traps has a strong effect on the quasi-Fermi level splitting (QFLS)
within a semiconductor. If there are rapid non-radiative decay channels, the population
of excited electrons ney. and holes po.. will be depleted compared to the case with few
defects. By examining Equation [2.37] we can see that this means a system with a
lower NeycPexe product can maintain a lower QFLS compared to a system with relatively

few defects. This is shown schematically in Figure [2.5]

Derivation of trap-mediated recombination rate In the following, 1 will
follow the derivation provided within ‘ The Physics of Solar Cells: from basic principles
to advanced concepts’ by Wiirfel and Wiirfel [3], as well as inspiration from ‘ The Physics
of Solar Cells’ by Nelson [2].

As alluded to earlier, trap-assisted recombination is extremely important in semi-
conductors in general, and is often the most important energy-loss process in PV devices
and therefore will be discussed in detail. These ‘traps’ are states within the bandgap
of the semiconductor in which an electron and/or hole can become localised. This

localisation is what gives rise to the trapping nomenclature as briefly mentioned ear-
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Few defects Many defects
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Figure 2.5: In a semiconductor with many defects, the population of excited electrons
(Nexc) and holes (pexc) will be depleted compared to the case with few defects. By
examining Equation we can see that this means a system with a lower NexePeoxe
product can maintain a lower QFLS compared to a system with relatively few defects.

lier. Once a charge-carrier has been localised in one of the states, two major processes
can occur. Firstly, the carrier can become ‘detrapped’, the energy often provided by
thermal activation, and returns to the band whence it came. The excitation can be
lost if not de-trapped rapidly enough. For example, a trapped electron could return to
the valence band by emitting one or more phonons, where it would recombine with a
hole. Alternatively, the carrier of the opposite polarity could become localised on the
same site, and the electron and hole recombine in this trap-assisted manner. The first
kind of state often forms near (or even within) the bands, which means thermal energy
is sufficient depopulate the traps, and the capture cross section is higher for one carrier
than the other. For the second case, these localised states would tend to be deeper in
the bandgap, which means that once a carrier has been localised there, it is unlikely to
be released. In these states, the capture cross section for electrons and holes tends to
be more similar. Sometimes a distinction is drawn between these two kinds of localised
states. The first, which supports the trapping and release of one carrier-type is often
called a trap. The other, which captures both types of carrier, are called recombination
centres. However, in the field of MHP semiconductors, the distinction is rarely made.

In the following analysis, we are considering a device at open-circuit conditions
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Figure 2.6: Schematic showing that free electrons and holes are generated at a rate G.
These charge-carriers are captured by traps with the rates Riyape and Riyapn respectively.
Due to thermal energy, the traps can empty by emitting electrons in to the conduction
band at rate Girape and holes into the valence band at rate Givapn-

so no current flows and all excited carriers must eventually recombine. Since charge-
carrier recombination via a trap state is often the dominant process in PV devices,
in the following radiative recombination and Auger recombination are neglected, and
only the (volumetric) rates shown in Figure are considered. We will consider a
density 7., of trap state with energy Fi..p that lies within the bandgap. This state
has a capture cross-section for electrons and holes of o, and oy, respectively. Electrons
and holes are generated at a rate GG, and electrons and holes are captured by the trap
state at rates Ryape and Riapn Tespectively. Due to thermal energy, the traps can
empty by emitting electrons in to the conduction band at rate Giape and holes into
the valence band at rate Girapn. These are volumetric rates and take into account the
concentration of carriers in the bands or trap state. Therefore, we can write down the
rate of change of the charge-carrier density of electrons in the conduction band (n),

holes in the VB (p) and electrons on the trap state (niape) as

0
t
0
8_]; =G — Rtrap,p + Gtrap,pa (244)
on rap,e
t@tp’ - Rtrap,e - Rtrap,p - Gtrap,e + Gtrap,p- (2-45)

Unfortunately, these three equations are not sufficient to uniquely define the three
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unknowns 7, p and 7Nyap e Since they are not linearly independent. The final condition
we need is from charge-neutrality, i.e. while the concentrations may be changing,
overall the charge in the semiconductor must not be.

We can get additional information about the rates from kinetic arguments. Firstly,
we can write an expression for the rate at which conduction band electrons are captured
by the trap state. The average thermal velocity of the electrons in the conduction band
is Vghe. Whenever such an electron comes within a capture cross section of an empty
trap, oe, it will be captured. Traps may not become ‘doubly charged’ by capturing
more than one charge carrier in this analysis. The justification for this is that energy
for the second electron state in the trap is likely to be much higher. We can consider a
trap not occupied by an electron as being occupied by a hole. Therefore, we can write

the electron capture rate as

Rtrap,e = Uth,e Oe T Ntrap,h; (246>

where Ngaph = Mrap — Ntrape 15 the density of traps occupied by holes. An analogous

argument gives the recombination rate for holes as

Rtrap,h = Uth,h Onh P Ntrap,e- (247>

By way of an aside, a particular trap state unlikely to have the same capture cross
sections for electrons and holes. For example, an unoccupied donor-type impurity is
positively charged and consequently has a large capture cross section for electrons and
small capture cross section for holes.

The emission rate of electrons from the trap state of back into the conduction band

must depends on the density of electrons in the trap state, or

Gtrap,e = ﬁe Ntrap,e; (248)

and similarly for holes with

2.1. SEMICONDUCTORS Page 36



CHAPTER 2. BACKGROUND AND THEORY

Gtrap,h - Bh Ntrap,h = 6h(ntrap - ntrap,e)7 (249)

where (. and [y, are coefficients that determine the rate of emission that will be deter-
mined. We can calculate them by considering the occupation of trap states in the dark
(i.,e. G = 0) and using the principle of detailed balance. We use Equations [2.43|

2.46| & [2.48| in steady-state which gives

on
E =0= —Uth,e Oc T (ntrap - ntrap,e) + 56 Ntrap,e; (25[))
from which we can calculate nape. Since the system is in equilibrium in this state, we

know that the occupation of traps must be described by a Fermi-Dirac distribution.

Together, we arrive at

1 1
Nira e = Ntra; = Ntra )
' ’ 1 + /Be/vth@ O pe(Etrap*,Uz)/kBT + 1

(2.51)

Recalling the electron density is given by n = N, (e(EC_“)/ kT 4 1)_ 1, we can write an
expression for the emission coefficient of trapped electrons back into the conduction

band as

ﬁe = Uth,e O¢ Nce_(EC_Etrap)/kBT7 (252)

and similar analysis leads to the coefficient of emission of trapped holes back to the

valence band as

Bh = Vth,h O Ny~ Buap=Be)/kaT (2.53)

While this analysis has been conducted for a semiconductor in the dark, to a good
approximation, these emission coefficients are unchanged under illumination. This is
because of the rapid thermalisation of electrons and holes to a quasi-thermal equilib-
rium at the band edges, meaning they have the same energy and velocity distributions

under illumination as in the dark.
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Given this information, we can now solve Equations - as a function
of the electron-hole volumetric generation rate G which depends on the external illu-
mination conditions. Furthermore, it is possible to solve these equations away from
steady-state, albeit only numerically. However, in this further analysis, we consider
only the steady-state case. In the steady-state, the net rate of electron (Rirap.e — Girap.e)

and hole (Riapp — Gtrap,p) capture must be equal. This condition gives

Rtrap7e - Gtrap,e = Rtrap,p - Gtrap,p
Uth,e Oc T (ntrap - ntrap,e) - 56 Ntrap,e = Uth,h Oh P Mtrap,e — 5h(ntrap - ntrap,e)

Ntrap,e [Uth,h Onp =+ Uth,e Oc T + 5h + ﬂe] = Uth,e Oe T Ntrap + Bhntrap
Uth,e Oe N + Bh
ap .
Uth,h On P + Uth,e Oc T + Bh + Be

= Ntrap,e — Ntr (254)

While this result is not important in and of itself, it is very useful when plugged into

Equation [2.43] giving

_G = 6e ntrap,e - Uth,e OeT (ntrap - ntrap,e)

= Ntrap,e (Be + Uth,e Oe n) — Uth,e Oc Ntrapn
[ (Uth,e Oe M + Bh) (Be + Uth,e Oe n)
| Uth,h Onh P + Uth,e Oe TV + Bh + 613

(Vtne Te 0+ Bn) (Be 4 Vthe e M) — Vtne OeN(Vinn On P + Vine Oe 1+ Bn + Be)

= MNtrap — Uth,e Uen:|

= nt
| Vthh Oh P + Uthe Te 0+ Bn + Be
BufBe — Vihe Tt (Vghn on P) }
= Ntrap
| Uth,h On P + Uth,e O T + Bh + ﬁe

N NyelBe=E)/ksT _ py, ]

= NtrapUth,e Oc Uth,h Oh |:
Vth,h On P + Vth,e O T + /8h + ﬁe
2
np —n;
—= G = NtrapUth,e Oe Uth,h Oh |: :| . (255)
Uth,h On P + Uth,e Oe T + 6h + Be

This expression can be simplified by introducing a few definitions. Firstly, the
minimum lifetime of, for example, electrons is given by Tiine = 1/NtrapUthe Te, since

this is the denominator in this expression is the rate of electron capture if all traps
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were full of holes. Since not all traps will be available to trap an electron, the actual

lifetime will be longer than this value. Therefore, our expression becomes

2

G — np —mn;
B Tmimn(p + Nve_(Etrap_Ev)/kBT) + 7—Inin,p(n + Nce_(EC_Etrap)/kBT>)
2
np —mn;
G = P— ™ = Ruap | (2.56)

Tmimn(p + pt) + Tmin,p(n + nt)

In this equation, n; and p; are the electron and hole concentrations when the quasi-
Fermi level for electrons or holes is equal to the trap energy respectively (e.g. for
Ep, = Eiap). Since we have considered a system at open-circuit the generation rate G
must be entirely balanced by recombination, which is the boxed expression in Equation
2.56| Here we have derived the recombination rate via a trap-state, Rirap, with many
fewer approximations than are present in the form of Equation [2.41]

We are now in a position to recover the approximate form of trap-mediated re-
combination given in Equation namely kin. To recover, this rate, we require
that n = p > n;, which is valid for an undoped semiconductor at high injection. Fur-
ther, we would require n > n¢, p;, which again should be valid for high injection. By
making these approximations, trap-mediated recombination becomes linear in n and
k1 would be given by k1 = 1/(Twminn + Tminp). | note that for highly doped systems,
trap-mediated recombination is also linear in charge-carrier density. For example, in
a heavily n-doped system, n > p, n;, ng, p;, and so the recombination rate becomes
P/tminp, that is the recombination rate depends on the minority carrier lifetime and
concentration. One can understand this be considering that in such a heavily doped
system, the traps would be predominantly full of electrons and so there is no bottleneck

for holes to recombine via the traps.

Surface recombination In the following, I will again be following the derivation
provided within ‘ The Physics of Solar Cells’ by Jenny Nelson [2].

The trap-mediated recombination rate which we derived in Equation can
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vary across the semiconductor. These spatial variations can be caused by variations in
the electron and/or hole concentrations, or by variations in the nature (depth, capture
cross-section etc.) or number density of the dominant traps.

In real materials, defects are far more likely to occur at the surfaces of the semicon-
ductor, or at interfaces. This is why there is such an emphasis on surface passivation
wherein an additional procedure is utilised to reduce the influence of these surface de-
fects on, for example, the carrier lifetimes. These localised states can arise from the
period crystal structure abruptly ending at a surface which leaves broken, or ‘dangling’,
bonds. Additionally, impurities can be introduced from the external environment (this
is why high-quality semiconductor growth requires cleanrooms), or impurities during
growth can accumulate at surfaces, giving rise to localised states. Therefore, it can be,
and often is, the case that the trap states responsible for recombination are concen-
trated at the surface. Therefore, it is more meaningful to consider the traps in a 2D,
and not 3D, space when considering surface recombination in particular (i.e. number of
traps per unit area of surface/interface rather than traps per unit volume). Therefore,
the rate recombination will be expressed as a flux, the number of carriers recombining
per unit area per unit time, rather than the volumetric recombination rates we have
previously considered.

If the surface has Ny traps per unit area, then within a very thin layer to the

surface of thickness dz, we can write the surface recombination flux as

2
NgurfPsurt — 7
RV 5 = = 1 (2.57)
brap SLE (psurf + pt) + Sih (nsurf + nt) ’

where ng,s and pg,¢ are the electron and hole concentrations at the surface respectively.

S, is the surface recombination velocity of electrons which is defined by

Se = Nsurf Uth,e Oe, (258>

and similarly for the surface recombination velocity for holes
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Sh = Nsurf Vth h Oh- (2.59)

Note that these are velocities, and so have a direction associated with them. Here,

both S, and S}, are directed from the bulk towards the surface.

sur f

trap - LOT example,

In a doped semiconductor, we can simplify the expression for R

in a p-doped semiconductor, the expression collapses to

Rwt5e = S, (Ngurf — M0) (2.60)

trap

where ng = nl2 /Dsurt-  This lets use characterise the recombination of the minority
carrier at the surface in terms of a surface recombination current. This arises from
considering the Poisson equation in the absence of generation (i.e. in the dark), and
in steady-state (On/0t = 0) [2]. Explicitly, this is the condition V - .J. = ¢Rja. We
can integrate this across the interface layer to calculate the difference in the electron

current density on either side of the interface. The interface is at position g, and

we integrate a region of width dz centred on the interface. This is given by

msurf“!‘(SQ’:/Q
AJ = J(Tgut + 02/2) — J(Tsut — 02/2) = q/ Riﬁ;f)d:p = ¢Se (Nt — No) -
Tsurf—0x/2
(2.61)
If this interface is a surface (and not a grain boundary or heterostructure), no current

flows out of the semiconductor, meaning J(zgy,s+02/2) = 0. Therefore we can calculate

the current density at the surface of the semiconductor as

Je<xsurf) - _qSe (nsurf - nO) . (262>

An identical analysis can be performed for an n-doped semiconductor. The surface
recombination velocity is an important parameter in solar cells, since it characterises
the rate at which minority carriers are depleted at an interface. This concept is explored

in detail in Chapter [5]
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Radiative recombination

Radiative recombination is a bimolecular process which occurs between electrons and
holes, and results in the emission of a photon. For direct bandgap semiconductors (like
MHPs) this process is intrinsic — it depends on the shape and position of the valence
and conduction bands. For these reasons, radiative bimolecular recombination is often
called band-to-band recombination. Often in the MHP PV research field, the terms
radiative and bimolecular recombination are used interchangably. However, this is not
accurate since there exists non-radiative bimolecular recombination pathways. The
process is shown schematically in Figure [2.3b. This process is the reverse process of
light absorption — this has an important role in determining the efficiency a solar cell can
achieve and will be discussed later. Since the bimolecular recombination rate should be
an intrinsic material property, ko should exhibit minimal sample-to-sample variations
and ought to be insensitive to the processing routes through which the material was

grown, provided one can be certain that the same material has been formed [7].

Derivation of the radiative recombination rate Once again, in the following,
I will follow the derivation provided within ‘ The Physics of Solar Cells’ by Jenny Nelson
[2].

We start with an electron in the conduction band with momentum k. and energy E..
We can represent this initial state as |¢) = |k, E.). The electron will return to a position
in the valence band with momentum k, and energy E., and so this final state can be
described as |v) = |ky, Ey). The probability of radiative recombination (spontaneous
emission) per unit time will be based on Fermi’s Golden Rule [Il 2] (strictly this is
only a first-order perturbative result, but this suffices for the semiconductors discussed
in this thesis). As already mentioned, Fermi’s Golden Rule, the derivation of which is
outside of this scope of this thesis, gives the probability of a transition occurring per
unit time. Herein, we are interested in the rate of radiative recombination, and so we
must take into account the probability of that the initial state is occupied, and the

final state is available. Taking these together, gives the transition rate from the initial
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state |i) to the final state |f) as

Ty = NG F)PAQ - fo) (2.63)

where f; and f; are the probability that initial and final states are occupied respectively,
and H' is the perturbing Hamiltonian [I'3]. For an electromagnetic field of strength
Ey, with polarisation vector €, angular frequency w (such that the wavelength is much
larger than the interatomic spacing, as is the case for PV cells), H' can be expressed
as

i = iqEq

2mew

)

where p is the momentum operator introduced in Equation [2.1| Bringing returning
to the case of the conduction band electron introduced earlier, we can write that the
rate of spontaneous emission I'ypon is given by

2 A
Tapon = ch\H’]vHZ ng(Ee, Er,, T)(1 — np(Ey, Er,, T)), (2.64)

with ng defined in Equation [2.23] This relies on the populations of electrons and holes
being in quasi thermal equilibrium in their respective bands with chemical potentials
Ep, and Ep, respectively. As a shorthand, hereafter I will write f. = np(E., Ep,,T)
and a similar expression for holes. The rate of absorption, I',s, can be expressed in a

similar form as

27

Labs = f|<011{[’|v>\2 f(fv = fo), (2.65)

where f is the probability there is a photon with energy £ = E. — FE,. In (quasi)
thermal equilibrium, the rate of spontaneous emission and absorption should be the

same. This leads to an expression for f which is obtained as follows
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2 - 2 A
AR ) foll = £) = TR P [ (e = fo),
fc(l - fV) = f(fv - fc)
_ fc(l — fv)
f= s
MEERf ],
" [ePE R — PEBER)] fp
1
f= e(E-Ap)/ksT _ 1’ (266>

where Ap is the quasi-Fermi level splitting introduced previously (recall Equation
. We will make use of this equation later in this section when discussing the
detailed balance limit for solar cell efficiency.

By utilising the Boltzmann approximation, Equation and the approach de-
scribed in detail later, in particular Section [2.2.2] in the derivation of Equation
[2.92] we can now calculate the radiative recombination rate. The detailed derivation

can be found in Ref. [2]. By using this approach, we arrive at

Riaq = ka(np — n?), (2.67)

where the materials properties are contained within ky as

1 index o _
oy = — tind / o(E) E?e BT qp, (2.68)
0

I
Nindex 18 the refractive index of the semiconductor and a(E) is the absorption coefficient.
As mentioned earlier, ks is a property of the material and is not dependent on the
excited charge carrier density.

We can now see under which conditions R,,q matches with the bimolecular term
in Equation m For this to be the case, we require np > n? and n = p. This is
true for an undoped semiconductor, under illumination conditions such that the excess
carriers far exceed the background carriers. These assumptions are often well justified

for the MHP semiconductors studied in this thesis under standard AM1.5 illumination
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conditions. I note that for a highly doped semiconductor, radiative recombination
is linear, depending on the minor carrier concentration and lifetime. This can be
understood since both carriers are required for radiative recombination, and in a highly
doped system, the doped carrier is always present, therefore the rate would depend just

on the lifetime and concentration of the ‘other’ carrier.

Auger recombination

Auger recombination within a semiconductor is the analogue of the Auger process of an
atomic system [I5]. It is non-radiative process which involves either two electrons and
a hole, or two holes and an electron. Assuming the semiconductor is intrinsic (or high
charge-carrier injection), where n = p, Auger recombination scales as n3. A schematic
of the process is shown in Figure [2.3fc. In this process, an electron recombines with a
hole in the valence band, but the energy is transferred to a third charge-carrier instead
of being emitted as a photon. This third carrier can be promoted into a higher band
(right), or interact with a phonon to transfer momentum. As shown in Figure ,
Auger recombination only becomes significant at high charge-carrier densities where

n > k’g/kg.

Radiative efficiency

The radiative efficiency of a material for a solar cell is a crucial parameter. In an ideal
solar cell, all the recombination would be radiative. Naively, one might assume that an
ideal solar cell would have no recombination present at all. Regrettably, the principle of
detailed-balance states that if the process of absorbing a photon to create an electron-
hole pair is possible, so too must the reverse process, in which the electron and hole
recombine, emitting a photon. In fact, at thermal equilibrium the rate of absorption
and emission must be equal. This is unavoidable and is a property of the semicon-
ductor, temperature, and excitation conditions. However, we can limit all the other
recombination processes, and try to engineer our device such that all recombination

is through these (unavoidable) radiative channels. The fraction of absorbed photons
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Figure 2.7: Radiative efficiency, as given in equation as a function of charge
carrier density for different monomolecular decay rates. ki is varied from 1 s
(purple) to 10° s71 (brown). As ky is increased, the mazimum of the radiative effi-
ciency 18 reduced in magnitude and shifted to larger charge carrier density. Again,
ky = 10719cm3s™!, ks = 10728 emPs~! were used as inputs as they are typical for MHP
semiconductors. Similar analysis can be found in [7].

which generate an electron-hole pair recombining to emit a photon is characterised

using the ‘radiative efficiency’, 7,.q, which is given by

photons emitted kon

ra = = . 2.69
Thead (1) photons absorbed ki + kon + ksn? ( )

Nraa(n) is also called the photoluminescence quantum yield (PLQY), a term which I
will use throughout this thesis. If measured on full PV devices, Equation is
only valid under open-circuit conditions where no charge-carriers are extracted and so
must recombine within the device via one mechanism or another. Since ky and ks are
properties of the material, we have very little control over them for a given system.
Instead, we should focus on reducing ki, the trap-mediated recombination rate, as
this can be readily controlled using improved processing routes and/or passivation

techniques.
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Figure shows how 7,q(n) varies for different trap-mediated recombination
rates, k1. At low charge carrier density, k; dominates over all other recombination
process, resulting in low radiative efficiency. As n is increased, n,q(n) also increases
as the system enters the bimolecular dominated regime, as described in Figure [2.4]
In fact, the peak of radiative efficiency can be determined by differentiating Equation
with respect to n. Performing this analysis gives npeax = \/m , which is clearly
strongly dependent on k;. The peak radiative efficiency occurs at this charge carrier
density, and is given by 7ad(Npeak) = (1 + 2W>_1, which again is strongly
dependent on k;. The radiative efficiency falls past this peak due to the effects of
Auger recombination, which is non-radiative and scales like n3. For typical MHP
materials, the charge-carrier density is 1014 — 10 cm=3 and k; = 105 — 107 s, In this
regime, the radiative efficiency is strongly dominated by the effects of trap-mediated
monomolecular recombination, which is clearly evident from Figures & [2.7 To
improve the radiative efficiency, and hence solar cell performance, it is imperative to
reduce the influence of traps on the charge-carrier recombination. Further discussion

on the relationship between device performance and radiative efficiency is given below.

Radiative efficiency and the quasi-Fermi level splitting

We are now in a position to connect the radiative efficiency of a semiconductor, with
the QFLS that must correspond to. At first glance, it is not clear why these quantities
(an ultimately device open-circuit voltage) ought to be related. In the following, we
bring these quantities together to understand how one informs the other.

It is not possible to access directly the individual quasi-Fermi levels, Er, or Ep, .
However, the difference (or splitting) between them is possible to access through pho-
toluminescence quantum yield (PLQY - radiative efficiency) or electroluminescence
quantum yield (ELQY) measurements. In the following, I will only discuss photolumi-
nescence quantum yield (PLQY) measurements. In brief, the relationship originates

2

since both radiative recombination and the QFLS depends on n®. Starting from the

PLQY, we know that this is a ratio of the emitted photon flux (¢emit), to the absorbed
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photon flux (¢aps). These quantities can be converted into current densities by a sim-
ple scaling by the charge of an electron. Therefore, one can think of the PLQY as the
ratio of a radiative current J.,q to a generation current Jg. In isolated semiconductors
(or devices at open-circuit), all charges that were generated must recombine, either

radiatively or non-radiatively, so Jg = Jiec. These steps are summarised below

¢emit _ Jrad _ Jrad
¢abs JG Jrec ‘

PLQY = (2.70)

A simple rearrangement of Equation [2.70| gives J,.q = Jg X PLQY. Now, we know
the emitted photon flux from radiative recombination is proportional to the np prod-
uct in the semiconductor, or @emis o< kon?, and so Juq o< gkon?, where we have written
Nexe = Pexe = M. Similarly, there will be a radiative recombination current not under
illumination due to the thermal population of carriers in the band. We call this the
‘dark radiative recombination current’ and is given by Jy aq qun?, where n? is the
intrinsic carrier concentration, as defined in Equation [2.30] The proportionality con-
stants are identical for each ‘o<’ relationship. We now take the ratio of these quantities,

giving

Jrad o qk2n2

= 2.71
JO,rad qun? ( )

which rearranges simply to give

2
In <Jfadd) =In (%) (2.72)

Now, we recall Equation [2.37] which allows us to replace the right-hand side of the

above equation with a factor containing the QFLS. This then is rearranged to give

QFLS = kgT In (fd > (2.73)

O,rad

We are now able to relate QFLS with the PLQY, by combining Equations
& This gives [16]
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QFLS = kgT In (PLQY Jo ) (2.74)
0,rad
QFLS = QFLS,.q + kg7 In (PLQY)|. (2.75)

Where we define QFLS,.q = In (Jo/Joraa). Equation (boxed) is extremely im-
portant and used throughout this thesis. Several important things to notice are that,
for a perfect material, we would expect the radiative efficiency to be unity, and in
this case we do indeed recover that the QFLS is that in the radiative limit. Secondly,
that the QFLS has a logarithmic dependence on PLQY. At room temperature, we can
therefore calculate that the QFLS is reduced by ~ 60 meV for every order of magnitude
drop in the PLQY. The lost QFLS always scales like this with radiative efficiency re-
gardless of the bandgap of the semiconductor in question. This is because all details of
the bandgap of the semiconductor are contained within QFLS,.q. Calculating QFLS,.4
requires more knowledge of solar cell operation, Section [2.2] however the relevant
equations are provided below without justification for completeness of this section.
The justification and/or derivation of the below can be found in Section Calcu-
lating QFLS,.q requires knowing the generation current, which can be approximated

as the Jsg, using

Jo ~ Jsc = q / EQE(N)AM1.5(\)d, (2.76)
0

where FQF(\) is the external quantum efficiency of the solar cell, and AM1.5 is the
photon flux associated with the AM1.5 solar spectrum, and A is wavelength. Finally,

the radiative recombination current in the dark can be approximated as

Joxad = q / EQE(N)@X (A, (2.77)
0

where 33 ()) is the black body photon flux at 300 K.

In principle, the QFLS should be precisely the Vo achieved by a solar cell based
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Figure 2.8: Diagram showing the relationship between the quasi-Fermi level splitting
and device Voc  for perfect (left) and lossy (right) interfaces. With perfect interfaces,
there are no selectivity losses and no energetic misalignment between the perouvskite
and charge transport layers, and so the QFLS = Voc. For lossy interfaces, however,
quasi-Fermi level for electrons and/or holes is not maintained throughout the transport
layer and as such QFLS > Voc. For this reason, the QFLS is often seen as the upper
bound, or ‘best case scenario’ for the achievable device Voc.

on that material system, as will be discussed in the following. However, in MHP solar
cells, a so-called ‘QFLS-Vi’ mismatch is often observed [16, [17]. A cause for this can
be ‘lossy interfaces’, wherein the quasi-Fermi level for electrons and/or holes is not
maintained throughout the transport layer which is shown schematically in Figure
2.8/ This means the Voo measured on the device’s terminals is reduced compared to
the QFLS within the solar absorber material. For this reason, the QFLS is often seen as

the upper bound, or ‘best case scenario’ for the achievable device open-circuit voltage.
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2.2 Solar Cell Operation

2.2.1 Ideal solar cells

At its most basic, a solar cell is a device that converts energy from light (photons) and
coverts it into electrical energy. We have seen in the previous section how a semicon-
ductor behaves under external illumination, and this underpins solar cell operation. In
the following, we will instead be focused on the macroscopic properties of solar cells.
Previously, we have seen that a splitting in the quasi-Fermi levels arises in a semicon-
ductor under illumination, and that this is a form of electrochemical potential energy.
This can be considered as forming a voltage (related just by the elementary charge),
and is indeed the origin of photovoltage, this is called the photovoltaic effect. However,
to extract any energy from the solar cell, charge must be extracted (a photocurrent).

In an idealised scenario, we can model the current within the solar cell using the diode

equationf]

J(V) = Jg — Jo [e?/FT — 1], (2.78)

where V' is the applied bias to the solar cell, and .Jy is the total recombination current
in the dark. Here, Jy is assumed to have no bias dependence (as is common throughout
the literature), but this is unlikely to be true [2, B]. From Equation we can
extract a few important parameters for solar cell operation. Firstly, the short-circuit
current density (Jsc) is obtained for V' = 0, which means that, in this idealised case,
J(0) = Js¢ = Jg. In other words, the short-circuit current achievable for an optimal
case is precisely the generation current. Internally within the solar cell, we might
imagine steeply tilted bands, whereby the internal electric field is extremely strong
(~ 10°V/m), and oriented in such a way to drive charge-separation and so removes (in

the ideal case) all the generated charges as current. As such, the Jsc can be thought

2This is often called the ‘Shockley diode equation’. As mentioned earlier, but I believe it is worth
repeating, due to Shockley being a well-documented racist and eugenicist [IT], [12], T refuse to highlight
his name throughout this thesis, and I encourage anyone reading this to do likewise, as is becoming
more commonplace in the field [I2]. T will use alternative names for any formulae, or similar, named
after him throughout this work.
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Figure 2.9: A schematic of the bands within a p-i-n solar cell at short- (left) and open-
circuit (right) conditions. At short-circuit, the bands are steeply tilted which rapidly
drives charge separation and collection. At open-circuit, the bands are flat and no
charges are extracted. Due to the lack of charge extraction, all generated charges must
recombine within the solar cell itself.

of as the maximum current a solar cell could deliver.
Next, we can determine the V¢, that is the voltage in the cell at which no current

flows, or

J(Voc) = 0= Jg — Jy [e?oc/FsT —1] (2.79)
kpT
— Voo = ——In (@ + 1). (2.80)
q Jo

At open-circuit, no charges are (by definition) extracted to the external circuit. At
such conditions, we can imagine the bands to be ‘flat’ (neither promoting or hindering
charge separation), and so the internal electric field is at its minimum, but the voltage
the cell can output is at its highest. A schematic of the bands at short- and open-circuit
conditions is shown in Figure 2.9

Power is defined as the current-voltage product. In the case of solar cells, we
are most often working with current densities (current per unit area), and so we are
instead measuring a power density (e.g. mW /cm?), however the terms are often used
interchangeably. At the two special conditions highlighted above, the power generated

by the solar cell is 0 — no current flows at open-circuit, and there is no voltage at
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Figure 2.10: Annotated JV curve (black) of represenative 1.7eV perovskite solar
cell. The labels describe key device parameters. The Jsc is the current-density at 0
applied voltage, and the Voc is the voltage when no current flows through the cell. The
green rectangle has an area of VocxJsc. The power extracted from the cell at each
point is calculated (by J x V'), and is plotted as a blue dashed line. The mazimum in
the power (Pyax) gives this location of Vipp and Jupp. The purple rectangle has an
area Vinpp X Jmpp. The fill factor can be thought of as the ratio of the purple and green
rectangles.

short-circuit so the JV product in both cases is 0. Somewhere along the JV curve,
there is a current density-voltage pair at which a maximum in the power is achieved.
These points are called, for obvious reasons, the maximum power point current-density
(Jmpp), and maximum power point voltage (Viypp). These must each be lower than Jsc
and Vo respectively for the reasons discussed earlier. Another important solar cell
performance parameter can now be defined. It is called the fill factor (F'F), and is

given by

Jinon Vs
FF — Zopp mpp 281
JscVoc (2.81)

The F'F can be understood graphically by examining Figure 2.10, as the ratio of the
largest rectangle you can fit ‘underneath’ the curve to the smallest rectangle you can

fit ‘around’ the curve. For this reason, the F'F is often said to describe the ‘squareness’

2.2. SOLAR CELL OPERATION Page 53



CHAPTER 2. BACKGROUND AND THEORY

of the JV curve. The F'F describes the ease with which charges can move through the
solar cell, as will be discussed in more detail later. Understanding the F'F' of realistic
solar cells is extremely complicated, and more details can be found here [I§].

From rearranging Equation we can see that the maximum power extracted
from the cell is Ppax = Jsc Voo F'F. If we compare this to the power incident upon

the solar cell (P,), we can calculate the solar-to-electrical power conversion efficiency

(PCE) through

Jsc Voo F'IF

PCE =
P,

(2.82)

For AM1.5 illumination, P, = 100 mWecm™2 .

2.2.2 Theoretical maximum efficiency

Given the above discussion, a very natural question is what is the maximum PCFE
achievable for a particular solar absorber material. For this we need to use the principle
of detailed balance.

It is extremely challenging to accurately model a realistic multi-layer solar cell
architecture, since this requires detailed knowledge of, for example, energetic alignment
between each layer, doping densities and charge-carrier mobilities within each layer,
bulk and surface defect densities, depth, emission rates, capture cross-section etc., as
well as quantitative charge-carrier generation profiles within each layer — all of which
are required as inputs to a drift-diffusion simulator. Knowledge of these parameters
is particularly challenging for emerging semiconductors such as MHPs. However, it
is possible to consider a perfect solar cell material using a thermodynamic treatment.
Indeed, this has been widely studied in the literature, and much more detail than I
present in this this can be found in the following publications for solar cells in general
[19-24], and for MHPs [25], 26].

As can be seen from Equations [2.78], [2.80] & [2.82] the Js¢, Voc and PCE and

of a solar cell material are not an intrinsic properties, and depend strongly on the
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incident illumination. This is because not all wavelengths are harvested with the same
efficacy due to rapid thermalisation losses discussed earlier in this thesis. Indeed, the
reduction of thermalisation losses is a key motivating factor for tandem solar cells and
hence the work presented in Chapters [5] & [6] Therefore, before undertaking any
thermodynamic treatment of solar cells, we must first be explicit with the incident

spectrum.

