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Abstract

The discovery of the perovskite photovoltaic material family in 2009 has shaken the world of
solar cell research. As of today, perovskite solar cells (PSCs) have demonstrated efficiencies
comparable to commercially available silicon devices and have the potential to become a viable
marketplace alternative in the near future. In the world of fast approaching disaster caused by the
global warming, any engineering solution allowing us to ease the transition to renewable energy
production is desirable. Therefore, a core theme of the Thesis is to find ways to increase the efficiency
of PSCs, thus make them more viable for large scale production.

A regular PSC consists of a photoactive perovskite material “sandwiched” in between two
charge selective layers and electrodes. The structure used in this Thesis utilises quasi-interdigitated
back-contact electrodes (QIBC), developed in collaboration between CSIRO and our research group.
This architecture allows for a range of in situ measurements that are presented in this Thesis, which
aim to understand the fundamental mechanisms of perovskite crystal growth and passivation.

The Introduction to this Thesis presents a review on the current status of global warming, its
causes and consequences. It explains the percentage contribution of the main greenhouse gases
(carbon dioxide, methane and nitrous oxide) to climate change, outlines their origin and the industry
sectors which need to take immediate action. It is shown that the electricity and heat production
sectors create nearly half of global carbon dioxide emissions. This could be mitigated by increasing
the share of renewable electricity production in the global energy supply market. Furthermore, the
Introduction gives a brief description of current advancements in all photovoltaic technologies and
the history of PSC development.

The Literature Review focuses on perovskite crystal structure and material properties, as well
as gives examples of functional layers commonly used in the field. The working principle of a solar
cell based on a p-i-n junction is explained. Three different architectures of PSCs are described in
detail: planar, back-contact (BC) and QIBC. Current research in BC and QIBC perovskite
technologies is discussed. Furthermore, the Literature Review discusses the applications of said
technologies in in situ measurements of perovskite materials, during film formation and post
treatment processes.

The experimental work performed for this Thesis is divided into three Chapters. In the first,
QIBC PSCs are measured in situ during the photoactive layer film formation. The structural,
optoelectronic and photovoltaic measurements allow for determination of a favourable annealing time
at a given annealing temperature. Those experiments were performed on methylammonium lead
iodide (MAPbI3) — the most common and studied photoactive perovskite; however, methods used in
this Chapter can be easily transferred to other types of perovskites and thus, speed up the process of

optimising their manufacturing process.
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In the second experimental Chapter, QIBC PSCs undergo a post treatment - exposure to vapours of
4-tert-butylpyridine, 2-amyl pyridine and N,N-dimethylformamide. The pilot experiment allowed for
the in situ observation of the influence of said vapours on the photovoltaic and optoelectronic
performance of the devices. The experiment aims to define the favourable vapour dosage and time of
interaction between the vapour and the perovskite material to achieve a better perovskite film quality
through passivation or recrystallisation effects. Results of this experiment can be directly transferred
to other MAPbIz-based photovoltaic devices in order to boost their efficiencies.

The last experimental Chapter focuses on antireflective coatings for BC and QIBC PSCs. The
experiments show that the application of a thin poly(methyl methacrylate) (PMMA) layer on top of
a QIBC PSCs decreases the reflection from the perovskite/air interface. This significantly increases
the photogenerated current and thus, the device efficiency. The PMMA layer simultaneously acts as
an encapsulant, improving the durability of the devices by protecting the perovskite from the ambient
atmosphere. Additionally, optoelectronic measurements show that PMMA passivates the trap states
present at the top surface of QIBC perovskite device, thus, further boosting the photogenerated
current.

A summary of all Chapters and future prospects can be found in the Conclusion of this Thesis.
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In 2100, people will find ludicrous the fact that we inhaled nasty fumes from cars on an
everyday basis, the same way we find absurd that in the 1950s, applying radium-based

products on the skin was normal. The difference is, we are aware of the consequences. They

weren't.



1. Introduction
It is of the highest importance to recognise that the climate change we are currently

experiencing is a direct result of human activity. Every day, our actions are shaping the future
of the next generations living on this planet. As such, we have the unpleasant honour of
deciding what kind of future this will be.

In the light of the recently released Special Report on “Global Warming of 1.5 °C”
(SR1.5), by the Intergovernmental Panel on Climate Change (IPCC), there is no time for further
questioning of the issue. We need to act now and to do this, we will need breakthrough

technologies such as higher efficiency and cheaper photovoltaic solar cells.

1.1 Global warming

The term “global warming” refers to an increase of the mean global surface air and sea surface
temperatures, averaged over a period of 30 years. [1] It is usually given in units of degrees
Celsius, in relation to pre-industrial levels (years 1850 — 1900) for consistency, although the
reference point can sometimes be variable due to the lack of, or limited, data from the
aforementioned period. [2]

The current estimates by the IPCC, presented in SR1.5, already show a 1.0 °C increase
in the global temperature versus the pre-industrial period, observed from the average of
available datasets such as: Surface Temperature Analysis by The Goddard Institute for Space
Studies, Global Surface Temperature by National Oceanic & Atmospheric Administration and
data collected by the Climatic Research Unit of Hadley Centre, with missing data extrapolated
by Hansen et al., [3] Vose et al. [4] and Morice et al. [5] respectively, and additional corrections
provided by Karl et al. [6] as well as Cowtan and Way. [7] Furthermore, according to SR1.5
and based on the above datasets, the average global temperature continues to increase at the
rate of 0.2 (£0.1) °C per decade.

