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Abstract

Despite being a promising material that can produce high-efficiency, solar cells with attractive, tunable
bandgaps in the 1.2 - 1.5 €V range, lead-tin perovskite faces an ongoing issue with stability. Interfacial
layers in perovskite solar cells can contribute to their degradation. In this thesis, we will examine the
influence of the metal electrode/electron transport layer (Cgo and BCP)/perovskite interfaces on the
degradation of planar p-i-n structure CsFAPbSnl; perovskite solar cells.

The samples were fabricated using a SCIPRIOS SpinBot in order to improve the reproducibility of full
and partial stack samples within and between batches. The manual spincoating recipe was successfully
optimised for the SpinBot to ensure higher quality samples for this study. Examination on the degradation
of the fresh and aged samples was done through analysis of UV-Vis absorbance, XRD patterns, J-V curve
measurements, SEM imaging, and EDX scans.

It was found that the interface between the electron transport layer and the perovskite has a large influence
on the operational stability of the perovskite solar cell devices and changes in the morphology of the
perovskite surface. After ageing, white rods were observed on the surface of the perovskite. These were
identified as amorphous carbon, originating from the degradation of the C¢, electron transport layer. This
degradation process was found to be decelerated in the presence of a metal interface with the electron
transport layer and halted in dry air.
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Chapter 1: Introduction

Globally we are facing a climate crisis. Since the Industrial Revolution, atmospheric carbon dioxide levels
have been steadily rising, hugely due to our unsustainable uses of fossil fuels [1]. In 2024 the global
atmospheric carbon dioxide levels reached new record highs, as shown in Figure 1.1 below. These levels
of CO, are detrimental to our survival on Earth, as the rise of insulating greenhouse gases like CO5 and
CH, will continue to cause global temperatures to rise. [2] Without change, this will be catastrophic for
all living things in the near future. Urgent global action must be taken in order to combat human-made
global warming and climate change.
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Figure 1.1: The daily averaged CO5 from four GML Atmospheric Baseline observatories: Barrow, Alaska (in
blue), Mauna Loa, Hawaii (in red), American Samoa (in green), and South Pole, Antarctica (in yellow).
Adapted from the United States’ National Oceanic & Atmospheric Administration’s Global Monitoring
Laboratory. [2]

Should we want to limit the rise of global temperatures to 1.5°C, as set in the Paris Agreement we must
act efficiently and urgently [3]. The continued use of fossil fuels is unsustainable to meet these climate
goals, and hinders our ability to meet the world’'s soaring demand for energy without further damaging
the planet [4]. The International Energy Agency (IEA) has said that strong action in the energy sector
is needed to drive the reduction in global greenhouse gases, with renewable energies such as wind and
solar photovoltaics (PV) taking centre stage. This action includes the need to triple global renewable
energy capacity by 2030. [5] This renewable energy capacity growth is predicted to be dominated by the
growth of solar PV and wind, with them accounting for up to 96% of the growth in the most ambitious
case set by the IEA (see Figure 1.2 below). Solar energy has the benefits of being modular (i.e. can be
made as an individual panel, or several can be connected to form arrays [6]) and producible from large
scale factory production. These modules can quickly created and deployed. In addition to this, they are
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still affordable to both manufacture and buy. It has both large scale industrial applications as well as
smaller-scale residential ones. Crystalline silicon PV still holds the majority of the market share for PV
technology (approximately 90% in 2018 [7]). However new and more efficient designs and materials are
coming to the fore. [8]
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Figure 1.2: The renewable electricity capacity additions by technology and relative proportion, with histor-
ical data and predicted regular pace and accelerated pace cases, for the time range 2016-2028. Adapted
from the IEA Solar PV interactive chart webpage. [9]

Metal halide perovskite solar cells have been a growing area of interest in solar PV research since they
were first introduced in 2009. [10]. Metal halide perovskite materials are very attractive as a solar
PV material. This is due to their their superb optoelectronic properties, such as direct bandgaps, high
absorption coefficients, low exciton binding energies, and efficient charge transport properties. They can
be used to create perovskite solar cell devices that are light-weight, and can be produced through low-cost,
low-temperature (usually below 130°C), and roll-to-roll fabrication methods. They can also be applied
to flexible substrates meaning more versatile applications for the technology. [11, 12] This potential for
relatively cheap upscaling makes them a decent rival to silicon PV, which has inherently high manufacturing
costs [7]. These metal halide perovskite solar cells (PSCs) have been shown to have growing potential in
their power conversion efficiencies (PCE). [11, 13]

The potential for relatively high-efficiency solar cells that could rival crystalline silicon solar cells com-
pliments the goals set out by the IEA. The theoretical maximum efficiency that can be achieved by a
photovoltaic device can be described by the detailed balance limit [14]. In Figure 1.3 below, we see an
illustration of the fraction of the detailed balance limit achieved by various record-efficiency cells of dif-
ferent materials. From this we see that single-junction metal halide perovskite record-efficiency cells have
almost reached the same efficiency as crystalline silicon. This record has been achieved by a perovskite
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device with a bandgap of approximately 1.6 €V. We can also observe that the ideal bandgap to achieve
the maximum efficiency possible set by the DB limit is in the range of 1.1 - 1.4 €V. [15] Theoretically,
PSC efficiency could be improved by decreasing the bandgap of the perovskite material. Metal halide
perovskites have typically been made with lead ions as the metal. It has been seen that by substituting
some of these lead ions with tin ions, enables bandgap tuning to lower bandgaps [13]. This can be made
possible by taking advantage of the bandgap bowing phenomenon created when alloying lead with tin in
the B-site of a perovskite material crystal, which is in the form ABXj. [16] This is discussed further in
Chapter 3.
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Figure 1.3: Fraction of the detailed balance limit achieved by various record-efficiency cells of different
materials. The black line at the top illustrates the detailed balance limit, and the grey lines illustrate 75%
and 50% of this limit. Perovskite record efficiency cells can be seen to be placed in the greater than 75%
of the detailed balance limit region. Taken from the AMOLF LMPV 'Detailed Balance Charts' webpage.
[15]

Solar cells can also be designed in a multi-junction format. This can be a way to bring solar cell efficiency
beyond the detailed balance limit set for single-junction perovskites, without adding substantial cost [17].
These configurations allow for more efficient use of solar energy by taking advantage of two materials with
different bandgaps to absorb broader portion of the solar spectrum and reduce losses [18]. Perovskites
are an attractive material for this configuration due to them being lightweight, and flexible [12]. Metal
halide perovskites' tunable bandgap makes them suitable to be considered as the wide bandgap absorber in
tandem perovskite/silicon solar cells, and as both the wide and narrow bandgap absorber in all-perovskite
tandem cells. The configuration most close to commercialisation is the perovskite/silicon tandem, as a
result of its superior efficiency to all-perovskite tandem cells [17, 18]In Figure 1.4 below we see that the
record research-cell efficiency held by all-perovskite tandem cells and silicon/perovskite tandem cells are
29.1% and 33.9% respectively. [19]
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Figure 1.4: The highest confirmed conversion efficiencies for research cells for single junction silicon solar
cells, perovskite solar cells, all-perovskite tandem cells, and silicon/perovskite tandem cells. Adapted from

the NREL Interactive Best Research-Cell Efficiency Chart webpage. [19]

However, while these efficiencies are already similar to silicon, metal halide perovskites suffer from a
number of stability issues, that are detrimental to the commercial viability of perovskite solar cells. This
includes degradation and loss of performance through the presence of moisture, oxygen, heat exposure,

and light exposure. They are summarised in Figure 1.5 below. [20]
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Figure 1.5: Overview of the stability issues seen in perovskites and perovskite solar cells. Taken from

Mazumdar et al, Frontiers in Electronics, (2021). [20]
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In order to compete with other PV technologies they need to have a lifetime that is comparative to silicon,
which is approximately 25 years [13, 21]. The International Electrotechnical Commission is the world's
leader in setting standards for electric technologies that are available commercially. This means that their
tests set minimum stability assessment of any commercialised solar cell [22]. Silicon solar cells already
pass these tests [23]. Their tests include ageing PV technologies under exposure to varied humidity, heat,
changing climate, and light (including UV radiation). Therefore, perovskite solar cells will need to pass
these tests to meet the minimum stability standards of a commercialised solar cell. [13, 24]

In order to pass these tests and be a competitive technology in the industrial market place, the stability
issues of perovskites need to be addressed and understood. The contribution of the of interfaces within
the PSC between the perovskite and its functional layers to the degradation of the PSC as a whole is still
not completely understood [25]. It is imperative to understand how each layer may improve or deplete
both the long- and short-term stability of a PSC.

In this thesis, we will examine the influence of the presence of the interface between the electron trans-
port layer and perovskite on the degradation of the samples. The solar cells will be devices using a
Csp.15FA0.85Pbo.5Sng 513 perovskite absorber layer. The specifics of these layers are discussed in Section
3.2. The contribution of the interfaces to the degradation of the PSC will be done by employing a variety
of characterisation techniques and fabrication of different samples (see Section 4.1). Through this study,
we aim to improve the understanding of the interfaces of lead-tin perovskite solar cells and how it affects
perovskite stability over time under different modes of stress.
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Chapter 2: Sustainability

One of the main motivations for the development of perovskite solar cells is to increase the potential
efficiency for photovoltaic technologies. Large-scale, cost efficient technologies will be important in fa-
cilitating the transition from fossil fuels to green energy. Multi-terrawatt scale PV module production is
expected to begin in order to fulfil this [26]. The IEA has outlined this rapid increase of solar technology
as necessary in their pathway to net-zero by 2050 (see Appendix A) [27]. However, if we are to accept this
new technology as a green, sustainable material it is not just enough to consider its lack of greenhouse
gas emissions during its use. There are many other factors to consider in its life-cycle, such as the mining
of raw materials and their abundance, and the impacts on the environment during their operation and
end-of-life [28].

The 90 natural elements that make up everything
How much is there? Is that enough? Is it sustainable?
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Figure 2.1: The element scarcity and sustainability of materials in the periodic table. Adapted from the
European Chemical Society Element Scarcity webpage. [29]

In Figure 2.1 above we see an illustration of both the scarcity of each of the elements in the periodic
table, as well as an assessment of their sustainability in terms of how they are sourced. Expanding the
lifetime of elements, avoiding exhausting resources, and reducing human rights violations are in line with
the United Nations Sustainable Development Goals (UN SDGs). Elements are considered to come from
'conflict resources’ if they come from mines in countries where wars are fought over the ownership of the
mineral rights, where human rights abuses may be taking place. [30-32] We see that a number of these
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materials that are considered either to come from endangered sources or from conflict sources overlap with
the materials needed for significant upscaling of PSCs below in Figure 2.2. Focusing on the PSC materials
used in the duration of this project, we would be looking at indium (In), lead (Pb), tin (Sn), lodine (I),
Caesium (Cs), formamidinium (FA), Copper (Cu), Silver (Ag), buckminsterfullerene (Cq), bathocuproine
(BCP), PEDOT:PSS, DMSO, and DMF.

B Material demand for 1 TW,, all-perovskite tandem PV 1]

B Perovskite " TCO B Contact layer Bl Metal electrode

Figure 2.2: The material demand (in metric tonnes) needed to produce 1 TW, of all-perovskite tandem
device structure. Adapted from Wagner et al, Joule (2024) [26].

There are a number of materials in this project’s perovskite that are suitable for scale up for perovskite
PV. In Wagner et al's paper published in 2024, they outline their suitability and readiness for scale-up.
They found that formamidinium production exceeds the demand by a factor of 10°. They also found that
in terms of the charge transport layer materials, which would be Cgy, BCP, and PEDOT:PSS, the Cgg,
and PEDOT:PSS are suitable for large-scale production of PSCs. However, not all materials are as readily
available for upscaling. The other charge transport material, BCP, will be highly challenging to upscale
as no concept for industrial production has been formulated yet. In terms of the electrode materials,
copper and silver have different levels of abundance and availability for ethical sourcing. One tenth of
the silver production in the world is claimed by the photovoltaics industry. Silver is considered a material
that is within serious threat of running out of supply without suitable recycling infrastructure in the next
100 years [29]. Copper is considered a cheaper and more sustainable alternative. For the transparent
conductive electrodes, indium is of particular concern. Indium is considered to have high global supply
criticality, and is also considered to be under threat of depletion within the next 100 years [29]. It is highly
recommended that substitutions for indium be researched. The solvents used for the perovskite precursor,
DMF and DMSO are considered to be in need of further research for upscaling, but will ultimately be
plentiful enough in supply for PSC production. This will be helped with the potential research into suitable
solvent recycling. [26]

The actual perovskite materials are of varying levels of abundance and sustainability. Caesium is considered
abundant, however due to the necessary supply needed for perovskite technologies upscaling, it would be
considered in critically low supply for PSC devices. lodine is considered abudant in supply, although
increased production of it will be necessary in order for it to reach the necessary level of supply. Lead is
considered to be of limited availability, with potential future risk to its supply, but with currently no threat
to its availability for upscaling PSC technologies. Tin is in the same abundance category, but comes with
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the added caveat of only a very limited supply available from non-conflict resources [30]. Each of these
individual material supply issues will need to be considered. [26, 29].

The risk of resource exhaustion is not the only factor to consider when viewing the overall sustainability
of a technology. Looking further into PSCs' life-cycle, we must also consider their potential impact on
the environment. Lead toxicity is an ongoing concern of research into PSC technology. Considerable
amounts of research have gone into reducing the toxicity of lead-containing perovskites [33]. Lead is
considered incredibly toxic, and is classified as a 'substance of very high concern’ under the European
Union's REACH regulations, as it can be detrimental to human and animal health, and to ecosystems,
should it leach into the environment. It is particularly dangerous as it can accumulate over time in soil
or groundwater, making it likely to be taken up by plants, and accumulate in their tissues. This can
impact plant physiology, nutrient uptake, and crop quality, posing potential risks to food safety and risks
to human health if consumed [34]. Children and foetuses are at the most risk for potential health hazards.
The potential health risks can include cardiovascular disease, chronic kidney disease, high blood pressure,
fertility issues, and adverse pregnancy outcomes. [35, 36] In a study done by Li et al in 2020 on lead
uptake in mint plants grown in perovskite-contaminated soil, they found that the lead that can be leached
into soil is 10 times more bioavailable than the lead that naturally occurs in soil, resulting in an increased
concentration of lead in the entirety of the plant (roots, leaves, and stems) [34]. These concentrations
can be seen in Figure 2.3 below.

w Pb®* in leaves:

Pb?* in leaves:
7.5-8.4 384,7-426.8
Stems: Stems:
2.8-3.9 179.0-240.1
Roots: Roots:
9.3-152 3404.1-4896.8
(mgkg™) Natural Perovskite-contaminated (mg kg™")

soil soil

Figure 2.3: Mint plants grown in natural and perovskite-contaminated soil for 20 days. The lead content
of each compontent of the plant (root, stem, leaves) are noted. Adapted from Li et al, Nature Commu-
nications (2020) [34].

Substitution of lead ions with tin ions in perovskite has been a popular mitigation strategy to reduce the
toxicity of the perovskite material [37]. However, while metallic tin is much less toxic than metallic lead,
its halide salts (which are the form it takes in perovskite materials) are not necessarily much less toxic.
There has been a lack of information on the toxicity of Snly, and their material data sheets classify both
Pbl, and Snly as accutely toxic under Regulation (EC) No. 1907/2006, although Snl; has a lower lethality
onset. [28] Further research needs to be done on the potential environmental and health hazards that
may be caused by the leaching of lead-based, tin-based, and mixed lead-tin perovskites, as they may all
have different reactions and levels of toxicity.
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Manufacturing Processes

Value Chain Stage Causation Health and Safety Risk
Type
PSC Design N/A
Selection of Lead vs. Non-lead
Containing Perovskites
Manufacturing
Solvent Selection e Inhalation
Machining Processes e Skin Contact

Contaminated Effluent

Transportation and Staging

Improper Packaging or Transporta-
tion *

Accident During Transportation *

Skin Contact

Installation

Damage During Installation

Skin Contact

Operation

Weather Events *

Water Contamination

Staging *

Landfill or Recycling Processes

Fire * e Soil Contamination
Aging * e Skin Contact
e Inhalation
End of Life Management
Disassembly, Transportation, and e Water Contamination

Soil Contamination
Skin Contact

Inhalation

* Resulting in damage or compromise to module integrity.

Table 2.1: Potential environmental and human health risk pathways for PSC modules across different

value chain stages. Adapted from Rencheck et al, Solar Energy (2024) [38].

This leaching of perovskite materials from the PSC modules can occur from a variety of events throughout
their life-cycle - from production, to use, to disposal. An outline of these potential risk pathways, and
their causes, across the life-cycle of a PSC module, made by Rencheck et al. in their 2024 paper, can be
seen in Table 2.1 above [38]. This highlights that ensuring proper protection, handling, and disposal of
the solar cells is crucial to avoid environmental damage. Furthermore, this emphasises the importance of
improving the stability of perovskite materials under adverse environmental conditions.
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Overall, perovskite solar cell technologies have the potential to be a formidable contender in the energy
transition from fossil fuels to green, renewable energy. They have been found to be climate-friendly,
with the potential to significantly reduce the GHG emissions [39]. However, they still have many factors
to be researched in depth and developed in order for PSCs to be scaled up to the appropriate energy
capacity, without continuing the cycle of exhausting limited resources, furthering human rights abuses,
and straying from a truly sustainable, circular economy. Further research should mainly be focused on
suitable replacements for resources in critical supply, maximising the recycling potential of each of the PSC
components, and consideration of ethical sourcing of the materials from non-conflict regions. An emphasis
on correct handling and encapsulation of the PSCs in order to limit their leaching into the environment
during their lifetime and disposal is also of utmost importance.
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Chapter 3: Theory

3.1 Perovskite Solar Cells

Perovskites are a material with a specific crystal structure that can be described by the formula ABXj.
Metal halide perovskites are a subfamily of this material. Each site in the crystal can be occupied by a
different type of ion, illustrated in Figure 3.1 below. The A-site of the perovskite is typically occupied
by an organic cation, such as methylammonium (CH3NHZ, MA™) or formamidinium (HC(NH,);, FAT)
or an alkali metal cation like Caesium (Cs*). The B -site of the crystal structure is occupied by divalent
metal cations, like lead (Pb™) or tin (Sn™). The X-site is occupied by halide anions, like iodine (I7),
bromine (Br~), or chlorine (CI7). [40] In the crystal structure, the B-site cations form BXg octohedra
with the X-site anions, with the A-site cations located at the interstices between these octohedra. [10]
The substitution of different ions in the A, B, and X sites allows for facile tuning of the composition of
the perovskite crystal. [41].

' A= MA*, FA*, Cs*

B= Pb2*, Sn*, Ge?*
X=1I, Br, CI"

| o o o

Figure 3.1: Diagram of the crystalline structure of metal-halide perovskite. A denotes the monovalent
cations, B denotes divalent cations, and X denotes the halide anions. Taken from Aktas et al, Communi-
cations Materials, (2022). [40]

Perovskites have incredibly attractive properties that make them ideal candidates for photovoltaic tech-
nologies. These include high absorption coefficients, direct bandgaps between ~1.2 and ~3.0 eV[42],
tunable bandgaps from correct selection of mixed cations and halides to change the perovskite compo-
sition, high charge-carrier mobilities, good separation of electrical charges, and high diffusion lengths for
holes and electrons. [10] Furthermore, its material properties of being flexible, lightweight, and cheap to
manufacture make them an even more ideal material for PV. The exact properties of the perovskite ma-
terial will depend on its composition [12]. This influences the electronic band structure, charge transport,
traps and defects in the material [42].
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3.1.1 Lead-Tin Perovskites

Lead is the most commonly used B-site cation, however it has been found that substitution of lead for
other cations can change the properties of the perovskite material. This can be done by the substitution
of the B-site ions that have different outermost orbitals and are within the same periodic group as lead
(such as tin). This enables bandgap tuning to lower bandgaps. [13]

The substitution of tin cations into the B-site of the perovskite crystal lattice of metal halide perovskites
can be said to be straight-forward as tin is one of few metal species that are capable of occupying this
site. [43]. The choice to use a mixed lead-tin perovskite can be dual-pronged. Firstly, as discussed in
Chapter 1, the bandgap of mixed-metal lead-tin halide perovskites can be tuned to be between 1.2 and
1.5 eV, depending on its exact composition (see Figure 3.2 below) [16]. This is a lower bandgap than
its pure-lead counterpart can achieve. This makes them suitable as the wide-bandgap absorber layer in
high efficiency single-junction solar cells and silicon/perovskite tandem cells. It is also suitable as both the
narrow- and wide-bandgap in all-perovskite double- or multi-junction tandem solar cells. In this double-
junction tandem configuration with silicon, they have the potential to reach a theoretical maximum of
~45% [44]. Secondly, as was discussed in Chapter 2 there have been concerns about the toxicity of lead
ions. So, alongside the benefit of lead-tin perovskites having lower bandgap energies, it has been argued
that the reduction in lead content of the material has been considered a benefit of substituting tin for
lead cations in the perovskite material. [45]

There have been many studies into how the crystal structure and Pb and Sn ions interact resulting
in the phenomenon of bandgap-bowing [13]. As we can see in Figure 3.2 below, at an intermediate tin
content, there are attractive near-infrared bandgaps. We see that for a variety of mixed lead-tin perovskite
compositions, that the bandgap reaches a minimum of approximately 1.2 eV for a mole fraction range of
tin between 0.5 and 0.75. After the tin content is increased below 0.5 or above 0.75, the bandgap begins
to increase. [16, 46]
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Figure 3.2: Values of the bandgap energy at room-temperature over a range of different literature studies
for a variety of different mixed lead-tin perovskite compositions with different A-site cations (MA, FA, or
FA/Cs). Adapted from Savill et al, ACS Energy Lett., (2021) [16]
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Mixed lead-tin perovskites are still not a magic bullet. The downside of this composition is that tin-rich
stoichiometries suffer more from stability issues than their pure-lead counterparts. This is discussed further
in Section 3.3 below. Therefore, to balance the increased instability of the perovskite material from the
introduction of tin, with its bandgap lowering benefits, we can say that the optimal mole fraction of tin
is 0.5 [47].

3.1.2 Double Cation Perovskites

The choice of cation in the A-site of the perovskite crystal lattice can have a large influence on its bandgap
and stability. Many studies have been done on which organic cation is more suitable for mixed lead-tin
perovskite solar cells, MA™ or FAT. It has been found that FA™ is more stable compared to MA™, as
there is intrinsic instability in perovskite films created with MA based on the molecule’s volatile nature
and thermal instability even at low temperatures. The reasoning behind FA™ being more thermally stable
than MA™ is its stronger hydrogen bonding with PbXg octohedra and reversible decomposition reaction
at 85°C. Alongside being more thermally stable, FA™ has a more red-shifted bandgap due to its large size
in comparison to other organic cations. This is more optimal for a solar cell, as it once again will lower
the bandgap. [48, 49]

Furthermore, the partial substitution of a smaller, inorganic cation for these organic cations has been
examined. It has been found the result of this A-site engineering is dependent on the composition of the
perovskites' B-sites. The radius of Sn?* is smaller than Pb?*. As such, we see that incorporating Caesium
into the A-site through substituting it for the larger organic cation (like FA™T), will bring the bandgaps of
Sn-rich and pure-Sn compositions to a lower value, which is the opposite effect that it has on pure-Pb
perovskites.[49, 50] In terms of their combined effect on the stability of lead-tin perovskite compositions,
it has been seen that for perovskites with a mix of Cs and FA™ in the A-site and 50% tin composition,
that they have a superior long-term device stability compared to those that contained MAT. [43, 51]
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3.2 Functional Layers and Interfaces

Typical materials used for stable devices
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Figure 3.3: Typical planar p-i-n solar cell structure. Adapted from Li et al, Communications Materials,
(2022) [12].