Solar Spectrum

As a first approximation, we can consider the sun to be a black-body emitter, with a
temperature Tg,, ~ 5800 K. This means that the emission would follow the expression

given by Planck’s law [27]:

1 E?
pon(B) = s (2.83)

where @gu,(FE) is the flux of photons from the sun at energy E, and all other terms
have their usual meaning. However, the atmospheres of the sun and, predominantly,
the Earth absorb some of this irradiation. In particular, the Earth’s atmosphere is
particularly good at ‘filtering’ the high energy UV photons in the ozone layer, and the
substantial amount of water vapour in the atmosphere absorbs the near infrared pho-
tons effectively. The greater the distance light from the sun must propagate through
the Earth’s atmosphere, the more substantial this ‘filtering’ effect becomes. Therefore,
it is important that a thickness of atmosphere be universally accepted to ensure that
solar cell performance parameters can be reliably compared between laboratories. The
schematic in Figure [2.11|(a) demonstrates the increased thickness of atmosphere that
light must travel nearer the poles versus the equator. This is characterised by the
air mass (AM) factor, which depends on the angle 6 between the equator and lati-
tude at which the light as incident (also called the ‘solar zenith angle’). To a first

approximation, the air mass scales as

—_

AM = : (2.84)

cos
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so AM =1 for light incident at the equator, and AM = 1.5 for § =~ 48° [2]. The effect
of the different air mass is shown in Figure (b), wherein the spectral irradiance
as a function of wavelength is shown for the blackbody spectrum at 5778 K (black),
AMO (blue) and AM1.5 (purple) conditions. The absorption of different molecules in
the Earth’s atmosphere are marked. The AM1.5 spectrum is the standard for solar
cell research, and is the standard used throughout this thesis. By integrating beneath
the red curve in Figure (b), one finds the available power from AM1.5 sunlight
is 100 mWem ™2,

Detailed Balance limit

The detailed-balance limit a solar cell was first derived in the mid 20" century, and gives
the maximum efficiency for single-junction PV [29]. In general, the principle of detailed
balance states that, in thermal equilibrium, a process must be precisely balanced by its
inverse. In the case of solar cells, this would be that for every photon absorbed, there
must be one emitted. However, as we discussed in Section [2.1.1] a semiconductor
under illumination is not in thermal equilibrium with its surroundings! Importantly,
as we showed in Equation m, the difference between emission (remember this is
proportional to the np product) at thermal equilibrium and under illumination is just
a scaling factor of ePra=Fro)/ksT _ i e it is exponentially related to the QFLS. This
observation is crucial, the consequences of which we will see shortly.

To briefly summarise the major findings from the detailed-balance limit of solar cell
operation is that the maximum efficiency of 33 % occurs for a solar absorber bandgap
of ~ 1.33 eV. At this bandgap, there is a compromise between thermalisation losses
(which limits the voltage), and harvesting as much of the solar spectrum as possible
(which determines the current). In the following, I will outline the derivation of the
detailed-balance limit.

In the detailed-balance limit, 5 major assumptions are made [20, 29] which can be
separated into optical (assumptions 1 & 2), thermal (assumption 3), and electronic

(assumptions 4 & 5) categories which are summarised by Guillemoles et al. [20] and
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Figure 2.11: (a) Schematic of the sun-FEarth system (not to scale!). The greater the
distance light has to travel through the Farth’s atmosphere the more will be absorbed,
which is characterised by the air mass (AM) through which the light has to travel. The
air mass light travels through depends on the angle 6 which is 0 for the equator, and 90°
for the equator. The air mass scales as AM = 1/ cos@, which gives AM1.0 for § =0,
and AM1.5 for @ =~ 48°. (b) Spectral irradiance as a function of wavelength for the
blackbody spectrum at 5778 K (black), AMO (blue) and AM1.5 (purple) conditions.
The absorption of different molecules in the Farth’s atmosphere are marked. The area
under each curve gives the solar power. This figure is freely usable and taken from [28].
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given below.

1. The absorptance of the solar cell is a step-function: 0 below the bandgap, and 1

for photons above the bandgap.

2. Each photon creates one (and only one) electron hole pair. All electron-hole pairs

are collected at short-circuit.

3. The heat generated due to thermalisation is rapidly dissipated, and so the solar

cell is at the same temperature as the surroundings (Tten = Tambient)-

4. All recombination is radiative. There are no traps, and Auger recombination is

neglected.

5. The contacts are perfectly selective for either electrons or holes, and so no Ohmic

losses occur.

A further important property rarely explicitly mentioned is that there can exist no
spatial gradients within the quasi-Fermi levels. With these assumptions holding, the
QFLS within the solar absorber is the voltage at the terminals of the device, shown
schematically in the left panel of Figure . As such, we shall write Ep, — Ep, =V
for brevity hereafter. Moreover, in the following derivation, I will be following the
procedure taken by Louise Hirst in Ref. [30].

Next, it is important to know the photon flux incident on the solar cell ‘in the
dark’ (at thermal equibrium with its surroundings). To do this, we need to calculate
the black body spectrum. This is commonly just stated, and there is often confusion
where this comes from (myself included). Therefore, in the following, I provide a brief
derivation. This density of states with wavevectors in a range between k and k + dk

in 3D space is given by

L 3
4 volume of shell width dk polarisations

1/volume of 1 state
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Rearranging to find the density of states per unit volume, and simplifying, we arrive

at

g(k)dk = (i> k2dk. (2.86)

27?2
Next, we need to convert into energy. To do this, we need the dispersion relationship

that connects energy and wavevector for a photon. This is given by E = hck, so

dk = dE/hc. Using this yields,

g(E)dE = (L> E*dE. (2.87)

2m2h3c3
We are now in a position to determine how many photons there are per unit volume,
in an energy interval between E and F + dFE, in thermal equilibrium at temperature
T. To do that we need to combine Equation (the number of available states)
with the Bose occupation factor (how these states are occupied), which gives us the

density of photons with energy between E and F + dF

P ) E2dFE

dNpp = <27T2h3c3 eB/ksT _ 1"

(2.88)

Equation accounts for all photons, regardless of their momentum (Ak). The
direction of travel for these blackbody photons is isotropic, equally likely in any direc-
tion. Therefore the fraction travelling to within a small element of solid angle (df2)
will be given by d€/4m, where 47 is the maximum solid angle. Together, this gives
us Planck’s law of radiation which gives the number of photons per volume, with an

energy between F and F + dF, travelling within a solid angle d€2:

dNps ( E2d0) ) 1 (2.8

dE Am3h3cd | eB/ksT — 17
where we have substituted p = 2 for the number of polarisation directions. Since all
photons are travelling at ¢, we can now calculate the flux of photons from the blackbody

spectrum, known as Planck’s law, as
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gb(E,T,Q):( 1 )EQdEdQ

1332 ) oElReT — 1 (2.90)

Now, as mentioned earlier, the emission of a solar cell can be related to that in the
dark by e(Bra=Er)/ksT (recall Equation [2.66)), and this then leads us to the generalised
Plank’s law, first derived by Wiirfel [24] 3], 32], as

1 E?dEdQ
(B, T, 1, Q) = ( ) = : (2.91)

A3 hH3 2 E-m)/ksT _ ]

o(E, T, 1, Q) gives the total photon flux per energy interval, per solid angle, at a
particular chemical potential and temperature. As discussed previously, in thermal
equilibrium, g = 0 and under illumination g = ¢V where V' is the QFLS, which (in
this model) is equivalent to the voltage across the solar cell.

We can now calculate the photocurrent generated by the solar cell (J) as the dif-

ference between absorbed and emitted photons, or

J(V) = q/ O(E, Tyun, pp = 0, Qaps ) A(E)AE — q/ O(E, Teen, it = qV, Qemit ) A(E)dE,

’ i (2.92)
where A(F) is the absorptance of the cell, and Q,,s and Qe are the solid angles
of absorption and emission respectively. The electrical power is given, as always, by
the JV product, and so in theory Equation is sufficient to completely define the
efficiency of a solar cell. However, this is quite opaque, and we are able to calculate some
important parameters of solar cells from here. Firstly, at open-circuit, no photocurrent
is extracted from the cell, and so all absorbed photons must be remitted into the
ambient. For simplicity, we will assume a step absorbtance that is 0 below the bandgap,

and 1 above it. Mathematically, this is expressed as
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/ (P(Ea TSLU’U H = 0; Qaubs)dl? = / QD(E, Tcelb n = qVOCa Qemit)dE7 (293>
Eg Eg
> E?dE > E?dE
/E aps eE/kpToun — 1 - /E Cermie e(E—qVoc)/kpTeen — 1’ (2.94)

and now we make the Boltzmann approximation that (eE/ kT _ 1)_1 ~ e E/kT With

this approximation, we can simplify our expression to

/OO QabsEz e—E/kBTsun dE = /OO QemitE2 e—(E—quc)/kBTceu dE, (2.95)

Eg Eg

Qs > E? e E/kBTsun qp — QemitquOC/kBTcell /OO E2 o E/kBTeen dE, (2.96)
Eg Eg

which can be rearranged to give

/OO E2 e*E/]fBTsun dE

quOC/kBchll — gabs Eio . (297)
emit / E2 e—E/kBTcen dE
Eg

The integrals in the fraction within Equation can be readily integrated by parts,

which gives

Qubs (B2kpTn + Eg(kpTiun)? + 2(kpTyun)?) e Fe/knTn
Qemie (EngTCGH + Eg;(k’BTcell)2 + 2<kBTcell)3) e~ Eg/kpTeen

e?Voc/kpTeean —

(2.98)

In the following, we will write y(E,, T') = (E2kgT + Ey(kgT)? 4 2(kgT)?) for simplic-

ity. This gives

e?Voc/kpTeen — Qabs 7 (Eg, Toun) exp <_Eg [ ! — ! :|)7 (2.99)
Qernit Y (Eg7 Tcell) kB Tsun Tcell

and taking the logarithm gives
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Qabs Y (Egu Tsun) Tcell
Voc = kpTha 1 kpToopIn [ =225 ) v B (1 — . (2,100
1voc b n (Qemit) i n (ry (EgaTcell> * & Tsun ( )

The final term in Equation [2.100|is the Carnot factor, and has its origin in the fact
that solar cells are essentially heat engines with the source being at the temperature
of the sun’s surface, and the sink being the temperature of the solar cell. With this in
mind, it is perhaps less surprising that a Carnot factor is included [33]. The prefactor of
E, is due to carrier-thermalisation, and so charge-carriers have lost any excess energy
and are at the band edge in this model. The first term within Equation is
the so-called Boltzmann factor. It arises from the ‘étendue expansion’ between the
incident sunlight (the sun subtends just .,s = 6.8 x 107> Sr on the Earth’s surface),
and the emitted photons (into an entire hemisphere, so Qemix = 27). The relative
contribution of each of these terms can be seen in Figure [2.12a] The middle term in
Equation [2.100]actually boosts the Vi, though its effect is minor — about 5 times less
significant than the Carnot term at a bandgap of ~ 1.3 eV. Its origin in the difference
in the temperature between the absorbed and emitted photon populations [30], 34].
This is because during thermalisation, entropy, as well as heat, is transferred to the
lattice. This reduced entropy of the excited charge carrier population actually means
the available energy, the Helmholtz free energy, F', is increased. (Recall ' =U — TS,
where U is the internal energy of the carrier distribution, S is the entropy of the carrier
distribution.) [30]. As an aside, while the entropy of the charge carrier population is
reduced, the entropy of the charge carriers and lattice has increased overall, and so we
haven’t violated any thermodynamic laws!

Above we have investigated the maximum voltage achievable in the detailed bal-
ance limit. The maximum current is somewhat easier to calculate. We make use of
assumptions 2, 4 and 5 which, in this context, state that charge-carrier extraction is
perfect and that it happens on much faster timescales than radiative recombination.

Therefore the short-circuit current is given by
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JSC = q/ QO(E, Tsuna n = 0, Qabb)A(E)dE (2101)
0

The information about the bandgap of the solar cell is encoded in A(E). In real solar
cells, an adapted version of Equation is used where ¢ is replaced by the AM1.5
spectrum, and A(F) by EQE(E), where the external quantum efficiency (EQE) gives
the ratio of incident photons to extracted electron-hole pairs.

Interesting, there is no analytical expression for the ideal fill factor (F'F), but there
exists many very accurate approximate expression for the F'F exist [35]. The simplest

of these expressions is given by

voc — In (voc + 0.72)
Voo +1

FFE, .. = , (2.102)

where voc = Voc/ksT is the ‘reduced Voc’. This expression is accurate to at 4
significant figures for even modest reduced open-circuit voltages (voc > 10) [35].
While the losses presented in Figure are intrinsic and unavoidable, higher
efficiencies are, surprisingly, achievable. To do this, we need to violate the first as-
sumption we made in the detailed balance limit. Explicitly, if we couple two absorbers
together with different bandgaps, we can create a tandem solar cell. The intrincic losses
of the tandem are presented in Figure [2.12b] By creating a tandem, the theoretical
maximum efficiency leaps to ~ 44 %, mainly driven by reduced thermalisation losses,
and greatly increased absorption range (there are now fewer photons with energy be-
low the bandgap). This is the power of multijunction solar cells, by ‘splicing” up the
solar spectrum in this way, we have raised the maximum achievable efficiency by over
a third. This hugely increased power generation for the same footprint is what gives

multijunction solar so much potential for widespread, grid-scale energy generation.
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Figure 2.12: (a) Intrinsic losses occurring in a device with optimal E; = 1.31 eV
under one sun illumination. (b) Intrinsice losses for an optimal tandem device with
bandgaps E; = 1.87 eV and E, = 0.98 eV for the top and bottom cells respectively. In
each case, different loss pathways are shown and how they impact on the current and/or
voltage of working solar cell. Reproduced with permission from Hirst et al., [30].
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2.2.3 Practical limitations

Thus far, we have discussed the ideal performance of a solar cell. In reality, recombi-
nation losses — as described in Section — play a significant role, as do parasitic
resistances within the solar cell. These mean that solar cells in the real world vio-
late many of the assumptions in the detailed balance derivations discussed above. For
example, assumption 1 is violated since there will always be some disorder in real
materials which ‘smears out’ the band edge. This means there will be absorption of
photons with energies below the bandgap, which will increase Jy,.q, and so reduce
the open-circuit voltage (Voc) achievable. Further, as discussed in Section [2.1.3]
not all recombination in metal halide perovskite solar cells is radiative, and in fact,
at charge carrier densities comparable to operating solar cells, MHPs are often domi-
nated by trap-mediated recombination. This violates Assumption 4 and reduces the
quasi-Fermi level splitting and hence device open-circuit voltage. In fact, each of the
5 assumptions are violated in real life scenarios, and this has significant implications
on the Voe, Jsc, and/or FF. Therefore it is important to understand how real-world

effects influence the device performance of solar cells.

Transport losses

In a real solar cell, there will be resistance to charges flowing through the cell, con-
tributing to the series resistance (Rgeries), and pathways through which charges bypass
the external load, giving rise to the shunt resistance (Rgnung). These resistances result
in power losses in the solar cell, mainly characterised by a reduction in the fill factor.
Indeed, high series and low shunt resistance have a detrimental effect on the F'F', whilst
leaving the Jgc and Vo broadly unchanged. For example, as can be seen in Figure
[2.13] high series resistance makes the JV curve less steep near Vo, and has minimal
influence near Jsc. The opposite is true for low Rgyune, which is also shown in Figure
2.13

A high series resistance originates from the charge-carriers ‘struggling’ to move

through the device. This could be caused by low charge-carrier mobilities within the
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Figure 2.13: Influence of Reries (left) and Rgpunt (Tight) on solar cell device perfor-
mance. High series and low shunt resistance have a detrimental effect on the fill factor
(F'F), whilst leaving the Jsc and Voc broadly unchanged. High series resistance makes
the JV curve less steep near Voc, and has minimal influence near Jsc. Low shunt
resistance has the opposite effect, mainly influencing the JV curve near Jsc.

perovskite layer and/or the charge transport layers. I note that doping the organic
transport layers allows one to by pass their low mobilities by increasing their con-
ductivity through higher charge-carrier density. Low mobility within the bulk of the
MHP would mean that electrons and holes were likely to recombine before reaching an
electrode and being extracted. Therefore, this can be considered as a recombination
loss owing to poor transport. This recombination between electrons and holes would
reduce the number of charges being extracted to the external load, and therefore can
reduce the short-circuit current density along with the F'F' substantially. Conversely,
in the charge-transport layers, where only one charge-carrier density is much higher
than the other, poor conductivity results in a loss of potential of the charge carriers
but not a substantial decrease in the total concentration of charge-carriers. Therefore,
if the transport layers are limiting, the Jg¢ is broadly unchanged, and a reduction in
the F'F' is observed, consistent with the left panel in Figure [2.13] Another origin for
high Rgeies is the contacts between layers in the solar cell device stack, which must
be Ohmic for optimal performance. Since the charge carrier mobilities within metal
halide perovskites is high (~ 30 cm?*V~1s71[6]), transport throughout the bulk of the

perovskite is unlikely to be the limiting factor, and the interfaces and transport within
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the organic semiconductors (which have orders of magnitude lower mobilities) are likely
to be the origin of the series resistance.

For optimal solar cell performance, a large shunt resistance (Rgpun) is required.
A shunt is a pathway through which photogenerated charges can bypass the load,
and so the energy of any charge passing through the shunt is not collected. The
requirement for a high shunt resistance is even more critical under low light conditions,
e.g. for indoor photovoltaics. In a low light regime, there are few photogenerated
charge carriers, meaning that there is a smaller voltage driving charge extraction. In
perovskite solar cells, the shunt resistance is likely to be heterogenious across a device
area. The areas with the lowest shunt resistance are likely due to imperfections in the
perovskite layr introduced during fabrication. These could include thickness variations,
or even pinholes within the perovskite layer which can lead to ‘shunts’, or direct contact
between the hole transport layer and electron transport layer, for example.

These factors can in fact be included in an updated version of the solar cell diode
equation, where were presented the ideal version in Equation [2.78 An equivalent

circuit for solar cell including Rgeries and Rgpunt 1S shown in Figure [2.14

- > o
Jdiode Jshunt Rseries Jload +
JG CTD Rshunt V4

Figure 2.14: FEquivalent circuit of a solar cell including shunt and series resistance
which are shown in red. The current source produces a current equivalent to Jg, and
this is split between the diode, shunt and the load. At Jsc, no current passes through
the diode, and so the shunt is the factor resulting in Jsc being less than the generated
current Jg.

Together, this results in an equation for the current through the load of

. (2.103)

kT

JV)=Jg—Jo |:exp <M) _ 1:| . (V‘FRJM
shunt
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Consistent with our previous discussion, if Rgeies — 0 and Rgune — 00, Equation
2.103| returns to the ideal solar cell equation. It is not possible to directly measure Jy,
Rgeries OF Renunt, but it is possible to get an estimate for these parameters by fitting a
measured JV curve to Equation [2.103] However, we have not yet accounted for the

effect of non-radiative recombination on the device characteristics.

Ideality factor

The ideality factor niq is a ‘fitting parameter’ that determines how close a solar cell is
to ideal operation. For conventional pn junction solar cells, the ideality factor (niq) is
1 for ideal operation and ranges to 2 for completely unideal solar cells. It is included
in Equation [2.103| in a straightforward manner, since it relates only to how ‘ideal’

the diode is, and so only factors into the exponential as

J(V)=Ja—Jo {exp (M) _1] _ (Vo J Rseries)

. 2.104
nidkBT ( )

Rhunt

While technically possible to extract niy by fitting a JV curve as discussed pre-
viously, this not regularly done. More commonly, the niq would be extracted from a
dark JV curve, wherein Jg = 0, and then finding the slope when plotted on a log
scale. However, the presence of Rgeries and Rgnune complicates the analysis significantly.
For example, the influence of Ry, at low voltages is often not negligible, particularly
for perovskite solar cells, and so leads to an erroneous determination of n;q. Instead,
let us consider Equation at open-circuit. In this case, J = 0, and this com-
pletely removes the influence of the series resistance, which then simplifies the analysis
considerably. It is then possible to perform some straightforward mathematical ma-

nipulations, as follows

2.2. SOLAR CELL OPERATION Page 68



CHAPTER 2. BACKGROUND AND THEORY

qVoc Voc
Jo — J -1 — =0 2.105
¢ 0 |:eXp (nidkBT) :| Rshunt ’ ( )
Jo — Voo Rehunt qVoc
— 2L ) -1 2.1
— 7 exp (nidkBT , (2.106)
qVoc Ja — Voo Rshunt
=1 1 2.1
T n [ T + 1], (2.107)
kgT Jo — Voco/Rshun
— Voo = BTnidln{ ¢ ?]C/ hunt | 1}. (2.108)
0

If we make two (often well justified) assumptions that the effect of the shunt resistance

is small, and that Jg/Jy > 1, then we arrive at

Voc = T niq In (ﬁ) (2.109)
q Jo

Additionally with the knowledge that, for most cases, the generation current scales
linearly with illumination intensity (i.e. Jg(nl) = nJg(I), where n is factor by which
the illumination intensity I is increased), we can then perform illumination dependent
Voc measurements, and the slope of Vo against illumination intensity (or ‘suns’) will
be proportional to the ideality factor. This measurement is often call a ‘suns-Vo¢’
measurement for this reason [36].

Practically, when performing these experiments it is (often) straightforward to iden-
tify when shunts are playing a significant role. At the lowest illumination intensities
(lowest Jg), the effect of the Vo / Repuns term is no longer negligible, and instead causes
the measured Vo to deviate from the straight line observed at higher intensities. The
region at low illumination intensities can, for most analyses, be safely neglected since
it is far from charge-carrier densities of interest. However, this does highlight an inter-
esting point — while often stated as simple one value, niq is actually voltage-dependent!
In conventional solar cells, at low bias, it is typical to find njq ~ 2 and n;q ~ 1 at high
bias.

In multi-layer device architectures such as those found with MHP solar cells, the

ideality factor depends on several additional factors including energetic alignment be-
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Figure 2.15: Simulated ideality factor dependence on the open-circuit voltage (at
AM1.5 illumination) for p-i-n MHP solar cells. First the energetic alignment at the
HTL/MHP interface is reduced which delivers higher open-circuit voltage with only a
small increase in the ideality factor. Then surface recombination velocity S, modelled
to be identical at both interfaces, is varied from 1 x 10° to Ocms™t. In this case, the
increase in Voo sees a corresponding rise in the ideality factor. Once the interface
recombination has been minimised, the bulk non-radiative recombination was reduced
by increasing the bulk carrier lifetime from 400ns to 10 us. The black region represents
the detailed-balance (SQ) limit in the case of bimolecular recombination only. In this
regime, the ideality factor is reduced for enhanced Voc. The stars indicate experimental
Vocs and nyg values for cells characterised by different degree of interface recombination
and Eva; offsets. Figure and caption adapted from [37].

tween the MHP semiconductor and the adjacent charge transport layers, surface re-
combination velocities and the recombination within the bulk of the perovskite, which
complicates the interpretation of the ideality factor. The influence of these factors is
summarised in Figure [2.15] Counter-intuitively, when the interfaces are limiting the
achievable V¢, either through poor energetic alignment or high interfacial recombina-
tion, a higher ideality factor is actually indicative of a higher preforming solar cell. The
trend is reversed when the quality of the bulk material is the limiting factor for efficient
device performance. In this case, niq is reduces from near 2 for high trap-mediated re-
combination rate (k1) and trends to 1 as k; — 0 and a corresponding increase in the
Voc is observed. This matches the trend expected from conventional semiconductors.

However, since almost all MHP solar cells are limited by the interfaces with the charge
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transport layers, one often discovers a higher ideality factor for the best performing

devices.

2.3 Metal Halide Perovskites

Metal halide perovskite (MHP) semiconductors have caused a revolution in the field
of photovoltaic research. This class of materials gets it name as it shares the same
chemical formula, ABX3, and crystal structure as the mineral CaTiOs. CaTiOs is a
naturally occurring mineral known as Perovskite, named after mineralogist Lev Per-
ovski. However, there are a wealth of materials in the MHP family, many of which do
not in fact adopt the perovskite crystal structure, nevertheless ‘perovskite’ is still used
to describe them all.

In MHPs, A is a monovalent cation, typically methylammonium (MA*, CH3NH ),
formamidinium (FA™, HC(NHy)3 ), caesium (Cs™), or a mixture thereof; B is a divalent
metal cation and is lead (Pb*") in this work; and the X-site is occupied by a monovalent
halide, usually a mixture of iodide (I") or bromide (Br~). The properties of the MHP
semiconductor can be readily changed by tuning its chemical composition, which will
be discussed in more detail later. The typical, cubic ABX3 perovskite crystal structure
is shown schematically in Figure [2.16] However, depending on factors including
composition, temperature, pressure, or even synthesis route, the MHP unit cell can
have orthorhombic or tetragonal symmetry [38-40].

The choice of A-, B- and X-site constituents can change the properties of the re-
sulting semiconductor dramatically. However, due to the differing (average) ionic radii
of the possible constituents of the perovskite lattice, not all combinations readily form
the perovskite structure at room temperature and atmospheric pressure. To a first

approximation, one can consider the Goldschmidt tolerance factor [41] which is given

by

po datls (2.110)
\/§(RB + Rx)
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Figure 2.16: Schematic of the cubic ABXs MHP crystal structure. The A-site is
occupted by a monovalent cation, e.g. methylammonium, formamidinium, caesium
(Cs"), or a mizture thereof; B denotes a divalent metal cation and is lead (Pb**) in
this thesis; and the X-site is a monovalent halide anion, typically a mizture of iodide
(I ) or bromide (Br~).

where Rp, Rp, Rx are the ionic radii of the A-, B- and X-sites respectively. A per-
ovskite is likely to form for 0.8 < ¢ < 1.0, and outside of this range different structures
will form. It is worth stressing that, in the case of organic-inorganic metal halide
perovskite, the Goldschmidt tolerance factor should be treated only as a rough guide,
and several studies have focused on extending its validity [42, [43]. This is because the
Goldschmidt tolerance factor is geometrical in origin and assesses whether an atom (or
molecule) with ionic radius R, can fit within the BXj5 framework. However, in the case
of MHPs, the A-site is often occupied by an organic molecule, which is not spherical
and so has a poorly defined ionic radius.

Interestingly, studies concerning halide perovskites have been reported since the
late 1800s — for example Wells investigated the crystal structure of Cs-based halide
perovskites in 1893 [44]. Then, the first reports of organic-inorganic MHPs (MAPbX3
and MASnX3) were published in the late 1970s by Weber [45] 46]. Indeed, these re-
ports even demonstrated alloying of the X-site [46], which is key research theme today
and will be discussed in detail later in this thesis. The additional major developments

were made in the mid-late 1990s by Mitzi and co-workers who measured charge-carrier
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transport properties of MHPs [47, 48] and were the first to demonstrate room tem-
perature electroluminsecene from MHPs [49]. The first report of using MHPs in a
light-harvesting context came from the group of Miyasaka in 2009, who were able to
fabricate a 3.8 % efficient dye-sensitised solar cell [50]. Following this development, Lee
et al. made the major breakthrough by demonstrating that metal halide perovskites
were not just a dye-molecule, but a semiconductor in their own right [51]. They did
this by using an inert Al,Ojz scaffold over which they deposited the perovskite. In this
architecture, the perovskite would have to transport charge carriers over a substantial
distances (~ 100 nm or more) in order for them to reach the electrodes. In this work,
solar cells with PCEs exceeding 10 % were fabricated, providing strong evidence that
charges were being efficiently transported in MHPs. Indeed, this was later quantified,
first by Stranks et al. who observed significant photoluminescence (PL) lifetime short-
ening when the perovskite was coated in a charge extraction layer and, using basic
drift-diffusion modelling, calculated diffusion lengths in excess of 1 ym for both elec-
trons and holes [52]. This observation has been confirmed by many other researchers
with a variety of techniques [7]. These long charge-carrier diffusion lengths are one of
the properties that contributes to the immense success of solar cells based on MHP
and has enabled the widespread used of the planar n-i-p or p-i-n device structures.
Importantly, these planar heterojunction cells are not only more straightforward to
fabricate on a laboratory scale, but they also lend themselves more directly towards
large scale deposition, e.g. through thermal evaporation [53].

In addition to the long diffusion lengths discussed above, MHPs have several other
properties that have enabled the PCEs of their solar cells to skyrocket over the past
decade, as can be seen in Figure Typically, metal halide perovskites have direct
bandgaps and high absorption coefficients, which means that an absorber thickness of
~ 500 nm is sufficient to efficiently harvest the solar spectrum [7, 39 55]. In addition,
high charge carrier mobilities in excess of 30 cm?V~!s~thave been widely reported
[7, 56, 57], as have long charge carrier lifetimes [6, O, 56]. In fact, it is these two

properties combined that enable the long charge carrier diffusion lengths discussed
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Figure 2.17: Comparison of research solar cell record efficiency development. We
show the incumbent technology crystalline silicon (black squares), bench marked against
emerging technologies organic (green circles) and metal halide perovskite (purple trian-
gles) solar cells. As is evident in the figure, PCEs of solar cells based on MHPs have
skyrocketed at an unprecedented pace. Data taken from [5]].

earlier. Moreover, despite being processed from solution at low temperature, MHPs
demonstrate low energetic disorder characterised through low Urbach energies [58, 59).
All these properties taken together are what have enabled the unprecedented rise in
the performance of perovskite solar cells.

Arguably the most important and useful property of metal halide perovskites is their
bandgap tunability. This class of semiconductors can tolerate a remarkable amount of
disorder within its structure without severely hindering its optoelectronic performance —
practically unique in the field of semiconductors. This means a large degree of alloying
on the perovskite crystal structure (ABX3) can be tolerated [60, 61]. The precise
choice of the constituents of the perovskite crystal structure dramatically influence the
optoelectronic properties of the MHP.

Primarily, the bandgap of metal halide perovskites is controlled by alloying on the
B-site or X-site [62]. This is because the valence band and conduction band arise from
orbitals of the B- and X-site consituents [62-64], and the A-site’s influence on the

bandgap is related mainly to the size of the unit cell, and so degree of overlap between
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orbitals [64-66]. Pb is alloyed with Sn on the B-site of the perovskite, which results in
‘bandgap bowing’, with the minimum being ~ 1.25 eV for Sn quantities from 30 — 50%
[67, 68]. There is a rich literature on mixed Pb:Sn perovskites, a recent review can be
found in Ref. [69], but they will not be discussed further hereafter.

The bandgap of the perovskite semiconductor can be increased by increasing the
ratio of bromide:iodide on the X-site of the crystal lattice [61], 62, [70]. This increased
bandgap makes MHPs ideal candidates for top cells in tandem photovoltaics. Efficient
tandem solar cells require precisely paired bandgaps, such that each subcell generates
the same current (called ‘current-matching’). This can often be difficult to achieve for
conventional semiconductors whose bandgaps are much more ‘rigid’. However, MHP
allow for precise fine-tuning of their bandgap, which makes them ideal candidates
multijunction applications [71]. A comprehensive review of the properties of the most
technologically relevant wide bandgap perovskites is given in Section [2.3.1]

Choice of the A-site has a relatively minor influence on the bandgap of the metal
halide perovskite semiconductor. This has been rationalised by computational stud-
ies which have demonstrated that the orbitals which contribute to the band extrema
originate primarily from metal and halide orbitals [62] [64], as discussed earlier. The
A-site’s orbitals contribute to states deeper within the bands. This is not to say that
the A-site is without influence however. For example, the Cs-content on the A-site
can introduce ‘octahedral tilting’, which alters the overlap between the orbitals in the
crystal, and hence changes the bandgap [72]. In fact, despite not directly influencing
the conduction or valence bands, the choice of the A-site composition is so critical that
perovskites are usually referred to by the choice of the A-site, e.g. ‘FAMA’, ‘FACs’,
‘triple cation’ etc.. In fact, alloying of the A-site appears to be crucial for the best

performing perovskite solar cells.

Single A-cation The archetypal perovskite is MAPbI3, which has been exten-
sively studied, though has many issues regarding its structural and thermal stability

[73-75]. In principle, direct replacement of MA with formamidinium (FA) would be be
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beneficial since the bandgap would be reduced towards the ideal for a single junction
(owing to FA’s larger size), and hence allow for more of the solar spectrum to be har-
vested. However, ‘standard’ FAPDbI; is highly unstable in ambient conditions, readily
transforming from the photoactive black («) phase, into the non-perovskite yellow (0)
phase [61] [76, [77]. Tt is worth noting that the current world record efficiencies are,
nominally, using FAPbI3 as the photoactive material which has been stabilised in its
a-phase by one strategy or another. However, many of these works on ‘FAPbI3’contain
MA or Cs, either explicitly [T8-80], or only discovered through careful reading of their
experimental methods, for example, one paper nominally investigating FAPbl3 con-
tained 35 mol% MACI within the precursor solution [81]. Therefore, in my opinion at
least, one cannot truly consider these materials as comprising a single A-cation. This
alloying is likely to induce a slight tilting of the lead-halide octahedra, which stabilises
the structure [82].

While often neglected, the fully inorganic perovskites (CsPb(I,Bry_;)3) are also
promising materials for optoelectronic applications [83], especially since they have out-
standing thermal stability [84]. The bandgap of CsPbBrj is substantially too wide
~ 2.4 eV for high performing solar cells, though it is the ‘base’ material in many
light-emitting applications [85]. The bandgap of CsPbls is ~ 1.72 eV and so is much
more promising for photovoltaic applications. Indeed, it is almost ideally suited as the
top cell in perovskite-on-silicon tandems [86]. However, regrettably this material is
thermodynamically stable in the photo-inactive §-phase at room temperature, and the
photoactive a-phase is only stable above 300 °C [83] 87]. Efforts have been made to

stabilise CsPblz at room temperature [88], but further work in this area is necessary.

Alloyed A-site As discussed above, the (truly) single A-site cation perovskites
each have significant challenges. As such, alloyed A-site perovskites have proved to be
be outstandingly successful. The highest efficiencies tend to be delivered for a mixed
FAMA perovskite, first reported in Ref. [89]. For example, FAyg3sMAg17Pbls, which

delivered efficiencies above 18 % as early at 2015 [77,[90]. This FAMA family continues
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to be successful, now routinely delivering efficiencies well in excess of 20 % [91, 02].
At a roughly the same time (2014), in a similar vein, binary alloys of either MA or
FA with Cs were being investigated. Choi and coworkers investigated the addition of
Cs into MAPbDI; [93], achieving a PCE 8 %, modest even in 2014. These MACs based
perovskites never ‘took off’, perhaps due to the addition of Cs in these compositions
not overcoming the issues highlighted for pure MAPbI3. In contrast, FACs based
perovskites have proved to be hugely successful, and will be explored in detail over
the course of this thesis. The first FACs alloy was reported by Jin-Wook Lee in group
of Nam-Gyu Park in 2015, wherein they identified enhanced moisture stability and
improved device performance when 10 % of the FA was replaced with Cs [94]. Following
this work, Yi et al. proposed the enhanced stability is due to the miscibility of the
« phases of FAPbI; and CsPbls, whereas there is a large energetic barrier to the
mixing of their respective § phases [05]. The vast potential of the FACs family of
perovskites was further highlighted by McMeekin et al., wherein they demonstrated
simultaneous alloying on the A- and X-sites [70]. This allowed for the identification
of a perovskite composition that possessed good stability, and was well suited for use
in a perovskite-on-silicon tandem. A key material identified within this work, namely
FA0.83Cs0.17Pb(Ip.6Bro.4)3, is investigated in detail in this thesis in Chapters |5/ & @
The theme of alloyed A-sites goes yet further. Saliba and co-workers identified
that the mixed FA/MA perovskties were delivering the highest efficiencies, but that
the smaller Cs cation was beneficial for film formation and stability, and sought to
combine these positive properties into one perovskite [96]. In this work, the authors
showed that small Cs inclusion was sufficient to suppress § phase impurities that are
a perennial challenge in FAMA perovskites. In this work, stabilized PCEs exceeding
21 % were achieved, which was excellent in 2016. Moreover, the so-called ‘triple cation’
perovskite films are both more reproducible (less sensitive to processing conditions) and
more thermally stable than FAMA perovskites [06]. These were all major advances,
and triple cation perovskites are still widely implemented today [97, 08]. Indeed, they

are the subject of Chapter
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A quadruple Rb/Cs/FA/MA perovskite was implemented, again first developed
by Saliba and co-workers [99]. The incorporation of rubidium resulted in extremely
high open-circuit voltages with respect to the bandgap investigated. While popular for
some time, the quadruple cation has fallen out of favour, perhaps due to the additional

preparation complexity required for such perovskites.