The increase in global temperature is attributed to the accumulation of so-called
greenhouse gasses (GHGs) in the atmosphere, which absorb and re-emit infrared radiation.
These GHGs include carbon dioxide, methane, nitrous oxide and fluorinated gases. Human
activity and rapid civil development over the last few decades have given rise to an imbalance
in natural concentrations of GHGs in the atmosphere. According to the 5th Assessment Report
on Climate Change (ARS) by IPCC, [8] in 2010 the total annual anthropogenic emissions of
GHGs reached 49 (+4.5) GtCO2 eq/yr (giga tonnes of CO; equivalent per year), rising at a rate
of 0.4 GtCOz eq/yr from 1970 to 2000 and at a rate of 1.0 GtCO2 eq/yr from 2000 to 2010. The

emissions are continuing to increase at a high rate [9]-[12] despite numerous mitigation
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policies implemented on both global and national scales. The devastating consequences of the
significant global average increase of 1.0 °C are already observable.

Multiple reports describe a rapid increase of global mean sea level, caused by melting
of the polarice caps. [13]-[17] As a result, islands, lowlands, and coastal areas are experiencing
destructive soil erosion and eventually will become infertile. The decline of food security,
along with the contamination of groundwater, are predicted to give rise to a wave of climate-
change-caused human migration in the near future. [18], [19] Furthermore, the high
atmospheric concentrations of carbon dioxide are enhancing hydrolysis in seawater, thus
increasing the hydrogen ion concentration and reducing the pH of the ocean. [20], [21] The
anthropogenic ocean acidification has a severe impact on marine lives and causes a rapid
decline in coral reefs. [22]-[24]

Inland, many animal species and plants are under the danger of climate-change-induced
extinction [25]-[28] as a result of habitat loss. [29] The environment and flora change [30] has
given rise to animal migration to higher latitudes, estimated to be at a median rate of ~1.7
km/year and to higher elevations at a median rate of 1.1 m/year [30]-[32] which has far-
reaching implications on ecosystems and human well-being. [33] For example, the spread of
zoonotic and bacterial tropical diseases is already observed around the globe. [34]-[37] Due to
global warming, the frequency and strength of extreme weather events is also expected to
increase. [38] It is forecast that an intensification of extreme heat waves, heavy precipitation,
floods, droughts, fire and extreme winds will be observed in the near furute. [39]

Knowing the devastating consequences of climate change, one should demand an
immediate cessation of all anthropogenic emissions of GHGs. Unfortunately, even with instant
net zero GHGs emissions, the global temperature will still experience temporary growth for

the next few years. [40]-[42]

1.2 Greenhouse gasses in numbers
In the overall rising trend of the total global emissions, the percentage share of the main GHGs
remains nearly constant over the last few decades. [43] The three main GHGs and their

contribution to the total annual anthropogenic emissions in 2010 are shown on Figure 1.1.
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Anthropogenic Greenhouse Gases
Emissions — World 2010

Methane
17%

Carbon Dioxide
74%

Nitrous oxide

7%
Other TOTAL
2% 45 GtCO,eqlyr

Figure 1.1. Percentage contribution of the main GHGs to the total annual anthropogenic
emissions in 2010. Figure based on data from: [43].

The main sources of methane (17% of the total emissions) are agriculture and waste
management. Nitrous oxide (7% of the total emissions) is mostly generated in agriculture and
fossil fuel combustion. About 74% of the total emissions is credited to carbon dioxide released
through combustion of fossil fuels and industrial processes (FFCIP), together with
deforestation, land clearing for agriculture and soils degradation (FOLU).

As seen on Figure 1.2, the biggest contributor to carbon dioxide FFCIP emissions is
the electricity and heat production sector (~50% of FFCIP), followed by transport (~20% of
FFCIP) and manufacturing industries and construction (~20% of FFCIP).
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CO, FFCIP Emissions by Sector
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Figure 1.2. Carbon dioxide global emissions by sector. Based on data from: [44] under
Creative Commons licence (CC BY-SA 4.0)

Global electricity consumption has increased rapidly over the last few decades at an
almost linear rate of 400 billion kilowatt hours per year, [45] with no signs indicating that this
trend will slow down in the foreseeable future, due to increases in both number and wealth of
the global population. Additionally, with the decreasing price of energy storage solutions, the
electrification of the transport sector is expected to become more prominent, [46], [47] shifting
even more emissions to the electricity and heat production sector.

The growing need for supplying higher amounts of electricity, along with the
consequences of its production, has forced people to search for its alternative sources. This has
led to incredible growth in the renewable energy (RE) industry, which is currently responsible

for meeting ~25% of the global electricity demand. [45]

1.3 Renewable energy production

Based on data collected by the U.S. Energy Information Administration, almost 70% of total
global RE is currently produced by hydroelectric power plants around the world (Figure 1.3).
[45] The hydroelectricity is generated through a rotation movement of a turbine, powered by a
stream of water, thus, through the conversion of kinetic energy into electricity. Unfortunately,
the high water current requirements, seasonal weather dependence, and large up-front costs

limited the growth of this sector, which is currently experiencing a stagnation. Similarly, wind
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turbines (16% of the global RE) require a specific environment of constant, stable wind (e.g.

smooth and coastal areas, or mountain passes) and large upfront capital investment.