The addition of functional layers to the perovskite absorber layer is necessary for a fully functional and
efficient solar cell device. From a variety of studies on PSC performace and stability, it is made clear
that the vast majority of high efficiency devices have a "sandwich structure", with multiple functional
layers [52]. In Figure 3.3 above we see a planar p-i-n solar cell structure. In this typical planar p-i-n solar
structure, there is a hole transport layer (HTL) deposited onto a transparent conductive oxide (TCO)
substrate, to act as the front-end interface. On top of this is the intrinsic absorber layer, which is the
perovskite, with an electron transport layer (ETL) and metal electrode deposited on top of it.

Each interface individually, and functioning together within a solar cell as a whole, and the materials
chosen for these layers, play an important role in the functionality and performance of PSCs. The
structural versatility and customisability of composition of perovskite materials gives rise to a wide range
of possibilities for a whole solar cell stack composition. As we can see in Figure 3.4 below, there are many
potential options for each layer, and the choice of the correct material for each layer must take not just the
composition of perovskite material, but whole stack into account. One must consider that the materials
for the HTL and ETL are suitable in a number of ways. This includes if they have a suitable energy level
match (to effectively selectively extract charge carriers). They must also have a wide bandgap (to reduce
parasitic absorption) and form a good interfacial connection with minimal defects (to reduce non-radiative
recombination and charge-accumulation losses). They must also facilitate good charge transfer between
the perovskite and the cathode and anode and be relatively transparent, and have suitable deposition for
the substrates chosen. When put together as a full-stack device, these layers all-together determine the
electronic properties of the device, as well as influencing the stability of the device. [7, 52, 53]

Page 18 of 117



(b)

TeEy

-0

-7 '_”

<74

Figure 3.4: Energy level diagram of possible materials for functional layers in high performance inverted
perovskite solar cells. Adapted from Li et al, Communications Materials, (2022) [12].

Charge transport layers (CTL) (i.e. the electron transport layer and hole transport layer) play an important
role in the charge transport, collection, and recombination in PSCs. When the perovskite absorber layer
absorbs light, the free charge carriers (electrons in the conduction band (CB) and holes in the valence band
(VB)) are generated. These charge carriers drift to the interfaces between the charge transport layers and
perovskite. It is during this movement of charge carriers in the perovskite, bulk recombination occurs.
The charge carriers pass into the HTL or ETL through the perovskite/CTL interfaces, where interfacial
recombination occurs. Interfacial traps can cause first-order recombination. The energy barrier at these
interfaces or poor charge transport capability can result in second order recombination at the interface.
[7, 52, 54]

3.2.1 Hole Transport Layers

While the HTL/perovskite interface is beyond the scope of this thesis, it still is an important variable in
a device stack. The purpose of a HTL is to collect holes generated in the perovskite absorber layer and
block the electrons to allow the selective extraction of holes to the external circuit, and reduce carrier
recombination [55].

In this project, the HTL used was PEDOT:PSS, deposited onto a pre-patterned ITO and glass substrate
(see Sections 4.4 - 4.5.1). PEDOT:PSS has been a popular choice for Pb-Sn perovskites as the HTL due
to it being commercially available as a suspension, simple deposition methods, and ability to provide a
smooth and hydrophilic surface for perovskite deposition. PEDOT:PSS unfortunately does still contribute
to device instability and degradation due to its hygroscopic nature and acidity. [53]
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3.2.2 Electron Transport Layers

The purpose of the electron transport layer is to serve as a barrier for holes, and transporting the electrons
from the perovskite absorber layer through itself and to the metal electrode. In the p-i-n structure, it
also operates as a moisture-resistant layer that slows down the degradation of the PSC from exposure to
different environmental conditions. Furthermore, the electron transfer at the ETL/perovskite interface is
faster than at the HTL/perovskite interface. This means that the choice of the correct material for the
ETL is of utmpost importance, in order to optimise the PSCs' performance. [55]

There are pros and cons to using fullerene based electron transport layers (such as Cgg and PCBM). They
have been used in some of the highest performing silicon/perovskite and perovskite/perovskite tandem
solar cells [56]. Fullerene materials are commonly used due to their high electron mobility, energy level
matching capabilities, and defect passivation of electron-rich defects in the perovskite. Their defect
passivation abilities can be attributed to their Lewis acidity. They appear to effectively suppress hysteresis
and improve the perfomance efficiencies of perovskite solar cells. [12, 53]

However, despite their part in achieving high efficiencies, using fullerene materials as a sole electron
transport layer has been shown to not necessarily be optimal. An ohmic contact between the ETL and
its attached electrode is what allows the current flow through this part of the solar cell [55]. Cg has an
inability to form ohmic contact with the metal electrode layer, thus decreasing charge transfer. Therefore
a buffer layer is necessary. Bathocuproine (BCP) is a typically used buffer layer in the ETL. Using BCP
as a fullerene buffer layer in the ETL has been shown to yield the highest power conversion efficiency and
longest operational stability. These buffer layers unfortunately do oxidise or absorb moisture when exposed
to ambient air which can cause degradation of the solar cell, reducing the series resistance, fill factor,
and short circuit current density. [12, 53] For the electron transport layer in the stacks made during the
project, Cgo and BCP were used.

3.2.3 Metal Contacts

Making the correct decision on which metal to use for the back-contact metal electrode is very important
for PSCs’ stability and perfomance. Commonly used materials are gold (Au), silver (Ag), and copper (Cu)
[53]. The resistivity of the electrodes can have an effect on the series resistance and fill factor, which will
overall affect the power conversion efficiency (PCE) of the PSC devices [55].

The consideration of cost typically excludes gold, and the goal of avoiding at-risk materials (see Chapter
2) can be a factor to exclude silver. However, silver is typically used in p-i-n structure PSCs as it has a
suitable work function to match the conduction band of ETL materials. Copper is a cheap and abundant
material that is electrically suitable for Pb-Sn perovskites and Cgo. As well as this, it is corrosion resistant
and has been shown to give long-term stability even without encapsulation. [55] This makes it a very
suitable material for the stacks used in this study.
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3.3 Degradation Mechanisms and Factors

3.3.1 Perovskite Degradation

As mentioned in our previous chapters, perovskites are fundamentally unstable under a variety of different
environmental stresses. As a material, they have inherent material challenges. They suffer from both
intrinsic and extrinsic stability issues. Perovskite films have a non-negligible amount of defects, with defect
density scaling with thin film area. As a material, they are prone to lattice distortion and unfavourable
ion migration, resulting in easily activated degradation pathways. The components of the ABX; crystal
each can be volatile and easily react to the presence of moisture, heat, oxygen, or light radiation. [7, 20]

Furthermore, mixed lead-tin perovskites are more unstable than their pure-lead counterparts. This is due
to the difference in the stability of the B-site cations. The use of tin presents a challenge for the fabrication
of the perovskite film, due to the the Lewis acidity of the Sn?* cation resulting in too fast crystallisation.
In comparison to pure-lead perovskites, lead, in its 2+ state, is considered to be its most stable, preferred
state. However, this is not the case for tin in its 24+ state. Sn%* is easily oxidised to its Sn** state,
resulting in Sn?* vacancies that act as recombination sites leading to p-doping in the material. This facile
oxidation from its 2+ to its 4+ state has been attributed to the fact that the electrons in the s-orbitals
of Sn?* ions experiencing a weaker Coulombic attraction to their nucleus than Pb?* ions. This rapid
oxidation of the tin ion results in degradation of the optoelectronic properties of the perovskite. [13, 16,
47, 57]

However, examining just tin and lead degradation methods individually is not enough. The exact mech-
anisms of how tin-lead perovskites degrade are not fully understood yet. While there are clearly outlined
degradation pathways for pure-tin and pure-lead based perovskites, it has been shown that the specifics of
the mechanism of degradation for mixed metal perovskites are different from their single metal counter-
parts. The Sn:Pb ratio is an important factor, as it results in a slower rate of oxidation of the perovskite
components, as a result of there being less tin present in the material to oxidise. It has been found that
the oxidation pathway is a thermally activated one, and that mixed lead-tin compounds will oxidise at
substantially higher temperatures than their equivalent pure-tin compositions. [47, 57] It has been outlined
that the most likely and prominent defect states are tin interstitials and iodide vacancies [58]. Exposure
to ambient air has been shown to be the most detrimental stress factor in terms of the formation of Sn**,
and that lead-tin perovskites do not undergo significant Sn?* oxidation during combined heat and light
stressing if they are well-protected from air exposure [59]. In their 2017 paper, Leijtens et al [47] proposed
that the alloying of lead and tin in the perovskite lattice can prevent the typical formation of Snl, that
comes from pure-tin perovskites, and as such the potential two-step oxidation pathways of FASng 5Pbg 513
to be:

(A) 4FASH0.5Pb0.5|3 + Oy = 4FAl + Snly + SnO, + 2Pb|2

(A) 4FAS”0_5Pb0.5|3 + OQ = 2FAl + Sn02 + 2Pb|2 -+ IQ
(B) + Oy = 2FAl + SnO, + 2PbO + 2I, (3.2)

Beyond the additional stability provided by the alloying tin with lead in perovskites, there is also the tactic
of the addition of certain additives to the perovskite precursor to pre-emptively combat the degradation
associated with tin in the fabrication process. These additives can prevent the oxidation of the tin ions
from their 2+ to the 4+ state, potentially reduce Sn** back to the more optoelectronically optimal Sn?T,
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limit the fast crystallisation associated with the presence of the Sn?*, and successfully passivate defects.
These include the addition of SnF, to reduce the oxidation of Sn?* to Sn*t and metallic tin to reduce
the Sn** that already exist in the precursor solution to Sn?*. [57]

As discussed previously, engineering of the A-site is a common tactic to increase the short- and long-term
stability of perovskite materials. Investigations into methylammonium (MA)-free perovskite solar cells
has been an area of interest for researchers focused on the stability of PSCs. The presence of MA in
PSCs have been identified as another factor in device photostability and thermal stability. [60] Instead, a
mixture of Caesium (Cs) and formamidinium (FA) in the A-site have been shown to be one of the most
stable compositions under heat and light [57].

3.3.2 Interfacial Degradation

Interfaces have a large influence on the stability and performance of perovskite solar cells. Degradation
occurs at the interfaces through multiple degradation mechanisms, that can be unique to the materials
chosen. As discussed above, their energy band alignment within the stack, and introduction of interfacial
defects can have this influence on the performance of the devices. [61, 62] This can include inhibition
of charge generation and collection, increased recombination sites, and other appearances of defects [57].
In this project, Co and BCP are the charge transport layer materials being investigated, and copper and
silver for the metal contact materials.

C60 and BCP

It has been shown that the highest performing p-i-n solar cells have been limited by non-radiative recom-
bination that has been induced by the electron transport layer interface with the perovskite absorber layer
[56]. This issue has been further examined and has been shown that for fullerene materials, like Cgg, that
used as the ETL in mixed lead-tin PSCs cause energy losses that are dominated by this non-radiative
recombination at the perovskite/ETL interface [57]. As well as influencing these energy losses, fullerenes
themselves are not inherently stable materials. It has been shown that fullerenes show poor morphological
stability, as a result of their relatively weak intermolecular interactions [63, 64]. They also have been shown
to be unstable under exposure to UV radiation and high temperatures, which may cause dimerisation and
agglomeration of the fullerene materials due to breaking of the fullerene cage [57]. Cgp in particular has
been theorised to introduce deep trap states when put into direct contact with the perovskite absorber
layer, resulting in severe interfacial losses [64]. These instabilities in fullerene materials under stress con-
ditions can be detrimental to the overall PSC device stability. Passivation of these defects can be made
possible through addition of another layer.

BCP is commonly used alongside Cg, to improve the ohmic contact with the metal electrode layer.
Unfortunately BCP is also not a completely stable material. It has been seen that BCP deposited onto
Cgo can show fast degradation under high temperatures [65]. It has been observed that the BCP can have
imperfect film formation with inhomogeneity in its morphology, as a result of it being easily recrystallised
[66].

Passivation

Since the direct contact of Cgy with perovskite has been seen to introduce deep trap states, resulting
in large energy losses and recombination at this interface, it has been popular to use an interlayer to
mitigate this. By improving these interfacial contacts, the energy losses and recombination at the ETL
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can be improved, increasing the efficiency and stability of the PSC devices. For p-i-n solar cells, an n-
type surface on top of the perovskite layer could reduce traps, reduce the hole-density at the perovskite
surface, and improve the charge transfer at this interface. A popular choice for this n-type surface is a
small diammonium cation, EDA%*". [64, 67]

For the purposes of this project, the EDAI and IM/CF3;BOM passivating layers (see Sections 4.4 and 4.4),
will be examined as a part of the perovskite/ETL interface rather than an interface of their own.

Copper and Silver Electrodes

Metals like copper (Cu) and silver (Ag) are popular choices for tin-lead perovskite solar cells due to their
high conductivity and suitable work function [57]. However, these materials are also not stable and can
contribute to overall device instability. In particular, when paired with a C49 and BCP ETL, it is known
that metal contact materials will mix and interact with this layer. This can cause the metals to come into
contact with the perovskite, which can facilitate the metal interacting with perovskite ions, drastically
effecting the performance of the PSC. This can occur when BCP mixes with the Cgq( instead of conformally
coating it, allowing the metal to mix into the ETL. This can result in parasitic absorption from the metal
electrode, resulting in optical losses. [45] Copper electrodes have also been shown to undergo oxidation
as a result of this direct contact with the perovskite layer [55].

This metal migration into the ETL or perovskite layer and corrosion mechanisms have been seen to occur
at temperatures > 70°C [57]. The PSCs being operational increases these mechanisms. Metals like Cu
and Ag can readily diffuse into the perovskite absorber layer when activated by heat or light exposure
during their use as a solar cell, which can lead to the formation of insulating metal halide species and
defect states, both at the now mixed perovskite/ETL/metal electrode interfaces, or in the perovskite bulk
[65].

Some degradation can be mitigated by the addition of a metal electrode. It has been shown that in fully
encapsulated PSC devices, a copper electrode can operate as a built in desicant for oxygen and water,
increasing the lifetime of the device by reducing degradation of the perovskite layer [68].
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Chapter 4: Fabrication

4.1 Sample Outline

The full stack devices were made on a 1.5 x 1.5 cm pre-patterned ITO and glass substrate (see Appendix
B for the pattern). The hole transport layer is PEDOT:PSS, the Electron transport layer is C4o and BCP.
The metal electrode is copper or silver. See Figure 4.1 below.

100 nm Electrode
| 27 nm ‘ Electron Transport Layer
| | | i Y
700 = 800 nm
| Csp.15FA0.85Pbo sSNg 513
50 nm |

Figure 4.1: Illustration of the estimated thickness of each layer in the full stack PSC device.

In order to examine the degradation of each layer at the perovskite/ETL/electrode interfaces, a variety
of samples must be made. Firstly, a full stack device with all of the layers to examine the contribution
of all of the interfaces as well as to act as a control. Secondly, a sample with all layers except for the
metal back-contact electrodes in order to examine their interfaces’ contribution to the degradation of the
solar cell. Finally, a sample without both the metal electrode and the electron transport layer, in order to
examine the contribution of the electron transport layers’ interfaces. See Figure 4.2 below.
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(a) Full Stack (b) Partial stack, no metal electrodes
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(c) Partial stack, no metal electrodes or ETL

Figure 4.2: Overview of the different stacks that were fabricated.

4.2 Substrate Cleaning

The pre-patterned ITO on glass substrates were labelled on their glass-side with a diamond scribe, careful
to not scratch through to the ITO pattern. See Appendix B for pattern.

They were then cleaned by carefully scrubbing with a toothbrush and a small amount of Hellmanex
Cleaning Concentrate in deionised water. They were then rinsed gently with deionised water.

Once in the holder they were sonicated in a beaker of deionised water, then acetone, then IPA, each for
15 minutes.

Once the sonication was complete, they were dried thoroughly with a nitrogen gun before being placed
into a UV-Ozone cleaner for 15-30 minutes, ITO side facing upwards.

4.3 Materials

The perovskite precursor starting materials used were Formamidinium lodide (FAI, GreatCell Solar Ma-
terials, anhydrous, 99.99 %), Caesium lodide (Csl, Sigma Aldrich, anhydrous, beads, 99.999 %), Lead
() lodide (Pbly, Sigma Aldrich, 99.999 %), Tin (I1) lodide (Snly, Sigma Aldrich, anhydrous, beads, -10
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mesh, 99.99 %) and Tin (Il) Fluoride (SnFs, Sigma Aldrich, 99 %).

The passivation layer materials used were Ethane-1,2,Diammonium lodide (EDAI, Sigma Aldrich), imida-
zole hydrochloride (IM, Sigma Aldrich, 98 %), and 4-(trifluoromethyl)benzamidoxime (CF3BOM, Sigma
Aldrich, 97%).

The solvents used were Dimethyl Sulfoxide (DMSO, Sigma Aldrich, anhydrous, 99.9 %), N,N-dimethylformamide
(DMF, VWR International BV, 99.9 %), Anisole (Sigma Aldrich, anydrous, 99.7 %), Toluene (VWR In-
ternational BV, anhydrous, 99.8 %) and 2-propanol (IPA, VWR Chemicals, anhydrous, 99.7 %).

For the hole transport layer, Poly(3,4- ethylenedioxythiophene):poly(styrene sulfonate) in aqueous solution
(PEDOT:PSS, Al 4083, 1:6, Osilla) was diluted with methanol (Biosolve BV, anhydrous, 99.8 %).

For the electron transport layer, Fullerene-Cgo (Sigma Aldrich, 99.9 %) and bathocuproine (BCP, TCl, 99
%) were used.

For the metal electrodes, copper pellets (Cu, Kurt J. Lesker, 1/8" x 1/8", 99.999 %) and silver pellets
(Ag, Kurt J. Lesker, 1/8" x 1/8", 99.99 %) were used.

4.4 Precursor Recipes

All precursors were prepared in the inert nitrogen environment of the glovebox, except for the PEDOT:PSS
solution which was prepared in ambient air in a downflow cabinet. Each precursor was stirred for a minimum
of 4 hours before being filtered.

Perovskite Precursor

Molarity of precursor (mol/L) 2

Total volume of DMF:DMSO (mL) 1.5

DMF (mL) 1.125

DMSO (mL) 0.375

Precursors Molecular mass (mg/mmol) | Number of moles (mmol) | Mass (mg)
FAI 171.97 2.55 438.5
Csl 259.81 0.45 116.9
Pbl, 461.01 1.5 691.5
Snl, 372.52 15 558.8
SnF, 156.69 0.15 23.5
Total weight 1829.2
Metallic Sn 1.8

Table 4.1: Composition of 1.5 mL of a 2 mol/L precursor perovskite solution.

Precursor materials were weighed to within = 0.5 mg. The amounts needed adapted from the precursor
recipe from Dey et al, Energy Environ. Sci. (2024) [69, 70]. The amount of metallic Sn added is calculated
using the total weight of the powders. The SnF3 is 10 mol% of the Snl,. These two chemicals are used
as an additive to prevent oxidation of the precursor solution (see Section 3.3.1).
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EDAI Precursor

The solution was prepared by weighing 2 mg of EDAI into a vial and diluted with 2 mL of IPA and 2 mL
of toluene (or any Img:1mL:1mL ratio). Recipe adapted from Hu et al, Energy Environ. Sci., (2022) [71].

Imidazolium and CF;BOM Precursor

This precursor solution for an alternate passivating layer was created by dissolving 2 mg of IM and 1 mg
of CF3BOM salts into 1 mL of IPA. Recipe adapted from Li et al, ACS Energy Lett., (2024). [72]

PEDOT:PSS

Refridgerated PEDOT:PSS was used. In a downflow cabinet in ambient air, 750 ul of PEDOT:PSS was
diluted with 2.25 mL of methanol (or any volume with a 1:3 ratio) into a small vial. The vial was then
wrapped in parafilm and tape to reduce chances of spilling and placed in the sonicating bath and sonicated
for 30 minutes.

4.5 Spincoating

Spincoating was done onto the cleaned substrates. The perovskite and passivating layer precursors were
both spincoated manually and using the SCIPRIOS spincoating robot.

4.5.1 Manual Spincoating

In a downflow cabinet, the sonicated PEDOT:PSS solution was filtered using a 0.45 um PVDF filter into
a fresh vial. Then 120 uL of the solution was deposited using a pipette onto the ITO-side of the surface
of the cleaned substrates, ensuring the surface is fully covered. This was then spincoated for 30 seconds
at 4000 rpm, with a ramp of 1000 rpm/s. Once finished, the substrates were transferred to a hotplate
and annealed at 120°C. All samples were taken off simultaneously, once the last sample has been annealed
for 20 minutes and immediately transferred to the glovebox. This is done to avoid moisture from the air
being absorbed into the samples as PEDOT:PSS is hygroscopic.

Immediately before spincoating, the perovskite precursor was filtered using a 0.22 um PTFE filter. Then
80 uL of the perovskite precursor solution was deposited onto the PEDOT:PSS covered substrates and
spun for 50 seconds at 5000 rpm with a ramp of 1000 rpm/s. After it had been spinning for 25 second
200 uL of anisole was dropcasted onto the spinning substrate. Once finished, the samples were annealed
at 100°C for 10 minutes each.

Once annealed, the passivating layer solution was filtered using a 22 um PTFE filter.

If using EDAI passivation, the substrate was spun at 4000 rpm for 20 seconds with a ramp of 3 seconds,
dropcasting the EDAI solution when the final velocity had been reached. The samples were then annealed
at 100°C for 5 minutes.

If using IM/CF3BOM, the substrate was spun at 4000 rpm for 30 seconds with a ramp of 3 seconds,
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dropcasting the IM/CF3BOM solution only after 3 seconds when the final velocity had been reached. The
samples were then annealed at 100°C for 8 minutes.

4.5.2 SCIPRIOS Spincoating Robot

The spincoating procedure for the spincoating robot was very similar to the manual spincoating, but with
a few different variables to add, and a slight change in the parameters for the ramp and annealing times
and temperatures. The discussion on the annealing time and temperature can be read in Section 6.1.

The spincoating procedures for the perovskite and passivating layer precursors are identical to the above
Section 4.5.1, however the SCIPRIOS SpinBot had some restrictions on the ramp time. The minimum
ramp speed allowed was 2000 rpm/s.

So, for the perovskite solution, instead of a ramp of 1000 rpm/s up to a maximum velocity of 5000 rpm,
this was instead a ramp of 2000 rpm/s up to a maximum velocity of 5000 rpm.

For the passivation solutions, instead of a ramp of 3 seconds up to a maximum velocity of 4000 rpm
(which is approximately a ramp of 1333 rpm/s), this was instead a ramp of 2000 rpm/s up to a maximum
velocity of 4000 rpm.

The SCIPRIOS spincoating robot allows for more precise control over certain variables in the spincoating
procedure. A new variable to be considered in the recipe is the tip height for when the solutions are
dropcasted onto the substrates. For all procedures, the tip height was set at 5 mm above the substrate.

The annealing time and temperature was varied over the course of optimising the spincoating procedure
(see Section 6.1). The annealing temperature is set between 100°C and 110°C and an addition of 30
seconds to each annealing time.

4.6 Evaporation

The electron transport layer and the metal electrodes were applied using an Amod thermal evaporator
manufactured by Angstrom Engineering under a high vacuum. The samples were placed face down inside
a substrate holder.

4.6.1 Electron Transport Layer

For the electron transport layer, 20 nm of Cgq was evaporated once its radak source was heated to
approximately 420°C onto the perovskite surface, at a rate of 0.2 A/s, with the samples rotating at ~14
rpm. Then 7 nm of BCP was evaporated onto the Cg surface, at a rate of 0.1 A/s, rotating at ~14 rpm,
using a resistive source.
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4.6.2 Metal Contacts

An evaporation mask was used so that the metal electrodes could be deposited onto the surface of the
ETL in a certain pattern (see Figure 4.3 below). Then 100 nm of the metal (either copper or silver) was
evaporated onto the samples. This was done with no rotation, at a rate of 0.1 A/s for the first 10 nm of
evaporating, then a rate of 1 A/s for the remainder of the process.