2.3.1 Methylammonium-free Wide Bandgap Perovskites

Manuscript related to this Section

The discussion presented in this Section is adapted from a manuscript due to be sub-
mitted, A. J. Ramadan, R. D. J. Oliver, M. B. Johnston, H. J. Snaith, Progress and
prospects in methylammonium-free wide bandgap metal halide perovskite photovoltaics,

Manuscript in preparation.

As previously discussed, metal halide perovskite (MHP) semiconductors have been
the subject of intense research effort in the photovoltaic and broader optoelectron-
ics research community over the past decade. This has led to soaring power conver-
sion efficiencys (PCEs) of single junction perovskite solar cells, which now rival those
achievable with crystalline silicon [54]. This is largely due to their ease of manufacture
coupled with excellent optoelectronic properties which we have already discussed in de-
tail earlier. Another key property of metal halide perovskites is their broadly tuneable
optoelectronic properties achievable through careful choice of the constituents in the
ABX3 crystal structure. In such a way, a boundless choice of bandgaps between 1.2 —
3.2 eV are achievable [65]. Owing to this property, perovskites can be tailored toward
a specific photovoltaic application. One particularly significant application is for use
as the top cell in a tandem photovoltaic device, which requires a bandgap between 1.67
— 1.8 eV [71], 100-H102]. Indeed, it is (widely) believed that perovskite semiconductors

will first make an impact in the global photovoltaic market as the top cell component
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of tandem technologies, first in conjunction with crystalline silicon (c-Si) and then in
perovskite/perovskite tandems. The MA-free wide bandgap (£, ~ 1.8eV) perovskite
required all-perovskite tandems are investigated in Chapters [5] & [6]

The bottom cells in “hybrid” perovskite-based tandem solar cells perform excel-
lently and are not the main limiting factor for future tandem developments. Crystalline
silicon is well-established as a high efficiency photovoltaic technology and copper in-
dium gallium selenide (CIGS) is a well-industrialised technology. For all-perovskite
tandem photovoltaic devices, the bottom cells, fabricated from alloying Pb and Sn on
the B-site, have recently enjoyed an outstanding improvement in their photovoltaic de-
vice performance, and are now approaching their thermodynamic limit for open-circuit
voltage [103], and efficiencies approaching 24 % [104]. Overcoming reproducibility and
long-term stability issues for the low bandgap Pb-Sn perovskites are key challenges,
but is not the subject of this Section. The initial power conversion efficiency of wide
bandgap perovskite top cells have not experienced the same successes and are therefore
currently the subject of significant investigation.

Despite recent progress, devices based on high-bandgap perovskite semiconduc-
tors are still constrained far below their theoretical maximum performance. This is
largely due to the open-circuit voltage (Voc) of such cells not increasing with increas-
ing bandgap as expected, instead plateauing at ~ 1.2 V [105]. This limited performance
is particularly true for the most stable — and hence technologically relevant — materials
choices. In this case we refer to perovskites that do not include methylammonium on
the A-site, the instability of which is well documented [74], TO6HI0g].

In this Section, we provide an overview of the developments within the field of
methylammonium-free wide bandgap metal halide perovskite photovoltaics. This Sec-
tion will focus on materials with bandgaps within the range of 1.6 — 1.9eV and with
the composition FA;_,Cs,Pb(Br,I;_,)s. In particular, studies which have focused on
enhancing the interfaces within wide bandgap MHP solar cells are highlighted. The
all-inorganic wide bandgap photovoltaics are not discussed here as there are already

several excellent reviews on this area of research [T09-111].
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Metal Halide Perovskite Light Emitting Diodes (LEDs)

Alongside their implementation in photovoltaics, wide bandgap metal halide perovskites
have proven highly successful as the emissive layer in light emitting diode (LED) devices
[TT2H114]. This is an excellent indicator of their potential for success in photovoltaic ap-
plications. Within the perovskite LED community, photoluminescence quantum yield
(PLQY) measurements are routinely used to screen perovskite compositions and deter-
mine their potential for producing high electroluminescence external quantum efficiency
(EL-EQE) LED devices. There have been many reports within the LED literature of
PLQY values exceeding 30 % for wide bandgap perovskite thin-films, however reported
PLQY values for similar perovskites employed in solar cells are typically at least an
order of magnitude lower [IT5HITY]. It is well established that through applying quasi-
Fermi level splitting (QFLS) analysis, PLQY measurements can predict the maximum
open-circuit voltage (Voc) achievable with a specific materials system or device stack
[16]. As such, there is a direct correlation between higher PLQY and higher achievable
Voc values. We therefore believe that the successes of the perovskite LED community
in developing perovskite thin-films with impressive PLQY values and LED devices with
high EL-EQE efficiencies is an excellent indicator that the voltage losses plaguing the
wide bandgap PV community are not inherent to the materials system. Instead, we
posit that these losses are a direct result of the routes and methods through which we
fabricate our perovskite materials and corresponding solar cell devices.

The work of the perovskite LED community indicates that there is considerable
cause for optimism and highlights the need for more efforts on understanding both the
fundamental properties of our MA-free wide bandgap perovskite materials and how our

processing routes and device structures impact our corresponding device performances.

Crystal structure

Whilst considerable efforts have been made to understand the crystal structure of the
wide bandgap FA, ,Cs,Pb(Br,I;_,); materials we do not yet have a complete under-

standing of their structural properties and we are lacking crystal structures for many of
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these perovskites. This is partly due to the vast number of potential perovskite com-
positions within the FA; ,Cs,Pb(Br,l; ,)s; family and the fact that their structures
are often informed by the processing environment and routes through which their cor-
responding thin films are fabricated. As such our understanding of the structure of
these materials has been informed both by our understanding of the single cation,
single halide perovskites systems and on a case-by-case basis. The recent work of
An and co-workers offers an in-depth and broad overview of the structure of 49 dif-
ferent FA;_,Cs,Pb(Br,I;_,)s; compositions, many of which have bandgaps > 1.6 eV,
investigated using lab-based X-ray diffraction and grazing incidence wide angle X-ray
scattering (GIWAXS) investigations [120]. This work presents a valuable library of

structural information for a wide range of MA-free wide bandgap perovskites.

Halide segregation

Halide segregation is a process in which the different halide species physically separate
in the perovskite material, usually driven by above bandgap illumination or current
injection [121], 122]. The separation of different halide species leads to a heterogeneous
energy landscape within the perovskite semiconductor which has numerous implications
for both the fundamental physics and device applications of wide bandgap perovskites.
For an in-depth review of halide segregation and its influence on material properties
we recommend the perspective from Knight and Herz [121], herein we instead briefly
discuss on the implications of halide segregation on device performance.

As the bromide-to-iodide ratio is increased on the X-site in the perovskite crystal
structure, the bandgap is increased. However, the open-circuit voltage does not follow
a similar trend, as would be expected, and instead plateaus after ~ 20 % Br inclusion to
a value of ~ 1.2 V [105]. At similar Br fractions, halide segregation becomes prevalent
under illumination which results in the formation of iodide-rich regions which possess
lower-than-desired bandgaps. Therefore, charges in the well-mixed wide bandgap phase
funnel into these regions, losing energy in the process and hence reduce the achievable

open-circuit voltage of high Br-content perovskites. This funnelling results in high
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charge carrier densities in the I-rich phase, which in turn leads to extremely prevalent
low energy photoluminescence [121], 123H126]. However, the degree to which this process
affected device performance was not fully understood.

Mahesh and co-workers quantified the extent to which halide segregation affects the
open-circuit voltage in state-of-the-art metal halide perovskite solar cells [127]. In this
study, we measured the band-edge of full photovoltaic devices using high sensitivity
Fourier-transform photocurrent spectroscopy to determine the external quantum effi-
ciency of devices before and after halide segregation. We then used detailed-balance
calculations to fully quantify the effects of halide segregation on PV device perfor-
mance. In this way, we were able to unambiguously determine the Vo penalty due to
halide segregation, discovering that halide segregation could only account for a small
fraction of the lost voltage, and there were more significant losses elsewhere in the de-
vice architecture. This observation is true for the most commonly employed perovskite
A-site compositions (e.g. FACs, FAMA, and FAMACs), and so demonstrates that
careful optimisation of the device architecture of wide bandgap perovskite solar cells is
of the utmost performance to unlock their full potential. Explicitly, halide segregation
could account for an additional V¢ loss of ~ 100 mV, which is small compared to the
non-radiative losses present in the device causing over 400 mV of lost voltage.

By reconciling the detailed-balance calculations with experimental observations,
we discovered some remarkable properties about the halide segregation process and
its influence on device performance. Firstly, only a remarkably small volume of the
film, ~ 1%, needs to have undergone halide segregation to have a significant impact
on the device’s Voc. This observation of small, segregated domains has since been
explicitly observed during cathodoluminescence measurements [128]. In addition, we
were able to provide quantitative evidence the segregated, minority phase suffers from
less non-radiative recombination than the majority, well-mixed phase, through a 19-fold
enhanced electroluminescence quantum efficiency. These observations are not simply
limited to FA; ,Cs,Pb(Br,l;_,)s perovskites and agree strongly with the observations

made by Pena-Camargo et al. on the triple-cation FAMACs perovskite [129]. These
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observations strongly indicate that a thorough understanding of the non-radiative loss
mechanisms within wide bandgap perovskites is necessary, and an efficient mitigation
strategy must be developed to unlock the potential of these materials for the eventual

realisation of highly efficient tandem solar cells.

Progress in photovoltaic device performance

Whilst the optimum use of wide bandgap perovskite solar cells is through their im-
plementation in tandem photovoltaics, the field has so far focused predominantly on
their use in single junction solar cells. This has enabled great strides to be made in
the understanding of wide bandgap perovskite device physics without the complicating
factors of a recombination layer and second solar absorber material in connected series.
Across the literature several approaches have been developed with the aims of enhanc-
ing the efficiency, stability and in some cases both. We summarise these approaches
and highlight the areas we feel need more investigation by the community.

The current state of the art performance of p-i-n architecture FA;_,Cs,Pb(Br,I;_,)s
solar cells was achieved by Chen and co-workers in their development of perovskite-
organic monolithic tandem photovoltaics [130]. In their work they used a
FA( 75Cs0.25Pb(1g 6Bro4)s perovskite (optical bandgap, £, = 1.79 eV, determined by
Tauc plot). The authors achieved outstanding device with a reported PCE of 17.8 %
given by a fill factor (F'F) of 78.9 %, Jsc of 17.90 mA cm~2, and V¢ of 1.26 V. This
was achieved by passivation of the interface between the HTL, in this work NiO,, and
the perovskite absorber with benzylphosphonic acid. Remarkably, this Vo¢ constitutes
an increase of 80 mV to the control condition, implying a 20-fold enhancement of the
radiative efficiency in full devices due to the HTL passivation alone.

Another impressive report of high-performance devices comes from Brinkmann and
co-workers, also focussing on the optimisation of the HTL/perovskite interface for
perovskite-organic tandem devices [I31]. In this work a different self-assembled mono-
layer MeO-2PACz ([2-(3,6-Dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid) is re-

ported as the HTL, in addition to phenethylammonium iodide surface passivation of
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the perovskite/electron transport layer (ETL) interface which produced devices with
outstanding Vo of 1.34 V for a FA(sCsg2Pb(Ip5Bros5)s perovskite with an optical
bandgap of 1.85 eV (determined through d(FQFE)/dE). These studies are in strong
agreement with our recent report highlighting that the HTL /perovskite interface is the
most challenging in p-i-n devices and is deserving of the most attention [132].
Interestingly, the state-of-the-art n-i-p devices perform comparably to their p-i-n
counterparts, in stark contrast to the ~ 1.6 eV perovskites where n-i-p devices are
substantially higher performing. This is highlighted by the work of Gharibzadeh and
co-workers who achieved an outstanding Voc of 1.31 V in a FA(g3Csg17Pb(Io6Bro4)s
(Eq = 1.72 €V, Tauc plot) n-i-p solar cell by using butylammonium bromide to form a
thin two-dimensional Ruddlesden-Popper capping layer at the perovskite/HTL inter-
face [133]. While this is an excellent result, the difference in performance of the wide
bandgap perovskites in the two architectures is much smaller than for the narrower
bandgap counterparts. The cause of this is not known. To some extent, the perfor-
mance of p-i-n wide bandgap perovskites will be enhanced simply due to the additional
effort dedicated to their optimisation. This is because p-i-n cells are more suitable for
implementation in a two terminal (2T) tandem architecture: there are no high tem-
perature annealing steps (i.e. to form the SnO, ETL as in n-i-p cells) and there are
reduced parasitic absorption optical losses within the tandem since the transport layers

used in p-i-n solar cells are much thinner.

Interfacial passivation

Interfacial passivation has been critical to the rapid development of perovskite photo-
voltaics, and it has proven equally important in the FA; ,Cs,Pb(Br,I;_,); perovskites
[101, 134H137]. A range of approaches have been demonstrated for perovskites more
suitable for single-junction photovoltaics (E,; ~ 1.55 V) and those containing methy-
lammonium. Fewer avenues have been explored for the MA-free wide-bandgap per-
ovskites however there have still been significant efforts in this area.

One approach which has led to impressive efficiencies and stabilities is the imple-
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mentation of ionic additives as both an interfacial passivation treatment and a bulk
perovskite passivation treatment [T0T], 136, 138, [139]. Whilst this approach has predom-
inantly been demonstrated on methylammonium containing perovskites [140], we have
demonstrated that this approach can be incredibly successful in FA; ,Cs,Pb(Br,I; )3
perovskites [T01], 132, [136]. We utilised an organic ionic additive, 1-butyl-1-methylpiperidinium
tetrafluoroborate ([BMP]"[BF,]7), as a bulk perovskite additive and fabricated p-i-n-
devices using a FA(g3Csg17Pb(lp.77Brg23)s perovskite (E, = 1.67 eV, d(EQE)/dE).
The champion devices achieved a PCE of 17.3 %, stabilised power output (SPO) of
16.5 % and a Vo of 1.16 V. In addition to impressive device performances, ionic ad-
ditive treatment results in a significant boost to the long-term stability of passivated
devices. Unencapsulated devices aged under full-spectrum sunlight at 60 °C in ambient
air demonstrated an average lifetime of degradation to 80 % of the peak PCE (T%) of
975 hours, with the champion device achieving a Tgy = 2630 hours. This is in stark
comparison to our control devices which had dropped to a PCE < 5% after 216 hours.

In their development of 4T perovskite/c-Si tandem photovoltaics, Jaysankar and co-
workers implemented an ultra-thin layer of Al,O3 (thickness of 0.8 nm), through atomic
layer deposition (ALD), in n-i-p photovoltaic devices based on a FA( g5Csg 15Pb(1g.71Bro29)3
perovskite (E, = 1.72 eV, Tauc plot) [I07]. This layer was introduced between the
perovskite/spiro-OMeTAD interface in single junction devices and yielded an outstand-
ing enhancement in the device’s open-circuit voltage, from 1.11 V in the control de-
vices to 1.22 V. This enhancement would be equivalent to an enhancement in radiative
efficiency of more than a factor of 70, clearly highlighting just how critical the per-
ovskite/HTL interface is in the n-i-p device structure. This substantial enhancement
of the perovskite device enabled Jaysankar and co-workers to fabricate 4T tandem
devices in conjunction with c¢-Si which delivered a PCE of 27.1 %.

One exciting area of perovskite research has been the foray into perovskite struc-
tures beyond the traditional three-dimensional (3D) ABXj crystal structure. Two-
dimensional (2D) perovskite structures such as the Ruddlesden Popper (RP) and Dion

Jacobson (DJ) phases can be formed by incorporating bulky monovalent (RP) or di-
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valent cations (DJ) into the A-site of the perovskite structure resulting in the general
structures A, 1B, X3,.1 (RP) and A’A,,_1B,, X3,41 (DJ). Here, n refers to the number
of lead halide plains between the organic spacer cations. The blending of these 2D
phases with 3D perovskite to form 2D /3D heterostructures both as an interfacial mod-
ification or as a bulk passivation approach have been widely employed as a route to
developing perovskite solar cells with long term stability and high efficiency [T41H143].
In methylammonium-free wide bandgap perovskites 2D /3D heterostructures have been
predominantly employed to modify the interface between the perovskite and adjacent
charge transporting layers. This approach has been successful in both n-i-p and p-i-n

architectures, and we summarise approaches and lessons learned below.

n-i-p device architecture Wang and co-workers demonstrated significant im-
provements to the operational device stability of FAgg3Csg17Pb(IpBro4)s (Ey = 1.72
eV, d(EQE)/dFE) photovoltaic devices with the incorporation of a 2D/3D perovskite
heterostructure through the addition of butylammonium (BA) to the perovskite pre-
cursor solution [143]. Unlike many subsequent works the butylammonium cation was
incorporated within the perovskite precursor solution as opposed to be used as a post-
treatment to create an interface modification. The incorporation of the BA cation
within the precursor solution was found to influence the perovskite thin film crys-
tallinity and morphology with a composition of BAg 9(FAgs3Cs0.17)0.01Pb(I0.6Bro4)s
found to produce optimal photovoltaic devices. The champion device achieved a PCE
=17.2%, Voc = 1.18 V with a reduced hysteresis compared to the control device. Im-
portantly unencapsulated devices held in ambient air (~ 45% RH) under full-spectrum
AM1.5, 75.6 mWem 2 irradiance were found to achieve a Tgo of 1005 hours compared to
a Tgo = 693 hours for control devices demonstration a significant boost to the stability.

Gharibzadeh and co-workers have employed 2D /3D heterostructures to produce
state-of the art n-i-p wide bandgap perovskite devices both as single junctions [133]
(as discussed earlier) and for semi-transparent perovskite devices in four terminal (47T)

tandems with both Si and CIGS (copper indium gallium selenide) [144]. The lat-

2.3. METAL HALIDE PEROVSKITES Page 86



CHAPTER 2. BACKGROUND AND THEORY

ter work builds on their impressive single junction devices using a butylammonium
bromide surface post-treatment to form a 2D /3D perovskite heterostructure between
the 3D perovskite FA(g3Cso17Pb(l1_,Bry)s and the spiro-MeOTAD (HTL) interface.
This treatment induces changes to the structure of the perovskite with additional low
angle peaks in measured X-ray diffraction patterns attributed to the presence of a
Ruddlesden-Popper structure. This approach was expanded to a range of perovskite
bandgaps from 1.65 eV - 1.86 eV and a boost in device performance was observed for
all reported bandgaps. Interestingly, a difference was observed in the stability of the
semi-transparent perovskite cells between the lower energy bandgaps < 1.74 eV and
those > 1.74 eV. When measuring the PCE at a constant voltage under continuous 1
sun illumination, whilst no reduction in PCE was observed for the devices based on
bandgaps of < 1.74 eV, those based on bandgaps of 1.79 and 1.85 eV experienced a loss
of PCE after ~ 30 minutes. The authors offer a suggestion that this could be due to
phase segregation for these compositions however it is clear more investigation would
be required before this could be confirmed [144].

Zhou and co-workers report the use of a benzylamine post-treatment in a range of
FA(.85Cso.15Pb(I.Bri_, )3 perovskites as a route to boost the thermal photo-stability of
the perovskite [145]. Thermal stability testing of a range of thin films was carried out in
a No atmosphere at 85 °C under a white light LED (no UV component). Without the
benzylamine treatment, X-ray diffraction (XRD) and scanning electron microscopy
(SEM) measurements demonstrated clear changes to the structure and morphology
suggesting decomposition of the perovskite thin films after 8 hours however the ben-
zylamine treatment was shown to inhibit these changes. The benzylamine treatment
resulted in the presence of peaks in the diffraction patterns which were attributed to
an = 1 BAyPbBry structure. Additionally, treatment with benzylamine was found
to boost the performance of photovoltaic devices based on FAqg5Csg 15Pb(1g.73Brg27)3
(Ey = 1.72 €V, Tauc plot). A significant boost in Vo to 1.23 £0.01 V (compared to
1.14 £ 0.03 V for untreated devices) was observed, however in their champion JV sig-

nificant hysteresis is present with the forward scan PCE = 15.7 % compared to a PCE
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= 18.1% for the reverse scan. The overall boost in performance afforded by the ben-
zylamine treatment was maintained after ageing in air for 40 days at a RH =65+5%
with the PCE reducing by 20 % compared to untreated devices which showed a PCE
reduction of 70 % after 21 days.

Bu and co-workers employed a phenylmethylamine bromide (PMABr) post—treatment
to boost the efficiency and stability of photovoltaic devices based on an
FA(5Csp2Pb(Iy7Bro3)s perovskite (E, = 1.74 eV, Tauc plot) [I146]. Through X-ray
scattering measurements the authors demonstrate that the concentration of the PMABr
salt post-treatment is crucial in determining the nature of the 2D structure formed.
At lower PMABr concentrations there is evidence of an n = 1 2D perovskite forming
whilst an additional n = 2 structure is seen at higher PMABr concentrations. Photo-
voltaic devices fabricated with a solely n = 1 2D perovskite component, whilst more
stable, were not as efficient as those fabricated with a mixture of n =1 and n = 2 2D
perovskite structures present. For the latter case they report a champion device with a
PCE of 18.5 % and a Vo = 1.20 V under reverse scan (18.1 % and 1.19 V under forward
scan). The steady-state power output of the champion devices are 15.8% (0.96 V) for
the control and 17.9% (1.04V) for the treated perovskite. This treatment was also
found to enhance the moisture stability of the perovskite photovoltaic devices. After
2000 hours in dark storage with a RH = 20 4+ 5% the treated unencapsulated devices
were demonstrated to show minimal performance losses when compared to the un-
treated devices. The authors also undertook near-edge X-ray absorption fine structure
(NEXAFS) measurements to probe the molecular orientation of the PMABr molecules
within the perovskite thin films. The results of these studies suggest that phenyl rings
of the PMABr molecules adopt an edge-on orientation relative to the surface of the thin
film which the authors suggest may help to impart a barrier against water molecules

and boost the stability of the films in the presence of moisture.

p-i-n device architecture Chen and co-workers have demonstrated the use of

Pb(SCN); in combination with two organic cations phenethylammonium iodide (PEAI)
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[147] and guanidinium bromide (GABr) [148] in boosting the efficiency and reducing
voltage losses in FA( 3Csg2Pb(Iy7Brg3)3 photovoltaic devices. Both works demonstrate
that the addition of Pb(SCN), can result in a boost to device performance which is
then further enhanced by post-treatment of the perovskite thin film surface with PEAI
or GABr. In their work investigating GABr the authors claim that post-treatment of
the perovskite thin film with a GABr in isopropanol leads to the formation of a graded
perovskite “homojunction”

(FA(.8Csg2Pb(Ig7Bro3)3:GA,FAgsCsp2Pb(Ip7Brg3)s). They present the differences in
surface potential observed in cross-sectional scanning kelvin probe force microscopy
measurements between treated and untreated perovskite films as key evidence for this.
Whilst they report a shift in the bandgap of the perovskite after treatment (from
1.74 €V to 1.75 eV determined from Tauc plots) and in the valence band maximum
position measured using ultraviolet photoemission sprectroscopy (UPS) they do not
offer any structural measurements to support these arguments. Nevertheless, with the
GABr treatment they report a champion device PCE of 18.19% and a V¢ of 1.24V,
compared to a PCE of 17.16 % and V¢ of 1.20V.

In their work investigating PEAI Chen and co-workers report that post-treating
their FA(gCsg2Pb(Ip7Brg3)s films with a PEAT in isopropanol solution helps to sup-
press ion migration within the perovskite [147]. Using thermal admittance spectroscopy
and molecular dynamics simulations they report that the presence of PEAI on the sur-
face of the perovskite raises the energy barrier of diffusion for the iodide interstitial
ions. For treated devices they report a champion PCE of 19.07 % and a V¢ of 1.25V
(E; = 1.73 €V, Tauc plot). To achieve their champion PCE they employ a MgF, anti-
reflection coating. Representative PCEs of 18.64 and 17.56 % are reported for treated
and control devices respectively. The boost in device performance due to PEAI treat-
ment is attributed to a reduction in the macroscopic Jy as a result of the suppressed ion
migration and therefore a reduction in defects at grain boundaries. The dual benefits of
incorporating both Pb(SCN), and PEAT have also been demonstrated in perovskite-Si

tandem devices based on methylammonium containing wide bandgap perovskites [149].
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Lewis bases such as thiophene have long been known to act as defect passivants
through the propensity of S to bind with undercoordinated Pb*" atoms [150]. Exploit-
ing this interaction in combination with ammonium halide salts to produce quasi-2D
thiophene based perovskite 2D/3D heterostructures has been demonstrated as an ef-
fective route to enhance photovoltaic device efficiency and stability in MA-containing
perovskites [I51]. Chen and co-workers demonstrate the efficacy of these heterostruc-
tures using, 2-thiophenethylammonium chloride (TEACI) as a post-treatment to the
perovskite layer, in FA(sCsgoPb(IosBros)s, (Ey = 1.68 eV, Tauc plot) for both sin-
gle junction (p-i-n) and 4T perovskite-CIGS tandem photovoltaic devices [I52]. The
champion single junction devices achieve a PCE of 20.31% (SPO of 20.05 %) with a
Voc of 1.19V, this is an impressive boost in performance compared to the control de-
vices (PCE = 17.97%, SPO = 17.56 %, Voc = 1.08 V). When combined with a CIGS
bottom cell in a 4T tandem device, the authors report a PCE of 24 % for the optimal
TEACI perovskite device. The TEACI treatment is demonstrated to enhance the sta-
bility of unencapsulated devices stored in air (~ 40 % RH) with a retention of 92.8 %
of the initial efficiency compared to the control devices which only retained 53.7 % of
their initial efficiency. It is unclear if these devices were stored in the dark or light.
The treated devices also demonstrated enhanced stability when stored in the dark in

N, and at 25 and 60 °C .
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Chapter 3

Experimental Methods

In this chapter, I will describe all the experimental methods used in this thesis. I will
describe the device fabrication steps and all spectroscopic, structural and morphological

characterisation methods.

3.1 Device fabrication

3.1.1 Materials

Unless otherwise stated, all solvents used in work were purchased from Sigma Aldrich.
All materials were used as received without additional purification.All material prepa-

ration steps were performed in an N, filled glovebox unless otherwise stated.

Substrates: Substrates were obtained from a range of suppliers during the course
of this thesis.

In Chapter , FTO (flurine-doped tin oxide) substrates were purchased from Pilk-
ington with a sheet resisitivity of 7 Q[0~!. The substrates were etched with Zn powder
and 2 M HCI acid to achieve the desired electrode pattern.

In Chapter [5 devices were fabricated in Potsdam with pre-patterned 25 mm x

25 mm indium tin oxide (ITO) substrates were purchased from Lumtec with a sheet
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resisitivity of 15 QO

In Chapter @ a variety of indium tin oxide (ITO) suppliers were used due to
supply issues during the course of the project. Predominantly, 30 mm x 30 mm pre-
patterned ITO substrates were purchased from AMG or Biotain crystal. The sheet
resistance as approximately 10 Q1

Throughout this thesis THz spectroscopy measurements were performed on z-cut
quartz substrates (area 1.3 cm?), as were the time-correlated single photon counting

measurements presented in Chapter [5] & Chapter [6]

Ionic additive: The ionic additive 1-butyl-1-methylpiperidinium tetrafluorobo-
rate ([BMP]" [BF4]~, purity 99 %) was purchased from Sigma Aldrich. The ionic ad-
ditive was dissolved in a 4:1 volume ratio of dimethylformamide (DMF) and dimethyl-

sulfoxide (DMSO) and shaken overnight.

Benzylammonium bromide synthesis: 5 mL of benzylamine and 30 mL of
ethanol were mixed and stirred in a 250 mL 2-neck flask in an ice-water bath. Then 7
mL of HBr acid (48 wt% in water) was slowly added into the mixture. The mixture
was stirred for 2 h at 0 °C in an ice water bath. The solvent was removed by a rotary
evaporator at 50 °C and a white precipitate was formed. The white precipitate was
then washed with diethyl ether and filtered using a Buchner filtration system. After
filtration, the white powder was dissolved into hot ethanol to obtain a supersaturated
solution. The solution was put into a freezer overnight. The white precipitate was
then washed with diethyl ether and collected by vacuum filtration. After filtration, the
large white crystallites (benzylammonium bromide, BenABr) were collected and dried
in a vacuum oven at 60 °C overnight. It was then transferred to an Ny glovebox where

it was weighed ahead of device fabrication.

Benzylammonium bromide solution: The benzylammonium bromide powder

was weighed in a N, filled glovebox and dissolved in chlorobenzene to the desired
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concentration, as described in Chapter [} The solution was stirred overnight at a

temperature of 50 °C.

Perovskite precursor: In Chapter [4] the triple cation perovskite
Cs0.05 (FA9.83MA(.17)0 95 Pb (I0.9Bro.1)s, first developed by Saliba et al. [I] was utilised.
To form the perovskite precursor, lead iodide (99.99 %, Pbly, Alfa Aesar), lead bromide
(> 98 %, PbBry, Alfa Aesar), cesium iodide (99.999 %, Csl, Alfa Aesar), formami-
dinium iodide (FAI, GreatCell Solar) and methylammonium iodide (MAI, GreatCell
Solar) were weighed to the appropriate stoichiometry and dissolved in 4:1 ratio (by vol-
ume) of N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) to achieve a
concentration of 1.4 M.

In Chapters [5| & @, the FA(g3Cso.17Pb (IgBro.4), perovskite, first developed by
McMeekin et al. [2] was utlisied. The precursor solution was obtained by stoichiomet-
rically weighing formamidinium iodide (FAI, GreatCell Solar), caesium iodide (Csl,
AlfaAesar), lead iodide (Pbly, TCI) and lead bromide (PbBry, AlfaAesar) in an Ny
filled glovebox. For devices made in Potsdam in Chapter [5] the materials were in-
stead weighed in ambient air before being transferred into an Nj filled glovebox. The
precursor salts were dissolved in a mixture (4:1 ratio by volume) of dimethylformamide
(DMF) and dimethylsulfoxide (DMSO). The precursors solution was stirred at room
temperature overnight. To mix the ionic additive into the precursor solution, an appro-
priate volume of the ionic additive solution was added to the perovskite precursor so-
lution to obtain a perovskite concentration of 1.3 M for the precursor and 0.5 mgmL ™"
of the ionic additive. For control devices, the same volume of neat DMF:DMSO was
added to the perovskite precursor to achieve a concentration of 1.3 M. Both the control
and ionic additive-containing precursor solutions were shaken on an orbital-shaker for
at least 30 minutes prior to deposition. Explicitly, the desired perovskite solutions was
achieved by performing the following steps. Firstly, the precursor salts were weighed
to within 1 mg according to values presented in Table [3.1 To make the precursor

solution, 2 mL of solvent (4:1 DMF:DMSO) was added to achieve a nominal concentra-
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tion of 1.56 M. This solution was stirred overnight at room temperature to ensure the
precursors had fully dissolved. This solution was then decanted into separated vials, 1
mL in each. We note there was residual precursor solution left due to volume expansion
whilst the precursors dissolved. To one vial, 0.2 mL of neat DMF:DMSO was added
to achieve a target concentration of 1.3 M and hence form the control solution. To
the other vial, 0.2 mL of ionic additive solution (3 mgmL™" ) was added to achieve a

nominal 1.3 M perovskite containing 0.5 mgmL ™" of ionic additive.

Table 3.1: The masses of the precursor salts required to achieve a solution of a
nominal concentration of 1.56 M when adding 2 mL of solvent (4:1 DMF:DMSO).

Precursor salt | Mass (mg)
FAI 445.3
Csl 137.8
Pbl; 5975.3
PbBr, 687.0

Hole transport layer: In Chapter , the hole transport layer (HTL) solu-
tion was made by dissolving poly(4-butyl-N,N-diphenylaniline) (polyTPD) (purchased
from 1-Material) in toluene at a concentration of 1 mgmL™' with 20 wt% 2,3,5,6-
Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ, Lumtec) to dope the solu-
tion and resulting thin film after deposition.

In Chapter[5] poly|[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) (purchased
from Sigma Aldrich) was used as the hole transport layer. To form the solution, PTAA
was weighed in ambient air before being transferred into an Ns filled glovebox, where
it was dissolved in toluene at a concentration of 1.5 mgmL™" .

In Chapter @, a range of hole transport layers were used. PTAA (Mw = 12,000)
was purchased from Flexink and dissolved in CB at a concentration of 2.0 mgmL™" .
poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine) (TFB) (Mw = 45, 000)
was purchased from Osilla and dissolved in CB at a concentration of 2.0 mgmL™" .
poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) was purchased from Osilla and

dissolved in CB at a concentration of 2.0 mgmL™" .
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F6-TCNNQ (1,3,4,5,7,8-hexafluorotetracyanonaphthoquinodimethane) was purchased

from Lumtec and used to dope the HTL solutions, typically at 1 wt%.

Electron transport layer (ETL): In Chapters [4] & [6] the ETL solution was
formed by dissolving PCBM ([6,6]-phenyl-C61-butyric acid methyl ester, Solenne) in
3:1 (by volume) cholorbenzene (CB):dichlorobenene (DCB) at a concentration of 20

mgmL ™! .