Renewable Energy Sources
World 2016

Wind
16%

Hydro
67%

Biomass and Waste

10%
TOTAL
6 trillion kWh
Solar
6%
Geothermal
1%

Figure 1.3. Percentage share of electricity production from renewable sources. Based on data
from: [45]

Interestingly, solar energy, (currently sharing only ~6% of the global RE generation) is
the fastest growing sector of the RE sector, and has grown more than tenfold since 2010. [45]
This comes as no surprise, considering the number of distinct advantages of solar energy over
the other renewable energy sources.

Unlike hydro and wind plants, solar panels (also known as photovoltaic modules) do
not require any specific environment and can be installed anywhere around the globe
(compromising on efficiency in areas with lower solar irradiance). Solar technology is easily
scalable from small residential systems of a few kilowatts to large solar plants of hundreds of
megawatts capacity. For small systems - the solar electricity can be used on the spot, and does
not require connection to the grid, which makes it particularly attractive for remote and offshore
areas applications.

Solar electricity production does not involve any ongoing GHGs emissions, apart from
the ones released during the manufacturing process of photovoltaic (PV) modules. An average
energy payback time for commercial polycrystalline silicon solar cells is 3.1 years. [48]
Furthermore, a carbon footprint of solar electricity is at the range of tens of grams of CO;

eq/kWh for different types of solar panels and its geographical location, [49]-[53] which is an
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order of magnitude lower than the coal, lignite, oil, and natural gas electricity carbon footprint
reported elsewhere. [49], [53]-[58]

Generating electricity from biomass has become a matter of controversy in the RE field.
[59] On one hand, the biomass (e.g. trees) captures GHGs during the process of photosynthesis,
but on the other hand, the biomass has to then be burned in order to generate heat and electricity.
The process of releasing carbon dioxide through biomass burning takes place much faster than
capturing it through the growth of plants. It also leads to the creation of local GHG hot spots,
and therefore (unlike solar panels) the biomass power plants are usually placed far from urban
areas. Furthermore, deforestation causes a loss of habitat for native species and endangers
forest biodiversity. Trees are largely contributing to the reduction of GHGs concentrations in
the atmosphere through natural carbon sequestration [60] and are currently estimated to store
~30% of annual anthropological carbon emissions. [61]

Finally, a significant advantage of the solar panels is their low maintenance
requirement. In solar panels, the electricity is generated by directly converting the sun energy
into electrical energy, without employing any moving parts. The typical conservation includes
regular rinsing of the panels with water to avoid dirt accumulation, as well as inspecting the

electronic components (i.e. cables, connectors, inverter).

1.4 Financial feasibility and return on investment time of silicone solar modules

The aforementioned advantages of PV modules have drawn public attention to small-scale
silicon solar panels utilised for residential purposes, as well as of big investors financing large-
scale solar farms. This has significantly accelerated the development of the manufacturing
industry of PV modules and impacted the price of solar panels. Over the last few decades,
together with an increasing installed capacity of PV modules, the average price of solar
modules has dropped more than ten-fold, to the price of ~0.60 $/Wp (American dollars per watt
peak) and it is currently still slightly decreasing (Figure 1.4). [62]
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Solar PV module prices vs. cumulative capacity, 1976 to 2016

Solar photovoltaic (PV) module prices (measured in 2016 US$ per watt-peak) versus cumulative installed capacity
(measured in megawatts-peak, MWp). This represents the 'learning curve' for solar PV and approximates a 22%
rec(i}uction in price for every doubling of cumulative capacity.

LO
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1979 Y Axis: 66.1 2016 $
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X Axis: 0.32
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Source: Lafond et al. (2017); IRENA; SolarServer OurWorldInData.org/renewables « CC BY-SA

Figure 1.4. Price of PV modules per watt peak over time and cumulative installed capacity. Y
scale logarithmic. Reprinted from: [62] under Creative Commons licence (CC BY-SA 4.0)

As seen in Figure 1.4, the global average price of silicon PV modules decreased rapidly
between 1976 and 2000. This was mainly caused by the growth of manufacturing infrastructure
and development of solar-grade silicon treatment processes. [63] The price has continued to
decrease further during the last few years, due to the economies of scale. Despite that, solar
panels are still relatively expensive and there is no indication that this price will decrease
significantly in the near future. Additionally, the payback period of silicon PV modules differs
notably according to the geographical location. Even with financial support of government
rebates in highly developed countries, the payback period varies between a few to over a dozen
years, very rarely dropping below 5 years. The possible ways of enhancing the financial
feasibility of PV modules include a decrease in the price of current technology, an increase in
the power conversion efficiency (PCE) of PV modules or a transition to a new, cheaper and/or
more efficient technology.

The governmental financial support for installing PV modules is likely to continue
worldwide in the near future, considering the international commitments of the reduction of
GHGs emissions, declared by the majority of countries in the world. The first global initiative
on the mitigation of climate change was adopted in 1992 (New York) and enforced in 1994.
The United Nations Framework Convention on Climate Change (UNFCCC), whose main
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objective is the “stabilization of greenhouse gas concentrations in the atmosphere at a level
that would prevent dangerous anthropogenic interference with the climate system” [64] was
signed by 195 and ratified by 187 Parties to UNFCCC, as of 20" of November 2019. [65] This
document is the first official international expression of a globally shared will to reduce the
anthropological GHGs emissions.