Figure 4.3: Illustration of the metal contact pattern on the full stack devices.

4.7 Device Preparation

Once the fabrication process was complete, the samples needed to be properly prepared for J-V curve
measurements (see Section 5.1). This included ensuring both the front and back contacts could be
contacted during this procedure. In Figure 4.3 above, we can see 4 small squares of metal in each corner.
These were carefully and thoroughly scratched off using a surgical scalpel, to allow contact with the ITO
layer. A rubber air duster was used to blow any debris off the surface of the samples.

4.8 Device Storage

All of the samples were stored in opaque black plastic sample boxes to prevent exposure to light. Each
box was thoroughly cleaned using IPA and dried with a nitrogen gun to reduce the risk of contamination
to the samples.

During degradation experiments (see Section 6.3), the samples were stored in 3 different environments.
These environments were in the dry and inert nitrogen environment inside the glovebox, in dry air inside
a desiccator, or in ambient air in a sample drawer. The humidity levels between each environment are
<0.1%, ~16%, and ~72% respectively.
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Figure 4.4: Schematic of the storage of devices, and their humidities.
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Chapter 5: Methods and Equipment

5.1 J-V Curve Measurement

The current density-voltage (J-V) characterisation of the full-stack solar cells was done using a Keithley
2401 SourceMeter under simulated AM 1.5G one-sun illumination (100 mW cm™2) with a solar simulator
(PICO G2V), whose intensity was calibrated using a standard silicon solar cell.

The values of the power conversion efficiency of the device were calculated using values obtained from
the J-V curve, and using the formula:

Prae  Jsc Voo - FF

5.1
P, 2 (5:1)

’r]:

where 7 is the efficiency, P,,.q. is the maximum power output per unit area, P;, is the incident light power
per unit area, Jg¢ is the short-circuit current density, Voc is the open-circuit voltage, and FF is the fill
factor.

Light curves were measured individually for each of the 4 pixels within each device (see device layout in
Figure 4.3 previously). In order to direct the light to a limited active area when measuring the J-V curves,
a metal mask with four 0.065 cm? windows was used. The devices were measured from lowest to highest
voltage, and subsequently in reverse (-0.3 to 1.2 V, 1.2 to -0.3 V respectively).

In order to measure the dark J-V curves, the same procedure was used except all light was blocked from
the sample holder apparatus using aluminium foil covering the lid and mask of the sample holder. The
dark curves were taken for each of the 4 pixels within each device.

5.2 Light-Soaking

To investigate the stability of the devices under exposure to light radiation, we performed light-soaking
measurements. A python script was ran through Spyder (see Appendix G) to run these light-soaking
measurements for 24 hours. For the illumination period, these measurements were taken at 10 minute
intervals for the first 2 hours, and then 1 hour intervals for the remaining 10 hours. Then the measurements
were taken after 5, 10, 15, and 20 minutes, then after 30, 40, 50, and 60 minutes, and then once an hour
for the remaining 11 hours of the recovery period. These 24 hours are so split into a 12 hour application
of stress, and then a 12 hour recovery period. The samples were measured inside a light-blocking box to
ensure that the devices were only exposed to light during the light-soaking phase and J-V measurements.

All J-V measurements were performed under light in the conditions described in the previous section.
These following conditions were only applied to the time period between the J-V measurements.
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Light Voco

In order to measure the devices at V¢ they were uniformly illuminated by the solar simulator for 12 hours.
All 4 pixels were measured for this.

Light Js¢

In order to measure the devices at Jg¢, a bias of 0 V was applied to the devices. The pixels were measured
individually for these measurements, with a mask being used to block illumination of the other 3 pixels
during light soaking and recovery.

Dark 0V

In order to measure the devices at 0 V no applied bias was needed. The only illumination of the sample
was during the J-V curve measurements. All 4 pixels were measured for this.

Dark VOC’

An estimated 'V value was used for these measurements of 0.7 V. The only illumination of the sample
was during the J-V curve measurements. Pixels were measured individually for these measurements, with
a mask being used to block illumination of the other 3 pixels during measurement taking.

5.3 UV/Vis Absorbance

A LAMBDA 750 UV/Vis/NIR spectrophotometer (manufactured by Perkin Elmer) was used to measure
absorbance spectra. The sample was placed inside an integrating sphere, with the glass side of the sample
facing the beam at a 21° angle. The glass side is used in order to try minimise any reflection effects from
the metal contacts on the solar cell.

The sample is measured under ambient pressure, temperature, and atmosphere. The absorbance spectra
were measured between 250 nm and 1200 nm at increments of either 0.5 nm or 1.0 nm. The integration
time was slowed from 0.1 seconds to 1 second for the wavelength range of 850 nm to 870 nm in order to
correct for aberrations in the data caused by the detector changing from the NIR detector to the UV/Vis
detector.

5.4 X-Ray Diffraction

X-Ray Diffraction (XRD) was measured at room temperature using a Bruker D2-Phaser diffractometer
using Cu Ka radiation, with a wavelength of approximately 1.5418 A. The 26 range was from 8° to 50°
- 60°, with an increment of 0.024°, and 0.1 second integration time. Each measurement was run for 3
rounds of this range. A 0.6 mm slit and 0.1 mm knife were used for these measurements.
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5.5 Scanning Electron Microscopy

The surface of the perovskite samples was examined using Scanning Electron Microscopy (SEM). The
surface was imaged using a Thermo Fischer Scientific Verios 460 high-resolution scanning electron mi-
croscope. This was typically done at a beam accelerating voltage and current of 5 kV and 100 pA
respectively.

5.6 Energy Dispersive X-Ray Spectroscopy

Energy Dispersive X-Ray Spectroscopy (EDX) was carried out on the samples using a Oxford Xmax 80 mm?
Silicon Drift Detector attached to the Thermo Fischer Scientific Verios 460 scanning electron microscope.
The beam current was typically 0.2 nA - 0.4 nA, and between 7 kV - 10 kV. Care was taken to try and
minimise the damage done to samples during the EDX analysis, as the aged samples were beam sensitive
(see Appendix F).
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Chapter 6: Results & Discussion

6.1 SCIPRIOS SpinBot

The quality and performance of perovskite samples can vary between samples within batches and between
batches. This highlights an issue with reproducibility in the fabrication process of PSCs, which makes it
more difficult to draw solid conclusions of what factors might affect their stability and performance. In
order to improve the basis of the results provided and conclusions drawn in this project, firstly the problem
of improving the reproducibility between samples was tackled. The fabrication process (see Chapter
4) has many steps, and thus provides a substantial amount of room for human error and variations in
the fabrication process. Spincoating encompasses a large amount of the fabrication process, and covers
almost the entirety of the portion of the process that is dedicated to the perovskite thin film layer. It
was investigated whether automation of the spincoating process for the perovskite thin-film layer and its
passivation layer could potentially help improve the reproducibility.

Throughout this project, the samples made for the examination of how the perovskite/ETL/metal contact
interfaces may influence the degradation of the lead-tin perovskite solar cells were made with a spincoating
robot arm designed by SCIPRIOS (herein referred to as the SpinBot). The SpinBot is designed to
manufacture high-efficiency, highly reproducible PSCs with increased stability. This is achieved through
the ability to control certain factors in the perovskite fabrication process that would not be possible to keep
perfectly constant by manual spincoating methods. This includes the pipette tip height when depositing
solutions onto your solar cell substrate, the timing of deposition of solutions and antisolvent quenching,
and annealing times. Furthermore, the SpinBot spincoating bowl is designed with a vacuum pump to
flush the bowl of potentially harmful atmosphere created by the solvents in the spincoating process, and
to pull the nitrogen atmosphere through the bowl in order to optimise the device performance. [73]

6.1.1 Comparison to Manual Spincoating

The first batches that were made in the beginning of this project were done through a manual spincoating
method (see Section 4.5.1). As can be seen in Figure 6.1 below, the performance of each solar cell device
was widely varied and inconsistent. While the best performing device in this batch had an average PCE
of 9.5%, there were other devices within the same batch that were entirely non-functional. As a result,
the overall average PCE per device was 1.9%. The outline of the PCE measured for each pixel can be
seen in Table 6.1 below.
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Figure 6.1: Handmade batch of 9 samples made by manual spincoating method. The average device PCE
for this batch was 1.9%.

Device No. ' PCE ' PCE ' PCE ' PCE Average
Pixel 1 (%) | Pixel 2 (%) | Pixel 3 (%) | Pixel 4 (%) | PCE (%)
01 0.22 0.27 0.0 0.2 0.2
02 9.9 10.6 8.9 8.6 9.5
03 8.1 0.0 7.2 5.7 5.3
04 0.0 0.0 3.1 4.8 2.0
05 0.0 0.0 0.0 0.2 0.1
06 0.1 0.0 0.0 0.0 0.0
07 0.2 0.2 0.1 0.0 0.1
08 0.0 0.0 0.0 0.0 0.0
09 0.0 0.0 0.0 0.1 0.0
] Mean across all devices (%) 1.9 |

Table 6.1: Device measurements of PCE across different pixels and average PCE per device as seen in
Figure 6.1 above.

Using the same recipe (as identical as was allowed by the SpinBot operating limits, see Section 4.5 for
details), the first batch of the SpinBot devices was made. The performance across pixels for each device
can be seen in Figure 6.2 below. While there was still obvious variation in performance across pixels
and between devices in this batch, the average PCE across pixels per device were 5.0%, 5.9%, and 5.9%
respectively. The average PCE across devices was 5.6% in this batch. The outline of the PCE measured
for each pixel can be seen in Table 6.2 below.
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Figure 6.2: Batch of 3 samples made with the SpinBot. The average device PCE for this batch was 5.6%.

Device No PCE PCE PCE PCE Average
| Pixel 1 (%) | Pixel 2 (%) | Pixel 3 (%) | Pixel 4 (%) | PCE (%)

01 7.7 8.6 1.5 2.3 5.0

02 7.7 7.6 7.0 1.2 5.9

03 3.6 8.1 4.2 7.6 5.9
| Mean across all devices (%) | 56 |

Table 6.2: PCE across different pixels and average PCE per device as seen in Figure 6.2 above.

Over the course of the project, it became clear that the recipe for manual spincoating does not perfectly
translate to the SpinBot spincoating method. This can be due to new restraints added to the rotation
acceleration of the samples, the introduction of a smaller spincoating bowl, and the introduction of
aluminium substrate holders. It was determined that the substrate holders might have been preventing
the samples from reaching the correct temperature during the annealing process, so we increased the
annealing temperature by 10°C and the annealing time by 30 seconds. This resulted in an increase of
average device PCE and consistency between device pixel performance. This can be seen in Figure 6.3
below. The outline of each pixel performance is outlined in Table 6.3 below.
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Figure 6.3: Batch of 6 samples made with the SpinBot, with an increased annealing temperature and
time. The average device PCE for this batch was 8.0%.

Device No PCE PCE PCE PCE Average
" | Pixel 1 (%) | Pixel 2 (%) | Pixel 3 (%) | Pixel 4 (%) | PCE (%)
01 10.6 9.2 9.1 7.1 9.0
02 8.7 8.2 8.8 8.4 8.5
03 9.9 8.2 8.0 7.2 8.3
04 9.0 7.8 6.9 7.1 7.7
05 10.2 8.9 7.2 7.9 8.6
06 5.9 6.0 5.7 5.8 5.8
| Mean across all devices (%) | 80 |

Table 6.3: PCE across different pixels and average PCE per device as seen in Figure 6.3 above.

6.1.2 Discussion

The purpose of introducing the SpinBot to this project was to increase the reproducibility between samples
within a batch and between batches. As discussed in Section 4.1, a variety of different samples are needed
in order to examine the contribution of the perovskite/ETL interface, and the perovskite/ETL/metal
electrode interface to device degradation. Automating the fabrication of the layers that are included in all
3 of the different types of samples (the perovskite layer and passivation layers) was a logical step to take
in trying to increase the reproducibility of these samples.

We can see that, even in the early stages of the study, the first batches were already improved in terms
of the consistency of performance between samples by simply switching to the SpinBot. When comparing
the batch made by manual spincoating procedure (in Figure 6.1) to one of the first batches made using
the SpinBot (in Figure 6.2), we see that the average PCE between devices is improved. This can be
determined from observing that all of the devices that were made for the SpinBot batch are functional,
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that the spread of performances across devices is narrowed, and the overall average PCE between devices
is improved significantly.

A variety of factors were found to affect the translation of the manual spincoating procedure to the SpinBot
in order to optimise the quality and performance of the devices. Firstly, the spincoating bowl was smaller
and as such the concern about ensuring a good atmosphere for the spincoating was important. As it has
been shown that the presence of a clean, nitrogen environment and a vacuum pump will create the best
conditions for the fabrication of the solar cell [73], the vacuum pump being on its maximum power was
introduced to help pull the nitrogen in the atmosphere into the bowl, while also flushing out any harmful
solvent vapour. As well as this, the ramp for the spincoating procedure had to be altered. As discussed
in Section 4.5, the SpinBot had restrictions on the ramp time. The minimum ramp speed allowed was
2000 rpm/s, which was faster than what would be used in the manual spincoating procedure. Finally,
due to the small size of the substrates we used throughout the project, which were 15 x 15 mm in size,
aluminium substrate holders were designed so that the SpinBot's arm could grip and move the substrates
securely around its apparatus. A clear increase in consistency and performance can be seen when these
variables are optimised correctly, such as how the annealing temperature and time were changed.

It can be seen that the SpinBot clearly increases the reproducibility of samples within a batch when the
recipe has been properly optimised to its specific parameters. The consistency between batches can be
said to be somewhat improved. However, direct comparison of the manual spincoating procedure to the
automated spincoating procedure is not easily done. While a large section of the fabrication process
is made more reproducible, even down to minute details such as the pipette tip height when dispensing
precursor solutions and solvents, and highly accurate annealing times, this does not remove all of the other
potential variations in the fabrication procedure through the other steps. Human error can be introduced
through variations in the weighing of the powders for the precursor solutions, the lack of control over
these minutia in the spincoating procedure for the PEDOT:PSS HTL, handling throughout the transfer to
the evaporator, and scratching of the ITO contact patches on the samples so that they can be measured.
Furthermore, as has already been mentioned, the environment the samples are fabricated in is of utmost
importance to the outcome of their performance. The gloveboxes that the batches were made in were
shared between many other colleagues and can vary in oxygen and moisture levels depending on how
heavily they were being used. Beyond this, thickness in the ETL and metal electrodes were not measured
and are instead an estimated thickness.

Overall, the SpinBot can be said to have improved the reproducibility between samples enough that the
conclusions drawn between different types of samples, and different batches over the course of the project
are valid. This will also be seen in the consistency of the output of their absorbance spectrum, XRD
patterns, and consistency of morphology between batches in the following section.
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6.2 Light-Soaking

Stability issues in perovskite solar cell devices suffer from instability as a result of light exposure. As we
have discussed in Chapter 3, many components of a PSC can undergo degradation as a result of light
radiation, particularly UV radiation. We have also seen that this can be exacerbated when the solar cells
are in operation. Thus, photodegradation is also a pressing issue in the field of PSC stability research.

Therefore, it was also interesting to examine how the different passivation layers might influence the
degradation of these cells under light. This changes the contact at the perovskite/ETL interface. The
EDAI sample data were not from this study’s batches, and instead were from a batch previously fabricated
and measured by Daphne M. Dekker. These samples were made by manual spincoating and not the
SpinBot.

Below in Figures 6.4, 6.5, 6.6, and 6.7 we see how each of the J-V characteristics of these devices evolve
over the 24-hour measurement period in different environments (12 hours under stress and 12 hours
recovery - see Section 5.2 for more detail). We can see that the performance and stability of the solar cell
devices can have different effects depending on what type of stress they are exposed to.

6.2.1 Light Measurements

In Figure 6.4 below, we see that when the samples are measured under constant illumination for 12 hours
while at Vo, their overall performance drops. We can see that there is a clear sharp drop of the Voo
and Jgc of all types of devices within the first hour, which causes a sharp drop in their measured PCEs.
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Figure 6.4: J-V characteristics of devices with varying passivation layers for continuous illumination and
recovery at Voc.
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The Jgc of the samples using the EDAI passivation appears to then steadily decrease under illumination,
and then quickly recover, albeit with a noticeable difference between the forward and reverse scans. This
steady decrease, and then recovery of the Jg¢ is also seen in the devices with no passivation layer, without
the difference between the forward and reverse scans during the recovery. Interestingly, the device with
the salts passivation layer shows that the Jsc begins to increase again slightly and remain relatively steady
after the initial sharp drop, although it does not recovery as well during the recovery phase.

The Voc of all the samples appear to generally gave the same trend over the illumination period. The
samples using EDAI and with no passivation appear to rapidly recover to an improved Voo after the
recovery period begins and stay steady. This is not true for the samples using the salt passivation, which
does improve rapidly with the onset of the recovery period, but then once again steadily declines.

The FF of the samples is where we see the most difference overall between each type of sample. The EDAI
devices show a sharp decrease and then increase in their FF which then stays steady over the illumination
period. We then see a small drop initially after the recovery period begins, but it increases back to its
original FF. We see the largest difference between the forward and reverse scans for this device. For the
other two types, we do not see this increase once the FF initially drops, although their FFs do also remain
steady after the first hour like the EDAI device. However, once the recovery period begins, we see the salts
passivated samples slightly increase in their FF and remain relatively steady, showing a small difference
between the forward and reverse scans after 17 hours. The unpassivated samples see a sharp decrease
once the recovery period begins, and seems to slowly decrease. There is a sudden jump in the FF for this
type of device at hour 20, where it then seems to begin decreasing again.
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Figure 6.5: J-V characteristics of devices with varying passivation layers for continuous illumination and
recovery at 0 V.

In Figure 6.5 above, we see that when the samples are at 0 V (or at Jg¢, there is a no longer a sharp initial
drop in the PCE, and overall the PCE seems more steady than when at V. There is more pronounced
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hysteresis in the devices with passivation, particularly the salts passivation.

The Jsc of the samples drops to roughly the same level for all samples, most severly decreasing in the
EDAI passivation devices. While in the the forward scan, of the EDAI devices improves back to nearly its
original value, the reverse scan value remains lowered significantly. The Jg¢ for the salts passivated samples
appears to be relatively steady across both the illumination and recovery periods. The unpassivated device
shows a steady decrease under illumination, with an improvement during the recovery phase (albeit with
a significant difference between the forward and reverse scan values).

The Voo of the samples shows different results for each type of device. The EDAI devices decrease
slightly over the illumination period, and continue to decrease and then stay remarkably steady during
the recovery period. The salts passivated device show a large difference in the forward and reverse scan
values. The forward scan value appears to improve and stay steady, and the reverse scan appears to get
worse and then stay somewhat steady at that lower value. The unpassivated device appears to stay very
steady in the illumination period, and then improve significantly and rapidly with the onset of the recovery
phase, and then stay steady.

The FF of these devices also show different results. The EDAI device generally stay steady, with a slight
lowering of the FF at the onset of the recovery period. The salts passivated device also once again show a
significant gap between the forward and reverse scan values, which both decrease very slightly over the full
measurement period. The unpassivated device shows a fast decrease in FF which does not fully recover,
although there is a sharp increase in its values after 21 hours.

6.2.2 Dark Measurements
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Figure 6.6: J-V characteristics of devices with varying passivation layers in the dark at 0 V and their
recovery.
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In Figure 6.6 above, we see the samples when kept in the dark, with no bias applied to them. This will
test the devices' stability throughout the measurement period, without any other stresses applied. The
overall PCE of each device initially improves within the first 10 minutes, and then all stay steady during
the measurement period. Each device maintains the boost in PCE, with the EDAI devices showing the
most significant initial increase, and the largest hysteresis.

This is true for the Jso, Voc, and FF for each type of device. The Jgo of all devices seems to be very
slightly impacted by more frequent measurements (seen at around 12 hours), but this is recovered once
less frequent measurements are taken. The V¢ is also noted to have continually improved over time for
all devices.
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Figure 6.7: J-V characteristics of devices with varying passivation layers in the dark at Voo and their
recovery.

In Figure 6.7 above, we see the samples kept in the dark, but during the 'stress’ period they are kept
at an estimated Vo value of 0.7 V. We see that the PCE is relatively steady for all devices, with the
most significant change in the EDAI device. We see that the EDAI device PCE rapidly improves at the
beginning of the measurement period and then slowly decreases, but not back to its original value and
then has another jump in the PCE with the onset of the recovery, but then settles back down to a steady
value similar to what was measured during the stress period. The other two devices remain steady.

The Jsc of the EDAI device remains relatively steady over the whole measurement period. The salts
passivated device also appears steady during the stress period, with a sharp drop in its values at the
beginning of the recovery period, and then slow recovery trending towards its original value (but not
completely reaching it). The unpassivated device shows a similar trend as this, but then instead recovers
to a higher value during the recovery period.

The Voc of the EDAI device decreases over the measurement period, showing a gap between the forward
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and reverse scan values during the recovery period. The salts passivated and unpassivated devices both
show an imorovement overall in the measurement period.

The FF of the passivated devices appears relatively steady, with the EDAI device showing an improvement
from its original value, and the salts passivated device staying somewhat the same. The unpassivated
device shows an improvement during the stress period, followed by a decrease in the forward scan FF
during the recovery.

6.2.3 Discussion

Examining the stability of PSC device performances and other J-V characteristics under light exposure and
biasing can give insights into certain degradation mechanisms [60]. Furthermore, the Cqo layer has been
shown to also be unstable under UV-radiation. Through variation in the passivation layer, we can change
the perovskite/Cg interfacial contact, which means we can delve deeper into the interfacial degradation
that occurs at this site. By examining this for samples with different passivation layers, we can also glean
information on the contribution of the perovskite/ETL interface to their stability. In this section, we see
that even simply changing the passivation layer can result in varied performances of the device, and how
they degrade under different stress conditions. Only one round of these light-soaking experiments were
able to be ran due to time constraints of the project, and as such further repetitions of these measurements
would be needed to thoroughly examine the implications of these results.

We see that when the samples are illuminated for 12 hours at Vo the performance of the devices have
generally the same behaviour. The most noted difference in the device characteristic trends is in the fill
factor values. For the samples illuminated for 12 hours at Jgo we see different results. Most notably here
we see an increase in hysteresis over the whole measurement period for the salts passivated device, and
during the recovery period for the EDAI device. The Jgc of the EDAI device also significantly decreases
during the illumination period. Investigating the origin of these differences is difficult within the scope of
this project as these results were not reproduced and the samples were made using different techniques in
different environments.

We see that in general the PCE of the devices is affected by the presence and type of passivation layer
used. This shows that interfaces can influence the operational stability of PSC devices. Overall the devices
with EDAI outperform the samples with alternate passivation/no passivation - although, once again, since
the conditions that these samples were made with were from different operating procedures, different
environments, and by different people, only tentative conclusions can be drawn from this.

An important observation can be made from the Dark 0 V measurements. We see that if we do not apply
a bias or illumination to the samples, they stay stable (and may even slightly improve in their performance)
over the measurement period. This underlines that the changes in stability that we observe for the samples
is as a result of the illumination or biases we apply to them. It also highlights that these different stresses
will affect the devices differently if they have an altered perovskite/ETL interface.