Hole blocking layer: In Chapters [4] & [6]the ‘hole blocking layer’ was prepared
by dissolving bathocuproine (98 %, BCP, Alpha Aesar) at 0.5 mgmL ™! in isopropanol

(IPA). This solution was stirred overnight at 70 °C before deposition.

3.1.2 Deposition protocols

Triple cation perovskite

In Chapter , the triple cation perovskite Csg. o5 (FAo.s3MAg.17)05 Pb (In.9Bro1), was
deposited according to the following procedure. 170 pul. of precursor solution was
deposited dynamically onto the substrate at 1000 rpm. After remaining at this speed
for 9 s, the speed was increased to 5000 rpm over 4 s, where it remained for 45 s. A
solvent quench with 400 uL of toluene 5 s before the end of the program was performed
and the films were annealed at 100 °C for 1 hour. The films were left to cool before

any additional layer was applied.

Wide bandgap perovskite

For devices fabricated at the University of Potsdam, 120 uL of perovskite precursor
solution was deposited onto a static substrate. The substrate accelerated to 3500 rpm
over 3 s where it remained for 35 s. After 10 s, 200 uL of ethylacetate was dropped
onto the substrate. At the end of the spincoating procedure, the films were annealed

at 100 °C for 1 hour.
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For all other wide bandgap samples, 175 uli of the precursor solution was dynami-
cally deposited onto the substrate spinning at 1000 rpm. The substrate then accelerated
at rate of 800 rpm/s to a top speed of 5000 rpm, at which speed it remained for 30
s. An antisolvent quench was performed by depositing 350 uL. of anisole onto the sub-
strate 5 s before the end of the program. The films were annealed for 45 minutes at
100 °C .

If processing on z-cut quartz substrates, 50 pul. of the precursor solution was dy-
namically deposited onto the substrate spinning at 1000 rpm. After 5 s, the spin speed
increased to 5000 rpm over 5 s, where it remained for 30 s. An antisolvent quench was
performed by depositing 50 L of anisole onto the substrate 5 s before the end of the

program. The films were annealed for 30 minutes at 100 °C .

BenABr

If present, the benzylammonium bromide surface passivation was applied onto the
perovskite surface which had been allowed to return to room temperature following
its annealing step. 40 uLi of the BenABr solution was deposited dynamically onto the
substrate spinning at 2000rpm for 20s. After this step, the films were annealed at
100°C for 60s.

polyTPD

70 pL of Fy-TCNQ doped polyTPD solution was deposited using the dynamic spin-
coating method in air (relative humidity ~ 40 %) at 2000 rpm. After spinning for 20 s,
the films were annealed at 130 °C for 15 minutes. The substrates were then transferred

to a Ny filled glovebox in which all other layers were deposited.

PTAA

70 L of the PTAA solution was deposited onto a stationary substrate which accelerated

to 6000 rpm over 3 s where it remained for 30 s. Immediately after the program had
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finished, the substrate was annealed at 100 °C for 10 minutes. The substrates were

allowed to return to room temperature following this procedure.

TFB & polymer blends

TFEFB & the polymer blends were deposited in the same manner as PTAA and were also

annealed at 100 °C for 10 minutes.

PFN-Br

The poly(9,9-bis(3’-(N,N-dimethyl)-N-ethylammoinium-propyl-2,7-fluorene)-alt-2,7-(9,9-
dioctylfluorene))dibromide (PFN-Br) layer was formed by dynamically depositing 60
puLi of the PFN-Br solution onto the substrate spinning at 5000 rpm for 20 s. No anneal

was performed following this step.

[6,6]-phenyl-C61-butyric acid methyl ester (PCysBM)

In Chapters [4] & [6] PC;BM was dynamically spin coated on top of the perovskite

layer at 2000 rpm using 40 muL of solution and annealed for 3 minutes at 100 °C .

Bathocuproine (BCP)

In Chapters [4] & [6] BCP was dynamically spin coated on top of the PCg BM layer at
5000 rpm using 100 puL of solution with a 1 minute anneal at 100 °C .
In Chapter , BCP was deposited by thermal evaporation at rate of 0.1 A s~ !until

a thickness of 8 nm was achieved. The deposition took place under high vacuum

(~ 1077 mbar).

C60

In Chapter [5] C60 was used as the ETL. The perovskite samples were allowed to cool
following their anneal before being transferred to a custom evaporation chamber. C60

was deposited at 0.2 A/s to achieve a thickness of 30 nm. Following this deposition,
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8 nm of bathocuproine at a rate of 0.1 A/s. The deposition took place under high

vacuum (~ 10~7 mbar).

LiF

If present, LiF was deposited at a rate of 0.2 A /s until a thickness of 1 nm was achieved.

The deposition took place under high vacuum (~ 10~ mbar).

Metal electrodes

The solar cell devices were finished with metal electrodes which were deposited by
thermal evaporation. In Chapters [4] & [6] a Kurt J. Lesker Nano 36 evaporator was
used to deposit 100 nm silver electrodes by thermal evaporation under high vacuum
(~ 1075 mbar) at a rate of approximately 0.05 nms~'. For the stability measurements,
3 nm of Cr was first deposited at a rate of 0.01 nms™!, before 100 nm of Au at 0.02
nms~!. The electrodes had an active area of 0.0919 cm? in Chapter , and 0.25 and
1 cm? in Chapter [6]

In Chapter [5] copper was used as the top electrode for devices made in Potsdam.
100 nm of Cu was deposited under high vacuum (~ 10~7 mbar) at a rate of 0.3 — 0.7
A /s to achieve a thickness of 100 nm. The active area of the solar cells is 6 mm? and

is defined by the overlap of the ITO and Cu electrodes.

3.2 Photophysical characterisation

3.2.1 Optical-pump terahertz-probe spectroscopy (OPTPS)

OPTPS measurements were performed by Dr. Leonardo R. V. Buizza.

An amplified laser system (Spectra Physics, MaiTai - Empower - Spitfire) with a
central wavelength 800 nm, 35 fs pulse duration and 5 kHz repetition rate was used to
generate THz radiation via the inverse spin hall effect [3] and was detected using free-

space electro-optic sampling with a 1 mm-thick ZnTe (110) crystal, a Wollaston prism
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and a pair of balanced photodiodes. The THz pulse was measured in transmission
geometry. The pump beam was frequency-doubled to 400 nm by a S-barium- borate
(BBO) crystal.

OPTP Fitting

We follow the same process outlined by Wehrenfennig et al.[4]. As discussed in Chap-
ter [2| charge-carrier recombination in metal-halide perovskites can generally be well-

described by the following differential equation (Equation [2.40)) [5]:

d
d—? = —kln — k2n2 - k:3n3, (3].)
where the terms have their usual meanings as explained previously.

The change in transmitted THz radiation (AT/T) (t) = z, with AT = Texcited —

Tyarx, is proportional to the photoexcited charge carrier density in the thin film via

n(t) = pCa(t). (3.2)

Here ¢ indicates the number of free charge-carriers generated per photon, and C' =
no/x(0) is the proportionality factor between the initial THz response z(0) and the

absorbed photon density ngy, which is given by

o — EXa()N)
0= hCAeg

(1 = Rpump(A)) - (3-3)
The effective overlap area A.g is the effective overlap area of the optical pump and
THz probe beams and can be calculated from the pump and probe beam parameters,
whilst the absorption (a(A)) and reflection (Rpump(A)) coefficients are measured for
each sample, h is Planck’s constant, ¢ is the speed of light, F is the energy contained
in an optical excitation pulse of wavelength A(= 400 nm in this thesis), and A is the
wavelength. Although for very high excitation fluences (> 50 uJem™2) the propor-
tionality in Equation no longer holds, the fluences employed here were all below

this threshold (at most 34 uJcm™?), meaning that we calculate C' as the average value
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across all fluences.

Substituting Equation into Equation [3.1] gives

d
d—f = —C2¢2ksa® — Chpa® — kya (3.4)

= —Agz3 — Asx® — Aqx. (3.5)

In this case, given that fluences were kept below 34 uJem ™2 (equivalent to a photoex-
cited charge-carrier density of n &~ 5 x 10" cm™3), Auger recombination was found to
contribute negligibly. Thus, setting k3 = A3 = 0, an analytical solution can be found
to the ordinary different equation (ODE) using standard techniques, yielding

Ay Ay

l’(t) = m,where K = 1‘(0)

+ Ay (3.6)

These solutions are fitted globally to the decays across all fluences in order to extract
the rate constants A;. The value of k1, and thus Ay, is fixed using the value obtained
from TCSPC measurements. The values of ky is then calculated as ky = Ay /dC' and
we further assume ¢ = 1 i.e. that all photons are converted to free charges, as is typical
in most bulk 3D perovskites [6].

Finally, in order to account for an initial spatially varying charge-carrier density
(due to absorption following the Beer-Lambert law), the fitting algorithm takes into
account an exponentially decaying charge-carrier density. This is done by dividing the
sample into 30 equally thick slices and computing the decay function for each of these

individually.

Calculation of Charge-Carrier Mobilities

Charge-carrier mobility (u) is linked to the photoconductivity of a thin film by

B AS Aeg
~ Ne

y (3.7)
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Here AS is the sheet conductivity of the film, /N is the number of photoexcited free
charge carriers, and e is the elementary charge.

Given that THz wavelengths are both much longer than the perovskite film thickness
(ATHz > dperovskite) and shorter than the quartz substrate thickness (Arn, < dsubstrate ),
we can use the following approximation for the sheet photoconductivity of a thin film

between two media (A and B) with refractive indeces ny and ng

AT

AS = —ege(na + np) (T) . (3.8)

Here AT = Tixcited — Taark is the photoinduced change in the THz electric field, and in
our case, medium A is vacuum (ny = 1) and medium B is z-cut quartz (ng = 2.13).
We determine the number of photoexcited charge-carriers using

N = 622 (1 (M) (1~ Tyup(N) (3.9)

where E is the energy contained in an optical excitation pulse of wavelength A (=
400 nm), Ryump(A) and Tpump(A) are the sample reflectivity and transmittance at A =

400 nm, and ¢ is the branching ratio of photons to free charges.

We can substitute Equations & into Equation [3.7] in order to obtain

Acghe AT
W:%M“+%%au—&m&MLJMMm(T> (3.10)

Given that the branching ratio 0 < ¢ < 1, the calculated effective charge-carrier
mobility is always an underestimate; it is only identical to the true free-carrier mobility
when there is full conversion of photons to free charges, although this is typically the
case for bulk 3D perovskites [6]. Further, the determined charge-carrier mobility arises
from contributions to the conductivity from both free electrons and free holes, and
these cannot be separated. Thus, the effective mobility values shown throughout this

thesis are in fact the sum of electron and hole mobilities.
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3.2.2 Time-correlated single photon counting (TCSPC)

TCSPC measurements were carried out using a 398 nm laser (PicoHarp, LDH-D-C-
405M) to photoexcite the thin films, in pulsed excitation mode with the repetition rate
stated alongside the data. Photoluminescence was collected and coupled into a grating
spectrometer (Princeton Instruments SP-2558), with a photon-counting detector (PDM
series from MPD). Timing is controlled electronically using a PicoHarp300 event timer.
PL transients were measured at the peak wavelengths of the steady-state PL spectra

unless otherwise stated.

TCSPC fitting

For the isolated films in Chapters [4] & [5] a least-squares fit was carried out in Python

script on the lowest-fluence PL decays using a stretched exponential of the form

1() = e, (3.11)

where [ is the initial intensity, 7 is an analogue to the lifetime and [ is the stretch-
ing factor which must be between 0 and 1. A characteristic decay time can then be

extracted as

S

(7) = /Oooe< ) at = %r (%) , (3.12)

where I' is the Gamma function. The justification for the use of stretched exponentials
is as follows. A stretched exponential arises from the continuous sum of exponential
decays [7], and the volumetric recombination rate constant may depend on the charge-
carrier density, but this is, to my knowledge, just an assumption. Pragmatically, this
function represents the TCSPC transients of isolated perovskite thin films (no transport
layers) well, and so is popular in the field. However, care must be taken when using
this approach to extract a characteristic decay time. Firstly, this form is not explicitly
related to any recombination order, and so characteristic lifetimes extracted from the

use of stretched exponentials are not strictly the first-order lifetime. However, this
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characteristic lifetime can be used a good approximation, provided one is explicit about
this. Secondly, the characteristic lifetimes that arise from stretched exponential fitting
of different TCSPC transients should only be compared if the stretching factor S is
comparable.

For the films with transport layers attached in Chapter |5, a least squares fit was
carried out using a double exponential I = A;e 4Tt 4+ Aye=¥"2. No direct physical
basis is claimed for this fitting. [t was used to ensure an accurate reproduction of the
TCSPC transient and, importantly, ensures a smooth numerical derivative, which is

necessary for the calculation of the differential lifetime.

3.2.3 Photoluminescence quantum yield (PLQY)

In Chapter [5] photoluminescence quantum yield (PLQY) mesurements were per-
formed as follows. A continuous wave 520 nm laser diode (Insaneware) was coupled
into an optical fibre which entered an integrating sphere to photoexcite the sample.
The intensity of the laser was equivalent to the 1 sun AM1.5 illumination. To confirm
this calibration, a solar cell of the appropriate bandgap was illuminated in the inte-
grating sphere and its short-circuit current density (Jsc) was measured to be in good
agreement with the value determined from a solar simulator. The light from the sphere
was coupled into a second optical fibre which was measured using an Andor SR393i-B
spectrometer.

The integrating sphere and fibre were calibrated by shining a halogen lamp of known
spectrum into the sphere. A spectral correction factor was determined to ensure the
detected spectrum of the lamp matched its known spectral irradiance.

To determine the absolute photon number, the corrected spectral irradiance was
first divided by the photon energy (to give spectral photon density) and then numerical
integration was performed to obtain the absolute photon count for both excitation and
photoluminescence. To verify the accuracy of these measurements, three test samples
(purchased from Hamamatsu Photonics) of known PLQY (~ 70%) were measured. We

determined the PLQY of the test samples to within a small (< 5%) relative error.
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In Chapters 4 & 6, PLQY measurements were performed in broadly the same
manner. The differences are the samples were photoexcited with a 405 nm continuous
wave laser, and the spectrometer used was a QEPro (OceanOptics). In these Chapter,
the intergrating sphere, optical fibre and spectrometer system was calibrated using a
OceanlInsight HL-3P-INT-CAL halogen lamp of known spectrum. In additon, PLQY

was determined using the ‘De Mello method’, first described in Ref [§].

3.2.4 UV-Vis absorption

Absorption spectra were taken using a Bruker Vertex 80v Fourier-Transform Infrared
(FTIR) spectrometer, with a tungsten halogen source and a silicon diode detector.

Measurements were carried out under vacuum (< 5 mbar).

3.2.5 Ellipsometry

The optical constants were measured using a Woollam RC2 Ellipsometer. The el-
lipsometer was calibrated using a reference silicon wafer with 20 nm SiO, on top.
Ellipsometric data (U — §)was acquired at four angles: 45° 55° 65°, 75°. The soft-
ware CompleteEASE was used to model the data. The data was first fitted to the
Cauchy relation in a small region of the sub-bandgap region. A B-spline was used to
fit the remainder of the spectrum. The extinction co-efficient was set to zero below
the bandgap. Kramers-Kronig consistency was maintained. The ellipsometry measure-

ments and analysis were performed by Dr. Suhas Mahesh.

3.2.6 Time-resolved emission spectroscopy (TRES)

Time-resolved emission spectroscopy (TRES) measurements were performed in Chap-
ter @ The samples were photoexcited in vacuum (~ 5 x 1072 mbar) with a pulsed
398 nm centre wavelength laser with a repition rate of 5 MHz. Time-correlated single
photon counting transients were recorded for detection wavelengths between 425 — 700

nm with 5 nm steps. Data was collected at each wavelength for 60 s. The temporal
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resolution was 4 ps.

3.3 Structural Characterisation

3.3.1 X-ray diffraction

X-ray diffraction patterns were measured using a Panalytical X'pert powder diffrac-

tometer with a copper K, X-ray source, A = 0.1541 nm.

3.4 Electronic characterisation

3.4.1 Ultraviolet photoemission sprectroscopy (UPS)

Ultraviolet photoemission sprectroscopy (UPS) was conducted using a monochromated
helium discharge lamp (HIS 13 FOCUS GmbH, photon energy of 21.22 eV) in an ul-
trahigh vacuum system (base pressure of 1 x 107 mbar). All spectra were recorded
at room temperature and normal emission using a hemispherical electron analyser
(SPECSPhoibos 100). Secondary electrons cut-off (SECO) spectra were conducted at
a negative bias of 10 V. Thickness of the C60 layer was monitored using a quartz crys-
tal microbalance, thus corresponding a mass-thickness. All samples were transferred
directly from the N filled gloveboxinto the vacuum chamber without exposing to am-
bient air. These measurements were performed and analysed by Dr. Fengshuo Zu, at

Humboldt Univerity, Berlin.

3.4.2 X-ray photoemission spectroscopy (XPS)

A Thermo Scientific Ka X-Ray photoelectron spectrometer was used to perform XPS
measurements. A monochromatic Al Ka at a take-off angle of 90 degrees was used an
X-ray source. The core level XPS spectra were recorded using a pass energy of 20eV

(resolution approximately 0.4 eV) from an analysis area of 300 pm x 300 pm. The spec-
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trometer work function and binding energy scale were calibrated using the Fermi edge
and 3d peak recorded from a polycrystalline silver (Ag) sample prior to the commence-
ment of the experiments. Fitting procedures to extract peak positions from the XPS
data were carried out using the Casa XPS software suite. A Shirley background was
used and the spectra were fit with a mixture of Gaussian/Lorentzian (Lorentzian =

30 %) line shapes. These measurements were performed by Dr. Alexandra J. Ramadan.

3.5 PV Device Characterisation

3.5.1 JV characteristics

In Chapter {4} Current-voltage (JV') characteristics were recorded in ambient air under
simulated AM1.5 solar light (1 sun, 100 mWem ™2 ) generated by an ABET Class AAB
sun 2000 simulator. Each device was measured with a 20 mV voltage step and a 100
ms time step (scan rate of 0.2 Vs™'). All devices were masked with a 0.0919 cm?
metal aperture to define the active area and eliminate edge effects. Stabilized power
output (SPO) measurements were performed by holding the device at the voltage of
the maximum power point, as determined by the JV characteristic, and monitoring
the current density over the course of 60 s, the power density then being given as the
J x V product as always.

In Chapter |5 solar cells were measured at the University of Potsdam according
to the following protocol. Current density - voltage (JV') curves were obtained in a
2-wire source-sense configuration with a Keithley 2400. The samples were illuminated
using an Oriel class AAA Xenon lamp-based sun simulator at an intensity of approxi-
mately 100 mWem~2 of AM1.5G irradiation. The illumination intensity was monitored
simultaneously with a Si photodiode. The exact illumination intensity was used for
efficiency calculations, and the simulator was calibrated with a KG5 filtered silicon
solar cell (certified by Fraunhofer ISE). The obtained short-circuit current density is

checked by integrating the product of the external quantum efficiency (EQE) and the
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solar spectrum which matches the obtained Jsc within less than 3 %. The temperature
of the cell was fixed to 25 °C and a voltage ramp (scan rate) of 0.2 V /s was used, unless
otherwise stated.

In Chapter [6] current-density voltage characteristics were measured in ambient
air (~ 25°C, 45 + 10% relative humidity) using a Keithley 2401 in a 4-wire configura-
tion. To illuminate the perovskite solar cells, a Wavelabs SINUS-220 LED light-source
was used which accurately reproduces the AM1.5 solar spectrum at an intensity of
100mWem~2. The intensity was calibrated using a Fraunhofer silicon reference solar
cell. The reference cell is a 2 cm x 2 cm KG3-filtered Si photodiode. The lamp intensity
was set to produce the same short-circuit current from the photodiode as its certified
1 sun value.

The device active area of the perovskite solar cells was 0.25 cm? or 1 cm? defined by
an opaque metal mask. The measurement protocol was: 1. The open-circuit voltage
was measured was 20 s; 2. a dark JV curve was measured performing the reverse scan,
from —1.35V to 0.1V and then immediately the forward scan, from 0.1V to —1.35V;
3. The illuminated JV was measured by performing the reverse scan, from —1.35V to
0.1V and then immediately the forward scan, from 0.1V to —1.35V. The scan rate was
~100mVs™ ;4. A JV curve (scan rate 0.3 V/s) in both forward and reverse directions
was performed. The current density through the cell was limited to 25 mAcm~2, and
the JV sweep was halted if this value was exceeded. 4. The maximum power point of
the device under test was tracked for at least 30s using a gradient decent algorithm;

5. The short-circuit current density was monitored for 5 s.

3.5.2 Ageing experiments

Encapsulation was performed by affixing a glass cover slip to the complete devices using
a UV-activated epoxy (LT-U001, Lumtec) in a N filled glovebox. The devices were
then placed in an ATLAS Suntest XLS+ aging box where they were held at 85 °C and
light soaked. The light source was a Xe arc lamp, filtered to closely match the AM1.5

solar spectrum. The light pulsed rapidly (~ 100 Hz), which resulted in a time-average
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irradiance equivalent to 0.76 suns. Devices were removed 30 minutes prior to testing

to allow them to return to room temperature.

3.5.3 External quantum efficiency (EQE)

The external quantum efficiency of our devices was determined using Fourier transform
photocurrent spectroscopy. Our custom-built set up is based on a Bruker Vertex 80v
Fourier transform interferometer. The solar cells were masked with a metal aperture
such that the whole active area was illuminated by a tungsten halogen lamp. A CaF,
beamsplitter was used. To determine the EQE, the photocurrent spectrum of the
device under test was divided by that of a calibrated Si reference cell (Newport) of a
known EQE. The acquisition time for each photocurrent spectrum was approximately
60 seconds.

To determine the short-circuit current from the EQE measurements, the overlap
integral of the AM1.5 photon flux (@awmi.5) with the EQE was calculated. Explicitly,

this is given by

Jsc =(q /OO EQE()\) SDAMLE)()\) dX (313)
0

where ¢ is the elementary charge and A is the wavelength.

3.5.4 Intensity dependent open-circuit voltage measurements

Intensity dependent Vo measurements were performed using a continuous wave laser
of central wavelength 445 nm (Insaneware). A continuously variable neutral density
filterwheel (ThorLabs) was used to attenuate the laser power (up to OD 6).

The light intensity was simultaneously measured with a silicon photodetector and
a Keithley 485 to ensure the accuracy of the measurement. The measurement was
performed by first measuring the open-circuit voltage at a given intensity and a variable
exposure time to ensure steady-state was achieved. Then the device was taken to short

circuit for 1 second whilst the filter wheel rotated to the next position. A custom-built
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Labview program was written to automate the measurement. To check whether the
Voc reached steady-state conditions, the temporal evolution of the open-circuit voltage
and the Jso was recorded with a resolution of 200 ms. Moreover, the exposure time
was varied before the Voo value was taken at each intensity step which did not lead
to significant changes in the open-circuit voltage as previously reported [9]. These

measurements were performed by Dr. Pietro Caprioglio at the University of Potsdam.

3.5.5 Pseudo JV-curve (pJV) determination

The pJV curves were determined as follows, in line with a recent publication [9].
Firstly, illumination intensity-dependent PLQY or V¢ measurements were performed.
The PLQY measurements were converted into QFLS values as described above. Then
the intensity axis was converted to current density, by setting the current density value
at 1-sun to be 95 % of the radiative potential (in this case 19.0 mA cm~?2). The axes were
then inverted so the horizontal axis was voltage (from Vo or QFLS/g measurements)
and the vertical axis a current. Then, we subtract each value of the current by the
generation current which ensures 0 V corresponds to Jgc¢ conditions and 0 mA cm—2

to the open-circuit voltage equivalent.

3.5.6 Photoluminescence imaging

Photoluminescence imaging on full devices was performed according to our recent study
[T0]. In brief, the devices were excited using a ThorLabs M450LP1 LED. The intensity
of the LED illumination was controlled using a Multicomp PRO MP710086 bench
power supply, to ensure one-sun equivalent photon flux (i.e. J§garsim = JLED),

The PL was collected using an ANDOR Zyla 4.2 sCMOS sensor, which was cooled
to 0°C . A Kowa LM50XC lens was used. The aperture was set to F5.6 to increase
the depth of field such that the entire device stack was in focus. To remove the
effect of stray light, the entire set-up was placed in a ‘light-tight’ enclosure. In all

the experiments undertaken, 10 reference images in the dark were taken before and
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after the experiment. To perform an accurate background subtraction, the average
background was calculated by averaging the values at each pixel for all the reference
images taken. The values per pixel of the background image were subtracted from the
data.

The code used for data acquisition and data analysis are provided free and open
source under the lesser GPL licence:
Equipment control: https://gitlab.com/pod-group/pl-imaging-control, and,
Data analysis:  https://gitlab.com/pod-group/PL_imaging analysis.

These measurements and the analysis were performed by Akash Dasgupta.

3.6 Drift-diffusion simulations

The simulations were performed using SCAPS (Solar Cell Capacitance Simulator),
which is an open-source software package that can be obtained from

https://users.elis.ugent.be/ELISgroups/solar/projects/scaps upon the con-
ditions requested by the developers Marc Burgelman et al. [11]. The simulation pa-

rameters used in Chapter |5/ are presented below.

Parameter | Value Value Comment

(control) | (ionic

additive)
Bandgap 1.8 eV 1.8 eV From the optical data presented in Fig-
ure [5.1]
Electron 3.8 eV 3.8 eV This leads to band misalignments of 0.1
affinity eV at each interface, consistent with

the Voc-QFLS mismatch we observe

2.

Dielectric 22 22
permittivity

(€r>
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Conduction | 1.5 x 10*® | 1.5 x 10'8

band effec- | cm™3 cm ™3

tive density

of states

(Ne)

Valence 1.5x 10 | 1.5 x 108

band effec- | cm™3 cm 3

tive density

of states

(Nv)

Electron 1 x 1071 x 107

thermal cms ™! cms ™!

velocity

Hole thermal | 1 x 107 [ 1 x 107

velocity cms ™! cms ™!

Electron mo- | 1 1 The THz mobilities measured in this

bility em?V~ls7t | em?V~1s7!| study were higher than this input.
However, a better fit to the JV curves
was obtained with a mobility of 1
cm?V~1s™! which might be related to
the THz mobility being consider short-
range and so is insensitive to the in-
fluence of, for example, grain bound-
aries [13]. This value is consistent with
simulation values used in the literature
14, [15).

Hole mobil- | 1 1 See above

ity em?V~is7t | em?V—isT!

Shallow uni- [ 1 x 10 |1 x 10

form donor | cm™3 cm ™3

density
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Shallow uni- [ 1 x 10 [ 1 x 10%

form accep- | cm ™3 cm ™3

tor density

Radiativere- | 5 x 107 | 5 x 107 | Determined from experiment, data

combination | cm™3s™' | cm™®s™! | shown in Figure

rate (ko)

Parameter | Value Value Comment

(perovskite | (Con- (ionic

defect) trol) additive)

Defect type | Neutral Neutral

Electron 1 x 107% |1 x 107

capture cm? cm?

cross section

Hole capture | 1 x 107 | 1 x 107

cross section | cm? cm?

Trap profile | Uniform Uniform

Trap density | 2.2 x 10 | 1.1 x 10" | These values set the bulk lifetimes to be

cm ™3 cm ™3 450 ns, and 900 ns as determined from

TCSPC measurements on the bulk per-
ovskite

Parameter | Value Value Comment

(HTL) (control) | (TA)

Bandgap 3.0 eV 3.0 eV

Electron 2.5 eV 2.5 eV This leads to band misalignments of 0.1

affinity eV at each interface, consistent with
the Voc-QFLS mismatch we observe
[12].

Dielectric 3.5 3.5

permittivity

(&)
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Conduction |1 x 100 |1 x 10%
band effec- | cm™ cm ™3

tive density

of states

Valence 1 x 102 |1 x 10%
band effec- | cm™3 cm™3
tive density

of states

Electron 1 x 107[1 x 107
thermal cms ™! cms ™!
velocity

Hole thermal | 1 x 107 |1 x 107

velocity cms— cms™
Electronmo- | 1 x 107> |1 x 107°

bility em?V=is7H em?V-isT!
Hole mobil- [ 1 x 107* |1 x 10~*

ity em?V~is7 | em?V—1is!
Shallow uni- [ 1 x 10° |1 x 10°

form donor | cm™3 cm ™3
density

Shallow uni- [ 1 x 10° [ 1 x 10°
form accep- | cm ™3 cm ™3

tor density

Parameter | Value Value Comment
(HTL de- | (Con- (ionic

fect) trol) additive)

Defect type | Neutral Neutral

Electron 1 x 100”1 x 1070

capture cm? cm?

cross section
Hole capture | 1 x 107 | 1 x 107

cross section | cm? cm?

Trap profile | Uniform Uniform
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Trap density | 1 x 107 | 1 x 107
cm ™3 cm ™3

Parameter | Value Value Comment

(HTL in- | (Con- (ionic

terface) trol) additive)

Defect type | Acceptor | Acceptor

Electron 1 x 107111 x 10716

capture cm? cm?

cross section

Hole capture | 1 x 1071 | 1 x 10716

cross section | cm? cm?

Total den- | 1.3 x 10 | 0.45x 102 | This sets the surface recombination ve-

sity cm 2 cm 2 locity (SRV) at each HTL interface to
be those that were determined in Ta-
ble [5.1]

Parameter | Value Value Comment

(ETL) (control) | (TA)

Bandgap 2.0 eV 2.0 eV

Electron 3.9 eV 3.9 eV This leads to band misalignments of 0.1

affinity eV at each interface, consistent with
the Voc-QFLS mismatch we observe
[12].

Dielectric 5.0 5.0

permittivity

(Er)

Conduction |1 x 10%° |1 x 10%

band effec- | cm™ cm ™3

tive density

of states

Valence 1 x 10% 1 x 10%

band effec- | cm™3 cm ™3

tive density

of states
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Electron 1 x 1071 x 107
thermal cms ™! cms ™!
velocity
Hole thermal [ 1 x 107 [ 1 x 107
velocity cms ! cms*
Electronmo- | 1 x 10721 x 1072
bility em?V~is7| em?V-is!
Hole mobil- [ 1 x 10721 x 1072
ity em?V=1s7l | em?V-isT!
Shallow uni- | 1 x 10° |1 x 10°
form donor | cm ™3 cm™3
density
Shallow uni- [ 1 x 10° |1 x 10°
form accep- | cm ™3 cm ™3
tor density
Parameter | Value Value Comment
(ETL de- | (Con- (ionic
fect) trol) additive)
Defect type | Neutral Neutral
Electron 1 x100"® [ 1 x 107P
capture cm? cm?
cross section
Hole capture | 1 x 107" [ 1 x 107"
cross section | cm? cm?
Trap profile | Uniform Uniform
Trap density | 1 x 107 [ 1 x 10'7
cm ™3 cm ™3
Parameter | Value Value Comment
(ETL in- | (Con- (ionic
terface) trol) additive)
Defect type | Donor Donor
Electron 1 x 107% [ 1 x 1071¢
capture cm? cm?

cross section
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Hole capture | 1 x 1071¢ | 1 x 1071°

cross section | cm? cm?

Total den- | 5.6 x 10" | 0.64 x 10'? | This sets the surface recombination ve-

sity cm ™2 cm ™2 locity (SRV) at each ETL interface to

be those that were determined in Ta-

ble [5.1]
Table 3.2: Input parameters for the drift-diffusion simulations presented in Chapter
5. If no explanation for a value is provided, the values used are consistent with SCAPS
simulations presented in the literature [17), [15]. In particular, ref [T])] provides detailed
information from each parameter is determined.
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Chapter 4

Thermally Stable Passivation
towards High Efficiency Inverted
Perovskite Solar Cells

Publication related to this chapter

The results in this chapter have been published in R. D. J. Oliver, Yen-Hung Lin,
Alexander J. Horn, Chelsea Q. Xia, Jonathan H. Warby, Michael B. Johnston, Alexan-
dra J. Ramadan, Henry J. Snaith, Thermally Stable Passivation toward High Efficiency
Inverted Perovskite Solar Cells, ACS Energy Lett., 2020, 5, 11, pages 3336—-3343.

4.1 Summary of results

Although metal halide perovskite photovoltaics have shown an unprecedented rise in
power conversion efficiency (PCE) they remain far from their theoretical PCE limit.
The highest efficiencies to-date are delivered when polycrystalline films are enhanced
via “molecular passivation”, but this can introduce new instabilities, in particular under
severe accelerated ageing conditions (e.g. at 85 °C in the dark or under full spectrum
simulated sunlight). Here, we utilise a benzylammonium bromide passivation treat-

ment to improve device performance, achieving a champion stabilised power output
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(SPO) of 19.5 % in a p-i-n device architecture. We correlate the improved device per-
formance with a significant increase in charge carrier diffusion lengths, mobilities and
lifetimes. Furthermore, treated devices maintain an increased performance during 120
hours combined stressing under simulated full-spectrum sunlight at 85 °C | indicating
that enhancement from this passivation treatment is sustained under harsh acceler-
ated ageing conditions. This is a crucial step towards real-world-operation relevant

passivation treatments.

4.2 Introduction

As discussed in Section [2.3] metal halide PSCs are attracting immense interest in
the photovoltaic research community due to their remarkable optoelectronic prop-
erties including long carrier diffusion lengths, direct tunable bandgap and high ab-
sorption coefficients [IH4]. This has pushed the power conversion efficiencies (PCEs)
of laboratory scale single junction PSCs to > 25 %, comparable with established
technologies such as crystalline silicon [5]. However, many of the fabrication routes
which have been reported in the literature to result in high-efficiency PSCs, nega-
tively impact the long-term operational stability of the devices. Notably, the highest
efficiency devices still use a substantial amount of methylammonium (MA) as the A-
cation, the instability of which is well documented [6-10]. Furthermore, these PSCs
employ a n-i-p architecture, using 2,2’,7,7-Tetrakis[N,N-di(4-methoxyphenyl)amino|-
9,9’-spirobifluorene (Spiro-OMeTAD) as the hole transporting material. Not only is
Spiro-OMeTAD itself unstable, but the additives required for optimal device perfor-
mance (lithium-TFSi (Lithium bis(trifluoromethanesulphonyl)imide) and tBP (4-tert-
Butylpyridine)) further limit the lifetime of the devices substantially [11, 12]. As such
there has been a significant move within the field towards using the “inverted” p-i-n
device architecture, which removes the need for spiro-OMeTAD, reduces the hysteresis
of PSCs and is more directly applicable to perovskite-on-silicon tandem technologies

[13]. However, inverted PSCs have thus far delivered reduced efficiency as compared to
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their n-i-p counterparts, due to lower open-circuit voltages (Vocs) originating from in-
creased non-radiative recombination which is particularly severe at the interfaces with
the charge-transporting layers [T4HI6].