Although only qualitative, the Framework gave a basis for creating the Kyoto Protocol
[66] in 1997, during the Third Conference of Parties (COP) as well as the Paris Agreement
(PA), adopted in 2015, during the twenty-first COP. These two documents describe the process
for Parties to declare their nationally determined contributions (NDCs) to the reduction of
global emissions and set a timeline for achieving it. The Parties of UNFCCC committed to
“Holding the increase in the global average temperature to well below 2°C above pre-
industrial levels and pursuing efforts to limit the temperature increase to 1.5°C above pre-
industrial levels, recognizing that this would significantly reduce the risks and impacts of
climate change” (Art 2 of PA). However, the Paris Agreement does not impose any penalties
on the Parties not meeting their NDCs, making their contribution to climate crisis mitigation
entirely voluntarily. Despite this, the significant investment in the renewable energy sector is
expected to continue to increase globally over the next few decades.

Another way of decreasing the payback period of silicon solar panels is an increase in
its PCE, assuming a fixed price: a larger production of electricity means more savings on the
electricity bill and eventually, a faster repayment of the initial investment. Figure 1.5 shows
the progression of PCE of different types of solar cells over time. [67] The champion silicon
solar cells (in blue) are currently able to convert 26.6% [68] of the incident light into electricity

and 27.6% [69] with the addition of a light concentrator.
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Figure 1.5. The best performing solar cells by category over time. This plot is courtesy of the National Renewable Energy Laboratory,
Golden, CO. [84]
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As seen in Figure 1.5, the increase in PCE of silicon solar cells is rather slow over the
last few decades. This comes as no surprise, considering the fact that the silicon processing
technology was adopted from the electronics industry and it is mature. Furthermore, the
champion silicon solar cells are nearly approaching their Shockley-Queisser limit [70] of
32.23%, which represents the maximum PCE that can be achieved by an ideal single junction

solar cell with a semiconductor band gap energy of 1.1 V. [71]

1.5 Multijunction solar cells, thin film solar cells and emerging solar technologies
Multijunction solar cells (Figure 1.5, in purple) exceed significantly the PCE of silicon solar
cells. The current world record is held by a four junction solar cell comprised of active layers
of GalnP/GaAs//GalnAsP/GalnAs, converting 46% of the incident light into the electricity,
under a concentrated illumination of 508 suns. [72] Moreover, the theoretical Shockley-
Queisser limit calculated for a multijunction solar cell with an infinite number of layers is
68.2% for 1 sun illumination intensity and 86.8 % for 45 900 suns intensity (assumed to be the
highest physically possible), indicating there is still significant potential to improve today’s
technology. [73] Unfortunately, due to the complex structure of multi-junction solar cells, their
manufacturing process is rather complicated and expensive. Therefore, regardless of their
performance, the applications of multijunction solar cells are, so far, mainly limited to high-
tech space missions, the military and wherever the sun-exposed surface area is relatively small,
but the energy demand is high.

Inorganic thin film technologies (Figure 1.5, in green) demonstrate PCEs comparable
with silicon solar cells. Their exceptionally high absorption coefficient [74] allows for saving
on the raw feedstock material (which unfortunately consists of rare and toxic elements),
without compromising on the efficiency. The champion copper indium gallium selenide
(CIGS) solar cell has a PCE 0f 23.3% [75] and 22.9% [76] with and without a concentrator (15
suns), respectively, followed by cadmium telluride solar cells (champion 22.1% [67]). Thin
film inorganic solar cells are currently available on the market, despite the initial problems with
their scalability. [77], [78] However, the complexity of manufacturing and the toxicity and
rareness of the feedstock materials has limited the competitiveness of these solar cells. The
commercial world demands cheaper solar energy with additional features, such as flexibility,
lightness in weight, aesthetic values and semitransparency. New technologies are emerging in
the PV world that have the potential to combine all of those attributes (Figure 1.5, in red).

Dye-sensitized solar cells (DSSCs) have the highest seniority amongst all emerging, or
next-generation, technologies. Thanks to a variety of dyes with different bandgaps, DSSCs are

available in a wide range of colours. Furthermore, DSSCs absorb low intensity light
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efficiently, allowing for the absorption of diffused ambient light as well as an artificial light,
[79] and are based on nontoxic and inexpensive materials. Because of this, they are particularly
interesting for indoor applications. Unfortunately, the relatively low PCE (11.9% champion
[67]) and stagnation in efficiency improvements over the past few years limits the
commercialisation of DSSCs.

A few years ago, organic solar cells and quantum dot-based solar cells exceeded the
PCE record of DSSCs, reaching 15.6% and 16.6% respectively. [67] However, their success
has been overshadowed by the biggest breakthrough in the PV world of last few decades — the

discovery of perovskite photoactive material.