Further, the devices as a whole are shown to degrade more under light-radiation exposure than when kept
under stress in the dark. We do see that the unpassivated devices have some recovery abilities, but at a
lower and slower magnitude to their passivated counterparts. Overall, all the samples appear to recover
well after light-soaking, implying that these samples are relatively stable under light and can somewhat
self-recover.
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6.3 Effects of Interfaces on Degradation

We have observed how full stack solar cell devices may degrade in an inert, nitrogen environment under
light exposure and electrical biasing. This highlighted the role of how altering interfaces in the device may
change the operational stability of the cells. Thus, interfaces in a PSC device will affect the degradation
of the PSC over time. In order to investigate how other forms of stress may influence the degradation of
PSC devices, and how the ETL and metal contact interfaces might contribute to this, we examined the
following.

The role of the ETL and metal contact interfaces, with each other and with the perovskite, in the
degradation of the lead-tin perovskite solar cell was investigated by way of preparing 3 different types of
samples (see Section 4.1), to examine the degradation of the solar cell as a whole, and how this may
change as layers are removed. In order to examine the degradation, J-V curves were measured, the UV-Vis
absorbance of the samples was measured, the crystal composition and structure was examined using EDX
and XRD measurements, and the morphological changes were examined through SEM imaging.

In order to examine the origins of each type of degradation, three different storage environments were
employed. Samples were either stored in the inert, dry nitrogen environment in the glovebox, in dry air,
and in ambient air (see Section 4.8). Within each degradation batch, a set of all 3 samples were made
using the same perovskite precursor, and all fabricated within the same time period to ensure as much
consistency between samples as possible.

6.3.1 Metal Contacts

First we investigate the contribution of all the layers, including the metal contacts. These samples were
the full stack devices. For the most part the devices were made with copper as the back contact electrode,
however silver was used for one batch.

Ambient air degradation

These samples were made using the SCIPRIOS SpinBot as discussed in the previous section. The per-
formance of the devices was measured when they were freshly made (>18 hours after evaporation), and
then 7 days after. In Figure 6.8 below, we see the PCE spread over the 4 pixels for each device. Half of
these samples were stored inside the glovebox, and half outside. These samples were made with the initial
SpinBot recipe, without the adjusted annealing time and temperature. The outline of the PCEs measured
for each pixel and the overall device averages per type of device can be seen Tables 6.4, 6.5, 6.6 and 6.7
below.
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Figure 6.8: Batch of 15 samples made with the SpinBot, made with the original SpinBot procedure. 8
samples were made with copper electrodes, and 7 were made with silver electrodes. Half of each type of
device were stored inside the nitrogen environment of the glovebox, and the other half were stored inside

a sample drawer.

Copper Devices
. PCE PCE PCE PCE Average
Device No. . o . o . o . o o
Pixel 1 (%) | Pixel 2 (%) | Pixel 3 (%) | Pixel 4 (%) | PCE (%)
01 6.4 0.0 6.4 5.6 4.6
02 7.4 6.7 7.0 6.8 7.0
03 9.4 8.2 1.8 1.9 53
04 7.5 0.0 7.8 7.2 5.7
05 7.6 6.3 6.0 4.3 6.1
06 8.3 5.2 5.9 4.8 6.0
07 5.4 5.6 7.2 7.0 4.2
08 2.9 7.0 1.9 5.1 5.6
| Mean across all devices (%) | 56 |

Table 6.4: Device measurements of PCE across different pixels and average PCE per freshly made devices
with copper electrodes seen in Figure 6.8 above.

Silver Devices
. PCE PCE PCE PCE Average
Device No. . . . .

Pixel 1 (%) | Pixel 2 (%) | Pixel 3 (%) | Pixel 4 (%) | PCE (%)
09 0.5 55 7.2 7.5 5.2
10 8.3 6.7 7.1 6.5 7.2
11 8.0 7.3 0.5 7.8 7.4
12 0.7 6.7 7.6 6.4 5.4
13 0.0 7.4 7.6 7.3 5.6
14 0.9 7.3 8.1 7.7 6.0
15 0.0 0.0 5.7 7.1 3.2

| Mean across all devices (%) | 57 |

Table 6.5: Device measurements of PCE across different pixels and average PCE per freshly made devices
with silver electrodes seen in Figure 6.8 above.

We can see in the graph above, the performance of the copper and the silver appear to be approximately
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the same in the fresh batch. Each batch of samples was fabricated in sets of 8. There appears to be a
slight trend downwards of performance for devices along the 7th and 8th devices for each batch (device
number 8 for the copper, and device number 15 for the silver).

Once left to age for 7 days in the glovebox, we see a small difference in the performance between the
different metal electrodes. The copper samples appear to have retained most of their perfomance, whereas
the performance of the silver samples has dropped (see Tables 6.6 and 6.7 below).

Copper Devices
. PCE PCE PCE PCE Average
Device No. . o . o . o . o o
Pixel 1 (%) | Pixel 2 (%) | Pixel 3 (%) | Pixel 4 (%) | PCE (%)
1 3.1 43 0.6 0.9 2.2
2 7.6 7.2 5.8 5.6 6.6
3 5.9 4.6 6.5 6.2 5.8
4 6.1 0.0 6.7 6.7 4.9
| Mean across all devices (%) \ 4.9 |

Table 6.6: Device measurements of PCE across different pixels and average PCE per devices with copper
electrodes stored in the glovebox for 7 days, as seen in Figure 6.8 below.

Silver Devices
. PCE PCE PCE PCE Average
Device No. . . . .

Pixel 1 (%) | Pixel 2 (%) | Pixel 3 (%) | Pixel 4 (%) | PCE (%)
09 5.2 3.7 4.3 4.6 4.4
10 1.6 4.6 5.7 5.1 4.2
11 4.9 5.3 6.3 7.2 5.9
12 0.6 0.3 2.0 4.8 1.9

| Mean across all devices (%) \ 4.1 |

Table 6.7: Device measurements of PCE across different pixels and average PCE per devices with silver
electrodes stored in the glovebox for 7 days, as seen in Figure 6.8 below.

As for the samples that were stored outside the glovebox, in ambient air, their ability to function as a solar
cell appears to have been depleted altogether as we can observe in Figure 6.8 above. When examined
for other batches, we also saw that this performance drop to 0% can be seen within the first 24 hours of
exposure to ambient air.

The samples stored outside the glovebox had their visual appearance changed. The samples became less
opaque in appearance, more red in colour, and the samples with the yellow-ish tint caused by the electron
transport layer lost this yellow colour (see Appendix C). This change in optical properties was then studied
using UV-Vis absorbance measurements. As we can see in Figures 6.9 and 6.10 below, the samples that
were stored inside the glovebox experienced almost no change in their absorbance spectrum, for both
devices with the copper and the silver electrodes. However, for the samples stored outside the glovebox,
we see a shift of the absorption onset into the bluer wavelength range. See Appendix D for more frequently
measured absorbance spectra.
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Figure 6.9: Absorbance spectrum for full-stack PSC devices with copper back electrodes. (Yellow) Day
1, fresh device. (Red) Day 19, aged device, stored inside the glovebox [GB]. (Blue) Day 19, aged device,
stored outside the glovebox [NGB]. Detector defect appears around 860 nm, causing a jump in the spectra.

11
s Samples measured, ordered by day
1.
s - Day 1 GB

08— g o Day 19 GB
> ~ w Day 19 NGB

i s \‘J
~
£ 07 . -
o \ N

-ﬂ \
< 04 \
0.3 - Te— N
0.2 S S
0.1

0.0
500 G500 700 800 804 1000 1100 1200

Wavelength [nm]

Figure 6.10: Absorbance spectrum for full-stack PSC devices with silver back electrodes. (Yellow) Day 1,
fresh device. (Red) Day 19, aged device, stored inside the glovebox [GB]. (Blue) Day 19, aged device,
stored outside the glovebox [NGB]. Detector defect appears around 860 nm, causing a jump in the spectra.

Then we investigated how the morphology of the samples changed. As we can see in Figure 6.11 below,
the samples stored inside the glovebox went through minimal surface morphology changes. As for the
samples stored in ambient air, we do see morphology changes, including the appearance of some defects
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visible after only 7 days, and 28 days. These changes are in line with what was observed in the optical
properties exhibited by the UV-Vis absorbance spectra, as the samples stored in the glovebox also appeared
relatively unchanged.

(d) Day 28 stored inside glovebox (e) Day 28 stored in ambient air

Figure 6.11: SEM images of full stack PSC devices with copper back electrodes. The samples were
examined when (a) freshly made, (b)-(c) after being aged for 7 days, and (e)-(f) after being aged for 28
days.

As for the silver, we see a similar effect. The samples stored inside the glovebox exhibited no new defects
on their surface, and overall the morphology remained similar, albeit with a slightly rougher morphology.
However, the samples stored in ambient air appear to have more of a significant change in morphology,
including new defects.
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(d) Day 28, stored inside glovebox (e) Day 28, stored in ambient air

Figure 6.12: SEM images of full stack PSC devices with silver back electrodes. The samples were examined
when (a) freshly made, (b)-(c) after being aged for 7 days, and (e)-(f) after being aged for 28 days.

After 30 days, only 2 more days of ageing than the samples seen in Figures 6.11 (e) and 6.12 (e) above,
the samples stored outside the glovebox showed a new type of morphological change for the full stack
devices. As we can see in Figure 6.13 below, the appearance of small white rods can be seen on the
surface of the samples. They appear larger in the device with silver electrodes than in the device with
copper electrodes. Upon examination using EDX, we see that they cause a carbon peak in Figure 6.14
below. This is in contrast to the other elements detected in the samples, which did not have show any
peaks in the areas of the rods.
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(a) Day 30, stored in ambient air (Copper) (b) Day 30, stored in ambient air (Silver)

Figure 6.13: SEM images of full stack PSC devices with (a) copper and (b) silver back electrodes. The
samples were examined after being aged for 30 days in ambient air.

Figure 6.14: Linescan of white rod on full stack device with silver electrodes, as seen in Figure 6.13 (b)
above, and the Carbon Kal,2 peak that appears when the white rod is scanned.

In order to further understand these white rods, we examined the XRD patterns for these samples. In
Figure 6.15, we see these diffraction patterns, with their perovskite peaks identified. Non-perovskite peaks
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are also identified. We see that ITO peaks begin to appear for samples as they age and the absorber layer
becomes thinner, both inside and outside the glovebox. In the samples stored outside the glovebox, we
also see a new peak form, which can be identified as CsSnls, which is in agreement with the unpublished
paper written by Rombach et al, 2024 [59]. The perovskite peaks were identified by estimation from
similar perovskite structures [74, 75].
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Figure 6.15: XRD patterns for full stack PSC devices with (top row) copper and (bottom row) silver

electrodes, stored (left column) inside the glovebox and (right column) in ambient air. The perovskite
peaks are identified, the ITO peaks are denoted by '*' and the CsSnl; peak is denoted by 'X'.

Dry air degradation

In order to further examine how these samples change, and why, the variable of moisture in the air was
removed. For this part of the study, full stack devices with copper electrodes were stored inside a desiccator
for 24 days and examined as described in the previous section.

We see in Figure 6.16 below how the samples’ absorbance spectra changed over the course of the 24
days. These changes were similar to the samples stored in ambient air. We see a that the onset of the
absorption shifts into shorter, bluer wavelengths. Similar to the devices stored in ambient air, the samples
also went through a colour change, turning more red and less opaque. The yellow-tint from the electron
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transport layer also disappeared over time.
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Figure 6.16: Absorbance spectra for full stack PSC devices with copper electrodes, stored in a desiccator.

The morphology of these samples was also examined, and these SEM images also showed changes similar
to what was observed for the samples stored in ambient air. We see these changes for the devices stored
in the desiccator for 8 and 24 days respectively in Figure 6.17 below.

LIy

(a) Full stack stored 8 days in dry air (b) Full stack stored 24 days in dry air

Figure 6.17: SEM images of full stack PSC devices with copper back electrodes. The samples were
examined after being aged for (a) 8 days and (b) 24 days in dry air.

The XRD patterns for these samples were similar to the patterns of the devices stored in ambient air. We
see in Figure 6.18 below that they have nearly-identical peaks. The main difference we observe is the lack
of a discernible CsSnls peak in the samples stored inside the desiccator.
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Figure 6.18: XRD patterns for full stack PSC devices with copper electrodes, stored (left) in ambient air
and (right) in dry air. The perovskite peaks are identified, the ITO peaks are denoted by '*' and the

CsSnl; peak is denoted by 'X'.

6.3.2 Electron Transport Layer

Next we can examine samples made without metal contacts, and without an electron transport layer to
try and understand their contribution to the degradation of the solar cells. Refer to Section 4.1 for an

illustration of these two partial stacks.

Ambient air degradation

The samples were stored and examined alongside the full stack devices described in the previous section.
As we can see in Figures 6.19 and 6.20 below, we see the same trend as we saw with the full stack PSC
devices. The samples stored inside the glovebox almost entirely retain their absorpbance spectra, whereas
the samples stored in ambient air exhibit a blue-shifting of their absorption onset. The same differences
were observed in these samples; that the samples stored in ambient air appear more red in colour, less
opaque, and the yellow tint of the electron transport layer disappears.
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Figure 6.19: Absorbance spectrum for partial stacks without metal back electrodes. (Yellow) Day 1, fresh
sample. (Red) Day 19, aged sample, stored inside the glovebox [GB]. (Blue) Day 19, aged sample, stored
outside the glovebox [NGB]. Detector defect appears around 860 nm, causing a jump in the spectra.
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Figure 6.20: Absorbance spectrum for partial stacks without metal back electrodes or electron transport
layer. (Yellow) Day 1, fresh sample. (Red) Day 19, aged sample, stored inside the glovebox [GB]. (Blue)
Day 19, aged sample, stored outside the glovebox [NGB]. Detector defect appears around 860 nm, causing

a jump in the spectra.

Morphological changes were examined for these samples. A clear difference is see a difference between the
different stacks. We see in Figure 6.21 below, that the samples stored inside the glovebox are relatively
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unchanged in their surface morphology, which is consistent with what we have observed in the full stack
devices, and in these samples’ UV-Vis absorbance spectra. However, for the samples that were stored in
ambient air, we see that the white rods that appeared on the full stack devices after 30 days, are now
appearing on these samples after only 7 days. Repeated experiments with these types of samples show
that these rods will appear on these specific type of partial stacks in as few as 5 days stored in ambient
air. These white rods were also identified as carbon using EDX, seen in Figure 6.22 below.

(d) Day 28, stored inside glovebox (e) Day 28, stored in ambient air

Figure 6.21: SEM images of partial stacks with no metal back electrodes. The samples were examined
when (a) freshly made, (b)-(c) after being aged for 7 days, and (e)-(f) after being aged for 28 days.
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Figure 6.22: Linescan of white rod on partial stack sample with no metal electrodes, as seen in Figure
6.21 (c) above, and the Carbon Kal,2 peak that appears when the white rod is scanned.

From analysing samples that have no electron transport layer, or metal electrodes, we draw the conclusion
that the appearance of these white rods is shown to be related to the presence of the electron transport
layer. As we can see in 6.23 below, the samples that were aged in ambient air that had no electrodes or
ETL do not show the appearance of white rods, even after 28 days.
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(d) Day 28, stored inside glovebox (e) Day 28, stored in ambient air

Figure 6.23: SEM images of partial stacks with no metal back electrodes and no electron transport layer.
The samples were examined when (a) freshly made, (b)-(c) after being aged for 7 days, and (e)-(f) after
being aged for 28 days.

To further solidify this theory, the samples were also imaged in the SEM after being aged in ambient air
for 30 days, as this was when the white rods appeared for the full stack devices (refer back to Figure 6.13).
In Figure 6.24 below, we see that the sample with an ETL does show these white rods on its surface,

whereas the sample without the ETL does not, even after 30 days.
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(a) Day 30, stored in ambient air (b) Day 30, stored in ambient air

Figure 6.24: SEM images of partial stack PSC devices with (a) no metal electrodes and (b) no ETL and
no metal electrodes. The samples were examined after being aged for 30 days in ambient air

We examined the XRD patterns for these samples over the intermittent time intervals over the degradation
period. As we can see in Figure 6.25 below, there are no unique peaks on the XRD patterns that could
indicate a new crystalline structure that would represent the white rods.
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Figure 6.25: XRD patterns for partial stacks with (top row) no metal electrodes and (bottom row) no

ETL or metal electrodes, stored (left column) inside the glovebox and (right column) in ambient air. The
perovskite peaks are identified, the ITO peaks are denoted by '*' and the CsSnl; peak is denoted by 'X'.

Dry air degradation

The same characterisation measurements were performed on the same type of samples, with half of them
stored in dry air in a desiccator for 24 days. This batch included the full stack devices discussed previously.
This was to glean more information on the origins of the degradation process that produces the amorphous
carbon white rods.

As we can see in Figures 6.26 and 6.27 below, they follow the same trends we saw before in the samples
stored in ambient air with the changing of the absorption onset, as well as a similar trend to the full
stack devices stored inside the desiccator. The visual change in the samples was also consistent, where
they turned less opaque and more reddish in colour, with the yellow tint from the samples with the ETL
disappearing over time.
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Figure 6.26: Absorbance spectrum for partial stacks with no metal back electrodes, stored in a desiccator,
over the course of 24 days.
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Figure 6.27: Absorbance spectrum for partial stacks with no ETL and no metal back electrodes, stored in
a desiccator, over the course of 24 days.

Once again, the surface morphology of these samples was examined over the course of their degradation
period. Below in Figure 6.28 we see a different result than expected. Where the samples with an ETL
and no electrodes had shown the appearance of white rods on their surface when stored in ambient air
for a minimum of 5 days (replicated over the course of a few different batches), these samples had no
appearance of white rods, even after 24 days. This further develops the theory on how the white rods
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appear on the surface, as it does not seem to be a purely oxygen-driven process, and instead is a process
that requires the samples to be exposed to moisture.

"r. F ’ : W
(a) Day 8, stored in dry air (b) Day 24, stored in dry air

Figure 6.28: SEM images of partial stack PSC devices without metal back electrodes. The samples were
examined after being aged for (a) 8 days and (b) 24 days in dry air.

Additionally, the samples without an ETL also showed a different surface morphology than what was
observed when stored in ambient air. We can see this in Figure 6.29 below. These samples appeared to
have a bright cubic-like structure form on its surface. When these cube-like regions were examined with
an EDX, we saw no unique element peaks, leading to a theory that it may be a secondary cubic perovskite
phase forming on its surface.

Figure 6.29: SEM images of full stack PSC devices without an ETL or metal back electrodes. The samples
were examined after being aged for (a) 8 days and (b) 24 days in dry air.

We examined the XRD patterns of these samples to compare them to their counterparts stored in ambient
air, which can be seen in Figure 6.30 below. We did not observe any unique peaks appearing in the
samples stored inside the desiccator. The main difference between the two batches is, as observed in the
full stack devices, the presence of the CsSnl; peak in the samples stored in ambient air, whereas there
was no such peak in the samples stored in dry air.
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Figure 6.30: XRD patterns for partial stacks with (top row) no metal electrodes and (bottom row) no

ETL or metal electrodes, stored (left column) in ambient air and (right column) in dry air. The perovskite
peaks are identified, the ITO peaks are denoted by '*' and the CsSnl; peak is denoted by 'X'.

6.3.3 Passivation Layer

It can be clearly seen that the perovskite/ETL interface creates a unique form of degradation in comparison
to the other interfaces. In order to further examine this, we altered this interface. As was mentioned
previously, a passivation layer was deposited between the perovskite and electron transport layer, in order
to improve their contact and reduce interfacial defects. For all previous samples discussed so far, and an
EDAI monolayer was used for the passivation layer.

Short-term degradation experiments were repeated for samples with a different passivation layer (IM and
CF3BOM) (see Chapter 4 for details), and without a passivation layer. These samples were aged in two
ways by storing them in ambient air as we had done for the previous batches.
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Ambient Air Degradation

In ambient air, we see very similar results as we had seen for the full stack samples with the EDAI passi-
vation. Below in Figure 6.31 (c) we can see that the full stack devices with the IM/CF3BOM passivation
layer also do not show white rods after 7 days of ageing. Below in 6.31 (a), we do see small white spheres
on the surface, but these were present in the fresh samples. EDX analysis identifies these as tin-based
spheres. We also see in the devices with no passivation layer, in Figure 6.31 (b), flower-like structures.
These were identified with EDX analysis as SnFy (see Appendix E), which is in line with the flower-like
structures reported in Liao et al's 2016 paper [76]. No white rods appeared after 7 days on these samples
either, however due to data loss from the server no image is available to exhibit this.

(c) Day 7 (IM and CF;BOM)

Figure 6.31: SEM images of full stack devices with (a & c) a IM/CF3BOM passivation layer and (b) no
passivation layer. The samples were examined when (a-b) freshly made, (c) after being aged for 7 days.

In the samples without metal contacts we also see the same results in the IM/CF3BOM passivation layer
samples and the no passivation layer samples, as we saw in the samples with the EDAI passivation layer.
Below in Figure 6.32 we see that both the alternate passivation layer and the samples without passivation
exhibit the white rods. These rods were once again identified as carbon using EDX analysis.
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(c) Day 7 (IM and CF3BOM) (d) Day 7 (No Passivation)

Figure 6.32: SEM images of partial stacks with with (a & c) a IM/CF3;BOM passivation layer and (b & d)
no passivation layer, as well as no metal back electrodes. The samples were examined when (a-b) freshly
made, (c-d) after being aged for 7 days.

Finally, we see that the samples without metal contacts and without an ETL exhibit the same results as
before with a changed passivation layer. As we can see in Figure 6.33 below, these samples did not show
any evidence of white rods on their surface. Both of these types of samples appeared very beam-sensitive,
particularly the aged sample without a passivating layer. Focusing the beam was found to cause cracks
appearing at the grain boundaries. For the samples without passivation, the flower-like structures were
present for these partial stacks as well.
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Figure 6.33: SEM images of partial stacks with with (a & c) a IM/CF3BOM passivation layer and (b &

d) no passivation layer, as well as no metal back electrodes or electron transport layer. The samples were
examined when (a-b) freshly made, (c-d) after being aged for 7 days.
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6.3.4 Discussion

When we examine the UV-Vis absorbance spectra of all the different stacks, we see that the optical
properties of the samples seem to degrade in a very similar way. The samples stored inside the glovebox
appear to retain their same absorbance spectra as when they are freshly made, indicating that the optical
properties do not significantly change in the absence of moisture and oxygen. Thus, the changing of this
property appears to be mostly dependant on their exposure to oxygen, as the trend is consistent in ambient
and dry air (see section 4.8). The samples aged in ambient and dry air showed a change in their spectral
shape along the same trend: a blue-shift of the absorption onset. None of the samples appear to exhibit a
different trend of degradation unique to their stack category, and appear to degrade along roughly the same
timescale. The samples without ETL did appear to visually become more translucent faster, and more red.
An explanation for this could be that the surface of the perovskite is more exposed to the atmosphere,
due to there being no extra layer over the perovskite to act as a barrier for oxygen and moisture. To
further investigate this in future studies, more frequent absorbance measurements could be taken on the
samples, in shorter time frames, e.g. measuring the absorbance over 15 minute - 1 hour intervals, to see if
the initial response to exposure to ambient air is different. Concurrent photoluminescence measurements
may also shine more light on how the optical properties of each type of sample changes, and be a good
compliment to the absorbance measurements.

Similarly we see in our XRD pattern analysis that the perovskite peaks for all samples stored in an
oxygenated environment experience a peak shift to the left (see Appendix H) . This is in line with what
has been observed for CsFA lead-tin perovskites in literature [75]. The shifting of the peaks could be
due to a small increase in the perovskite crystals’ lattice parameter [58] or due to a change in lattice
strain [77]. Further investigation into the origins of this peak shifting could be done in order to expand
the understanding of the potential degradation mechanisms at play here. We can also see that over time
the ITO peaks increase in relative intensity, which gives credence to the assumption that the perovskite
layers might be thinning. This is not seen in the samples stored in the inert, nitrogen environment of the
glovebox. Their peaks appear to be at the same 20 position, and we do not see increased intensity in the
ITO peaks.