Recent work by Jiang et al. highlights the limitations of contemporary passivation
methods [I7]. They report the use of phenethylammonium iodide (PEAI) as a surface
passivation treatment in n-i-p PSCs and achieve an impressive champion PCE of 23.6
%. However, for thermal ageing at 85 °C in the dark, the authors find that they need to
replace Spiro-OMeTAD with the more thermally stable PTAA, reducing the maximum
PCE to 19.1 %. Moreover, the comparative improvement due to the PEAI surface
passivation treatment vanishes after less than 50 hours of 85 °C ageing in the dark. The
evidence is that at higher annealing temperatures the PEAI forms a layered 2D phase
with Pbly from the perovskite, which is assumed to diminish the availability of PEAI
to act as a surface passivation molecule [I7]. Despite achieving impressive PCEs, this
work highlights the need for thermally stable passivation treatments combined with
thermally stable device architectures, so that the improvements would last over the
lifetime of modules should they be implemented in the field.

Benzylamine rather than the ammonium salt, has been previously used to modify
the surface of metal halide perovskites [I8, 19]. Here we report the use of benzy-
lammonium bromide as a passivation treatment in inverted perovskite solar cells. We
achieve devices with high champion stabilized power output (SPO) efficiencies of 19.5 %
and we show that upon severe accelerated aging at 85 °C | at 0.76 solar irradiance,
we observe a sustained improvement from the passivation treatment. This indicates
that the passivation treatment does not noticeably deteriorate even under these harsh

conditions.
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4.3 Results and Discussion

4.3.1 Optoelectronic properties

Our study focuses on the effect of BenABr on the triple cation perovskite

Cs0.05(FA9.83MAg17)0.05Pb(Ip.oBro1)s (FA is formamidinium), first reported by Saliba
et al., with and without our passivation [20]. The treatment was applied by deposit-
ing BenABr dissolved in chlorobenzene by spincoating, fuller details can be found in
Section [3.1.2] To determine the efficacy of BenABr as a passivation treatment we
studied its influence on the photoluminescence (PL) of the perovskite films, as well
as the charge carrier dynamics. We measured the photoluminescence quantum yield
(PLQY) of the perovskite films on glass substrates and on device relevant substrates
with isolated CTLs following the procedure of De Mello et al. [2I]. For the HTL,
we use fluorine-doped tin oxide (FTO) / polyTPD substrates, whereas to investigate
the PL quenching induced by the ETL, perovskite films were first prepared on glass
and subsequently coated with PCg BM. As discussed in detail Section [2.1.3] PLQY
is a powerful technique when assessing the quality of the perovskite semiconductor
to be used in a solar cell since an increase in PLQY indicates that less non-radiative
recombination is occurring within the film or at the interfaces. A higher PLQY results
in an increase in the quasi-Fermi level splitting (QFLS), and should lead to improved
device performance through an increase in open-circuit voltage [22H25]. For a standard
PV material, we can calculate the change in QFLS following passivation (AQFLS =
QFLSpassivated - QFLSpistine). To do this, we make use of Equation for both the
passivated and pristine cases. The change in QFLS can then be calculated according

to
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AQFLS = QFLSpassivated - QFLSpristine

= QFLSpaSSivated + kBT hl (PLQYpaSSivated)

rad

— [QFLSpriStme + kBT In (PLQYpristine>]

rad

= kBT [ln (PLQYpaSSivated) —In (PLQYpristine)]

PLQYpassivated
PLQYpristine 7

= kT In ( (4.1)

where we have assumed the passivation has not changed the bandgap, and so the QFLS

passivated

in the radiative limit is unchanged for each case, or QFLSY — QFLSP™% — .

rad

Now we can substitute 7' = 298 K into the above equation to arrive at

(4.2)

PLQY assivate
AQFLS = 25.7meV x In (M)

PLQY pristine

Equation is a straightforward way to calculate the expected increase in open-
circuit voltage for a given PLQY ratio. Therefore we expect in the region of 60 mV
increase in open-circuit voltage, for every order of magnitude increase in radiative effi-
ciency in the complete device [26]. Indeed, Equation can be modified to calculate
the bandgap independent loss from the radiative limit. By setting PLQY passivated t0 be
unity, i.e. in the ideal case, and then inputting the measured PLQY (PLQY measured)s

we obtain

AQFLS;aq = —25.7meV x In (PLQY measured) (4.3)

where PLQY | c.curea 1S €xpressed in absolute terms (i.e. not as a percentage).

We present the PLQY values in Figure and summarise them in Table [4.1]
We determine that the PLQY for the treated films increases in all cases, with the
most substantial increase present for the perovskite films coated with PCg BM. This
PCg¢BM /perovskite interface is known to induce the most non-radiative recombination

in p-i-n devices, thus the main factor that limiting the open-circuit voltage [16, 24],
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Figure 4.1: a) PLQY walues for treated (orange) and pristine (purple) samples
with no charge transport layer (glass), and with isolated p-type (polyTPD) and n-type
(PCs1BM) contacts. Inset: The boost in QFLS as determined by Equation [4.2 for
the same samples. b) Photoluminescence spectra for treated (orange) and control (pur-
ple) samples on glass substrates (solid lines), isolated hole-selective contact (polyTPD,
dashed lines) and electron-selective contact (PCg BM, dotted lines). Adapted with per-
mission from ACS Energy Lett. 2020, 5, 11, 3336-3343. [27] Copyright 2020, Ameri-

can Chemical Society.

corroborated by the lower absolute photoluminescence quantum yield which we deter-
mine here. The PL spectra are presented in Figure [4.1b, which demonstrates that
the BenABr does not have a significant effect on the shape of the PL, but results in a
significant enhancement in intensity (which is quantified via the PLQY measurements
discussed earlier). The films coated on glass have a slight asymmetrical character,
which we attribute to the perovskite thin film growth being hindered by this choice of
substrate.

The photoluminescence quantum yield is nearly 3 times larger for treated films at
the PCg;BM (electron selective) interface, which corresponds to an expected gain of
AQFLS = 25 meV, as we show in the inset in Figure and in Table Since
this interface is the dominant source of non-radiative recombination in p-i-n cells, we
expect this to translate into a similar boost in Vo in complete devices [24].

We measured the charge carrier lifetimes of the treated and pristine perovskite thin
films on quartz substrates using TCSPC. As can be seen in Figure [4.2j, the PL decay

for the treated film is much slower than that of the pristine one. This suggests extended
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Contact | PLQY pristine | AQFLSP | PLQY passivatea | AQFLSPESd | AQFLS

(%) (meV) (%) (meV) (meV)
Glass 0.83 123 1.41 109 13.6
polyTPD 0.24 155 0.58 132 22.7
PCg BM 0.06 191 0.16 165 25.2

Table 4.1: PLQY values for pristine and passivated samples processed on glass (glass),
with the additional coating of PCBM (PCBM) and processed on polyTPD coated FTO
(polyTPD). Also shown are the AQFLS from the radiative limit AQFLS,.q and the
AQFLS between the passivated and non-passivated films.

charge-carrier lifetimes in the passivated films. From fitting these decays to a stretched

exponential [2§]

t—tg

1) = 465" £ ¢ (4.4)

where [(t) is the PL intensity at time ¢, A is a normalizing constant, ¢ is the time after
the excitation pulse, ty an initial time offset, C' is a constant offset in intensity, 7 is an
analogue to lifetime and [ is the stretching factor. The mean relaxation time, which

we define as the lifetime, is the area under the decay curves and hence is calculated as

S

(r) = /OOO Aet) ar = A%F (%) , (4.5)

where I'(z) is the gamma function. (In the analysis for the lifetime, the maximum
value of the TCSPC transient was was to time 0, which means that ¢y, = 0, so does not
appear in the above equation). A least-squares regression was implemented between
5 and 2500 ns to achieve the fits shown in Figure [4.2}a, which yields the parameters
presented in Table [4.2]

From fitting the decays, we use Equation we extract a lifetime of 390 ns and
85ns for the treated and pristine films respectively. This indicates a reduced level
of non-radiative recombination in the treated perovskite, which is typical of reduced
trap-state density.

To delve into the short-range charge-carrier dynamics, we performed optical-pump
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Parameter | Control | BenABr treated
A 0.74 0.93
7 (ns) 95 315
6] 0.73 0.67
to (ns) 20 6.4
C 3.9%x1073 1.7x1072
(1) (ns) 85 394

Table 4.2: Fitted parameters for a stretched exponential (Equation to the
time-correlated single photon counting (TCSPC) transients presented in Figure 4.2a.

terahertz-probe spectroscopy (OPTPS) and terahertz time-domain spectroscopy (THz-
TDS) on these isolated perovskite films. These measurements and analysis were per-
formed by Dr. Chelsea (). Xia. This non-contact technique enables us to investigate
the electro-optic properties, such as photoconductivity and charge-carrier mobility, on
a much faster time scale than the PL. dynamics, which can be less than 100 fs, and in
addition removes the effect of metallic contact incurred on solar cell devices 2, 29 30].
Figure shows the dark conductivity spectra for pristine and treated films, which
indicates two prominent phonon modes around 1 THz and 2 THz featured as Lorentzian
oscillators. From these data we can calculate the absorption coefficient at THz frequen-
cies. From THz spectroscopy measurements, we obtain the complex conductivity as a

function of frequency (w),

0(w) = Oreal (W) + 10imag (W), (4.6)

where 7 is the square root of -1, 0yea1 and Oimag refers to the real imaginary part of the
dark conductivity respectively, which we show in Figure [4.3a. From these data, we
calculate the dielectric function according to
7
&(Ww) =€too + —0o(w 4.7
) = £+ ——o(w) (1.7)
where €4, is the dielectic function at high frequency and is assumed to be 30 Fm™}, g,

is the vacuum permittivity. The real and imaginary parts, n and & respectively, of the
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Figure 4.2: a) Time-resolved photoluminescence (TRPL) transients for pristine (pur-
ple) and benzylammonium bromide treated (orange) films. The decays were fitted with
a stretched exponential (Equation from which lifetimes of 85 ns and 390 ns were
extracted for the pristine and treated films respectively. b) Real part of THz photocon-
ductivity spectra induced by photoexcitation. The spectra without photoexcitation are
shown later. Adapted with permission from ACS Energy Lett. 2020, 5, 11, 3336-3343.
[27] Copyright 2020, American Chemical Society.

refractive index can be obtained by taking the square root of the dielectric function.

Then the absorption coefficient is calculated using

a(w) = 27&)/1 (4.8)

where c is the speed of light. The calculated absorption coefficient is shown in Figure
4.3b, and is on the order of 10® cm™!, indicating an absorption depth of a few mi-
crometers, indicating the THz beam is sensitive to the entire perovskite thin film. The
absorption coefficient for the treated film is slightly higher and the two phonon modes
are prominent throughout.

We define the photoconductivity as the change of conductivity between a sample
under photoexcitation and in the dark. The photoexcitation was applied by an ultrafast
laser pulse of 400 nm center wavelength and 5.2 pJem ™2 fluence. Figure displays
the real part of the photoconductivity of the benzylammonium bromide-treated and
untreated films. For both films, the spectrum is relatively flat over the frequency
range of the experiment, and agrees with a Drude picture of band-like transport [31].

Small replica of the two phonon modes observed in Figure can also be seen
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Figure 4.3: a) Dark conductivity spectra measured using THz spectroscopy without
photoexcitation. Data corresponding to the control sample is shown in purple, and data
for the benzylammonium bromide treated sample is presented in orange. The real part
of the conductivity is shown in dark lines, and the imaginary part in faint lines. b) the
absorption coefficient for control (purple) and BenABr-treated (orange) perovskite films
at THz frequencies. These measurements and analysis were performed by Dr. Chelsea
Q). Xia. Adapted with permission from ACS Energy Lett. 2020, 5, 11, 3336-3343. [27]
Copyright 2020, American Chemical Society.

superimposed on the spectra, indicating an electron-phonon coupling effect, which
may suppress the charge-carrier transport [32]. Significantly, the BenABr treated film
exhibited a 20 % higher photoconductivity than the pristine film. This additional boost
from ~ 7Sem™! to ~ 9 Scm ™! indicates improved charge carrier mobility in the treated
films.

We fit the photoconductivity data presented in Figure [4.2b with a Drude model,
as follows. Using OPTPS, we measured the photoconductivity spectrum (Ac) of the

2

samples under a photoexcitation fluence of 2 puJem™2. According to the following

equation, the photoconductivity can be expressed in terms of THz transitivity:

_eoc(1 + ngy) AT (w)
Ao(w) = d T(w)

(4.9)

where ¢( is the permittivity of free space, ngy, is the refractive index of the quartz
substrate and d is the thickness of the thin film and AT is the difference in THz
transmission between photoexcitation and non-photoexcitation. As shown in Figure

[4.2]b, the photoconductivity spectrum shows a Drude response with a relatively flat real
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part and the imaginary part was approximately 0, on top of which phonon modulation
occurs at 1 THz and 2 THz, due to electron-phonon coupling. The Drude model is
expressed analytically by the following equation:
Ne? i
Ao(w) = — (4.10)

m* w+ 1y’

where e is the electron charge, IV is the electron density and m* is the electron effective
mass and 7 is the momentum scattering rate, from which the electron mobility can be

extracted according to

(4.11)

Therefore, by fitting the above Drude model to the measured photoconductiv-
ity spectrum, we can extract the charge carrier mobilities of the films. The mo-
bilities of the pristine and treated films were p = (51.2 + 3.7) em?V~1s™! and p =
(62.5 4+ 4.2) ecm*V~1s™! respectively. As far as we are aware, these mobilities deter-
mined from THz spectroscopy are the highest yet reported for polycrystalline metal
halide perovskite films, even those reported thus far for the neat iodide perovskites,
with typical values ranging from 8 — 35cm?V~1s™! [33]. This is therefore indicative of
extremely high quality of perovskite absorber layers, with much reduced short-range
charge carrier scattering [2l, 29, 33]. Furthermore, as discussed earlier, the THz beam
is sensitive to the entirety of the perovskite thin-film. Therefore, the observation of a
significantly enhanced charge-carrier mobility upon surface passivation demonstrates
the dramatic influence surface quality has on the optoelectronic properties of these
metal halide perovskite (MHP) semiconductors.

From the mobility and TCSPC data, we can extract the diffusion length of charge
carriers in the perovskite bulk according to the procedure outline in Section [2.1.3] We
obtain k; from fitting the photoluminescence decays in Figure [4.2h, yielding values
of k;, = 3.1 x 107s7! and k; = 4.1 x 10°s7! for pristine and BenABr treated films

respectively. Using Equation we calculate diffusion lengths of Ly = (2.1 £
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0.2) um and Lq = (6.1 & 0.4)pum for reference and treated films respectively. These
diffusion lengths are extremely high and thus are promising for high device performance.
This is because the short-circuit current density can be increased by improving the
generation efficiency, the collection efficiency of charge-carriers, or both. The mea-
surements discussed thus far probe the charge-carrier transport properties which will
impact the collection efficiency. A consensus is emerging in the field that it is the diffu-
sion current that dominates charge transport in perovskite solar cells (given sufficiently
selective charge transport layers), however recent work has shown that a built-in po-
tential is still required for optimal device performance [34) 35]. This built-in potential
results in a drift current which helps to extract carriers at 0 V (Js¢ conditions).

In our work, the improvements in charge carrier lifetimes, mobilities and diffusion
lengths indicate a higher quality charge-carrier transport within the perovskite film in
the presence of the benzylammonium bromide passivation treatment. The electric field
from the THz probe during the OPTPS measurements, induces and probes drift current
to determine charge-carrier mobility. As such, combining these measurements with the
recombination parameters from OPTPS and time-resolved photoluminescence (TRPL)
gives an accurate indication of the charge carrier transport within the perovskite semi-
conductor [30]. Therefore, given that we see improved charge-carrier transport in the
treated films, we can have confidence that the charge collection efficiency will be in-
creased. However, we note that this is unlikely to be the full picture. Gaining precise
understanding about improvements to the short-circuit current density following pas-

sivation requires significant further studies which are beyond the scope of this chapter.

4.3.2 Structural and chemical characterisation

These improvements in PLQY and charge-carrier lifetimes suggest passivation of trap
states. Previous reports on benzylamine suggested that the molecule acts as a pas-
sivation agent by anchoring to the to the lead-halide octahedra [36]. To investigate

the nature of the chemical binding of the benzylammonium bromide salt with the
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perovskite we used XPS. These measurements and analysis were performed by Dr.
Alexandra J. Ramadan. In Figure we show high-resolution XPS spectra for
the Br 3d, Pb 4f, Cs 3d, I 3d core levels in a pristine film and one treated with 5
mg mL ™" of BenABr. We choose this concentration since it resulted in the best device
performance, which will be discussed later (Figure . Full details of peak positions
and fittings can be found in Figures [4.5a&b. We observe no significant shifts in
binding energy of the Br 3d, Pb 4f, Cs 3d and I 3d core levels and the peak shape
remains unchanged between the pristine samples and those with BenABr present. The
binding energies of these peaks show no significant shifts from those reported for sim-
ilar perovskites [37, B8]. Therefore, this lack of difference in the electronic structure of
Pb 4f between the pristine and treated films does not present evidence that BenABr
is binding to the Pb-octahedra within the perovskite, in contrast to what has been
suggested with similar molecules [I7, [39]. It may be the case that the differences in
electronic structure of the Pb 4f probed within the first ~ 10 nm of the film, are too
small to detect when only a surface layer of benzylammonium ions are present on the
film. However, we also note that although it is regularly assumed, clear irrefutable
evidence is yet to be presented that the post treatment of a 3D perovskite with larger
ammonium cations will automatically result in binding of those larger cations within
the lead-halide octahedral frameworks.

In contrast to the Pb 4f spectra, we do observe significant differences in the C 1s
spectra, which we show in Figure [4.4p. Of particular note is the peak at 284.1 eV
which is present only in the spectra of samples treated with benzylammonium bromide.
We attribute this to the presence of C in an aryl environment [40]. Additionally using
the XPS measurements, we calculated the relative atomic composition of the surface
of the perovskite for the pristine and treated films. Our XPS measurements were
carried out using a lab-based Al Ka X-ray source which has a penetration depth of
up to 10 nm and therefore we can use them to approximate the surface chemistry of
the thin film samples. As can be seen in Figure [4.4kc, we observe an increase in the

relative quantities of C, N and Br on the treated film as compared to the control.
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Figure 4.4: a) High resolution XPS spectra of the Br 3d, Pb 4f, Cs 3d, I 3d core
levels for pristine (purple) and BenABr treated (orange) films. Full details of the
fittings can be found in Figure . b) High resolution XPS of the C 1s core level
for pristine (left) and BenABr treated (right) films with fittings displayed. Inset shows
the molecular structure of the BenABr molecule. ¢) Relative atomic composition of the
surface for pristine (left) and BenABr treated (right) films. The measurements and
analysis in a)-c)were performed by Dr. Alexandra J. Ramadan. d) XRD patterns for
pristine (purple) and BenABr treated (orange) films. Adapted with permission from
ACS Energy Lett. 2020, 5, 11, 3336-3343. [27] Copyright 2020, American Chemical

Society.

This strongly suggests that the BenABr is present predominantly on the surface of the
perovskite thin film, but we cannot conclude if there is strong chemical bonding of the
benzylammonium to the perovskite structure.

To examine if the treatment with BenABr has a significant influence upon the
crystal structure of the underlying perovskite films, we carried out X-ray diffraction
(XRD) measurements. The diffraction pattern for treated perovskite films, which we
display in Figure [4.4d, exhibits no significant differences when compared to that of
pristine perovskite films. Unlike previous reports on similar molecules [17, 19 39],
we see no evidence for the formation of a two dimensional BenA;PbX, phase, where
peaks at approximately 20 = 12°,/18° and 25° would be expected [41]. Therefore, we
conclude that BenABr does not influence the crystal structure of the perovskite films.

For completeness, we carried out scanning electron microscopy (SEM) to examine the
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morphology of the respective systems. The BenABr treated films exhibit morphologies
akin to the pristine films, which we present in Figure [4.5c. We note that an unde-
tectably small 2D phase could have formed on the surface of the perovskite, but our
structural, chemical, and electronic characterization has demonstrated no evidence for
this. Therefore, our materials characterization suggests that whilst BenABr improves
the optoelectronic properties of the perovskite film, it does this without influencing
the chemical or structural properties of the material suggesting that it is acting as a
defect /trap passivation agent. We suggest that the passivation mechanism may be due
to the filling of halide vacancies on the surface of the perovskite, as evidenced by a
greater fraction of bromide in the elemental composition shown in Figure [4.4c. De-
tailed discussion pertaining to the defect chemistry of MHP semiconductors is beyond
the scope of this current Chapter. However, several excellent reviews on the subject can
be found in Refs. [42H44]. I note, however, that much of this work has focused nearly
exclusively on pure MA-based perovskites, and it is not clear whether the mixed cation
MHPs would possess the same defect chemistry. Nevertheless, halide vacancies have
been found to be among the most thermodynamically stable [45], and iodide vacancies
assist the diffusion iodide ions within the MHP semiconductor which can screen the
built-in field in devices [46]. Therefore, while not definitely proven in this work, halide
vacancy filling owing to the BenABr treatment could contribute towards the enhanced

device performance we observe.
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Figure 4.5: XPS fittings for the Cs 3d, Pb 4f, Br 3d and I 3d core levels for a)
pristine and b) BenABr treated samples. The intensity and envelope have been offset
to make the fittings clearer. c¢) Scanning electron micrographs for a) control (left) and
b) BenABr treated (right) samples. Scales bars are 1 pm. The SEM images were taken
by Jonathan H. Warby. Adapted with permission from ACS Energy Lett. 2020, 5, 11,
3336-3343. [27] Copyright 2020, American Chemical Society.
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Figure 4.6: PV device statistics for the optimisation of the benzylammonium bromide
treatment for concentrations of 0 (untreated) and 3 — 6 mgmL ™" of BenABr dissolved
in CB. The data points are overlapped onto the boxplots which show the median (cen-
tral line), the mean (squares, connected with dashed lines as a quide to the eye), and
the median of the upper and lower halves of the data (top and bottom lines of the boz,
respectively). The top and bottom whiskers are drawn to the highest/lowest data point
within 1.5 times the interquartile range from the top and bottom of the box, respec-
tively. Adapted with permission from ACS Energy Lett. 2020, 5, 11, 3336-3343. [27]
Copyright 2020, American Chemical Society.

4.3.3 Photovoltaic device performance

In order to assess the impact of BenABr passivation in complete solar cells, we fab-
ricated a series of perovskite solar cells (PSCs) with the concentrations of BenABr
ranging from 3 — 6 mgmL ™" in the following device architecture: FTO / polyTPD /
perovskite / PCs:BM / BCP / Ag. We observed a significant increase in performance
for the BenABr-treated devices, as compared to the untreated devices. We found an
optimum concentration of BenABr at 5 mgmL™" | and show the full range of BenABr
concentrations investigated and their relevant device parameters in Figure [4.6]

Following the optimisation process, as shown in Figure [4.6] the performance of
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Table 4.3: Average (champion) device parameters for the BenABr concentrations
1vestigated.

Condition PCE Voc Jsc Fill factor
(%) (V) (mA cm™?) ()

Control | 15.09 (18.17) | 1.038 (1.06) | 20.38 (22.72) | 72.0 (76.7)

3mgmL ™' | 15.86 (18.57) | 1.042 (1.06) | 21.39 (22.66) | 71.9 (78.6)

4mgmL~" | 16.42 (18.48) | 1.055 (1.06) | 20.82 (21.72) | 75.3 (80.5)

5mgmL~" | 16.75 (19.28) | 1.061 (1.08) | 21.02 (22.77) | 75.9 (79.9)

6 mgmL~" | 15.84 (17.59) | 1.046 (1.06) | 20.43 (21.35) | 74.6 (77.8)

the devices continued to improve. This observation is quite common in the field of
perovskite photovoltaics [19, 47H50], and the exact mechanism for the improvement
is still unknown despite recent studies [51]. We present champion and average device
parameters in Table for devices that were stored in an Ny filled glovebox for one
week after which the performance had stopped changing. The box plots for the ‘steady
state’ PCEs is shown in the inset of Figure [4.7a.

In Figure [4.7a we show the champion stabilised power output (SPO) for control
and 5 mgmL™' treated devices. We observe a significant improvement, achieving an
impressive SPO of 19.5 % in the treated devices, as compared to 18.4 % for control
devices. The BenABr treatment also reduced the hysteresis in the JV scans. We note
that the BenABr treatment ameliorates all of the main device parameters. For the
optimal concentration of 5 mgmL™" | the fill factor increases by 3.8 % absolute, and
there is an increase in the open-circuit voltage of 22 mV, consistent with reduced non-
radiative recombination. Further, this improvement in V¢ is entirely consistent with
the increased luminescence efficiency of the perovskite films with the charge selective
contacts (Figure[4.1h), from which we predict an increase in quasi-Fermi level splitting
of ~ 25 mV.

Another route in which the BenABr treatment leads to improved device perfor-
mance is through an increased short-circuit current density. To verify this, we mea-

sured the external quantum efficiency (EQE) of our devices. As can be seen in Figure
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Figure 4.7: a) Stabilised power output (SPO) traces for the champion control (pur-
ple) and treated (orange) devices. Inset: Box plots showing the PCE for the range of
BenABr concentrations investigated (v-axis unit is in mgmL™" ) The dotted line is a
guide for the eye and connects the mean value of the distributions. b) external quan-
tum efficiency (EQE) spectra for champion control (purple) treated (orange) devices.
Integrating the EQE over the AM 1.5 spectrum gives Jsc values of 21.9 mA cm~2and
23.0 mA cm~2for control and treated devices respectively. Adapted with permission from
ACS Energy Lett. 2020, 5, 11, 3336-33/3. [27] Copyright 2020, American Chemical
Society.

[4.7b, there is a panchromatic increase of the EQE with the BenABr treatment. These
data suggest improved charge extraction to the external circuit across the entire range
of our absorption, which leads to higher short-circuit current densities. Integrating the
EQE for control and treated devices over the AM 1.5 solar spectrum gives short-circuit
current density values of 21.9 mA cm™2 and 23.0 mA cm~2 respectively (an error of <
3 % compared with the JV scans).

This enhancement of the short circuit current density following the BenABr treat-
ment is unexpected. The diffusion lengths of charge carriers, as judged from our mo-
bility and carrier lifetime measurements discussed in Section 4.3.1} is substantial for
both control and treated films, at 2.1 and 6.1 um respectively. While these values are
upper bounds, as they do not account for reduced lifetimes due to interfacial recombi-
nation induced by the charge transport layers, the high fill factors which we observe for
both cases are also consistent with diffusion current (as opposed to drift) being suffi-
cient for charge transport out of the absorber layer, demonstrating that a strong electric

field (as is present under short-circuit conditions) is not required to extract charge car-

4.3. RESULTS AND DISCUSSION Page 146



CHAPTER 4. THERMALLY STABLE PASSIVATION

riers. We therefore postulate that the improvement in Js¢ with BenABr treatment
may be due to increased homogeneity following BenABr treatment. In the reference
cells, there may be complete polycrystalline domains which are not contributing to
photocurrent generation and collection, which would reduce the Jsc while leaving the
F'F largely unaffected, if these domains are not in communication with the rest of the
film. Heterogeneity is well known to be present in PSCs [52] [63], but its influence on
the Jsc¢ is not yet fully understood. Understanding the precise origin of this increased

photocurrent density is beyond the scope of the present work.

Thermal Stability

Thermal stability is an essential requirement for surface passivation treatments, oth-
erwise any improvement due to the passivation would be lost over time. Therefore,
we investigated the stability of PSCs with the BenABr treatment by stressing encap-
sulated devices at elevated (85 °C ) temperatures under simulated solar irradiance
concomitantly, in an open-circuit condition. This is condition ISOS-L-2 as set out by
the stability consensus, and we choose the higher temperature (85 °C instead of 65 °C )
and open-circuit conditions [54]. We employed the relatively harsh 85 °C light soaking
(AM 1.5) aging conditions since we are interested in understanding if the improvement
owing to the BenABr treatment itself is maintained under these conditions, rather than
assessing the overall stability of the underlying perovskite. We present the evolution of
the PV performance parameters in Figure Both treated and reference devices de-
cay relatively rapidly under these severe ageing conditions. However, this is consistent
with what we have recently reported for similar control devices, without any further
improvement from stabilizing ionic additives [55].

Importantly, we find here that the devices treated with BenABr maintain an in-
creased performance over their pristine counterparts, most evident in the inset on
Figure [4.8a. This suggests that the improvement from the passivation treatment is
maintained under light and high temperature thermal stressing. On further investiga-

tion, we see that the BenABr treatment maintains a substantial improvement in the
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Figure 4.8: FEvolution of the a) PCE, b) Voc, ¢) Jsc and d) FF for encapsulated
treated (orange) and control (purple) devices aged at 85 °C under simulated AM 1.5
irradiance in an open-circuit condition (as per ISOS-L-2)[5]|]. The data points are over-
lapped onto the boxplots which show the median (central line), the mean (white circle),
the median of the upper and lower halves of the data (top and bottom lines of the box
respectively). The top and bottom whiskers are drawn to the highest/lowest datapoint
within 1.5 times the interquartile range from the top and bottom of the box respectively.
Normal distributions to the data are shown on the right of each box plot. The insets
show the evolution of the median values of each device parameter over time. Adapted
with permission from ACS Energy Lett. 2020, 5, 11, 3336-33/3. [27]] Copyright 2020,
American Chemical Society.

open circuit voltage, from a boost of ~ 20mV to ~ 140mV. This indicates a signifi-
cantly reduced level of non-radiative recombination in the treated devices during the
ageing experiment suggesting that BenABr is continuing to act as a passivation treat-
ment during the aging and has not degraded and lost functionality. Indeed, it seems
that its effect is becoming yet more pronounced during this aging experiement. This

is notably in contrast to other contemporary passivation routes, such as phenethylam-
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monium iodide [I7].

4.4 Conclusion

In this work we have demonstrated a thermally stable passivation treatment, which
is an essential requirement if any treatment is to have a prospect of being imple-
mented in modules intended for use in the field. The treatment, benzylammonium
bromide, increases the optoelectronic quality of the perovskite semiconductor layer as
assessed through photoluminescence and time domain THz spectroscopic studies. This
improvement occurs despite there being no evidence for the BenABr treatment chemi-
cally binding to the perovskite, or changing its crystallinity or surface morphology. The
work we have presented here is an important step forward on the road to the commer-
cialization of PSCs, since we highlight the potential for thermally stable passivation

treatments resulting in high efficiency devices.
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CHAPTER 5. NONRADIATIVE LOSSES IN WIDE BANDGAP PEROVSKITES

5.1 Summary of results

With power conversion efficiencies of perovskite-on-silicon and all-perovskite tandem
solar cells increasing at rapid pace, wide bandgap (> 1.7 eV) metal halide perovskite
(MHP) semiconductors are becoming a major focus of academic and industrial pho-
tovoltaic research. Compared to their lower bandgap (< 1.6 eV) counterparts, these
types of perovskites suffer from higher levels of non-radiative losses in both the bulk
material and in device configurations, constraining their efficiencies far below their
thermodynamic potential. In this work, we investigate the energy losses in MA free
high-Br-content wide bandgap perovskites by using a combination of THz spectroscopy,
steady-state and time-resolved photoluminescence, coupled with drift-diffusion simula-
tions. The investigation of this system allows us to study charge-carrier recombination
in these materials and devices in the absence of halide segregation due to the photo-
stabilty of formamidinium-cesium based lead halide perovskites. We find that these
perovskites are characterised by large non-radiative recombination losses in the bulk
material and that the interfaces with transport layers in solar cell devices strongly limit
their open-circuit voltage. In particular, we discover that the interface with the hole
transport layer performs particularly poorly, in contrast to 1.6 eV bandgap MHPs which
are generally limited by the interface with the electron-transport layer. To overcome
these losses, we incorporate and investigate the recombination mechanisms present with
perovskites treated with the ionic additive (IA) 1-butyl-1-methylpiperidinium tetraflu-
oroborate ([BMP]*[BF,]~). We find that this additive not only improves the radiative
efficiency of the bulk perovskite, but also reduces the non-radiative recombination at
both the hole and electron transport layer interfaces of full photovoltaic devices. In
addition to unravelling the beneficial effect of this specific treatment, we further opti-
mise our solar cells by introducing an additional LiF interface treatment at the electron
transport layer interface. Together these treatments enable MA-free 1.79 eV bandgap
perovskite solar cells with open-circuit voltages of 1.22 V and power conversion ef-
ficiencies approaching 17 %, which is among the highest reported for this material

system.
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5.2 Introduction

During the last decade, metal halide perovskite solar cells have experienced an un-
precedented rise in power conversion efficiency (PCE) which now exceeds 25 % in
single-junction cells, approaching the record efficiency of crystalline silicon [I]. This
remarkable development can be explained by the impressive optoelectronic properties
of these perovskites, including long charge-carrier diffusion lengths, high absorption
coefficients and low levels of electronic disorder, quantified via low Urbach energies
[2-6]. These properties, along with the relative ease of manufacturing perovskite thin
films and widely tuneable bandgap, make metal halide perovskite solar cells a highly
attractive prospect for commercialisation [4, [7, 8]. Importantly, the bandgap energies
practically achievable make this technology suitable for multijunction architectures,
either in combination with Si or low-bandgap perovskite sub cells [0, [10]. However, de-
spite over 29.5 % efficiency having already been demonstrated for perovskite-on-silicon
tandems, the wider bandgap perovskite top cells still contain many more fundamen-
tal losses, than their lower bandgap single junction counterparts. For example, wide
bandgap (WBG) perovskites (E, > 1.7 €V), essential for tandem applications, suffer
from severe open-circuit voltage (Voc) losses [11]. Despite recent progress, the mech-
anisms that cause the wide bandgap materials to underperform as compared to the
lower bandgap materials are still not fully understood [11].