1.5.1 The rise of perovskite solar cells
The slow progress in emerging solar technologies was dramatically disrupted in 2009, when
Kojima et al. reported an efficiency of 3.81% using nanoparticles of CH3NH3Pblz as a
replacement of a dye in DSSCs. [80] This technology was termed “perovskite” and the rapid
increase in PCE of perovskite solar cells (PSCs) over the next few years quickly caught the
attention of the scientific world [81] (Figure 1.5, in red). In 2013, both Science and Nature
announced PSCs as one of the top ten breakthroughs of the year. [82], [83] This contributed to
an almost exponential growth in the number of scientific papers and citations in the field,
followed by the enormous rise in perovskite solar cells’ efficiency (Figure 1.6). Today the
most efficient PSC converts >25% [84] of the incident light into electricity in the planar
structure and 28% [85] when combined with a silicon solar cell in a tandem configuration.

A small number of companies around the world have committed to commercialising
PSCs in the near future, with the current leader, Microquanta, producing perovskite
minimodules with certified PCE of 17.9%. [86] Nevertheless, there is still an urgent need for
further development of the technology. In particular, the long-term stability (lifetime) of
perovskite solar cells is an issue. Also, some of the intrinsic mechanisms of the perovskite
material are yet to be fully understood (e.g. the origin of the hysteresis.) Additionally, the
interface engineering, as well as surface trap states passivation, seem to play a big role in PSC
performance, and need to be addressed. It is also essential to develop and optimise scalable
methods of perovskite deposition. Furthermore, the efficiency of PSCs can be further enhanced
by considering different device architectures e.g. the back-contact (BC) configuration deployed

in the most efficient silicon solar cells.
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Reprinted with permission from: [87]. Copyright 2019 American Chemical Society.
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2. Literature Review

2.1 Perovskite material properties

The term ‘perovskite’ refers to the family of materials exhibiting a crystal structure ABX3. The
structure was first observed in 1839 by Gustav Rose in calcium titanium oxide, and later
characterised by the Russian mineralogist, Lev Alekseyevich von Perovski, from whom it
inherited its name. In the perovskite crystal, a larger A cation occupies a corner of a cubic
structure (0,0,0) with a smaller B cation at the body centred position (2,%2,%2), surrounded by
octahedral of X anions (%2,%,0) (Figure 2.1).

>

< W

Figure 2.1. Perovskite crystal structure ABX3. A and B represent cations. C represents an
anion.

In order to create a stable perovskite crystal, it is critical to consider the Goldschmith
tolerance factor and the octahedral factor. [88], [89] The Goldschmidt tolerance factor is
defined as a ratio of distances A — X and B — X in an idealised solid-sphere model. The
octahedral factor, proposed by Le et al., [90] compliments the tolerance factor and is defined

as a ratio of radii of the cation B over the radii of anion X:

Ra+R Rp
V2(Rg+Rx) Ry

where Ra and Rg are the ionic radii of the corresponding cations and Rx is the ionic radius of

an anion.
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The tolerance and the octahedral factors differ for different types of perovskite,
depending on the crystal component selections. This influences the shape of the unit cell. [91]
A cubic structure, corresponding to the Pm3m space group (Figure 2.1) is most likely for ¢ =
0.89 — 1.0, whereas tetragonal or orthorhombic structures appear for lower ¢ and hexagonal
structures for higher ¢. [92], [93] For perovskite halides the octahedral factor lies between 0.442
and 0.895. [93]

The tolerance and the octahedral factors provide a guideline for perovskite formability,
although the aforementioned values are describing a necessary, but not sufficient condition, in
order to achieve the desired symmetry. Other circumstances, such as heat, crystal boundaries
and defects, as well as oxidative/reductive environments, can affect the crystal structure of the
perovskite material.

Temperature has a huge impact on the structural properties of the perovskite material.
As an example, the unit cells of methylammonium lead iodide (MAPDI3) (the most studied out
of all perovskite materials) undergoes phase transitions from tetragonal structure (existing at
room temperature) to cubic (above ~54 °C) or to orthorhombic structures (below ~ -111 °C).
[94] This is caused by a rotation of the MA™ cation inside of the perovskite unit cell around its
C—N axis, with a faster movement observed for higher temperatures. [95] Furthermore, first-
principles calculations performed by Geng et al. show that the MA™ molecule changes its C—-N
axis orientation at different temperatures, which has an influence on the Pb—I bond length an
Pb—I-Pb angle and thus the stability and electronic properties of the material. [96] These
structural changes appear for all perovskite materials at very distinct, unique temperatures.

The most widely used A4 cations in PSCs are: methylammonium CH3NH3* (MA™) with
R = 1.8 A, [97] formamidinium CH(NH,)," (FA") with R = 1.9-2.2 A [98] and caesium (Cs")
with R = 1.65 A [99] or a mixture of these three. Cation B represents a metal cation, usually
lead (Pb%"), although many efforts are being made to replace it with tin (Sn?*) due to toxicity
reasons [100] (R = 1.19 A and R = 1.1 A, respectively). Anion X is usually a mixed halide
material made of iodine (I') with R = 2.20 A and bromine (Br’) with R = 1.96 A or chlorine
(CI)) with R = 1.81 A. [99]

Mixing between the aforementioned components not only influences the shape of the
perovskite crystal, but also affects the electronic properties of the material. Changing the B—X
bond length and B-X-B bond angle allows for tuning of the bandgap of these perovskites
between 1.1 and 2.3 eV, [100]-[103] with smaller bandgap appearing for larger octahedrons
and larger bond angles. [104] It was shown that increasing the electronegativity of component
X leads to an increase in valence character of the B—X bond, leading to a wider bandgap. [105],