The composition of the white rods that appear on the surface of aged samples was investigated. In
a study by Liao et al in 2016, there were similar defects seen on the surface of pure-tin perovskite
(FASnl3) cells, identifying them as related to the concentration of SnF, in the perovskite precursor [76].
Similarly, a study done by Pious et al in 2023 also observed bright rod-like defects on the surface of
lead-tin perovskite ((FASnI3)o.¢(MAPDI3)o.4) cells. These were also related to the SnFy concentration in
the perovskite precursor solution. They found that at concentrations of SnFy higher than 5 mol %, the
SnF, will segragate at both the HTL/perovskite and ETL/perovskite interfaces. This can then result in
easily oxidised SnFy, forming SnO; oF 205 at the surface. [78] In both of these studies, they identified
tin and fluorine at these small, bright, rod-like structures using EDX. When we performed EDX analysis
on the samples, we ran map scans and line scans across multiple regions of these white rods, over the
course of multiple batches. Repeatedly we did not detect any tin peaks or fluorine peaks, but we did
consistently detect strong carbon emission peaks from these regions. This was detected using a variety
of accelerating voltages (2.5 keV - 12.5 keV). The maps and linescans were typically run between 3 -
15 minutes, depending on the sample. Perovskite can be very beam-sensitive, particularly the degraded
samples. Therefore, we had to be careful to balance getting the highest resolution possible for the
measurements with not damaging the samples too egregiously. In Appendix F we can see the aftermath
of running these measurements on the surface of a perovskite sample.

These results were different to what we found in the studies that identified their white rods as SnF,. Firstly,
these bright rod structures were observed for them in freshly made samples, not aged ones. Secondly,
while the structures look similar to the bright rods we observe on our samples, our EDX analysis provided
us with different results. We ensured that SnF, can be correctly identified, as these defects were identified
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correctly in the samples seen in Figure 6.31 (see Appendix E). Our EDX analysis identified these rods as
carbon. Furthermore, a lack of unique peaks in the XRD pattern analysis, across the different types of
samples, is also noted. This was unexpected as white rods appeared on the surface of the samples with an
electron transport layer over time. Therefore, the interpretation of the XRD patterns is that the carbon
rods are amorphous.

We now need to examine the perovskite stack, and try to determine where this amorphous carbon was
coming from. we managed to rule out external contaminants, as all 3 types of the samples were stored
in the same sample boxes and in the same environments. we knew that two likely sources of carbon
were either within the perovskite layer, or from the electron transport layer. Within the perovskite layer,
there was formamidinium iodide (HC(NHx)2l). This was an obvious source of carbon. As for the electron
transport layer, which is Cgg and BCP (CysHogN3), both materials contain carbon. From literature review
and considering the changes in each of the samples, we formed the theory that the amorphous carbon was
coming from the Cgo section of the electron transport layer. This was due to a few reasons. Firstly, these
white rods only appear on samples that have an electron transport layer. The samples that have no ETL
still have the perovskite and passivation layers, which would contain formamidinium. The samples that
had no passivation layer or an alternative passivation layer (with an ETL) also exhibited these morphology
changes, indicating that the carbon does not come from the passivation layer materials. Secondly, through
literature review, we was unable to find evidence that formamidinium typically degrades into any form of
amorphous carbon in ambient conditions, with a study involving FAPbI; suggesting that the distrubution of
FA ions does not change to exposure of light or humidity alone, but instead needs a combined stress [79].
Particularly CsFA compositions for tin-lead perovskites have been found to be significantly stable under
damp-heat conditions [57]. Thirdly, it is known that fullerenes have poor morphological stability due to
fullerene diffusion and aggregation in the thin film over time, caused by their relatively weak intermolecular
interactions [63, 80]. Thirdly, while BCP layer is unstable, both in air and under thermal stress. BCP
exposed to air quickly aggregates and crystallises [66]. This means it does not create amorphous carbon,
but it does expose the layers below it to infiltration of moisture and oxygen.

The timescale before the appearance of the amorphous carbon rods is significantly elongated by the
presence of an ETL/metal electrode interface, wherein the timeline of the morphology change lengthens
from ~5 days without the presence of the metal electrode interface to ~30 days with the presence of
the metal electrode interface. An interfacial interaction that could be considered as an explanation for
the appearance of the amorphous carbon rods is the potential mixing of the Cgy and BCP, which allows
the metal to come into direct contact with the Cg [45], which could change the mechanisms occuring at
the perovskite interface. It has been seen that this metal diffusion can be accelerated in operating PSCs,
which could be triggered by the J-V curve measurements. We could alternatively explain this to be the
copper acting as a desiccant for the perovskite surface, which has been reported for fully encapsulated
PSCs by Wijesekara et al in 2021 [68]. The delay could indicate that the copper metal contacts are
being preferentially corroded by the oxygen and moisture in the ambient atmosphere, demonstrating that
moisture may play a role in this degradation process.

The humidity of the environment in which the samples were stored and aged was observed to make a
substantial difference to how the surface morphology changed. The samples that were stored in ambient
air experienced ~72% humidity and the samples stored in the desiccator experienced ~16% humidity. We
checked this using a hydrometer, which was stored in the same environment as the samples for about 12
hours each. The desiccator was not completely sealed, and so the moisture was not completely removed
from the air, but still provided a substantial difference in humidity for the purposes of this experiment.
The samples with and ETL and no metal contacts that were stored in dry air did not show any white
rods on the surface, even after 24 days, despite their ambient air counterparts doing so after 5-7 days.
These samples without an ETL and metal contacts stored in dry air also showed a new bright cube-like
surface. This was assumed to be a perovskite phase, as we did not observe any particular EDX element
peaks or unique XRD peaks for this surface. Therefore, the morphological change we observed appeared
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to be related more to the presence of moisture and oxygen, than just oxygen alone.

In deeper investigation into how this may relate to a potential degradation mechanism of Cg,, we discovered
a study that had been done on organic photovoltaics (OPV) solar cells, where Cgy had been investigated
as an ETL in a planar p-i-n structure stored in both ambient and dry air. This study, done by Bastos et
al in 2016, concluded that the degradation of Cgq is primarily driven by oxygen, although the presence of
moisture accelerates this [81]. Further, there have been studies done on the possibility of amorphisation
of Cgo to give amorphous carbon products, albeit more focused on high-temperature thermal degradation
and not perovskite-focused [82]. This still gives some credence to the theory that under certain stresses,
such as exposure to moisture and oxygen, enough stress may cause the breakdown of the fullerene cage
and formation of amorphous carbon by-products.
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Chapter 7: Outlook and Conclusion

Through the use of the SCIPRIOS SpinBot we have successfully improved the reproducibility of perovskite
solar cells within a batch, and between batches. We can see that the average performance of a device
has become more consistent within a batch. This is useful for qualitative studies on perovskite thin
film samples and solar cell devices, allowing for more conclusive comparisons. Further study on how the
different fabrication variables (tip height, annealing temperature/time, dispense speed of solvent) affect
the overall performance and consistency of batches would help develop the understanding and improve
the performance even further. In particular, improving the atmosphere of the spincoating environment
further, for example through introducing more nitrogen flushing into the spincoating bowl, may significantly
improve the perovskite optoelectronic properties. These potentially higher quality films/devices then may
be more stable in both the long- and short-term.

The improvement in reproducibility allowed us to draw good comparisons between different perovskite
stacks, by keeping the fabrication of the perovskite absorber layer and passivation layer as consistent as
possible. We used this to compare how different methods of device ageing give rise to different types of
degradation of the perovskite stacks. This included light-soaking to examine the photodegradation of the
PSC devices, and ageing in ambient and dry air atmospheres.

The light-soaking and biasing measurements showed us that the operational stability of a lead-tin PSC
stack under illumination and applied biases can be influenced by the interface of the perovskite absorber
layer and the electron transport layer. By changing the passivation layer at this interface, we see different
behaviours in the devices. The devices were also shown to be stable during the measurement period when
no stress was applied, showing that PSC devices can be degraded by exposure to light and under electrical
biasing. Since only one round of these measurements was done, further repetitions of these measurements
should be done to check the reproducibility of these results. Repetitions of these measurements and
combining them with other investigations, such as concurrent impedance experiments, will help elucidate
the degradation pathways. Longer light-soaking cycles may also expand the understanding on how stable
the cells are under light exposure, and their ability for recovery. Imaging of the surface morphology of
these samples that were aged under light may be an interesting way to expand on this study in the future.

In the investigation into the contribution of the electron transport layer and metal contact interfaces to the
degradation of the overall lead-tin perovskite solar cell, we saw that the perovskite/ETL interface causes
a change in the morphology of the sample. In samples that had this interface, SEM imaging showed
that amorphous carbon rods appear when aged in ambient air. The timescale of the appearance of these
rods was influenced by the ETL/metal contact interface. The presence of the rods after ageing was also
seen to be influenced by the humidity of the environment they were stored in, indicating that the process
is driven, or accelerated by, moisture. In order to investigate this degradation mechanism further, and
understand the origins of this degradation pathway, repetitions of the dry air ageing experiments should
be done, for a longer timescale. Measurements on these white rods could be done using XPS to increase
the understanding of their composition. Cross-section measurements of the samples with white rods could
also be done to investigate if these carbon rods only appear on the surface, or if there is any migration
into the perovskite layer. To study the influence of these rods on the operational stability of the solar
cells, fresh electrodes could be evaporated onto samples where they are present, and J-V measurements
taken.

These ageing experiments may also be expanded to alternative, non-fullerene electron transport layer
materials, to substitute Cgp, to act as a control to cement the theory that these rods are originating from
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the ETL and not the perovskite material itself. Stacks may also be made with a direct perovskite/metal
contact interface and aged.

Overall, there are still many pathways through which the contribution of interfaces to perovskite solar cell

degradation could be investigated. Through this, we may glean a better understanding of the stability of
PSCs and propel this into a commercially viable solar PV technology.
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IEA Roadmap

A

Figure 1: Adapted from the IEA Net Zero by 2050 Roadmap for the Global Energy Sector. [27]
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B |ITO Substrate Pattern

Figure 2: Pattern for ITO on glass substrates.
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Figure 3: Photo of the aged samples, after 1 week (left) and 3 weeks (right).
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Figure 4: Daily absorbance measurements for Copper
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Figure 5: Daily absorbance measurements for Silver
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G Light-Soaking Code

These light-soaking Spyder files were written by Moritz C. Schmidt and Daphne M. Dekker.

automated light soaking script_fiona.py

41
42
43
44
45
46
47
48
49
50
51

53
54
55
56

from pathlib import Path

import

sys

import time

import

os

import numpy as np

sys.path.insert(

0, r’C:\Users\Paios\Documents\Data\Fiona\Light soaking tools\agilentCharacterization’)
sys.path.insert(0, r’C:\Users\Paios\Documents\Data\Fiona\Light soaking tools\Pixelswitch’)

sys.path.insert(0, r’C:\Users\Paios\Documents\Data\Fiona\Light soaking tools\Pico?’)

if True:

from Pixel import Pixel
from Keithley2400 import Keithley2400

from pixelswitch import switch_pixel

from Pico import Pico

keithley = Keithley2400(source=’>GPIBO::24::INSTR’)

pico =

Pico(ip=’192.87.154.137°, id=’00000000565895fd)

experimentname = ’FM017_Dark_Voc’

device

pixels

pixels.

pixels.

pixels.

pixels.

= 7408’

[

append (Pixel (connection=’A1’,
pixel=’P1°’,
name=>{}_{}_{}_{}_P1’.format ({},device,{},{}),
path=Path(
r’C:\Users\Paios\Documents\Data\Fiona\20240531_FM017°),
active_area=0.04))
append (Pixel(connection=’A2’,
pixel=’P2’,
name="{}_{}_{}_{}_P2’.format ({},device,{},{}),
path=Path(
r’C:\Users\Paios\Documents\Data\Fiona\20240531_FM017°),
active_area=0.04))
append (Pixel(connection=’A3’,
pixel=’P3’,
name="{}_{}_{}_{}_P3’.format ({},device,{},{}),
path=Path(
r’C:\Users\Paios\Documents\Data\Fiona\20240531_FM017°),
active_area=0.04))
append (Pixel (connection=’A4’,
pixel=’P4’,
name="{}_{}_{}_{}_P4’.format ({},device,{},{}),
path=Path(
r’C:\Users\Paios\Documents\Data\Fiona\20240531_FM017°),

active_area=0.04))
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57 led = ’Pico’
58 pico.load_spectrum(r’C:\Users\Paios\Documents\Data\Fiona\Light soaking tools\Pico\spectrumAMip5g.json’)

60 pico_intensity = [100] # Intensity in 7%

63 t_lightsoaking = [0] + [600]*12 + [36001%10 # in s (JV curve every 10 min for 2 h, then once every hour for 10 more hours, 12 h total)
64 light_soaking_iterations = len(t_lightsoaking)

66 t_recovery = [300]*4 + [600]*4 + [3600]*11 # in s (JV curve after 5, 10, 15 and 20 min, then after 30, 40, 50, 60 minutes, then once
every hour for 11 h)

67 recovery_iterations = len(t_recovery)

68

69 for pixel in pixels:

70 print(pixel.name)

71 temppath = Path(pixel.path)

72

73 if not os.path.exists(temppath):
74 os.makedirs (temppath)

75 pixel.temppath = temppath

76

77 #%k Single dark curve
78 illum = ’dark’

79 t = 200000_2’

80 folder = ’Dark_Voc’
81

g2 #pixel = pixels[0]

83

84 for pixel in pixels:

85 switch_pixel(pixel.connection)

86

87 keithley.sweep_jv(output=Path(pixel.temppath),
88 experimentname=experimentname,

89 devicename=pixel.name.format (folder,illum,t),
90 led=1led,

91 t_lightsoaking=0,

92 led_current=100,

93 temperature=’RT’,

94 start_voltage=-0.2,

95 end_voltage=1.2,

96 voltage_step=0.04,

97 scan_speed=0.1,

98 direction=’bidirectional’,

99 prebiasV=0,

100 prebiasT=0,

101 active_area=pixel.active_area,

102 save_plots=True)

103

104  #%% Single light curve
105  illum = ’light’

106t = ’00000_check’

107 folder = ’Dark_Voc’

109 pico.turn_on()

111 #pixel = pixels[2]

112 for pixel in pixels:

113 switch_pixel(pixel.connection)

114

115 keithley.sweep_jv(output=Path(pixel.temppath),

116 experimentname=experimentname,

117 devicename=pixel.name.format(folder,illum,t),
118 led=led,

119 t_lightsoaking=0,

120 led_current=100,
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121 temperature=’RT’,

122 start_voltage=-0.2,

123 end_voltage=1.2,

124 voltage_step=0.04,

125 scan_speed=0.1,

126 direction=’bidirectional’,

127 prebiasV=0,

128 prebiasT=0,

129 active_area=pixel.active_area,
130 save_plots=True)

131

132 pico.turn_off ()

134 #% Long term light soaking at Voc + automated recovery

136 illum = ’light’
137 folder = ’Light_Voc’

139 pico.turn_on()

141 for i in range(light_soaking_iterations):

142

143 time.sleep(t_lightsoaking[i])

144

145 for pixel in pixels:

146 switch_pixel(pixel.connection)

147

148 keithley.sweep_jv(output=Path(pixel.temppath),
149 experimentname=experimentname,
150 devicename=pixel.name.format (folder,illum,str(sum(t_lightsoaking[:i+1])).2zfi11(5)),
151 led=1led,

152 t_lightsoaking=sum(t_lightsoaking[:i+1]),
153 led_current=100,

154 temperature=’RT’,

155 start_voltage=-0.2,

156 end_voltage=1.2,

157 voltage_step=0.04,

158 scan_speed=0.1,

159 direction=’bidirectional’,

160 prebiasV=0,

161 prebiasT=0,

162 active_area=pixel.active_area,
163 save_plots=False)

164

165 pico.turn_off ()

167 illum = ’dark’
168t = str(sum(t_lightsoaking)).zfill(5)

170 for pixel in pixels:

171 switch_pixel(pixel.connection)

172

173 keithley.sweep_jv(output=Path(pixel.temppath),
174 experimentname=experimentname,

175 devicename=pixel.name.format (folder,illum,t),
176 led=1led,

177 t_lightsoaking=sum(t_lightsoaking),
178 led_current=100,

179 temperature=’RT’,

180 start_voltage=-0.2,

181 end_voltage=1.2,

182 voltage_step=0.04,

183 scan_speed=0.1,

184 direction=’bidirectional’,

185 prebiasV=0,
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186 prebiasT=0,

187 active_area=pixel.active_area,
188 save_plots=False)
189

190 illum = ’light’
191  folder = ’Light_Voc_recovery’

192 for j in range(recovery_iterations):

193

194 time.sleep(t_recoveryl[j])

195

196 pico.turn_on()

197

198 for pixel in pixels:

199 switch_pixel(pixel.connection)

200

201 keithley.sweep_jv(output=Path(pixel.temppath),
202 experimentname=experimentname,
203 devicename=pixel.name.format (folder,illum,str(sum(t_recovery[:j+1])).zfil11(5)),
204 led=1led,

205 t_lightsoaking=sum(t_recoveryl[:j+1]),
206 led_current=100,

207 temperature=’RT’,

208 start_voltage=-0.2,

209 end_voltage=1.2,

210 voltage_step=0.04,

211 scan_speed=0.1,

212 direction=’bidirectional’,

213 prebiasV=0,

214 prebiasT=0,

215 active_area=pixel.active_area,
216 save_plots=False)

217

218 pico.turn_off ()

220 illum = ’dark’
221t = ’{}’.format(str(sum(t_recovery)).z£fill(5))
222 folder = ’Light_Voc_recovery’

224 keithley.sweep_jv(output=Path(pixel.temppath),

225 experimentname=experimentname,
226 devicename=pixel.name.format (folder,illum,t),
227 led=led,

228 t_lightsoaking=0,

229 led_current=100,

230 temperature=’RT’,

231 start_voltage=-0.2,

232 end_voltage=1.2,

233 voltage_step=0.04,

234 scan_speed=0.1,

235 direction=’bidirectional’,

236 prebiasV=0,

237 prebiasT=0,

238 active_area=pixel.active_area,
239 save_plots=False)

240

241 #%% Long term light soaking at OV + automated recovery
243 illum = ’light’

244  folder = ’Light_OV’

245 px = 3

247 pico.turn_on()

249 pixel = pixels[px]
250 switch_pixel(pixel.connection)
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252 for i in range(light_soaking_iterations):

253 if i ==

254 keithley.sweep_jv(output=Path(pixel.temppath),

255 experimentname=experimentname,

256 devicename=pixel.name.format(folder,illum,str(sum(t_lightsoaking[:i+1])).z£il11(5)),
257 led=1led,

258 t_lightsoaking=sum(t_lightsoaking[:i+1]),
259 led_current=100,

260 temperature=’RT’,

261 start_voltage=-0.2,

262 end_voltage=1.2,

263 voltage_step=0.04,

264 scan_speed=0.1,

265 direction=’bidirectional’,

266 prebiasV=0,

267 prebiasT=0,

268 active_area=pixel.active_area,

269 save_plots=False)

270 else:

271 keithley.sweep_jv(output=Path(pixel.temppath),

272 experimentname=experimentname,

273 devicename=pixel.name.format(folder,illum,str(sum(t_lightsoaking[:i+1])).z£fi11(5)),
274 led=1led,

275 t_lightsoaking=sum(t_lightsoaking[:i+1]),
276 led_current=100,

277 temperature=’RT’,

278 start_voltage=-0.2,

279 end_voltage=1.2,

280 voltage_step=0.04,

281 scan_speed=0.1,

282 direction=’bidirectional’,

283 prebiasV=0,

284 prebiasT=t_lightsoaking[i],

285 active_area=pixel.active_area,

286 save_plots=False)

287

288 pico.turn_off ()

200  illum = ’dark’
291  t = str(sum(t_lightsoaking)).zfill(5)

293 keithley.sweep_jv(output=Path(pixel.temppath),

294 experimentname=experimentname,

205 devicename=pixel.name.format(folder,illum,t),
296 led=1ed,

297 t_lightsoaking=sum(t_lightsoaking),
208 led_current=100,

299 temperature=’RT’,

300 start_voltage=-0.2,

301 end_voltage=1.2,

302 voltage_step=0.04,

303 scan_speed=0.1,

304 direction=’bidirectional’,

305 prebiasV=0,

306 prebiasT=0,

307 active_area=pixel.active_area,

308 save_plots=False)

309

310 illum = ’light’

311  folder = ’Light_OV_recovery’

312 for j in range(recovery_iterations):
313

314 time.sleep(t_recoveryl[j]l)

315
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316 pico.turn_on()

317

318 keithley.sweep_jv(output=Path(pixel.temppath),

319 experimentname=experimentname,

320 devicename=pixel.name.format (folder,illum,str(sum(t_recovery[:j+1])).z£fil1(5)),
321 led=1led,

322 t_lightsoaking=sum(t_recovery[:j+1]),
323 led_current=100,

324 temperature=’RT’,

325 start_voltage=-0.2,

326 end_voltage=1.2,

327 voltage_step=0.04,

328 scan_speed=0.1,

329 direction=’bidirectional’,

330 prebiasV=0,

331 prebiasT=0,

332 active_area=pixel.active_area,

333 save_plots=False)

334

335 pico.turn_off ()

336

337 illum = ’dark’
338t = ’{}’.format(str(sum(t_recovery)).zfill(5))
339 folder = ’Light_OV_recovery’

341 keithley.sweep_jv(output=Path(pixel.temppath),

342 experimentname=experimentname,
343 devicename=pixel.name.format (folder,illum,t),
344 led=1led,

345 t_lightsoaking=0,

346 led_current=100,

347 temperature=’RT’,

348 start_voltage=-0.2,

349 end_voltage=1.2,

350 voltage_step=0.04,

351 scan_speed=0.1,

352 direction=’bidirectional’,

353 prebiasV=0,

354 prebiasT=0,

355 active_area=pixel.active_area,
356 save_plots=False)

357

358  #%% Long term dark OV + automated recovery

360 illum = ’light’
361 folder = ’Dark_OV?’