As discussed in Section [2.3] high-efficiency wide-bandgap perovskites are prepared
by tuning the halide ratio from I to Br on the X site of the perovskite crystal lattice,
ABX3 [, [7]. As such, a wide range of bandgaps from ~ 1.5 to ~ 2.3 eV can be
achieved, while the X-site is varied from triiodide to tribromide for the lead-based per-
ovskites [7]. Importantly, in multijunction tandem devices, either in perovskite-on-Si
or perovskite-on-perovskite device configurations, bandgaps of ~ 1.7 eV and ~ 1.8 eV
respectively, are required to ensure that the sub-cells are current-matched while still
producing the highest voltage and hence maximising efficiency [9, 12]. However, to
reach such bandgaps, a certain critical Br content (~ 20%) is surpassed after which

the perovskite material can exhibit phase instability under illumination, undergoing
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segregation of the halide species [I3H16]. This segregation is particularly severe for
perovskites containing methylammonium on the A-site [16]. Importantly, after a cer-
tain ratio of Br is surpassed, the Vo of these devices saturates at a value of ca. 1.2V
[17]. In early studies, this led to the conclusion that the formation of low bandgap
I-rich domains is the main factor limiting the V¢ in solar cells featuring a higher con-
centration of Br [13| [I7-H19]. However, it has been recently clarified that the low Voes
observed in wide bandgap perovskites are predominantly caused by a low radiative
efficiency of the initial wide bandgap phase and strong non-radiative recombination at
the interfaces with the charge transport layers [11, 20, 21I]. As such, it is important
to understand how the conduction and valence bands of the wide bandgap perovskite
align with the energy levels of transport layers which are commonly used for perovskites
with a narrower bandgap. It has been shown that good energetic alignment between
the perovskite and the transport layers is crucial to achieving high V¢ and exploiting
the radiative potential of the neat semiconductor [22, 23].

Another key issue for perovskite photovoltaics is their long-term stability. It has
been shown that the longevity of perovskite solar cells (PSCs) can be ameliorated by
eliminating MA from the crystal lattice [24H26]. In addition to that, it has recently been
reported that incorporating IAs into the perovskite precursor solution can substantially
enhance the lifetime of PSCs [10, 27]. One such additive, 1-butyl-1-methylpiperidinium
tetrafluoroborate ([BMP]|T[BF4]”) was shown to effectively act as defect passivating
agent concomitantly enhancing the device stability, contrary to many common surface
passivation techniques which are not suitable for long-term operational stability [10} 27+
29]. However, despite these impressive improvements, the effects of this approach on
the recombination mechanisms are yet to be understood.

In this work, we focus on MA-free, FAgg3Csg17Pb(I6Bro.4)s, wide bandgap per-
ovskite solar cells, both with and without IA modification, to investigate the radiative
losses in state-of-the-art wide bandgap systems that are unaffected by halide phase
segregation. Through photoluminescence quantum yield (PLQY) measurements and

quasi-Fermi level splitting (QFLS) analysis on complete cells, partial device stacks and
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neat materials, we quantify and pinpoint the origin of the non-radiative losses in de-
vices based on wide bandgap perovskites. Interestingly, compared to 1.6 eV bandgap
perovskites, despite the absence of phase segregation, wide bandgap perovskites are
generally characterised by larger non-radiative recombination in the neat material, set-
ting their QFLS far below their thermodynamic limit. Additionally, both the hole
and electron transport layers (HTL and ETL respectively), induce severe interface
non-radiative recombination, resulting in rather limited V. Using time-resolved pho-
toluminescence (TRPL) studies, we calculate that that the IA reduces the surface
recombination velocity (SRV) at each interface by approximately one order of magni-
tude. We find the SRV at the perovskite/C60 interface can be further reduced by the
incorporation of a 1 nm thick LiF interlayer. Lastly, combining photoemission spec-
troscopy measurements and drift-diffusion simulations, we rationalise the crucial role
of the energetic alignment between the perovskite absorber and the charge-transport
layers in wide bandgap systems. With this understanding, we fabricate high efficiency
1.79 eV PSCs exhibiting PCEs approaching 17 % with a V¢ of 1.22 V|, which is among
the highest reported for MA-free wide bandgap PSCs [30-34]. Furthermore, we identify
that new transport layers are crucial to harness the full performance potential of these

MA-free wide bandgap perovskite.

5.3 Results and discussion

5.3.1 Bulk optoelectronic properties

In this work, we use the methylammonium-free formamidinium-caesium

(FA(.83Cs0.17Pb(Ip6Bro4)s) based perovskite first developed by McMeekin et al. [4],
which has a wide bandgap of ~ 1.8 eV when processed via the anti-solvent quenching
method. We chose this material due to its high stability and suitability for implementa-
tion in perovskite-on-perovskite tandem photovoltaic devices. To establish the impact

of the ionic additive on the optoelectronic properties of FAgg3Csg.17Pb(IpBro4)s, a
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Figure 5.1: a) Absorption coefficient (dark grey) and steady-state photoluminescence
spectra (light grey) for control FAgg3Cso17Pb(losBros)s perovskite thin films b) Ab-
sorption coefficient (dark purple) and steady-state photoluminescence spectra (light
purple) for 1-butyl-1-methylpiperidinium tetrafluoroborate ([BMPJT[BF,]~) modified
FAs3Cs0.17Pb(lo.6Broy)s perovskite thin films. The optical measurements were per-
formed on z-cut quartz substrates. ¢) X-ray diffraction patterns for control (grey) and
TA-modified perovskite thin films on ITO substrates. Reproduced from [35] with per-
mission from the Royal Society of Chemistry.

thorough spectroscopic characterisation of control and IA-modified thin films was car-
ried out. ‘TA-modification’ is explained in more detail in Chapter [3| however, in brief,
it entails the addition of a small (0.5 mgmL™" ) of [BMP]*[BF,]~ into the perovskite
precursor solution before spincoating. The absorption coefficient, «, of control and
[A-modified thin films is very similar for both samples as shown in Figures & b.
In line with this, the similarity of the X-ray diffraction (XRD) patterns (Figure [5.1k)
of both samples demonstrates the negligible effect of the IA on the average crystallinity
of the perovskite thin films. Further, as can be seen in Figures & b, the shape
and position of photoluminescence spectra are unchanged following IA-modification.

To delve into the effect of the ionic additive on the charge-carrier dynamics within
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the bulk of the perovskite semiconductor, time-resolved photophysical spectroscopic
studies were performed. In such measurements, perovskite thin films are photoexcited
by laser pulses. Following an excitation pulse, the charge carrier concentration, n,
within the perovskite semiconductor can be accurately described by the differential

equation [3]

dn
dt

= —kin — kon®. (5.1)
t is the time following the excitation pulse, &k is the monomolecular recombination rate
related to first-order non-radiative trap-mediated recombination, ko is the bimolecu-
lar recombination rate describing radiative second-order band-to-band recombination
within the perovskite semiconductor, and we have neglected higher-order (Auger) re-
combination and assumed equal concentrations of electrons and holes. Equation [5.1
is simply the simplified version of Equation [2.40] wherein it is explained in much
more detail.

To investigate the intrinsic properties of the perovskite thin films, optical-pump
terahertz-probe spectroscopy (OPTPS) studies were performed. These measurements
and analysis were performed by Dr. Leonardo R. V. Buizza. This technique does not
require metallic electrodes and allows for investigation of the optoelectronic properties
of the thin films, such as charge-carrier mobility and bimolecular (radiative) recombi-
nation, on picosecond timescales. This allows us to assess the charge-carrier dynamics
of isolated perovskite thin films without the influence of any transport layers. The
THz photoconductivity transients for control and IA-modified thin films are shown in
Figure & Figure [5.2pb, respectively. Numerical fits to the measured transient
photoconductivity decays allow for the extraction of the bimolecular charge-carrier
recombination constant ks (Auger recombination was neglected, as it was found to
contribute negligibly at the charge-carrier densities investigated here, full details are
provided in Chapter [3|). The extracted value ks is found to be unchanged with the
addition of the ionic additive (values of 0.50 & 0.06 and 0.52 + 0.05 x 1071% cm3s™! for

control and TA modified samples respectively), implying little change in the fundamen-
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tal electronic structure of the material with the addition of the TA [36]. These values
are in line with values previously measured for mixed-cation lead mixed-halide per-
ovskites [37, [38]. However, we note that they are underestimates of the actual intrinsic
values of ky owing to the large thickness of the thin films measured here (> 500 nm),
which leads to a substantial role for charge-carrier diffusion and photon reabsorption
which masks the intrinsic value of the bimolecular recombination rate constant [39].
Concomitantly, we find that the charge-carrier mobilities are high in both control and
treated films, in excess of 32cm?V~!s7!. These values are substantially higher than
values reported in the literature for similar Br contents, approaching values measured
for triiodide perovskites, demonstrating the high quality of our control and IA treated
thin-films [38] 40-43]. Nevertheless, considering that these measurements are short-
range mobilities, it should be noted that these values represent upper limits of the
effective mobility (or short-range intra-grain mobilities) [43]. Overall, the absorption
and OPTPS measurements thus show us that the optical absorption, charge-carrier
mobility and bimolecular (radiative) recombination rates are unaffected by the inclu-
sion of 1-butyl-1-methylpiperidinium tetrafluoroborate into the perovskite precursor
solution.

We now turn our attention to the extrinsic properties of these methylammonium-
free wide bandgap perovskites. Time-resolved photoluminescence measurements were
carried out to study the trap-assisted recombination regime in these materials. Tran-
sient decays of the PL measured using time-correlated single photon counting (TCSPC)
are shown in Figure and Figure for control and IA-modified thin-film
samples respectively. We fit the low excitation fluence transients (16 nJem™2) with a
stretched exponential [44] 45], from which we extract the monomolecular recombina-
tion rate constant (k;) (details provided in Chapter [3). We observe more than a
two-fold reduction (from k; = 1.0£0.1 x 107s7! to k; = 0.3940.04 x 107 s7!) with the
inclusion of the A, indicating reduced trap-mediated recombination. Due to the lower
value of k; in the IA treated film, using the optical-pump terahertz-probe mobilites,

we estimate that the diffusion length is enhanced from 2.8 pm to 4.8 pm. Details of
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Figure 5.2:  Photophysical data for control (top row) and ionic additive
(bottom row) samples on quartz substrates. (a, b) Optical-pump terahertz-
probe spectroscopy (OPTPS) transient photoconductivity decays at fluences of
34,17, 8.7, 3.7, 0.98, 0.40 pJem™2 (blue, green, yellow, red, purple, brown dots respec-
tively) for control and IA modified samples respectively. Fitted numerical solutions to
an ODE are shown as black lines (see Chapter [3 for details). OPTPS measurements
were performed by Dr. Leonardo R. V. Buizza. (¢ and d) Time-resolved photolumines-
cence transients measured using time-correlated single photon counting at fluences of
16, 76, 155 and 1310nJecm ™2 (blue, green, yellow and red dots respectively) measured
using pulsed (1 MHz repetition rate) excitation at 398 nm on the same samples as for
the THz measurements. The data is normalised to the value at 10 ns following the laser
pulse to allow for better visualisation. The solid lines are fits to the decays using the
model described in detail later. Diffusion was modelled for the first 20 ns (the charge-
carrier profile was uniform throughout following this time). Reproduced from [35] with
permission from the Royal Society of Chemistry.

this calculation are presented in Chapters [2| & [d] Both these values are substantial
(much thicker than the perovskite active layer thickness of ~ 500 nm and, as such, the
devices based on this material are unlikely to be limited by the diffusion lengths of the
charge carriers.

To better understand the impact of the ionic additive upon the charge-carrier dy-

namics, we investigated the fluence dependence of the TCSPC PL transients. As
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observed in Figures & [6.2d, the PL decays recorded for the control sample
are characterised by stretched dynamics and a more substantial shortening of lifetimes
with increasing excitation fluence, in comparison to the ionic additive modified sample.
We are able to explain this behaviour using a basic recombination model, discussed
below, which reveals that the IA preferentially passivates traps for one charged species,
greatly reducing trap-mediated recombination in the bulk perovskite. The fitting dis-
cussed below was performed by Dr. Silvia G. Motti.

If the dynamics were to be described by a simple recombination model, as in Equa-
tion [5.1] the control sample would require an order of magnitude higher value of ko,
and, importantly, can not be explained from changing k; alone. As discussed in Sec-
tion [2.1.3] k, is an intrinsic property of the semiconductor and so we would not
expect it to be influenced by passivation of traps by the incorporation of 1-butyl-
I-methylpiperidinium tetrafluoroborate. Diffusion and/or reabsorption effects, which
can influence the measured (‘extrinsic’) ko [39], cannot explain the difference in the
TCSPC transients, as these effects would also be prevalent in the OPTPS measure-
ments, contrary to our measurements presented in Figures & which show
very similar behaviour for control and IA-modified samples. Instead, we propose that
the lower excitation density and higher repetition rate in the TCSPC measurements
(1 MHz as opposed to 5kHz in the OPTPS experiment) influence the charge-carrier
dynamics significantly, notably by altering the amount of trapped charge carriers that
‘carry over’ from one excitation pulse to the next, as detailed below.

In more detail, the PL dynamics are recorded at lower excitation densities, and
therefore experience more significant impact of trap states (i.e. k; > kon and so is
the dominant factor in Equation . And secondly, the PL is acquired with a
higher repetition rate of the pulsed photoexcitation (1MHz, as opposed to 5kHz in the
OPTPS experiment). Given the long lifetimes of trapped carriers in these lead halide
perovskite semiconductors [46], the shorter time period between photoexcitation pulses
can result in trap-filling and population build-up. The effect of the repetition rate on

the photoexcited state dynamics depends on trapping and the balance of electron/hole
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lifetimes. To investigate the impact of higher repetition rate, we consider a model
(similarly previously reported in ref. [47]) that describes the decay of electron and hole

populations (n and p, respectively) as

dn

E = —kffn - k;gnp (52)
d

d—ZZ = —kMp — konp (5.3)

where k¢ and k@' are the trap-mediated recombination rates for electrons and holes
respectively. The photoluminescence intensity is, as always, proportional to the np
product, and so PL = konp.

To account for charge-carrier build-up, the remaining populations at the time of
arrival of the next pulse are used as initial conditions for the next iteration. The
process is repeated for 50 pulses, when steady-state conditions are reached. The rates,
kS and k', were adjusted to reproduce the fluence-dependent dynamics, and the value
for ko was kept fixed for both samples (in agreement with the observation of unchanged
higher order recombination in the OPTPS dynamics).

The PL dynamics shows a sharp decay at early-time that is likely associated with
surface effects and /or the diffusion of charge carriers away from the initial photogener-
ation profile [45, 48]. According to the high charge-carrier mobilities in these semicon-
ductors, diffusion is expected to result in a uniform distribution across the thickness
of the film within a few nanoseconds [49]. As a first step in the implementation of our
model, we neglect the early-time dynamics and consider the initial condition to be a
uniform distribution of charge-carriers across the thickness of the film.

Figure shows that the PL dynamics of the perovskite films fabricated with the
ionic additive can be very accurately described by equal decay rates for electrons and
holes, while the fluence-dependence observed for the control sample can be reproduced
by unbalanced rates. We note that although we present k' to be higher than k¢, these

two parameters are interchangeable and the choice of the higher rate is arbitrary.
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Figure 5.3: Experimental (dots) and modelled (lines) PL dynamics using Equations
& for the perovskite film without (a) and with (b) ionic additive modifica-
tion. Initial distribution of charge-carriers was considered to be uniform across the
film thickness in this case. Data and model were normalised at t = 20ns to better
visualise the dynamics without the early-time components associated with surface and
diffusion effects [39, [48]. Reproduced from [35] with permission from the Royal Society
of Chemistry.

To better account for the early-time recombination, we have then implemented the
simulation of diffusion effects. For such, we first calculate the photogeneration profile
across 100 slices of the film thickness, resulting from the absorption of the 400 nm light
(according to the absorption coefficients shown in Figure & ) Diffusion is
calculated using a forward Euler method similar to previous reports [39]. The limited
temporal resolution of the TCSPC experiment for acquiring the photoluminescence
dynamics does not allow for a precise analysis of the early-time components of the
decay. However, any significant differences in the diffusion dynamics would have an
impact on the recombination observed in the OPTPS experiment. As no differences
had been observed, the diffusion coefficients were kept fixed for both films with and
without ionic additive modification.

The dark solid lines in Figures & show the modelled PL dynamics,
implementing diffusion effects, for the control and [BMP|*[BF,]~ modified samples re-
spectively, which accurately describes the fluence-dependence of the experimental data.
Importantly, such an agreement is reached without changes to the effective bimolecular

recombination rate. The difference between the control and ionic additive films results
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from the unbalanced electron-hole trapping dynamics in the control sample and the
consequent build-up of a charge carrier population owing to the 1 MHz repetition rate
of the photoexcitation. We note that other effects could play a role in the stretching of
the decays, such as variations in the ambipolar diffusion upon trap state filling, lateral
diffusion, photon reabsorption and the efficiency of photoluminescence outcoupling and
collection. Nonetheless, we observe a very good agreement between the model and the

fluence-dependence of the experimentally acquired PL dynamics.
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Figure 5.4: Modelled electron and hole populations for control and [BMPJ"[BF,J~
modified perovskite thin films obtained using Equations € (5.3 The left col-
umn shows the electron (top) and hole (bottom) populations for unbalanced trapping
rates, representing the control perovskite. The right column shows the electron (top)
and hole (bottom) populations for balanced trapping rates, representing the IA-modified
perovskite. The values of kI and kS required to reproduce the transients in Figure
were used in this plot. Reproduced from [35] with permission from the Royal Society of
Chemistry.

To better understand this effect, we show in Figure the individual electron
and hole populations obtained from Equations & for the case of balanced

and unbalanced rates. When one type of carrier (electrons/holes) decays with a higher
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rate, the remaining population of the opposite carrier cannot recombine radiatively. If
the non-radiative decay of these remaining carriers is slow enough, a significant pop-
ulation of free carriers will be present when the next photoexcitation pulse arrives.
A sequence of pulses will then create a steady-state population that will affect the
observed radiative recombination. This ‘photodoping’ effect will depend on the pho-
toexcitation intensity and can therefore explain the shortening of lifetimes observed
with increasing fluence in the control perovskite film, even though the bimolecular ra-
diative rates are unchanged. Figure & shows the population build-up over
a sequence of 50 pulses of IMHz photoexcitation for unbalanced and balanced trapping
rates respectively. Over the course of 50 excitation pulses, a substantial population of
one carrier species builds up in for the case of unbalanced trapping, which would in
turn affect the PL dynamics. For comparison, we observe in Figure [5.5c & [5.5(d
that 5 kHz photoexcitation (as used in the OPTPS experiment) results in a population
build-up many orders of magnitude lower, which would result in negligible effects on
the recorded recombination dynamics.

We confirmed the role of trap-filling by conducting repetition rate dependent TC-
SPC measurements and found shorter lifetimes in the control sample for less frequent
excitation pulses which can be see in Figure [5.6] In contrast, the lifetime for the A
modified sample was found to be independent of the repetition rate.

We support the model used to fit the PL transients in Figure by performing
fluence-dependent TCSPC measurements with a slower repetition rate, which allows
more time between excitation pulses for traps to depopulate. Crucially, the PL tran-
sients of the control perovskite are best reproduced with unbalanced trap-mediated
recombination rates for electrons and holes, whereas the PL transients of the IA sam-
ple can be very accurately reproduced with balanced trapping rates. Therefore, even
when the role of trap-filling and population build up is reduced due to the extended
time between pulses, our model appears to be appropriate.

We cannot identify the specific nature of the trap species which is passivated by

the TA from our studies here. However, the role of this same passivation molecule

5.3. RESULTS AND DISCUSSION Page 167



CHAPTER 5. NONRADIATIVE LOSSES IN WIDE BANDGAP PEROVSKITES

lonic Additive
Control lonic Additive
2 9 12 b) |
(2} (2}
S - 3l Electrons| & A1-3 - o Electrons|
§e] O?E o Holes o c?E o Holes
.0:-‘ © sl 1 MHz repition rate | .0:-‘ © 191 1 MHz repition rate |
o W - < :
q S k,=3.9x10"%cm’Y & & k, =3.9x10% cm3s*
Qg Q@ o
o X 1f k$=1.0x10°s* 4 & X k$=1.5x10°s"
= h 6 o1 © ~T1lf - h 6 o1
< ki =5.0x10° s G ki =1.5x10°s
N O {1 <
O 1 1 1 1 1 1 O 1 1 1 1 1 1
> >
2 109 12 109 ]
c Electrons{ < Electrons
S 508 o Holes S 508 o Holes |7
.‘g ?, 0.6 5 kHz repition rate - _g ?, 0.6 5 kHz repition rate
3 S 04 k,=3.9x10" cm3Y § &S 04 k, =3.9 x10° cm3s®
(&) ar 1 © i 1
o X kS = 1.0 x10° s X ke = 1.5x10° s
e 02y k! =5.0x10°s? g 02r ki =15x10°s™
e e
O 0.0 i 1 1 L 1 ...lmmvvl\ ] O 0.0 i 1 1 1 1 1 1 ]
0 10 20 30 40 50 0 10 20 30 40 50
Pulses Pulses

Figure 5.5: Remaining electron and hole populations at the time of arrival of the next
photoexcitation pulse obtained from Equations & at fluence 16 nJem ™2 with
I MHz (a,b) and 5kHz (c,d) repetition rate, for balanced (b,d) (IA-modified sample)
and unbalanced (a,c) (control sample) electron and hole monomolecular rate constants
kS and kY. Reproduced from [35] with permission from the Royal Society of Chemistry.

upon inhibiting photochemical degradation, which is considered to proceed via hole-
trapping on lodide interstitials [I0], and recent studies showing that hole-traps are
prevalent at non-radiative recombination sites [50], is consistent with hole-traps being
predominantly passivated by this TA.

Our spectroscopic analysis of the optoelectronic properties of the bulk material
demonstrates that IA incorporation reduces the non-radiative recombination losses
within the bulk material without altering any of the fundamental structural, optical

and electronic properties of the perovskite semiconductor.
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Figure 5.6: Time-correlated single photon counting measurements for control (left
panel, grey points) and IA modified (right panel, purple points) perovskite thin films
deposited on quartz. The films were excited using a 398 nm centre wavelength laser
at a range of repetition rates, 1 MHz (dark), 500kHz (medium) and 250 kHz (light).
The fluences were kept as constant as possible between each fluence and are shown in
the legend. Importantly, the lifetimes are shorter for less frequent excitation pulses
in the control sample, whereas the lifetimes are repetition rate independent for the
[BMPJ* [BF,]~ modified sample. This supports the assumption of trap-filling and pop-
ulation build-up being substantial in the control sample, and less significant in the IA
modified perovskite thin film. Reproduced from [35] with permission from the Royal
Society of Chemistry.

5.3.2 Interface recombination

To quantify the effect of [BMP]"[BF,]~ addition on the interfacial recombination in
partial device stacks we carried out photoluminescence quantum yield (PLQY) mea-
surements. We performed these measurements on both glass substrates, to assess
recombination in the bulk material, as well as on partial device stacks to determine to
degree of interfacial recombination at each CTL/perovskite interface. As can be seen
in Figure , the isolated control perovskite on glass (grey symbols) suffers from
significant non-radiative losses achieving a PLQY of only 0.2 %. This is consistent
with previous studies and below values usually achievable in MA-free 1.6 eV-bandgap
materials [T, 20, 2T, 51H53]. Given that our samples do not show phase segregation
(discussed later), this indicates that perovskites comprising a higher Br content exhibit

a large degree of non-radiative losses, possibly as the result of a higher density of traps

in the initial mixed phase [I1, 20, 2T 5TH53]. When either the hole transport layer
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Figure 5.7: Photoluminescence quantum yield (PLQY) for isolated perovskite thin
films on glass (labelled glass), a half device stack ITO/PTAA/PFN-Br/perovskite
(labelled PTAA) and glass/perovskite/C60 (labelled C60) for control (grey symbols)
and IA modified (pink symbols). (b) The quasi-Fermi level splitting (QFLS) of the
same samples calculated from the PLQY presented in (a), calculated as described
in Chapter [3.  (c) Time-correlated single photon counting (TCSPC) decays for
quartz/PTAA /perovskite samples with control (grey symbols) and acia modified (pink
symbols) perovskites. The samples were illuminated from the perovskite side with a 398
nm laser at a fluence of 16 nJem=2. The dark curves are double-exponential fits to
the photoluminescence transients. (d) TCSPC decays for quartz/perovskite/(LiF)/C60
samples with control (no LiF, grey symbols) and IA modified (pink symbols) perovskite
and IA modified perovskite with a LiF interlayer before the C60 (orange symbols). The
samples were illuminated from the quartz side with a 398 nm centre wavelength laser
at a fluence of 16 nJem=2. The dark curves are double-exponential fits to the PL tran-
sient. (e and f) The differential lifetime Tqi(t) calculated using Equation for the
PL transients presented in (c and d) respectively. Reproduced from [35] with permission

from the Royal Society of Chemistry.
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(HTL) or the ETL are attached, the PLQY is significantly reduced owing to strong
interfacial recombination. Interestingly, here the losses at the HTL interface are larger
compared with the ETL interface, contrary to 1.6 eV bandgap perovskites using the
same transport layers where the majority of the non-radiative recombination originates
at the ETL interface [20, 21], [48]. Such a scenario might originate from the substan-
tially different energetics that these perovskites may present in conjunction with the
transport layers [22, 23]. Importantly, when the ionic additive [BMP]|T[BF4]~ is in-
corporated in the perovskite, the PLQY is enhanced not only in the neat material,
denoting a reduction of trap-assisted recombination in the bulk, as discussed earlier,
but also at both the HTL and the ETL interfaces, Figure [5.7] This key finding high-
lights how despite the IA being added to the precursor solution, its effects are strongly
visible at the perovskite/transport layer interfaces. Accordingly, the QFLS of the TA
treated samples is also enhanced, demonstrating the possibility of high open-circuit
voltages (Vocs) in full photovoltaic devices [22, [54, [55]. The improvement of the bulk
perovskite observed following IA incorporation can originate from an effective reduction
of trap densities, either by passivation of defects or by influencing the crystallisation
process. On the other hand, the increase in QFLS when either transport layer is at-
tached denotes that, even though the TA is incorporated directly in the bulk material,
this additive may help to form a more ideal interface between the perovskite and each
transport layer, either providing a better energetic alignment or by reducing the trap
density at the interface.

To understand the influence of TA incorporation on the interfacial recombination
kinetics, we measured the transient decay of the photoluminescence of partial de-
vice stacks using time-correlated single photon counting (TCSPC). We investigated
quartz/PTAA /perovskite (HTL stack) and quartz/perovskite/(LiF)/C60 (ETL stack)
samples. Fluence-dependent photoluminescence transients were measured but are not
discussed further in this thesis. In our investigation, we illuminated the HTL stack
from the perovskite side, and the ETL stack from the quartz side. This ensures there

is no parasitic absorption in the transport layer which would make further analysis chal-
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lenging. The PL transients corresponding to the lowest excitation fluence (16 nJem™2)
for HTL and ETL stacks are shown in Figure & Figure respectively. We
fit the decays using a double exponential and show them with dark lines. The double
exponential is used primarily to accurate reproduce the transient and no physical basis
is claimed. The transient PL of the half stacks is influenced by several factors. In
addition to charge-carrier recombination within the perovskite itself, charge transfer to
the CTL becomes important, as does interfacial recombination between the majority
carrier in the CTL with the minority carrier in the perovskite [45] [56]. To disentangle

these processes we define a differential lifetime which is given by

dIn cp(t)>_1 (5.4)

Tair() = - ( dt

where ¢(t) is the photon flux. To perform this analysis, we fit the PL transients with
a double exponential, since it accurately reproduces the transient, and take the nu-
merical derivative of this fit, to determine 74;¢. As can be seen in Figures &
[6.7f, the lifetimes reach a plateau at large delay time. The initial rise at short delay
times is attributed to charge transfer into the transport layers, whereas the longer life-
time is dominated by interface recombination [45] [56]. As is evident in Figures
& [5.7f, the incorporation of the IA significantly enhances the differential lifetime at
large delay times, indicative of reduced interface recombination. This agrees with our
PLQY measurements where we demonstrated reduced non-radiative recombination at
each charge transport layer with the IA present under steady-state conditions. More-
over, to investigate the possibility of reducing the interface recombination further, we
implemented an ultra-thin (~ 1 nm) LiF interlayer between the perovskite and ETL
as previously reported [48, 57, 58]. As expected, when LiF is included between the
[A-modified perovskite thin film and the C60, the differential lifetime is further en-
hanced. To quantify the influence of LiF alone, we compared the PL transients of a
control perovskite/LiF /C60 sample and an IA/C60 sample. While the LiF interlayer
does reduce the interfacial recombination, the IA treatment alone is more effective.

The lifetimes extracted from PL transients above (7.¢) will be governed by both
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Table 5.1: Lifetimes extracted from time-correlated single photon counting (TCSPC)
measurements of at 16 nJem™2 for the HTL and ETL stack. The surface recombination
velocity (SRV) was calculated according to Equation . The bulk lifetimes used
were 450 ns and 900 ns for control and IA modified samples respectively, taken from

the fittings in Figure [5.2c & [5.2d.

Condition | Sample | Illumination side | Teg (ns) | SRV (cms™)
Control | HTL stack perovskite 38 1300
IA HTL Stack perovskite 100 450
Control | ETL Stack quartz 10 5600
IA ETL Stack quartz 73 640
IA & LiF | ETL Stack quartz 99 450

bulk and surface recombination according to the relation [59]

1 1 1
R — -+
Teff Thulk

(5.5)

Tsurface

We have determined the effective lifetime with the transport layers present in Figures
& [5.7f, and the “bulk lifetime” when the transport layers are absent, from the
fitting in Figure & [5.2d. Combining these values allows us to calculate the
lifetime associated with recombination at the perovskite/CTL heterojunctions. If we
assume that the recombination at the perovskite/CTL interface is far greater than at
the perovskite/quartz or perovskite/air interfaces, we can express the surface lifetime

as [48, K9, [60]

(5.6)

d 4 (d\?
Towface = Ga17 + D (;)
where d is the sample thickness, D is the diffusion coefficient and SRV is the surface
recombination velocity. We determine D using the Einstein relation D = pukgT/q,
where kg is Boltzmann’s constant, 7' the absolute temperature and p the mobility
It is therefore possible for us to

obtained in the THz spectroscopy measurements.

estimate the surface recombination velocity at each interface, which we display in

Table [5.1]
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For the control sample, the value of the surface recombination velocity at the
fullerene interface is comparable to values reported in the literature for narrower
bandgaps [60], but the SRV at the PTAA interface is substantially higher compared
to literature values usually reported for ~ 1.6 eV bandgap perovskites [48] [60]. This
correlates with our PLQY data and shows again that the PTAA interface performs
relatively poorly in the control samples for these wide bandgap materials, as we show
in Figures & [5.7b. Accordingly, we see that IA modification results in substan-
tially reduced SRVs as compared to the control system in the same stack configuration.
A large beneficial effect from the TA is observed at the C60 interface, where the SRV is
reduced by close to one order of magnitude. As expected, the addition of LiF helps to
reduce the surface recombination velocity value even further to as low as 450 cms™!.
This value is among the lowest reported for MA-free perovskites [61]. This is particu-
larly impressive since our measurements were performed on perovskite films in contact
with a CTL — known to induce significant non-radiative recombination as discussed

earlier [62]. This reduction of surface recombination velocitys and enhanced radiative

efficiency is extremely promising for corresponding photovoltaic device performance.

5.3.3 Photovoltaic device performance

To corroborate our study on the recombination mechanisms in wide bandgap per-
ovskites thin films, we implement these materials in a p-i-n device architecture. In-
verted p-i-n device architectures have numerous advantages over their n-i-p counter-
parts including reduced hysteresis, low temperature processability, and consequent
suitability for silicon tandem technologies [63], [64]. The device architecture, shown
in Figurg5.8a, comprises PTAA as the hole transport layer which is coated with an
‘ultra-thin’ layer of PFN-Br onto which the perovskite layer is deposited. The solar
cell is then finished by evaporating thin LiF interlayer (depending on the device type),
C60 as the electron transport layer, bathocuproine (BCP) and Cu as top electrode.
The perovskite absorber is optionally modified by adding an optimised amount (0.5

mgmL~" ) of the ionic additive [BMP]*[BF,]~ to the precursor solution.
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Figure 5.8: Photovoltaic device performance. (a) Schematic of the device architecture
utilised in this study. The ‘+’indicates elements which depend on the device type. The
device active area was 0.06 cm?. (b) Ezemplary JV curves for the three types of
devices investigated. (c) Statistical summary of reference FACs based perovskite solar
cells (grey), IA modified devices (pink) and IA modified devices implementing a LiF'
interlayer (orange). The data points are overlapped onto the boxplots which show the
median (central line), and the median of the upper and lower halves of the data (top
and bottom lines of the box, respectively). The top and bottom whiskers are drawn to
the highest/lowest data point within 1.5 times the interquartile range from the top and
bottom of the box, respectively. (d) Literature comparison between our work (denoted
with a star) and pin-type devices with methylammonium-free perovskite solar cells. The
dashed lines represent 90 % of the radiative limit with respect to the bandgap energy.
The data and references for the literature search can be found in Table[5.3, Reproduced
from [35] with permission from the Royal Society of Chemistry.

The beneficial effects of the TA addition in devices are clearly visible in the exem-
plary JV-curves represented in Figure5.8b, where the Voe, Jsc and F'F are improved
upon the incorporation of the ionic additive. To corroborate the Jsc values measured
on the solar simulator, we measured the external quantum efficiency (EQE) of the
devices, and then calculated the integrated Jsc, which is presented in Figure [5.10k.
We find the integrated current is in good agreement with the Jsc determined from the
current-voltage characteristics. Furthermore, with the addition of a LiF interlayer the
FF is greatly enhanced and the V¢ also increases. The statistical summary of the
three types of devices investigated in this work are presented in Figure |5.8c. Here,
the combination of the IA with a LiF interlayer allows us to reach Vg of 1.22 V, F'F
above 80 % and PCEs approaching 17 %.