[106] As observed in numerous studies, the choice of cation A, also has an impact on the
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perovskite bandgap, with bigger molecules decreasing the bandgap size and thus red shifting
the absorption spectra. [107], [108] Although, the first principle modelling performed by Amat
et al. on group of APbl; materials shows that the interaction of cation A with other atoms in
the crystal lattice through H—I hydrogen bonds plays an equally important role in shaping the
energy bands of the material. [109]

The adjustable absorption spectrum, together with a sharp absorption edge, [110] are
some of the biggest advantages of perovskite PV materials. Thanks to those properties,
perovskites have found application in tandem solar cells (SCs), either as perovskite-perovskite
tandem SCs [111] or with silicon SCs, further increasing their efficiency. [112], [113]
Moreover, the bandgap tunning affects the aesthetics of the perovskite solar cells. As presented
in numerous studies, changing the ratio of different cations and anions in perovskite materials
allows for a deposition of films in almost every colour of the visible spectrum. [98], [108],
[114] An example of bandgap tuning caused by the composition change can be observed on
Figure 2.2 on an energy diagram (a) and as a matrix of different colours of solar cells made of

different compositions of perovskites (b).
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Figure 2.2. Change of the bandgap of perovskite material caused by the change in its
composition. (a) Tuning of the band gap from 1.51 eV to 1.10 eV by increasing the tin
concentration. Reprinted from: [115] with permission of the American Chemical Society. (b)
A matrix of different rations of cations MA™ and FA™ mixed with different ratios of I and Br-
in APbX3 perovskites. Change of the bandgap is represented by the colour of the perovskite
material. Reprinted from: [108] with permission of The Royal Society of Chemistry.

The unique combination of excellent optical and electronic properties, distinguish

perovskite from the crowd of emerging PV technologies. Due to its low crystallisation energy
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barrier (56.6 — 97.3 kJ mol! [116] compared to 280 — 470 kJ mol™!' for amorphous silicon,
[117]) perovskite can be deposited via numerous low-temperature processes from solution,
which makes it particularly appealing for large-scale industry production. [118], [119]
Furthermore, a space-charge-limited current study performed by Huang et al. estimated the
trap-state density of crystalline perovskite: ~10°— 10!° cm™. [120] This value is significantly
lower than in case of other thin film technologies (polycrystalline Si: ~10'* — 10'* cm?3,
CdTe/CdS: ~10" — 10" cm™, CIGS: ~10" cm™) [88], [121], [122] and comparable to the best
intrinsic silicon and GaAs results. In an ideal case, charges would travel within one perovskite
crystal until they reach the electrode, but there is no method for depositing single crystals in a
sandwich architecture. However, in planar perovskite SC charge transport takes place in
vertical direction and due to the submicrometric thickness of the planar structure, charges travel
inside of one crystal most of the time. Nevertheless, the trap state density calculated in the same
study by Huang et al. for polycrystalline perovskite is ~10'> — 10'7 cm™, which is still
comparable with other existing technologies.

Perovskites show very low exciton binding energies (in range of tens of meV [123]-
[126]), which means that the process of creating free charge carriers in the material is relatively
easy. In contrast, this process is one of the main causes of decreasing the open circuit voltage
in organic solar cells, where the binding energy can reach 1eV. [127] Furthermore, relatively
long carrier diffusion lengths in perovskite materials reduce the probability of charge
recombination, thus increasing the number of extracted charges and hence, the photocurrent.
The typical values reported in the literature for perovskite polycrystalline films ranges from
few hundred nanometres up to 1 um, [121], [128], [129] however, Dong et al. were able to
achieve diffusion lengths greater than 175 pum in perovskite single crystals. [122]
All of the advantages of perovskite materials have sparked interest in commercialising PSCs

and contribute to the rapid development of this technology.

2.2 Working principle of perovskite solar cells.

The role of the perovskite layer in the device is to absorb the incident light and convert it into
free charge carriers (electrons and holes). Subsequently, the charges need to be extracted from
the perovskite and transported to the electrodes. The carriers’ extraction occurs thanks to an
internal electric field, occurring inside of the perovskite material. This field is induced by
adding two charge selective layers and creating an n-i-p junction (regular SCs) or p-i-n junction
(inverted SCs). This gives a driving force for electrons and holes to move in opposite directions,

towards their corresponding electrodes. The average carrier lifetime in perovskite material is
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in the order of hundreds of nanoseconds, [129]-[131] hence, to avoid the recombination, the

process of charge carrier extraction has to be much faster.

2.2.1 Energy diagram

The working principle of perovskite solar cells can be explained by an energy diagram,
presented on Figure 2.3 The incident photon is absorbed by the perovskite photoactive material
(1). The energy of the photon is used to excite an electron from the valence to the conductive
band. The electron leaves behind a hole (2). The bandgap of the perovskite material determines
the lowest energy of the photons that can be absorbed, with CH3;NH3Pbl; requiring a minimum
of ~1.50 — 1.55 eV. [132] The excited electron travels in the direction of the electron selective
layer (ESL), towards a lower energy state and eventually reaches the cathode. Simultaneously,
the hole travels in direction of the hole selective later (HSL), towards a higher energy state and
eventually reaches the anode (3). The energy difference between the conductive band of the
perovskite material and LUMO of the ESL creates a driving force for the electrons’ extraction.
Similarly, the energy difference between the valence band of the perovskite material and
HOMO of the HSL creates a driving force for the holes’ extraction. Furthermore, the difference
of HOMO level of the HSL and the LUMO level of the ESL determines the maximum open

circuit voltage that can be obtained by the device.

a
Vacuum Level

Energy

Cathode ESL Perovskite HSL Anode

Figure 2.3. Energy diagram of a perovskite solar cell, showing the working principle of the
device: free charges created in perovskite layer are extracted by corresponding charge selective
layers and travel towards the electrodes.