363 for i in range(light_soaking_iterations):

364

365 time.sleep(t_lightsoaking[i])

366

367 pico.turn_on()

368

369 for pixel in pixels:

370 switch_pixel(pixel.connection)

371

372 keithley.sweep_jv(output=Path(pixel.temppath),

373 experimentname=experimentname,

374 devicename=pixel.name.format (folder,illum,str(sum(t_lightsoaking[:i+1])).z£il11(5)),
375 led=1led,

376 t_lightsoaking=sum(t_lightsoaking[:i+1]),
377 led_current=100,

378 temperature=’RT’,

379 start_voltage=-0.2,

380 end_voltage=1.2,
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381 voltage_step=0.04,

382 scan_speed=0.1,

383 direction=’bidirectional’,

384 prebiasV=0,

385 prebiasT=0,

386 active_area=pixel.active_area,
387 save_plots=False)

388

389 pico.turn_off ()

390

301 illum = ’dark’
392t = str(sum(t_lightsoaking)).zfill(5)
393

394 for pixel in pixels:

395 switch_pixel(pixel.connection)

396

397 keithley.sweep_jv(output=Path(pixel.temppath),
398 experimentname=experimentname,

399 devicename=pixel.name.format(folder,illum,t),
400 led=1led,

401 t_lightsoaking=sum(t_lightsoaking),
402 led_current=100,

403 temperature=’RT’,

404 start_voltage=-0.2,

405 end_voltage=1.2,

406 voltage_step=0.04,

407 scan_speed=0.1,

408 direction=’bidirectional’,

409 prebiasV=0,

410 prebiasT=0,

411 active_area=pixel.active_area,

412 save_plots=False)

413

414 illum = ’light’
415 folder = ’Dark_OV_recovery’

416 for j in range(recovery_iterations):

417

418 time.sleep(t_recoveryl[j]l)

419

420 pico.turn_on()

421

422 for pixel in pixels:

423 switch_pixel(pixel.connection)

424

425

426 keithley.sweep_jv(output=Path(pixel.temppath),
427 experimentname=experimentname,
428 devicename=pixel.name.format (folder,illum,str(sum(t_recovery[:j+1])).zfill(5)),
429 led=1led,

430 t_lightsoaking=sum(t_recoveryl[:j+11),
431 led_current=100,

432 temperature=’RT’,

433 start_voltage=-0.2,

434 end_voltage=1.2,

435 voltage_step=0.04,

436 scan_speed=0.1,

437 direction=’bidirectional’,

438 prebiasV=0,

439 prebiasT=0,

440 active_area=pixel.active_area,
441 save_plots=False)

442

443 pico.turn_off ()

444

445 illum = ’dark’
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446t = ’{}’.format(str(sum(t_recovery)).zfill(5))
447  folder = ’Dark_OV_recovery’

449  for pixel in pixels:

450 switch_pixel(pixel.connection)

451

452 keithley.sweep_jv(output=Path(pixel.temppath),
453 experimentname=experimentname,

454 devicename=pixel.name.format (folder,illum,t),
455 led=1led,

456 t_lightsoaking=0,

457 led_current=100,

458 temperature=’RT’,

459 start_voltage=-0.2,

460 end_voltage=1.2,

461 voltage_step=0.04,

462 scan_speed=0.1,

463 direction=’bidirectional’,

464 prebiasV=0,

465 prebiasT=0,

466 active_area=pixel.active_area,

467 save_plots=False)

468

469  #%% Long term dark under bias + automated recovery
470 illum = ’light’

471 folder = ’Dark_Voc’

472 px = 3

474  pixel = pixels[px]
475  switch_pixel(pixel.connection)

477 for i in range(light_soaking_iterations):

479 if i ==

480 pico.turn_on()

481 keithley.sweep_jv(output=Path(pixel.temppath),

482 experimentname=experimentname,

483 devicename=pixel.name.format (folder,illum,str(sum(t_lightsoaking[:i+1])).2z£il11(5)),
484 led=1led,

485 t_lightsoaking=sum(t_lightsoaking[:i+1]),
486 led_current=100,

487 temperature=’RT’,

488 start_voltage=-0.2,

489 end_voltage=1.2,

490 voltage_step=0.04,

491 scan_speed=0.1,

492 direction=’bidirectional’,

493 prebiasV=0,

494 prebiasT=0,

495 active_area=pixel.active_area,

496 save_plots=False)

497 else:

498 keithley.sweep_jv(output=Path(pixel.temppath),

499 experimentname=experimentname,

500 devicename=pixel.name.format (folder,illum,str(sum(t_lightsoaking[:i+1])).2zfi11(5)),
501 led=1led,

502 t_lightsoaking=sum(t_lightsoaking[:i+1]),
503 led_current=100,

504 temperature=’RT’,

505 start_voltage=-0.2,

506 end_voltage=1.2,

507 voltage_step=0.04,

508 scan_speed=0.1,

509 direction=’bidirectional’,

510 prebiasV=0.7,
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511 prebiasT=t_lightsoaking[i],

512 active_area=pixel.active_area,
513 pico_after_bias=True,

514 save_plots=False)

515

516 pico.turn_off ()

517

518 illum = ’dark’
519 t = str(sum(t_lightsoaking)).zfill(5)

521 for pixel in pixels:

522 switch_pixel(pixel.connection)

523

524 keithley.sweep_jv(output=Path(pixel.temppath),
525 experimentname=experimentname,

526 devicename=pixel.name.format(folder,illum,t),
527 led=led,

528 t_lightsoaking=sum(t_lightsoaking),
529 led_current=100,

530 temperature=’RT’,

531 start_voltage=-0.2,

532 end_voltage=1.2,

533 voltage_step=0.04,

534 scan_speed=0.1,

535 direction=’bidirectional’,

536 prebiasV=0,

537 prebiasT=0,

538 active_area=pixel.active_area,

539 save_plots=False)

540

541 pixel = pixels[px]
542  switch_pixel(pixel.connection)

544 illum = ’light’
545 folder = ’Dark_Voc_recovery’

547 for j in range(recovery_iterations):

548

549 time.sleep(t_recovery[j]l)

550

551 pico.turn_on()

552

553 keithley.sweep_jv(output=Path(pixel.temppath),
554 experimentname=experimentname,
555 devicename=pixel.name.format(folder,illum,str(sum(t_recovery[:j+1])).zfil1(5)),
556 led=1ed,

557 t_lightsoaking=sum(t_recovery[:j+1]),
558 led_current=100,

559 temperature=’RT’,

560 start_voltage=-0.2,

561 end_voltage=1.2,

562 voltage_step=0.04,

563 scan_speed=0.1,

564 direction=’bidirectional’,

565 prebiasV=0,

566 prebiasT=0,

567 active_area=pixel.active_area,
568 save_plots=False)

569

570 pico.turn_off ()

572 illum = ’dark’
573 t = ’{}’.format (str(sum(t_recovery)) .zfill(5))
574 folder = ’Dark_Voc_recovery’
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576 for pixel in pixels:

577 switch_pixel(pixel.connection)

578

579 keithley.sweep_jv(output=Path(pixel.temppath),
580 experimentname=experimentname,

581 devicename=pixel.name.format (folder,illum,t),
582 led=1led,

583 t_lightsoaking=0,

584 led_current=100,

585 temperature=’RT’,

586 start_voltage=-0.2,

587 end_voltage=1.2,

588 voltage_step=0.04,

589 scan_speed=0.1,

590 direction=’bidirectional’,

591 prebiasV=0,

592 prebiasT=0,

593 active_area=pixel.active_area,

594 save_plots=False)

595

506  #%)% Separate recovery (for after light soaking outside GB?)
597 illum = ’light’
598 folder = ’x’

509 for j in range(recovery_iterations):

600

601 time.sleep(t_recovery[jl)

602

603 pico.turn_on()

604

605 for pixel in pixels:

606 switch_pixel(pixel.connection)

607

608 keithley.sweep_jv(output=Path(pixel.temppath),
609 experimentname=experimentname,
610 devicename=pixel.name.format (folder,illum,sum(t_recovery[:j+1])),
611 led=1led,

612 t_lightsoaking=sum(t_recoveryl[:j+1]),
613 led_current=100,

614 temperature=’RT’,

615 start_voltage=-0.2,

616 end_voltage=1.2,

617 voltage_step=0.04,

618 scan_speed=0.1,

619 direction=’bidirectional’,

620 prebiasV=0,

621 prebiasT=0,

622 active_area=pixel.active_area,
623 save_plots=False)

624

625 pico.turn_off()

626

627 #%% End

E plotter APl.py

1 import numpy as np
import matplotlib.pyplot as plt

import os

AW N

import pandas as pd

o

from scipy.interpolate import interpld

7 n = 9 #Number of columns desired for results list, determined by number of parameters to be calculated + sample names (Voc, Jsc, FF,
PCE, forward and reverse for all)
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8
9

results = [[] for i in range(n)]
area = 0.0625 #cm2

class E_plotter:
def __init__(self, file_path):

self.data = []
self.voltage = []
self.current = []
self.currdens = []
self.time = []
self.fpath = file_path
self.results = [[] for i in range(n)]
os.chdir(file_path)
print(’Files in the folder:’)
for i in sorted(os.listdir()):

print (i)

def load_data(self, filename):
tab = pd.read_csv(filename, skiprows=20, nrows=1, sep=’\t’).shape[1]
com = pd.read_csv(filename, skiprows=20, nrows=1, sep=’,’).shape[1]
#space = pd.read_csv(filename, skiprows=20, nrows=1, sep=’\s+’).shape[1]

#print (tab, com)

if tab > com: #and tab > space:

data = pd.read_csv(filename, skiprows=19, sep=’\t’)

elif com > tab: #and com > space:

data = pd.read_csv(filename, sep=’,’)

else:
print(’Could not read file’)

# elif space > tab and space > com:

# #print(pd.read_csv(filename, nrows=1, header=None, sep=’\s+’)[0].iloc[0])

# if isinstance(pd.read_csv(filename, nrows=1, header=None, sep=’\s+’)[0].iloc[0], str):
# data = pd.read_csv(filename, sep=’\s+’)

# data.columns=[’time’, ’target voltage’, ’current’, ’voltage’]

# else:

# data = pd.read_csv(filename, sep=’\s+’, header=None)

# data.columns=[’time’, ’current’, ’voltage’]

self.data = data

if ’SMU1 Voltage’ in data.columns:
self.voltage = data[’SMU1 Voltage’]
self.current = data[’SMU1 Current’]
self.time = data[’SMU1 Time’]

elif ’Sweep cyclic [V]’ in data.columns:
self.voltage = datal[’Sweep cyclic [V]’]
self.current = data[’Current [A]’]
self.currdens = datal[’J [mA/cm]’]

elif ’voltage’ in data.columns:
self.voltage = data[’voltage’]
self.current = data[’current’]

self.time = datal[’time’]

elif ’Voltage (V)’ in data.columns:
self.voltage = data[’Voltage (V)’]
self.current = data[’Current (A)’]

self.currdens = datal[’Current (A)’] *10%*3 / area

else:

print (’Could not find parameters’)
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73 #return data

74
75 def plot_IV(self, voltage, current, name, multiple_Cycles=False, show_plots=False, save_plots=False):
76

77 if multiple_Cycles == False:

78

79 fig, ax = plt.subplots(num=name+’_lin_I-V’)

80 ax.plot(voltage, current, c=’black’)

81 ax.set_ylabel (’Current (A)’)

82 ax.set_xlabel(’Voltage (V)?’)

83 fig.tight_layout ()

84 if save_plots == True:

85 plt.savefig(name+’_lin_I-V.png’, dpi=150)

86 if show_plots ==True:

87 plt.show()

88 plt.close()

89

90 fig, ax = plt.subplots(num=name+’_log_I-V.png’)

91 ax.plot(voltage, abs(current), c=’black’)

92 ax.set_yscale(’log?’)

93 ax.set_ylabel(’Current (A)’)

94 ax.set_xlabel(’Voltage (V)?’)

95 fig.tight_layout ()

96 if save_plots == True:

97 plt.savefig(name+’_log_I-V.png’, dpi=150)

98

99 if show_plots ==True:

100 plt.show()

101 plt.close()

102

103 elif multiple_Cycles == True:

104

105 colors = plt.get_cmap(’hot?’)

106

107 cycleStart = voltagel[voltage.isin([0]1)][::2]

108

109 fig, ax = plt.subplots(num=name+’_lin_I-V’)

110

111 for k in range(0,len(cycleStart)):

112 if k < len(cycleStart.index)-1:

113 ax.plot(voltage.loc[cycleStart.index[k]:cycleStart.index[k+11],
current.loc[cycleStart.index[k]:cycleStart.index[k+1]], label=’Cycle ’+ str(k+1),
c=colors((6/7)*k/len(cycleStart)))

114 else:

115 ax.plot(voltage.loc[cycleStart.index[k]:], current.loc[cycleStart.index[k]:], label=’Cycle ’+ str(k+1),
c=colors((6/7)*k/len(cycleStart)))

116

117 ax.set_xlabel(’Voltage (V)?)

118 ax.set_ylabel(’Current (A)’)

119 ax.legend ()

120 fig.tight_layout ()

121 plt.savefig(name+’_lin_I-V.png’, dpi=150)

122 if show_plots ==True:

123 plt.show()

124 plt.close()

125

126 fig, ax = plt.subplots(num=name+’_log_I-V’)

127 for k in range(0,len(cycleStart)):

128 if k < len(cycleStart.index)-1:

129 ax.plot(voltage.loc[cycleStart.index[k]:cycleStart.index[k+1]],
abs(current.loc[cycleStart.index [k] :cycleStart.index[k+1]]), label=’Cycle ’+ str(k+1),
c=colors((6/7)*k/len(cycleStart)))

130 else:

131 ax.plot(voltage.loc[cycleStart.index[k]:], abs(current.loc[cycleStart.index[k]:]), label=’Cycle ’+ str(k+1),

c=colors((6/7)*k/len(cycleStart)))
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132 ax.set_yscale(’log’)

133

134 ax.set_xlabel(’Voltage (V)?’)

135 ax.set_ylabel (’Current (A)’)

136 ax.legend ()

137 fig.tight_layout()

138 if save_plots == True:

139 plt.savefig(name+’_log_I-V.png’, dpi=150)

140 if show_plots ==True:

141 plt.show()

142 plt.close()

143

144 def plot_JV(self, voltage, currDens, name, multiple_Cycles=False, save_results=True, show_plots=True, save_plots=False): #Nested

list to collect results

145

146 if multiple_Cycles == False:

147 fig, ax = plt.subplots(num=name+’_lin_J-V’)

148 ax.plot(voltage, currDens, c=’red’)

149 ax.plot(voltage, currDens, c=’red’)

150

151 ax.set_xlabel(’Voltage (V)’)

152 ax.set_ylabel(’Current density (mA/cm?)?)

153 fig.tight_layout ()

154 plt.axhline(y = 0, color = ’black’, linestyle = ’-’)

155 plt.title(name)

156

157 forwV_index = int(len(voltage)/2 + 1) #final data point of forward scan V

158 forwJ_index = int(len(currDens)/2 + 1) #final data point of forward scan J

159 revV_index = int(len(voltage)) #final data point of reverse scan V

160 revJ_index = int(len(currDens)) #final data point of reverse scan J

161

162 # interpolation of both J and V, to get values between measured points

163 interp_forwJ = interpld(voltage[:forwV_index],currDens[:forwJ_index])

164 interp_rev]J = interpld(voltage[forwV_index-1:revV_index],currDens[forwJ_index-1:revJ_index])

165 # ax.plot(voltagel[:forwV_index],interp_forwJ(voltage[:forwV_index]), c=’blue’) #Shows forward curve after interpolation of J

166 # ax.plot(voltage[forwV_index-1:revV_index],interp_revJ(voltage[forwV_index-1:revV_index]), c=’blue’) #Shows reverse curve
after interpolation of J

167

168 interp_forwV = interpld(currDens[:forwJ_index],voltage[:forwV_index]) #fill_value=’extrapolate’ can avoid ValueError, but
use with caution

169 interp_revV = interpld(currDens[forwJ_index-1:revJ_index],voltage[forwV_index-1:revV_index])

170 # ax.plot(interp_forwV(currDens[:forwJ_index]),currDens[:forwJ_index], c=’green’) #Shows forward curve after interpolation
of V

171 # ax.plot(interp_revV(currDens[forwJ_index-1:revJ_index]),currDens[forwJ_index-1:revJ_index],c=’green’) #Shows reverse curve
after interpolation of V

172

173 #calculation of Voc, Jsc, FF, MPP and PCE for light curves

174 if ’light’ in name: #To make sure Voc, Jsc, FF and PCE are only calculated for light curves

175 if max(currDens)>0: #Skips pixels resulting in O current

176 Voc_forw = interp_foer(O) #Calculates forward Voc from interpolated values

177 Voc_rev = interp_revV(0) #Calculates reverse Voc from interpolated values

178 plt.plot(Voc_forw, O, marker=’x’) #Plots marker at forward Voc

179 plt.plot(Voc_rev, O, marker=’x’) #Plots marker at reverse Voc

180

181 Jsc_forw = interp_forwJ(0) #Calculates forward Jsc from interpolated values

182 Jsc_rev = interp_revJ(0) #Calculates reverse Jsc from interpolated values

183 plt.plot(0,Jsc_forw, marker=’x’) #Plots marker at forward Jsc

184 plt.plot(0,Jsc_rev, marker=’x’) #Plots marker at reverse Jsc

185

186 power_forw = interp_forwJ(voltagel[:forwV_index])*interp_forwV(currDens[:forwJ_index]) #Calculates power from forward

curve (J*V at every point)
187 power_rev = interp_revJ(voltage[forwV_index-1:revV_index])*interp_revV(currDens[forwJ_index-1:revJ_index])
#Calculates power from reverse curve (J*V at every point)
188 MPP_forw = min(power_forw) #Calculates forward MPP by finding minimum of calculated power curve
189 MPP_rev = min(power_rev) #Calculates reverse MPP by finding minimum of calculated power curve
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190
191

193

194

195

196
197

loc_MPP_forw = np.where(power_forw == MPP_forw) #List of indeces of where calculated values for the power are equal
to the forward MPP
loc_MPP_rev = np.where(power_rev == MPP_rev) #List of indeces of where calculated values for the power are equal to
the reverse MPP
plt.plot(interp_forwV(currDens[:forwJ_index]) [loc_MPP_forw[0] [0]],interp_forwJ(voltage[:forwV_index]) [loc_MPP_forw[0] [0]],
marker=’x’) #Plots marker at location of MPP, by taking the first index in loc_MPP_forw
plt.plot(interp_revV(currDens[forwJ_index-1:revJ_index]) [loc_MPP_rev[0][0]],interp_revJ(voltage[forwV_index-1:revV_index]) [1
marker=’x’) #Plots marker at location of MPP, by taking the first index in loc_MPP_rev

FF_forw = (MPP_forw)/(Jsc_forw*Voc_forw) * 100 #Calculates forward FF from interpolated values
FF_rev = (MPP_rev)/(Jsc_rev*Voc_rev) * 100 #Calculates reverse FF from interpolated values

P_in = 100 # mW cm™-2 #Power sun
PCE_forw = (abs(Jsc_forw)*Voc_forwxFF_forw) / (P_in) #Calculates forward PCE from interpolated values

PCE_rev = (abs(Jsc_rev)*Voc_rev*FF_rev) / (P_in) #Calculates forward PCE from interpolated values

#Prints calculated parameters in plots

textstr = ’\n’.join((’Voc forw: {}’.format(np.around(Voc_forw,decimals=2)), ’Voc rev:
{}’.format (np.around(Voc_rev,decimals=2)), ’Jsc forw: {}’.format(np.around(Jsc_forw,decimals=2)), ’Jsc rev:
{}’ .format (np.around(Jsc_rev,decimals=2)), ’FF forw: {}’.format(np.around(FF_forw,decimals=2)), ’FF rev:
{}’ .format (np.around(FF_rev,decimals=2)), ’PCE forw: {}’.format (np.around(PCE_forw,decimals=2)), ’PCE rev:
{}’ .format (np.around (PCE_rev,decimals=2))))

ax.text(min(voltage)-0.03, max(currDens), textstr, verticalalignment = ’top’,
bbox={’facecolor’:’none’,’alpha’:0.5,’pad’:5})

if save_results == True:
#Appends calculated parameters to results list
results[0] .append (name)
results[1].append(Voc_forw)
results[2].append(Voc_rev)
results[3].append(Jsc_forw)
results[4] .append(Jsc_rev)
results[5] .append (FF_forw)
results[6] .append (FF_rev)
results[7].append (PCE_forw)
results[8] .append (PCE_rev)

self.results = results

if save_plots == True:
plt.savefig(name+’_lin_J-V.png’, dpi=150)
if show_plots == True:
plt.show()
plt.close()

# fig, ax = plt.subplots(num=name+’_log_J-V’)
# ax.plot(voltage, abs(currDens), c=’black’)
# ax.set_yscale(’log’)

# ax.plot(voltage, currDens, c=’black’)

# ax.set_xlabel(’Voltage (V)?’)

# ax.set_ylabel (’Current density (mA/cm?)?)
# fig.tight_layout ()

# if save_plots == True:

# plt.savefig(name+’_log_J-V.png’, dpi=150)
# if show_plots == True:

# plt.show()

#

plt.close()

elif multiple_Cycles == True:
cycleStart = voltagel[voltage.isin([0])][::2]
colors = plt.get_cmap(’hot’)

fig, ax = plt.subplots(num=name+’_lin_J-V?)

for k in range(0,len(cycleStart)):
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246 if k < len(cycleStart.index)-1:

247 ax.plot(voltage.loc[cycleStart.index[k]:cycleStart.index[k+1]],
currDens.loc[cycleStart.index[k] :cycleStart.index[k+1]], label=’Cycle ’+ str(k+1),
c=colors((6/7)*k/len(cycleStart)))

248 else:

249 ax.plot(voltage.loc[cycleStart.index[k]:], currDens.loc[cycleStart.index[k]:], label=’Cycle ’+ str(k+1),
c=colors((6/7)*k/len(cycleStart)))

250

251 ax.set_xlabel(’Voltage (V)?)

252 ax.set_ylabel(’Current density (mA/cm?)?)

253 ax.legend ()

254 fig.tight_layout()

255 if save_plots == True:

256 plt.savefig(name+’_lin_J-V.png’, dpi=150)

257 if show_plots == True:

258 plt.show()

259 plt.close()

260

261 fig, ax = plt.subplots(num=name+’_log_J-V’)

262 for k in range(0,len(cycleStart)):

263 if k < len(cycleStart.index)-1:

264 ax.plot(voltage.loc[cycleStart.index[k]:cycleStart.index[k+1]1],
abs (currDens.loc[cycleStart.index[k] :cycleStart.index[k+1]]), label=’Cycle ’+ str(k+1),
c=colors((6/7)*k/len(cycleStart)))

265 else:

266 ax.plot(voltage.loc[cycleStart.index[k]:], abs(currDens.loc[cycleStart.index[k]:]), label=’Cycle ’+ str(k+1),
c=colors((6/7)*k/len(cycleStart)))

267 ax.set_yscale(’log’)

268

269 ax.set_xlabel(’Voltage (V)?’)

270 ax.set_ylabel(’Current density (mA/cm?)’)