We present the forward and reverse scans for each device type investigated, and
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Table 5.2: Reported values of the open-circuit voltage and power conversion efficiency
for methylammonium-free p-i-n perovskite solar cells. These data are compared against

those achieved in this Chapter in Figure (5.8

Perovskite Bandgap Voc (V) PCE Ref.
(eV) (%0)

FA 53C50.17Pb(Io75Bro.25 )3 1.68 1.10 15.4 I30]
FA.75C80.5Pb(Io.sBro.2) 1.68 1.10 17.4 [30]
FAg.53Cs0.17Pb(Io.6Bro.4)s 1.75 1.13 14.3 [30]

FA6Cs0.4Pb(Io.7Bros)s 1.75 1.17 16.3 I30]

FA0.6Cs0.4Pb(Io.7Bro.3)s 1.76 1.14 14.6 [31]

FA¢.6Csp3DMA1Pb(Iy7Bros)s 1.71 1.20 19.2 [34]

(DMA is dimethylammonium)

FAg.5Cs0.2Pb(Io5Bros)s 1.82 1.15 8.6 [32]

FA0.5Cs0.2Pb(Io.5sBros)s 1.82 1.18 11.4 132]

FAg.5Cs0.2Pb(Io.5Bros)s 1.82 1.19 12.3 [32]

FA 3Cs0.17Pb(Io.9Bro.1)s 1.6 1.07 17.6 [10]

FA.53Cs0.17Pb(Io.9Bro.1 )3 with 1.6 1.12 20.3 [10]
[BMPJ*[BF.)-

FA¢.53Cs0.17Pb(Io.77Bro.23 )3 1.66 1.11 16.6 [10]

FA.55C80.17Pb(I.77Bro.25 )3 with 1.66 1.16 17.3 [10]
[BMP][BF.)-

FA 5 Cs02Pb(Io.6Bro4)s 1.77 1.16 15.0 3]

FA 5Cs02Pb(Io.6Bro4)s 1.77 1.20 15.9 3]

the stabilised power output of these devices in Figure While the forward and
reverse scans do not perfectly overlap in each case, the hysteresis is not too severe for
each condition investigated, and over a wide range of scan speeds. The addition of the
IA does seem to increase the hysteresis as compared to the control, but this can be
ameliorated to a large degree by the inclusion of the LiF interlayer. The maximum
power point of each of these devices is tracked over a 5 minute period, the results of
which are shown in Figure [5.9d. This shows that the power output of these device
is stable over this time window. However, the light source for this measurement could
not be properly calibrated, and so the precise values should be taken mainly as a guide.

However, the relative improvement is indeed trustworthy, and clearly demonstrates the
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Figure 5.9: Forward and reverse scans at a wide range of settling times (0 — 1000 ms)
for representative a) control, b) IA modified and c¢) IA modified with a LiF interlayer
devices. The settling time refers to how long a certain bias is applied before the cor-
responding current-density measurement is taken. d) Maximum power point tracking
for the same devices recorded over 5 minutes. These measurements were performed
by Francisco Pena-Camargo at the University of Potsdam. Reproduced from [35] with
permission from the Royal Society of Chemistry.

substantial improvement afforded by IA modification.

To compare our results with those published in the literature literature, in Figure
we show that wide bandgap MA-free perovskites, especially in p-i-n architectures,
are prone to modest power conversion efficiency (PCE), due to larger Voo losses com-
pared to the radiative potential at the respective bandgap. The work presented here
goes a significant way to overcoming many of these losses.

While the Vpe and F'F' improvements are expected from devices showing increased
radiative efficiency, as discussed previously, the enhancement of the short-circuit cur-
rent density, evident in Figure [5.8, following TA modification is unexpected. Such

an effect would imply either increased charge-carrier generation, extraction, or both.
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Figure 5.10: a) External quantum efficiency (EQFE) and integrated short-circuit cur-
rent density for representative control (grey) and [BMP]* [BF,] -modified (purple) de-
vices. The integrated current shows good agreement with the Jsc determined from the
JV curves. Explicitly, the Jsc determined from the JV curves was 15.0 mA cm™2 and
16.8 mA cm™2 which compares to 15.2 mA cm2and 16.5 mA cm2integrated current
densities for control and IA modified devices respectively. b) refractive index and c) ex-
tinction coefficient of the control (grey) and [BMP]* [BF,]” -treated (purple) thin films
deposited on z-cut quartz substrates as determined by ellipsometry. These measure-
ments and analysis were performed by Dr. Suhas Mahesh. All samples have similar
optical constants, and so the increased Jsc cannot be explained by a different electric-
field profile within the bulk of the perovskite semiconductor. Therefore, the enhancement
i Jso is unlikely to be due increased charge carrier generation following IA incorpora-
tion. Reproduced from [35] with permission from the Royal Society of Chemistry.

To rule out the possibility of increased charge-carrier generation, the optical constants

of the perovskite, with and without the [A, were measured by ellipsometry. As can

be seen from Figures [5.10b & [5.10c, the optical constants of the control and TA-

modified perovskite are extremely similar. As such we do not expect that there will be
increased charge-carrier generation upon IA modification. Due to the similar optical
constants and film thicknesses, we can rule out any optical effect increasing the Jsc.
It has recently been reported that mobile ions are the origin of short-circuit current
density losses in perovskite solar cells [65]. Whilst determining the precise origin of
the current density increase is beyond the scope of the current work, we suggest the
increased Jsc may be due to reduced ionic mobility following [BMP]*[BF,]~ modifi-
cation. Such an effect would reduce the severity of current losses in these types of
devices, manifesting as an increased Jgc as compared to the control devices.

To corroborate the combination of our findings and to better correlate this im-
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Table 5.3: Comparing the device performance parameters of actual devices without
(control) and with TA modification (IA) with those determined using drift-diffusion
simulations, taking the mobility, bulk lifetimes and SRVs values that were determined
i the main text. A full list of the device simulation inputs can be found in Table .

Condition Jsc (mAem™2) | FF (%) | Voc (V) | PCE (%)
Control 17.0£0.5 68+2 | 1.16£0.01 | 13.7+£0.5
Control Simulated 16.8 70.0 1.18 14.0
IA 1754+ 0.5 72+3 | 1.20£0.01 | 15.2+£0.5
TA Simulated 16.9 75.9 1.21 15.6

proved device performance with the spectroscopic characterisation performed earlier,
drift-diffusion simulations were performed using SCAPS [66]. Importantly, we use
values determined experimentally in our earlier analysis as input simulation parame-
ters, including the bulk lifetimes and surface recombination velocities at each interface.
Moreover, the energy alignment between the layers is informed by the photoemission
spectroscopy results, which are discussed in detail later. A table of the input parameters
can be found in Table Our simulations were able to reproduce the photovoltaic
device performance parameters well in all aspects apart from the enhanced short-circuit
current density following IA modification. As discussed earlier, this enhacement to the
Jsc is unexpected, and so it is perhaps unsurprising that this effect would not be re-
produced by the drift-diffusion simulations. A comparison between the drift-diffusion
simulations and the real photovoltaic device parameters is presented in Table The
close agreement strongly supports our spectroscopic investigations into the energy loss
pathways in these materials and partial device stacks. This demonstrates the validity
of our earlier analysis, but highlights that understanding current losses in these p-i-n
devices requires further investigation. We now investigate the recombination occuring

within full devices.

5.3.4 Recombination analysis in full devices

To assess the effects of the [BMP]*[BF,]~ and LiF on the recombination mechanisms in

complete devices, we carried out two sets of illumination intensity dependent measure-

5.3. RESULTS AND DISCUSSION Page 179



CHAPTER 5. NONRADIATIVE LOSSES IN WIDE BANDGAP PEROVSKITES

ments: illumination intensity dependent PLQY and illumination intensity dependent
Voc (Voc(I), I is the excitation intensity). The PLQY measurements were carried out
on isolated thin films on glass substrates and the V¢ measurements on full devices.
The PLQY measurements are used to determine the quasi-Fermi level splitting. As pro-
posed in a recent publication, QFLS intensity dependent measurements (QFLS(I)) can
be used to reconstruct a pseudo JV-curve (pJV') for isolated perovskite thin films in
the absence of the influence of charge transport layers (more detail is given in Chapter
3) [67]. Due to the absence of CTLs, which induce significant additional non-radiative
recombination as discussed in Setion [5.3.2] such pJV curves therefore represent the
maximum efficiency achievable with a particular absorber in the absence of interfacial
recombination. In addition, it is possible to reconstruct a pJV curve using Voc([/)
measurements on full devices. Thereby, such pJV curves are influenced exclusively by
the recombination processes taking place in the device, at the interfaces or within the
perovskite semiconductor, and, crucially, not during charge-carrier transport. This is
because no charges are extracted during open-circuit voltage measurements. The ad-
vantage of this analysis approach is that through PLQY (and V¢) measurements over
a wide range of illumination intensities, we can estimate the effect of charge-carrier
recombination on both the V¢ and the FF' at the same time. This technique allows
for the untangling of transport and recombination loss mechanisms within the devices,
and ultimately facilitates estimating a potential efficiency of the single absorber or the
device in absence of interfacial and transport losses. Notably, the intensity dependent
photoluminescence spectra, showed no evidence of PL shift upon constant illumination
and high illumination intensities (up to ~ 5 suns equivalent), denoting the absence
of phase segregation that is usually observed in methylammonium-containing high Br
content perovskites [13], [15], [16, 20].

In Figures [5.11ja-c, we compare the ‘normal’” JV measured on the solar simulator
with the pJV of the same device (from V(7)) measurements) and that of the bare
absorber (from QFLS(/) measurements). From these data, it is possible to quantify

and visualise the significance of non-radiative and transport losses of our different
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Figure 5.11: The results are shown in (a) for the reference perovskite, in (b) for the
perovskite including IA, and in (c¢) with the additional addition of a LiF interlayer. In
(a,b,c) the right-most curve is determined from PLQY(I) measurements which are con-
verted into QFLS(I) of thin films on glass, and so represents a pseudo JV -curve with
minimal interface recombination. The centre curve is derived from Voc(I) measure-
ments on full devices, and represents a pseudo JV -curve with interfacial recombination,
but in the absence of transport losses. The left-most curve is the JV curve of the same
device measured on the solar simulator. As such, the purple shaded area represents the
interfacial losses at each point along a the JV curve, and the green region denotes the
transport losses. These measurements were performed by Dr. Pietro Caprioglio at the
University of Potsdam. Reproduced from [35] with permission from the Royal Society
of Chemistry.

cells and materials. The losses are highlighted as the shaded purple and turquoise
areas, respectively, between the different JV and pJV in Figures [5.11a—c. These
plots graphically demonstrate that the incorporation of the IA is effective at both
reducing the recombination and transport losses in complete devices, and both losses
are further reduced by the addition of LiF. This finding is in excellent agreement
with our TCSPC analysis on the IA’s effect on the bulk material and each interface
between the perovskite and the CTLs. Additionally, in the case of an isolated thin
film, this estimates the ideal case of a solar cell with zero interfacial losses. This
highlights how this 1.79 eV (determined from the inflection point of the EQE) bandgap
IA modified perovskite could potentially achieve a PCE of 23.17 % if implemented in a
fully optimised device, where all recombination and transport losses at interfaces and
in the device are eliminated. We present the estimated device characteristics in Table
6.4l

In Figure [5.12h, the ideality factor from the Voe intensity dependence study is

calculated and shows that the devices treated with [BMP]"[BF4|~ and LiF exhibit
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Sample | Method | pJsc (mAcm™2) | Voc (V) | pFF (%) | pPCE (%)
Control | QFLS(I) 19 1.345 88.5 22.61
Control Voc(I) 19 1.156 88.2 19.37
1A | QFLS(I) 19 1375 | 88.7 23.17
TA Voo(I) 19 1.22 85.5 19.81
IA & LiF | QFLS(1) 19 1.375 88.7 23.17
IA & LiF | Voo(l) 19 .23 87.7 20.5

Table 5.4: Estimated PCE (in the absence of interfacial and/or transport losses)
obtained from the pJV of cells and isolated thin films for the materials investigated
in the study. The Jsc used here to estimate the efficiency potentials are calculated by
assuming 95 % of the thermodynamic limit corresponding to the bandgap.

QFLS QFLS

A infim ® device W YV A QFLS() ® Voo() W JV
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Figure 5.12: a) Voo intensity-dependent measurements and ideality factors for solar
cell devices implementing control, IA-modified, and [A-modified with additional LiF
interlayer before the C60. b) Voc energy losses summary calculated from the samples
and data presented in Figure . c) A summary of fill factor energy losses calcu-
lated from the samples and data presented in Figure [5.11]. These measurements were
performed by Dr. Pietro Caprioglio at the University of Potsdam. Reproduced from
[35] with permission from the Royal Society of Chemistry.
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larger ideality factors compared to the reference cell. These results are in line with a
recent study and demonstrate the effective reduction of interface recombination upon
optimisation, in agreement with the enhanced Vo evident in Figure [68]. The
LiF has a negligible effect on the QFLS in the absence of a transport layer, which implies
that it has no direct passivation effect, and may be viewed as a ‘buffer layer’ between the
perovskite and the C60. The absence of a passivation effect would suggest LiF alone
does not change the recombination properties within the perovskite semiconductor,
which explains the similarity of the pJV curves derived from QFLS(I) for the IA and
TA & LiF cases summarised in Table [5.4l

We summarise the impact of non-radiative losses on the radiative potential of our
devices in Figure [5.12b. Generally, this MA-free wide bandgap perovskite is char-
acterised by a large degree of non-radiative losses (indicated in blue) compared to the
radiative open-circuit voltage limit of 1.50 V present for a solar absorber with the op-
tical properties of the ‘isolated’ (no electronic contacts) MHP thin-films. This denotes
strong non-radiative losses taking place in the perovskite semiconductor, possibly due
to high density of traps even in the absence of transport layers, which are reduced by
[BMP]*[BF,]~ implementation. As discussed earlier, the contacting with the transport
layers results in significant interfacial non-radiative losses (purple region) and therefore
a further reduction in the Voo and QFLS. Importantly, the QFLS of the full devices
represents the maximum realistically achievable open-circuit voltage which originates
internally from the device’s photoactive layer. Interestingly, however, the externally
measured Voo of these exact same devices lies substantially below these values, as indi-
cated by the shaded turquoise region. We find here that IA and LiF treatments improve
the QFLS of the full devices (including the metallic electrodes). Critically, they also
improve the Vo of the very same devices, but to a more significant degree than the
improvement in QFLS. As a result, although not entirely eliminated, the mismatch be-
tween the QFLS and the Vo is reduced with these treatments (shaded turquoise region
in Figure ) We proceed to investigate the origin of the remaining mismatch.

A mismatch between QFLS and Vo has been previously attributed to an energetic
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Figure 5.13: a), b) and c) show the ultraviolet photoemission sprectroscopy (UPS)
measurements for control, IA-modified and [A-modified €& LiF perovskite thin films on
ITO/PTAA substrates respectively. Sequential deposition of C60 was performed and
UPS measurements were repeated at C60 thicknesses of 5, 20 and 100 A, allowing
the reconstruction of the energetics at this interface. In a), b) and c), the left panel
shows the secondary electron cut-off which gives the work function, and the right panel
shows the valence band region, from which the valence band onset is extracted. d),
e) and f) show the flat-band diagrams of this interface which are inferred using the
measurements from a), b) and c) respectively. These measurements and analysis were
performed by Dr. Fengshuo Zu at Humboldt University of Berlin. Reproduced from [33]
with permission from the Royal Society of Chemistry.

misalignment between the perovskite and the charge transport layers in combination
with interface recombination [22 23]. To investigate the origin of this loss in our
devices, we conducted ultraviolet photoemission sprectroscopy (UPS) measurements
specifically probing the perovskite / C60 interfaces by performing multistep sequential
deposition of C60 molecules, which are presented in Figure [5.13] As such, we are
able to reconstruct the energetics at these specific interfaces accurately, and the band
diagrams derived from these measurements are also presented. Our UPS measurements

highlight a misalignment between the conduction band of the perovskite and the low-
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est unoccupied molecular orbital (LUMO) of the C60 in all conditions investigated,
despite the implementation of IA or LiF. Therefore, we conclude that the reduction of
the QFLS-Voc mismatch in these devices is unlikely to be due to a better energetic
alignment of the perovskite with the ETL. Such a reduction in the mismatch could be
related to the partial specific resistances for electrons and holes at the CTL interfaces
[69, [70]. However, we observe that the Fermi level is shifted towards mid-gap upon IA
modification, which may be due to a reduction in surface defects in line with previ-
ous analysis within the literature [71], [72]. The finding of the energetic misalignment
between the perovskite and the C60 is significant and sufficient to give rise to a QFLS-
Voc mismatch. However, we do not exclude the possibility of an additional energetic
misalignment between the highest occupied molecular orbital (HOMO) of the PTAA
and the perovskite valence band. Since the PTAA HOMO is well-aligned with the va-
lence band of 1.6 eV perovskites, the shifting of the perovskite valence band away from
vacuum as the Br content is increased is likely to induce an energetic misalignment in
these wide bandgap perovskites [23], [73].

As shown in Figure [5.12b, even for optimised devices utilising the combination
IA and LiF, the Vo measured in the device still lies more than 60 meV below the
potentially achievable internal QFLS. Therefore, developing transport layers with bet-
ter energetic alignment, or another approach to reduce the mismatch between internal
and external voltage, would enable full exploitation of the radiative potential of the
optimised perovskite and interfaces.

Moreover, this need for a new device architecture for MA-free wide bandgap per-
ovskites is further highlighted in Figure[5.12fc. Therein, we find the pseudo-fill factors
(pF F's) determined from the isolated materials on glass for each condition lie extremely
close to the radiative limit, indicating that recombination losses have a minimal impact
on the F'F' of these materials. On the other hand, we see a significant difference be-
tween the pF'F determined from the intensity dependent Vo measurements (presented
in Figure ) and the F'F' determined from the JV-curves, indicating the carrier

transport losses out of the device, are the main cause for F'F loss in these devices. We
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find that, firstly the TA and then the LiF addition, successfully reduce the difference
between the ideal “transport-free” F'F' and the F'F' measured in JV scans. However,
this finding again highlights the need for improved charge transport layers for wide

bandgap perovskite semiconductors.

5.4 Conclusions

In this work, we have unravelled the origin of performance limitations in methylammonium-
free p-i-n wide bandgap perovskite solar cells. We have demonstrated that these solar
cells are limited by significant non-radiative recombination in the bulk material which
is exacerbated by the attachment of both electron and hole transport layers. We fur-
ther show that there is a large energetic misalignment between the perovskite and
the charge transport layers. To overcome these limitations, we incorporated the ionic
additive 1-butyl-1-methylpiperidinium tetrafluoroborate into the perovskite precursor
solution which is known to substantially enhance the stability of perovskite solar cells
but its influence on device performance was unclear. We found that the incorporation
of this additive reduces non-radiative recombination within the bulk of the perovskite,
as well as at each interface with the charge transporting layers. This passivation effect
results in substantially reduced surface recombination velocities at these interfaces. In
addition, we showed that a thin LiF interlayer between the perovskite and the C60
further reduces the surface recombination velocity. We implement this knowledge to
fabricate high performance 1.79 eV bandgap perovskite solar cells, which approach 17
% PCE with a Voc of 1.22 V. This is among the highest reported for methylammonium-
free wide bandgap perovskite solar cells. We then performed a thorough recombination
analysis in the full devices. We found that the combination of the ionic additive and
LiF interlayer significantly reduce the transport losses in full devices, likely due to the
substantially lower SRVs present at the interfaces in these devices. In addition, the
Voc sits below the QFLS of the full devices, which we attribute to energetic misalign-

ment between the perovskite and the charge transporting layers. To recover this lost

5.4. CONCLUSIONS Page 186



CHAPTER 5. NONRADIATIVE LOSSES IN WIDE BANDGAP PEROVSKITES

voltage, better alignment of transport layers is essential. Therefore, we suggest that
new transport layers better suited for wide bandgap materials need to be implemented

in addition to the TA treatment we report here. This is the subject of Chapter [6]
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Chapter 6

Optimised Hole Transport Layer
Through Blended Polymers

6.1 Summary of results

The interfacial recombination between the wide bandgap (~ 1.8 eV) metal halide per-
ovskite and the hole transport layer has recently been discovered as a major bottleneck
for solar cells based on these materials. This interface induces rapid nonradiative re-
combination pathways, and there is poor energetic alignment between the VB of the
MHP semiconductor and HOMO of the HTL, which both constrain the Vpc of solar
cells well below its thermodynamic potential.

In this Chapter, a novel hole transport layer strategy is developed based on blend-
ing the polymers PTAA and TFB. The influence of the blend ratio on photovoltaic
device performance is investigated in detail, with a best performing blend being a 2:1
PTAA:TFB blend. The basic optoelectronic and structural properties of the MHP
semiconductor grown on the different polymer blends were found to markedly simi-
lar. The optoelectronic properties of the polymer blends themselves were investigated
through absorption, PL and time-resolved emission spectroscopy measurements. The
absorption of the polymer blends can be described accurately as an appropriately

weighted linear combination of the individual polymer absorption. In contrast, the
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PL from the blends seems to entirely originate from the TFB. Actres measurements
revealed that the HOMO-LUMO transition is accelerated upon increasing TFB addi-
tion. However, there is no consistent trend in these photophysical data that would
suggest that the blended polymers ought to perform better when incorporated as the
HTL in PV devices. Therefore, while providing large (~ 50 mV) enhancements to the
open-circuit voltage, the precise working mechanism(s) of the blended polymer system
remain unclear. Current work to unravel the physics underpinning this system include
ultraviolet photoemission spectroscopy, and synchrotron-based X-ray scattering studies

to elucidate energetic and structural properties of the polymer blends respectively.

6.2 Introduction

So far in this thesis, the necessity for multijunction solar cells was outlined in Chap-
ters [1] & [2l We have discussed in detail why MHP semiconductors have immense
potential in this area, and provided a thorough review of the literature pertaining to
MA-free wide bandgap perovskites in Section [2.3.1] From the literature and my own
work, it was clear that these wide bandgap materials perform poorly compared to their
lower bandgap (~ 1.6 eV) metal halide perovskites. In Chapter , we explored the
recombination processes occurring within this material class in detail, and unravelled
their major loss pathways.

We discovered that the interface between the perovskite and the hole transport layer
(HTL) was particularly detrimental to the device performance due to severe interfacial
recombination. Moreover, we discovered that, within the very same device, a sub-
stantial mismatch between the achieved open-circuit voltage (Voc), and the calculated
quasi-Fermi level splitting (QFLS) from photoluminescence quantum yield (PLQY)
measurements. The QFLS originates from the MHP semiconductor itself and indicates
the realistic upper bound for the device Voc [1]. This mismatch is often attributed to
an energetic misalignment at the interface(s) between the perovskite and the adjacent

charge transport layers (CTLs) [2]. Therefore, it is clear that a new charge transport

6.2. INTRODUCTION Page 194



CHAPTER 6. OPTIMISED HOLE TRANSPORT LAYER THROUGH BLENDED
POLYMERS

layer strategy for this p-i-n wide bandgap perovskite solar cells is required, and sim-
ply utilising the structure optimised for ~ 1.6 eV perovskites is a major bottleneck
that must be overcome [3]. Therefore, the development of new strategies for the CTLs
within wide bandgap MHPs is a priority.

In fact, optimisation of the HTL has resulted in significant enhancements to the
efficiency of both ‘medium’ [4] and wide bandgap perovskites [5], as well as tandem
solar cells [4, B5]. The works highlighted here are perhaps the ones that ‘kickstarted’
the self-assembled monolayer (SAM) excitement in the field since they have enabled
high Voes and exceptional F'F values (routinely > 80%). Both of these factors can
be understood in the context of Chapter [5] Devices based on these SAMs regularly
deliver devices with efficiencies exceeding 20 % [4-6], or similarly impressive values for
the wider bandgap perovskites [7, [§].

There are, however, some issues for perovskite solar cells (PSCs) based on these
SAMs. Firstly, the SAMs-based devices are often hailed as highly reproducible [4],
but anyone who has worked with these materials knows that is far from the case.
While within a substrate, devices will have very similar performance, the whole batch
can, and often will, fail for an unknowable reason. Therefore, despite their impressive
performance in solar cells, there is a strong question mark over their suitability for
industrial activities. Furthermore, owing to their functionality relying on their binding
to the ITO, they are not suitable for every application (e.g. in a tandem application
where a different interlayer might be used).

The use of semiconducting polymers overcome these issues. They are readily pro-
cessed from solution and would be more than suitable for large-scale industrial pro-
cessing through, for example, printing techniques [9HIT]. Herein, we report the de-
velopment of a new strategy for the hole transport layer suitable for high efficiency
wide bandgap perovskite photovoltaics wherein two commercially available polymers
are blended. The blending of these polymers is a straightforward way to optimise
the PV device performance of this family of MHP semiconductors, yielding significant

enhancements to the open-circuit voltage and power conversion efficiency.
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6.3 Results and discussion

In the first instance, we sought to investigate a range of different hole transport lay-
ers to assess their suitability for implementation in conjunction with the wide bandgap
perovskite FA(g3Csg.17Pb(lg6Bro4)s, which was the focus of Chapter . The first step
taken was to assess the quality of the interface between the different hole transport
layers and the perovskite semiconductor. Processing on a new HTL can have a large in-
fluence on the resulting perovskite solar cell [I2]. There are many reasons for this, but a
major factor is that it is not guaranteed that the perovskite will form in the same man-
ner, and so it is possible that additional non-radiative recombination pathways could
have been induced. Therefore, we used photoluminescence quantum yield (PLQY)
measurements to benchmark the radiative efficiency of the different HTL /metal halide
perovskite systems investigated, and show the results in Figure [6.1]

The systems investigated were perovskite processed directly on ITO (the worst
case scenario), PTAA/PFN-Br, TFB/PFN-Br, V1148 (a novel hole transporting layer
synthesised by the group of Tadas Malinauskas at Kaunas University of Technology),
V1148 /PFN-Br and F8BT/PFN-Br substrates. We attempted to coat the perovskite
on each hole transport layer without a PFN-Br layer, however severe wetting issues
resulted in extremely poor coverage. These conditions were discarded as they were un-
suitable for device applications. Therefore, a wetting layer of PFN-Br on top of these
systems (with the exception of V1148) was necessary. The highest occupied molecular
orbital (HOMO) postion, predominantly informed from literature values, is shifted fur-
ther from vacuum as one progresses through the list. Explicitly, the HOMO positions
(or work function for ITO) are approximately ~ —4.4eV for ITO (UPS measurements)
[15], ~ —5.2eV for PTAA (UPS measurements) [16], ~ —5.5eV for TFB [17] (UPS
measurements), V1148’s HOMO was measured to be ~ —5.4eV at KTU using cyclic
voltammetry, and ~ —5.9eV F8BT (UPS measurement) [I8]. Several caveats are re-
quired for these values. Firstly, not all values were measured using the same technique
and cyclic voltammetry is known to significantly underestimate the bandgap compared

to the ‘true’ value determined from photoelectron spectroscopy in small molecule semi-
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Figure 6.1: Photoluminescence quantum yield (PLQY) measurements of a wide
bandgap perovskite (FAo.g3Cso17Pb(Io.6Bro.4)s) processed on a range of hole conductors.
The HOMO positions, informed from literature values, are shifted away from vacuum
from left to right on the plot. The samples were photoexcited with a continuous wave
405 nm centre wavelength laser at an intensity of ~ 60 mWem ™2, which is the equiva-
lent above-bandgap photon flux from AM1.5 illumination. Therefore the same number
of electron-hole pairs ought to be formed from this illumination. The point correspond-
ing to PTAA/PFN-Br is marked in red as the photoluminescence showed evidence of
halide segregation, which gives an increased radiative efficiency which would not result
in enhanced open-circuit voltage (Voc)[13, [14). V1148, molecule structure shown in
the inset, is a novel hole conductor synthesised at the Kaunas University of Technology
in the group of Tadas Malinauskas.

conductors [19]. As such, comparison between HOMO positions determined through
UPS measurements on polymeric semiconductors and cyclic voltammetry on a small
molecule semiconductor should be done cautiously. Moreover, the values determined
for the polymer semiconductors should be treated as a guide only since the exact values
vary substantially across the literature (though it is apparent that many cited values
disagree with the HOMO position that was actually reported in the referenced paper).
Therefore, I am using these HOMO positions as a guide only. Notwithstanding the un-
certainty in the absolute values, an interesting trend with HOMO position is observed,

as can be seen in Figure [6.1]
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At first the PLQY is quite low which is expected when processing directly on
ITO [2]. The PLQY increases towards a maximum for intermediate HOMO positions,
before falling again for deeper HOMOs. The point corresponding to PTAA/PFN-
Br is marked in red as the photoluminescence showed evidence of halide segregation,
which gives an increased radiative efficiency which would not result in enhanced open-
circuit voltage (Voc) [13, [14], 20]. Despite this artificially enhanced radiative efficiency
of the perovskite in contact with PTAA, the perovskite coated on TFB is able to
achieve a higher PLQY, which ought to lead to enhanced Vpcs in full photovoltaic
devices [I}, 21}, 22]. We note that there may be additional co-factors that influence the
radiative efficiency of the samples presented in Figure [6.1] (e.g. interface quality),
and the HOMO position may not be the dominant factor determining the PLQY of
these samples. Nevertheless, the observation that utilising TFB (a molecule with a
slightly deeper HOMO level compared to PTAA) as the HTL leads to a higher PLQY
is encouraging for photovoltaic device applications.

In the following, we choose to investigate poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-
diphenylamine) (TFB). The rationale being that it possesses a deeper HOMO com-
pared to PTAA, but is still a commercially available polymer and so might be a suit-
able direct replacement. Furthermore, TFB is reported to have high hole mobility of
~ 5 x 1073 cm?V~1s7! [23], comparable to values reported for PTAA [24]. In addition,
it was hoped that the deeper HOMO would deliver better energetic alignment with the
valence band (VB) of the perovskite [3, 25], and so reduce the QFLS-Voc mismatch
identified in Chapter [5]

Despite this enhancement to the absolute photoluminescence, TFB as a direct re-
placement performed poorly compared to PTAA. The devices fabricated with TFB as
the hole transport layer were characterised by a deterioration in all of the key device
parameters, especially the short-circuit current density (Jsc) and fill factor (F'F') as can
be seen in Figure[6.2a. This was the case independent of TFB solution concentration,
or the solvent from which this layer was processed, I show chlorobenzene and toluene

in the figure as examples. This suggests that, despite forming an interface with fewer
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non-radiative recombination losses as judged by PLQY measurements, the TFB layer
was performing poorly at extracting holes from the device. This is perhaps surprising
given that TFB ought to have similar hole conductivity as PTAA. The thickness of the
TFB layer was investigated and had only a minor effect on the device performance.
Given these observations, I suggest that the HOMO level of TFB in fact lies deeper
than the valence band maximum of the perovskite, and so forms an energetic barrier
to hole extraction. This suggestion is investigated in more detail later in the chapter.

Following this work, I decided to investigate the possibility of using TFB as an
interfacial modification layer on top of PTAA. I investigated this strategy because of
the more ideal interface TFB forms with the perovskite, but its implementation as
a direct replacement HTL was unsuccessful. Therefore, I was seeking the enhanced
interface quality from the TFB, while keeping the charge transport properties of the
PTAA. In fact, such a ‘stacked” HTL strategy has been reported in the adjacent field of
halide perovskite light emitting diodes [26]. This strategy requires ‘orthogonal’ solvents
to avoid dissolving the underlying layer(s) when processing the next. In an attempt
to achieve this, p-xylene was utilised as the solvent for TFB since TFB was found to
dissolve well in this solvent, whereas PTAA was more sparingly soluble.

The stabilised open-circuit voltages from such a strategy a presented in Figure
[6.2b. This strategy is benchmarked against the case of just PTAA with a standard
perovskite (control), and against PTAA with an 1-butyl-1-methylpiperidinium tetraflu-
oroborate ([BMP][BF,]~)-modified perovskite as reported in detail in Chapter 5, As
can be seen in Figure [6.2]b, the enhancement to the open-circuit voltages achievable
with this bilayer HTL outstrips those provided by the ionic additive-modification pre-
sented previously. This is strong evidence that the one of the major findings of the
previous Chapter, the HTL interface limiting devices based on this material, was ac-
curate and that enhancing this interface alone can result in outstanding enhancements
to the Voc. Indeed, the enhancement of ~ 60 mV from this bilayer strategy would
imply a 10-fold enhanced radiative efficiency of compared to the control case. There

are unfortunate drawbacks to this strategy however. Firstly, the Jsc of these bilayer
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Figure 6.2: a) Comparison of representative JV curves comparing devices with PTAA
as the hole transport layer and TFB as the direct replacement for PTAA. The TFB was
processed from CB (red) and toluene (blue). TFB performs poorly as a direct replace-
ment for PTAA, with a reduction in all key device parameters. b) Comparison of the
stabilised open-circuit voltage (Voc) for control (PTAA), [BMP]* [BF,]~ -passivated (as
in Chapter [5) and devices with a bilayer PTAA/TFB HTL. The bilayer HTL strat-
eqy provides a greater enhancement to the stabilised Voc than the passivation strategy,
demonstrating the importance of enhancing the quality of this interface.

devices is still rather modest, highlighting that hole-extraction might still be an issue.
Secondly, while I found that p-xylene is a poor solvent for PTAA it is not completely
insoluble. Therefore, I found that this device structure was quite unreliable, with
swathes of devices failing for an unknowable reason. I believe this is not an issue for
bilayer hole injection layers in LED devices since the transport layers in these devices
are typically substantially thicker |26} 27], and so partial dissolution of the underlying
layer is not detrimental. This was one of the limitations of the SAM-based transport
layer that I was aiming to overcome. Therefore, I decided to rethink the strategy used
in this work.

Instead of the bilayer strategy, I decided to investigate blending the polymers. In
all of the blends, equal concentrations of TFB and PTAA (typically 2 mgmL ™" ) were
prepared in different vials, and then the solutions were mixed by volume — e.g. the
2:1 PTAA:TFB blend is prepared by mixing 200 uL. of PTAA solution with 100 uL of
TFB solution. By using this strategy, I had hoped to form an ‘effective’ HTL, whereby

I could tune the energetics by simply altering the ratio of one polymer to the other
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in the blend. In this way I could develop a strategy which required only the most
straightforward optimisation to be tailored to different perovskite compositions. For
the majority of this work, I continue the focus on FAqg3Csg.17Pb(Ig.6Bro.4)3, which has
a bandgap of ~ 1.8 eV. Over the course of this work, an in-depth device optimisation
process was undertaken. I investigated many factors which may influence device per-
formance and/or the physics of the blended polymer (citations indicate related studies
where these factors were investgiated), including the hole transport layer thickness
[28-30], blend ratio, the solvent from which the polymer was cast [31} [32], and doping
the HTL [33, B4]. In addition, I also investigated the possibility of including a layer
of PEDOT:PSS (poly(3,4-ethylenedioxythiophene):polystyrene sulfonate) beneath the
blend as this strategy has shown great benefit in LED materials [26]. Herein, I do not
discuss the device optimisation process in detail. Instead, I present a comparison of
representative JV curves of the control and ‘starting point” blended polymers, along-
side the final, optimised condition in Figure[6.3] The optimised blend enhances all key
device parameters and reduces the hysteresis significantly. I note the reverse scan for
the ‘early blend’ exhibits unusual behaviour with the current density being higher near
the maximum power point than at short-circuit conditions. This peculiar behaviour is
eliminated with a fully optimised HTL, and so was not investigated further.