The choice of ESL and HSL materials strongly depends on their band gap alignment
with a chosen type of perovskite. The charge selective layers also need to be characterised by
a good charge mobility and low traps density to avoid charge recombination. Furthermore, in

conventional planar PSCs at least one of the charge selective layers must be highly transparent
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in the wavelength range of perovskite absorption, in order to allow photons to reach the
perovskite material. Additionally, the deposition process of the charge selective layers must
not harm the underlaying films. All of these requirements, together with a long term and good
temperature stability, significantly limit the range of available charge selective layer options.
Until now, the properties of numerous organic and inorganic materials were studied for
charge selective layers applications. All of them find their use in different device architectures
and in conjunction with different types of perovskite material. Figure 2.4 shows the energy

diagram of the most frequently used charge selective layers, together with representative

perovskites and work functions of commonly used electrodes.
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Figure 2.4. Energy diagram of representative perovskites, charge selective materials and
electrodes (dotted lines represent the work function). Reprinted from: [133] with permission of
The Royal Society of Chemistry.

2.2.2 Electron selective layers

As mentioned above, the role of the ESL is to extract electrons from the perovskite material
and transport them to the cathode. Simultaneously, the ESL works as a buffer layer for holes,
blocking their pathway towards the cathode, thus suppressing recombination.

One of the most commonly used ESL in PSCs is TiO;. This is due to its good band
alignment with most of the photoactive perovskite materials, high transparency and a
sufficiently long electron lifetime. [134] The most efficient perovskite solar cells usually
contain a mix of compact and mesoporous titania layers. This combination allows for a pinhole-

free buffer, stopping holes from recombining with the cathode, and simultaneously, a
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maximised contact surface area penetrating the perovskite layer to enhance the electron
extraction. A mesoporous layer of TiO, can be deposited via screen printing — a process well
developed for DSSCs. [135] A compact layer of TiO; is usually deposited via spray pyrolysis,
due to a good and repeatable layer quality, as well as the ease of this process. [136] Both of
those deposition methods require an annealing step at a high temperature, up to 500°C, which,
unfortunately exceeds the melting point of most flexible substrates, thus limiting the device
applications. The use of low temperature titania deposition methods (e.g. atomic layer
deposition ALD from titanium isopropoxide and water, [137] or UV-assisted spin-coating
[138]) usually requires a compromise on the layer quality and thus the device efficiency.
Furthermore, as in the case of ALD, it significantly increases the time for device preparation
and requires a high vacuum.

Other inorganic electron selective materials, such as ZnO and SnO», have slowly begun
to gain popularity thanks to their low temperature deposition processes (e.g. DC sputtering,
[139] printing, [140] spin-coating [ 141]) and favourable bandgaps. In comparison with titania,
ZnO is characterised by a much higher electron mobility. [142], [143] However, studies show
that ZnO encourages the thermal degradation of the solar cell. [144]-[146] Devices employing
SnO:> very often suffer from severe hysteresis. [147] To date, the highest efficiencies obtained
with SnO; and ZnO are ~21% [148] and ~16% [149], [150] respectively.

The most popular organic ESL used in an inverted structure is [6,6]-phenyl C61 butyric
acid methyl ester (PCBM), with its low temperature, solution deposition process and the
efficiencies exceeding 20%. [151] However, this ESL is known for a high nonradiative
recombination caused by uncompleted coverage of the underlying perovskite layer. [152] To
mitigate this issue, the layer of PCBM can be backed up by a thermally evaporated lithium
fluoride and Ceo/bathocuproine, [153], [154] adding not only cost but also complicating the

device fabrication process.

2.2.3 Hole selective layers
HSLs extract the holes from the perovskite material and transport them to the anode, and
simultaneously stop electrons from going this direction.

The most common HSL used in PSCs is 2,2',7,7'-tetrakis-(N,N-di-p- methoxyphenyl-
amine)9,9'- spirobifluorene (Spiro-OMeTAD), first applied as a HSL in solid state DSSCs.
[155] Currently, different variations of Spiro-OMeTAD are synthesized by changing the
positions of the two methoxy substituents to improve its electronic properties. [156] The
standard method of depositing Spiro-OMeTAD usually includes spin-coating from a
chlorobenzene solution with small additives of 4-tert-butyl pyridine (TBP) and lithium-
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bis(trifluoromethanesulfonyl)imide (Li-TFSI). The additives enhance the conductivity of
Spiro-OMeTAD, however, studies show that Li-TFSI is hygroscopic and harmful to the long
term stability of PSCs. [157], [158]