271 ax.legend ()

272 fig.tight_layout ()

273 if save_plots == True:

274 plt.savefig(name+’_log_J-V.png’, dpi=150)

275 if show_plots == True:

276 plt.show()

277 plt.close()

278

279 def plot_pulses(self, voltage, current, time, name,show_plots=False, save_plots=False):

280 fig, axl = plt.subplots()

281 axl.plot(time, voltage, c=’firebrick’)

282 axl.set_xlabel(’Time(s)’)

283 axl.set_ylabel(’Voltage (V)’, color=’firebrick’)

284 ax1l.tick_params(axis=’y’, labelcolor=’firebrick’)

285

286 ax2 = axl.twinx()

287 ax2.plot(time, current, c=’royalblue’)

288 ax2.set_ylabel (’Current (A)’, color=’royalblue’)

289 ax2.tick_params(axis=’y’, labelcolor=’royalblue’)

290

291 #Align the 0 levels of both y-axes

292 #ml, M1 = axl.get_ylim() ; ticksl = axl.get_yticks()

293 # m2, M2 = ax2.get_ylim() ; ticks2 = ax2.get_yticks()

294

295 # wl = abs(ml)/(Mi+abs(m1))

296 # w2 = abs(m2)/(M2+abs (m2))

297

208 # M1 = (m1*M2/m2 if w2<=wl else M1 )

299 # ml = (m1 if w2<=wl else M1*m2/M2)

300

301 # axl.set_ylim(ml,M1) ; axl.set_yticks(ticksl)

302 # ax2.set_ylim(m2,M2) ; ax2.set_yticks(ticks2)

303

304 fig.tight_layout ()
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if save_plots == True:
plt.savefig(name +’_I-V-t.png’, dpi=150)
if show_plots == True:
plt.show()
plt.close()

lightsoaking plotting.py

# -*- coding: utf-8 -*-

nun

Created on Tue May 30 17:31:05 2023

Qauthor: ddekker

nun

import numpy as np

import matplotlib.pyplot as plt
import matplotlib.colors as col
import os

from E_plotter_API import E_plotter

auto = E_plotter(os.path.dirname(__file__))
order = [2,4,9,1,3,10,20,26,7,22,28,32] #[1,5,2,7,4] #change for every batch!!! Can put in the right order

#%% Prep for plots
labels = []
time = []
t_lightsoaking = [0] + [600]*12 + [3600]*10 #list with all the light soaking intervals between JV measurements
for i in np.arange(0,len(t_lightsoaking),1):
x = np.round(sum(t_lightsoaking[:i+1])/3600,2) #calculates time point of each JV measurement in hours
labels.append(’{} h’.format(x)) #list of strings with all the time points of the individual JV measurements (in hours) during light
soaking

time.append(x) #list of floats with all the time points of the individual JV measurements (in hours) during light soaking

labels_rec = []

time_rec = []

t_recovery = [300]*4 + [600]*4 + [3600]*11 #list with all the recovery intervals between JV measurements

for i in np.arange(0,len(t_recovery),1):
x = np.round(sum(t_recovery[:i+1])/3600,2) #calculates time point of each JV measurement in hours excluding light soaking time
labels_rec.append(’{} h’.format(x)) #list of strings with all the time points of the individual JV measurements (in hours) during

recovery

y = time[-1:] + np.round(sum(t_recovery[:i+1])/3600,2) #calculates time point of each JV measurement including light soaking time

time_rec.append(y) #list of floats with all the time points of the individual JV measurements (in hours) during recovery

redD =

col.ListedColormap((*#f2daff’,’#ead0f8’, ’#e3c6f2’, #dbbceb’, ’#d3b2e5’, *#cba8de”’, ’#c49fd8’, *#bc95d1’, *#b48bcb’, *#ac81lcd’, *#ab77be’ , >#9d6db

#redD = col.ListedColormap((’#e8ecfb’, ’#d0d6£f7’, ’#b9c0f3’, ’#alaaef’, ’#8994eb’, ’#718ee7’, ’#5a78e3’, ’#4262df’, ’#2adcdb’,
‘#124647°, °#003fd0’, ’#0039bb’, ’#0033a7’, ’#002d92°, ’#00277e’, ’#002169°, ’#001b55°, ’#001540°, ’#000f2c’, ’#000917°,
’#000302°) )

redD_rec =

col.ListedColormap((*#f2daff’, ’#e9cef7’,’#dfc2ef’, #d6b6e7’,  #ccaadf’, ’#c39dd7’, #b991cf’, #b085c7’, *#a679bf >, *#9d6db7°, *#9461af’, >#8abbal

greenD = col.ListedColormap((’#e9feff’,
*#daf9fb’,
Y#ccfaf6?,
’#bdeff2’,
‘#tafeaed’,
’#a0ebe9’,
’#92e0ed’,
’#83dbe0’,
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50 ’#75d6db’,
51 ’#66d147°’,
52 2#58ccd2’,
53  ’#49cTce’,
54 ’#43bdch’,
55  2#3db2bb’,
56 2#37a8b2’,
57 ’#319da8’,
58  2#2b939f’,
59  2#2488957,
60 ’#1e7e8c’,
61  ’#1873827,
62  #126979°,
63  ’#0cbebf’,
64 ’#065466°))

66 greenD_rec = col.ListedColormap((’#e9feff’,
67 #d7f8fa’,
68 #cbf2f4’,
69 ’#bdecef’,
70 ’#a2e6e9’,
71 #90dfe4’,
72 ’#7ed9de’,
73 ’#6dd3d9’,
74 ’#bbcdd3’,
75 2#49cTce’,
76 ’#42bac2’,
77 ?#3aadb7’,
78 ’#33alab’,
79 ’#2b94a0’,
80 ’#248794°,
81 #1c7a89’,
82 ’#156e7d’,
83  2#046172°,
84 ’#065466°))

86 pinkD = col.ListedColormap((’#ffe9f1’,
87 #fbd6e3’,
88 ’#f6c2d5’,
89 #f2afc7’,
90  ’#ed9bb9’,
91  ’#e988ab’,
92 ’#e4749e’,
93 #e06190°,
94 ’#db4d82’,
95 ’#d73a74’,
96  ’#d22666°,
97 ’#cel358’,
98  ’#cb125637,
99 #bbl14d’,
100 ’#b21048°,
101 ’#a80f43’,
102 ’#9f0e3e’,
103 ’#950c38’,
104  ’#8c0b33’,
105 ’#820a2e’,
106 ’#790929°,
107 ’#6£0823°,
108 ’#66071e’))
109

110 pinkD_rec = col.ListedColormap((’#ffe9f1’,
111 #fadle0’,
112 #£4b9cf’,
113 ’#efa2be’,
114  ’#e98aad’,
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141
142
143
144
145

146

172
173
174
175
176
177

179

'#e4729c’,
’#deba8b’,
'#d9437a’,
’#d32b697,
‘#cel13587,
'#c212527,
Y#b7104b’,
’#ab0f457,
'#a00e3e’,
’#940c387,
’#890b317,
'#7d0a2b’,
2#720824°,
'#66071e’))

#%% Make colorbar (incorrect labels)

arr = plt.imshow([time],cmap=greenD)

figl0 = plt.figure(figsize=(6,4), dpi=300)
cb = plt.colorbar(arr, label=’Time (h)?’)
cb.minorticks_on()

plt.show()

#)/% Functions to plot JV curves over time

def plot_curves(composition,condition,pixel):

figl = plt.figure(figsize=(6,4), dpi=300)
axl = plt.gca()

fontsizel = 13

axl.set_x1im(-0.25,0.9)

ax1l.set_ylim(-35,40)
ax1l.tick_params(length=5,labelsize=fontsizel)

if composition == ’EDAI’:

colors = pinkD(np.linspace(0, 1, len(labels)))
if condition == ’Light_Voc’:

device = order[2] #change for every batch
elif condition == ’Light_OV’:

device = order[5] #change for every batch
elif condition == ’Dark_OV’:

device = order[8] #change for every batch
elif condition == ’Dark_Voc’:

device = order[11] #change for every batch

elif composition == ’Unpassivated’:

colors = greenD(np.linspace(0, 1, len(labels)))
if condition == ’Light_Voc’:

device = order[1] #change for every batch
elif condition == ’Light_OV’:

device = order[4] #change for every batch
elif condition == ’Dark_O0V’:

device = order[7] #change for every batch
elif condition == ’Dark_Voc’:

device = order[10] #change for every batch

elif composition == ’Salts’:
colors = redD(np.linspace(0, 1, len(labels)))
if condition == ’Light_Voc’:
device = order[0] #change for every batch
elif condition == ’Light_OV’:
device = order[3] #change for every batch
elif condition == ’Dark_OV’:

device = order[6] #change for every batch
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180 elif condition == ’Dark_Voc’:

181 device = order[9] #change for every batch

182

183 j=0

184 for i in sorted(os.listdir()):

185 if i.startswith(’{}_d{}_light’.format(condition,str(device).zfill(2))):
186 if i.endswith(’0_P{}.csv’.format(pixel)):

187 auto.load_data(i)

188 print (’Plotting data from’, i)

189

190 if ’Voltage (V)’ in auto.data.columns:

191 axl.plot(auto.voltage,auto.currdens,color=colors[j],label=labels[j])
192 j=3+1

193

194 plt.axhline(y = 0, color = ’black’, linestyle = ’-’,linewidth=0.1)
195

196 axl.set_xlabel(’Voltage (V)’,fontsize=fontsizel)

197 axl.set_ylabel (’Current density (mA/cm?)’,fontsize=fontsizel)

198 plt.title(’{} {} pixel {}’.format(condition,composition,pixel))
199

200 plt.show()

201

202 def plot_curves_rec(composition,condition,pixel):

203

204 fig3 = plt.figure(figsize=(6,4), dpi=300)

205 ax3 = plt.gca()

206

207 fontsizel = 13

208 ax3.set_x1im(-0.25,0.9)

209 ax3.set_ylim(-35,40)

210 ax3.tick_params(length=5,labelsize=fontsizel)

211

212

213 if composition == ’EDAI’:

214 colors = pinkD_rec(np.linspace(0, 1, len(labels_rec)))
215 if condition == ’Light_Voc’:

216 device = order[2] #change for every batch
217 elif condition == ’Light_OV’:

218 device = order[5] #change for every batch
219 elif condition == ’Dark_OV’:

220 device = order[8] #change for every batch
221 elif condition == ’Dark_Voc’:

222 device = order[11] #change for every batch
223

224 elif composition == ’Unpassivated’:

225 colors = greenD_rec(np.linspace(0, 1, len(labels_rec)))
226 if condition == ’Light_Voc’:

227 device = order[1] #change for every batch
228 elif condition == ’Light_OV’:

229 device = order[4] #change for every batch
230 elif condition == ’Dark_OV’:

231 device = order[7] #change for every batch
232 elif condition == ’Dark_Voc’:

233 device = order[10] #change for every batch
234

235 elif composition == ’Salts’:

236 colors = redD_rec(np.linspace(0, 1, len(labels_rec)))
237 if condition == ’Light_Voc’:

238 device = order[0] #change for every batch
239 elif condition == ’Light_OV’:

240 device = order[3] #change for every batch
241 elif condition == ’Dark_OV’:

242 device = order[6] #change for every batch
243 elif condition == ’Dark_Voc’:

244 device = order[9] #change for every batch
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297
208
299
300
301

303
304
305
306
307

j=o0
for i in sorted(os.listdir()):
if i.startswith(’{}_recovery_d{}_light’.format(condition,str(device).zfill(2))):
if i.endswith(’0_P{}.csv’.format(pixel)):
auto.load_data(i)
print (’Plotting data from’, i)

if ’Voltage (V)’ in auto.data.columns:
ax3.plot(auto.voltage,auto.currdens,color=colors[j],label=1labels_rec[j])
j=3+1

plt.axhline(y = 0, color = ’black’, linestyle = ’-’,linewidth=0.1)

ax3.set_xlabel(’Voltage (V)’,fontsize=fontsizel)

ax3.set_ylabel(’Current density (mA/cm?)’,fontsize=fontsizel)
plt.title(’Recovery {} {} pixel {}’.format(condition,composition,pixel))
plt.show()

#/% Plotting JV curves of one pixel over time
comp = ’EDAI’
cond = ’Dark_Voc’

px = 4

plot_curves(composition=comp,condition=cond,pixel=px)

plot_curves_rec(composition=comp,condition=cond,pixel=px)

#%% Plot individual JV curves and calculate Voc, Jsc, FF, PCE
for x in order:
if x == order[0] or x == order[1] or x == order [2]:
y = ’Light_Voc’

elif x == order[3] or x == order[4] or x == order[5]:
y = ’Light_oV’

elif x == order[6] or x == order[7] or x == order[8]:
y = ’Dark_0V’

elif x == order[9] or x == order[10] or x == order[11]:

y = ’Dark_Voc’

for i in sorted(os.listdir()): #careful, if you run this twice, it will not overwrite the results but append them to the same list,
useful for appending multiple devices to the list, if you want to wipe it, use ctrl+W
if >_2_P’ in i:
continue
elif i.startswith(’{}_d{}_light_’.format(y,str(x).z£il1(2))):
auto.load_data(i)
print (’Plotting data from’, i)
auto.plot_JV(voltage=auto.voltage,currDens=auto.currdens,name=i,save_results=True) #use save_results=False to just plot

without appending results to list

#4% Averaging of all parameters

devices = [?’] #List will be header containing device number in results file

Voc_forw_final = [] #Empty lists to collect a specific parameter of every pixel of every device after removal of outliers
Voc_rev_final = []

Jsc_forw_final = []

Jsc_rev_final = []

FF_forw_final 1

FF_rev_final = []

PCE_forw_final = []

PCE_rev_final = []

Voc_forw_final_avg = [’Voc forward’] #Lists to collect averages of a specific parameter of all pixels in one device for all devices
Voc_rev_final_avg = [’Voc reverse’]

Jsc_forw_final_avg = [’Jsc forward’]

Jsc_rev_final_avg = [’Jsc reverse’]

FF_forw_final_avg = [’FF forward’]
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308 FF_rev_final_avg = [’FF reverse’]

309 PCE_forw_final_avg = [’PCE forward’]

310 PCE_rev_final_avg = [’PCE reverse’]

311 Voc_forw_std = [’Standard deviation forward Voc’] #Lists to collect standard deviation in all parameters
312 Voc_rev_std = [’Standard deviation reverse Voc’]
313 Jsc_forw_std = [’Standard deviation forward Jsc’]
314 Jsc_rev_std = [’Standard deviation reverse Jsc’]
315 FF_forw_std = [’Standard deviation forward FF’]
316 FF_rev_std = [’Standard deviation reverse FF’]
317 PCE_forw_std = [’Standard deviation forward PCE’]
318 PCE_rev_std = [’Standard deviation reverse PCE’]

319 nr_used_px = [’Number of pixels used’]

322 for i in order:#np.arange(l,nr_of_devices+1,1): #Loops over all devices to average parameters of all pixels in one device

323 name_nr = str(i).zfill(2)

324 startd4 = [auto.results[0].index(x) for x in auto.results[0] if ’d{}’.format(name_nr) in x] [0] #Finds first pixel of one device

325 endd4 = [auto.results[0].index(x) for x in auto.results[0] if ’d{}’.format(name_nr) in x][-1] + 1 #Finds last pixel of that device

326 print(’i’,startd4,endd4)

327

328 for 1 in np.arange(0,len(t_lightsoaking),1): #separates all subsequent measurements of same device during light soaking

329 name_nr_2 = str(sum(t_lightsoaking[:1+1])).z£fil11(5)

330 start4 = [auto.results[0].index(x) for x in auto.results[0] [startd4:endd4] if ’{}’.format(name_nr_2) in x][0]

331 end4 = [auto.results[0].index(x) for x in auto.results[0] [startd4:endd4] if ’{}’.format(name_nr_2) in x]J[-1] + 1

332 print(’1’,start4,end4)

333 devices.append(’d{} t{}’.format(i,1)) #Appends device number to header list

334

335 Voc_forw_final = [x for x in auto.results[1] [start4:end4]] #Selects the forward Voc of all pixels in one device

336 Voc_rev_final = [x for x in auto.results[2] [start4:end4]] #Selects the reverse Voc of all pixels in one device

337 Jsc_forw_final = [x for x in auto.results[3] [start4:end4]] #Selects the forward Jsc of all pixels in one device

338 Jsc_rev_final = [x for x in auto.results[4] [start4:end4]] #Selects the reverse Jsc of all pixels in one device

339 FF_forw_final = [x for x in auto.results[5] [start4:end4]] #Selects the forward FF of all pixels in one device

340 FF_rev_final = [x for x in auto.results[6] [start4:end4]] #Selects the reverse FF of all pixels in one device

341 PCE_forw_final = [x for x in auto.results[7] [start4:end4]] #Selects the forward PCE of all pixels in one device

342 PCE_rev_final = [x for x in auto.results[8] [start4:end4]] #Selects the reverse PCE of all pixels in one device

343

344 if i ==

345 for k in [1,0]:

346 #if FF_forw_finall[k] < 35 or FF_rev_finall[k] < 35:

347 Voc_forw_final = np.delete(Voc_forw_final,k)

348 Voc_rev_final = np.delete(Voc_rev_final,k)

349 Jsc_forw_final = np.delete(Jsc_forw_final,k)

350 Jsc_rev_final = np.delete(Jsc_rev_final,k)

351 FF_forw_final = np.delete(FF_forw_final,k)

352 FF_rev_final = np.delete(FF_rev_final,k)

353 PCE_forw_final = np.delete(PCE_forw_final,k)

354 PCE_rev_final = np.delete(PCE_rev_final,k)

355

356 # if i ==

357 # for k in [2,1,0]:

358 # #if FF_forw_finall[k] < 35 or FF_rev_finall[k] < 35:

359 # Voc_forw_final = np.delete(Voc_forw_final,k)

360 # Voc_rev_final = np.delete(Voc_rev_final,k)

361 # Jsc_forw_final = np.delete(Jsc_forw_final,k)

362 # Jsc_rev_final = np.delete(Jsc_rev_final,k)

363 # FF_forw_final = np.delete(FF_forw_final,k)

364 # FF_rev_final = np.delete(FF_rev_final,k)

365 # PCE_forw_final = np.delete(PCE_forw_final,k)

366 # PCE_rev_final = np.delete(PCE_rev_final,k)

367

368 Voc_forw_final_avg.append(np.round(sum(Voc_forw_final)/len(Voc_forw_final),2)) #Calculates the average forward Voc of one device
from the corrected data set

369 Voc_rev_final_avg.append(np.round(sum(Voc_rev_final)/len(Voc_rev_final),2)) #Calculates the average reverse Voc of one device
from the corrected data set

370 Jsc_forw_final_avg.append(np.round(sum(Jsc_forw_final)/len(Jsc_forw_final),2)) #Calculates the average forward Jsc of one device
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374

379
380
381
382
383

384
385
386
387
388

389
390
391
392
393
394
395
396
397
398
399
400
401

403
404
405

from the corrected data set

Jsc_rev_final_avg.append(np.round(sum(Jsc_rev_final)/len(Jsc_rev_final),2)) #Calculates the average reverse Jsc of one device
from the corrected data set

FF_forw_final_avg.append(np.round(sum(FF_forw_final)/len(FF_forw_final),2)) #Calculates the average forward FF of one device
from the corrected data set

FF_rev_final_avg.append(np.round(sum(FF_rev_final)/len(FF_rev_final),2)) #Calculates the average reverse FF of one device from
the corrected data set

PCE_forw_final_avg.append (np.round(sum(PCE_forw_final)/len(PCE_forw_final),2)) #Calculates the average forward PCE of one device
from the corrected data set

PCE_rev_final_avg.append(np.round(sum(PCE_rev_final)/len(PCE_rev_final),2)) #Calculates the average reverse PCE of one device
from the corrected data set

Voc_forw_std.append (np.round(np.std(Voc_forw_final),2))

Voc_rev_std.append(np.round(np.std(Voc_rev_final),2))

Jsc_forw_std.append (np.round(np.std(Jsc_forw_final),2))

Jsc_rev_std.append(np.round(np.std(Jsc_rev_final),2))

FF_forw_std.append (np.round(np.std(FF_forw_final),2))

FF_rev_std.append(np.round(np.std(FF_rev_final),2))

PCE_forw_std.append(np.round(np.std(PCE_forw_final),2)) #Calculates the standard deviation in the average forward PCE from the
corrected data set

PCE_rev_std.append(np.round(np.std(PCE_rev_final),2))

nr_used_px.append(len(PCE_forw_final)) #Includes the number of pixels of each device that was used for the calculated averages

#Collects all averaged results in a numpy array, labeled with device number and name of parameter
results_avg =

np.array([devices,Voc_forw_final_avg,Voc_rev_final_avg,Jsc_forw_final_avg,Jsc_rev_final_avg,FF_forw_final_avg,FF_rev_final_avg,PCE_forw_f

#%% RECOVERY: Plot individual JV curves and calculate Voc, Jsc, FF, PCE
for x in order:
if x == order[0] or x == order[1] or x == order [2]:
y = ’Light_Voc’

elif x == order[3] or x == order[4] or x == order[5]:
y = ’Light_oV’

elif x == order[6] or x == order[7] or x == order[8]:
y = ’Dark_0V’

elif x == order[9] or x == order[10] or x == order[11]:

y = ’Dark_Voc’

for i in sorted(os.listdir()): #careful, if you run this twice, it will not overwrite the results but append them to the same list,
useful for appending multiple devices to the list, if you want to wipe it, use ctrl+W
if i.startswith(’{}_recovery_d{}_light_’.format(y,str(x).zfill(2))):
auto.load_data(i)
print (’Plotting data from’, i)
auto.plot_JV(voltage=auto.voltage,currDens=auto.currdens,name=i,save_results=True) #use save_results=False to just plot

without appending results to list

#%, RECOVERY: Averaging of all parameters
devices_rec = [’’] #List will be header containing device number in results file

Voc_forw_final_rec = [] #Empty lists to collect a specific parameter of every pixel of every device after removal of outliers
Voc_rev_final_rec = []
Jsc_forw_final_rec = []
Jsc_rev_final_rec = []
FF_forw_final_rec = []

FF_rev_final_rec = []
PCE_forw_final_rec = []
PCE_rev_final_rec = []

Voc_forw_final_avg_rec = [’Voc forward’] #Lists to collect averages of a specific parameter of all pixels in one device for all devices
Voc_rev_final_avg_rec = [’Voc reverse’]

Jsc_forw_final_avg_rec = [’Jsc forward’]

Jsc_rev_final_avg_rec = [’Jsc reverse’]

FF_forw_final_avg_rec = [’FF forward’]

FF_rev_final_avg_rec = [’FF reverse’]
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426 PCE_forw_final_avg_rec = [’PCE forward’]

427  PCE_rev_final_avg_rec = [’PCE reverse’]

428 Voc_forw_std_rec = [’Standard deviation forward Voc’] #Lists to collect standard deviation in all parameters
429  Voc_rev_std_rec = [’Standard deviation reverse Voc’]

430 Jsc_forw_std_rec = [’Standard deviation forward Jsc’]

431  Jsc_rev_std_rec = [’Standard deviation reverse Jsc’]

432  FF_forw_std_rec = [’Standard deviation forward FF’]

433  FF_rev_std_rec = [’Standard deviation reverse FF’]

434 PCE_forw_std_rec = [’Standard deviation forward PCE’]

435 PCE_rev_std_rec = [’Standard deviation reverse PCE’]

436 nr_used_px_rec = [’Number of pixels used’]

439 for i in order:#np.arange(l,nr_of_devices+l,1): #Loops over all devices to average parameters of all pixels in one device

440 name_nr = str(i).zfill(2)

441 startd4 = [auto.results[0].index(x) for x in auto.results[0] if ’recovery_d{}’.format(name_nr) in x][0] #Finds first pixel of omne
device

442 endd4 = [auto.results[0].index(x) for x in auto.results[0] if ’recovery_d{}’.format(name_nr) in x][-1] + 1 #Finds last pixel of
that device

443 print(’i’,startd4,endd4)

444

445 for 1 in np.arange(0,len(t_recovery),1): #separates all subsequent measurements of same device during light soaking

446 name_nr_2 = str(sum(t_recovery[:1+1])).zfil1(5)

447 start4 = [auto.results[0].index(x) for x in auto.results[0] [startd4:endd4] if ’{}’.format(name_nr_2) in x] [0]

448 end4 = [auto.results[0].index(x) for x in auto.results[0] [startd4:endd4] if ’{}’.format(name_nr_2) in x][-1] + 1

449 print(°1’,start4,end4)

450 devices_rec.append(’d{} t{}’.format(i,1)) #Appends device number to header list

451

452 Voc_forw_final_rec = [x for x in auto.results[1] [start4:end4]] #Selects the forward Voc of all pixels in one device

453 Voc_rev_final_rec = [x for x in auto.results[2] [start4:end4]] #Selects the reverse Voc of all pixels in one device

454 Jsc_forw_final_rec = [x for x in auto.results[3] [start4:end4]] #Selects the forward Jsc of all pixels in one device

455 Jsc_rev_final_rec = [x for x in auto.results[4] [start4:end4]] #Selects the reverse Jsc of all pixels in one device

456 FF_forw_final_rec = [x for x in auto.results[5] [start4:end4]] #Selects the forward FF of all pixels in one device

457 FF_rev_final _rec = [x for x in auto.results[6] [start4:end4]] #Selects the reverse FF of all pixels in one device

458 PCE_forw_final_rec = [x for x in auto.results[7][start4:end4]] #Selects the forward PCE of all pixels in one device

459 PCE_rev_final_rec = [x for x in auto.results[8] [start4:end4]] #Selects the reverse PCE of all pixels in one device

460

461 # if 1 ==

462 # for k in [3]:

463 # #if FF_forw_final[k]_rec < 35 or FF_rev_final[k]_rec < 35:

464 # Voc_forw_final_rec = np.delete(Voc_forw_final_rec,k)

465 # Voc_rev_final_rec = np.delete(Voc_rev_final_rec,k)

466 # Jsc_forw_final_rec = np.delete(Jsc_forw_final_rec,k)