In the optimised condition, the polymer blend is cast from chlorobenzene, with 2:1
PTAA:TFB. The device performance is further enhanced by doping the polymer blend
with 1 wt% F6-TCNNQ (1,3,4,5,7,8-hexafluorotetracyanonaphthoquinodimethane) which
most likely increases the conductivity and selectivity of the HTL. Following this op-
timisation, I sought to understand why this particular blend was was optimal in PV
devices. In the following, I discuss the physics of the blended polymers themselves, and
blended polymer/metal halide perovskite heterostructures that results in such enhance-

ments in the PV device performance. Unless otherwise stated, all polymers (including

PTAA and TFB) will have been doped with 1 wt% F6-TCNNQ.
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Figure 6.3: JV curves for representative control (PTAA as the hole transport layer,
grey), the initial polymer blend (purple) and the final, fully optimised polymer blend
(red) as the HTL. Reverse (solid line) and forward (dashed line) are shown for each
condition. The optimised blend enhances all key device parameters and reduces the
hysteresis significantly. I note the reverse scan for the ‘early blend’ exhibits unusual
behaviour with the current density being higher near the maximum power point than
at short-circuit conditions. This peculiar behaviour is eliminated with a fully optimised
HTL however.

6.3.1 Photovoltaic device performance

Having optimised the processing conditions for the polymer-blend based photovoltaic
devices, I investigated the effect of the blending ratio on the photovoltaic device per-
formance. This was done to assess why certain polymer blends perform better in
photovoltaic devices by understanding the way(s) the blend composition affects the
device physics. As such, a range of devices with different polymer hole transport
layers were fabricated. The device architecture was ITO coated glass / polymers /
FA.83Cs0.17Pb(Ig6Bro4)s / PCaBM / BCP / Cr / Au. The polymers investigated
were pure PTAA and TFB, and 3:1, 2:1, 1:1, and 1:2 PTAA:TFB blends. Each of these
polymers was at a concentration of 2.0 mgmL ™" and is processed from chlorobenzene.
As stated earlier, each polymer was doped with 1wt% F6-TCNNQ. In Figure a
statistical summary of the key device characteristics is presented. It is evident that
the blended polymers significantly outperform either of the pure polymers in all device

parameters, apart from the short-circuit current density. The Js¢ is slightly enhanced
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Figure 6.4: The photovoltaic device parameters are presented for devices based on
FAs3Cs0.17Pb(lo.6Bro)s processed on different polymer hole transport layers. The
polymer blends deliver a substantial enhancement to the open-circuit voltage, however
there is a penalty to the short-circuit current density for more TFB-rich blends. An
enhancement to the fill factor is also observed for blended polymers. I note the exception
for the 2:1 blend, but this was most likely caused by extrinsic factors (I had to pause
fabrication during this batch due to my disability), and other batches show an enhanced
fill factor for the 2:1 blend. These factors combine to deliver an enhanced PCE for
devices based on the polymer blends. The data points are overlapped onto the boxplots
which show the median (central line), the mean (white square), the median of the upper
and lower halves of the data (top and bottom lines of the box respectively). The top
and bottom whiskers are drawn to the highest/lowest datapoint within 1.5 times the
interquartile range from the top and bottom of the box respectively.

for the modest blend ratios before falling rapidly for the materials with greater TFB
content. There is a clear trend in the open-circuit voltage as more TFB is included in
the blend until a maximum for the 2:1 blend ratio. Following this maximum, the V¢
falls again. If we benchmark these results against the devices in Chapter [5] we see that
from adapting the HTL alone, we can exceed the power conversion efficiency obtained
from [BMP]*[BF4|~ incorporation, which reached a PCE of ~ 15.5%. In addition,
it is worth noting that the device active area used in this Chapter is over four times

larger than in Chapter |5| (0.25cm? Vs 0.06 cm?). This highlights just how critical
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this interface is for these methylammonium-free wide bandgap perovskite solar cells.
Moreover, we had identified a ~ 50 mV offset between the QFLS and the V¢ achieved
on the very same device. Informed by our ultraviolet photoemission sprectroscopy
measurements (Figure , we suggested that this mismatch might be due to poor
energetic alignment between the charge transport layers and the perovskite semicon-
ductor. Interesting, the enhancement to the open-circuit voltage observed from the
polymer blend strategy is of a very similar magnitude to the QFLS-Vp¢ offset in the
PTAA-based devices.

To compare the maximum attainable PV device performance, the solar-to-electrical
power conversion efficiencies derived from maximum power point tracking (MPPT) for
30s under continuous AM1.5 illumination for devices utilising PTAA (grey), and the
polymer blend (purple and blue) as the hole transport layer are presented in Figure
[6.50. The polymer blend devices significantly outperform the device utilising PTAA as
the hole transport layer. The champion polymer blend solar cell (blue trace) performs
outstandingly, though I note it is an outlier. For this reason I include a more ‘stan-
dard’ high performance polymer blend (purple trace) to allow for a fairer comparison.
Nevertheless, whilst the outright champion is an outlier, I believe it is still valuable to
consider as it demonstrates the upper bound potential of this strategy. The inset in
Figure shows the efficiency of the champion polymer blend device tracked over 30
minutes of continuous AM1.5 illumination. The device achieves an outstanding PCE
(from MPPT) of 17.5 % after 30 minutes, demonstrating the stability of its impressive
efficiency.

With blended-polymer systems, there is the possibility of spontaneous de-mixing
of the polymers [35], B36]. If this were to happen, we might expect that the device
performance of the polymer-blend based device might deteriorate over time. However,
after storage in an N, filled glovebox for over 6 months, we instead observed an slight
enhancement to the photovoltaic device performance was observed which can be seen
in Figure [6.5b. This enhancement is observed predominantly in the F'F of these

devices, which is quite common in the field [37] as briefly discussed in Chapter |4} It
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Figure 6.5: a) Power conversion efficiencies derived from mazimum power point
tracking (MPPT) for 30s under continuous AM1.5 illumination for wide bandgap per-
ovskite solar cells utilising PTAA (grey), and the polymer blend (purple and blue) as
the hole transport layer. The blue trace is the champion efficiency delivered by the
polymer blend, but is significantly higher than the average, therefore the purple curve is
included as a ‘fairer’ comparison between PTAA and the polymer blends. Inset: MPPT
efficiency for the same champion polymer blend device over 30 minutes. The drops in
the performance are a ‘quirk’ of the tracking algorithm and not an intrinsic property
of the solar cell. b) Comparison of forward (dashed lines) and reverse (solid lines)
JV curves for freshly made devices (dark curves) and the same devices stored for 6
months in a nitrogen filled glovebox (light curves) for PTAA-based (grey) and polymer
blend-based (blue) devices. ¢) Comparison of forward (dashed lines) and reverse (solid
lines) JV curves for polymer blend-based device that is freshly made device (blue), aged
for 24 hours (red) and 500 hours (purple) unencapsulated in an open-circuit condition
at 65°C and under continuous AM1.5 illumination.

is very promising for the long term applicability of utilising the polymer blend strategy
for enhancing the performance of these wide bandgap perovskite photovoltaic devices.

To test further the suitability of the polymer blend devices for long-term operation,
devices incorporating the polymer blend as the hole transport layer were subjected
to harsh accelerated ageing. Explicitly, the devices were stressed at open-circuit at
65 °C under full spectrum AM]1.5 simulated sunlight with no encapsulation. The for-
ward and backward JV scans for a device aged for 0, 24 and 500 hours under these
harsh conditions are presented in Figure [6.5lc. The deterioration observed in the PV
device performance is dominated by a reduction in the short-circuit current density,
most likely driven by a physical loss of perovskite material within the device. Re-
markably, the open-circuit voltage is mostly maintained for these unpassivated wide

bandgap perovskite devices. This demonstrates that there has not been a significant
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Figure 6.6: Spatial distribution of the QFLS (top row) across an entire device active
area (0.25cm?) for devices employing PTAA (left), polymer blend (centre) and TFB
as the hole transport layer. These maps were derived from photoluminescence imaging
of devices at open-circuit. Charge-collection quality (Qco1, bottow row) of the same
devices. Qo is defined in our recent study [{0], and is a measure of the difference
i the luminescence between open- and short-circuit. The scale bar s 1 mm. These
measurements were performed by Akash Dasgupta.

enhancement to the severity of the non-radiative recombination present within this
device. The stability observed within these polymer blend based devices outstrips the
state of the art in a similar ageing condition (polyTPD was used as the HTL in this
study) [38]. Furthermore, there was no substantial increase to the hysteresis present
within these devices, unlike similar studies [38] 39]. Therefore, I believe there should
be no concerns regarding the suitability of the polymer blend for implementation in
real-world applications.

To further assess the influence of heterogeneity within these devices, photolumi-
nescence imagining was performed across entire device areas (~ 0.25cm?). These
measurements were performed on devices comprising PTAA, the optimised polymer
blend or TFB as the HTL. An estimate for the quasi-Fermi level splitting (QFLS) can
be obtained from the raw PL data and is shown in the top row of Figure [6.6] The

assumptions made to arrive at this estimate are discussed in more detail in our recent
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publication [40]. Notwithstanding the uncertainty present within the absolute values,
the relative differences between the samples can be readily compared. As can be seen
in Figure [6.6] the device incorporating the polymer blend as the HTL is clearly much
brighter than either the PTAA- or TFB-based devices. This is to be expected given
the trend in the open-circuit voltage evident in Figure Interestingly, we observe
a far greater degree of inhomogeneity in the device based on the polymer blend. How-
ever, even the most poorly performing areas of the polymer blend outstrip the highest
performing regions in the PTAA and are comparable to the best regions of the TFB-
based device. This provides an exciting additional avenue for further enhancements to
devices based on the polymer blends. If the uniformity can be enhanced to the value
that most of the device achieves, an additional boost to the device open-circuit voltage
is to be expected.

Additionally, we calculate the ‘charge collection quality’, (., which is derived in
detail in Ref. [40]. The essence of Q. is in quantifying the difference between the
intensity of the PL at open- (PL°“) and short-circuit (PL5¢) conditions. In this work,

we use the definition

(6.1)

where the ideality factor is modelled to be unity for simplicity. At short-circuit, all
charges ought to be extracted, and therefore PL5¢ = 0, which would give a charge-
collection quality of unity. In such a scenario, any charges generated at open-circuit
are being efficiently extracted from the cell, yielding a collection quality of 1. However,
there is one important, and rarely discussed, caveat to Equation [6.1] Implicitly, it
assumes that the PLQY is unchanged under different external biases, which is unlikely
to be fully justified. For example, it is not uncommon to find metal halide perovskite
solar cells delivering higher PL intensity at short-circuit, despite substantial current
being extracted to the external load. This would imply that the remaining charge-
carriers in the device are recombining more efficiently at short-circuit than open-circuit

(i.e. PLQYS® > PLQY®C), and so despite fewer carriers being present at Jsc, a greater
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fraction are recombining radiatively which originates the greater PL intensity. This is
a surprising finding and requires further investigation, but is beyond the scope of the
current chapter.

Nevertheless, the maps of Q.. yield insights into the devices studied here. Most
strikingly, the Q., map of the TFB-based sample (bottom right Figure is ex-
tremely more heterogeneous than its corresponding QFLS map. Overall it is much
‘dimmer’, indicating lower .o, than the PTAA- or polymer blend-based devices.
Moreover, only the TFB-based device possesses ‘dead spots’ where (.o =~ 0 on the
mm length scale. In such regions, the PL is unchanged at open- and short-circuit
which is indicative of extremely poor charge-extraction from the solar cell. This agrees
with the poor Jsc observed for the TFB devices presented in Figure & (6.4
Moreover, this is strong evidence for my earlier suggestion that TFB-only devices were
constrained by their ability to extract holes from the device. I suggest that this is most
likely to be induced by improper energetic alignment of its HOMO with the perovskite
valence band.

In the following, I investigate why the different blend ratios perform differently.

6.3.2 Polymer blend / metal halide perovskite heterostruc-
tures

I investigated to what extent changing the underlying polymer influenced the properties
of the metal halide perovskite (MHP) semiconductor deposited on top. The absorption
coefficient of the perovskite for each condition was measured and are shown as pale
curves in Figure [6.7a. There are negligible changes to the value of the absorption
coefficient for each condition investigated. In line with this, the X-ray diffraction
patterns for MHP semiconductors grown on these different polymers are similar, as can
be seen in Figure [6.7p. The similarity of the XRD patterns is strong evidence that
blending the polymers is not having a significant effect on the underlying crystallinity
of the MHP semiconductor. Moreover, since the absorption coefficients of each of the

conditions investigated shows the same character (i.e. steepness and onset position),
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Figure 6.7: a) Absorption coefficient, o, (pale curves) and steady state photolu-
minescence (bold curves) of FAgssCso17Pb(lyo6Broa)s processed on each polymer hole
transport layer investigated in detail on this chapter. No significant changes to the
absorption coefficient or the steady state photoluminescence was observed (expect the
PL for TFB, but this is likely an experimental error and should be retested). b) X-ray
diffraction (XRD) patterns of the perovskite semiconductors processed on the polymer
HTLs. No significant changes to the perovskite crystallinity were observed. The X-ray
source was Cu Ko, X = 0.154 nm.

we can be confident that there is a negligible influence on the energetic disorder at the
bandedge of the perovskite semiconductor. The photoluminescence spectra for these
perovskite thin films was also measured, and is presented in Figure [6.7a. No changes
to the PL peak position or peak shape was observed for the perovskite on different
polymers. I note that the PL peak for TFB is noisier due to lower intensity, but this

is due to an experimental error and should be retested.
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Figure 6.8: o) Normalised absorption of the PTAA (grey), TFB (yellow) and 3:1
(red), 2:1 (blue), 1:1 (green) and 1:2 (purple) PTAA:TFB blends. As the blend is tuned
from PTAA to TFB, the absorption onset is red-shifted. b)-e) Comparison between
the measured absorption (solid lines) and a ‘linear combination’ (dark, dashed lines)
of the PTAA and TFB absorption for 3:1, 2:1, 1:1. and 1:2 blend ratios respectively.
FExplicitly, the linear combination means, in the 3:1 case, the dashed line was calculated
as ((3x PTAA absorption) + TFB absorption)/4.

6.3.3 Physics of the blended polymer system

Since this is a novel hole conducting strategy, I sought to investigate the physics of the
blended polymer system itself. I investigated the photophysical properties of the indi-
vidual polymers. All systems investigated in this section are undoped. By uncovering
the physics of the polymer blends, I seek insights into why this strategy reveals such
enhancements to the photovoltaic device performance, as is seen in Figure [6.3] As
before, I investigate the system as a function of the blend ratio, to see how the differing

compositions affect the physics within the layer itself. From these insights, I hope to
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understand why certain blend ratios significantly outperform others when incorporated
as the HTL in full photovoltaic devices.

In Figure [6.8] the normalised absorption for PTAA (grey), TFB (yellow) and 3:1
(red), 2:1 (blue), 1:1 (green) and 1:2 (purple) PTAA:TFB blends are shown. As the
blend is tuned from PTAA to TFB, the absorption onset is red-shifted, which is to
be expected since TFB has a narrower bandgap than PTAA [16, 17]. To investigate
whether the absorption of the blended polymers could be described in terms of its con-
stituent polymers, I compared the measured absorption against a ‘linear combination’
of the constituent polymers’ absorption. Explicitly, taking the 3:1 blend as an example,

the linear combination is described as

(3 x PTAA absorption) + TFB absorption
1 .

As is evident from the overlap between the solid and dashed line in Figures [6.8b-e,
the absorption predicted from the linear of PTAA and TFB absorption closely matches
that measured on the polymer blends themselves for all blending ratios investigated.
This is strong evidence that, firstly, the ratio of the polymers in solution is being
realised in the final thin film. Secondly, it shows that, in the absorption, the polymer
blend is behaving as a super position of the individual polymers themselves. This
is evidence that no new electronic states are being formed in the blends which can
then contribute to the absorption. However, to fully quantify this, significantly more
sensitive absorption measurements should be performed, perhaps using photothermal
deflection spectroscopy. This would enable the identification of potential new features
many orders of magnitude weaker than were detectable here. Since the spot size for the
absorption measurements is quite large (~ mm scale), it cannot distinguish between
a closely blended polymer thin film, and one with large ‘domains’ of one or the other
polymer. Therefore, it is important to quantify the intermixing of the blend using
morphological measurements.

As can be seen in Figure[6.9] the morphology of the pure PTAA (left), TFB (right)

and the 2:1 PTAA:TFB blend (centre) are very similar, and there is no evidence of
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Figure 6.9: Atomic force microscopy (AFM) images for pure PTAA (left), TFB
(right) and the 2:1 PTAA:TFB blend (centre). The micrographs were taken on a 10 pm
by 10 pm area of the polymer thin films on ITO (device relevant) substrates. The root-
mean-square roughness was 3.25 nm, 2.56 nm, 2.86 nm for PTAA, the 2:1 blend and
TFB respectively. These measurements were performed by Dr. Alexandra J. Ramadan
Ramadan.

phase segregation between the two polymers. Phase separation is a phenomenon that
can be encountered in polymer-polymer blend systems and assessed using atomic force
microscopy (AFM) measurements [35], 41-43]. Phase segregation can be driven by the
choice of solvent — its volatility and the solubility of each polymer [35] [36] [44]. For
example, if one polymer is more soluble than the other, it will stay in solution longer
during the spin coating process, which can drive the formation of large domains [35], 45].
Highly volatility solvents, such as chlorobenzene used here, promote small domain
sizes (well intermixed polymers), which are kinetically trapped in this morphology
[35], 36, [45]. These measurements show that the PV device driven optimisation process
promoted a finely mixed blend, whose morphology is akin to that of the individual
polymers. Moreover, it demonstrates that the absorption measurements presented in
Figure are representative of a blended material, and is not simply that large,
poorly mixed domains of the individual polymers were being detected.

The photophysical properties of the blended polymer system were then investigated.
I note that this is a different scenario to that present within a device. During photo-
luminescence measurements, electron-hole pairs are generated directly in the blended
polymer, whereas in a device, they would be generated within the bulk of the per-
ovskite, and ideally only the hole would transferred to the blended polymers. However,

by investigating the photophysical properties of the polymer blend, I was investigating
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if there was any evidence for charge transfer between the polymers, and to gain insights
into how the different blend ratios would work in a full photovoltaic device.

The steady-state photoluminescence (PL) were measured by exciting the polymer
samples in vacuum (~ 5x 1072 mbar) by a 398 nm laser at two intensities, 510 mWcm 2
and 180 mWecem ™2 the spectra are shown in the top and bottom rows in Figure [6.10|
respectively. The samples were measured in vacuum to reduce the influence of atmo-
spheric effects as far as possible. In performing these steady-state measurements, I
wanted to assess if the PL peak would shift in a continuous way in a similar manner
to the absorption onset shown in Figure [6.8] In Figure [6.10] the unnormalised PL
spectra (left column) show that for 3:1, 2:1 and 1:1 PTAA:TFB ratios, the PL is much
brighter than either of the individual polymers. The increased PL intensity in the
blended polymers could originate from an enhancement to the radiative efficiency of
the material resulting in a greater fraction of the electron-hole pairs recombine radia-
tively. It is not simply that more carriers are excited in the blended polymer system,
indeed from the blue-shift evident in Figure [6.8a, fewer electron-hole pairs ought to
be generated in the blends than in neat TFB. Therefore, through the blending process
a ‘passivation-style’ effect is being induced which is surprising. From the HOMO and
LUMO positions reported in the literature, we might in fact expect to ‘split’ the ex-
citon in these blends, since TFB ought to have a deeper HOMO level, and PTAA a
shallower LUMO [I6] 17]. Therefore, we might expect holes to be transferred to the
PTAA and electrons to the TFB. This would manifest itself in a decreased PL intensity
in the blended polymer systems. The fact that this is not observed is good evidence
that the ‘exciton splitting’ mechanism is not occurring within the polymer blend thin
films. Indeed, the offset is predicted to be ~ 0.1 — 0.2eV, which is below the ‘rule
of thumb’ of ~ 0.3eV normally present within bulk heterojunction solar cells which
drives exciton splitting [46]. In contrast, the 1:2 blend ratio has an extremely similar,
though slightly dimmer, PL response to TFB. This suggests that, despite the blend
being 1/3 PTAA, the 1:2 blend’s PL response is entirely dominated by TFB.

To gain insights into the origin of the increased photoluminescence intensity of the
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Figure 6.10: Photoluminescence spectra for polymer and blended polymer thin films
on quartz. The samples were excited in vacuum (~ 5 x 1073 mbar) by a 398 nm laser
at two intensities, 510 mWem™ (top row) and 180 mWem™2 (bottom row). The first
column shows the raw spectra, and the second column the spectra have been normalised.

3:1, 2:1 and 1:1 polymer blends, the normalised PL spectra are shown in the second
column in Figure [6.10] As is clear in these plots, the PL spectra of each of the
polymer blends very closely resembles that of TFB, and a continuous shifting of the
PL peak position is not observed as may have been expected from the absorption
measurements presented in Figure Therefore, these data may suggest that the
excitons generated on TFB recombine on TFB, but those generated on PTAA are
being transferred onto the TFB, where electron-hole pairs can radiatively recombine.
Therefore, the photoluminescence shape is being entirely determined by the TFB.
The transfer of the exciton to the TFB means that the offset in the highest occupied
molecular orbital (HOMO) positions between the TFB and PTAA is quite modest, as
expected from literature values. Despite this modest offset, Figure demonstrates
just how significant this can be for PV device performance.

To investigate whether the time-scale for exciton transfer between PTAA and TFB
could be resolved, time-resolved emission spectroscopy (TRES) was performed. This
technique maps the evolution of the luminescence spectra over time. TRES measure-
ments were performed on all polymer blends investigated and are presented in Figure
[6.11], wherein the left-hand column shows the ‘raw data’ to show the spectral shape’s
evolution, and the right-hand column has been normalised at each wavelength to more

clearly visualise the dynamics. In each case investigated, the dominant HOMO-LUMO
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Figure 6.11: Time-resolved emission spectroscopy of the blended polymer systems
wvestigated. The left column shows the raw data and so allows one to compare how
the spectrum of each polymer evolves over time after illumination pulse. The right
column shows the same data, but each transient has been normalised a time = 0. This
was done to allow one to see which regions of the emission were longest lived for each
polymer system. The Scientific colour map “batlow” [{7] is used in this figure to prevent
visual distortion of the data and to ensure its suitability for readers with colour-vision

deficiencies [48)].

transition decays rapidly over time, which is shown most clearly in Figure where
the signal from Figure [6.11] was integrated between 425 —455nm. This recombination
timescale of ~ 10ns is typical for polymeric semiconductors. The lifetime of this ex-
citon recombination is longest for the pure PTAA film, and is substantially shortened
for increasing quantities of TFB. However, in each of the conditions investigated, there
is a significant red-shifted PL that persists for much longer. The emission integrated
between 555 — 605 nm is presented in Figure Similarly to the high-energy emis-
sion, the emission is longest lived for PTAA and a substantial shortening is observed
for increased TFB content. The 1:2 blend has a slightly shorter lifetime than the neat

TFB. The origin of this red-shifted emission is not clear. A possible explanation is that
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Figure 6.12: The photoluminescence spectra in Figure m 15 integrated between
425—455nm (left) and 555—605nm (right) and then normalised for each of the polymer
conditions investigated. The left plot corresponds to the HOMO-LUMO transition, and
the right investigates the dynamics of the red-shifted emission. In each case, the lifetime
1s the longest for pure PTAA and is reduced on increasing TFB content.

it could originate from the lowest triplet state and so the observed emission is phospho-
rescence. Radiative recombination from the triplet state ought to be spin-forbidden,
and so is substantially slower than the fluorescence observed between 425 — 455 nm.
Indeed, the scale of the energy difference between the rapid, higher energy and the
red-shifted emission (~ 0.7¢eV) is consistent with the expected difference between low-
est singlet and triplet [49]. However, it is not clear how this would affect the hole

transporting property of these layers when used as a HTL in full PV devices.

6.4 Conclusion and Future Work

I plan to complete this study during my postdoctoral work, however, I think it is
possible to draw some intermediary conclusions and describe the future work planned
to answer the major outstanding questions.

In this Chapter, I investigated strategies to improve the hole transport layer /
wide bandgap metal halide perovskite interface, taking FA( g3Csg 17Pb(IpBro4)s (Ey =

1.8eV) as the model system. This interface was found to perform particularly poorly,
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for the first time, in Chapter [5], and poor energetic alignment between the perovskite
and charge transport layers was identified as a major limiting factor. Therefore, I
sought to implement a novel HTL which possessed a deeper HOMO compared to the
conventionally implemented PTAA. I decided to use TFB since it meets this require-
ment, but is still a commercially available polymer and so should not offer a major
bottle neck. However, implementing TFB alone was found to perform poorly, most
likely due to poor hole extraction which could be explained by its HOMO lying deeper
than the valence band maximum of the perovskite. Motivated by the desire to form
a ‘tunable’ HTL, I decided to blend the two polymers in a hope to form an ‘effective
material’ with a tunable energetics and so can be tailored to a specific perovskite.

The blended polymer system was found to be an extremely promising new HTL
candidate, delivering high performance devices with greater reliability than those pro-
cessed on self-assembled monolayers. There is a clear trend in terms of device open-
circuit voltage, with the 2:1 PTAA:TFB blend delivering the highest Vpcs and the
champion device whose stabilised PCE exceeded 17.5 % after 30 minutes of maximum
power point tracking. The basic structure and optoelectronic properties of the per-
ovskite were found to be insensitive of PTAA:TFB ratio of the HTL on which they
were deposited.

The photophysical properties of the polymers themselves were then investigated
through absorption, PL and time-resolved emission spectroscopy measurements. The
absorption of the polymer blends can be described accurately as an appropriately
weighted linear combination of the individual polymer absorption. In contrast, the
PL from the blends seems to entirely originate from the TFB. TRES measurements re-
vealed that the HOMO-LUMO transition is accelerated upon increasing TFB addition.
However, there is no consistent trend in these photophysical data that would suggest
a that the blended polymers ought to perform better when incorporated as the HTL
in PV devices.

Currently ongoing investigations are seeking greater insight into the structure of

the polymer blend systems through synchrotron based X-ray scattering studies. The
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HOMO position of the blends is being measured through photoemission spectroscopy
to see if we detect a continuous shifting as we did in the absorption. Moreover, pre-
liminary investigations have shown that this strategy is adaptable to different bandgap
perovskites, and only the ratio of PTAA:TFB needs to be adapted to achieve the benefit
to the performance.

Future investigations will involve transient absorption measurements. These will
be undertaken to understand the charge transfer properties between the perovskite
semiconductor and the polymer(s). In addition, these investigations should be able
to detect charge transfer between the polymers themselves. As such, this will help us
to understand why the PL of the polymer blend system is dominated by the TFB,
and how charges are transferred from the perovskite into this novel HTL before being

extracted from the device.
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Chapter 7

Conclusions and Future Work

The work presented in this thesis has focused on understanding and improving the
quality of the interfaces within MHP solar cells. The interfaces within these devices
have emerged as the key limiting factor constraining their performance.

For most of the development of solar cells based on MHP semiconductors, high
efficiency single junction devices were sought. The highest performance solar cells
are delivered via molecular passivation, but this can often introduce new instabilities
into the device structure. As the efficiencies of MHP solar cells are edging ever closer
to their thermodynamic limit, there is an increasing focus on wide bandgap (> 1.7
eV) metal halide perovskite (MHP) semiconductors which enable tandem solar cells
which dramatically increase the maximum attainable efficiency, and so can reduce the
cost of power produced from solar. However, the physics of these wide bandgap MHP
semiconductors was relatively unexplored, particularly in full device configurations and
so their performance lagged significantly behind their single junction counterparts.

In Chapter , the interfaces in solar cells based on Csg o5(FAg83MAg 17)0.05Pb(10.9Bro1)3
(Ey = 1.6eV) were investigated. Consistent with other reports in the literature, we
discovered that the interface between this perovskite and the electron transport layer
(PCgBM) is the limiting factor in these devices. Passivation of this interface had been
attempted in the literature previously, but the benefit of these treatments was lost

after only a short amount of time under accelerated ageing conditions. In this Chap-
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ter, I developed an thermally stable passivation strategy based on benzylammonium
bromide which delivers stabilised power outputs up to 19.5%. This treatment reduces
the non-radiative losses at the perovskite/PCg BM interface whilst not affecting the
perovskite crystallinity or morphology. Importantly, the benefit from this treatment is
maintained over the course of ageing at (85 °C, full spectrum light soaking). To advance
this work further, expanding the investigation to different families of MHP semicon-
ductors should be investigated. Further, collaborations with computational chemists
could help to unravel why the benefit of benzylammonium bromide is maintained dur-
ing these harsh ageing conditions, whereas the benefits from similar molecules, namely
phenethylammonium iodide, are lost rapidly.
In Chapter [5] the methylammonium-free wide bandgap perovskite

FA( g3Cs0.17Pb(Ig6Bro4)s (Ey = 1.8eV) was investigated in detail due to its suitability
for perovskite-on-perovskite tandem solar cells. There had been relatively few investi-
gations on this material, and most had focused on empirical trial-and-error device opti-
misation. Instead, in this Chapter I investigated the recombination processes occurring
within this perovskite, in half-device stacks as well as full photovoltaic devices. I discov-
ered that, contrary to the lower bandgap perovskites (i.e. as investigated in Chapter
, the interface with the hole transport layer is constraining the Vo of these devices.
A thorough investigation using time-correlated single photon counting measurements
on half-device stacks as well as ultraviolet photoemission sprectroscopy measurements
gave a deep understanding of the interfaces in PV devices based on these materials.
This understanding informed drift-diffusion simulations which could accurately repro-
duce the device performance, confirming the validity of this analysis. To reduce the
severity of the non-radiative losses, two passivation strategies were used: the incorpo-
ration of 1-butyl-1-methylpiperidinium tetrafluoroborate into the perovskite precursor
solution and evaporating a ~ 1 nm layer of LiF between the perovskite and the electron
transport layer (C60). The influence of these treatments was thoroughly investigated
using photoluminescence-based studies, and, together, they enabled PCEs in excess of

16.5% which rivalled the best in the world at the time. Following this, in-depth studies
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into the recombination processes in full devices highlighted that charge-transport losses
are a major bottleneck for these devices and so an alternative transport layer strategy
should be devised, with the HTL being the major focus.

Therefore, in Chapter [6] I investigated strategies to improve the hole transport
layer / wide bandgap metal halide perovskite interface, again using FA( g3Csg.17Pb(Ig6Bro4)s
(E; = 1.8€V) as the model system. As identified earlier in this thesis, poor energetic
alignment between the perovskite and charge transport layers was discovered as a ma-
jor limiting factor. Therefore, I sought to implement a novel HTL which possessed a
deeper HOMO compared to the conventionally implemented PTAA. I decided to use
TFB since it meets this requirement, but is still a commercially available polymer and
so should not offer a major bottle neck. Motivated by the desire to form a ‘tunable’
HTL, I decided to blend the two polymers in a hope to form an ‘effective material’ in
which the HOMO could be set by the ratio of one polymer to the other.

The blended polymer system was found to be an extremely promising new HTL
candidate, delivering high performance devices with greater reliability than those pro-
cessed on self-assembled monolayers. There is a clear trend in terms of device open-
circuit voltage, with the 2:1 PTAA:TFB blend delivering the highest Vs and the
champion device whose stabilised PCE exceeded 17.5 % after 30 minutes of maximum
power point tracking. The basic structure and optoelectronic properties of the per-
ovskite were found to be insensitive of PTAA:TFB ratio of the HTL on which they
were deposited.

Investigations into photophysical properties of the polymers were performed using
absorption, PL and time-resolved emission spectroscopy measurements. The absorp-
tion of the polymer blends can be described accurately as an appropriately weighted
linear combination of the PTAA and TFB polymer absorption. In contrast, the PL
from the blends seems to entirely originate from the TFB. Enhanced PL intensity
was observed in the blended polymer systems. TRES measurements revealed that the
HOMO-LUMO transition is accelerated upon increasing TFB addition. However, there

is no consistent trend in these photophysical data that would suggest a that the blended
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polymers ought to perform better when incorporated as the HTL in PV devices.

To enhance this work, there are a number of currently ongoing investigations: syn-
chrotron based X-ray scattering studies to delve deeper into the structure of the poly-
mer layer; the HOMO level of the blends will be determined through photoelectron
spectroscopy to determine if this follows a similar trend to the absorption measure-
ments. Moreover, preliminary investigations have shown that this strategy is adaptable
to different bandgap perovskites, and only the ratio of PTAA:TFB needs to be adapted
to achieve the benefit to the performance, enhancing the ‘tunable HTL’ hypothesis.

Future investigations will involve transient absorption measurements. These will
be undertaken to understand the charge transfer properties between the perovskite
semiconductor and the polymer(s). In addition, these investigations should be able
to detect charge transfer between the polymers themselves. As such, this will help us
to understand why the PL of the polymer blend system is dominated by the TFB,
and how charges are transferred from the perovskite into this novel HTL before being
extracted from the device.

Overall, this thesis has provided new insights into the physics of the interfaces within
solar cells based on a selection of MHP semiconductors. Understanding and improving
the quality of these interfaces is becoming ever more crucial as this family of materials
nears real-world deployment. This is especially critical in tandem solar cells which
introduce numerous additional interfaces. There have been relatively few investigations
focused on understanding these systems holistically, and in my opinion it is critical
this work be undertaken urgently. In this thesis, I have shown how understanding the
physics occurring at these interfaces can yield outstanding enhancements to the device
performance. If similar enhancements can be brought to perovskite-based tandem solar
cells, then this will accelerate the arrival of MHP-based PV on rooftops around the

world.
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