467 # Jsc_rev_final_rec = np.delete(Jsc_rev_final_rec,k)

468 # FF_forw_final_rec = np.delete(FF_forw_final_rec,k)

469 # FF_rev_final_rec = np.delete(FF_rev_final_rec,k)

470 # PCE_forw_final _rec = np.delete(PCE_forw_final_rec,k)

471 # PCE_rev_final_rec = np.delete(PCE_rev_final_rec,k)

472 if i ==

473 for k in [1,0]:

474 #if FF_forw_finall[k]_rec < 35 or FF_rev_finall[k]_rec < 35:

475 Voc_forw_final_rec = np.delete(Voc_forw_final_rec,k)

476 Voc_rev_final_rec = np.delete(Voc_rev_final_rec,k)

477 Jsc_forw_final_rec = np.delete(Jsc_forw_final_rec,k)

478 Jsc_rev_final_rec = np.delete(Jsc_rev_final_rec,k)

479 FF_forw_final_rec = np.delete(FF_forw_final_rec,k)

480 FF_rev_final_rec = np.delete(FF_rev_final_rec,k)

481 PCE_forw_final_rec = np.delete(PCE_forw_final_rec,k)

482 PCE_rev_final_rec = np.delete(PCE_rev_final_rec,k)

483

484 Voc_forw_final_avg_rec.append(np.round(sum(Voc_forw_final_rec)/len(Voc_forw_final_rec),2)) #Calculates the average forward Voc

of one device from the corrected data set
485 Voc_rev_final_avg_rec.append(np.round(sum(Voc_rev_final_rec)/len(Voc_rev_final_rec),2)) #Calculates the average reverse Voc of
one device from the corrected data set
486 Jsc_forw_final_avg_rec.append(np.round(sum(Jsc_forw_final_rec)/len(Jsc_forw_final_rec),2)) #Calculates the average forward Jsc
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489

490

491

492

493

494
495

500
501

502
503
504

of one device from the corrected data set
Jsc_rev_final_avg_rec.append(np.round(sum(Jsc_rev_final_rec)/len(Jsc_rev_final_rec),2)) #Calculates the average reverse Jsc of
one device from the corrected data set
FF_forw_final_avg_rec.append(np.round(sum(FF_forw_final_rec)/len(FF_forw_final_rec),2)) #Calculates the average forward FF of
one device from the corrected data set
FF_rev_final_avg_rec.append (np.round(sum(FF_rev_final_rec)/len(FF_rev_final_rec),2)) #Calculates the average reverse FF of one
device from the corrected data set
PCE_forw_final_avg_rec.append(np.round(sum(PCE_forw_final_rec)/len(PCE_forw_final_rec),2)) #Calculates the average forward PCE
of one device from the corrected data set
PCE_rev_final_avg_rec.append(np.round(sum(PCE_rev_final_rec)/len(PCE_rev_final_rec),2)) #Calculates the average reverse PCE of
one device from the corrected data set

Voc_forw_std_rec.append(np.round(np.std(Voc_forw_final_rec),2))

Voc_rev_std_rec.append(np.round(np.std(Voc_rev_final_rec),2))

Jsc_forw_std_rec.append(np.round(np.std(Jsc_forw_final_rec),2))

Jsc_rev_std_rec.append(np.round(np.std(Jsc_rev_final_rec),2))

FF_forw_std_rec.append(np.round(np.std(FF_forw_final_rec),2))

FF_rev_std_rec.append(np.round(np.std(FF_rev_final_rec),2))

PCE_forw_std_rec.append(np.round(np.std(PCE_forw_final_rec),2)) #Calculates the standard deviation in the average forward PCE
from the corrected data set

PCE_rev_std_rec.append (np.round(np.std(PCE_rev_final_rec),2))

nr_used_px_rec.append(len(PCE_forw_final_rec)) #Includes the number of pixels of each device that was used for the calculated

averages

#Collects all averaged results in a numpy array, labeled with device number and name of parameter
results_avg_rec =
np.array([devices_rec,Voc_forw_final_avg_rec,Voc_rev_final_avg_rec,Jsc_forw_final_avg_rec,Jsc_rev_final_avg_rec,FF_forw_final_avg_rec,FF_

#% Definition plotting functions

def plot_evolution(param, j_start):
fig2 = plt.figure(figsize=(6,4),dpi=300)
ax2 = plt.gca()

fontsize2 = 13
fontsize2 = 13
elinewidth = 2
capthick = 2
capsize = 4
linestyle = ’-?
marker = [’0’,%d’]

if param == ’Voc’:
y_forw = Voc_forw_final_avg
y_rev = Voc_rev_final_avg
yerr_forw = Voc_forw_std
yerr_rev = Voc_rev_std
unit = ? (V)?
y1lim=[0.45,0.85]

elif param == ’Jsc’:
y_forw = Jsc_forw_final_avg
y_rev = Jsc_rev_final_avg
yerr_forw = Jsc_forw_std
yerr_rev = Jsc_rev_std
unit = * (mA/cm?)’
ylim=[-11,-26]

elif param == ’FF’:
y_forw = FF_forw_final_avg
y_rev = FF_rev_final_avg
yerr_forw = FF_forw_std
yerr_rev = FF_rev_std
unit = > (%)’
ylim=[35,75]

Page 109 of 117



565
566
567
568
569
570

571

590

599
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elif param == ’PCE’:
y_forw = PCE_forw_final_avg
y_rev = PCE_rev_final_avg
yerr_forw = PCE_forw_std
yerr_rev = PCE_rev_std
unit = > (%)°
ylim = [4,13]

ax2.set_ylim(ylim)
#ax2.set_x1im([0,1])

ax2.minorticks_on()
ax2.tick_params(which=’major’,length=5,labelsize=fontsize2)

ax2.tick_params(which=’minor’,length=3,labelsize=fontsize2)

labels_2f = [’Salts forw’,’Unpassivated forw’]

colours_2f = [’thistle’,’turquoise’]

labels_2r = [’Salts rev’,’Unpassivated rev’]

colours_2r = [’rebeccapurple’,’teal’]

titles = [’Evolution of {} under continuous illumination at Voc’,’Evolution of {} under continuous illumination at OV’,’Evolution
of {} in the dark at OV’,’Evolution of {} in the dark at 0.7V’]
if j_start ==

title = titles[0]

elif j_start == 70:
title = titles[1]

elif j_start == 139:
title = titles[2]

elif j_start == 208:
title = titles[3]

labels_2f = [’2PACz forw’] #because Dark OV only measured for 2PACz
colours_2f = [’turquoise’]

labels_2r = [’2PACz rev’]
colours_2r = [’teal’]

marker = [’d’]

j_start

.
[}

for i in np.arange(0,len(labels_2f),1):
ax2.errorbar(time,y_forw[j:j+len(t_lightsoaking)],yerr=yerr_forw[j:j+len(t_lightsoaking)],elinewidth=elinewidth,capthick=capthick,capsi
ax2.errorbar(time,y_rev[j:j+len(t_lightsoaking)],yerr=yerr_rev[j:j+len(t_lightsoaking)],elinewidth=elinewidth,capthick=capthick,capsize
j = j + len(t_lightsoaking)

ax2.set_xlabel(’Time (h)’,fontsize=fontsize2)
ax2.set_ylabel(param+unit,fontsize=fontsize2)
ax2.legend(loc=’best’,fontsize=fontsize2-2.5, ncols = 2)
plt.title(title.format (param),fontsize=fontsize2)
fig2.tight_layout ()

plt.show()

def plot_recovery(param, k_start):
fig2 = plt.figure(figsize=(6,4),dpi=300)

ax2 = plt.gca(Q)
fontsize2 = 13
fontsize2 = 13
elinewidth = 3
capthick = 2
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607 capsize = 4

608 linestyle = ’-?

609 marker = [’07,%d’]

610

611 if param == ’Voc’:

612 y_forw = Voc_forw_final_avg_rec

613 y_rev = Voc_rev_final_avg_rec

614 yerr_forw = Voc_forw_std_rec

615 yerr_rev = Voc_rev_std_rec

616 unit = > (V)?

617 y1lim=[0.45,0.85]

618

619 elif param == ’Jsc’:

620 y_forw = Jsc_forw_final_avg_rec

621 y_rev = Jsc_rev_final_avg_rec

622 yerr_forw = Jsc_forw_std_rec

623 yerr_rev = Jsc_rev_std_rec

624 unit = * (mA/cm?)’

625 ylim=[-11,-26]

626

627 elif param == ’FF’:

628 y_forw = FF_forw_final_avg_rec

629 y_rev = FF_rev_final_avg_rec

630 yerr_forw = FF_forw_std_rec

631 yerr_rev = FF_rev_std_rec

632 unit = > (%)’

633 ylim=[35,75]

634

635 elif param == ’PCE’:

636 y_forw = PCE_forw_final_avg_rec

637 y_rev = PCE_rev_final_avg_rec

638 yerr_forw = PCE_forw_std_rec

639 yerr_rev = PCE_rev_std_rec

640 unit = > (%)’

641 ylim = [1,14]

642

643 ax2.set_ylim(ylim)

644 ax2.set_x1im([11.5,24.5])

645

646 ax2.minorticks_on()

647 ax2.tick_params(which=’major’,length=5,labelsize=fontsize2)
648 ax2.tick_params(which=’minor’,length=3,labelsize=fontsize2)
649

650 labels_2f = [?IM/CF3BOM forw’,’Unpassivated forw’, ’EDAI forw’]
651 colours_2f = [’thistle’,’turquoise’, ’pink’]

652

653 labels_2r = [’Salts rev’,’Unpassivated rev’, ’EDAI rev’]
654 colours_2r = [’rebeccapurple’,’teal’, ’mediumvioletred’]
655

656 titles = [’Recovery of {} after continuous illumination at Voc’,’Recovery of {} after continuous illumination at OV’,’Recovery of

{} after ageing in the dark at OV’,’Recovery of {} after ageing in the dark at 0.7V’]

657 if k_start ==

658 title = titles[0]

659

660 elif k_start == 58:

661 title = titles[1]

662

663 elif k_start == 115:

664 title = titles[2]

665

666 elif k_start == 172:

667 title = titles[3]

668

669 labels_2f = [’2PACz forw’] #because Dark OV only measured for 2PACz
670 colours_2f = [’turquoise’]
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671

672 labels_2r = [’2PACz rev’]

673 colours_2r = [’teal’]

674

675 marker = [’d’]

676

677 k = k_start

678

679 for i in np.arange(0,len(labels_2f),1):

680 ax2.errorbar(time_rec,y_forw[k:k+len(t_recovery)],yerr=yerr_forw[k:k+len(t_recovery)],elinewidth=elinewidth, capthick=capthick,capsize=c
681 ax2.errorbar (time_rec,y_rev[k:k+len(t_recovery)],yerr=yerr_rev[k:k+len(t_recovery)],elinewidth=elinewidth,capthick=capthick,capsize=cag
682 k = k + len(t_recovery)

683

684 ax2.fill_between((-5,30),-30,80,alpha=0.35,color="#a8c8ec”’)

685 ax2.set_xlabel(’Time (h)’,fontsize=fontsize?2)

686 ax2.set_ylabel (param+unit,fontsize=fontsize2)

687 ax2.legend(loc=’best’,fontsize=fontsize2-2.5, ncols = 3)

688 plt.title(title.format (param),fontsize=fontsize2)

689 fig2.tight_layout()

690 plt.show()

691

692 def plot_both(param, j_start, k_start):

693 fig2 = plt.figure(figsize=(14,8),dpi=600)
694 ax2 = plt.gca()

695

696 fontsize2 = 30

697 elinewidth = 1

698 capthick = 2

699 capsize = 4

700 linestyle = -2

701 marker = [’0%,°d’, ’~’]

702

703 if param == ’Voc’:

704 y_forw = Voc_forw_final_avg

705 y_rev = Voc_rev_final_avg

706 yerr_forw = Voc_forw_std

707 yerr_rev = Voc_rev_std

708

709 y_forw_rec = Voc_forw_final_avg_rec
710 y_rev_rec = Voc_rev_final_avg_rec
711 yerr_forw_rec = Voc_forw_std_rec
712 yerr_rev_rec = Voc_rev_std_rec
713

714 unit = > (V)?

715 y1lim=[0.25,0.85]

716

717 elif param == ’Jsc’:

718 y_forw = Jsc_forw_final_avg

719 y_rev = Jsc_rev_final_avg

720 yerr_forw = Jsc_forw_std

721 yerr_rev = Jsc_rev_std

722

723 y_forw_rec = Jsc_forw_final_avg_rec
724 y_rev_rec = Jsc_rev_final_avg_rec
725 yerr_forw_rec = Jsc_forw_std_rec
726 yerr_rev_rec = Jsc_rev_std_rec
727

728 unit = ° (mA/cm?)’

729 ylim=[-3,-29]

730

731 elif param == ’FF’:

732 y_forw = FF_forw_final_avg

733 y_rev = FF_rev_final_avg

734 yerr_forw = FF_forw_std

735 yerr_rev = FF_rev_std
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736

737 y_forw_rec = FF_forw_final_avg_rec

738 y_rev_rec = FF_rev_final_avg_rec

739 yerr_forw_rec = FF_forw_std_rec

740 yerr_rev_rec = FF_rev_std_rec

741

742 unit = > (%)?

743 y1lim=[30,80]

744

745 elif param == ’PCE’:

746 y_forw = PCE_forw_final_avg

747 y_rev = PCE_rev_final_avg

748 yerr_forw = PCE_forw_std

749 yerr_rev = PCE_rev_std

750

751 y_forw_rec = PCE_forw_final_avg_rec

752 y_rev_rec = PCE_rev_final_avg_rec

753 yerr_forw_rec = PCE_forw_std_rec

754 yerr_rev_rec = PCE_rev_std_rec

755

756 unit = > (%)’

757 ylim = [0,14]

758

759 ax2.set_ylim(ylim)

760 ax2.set_x1im([-1,25])

761

762 ax2.minorticks_on()

763 ax2.tick_params(which=’major’,length=5,labelsize=fontsize2)

764 ax2.tick_params(which=’minor’,length=3,labelsize=fontsize2)

765

766 labels_2f = [’IM/CF3BOM forw’,’Unpassivated forw’, ’EDAI forw’]

767 colours_2f = [’mediumpurple’,’turquoise’, ’orchid’]

768 #colours_2f = [’#4B0082’, ’#008B8B’, ’#8B008B’ ]

769

770 labels_2r = [?IM/CF3BOM rev’,’Unpassivated rev’, ’EDAI rev’]

771 colours_2r = [’rebeccapurple’,’teal’, ’mediumvioletred’]

772 #colours_2r = [’#B08AD7’, ’#00CED1’, ’#FFOOFF’]

773

774 titles = [’Evolution of {} during continuous illumination at Voc’,’Evolution of {} during continuous illumination at OV’,’Evolution
of {} in the dark at OV’,’Evolution of {} in the dark at 0.7V’]

775 if k_start ==

776 title = titles[0]

777

778 elif k_start == 58:

779 title = titles[1]

780

781 elif k_start == 115:

782 title = titles[2]

783

784 elif k_start == 172:

785 title = titles[3]

786

787 # labels_2f = [’Unpassivated forw’] #because Dark OV only measured for 2PACz

788 # colours_2f = [’turquoise’]

789

790 # labels_2r = [’Unpassivated rev’]

791 # colours_2r = [’teal’]

792

793 # marker = [’d’]

794

795 j = j_start

796 k = k_start

797

798 for i in np.arange(0,len(labels_2f),1):

799 ax2.errorbar(time,y_forw[j:j+len(t_lightsoaking)],yerr=yerr_forw[j:j+len(t_lightsoaking)],elinewidth=elinewidth,capthick=capthick,capsi
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800

markersize = 10, linewidth = 2)

ax2.errorbar(time,y_rev[j:j+len(t_lightsoaking)],yerr=yerr_rev[j:j+len(t_lightsoaking)],elinewidth=elinewidth,capthick=capthick,capsize

markersize = 10, linewidth = 2)

ax2.errorbar(time_rec,y_forw_rec[k:k+len(t_recovery)],yerr=yerr_forw_rec[k:k+len(t_recovery)],elinewidth=elinewidth,capthick=capthick,c

markersize = 10, linewidth = 2)

ax2.errorbar(time_rec,y_rev_rec[k:k+len(t_recovery)],yerr=yerr_rev_rec[k:k+len(t_recovery)],elinewidth=elinewidth, capthick=capthick,car

markersize = 10, linewidth = 2)

j = j + len(t_lightsoaking)
k = k + len(t_recovery)
if j_start == 139: #to make dark OV have a blue background everywhere

ax2.fill_between((-5,30),-30,80,alpha=0.35,color=’#a8c8ec”’)
ax2.set_xlabel(’Time (h)’,fontsize=fontsize2)
ax2.set_ylabel (paramt+unit,fontsize=fontsize2)
ax2.legend(loc=’best’,fontsize=fontsize2-7, ncols = 3)
plt.title(title.format(param),fontsize=fontsize2)
fig2.tight_layout ()
plt.show()

elif j_start == 208:
ax2.fill_between((-5,30),-30,80,alpha=0.35,color=’#a8c8ec’)
plt.axvline(x = 12, color = ’black’, linestyle = linestyle,linewidth=0.5)
ax2.set_xlabel(’Time (h)’,fontsize=fontsize2)
ax2.set_ylabel (paramtunit,fontsize=fontsize2)
ax2.legend(loc=’best’,fontsize=fontsize2-7, ncols = 3)
plt.title(title.format(param),fontsize=fontsize2)
fig2.tight_layout()
plt.show()

else:
plt.axvline(x = 12, color = ’black’, linestyle = linestyle,linewidth=0.5)
ax2.fill_between((12,30),-30,80,alpha=0.35,color="’#a8c8ec”’)
ax2.set_xlabel(’Time (h)’,fontsize=fontsize2)
ax2.set_ylabel (param+unit,fontsize=fontsize2)
ax2.legend(loc=’upper right’,fontsize=fontsize2-7, ncols = 3) ##This controls the legend settings
plt.title(title.format(param),fontsize=fontsize2)
fig2.tight_layout ()
plt.show()

#4%j_start and k_start determine which set of measurements is selected
j_start = [1,70,139,208] # = [Light Voc, Light OV, Dark OV, Dark Voc]
k_start = [1,58,115,172] # [Light Voc, Light OV, Dark OV, Dark Voc]

#%% Plot lightsoaking

#j_start determines which set of measurements is selected, n = 0: Light Voc, 1: Light OV, 2: Dark OV, 3: Dark Voc
n=2

plot_evolution(param=’PCE’,j_start=j_start[n])

#%% Plot recovery
#k_start determines which set of measurements is selected, n = 0: Light Voc, 1: Light OV, 2: Dark OV, 3: Dark Voc
n=20

plot_recovery(param=’Jsc’,k_start=k_start[n])

#/% Plot light soaking + recovery

#j_start and k_start determine which set of measurements is selected, n = 0: Light Voc, 1: Light OV, 2: Dark OV, 3: Dark Voc, j and k

should always be the same!
n=0
plot_both(param=’Jsc’,j_start=j_start[n],k_start=k_start[n])

#4% Plot 4 pixel for one device
y = ’Light_Voc’
x =2

for i in sorted(os.listdir()): #careful, if you run this twice, it will not overwrite the results but append them to the same list,

useful for appending multiple devices to the list, if you want to wipe it, use ctrl+W
if °_2_P’ in i:

continue
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859
860
861

863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888

897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915

919

922

elif i.startswith(’{}_d{}_light_’.format(y,str(x).z£fil1(2))):
auto.load_data(i)
print (’Plotting data from’, i)
auto.plot_JV(voltage=auto.voltage,currDens=auto.currdens,name=i,save_results=False) #use save_results=False to just plot without

appending results to list

#%% Test

#% Definition plotting functions

def plot_evolution(param, j_start):
fig2 = plt.figure(figsize=(6,4),dpi=300)
ax2 = plt.gca()

fontsize2 = 13
fontsize2 = 13
elinewidth = 2
capthick = 2
capsize = 4
linestyle = -2
marker = [’07,°d’]

if param == ’Voc’:
y_forw = Voc_forw_final_avg
y_rev = Voc_rev_final_avg
yerr_forw = Voc_forw_std
yerr_rev = Voc_rev_std
unit = 2 (V)?
ylim=[0.45,0.85]

elif param == ’Jsc’:
y_forw = Jsc_forw_final_avg
y_rev = Jsc_rev_final_avg
yerr_forw = Jsc_forw_std
yerr_rev = Jsc_rev_std
unit =’ (mA/cm?)’
ylim=[-11,-26]

elif param == ’FF’:
y_forw = FF_forw_final_avg
y_rev = FF_rev_final_avg
yerr_forw = FF_forw_std
yerr_rev = FF_rev_std
unit = 2> (%)?
ylim=[35,75]

elif param == ’PCE’:
y_forw = PCE_forw_final_avg
y_rev = PCE_rev_final_avg
yerr_forw = PCE_forw_std
yerr_rev = PCE_rev_std
unit = > (%)’
ylim = [4,13]

ax2.set_ylim(ylim)
#ax2.set_x1im([0,1])

ax2.minorticks_on()
ax2.tick_params(which=’major’,length=5,labelsize=fontsize2)

ax2.tick_params(which=’minor’,length=3,labelsize=fontsize2)

labels_2f = [’Salts forw’,’Unpassivated forw’, ’EDAI’]
colours_2f = [’thistle’,’turquoise’, ’orange’]

labels_2r = [’Salts rev’,’Unpassivated rev’, ’EDAI’]
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923 colours_2r = [’rebeccapurple’,’teal’, ’orange’]

924

925 titles = [’Evolution of {} under continuous illumination at Voc’,’Evolution of {} under continuous illumination at OV’,’Evolution
of {} in the dark at OV’,’Evolution of {} in the dark at 0.7V’]

926 if j_start ==

927 title = titles[0]

928

929 elif j_start == 70:

930 title = titles[1]

931

932 elif j_start == 139:

933 title = titles[2]

934

935 elif j_start == 208:

936 title = titles[3]

937

938 labels_2f = [’2PACz forw’] #because Dark OV only measured for 2PACz

939 colours_2f = [’turquoise’]

940

941 labels_2r = [’2PACz rev’]

942 colours_2r = [’teal’]

243

944 marker = [’d’]

945

946 j = j_start

947

948 for i in np.arange(0,len(labels_2f),1):

949 ax2.errorbar(time,y_forw[j:j+len(t_lightsoaking)],yerr=yerr_forw[j:j+len(t_lightsoaking)],elinewidth=elinewidth,capthick=capthick,capsi

950 ax2.errorbar(time,y_rev[j:j+len(t_lightsoaking)],yerr=yerr_rev[j:j+len(t_lightsoaking)],elinewidth=elinewidth,capthick=capthick,capsize

951 j = j + len(t_lightsoaking)

952

053 ax2.set_xlabel(’Time (h)’,fontsize=fontsize2)

954 ax2.set_ylabel (paramtunit,fontsize=fontsize2)

955 ax2.legend(loc=’best’,fontsize=fontsize2-2.5)

956 plt.title(title.format(param),fontsize=fontsize2)

957 fig2.tight_layout ()

958 plt.show()

959

960 #%%j_start and k_start determine which set of measurements is selected
91 j_start = [1,70,139,208] # = [Light Voc, Light OV, Dark OV, Dark Voc]
962 k_start = [1,58,115,172] # [Light Voc, Light OV, Dark OV, Dark Voc]
963

964  #%% Plot lightsoaking

965 #j_start determines which set of measurements is selected, n = 0: Light Voc, 1: Light OV, 2: Dark OV, 3: Dark Voc
966 n=20

967 plot_evolution(param=’Voc’,j_start=j_start[n])
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Figure 10: Peak shifting of perovskite peaks for samples stored in ambient air. An example comparing
samples with an ETL and no metal contacts.
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