Organic polymer materials are widely used as HSLs in PSCs. Polytriarylamine (PTAA)
was applied as a hole selective layer of a previous champion perovskite cell. [159] The layer is
usually spin-coated on top of perovskite in toluene solution with an additive of Li-TFSI and
TBP. Another polymer, poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS), is widely used in an inverted structure. It can be deposited, among other
methods, by spin-coating [160] or printing [140] on a glass or plastic substrate covered with a
transparent conductive oxide. PEDOT:PSS and its derivatives are particularly interesting for
large scale flexible PSCs. This is due to its low temperature and scalable deposition methods,
as well as a good resistance to cracking. [161], [162] Additionally, Snaith et al. developed a
method of depositing a layer of PEDOT:PSS directly on top of perovskite material, creating a
regular (non-inverted) PSC. [163]

A wide range of inorganic materials have been studied for application as an HSL. These
are particularly interesting for BC PSC, because of its well-developed selective deposition
methods. This means that the HSL can be deposited selectively on top of one of the electrodes,
even though both BC electrodes are already present on the substrate. As an example, CuSCN
can be electrodeposited following the method developed by Chappaz-Gillot et al. [164], [165]
on top of an electrode that is negatively charged versus a reference electrode. Furthermore,
metal oxides, such as NiO and Cu;O, can be obtained through the thermal oxidation of a
prepatterned metal electrode resulting in a similar effect. [166], [167] Other widely used and
scalable methods of deposition of inorganic HSLs include doctor blading, [168] [169] spray
coating, [170] sputtering [171] and spin-coating. [160], [172], [173] The inorganic HSLs are
characterised by a high chemical stability, high hole mobility and low cost. Unfortunately, none

of the inorganic HSL have led to the efficiencies obtained with their organic equivalents.

2.2.4 Electrodes

The role of electrodes in PSC is to collect the charges from charge selective layers and transport
it to the grid. The planar architecture of PSCs requires at least one of the electrodes to be
transparent in order to allow the photons to reach the perovskite material. Therefore, wide
bandgap transparent conductive oxides (TCO), such as indium tin oxide (ITO) and fluorine
doped tin oxide (FTO), are widely used in the PSC field. Various types and patterns of TCO

coated glass and plastic substrates are commercially available.
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The back (not necessarily transparent) electrode is usually made of gold, silver,
aluminium, nickel or copper. These electrodes are usually deposited via physical vapour
deposition methods. The best results in efficiency and perovskite device stability are obtained
with gold; the other materials are used whenever the cost of the device plays a significant role.
[174]

2.3 Architectures of perovskite solar cells
Originally, perovskite solar cells are manufactured in a planar configuration (Figure 2.5a).
This architecture consists of a perovskite layer sandwiched in between two of the charge
selective layers and complemented by the positive and negative electrodes. The layers can
create a n-i-p (regular) or p-i-n (inverted) junctions. Additionally, one of the charge selective
layers can be enriched with an additional, mesoporous layer.

Multiple benefits discussed below are arising from the adaptation of an interdigitated
(IBC) and quasi-interdigitated back-contact (QIBC) architecture of the device (Figures 2.5b
and Figure 2.5c¢ respectively). In those configurations, both of the electrodes rest at the bottom

of the device, however, the n-i-p junction charge transport rules remain unchanged.
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Figure 2.5. Different architectures of PSCs. (a) 3D drawing of regular planar perovskite solar
cell and its cross-section as well as cross-sections of planar regular mesoporous and an inverted
planar structure. (b) 3D drawing of interdigitated back-contact (IBC) perovskite solar cell and
its cross-section. (c) 3D drawing of quasi-interdigitated back-contact (QIBC) perovskite solar
cell and its cross-section.

2.3.1 Planar perovskite solar cells
The planar architecture of PSCs evolved from DSSCs, where perovskite was initially used as
a replacement for a dye. The structure reported in 2009 by Miyasaka et al. [80] consisted of
CH3NH3Pbl; nanoparticles deposited on a mesoporous layer of titania (ESL), resting on
compact titania/FTO coated glass (anode) and an organic electrolyte solution containing
lithium halide and halogen (HSL), sealed with a Pt-coated FTO glass (cathode).

Overtime, the outstanding photovoltaic properties of perovskite became more
prominent, as Snaith et al. [175] reported the enhanced charge extraction of perovskite-
sensitized SC. In the same work, they replaced the mesoporous titania layer with insulating

alumina and measured a device efficiency exceeding 10%. This indicated the redundancy of
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the mesoporous layer of titania and gave rise to the current form of the planar perovskite solar
cells.

The main advantage of the planar structure is a simple arrangement and ease of
fabrication; however, many research groups still complement the device with the addition of a
thin layer of a scaffold material (such as TiO2, Al2O3 or ZrO>) to increase the contact area
between the perovskite and ESL and suppress the charge recombination at the interface. [176]
As seen of Figure 2.5a, in the planar architecture perovskite material is sandwiched between
the ESL and HSL. The charge transport takes place in the direction perpendicular to the device
plane. The solar cell is illuminated from the bottom (glass) side, therefore the bottom electrode
and one of the charge selective layers must be transparent. Thanks to the relatively high
absorption coefficient, reaching values even few orders of magnitude higher than for crystalline
silicon, [110], [114] PSC belong to the group of thin film solar cells. According to the study
performed by Im et al. on a TiO; film coated with CH3NH3Pblz nanodots, its absorption
coefficient at 550 nm is around 1.5x10* em™, [177] giving a maximum penetration depth of
this light ~660 nm. [178] Hence, the typical thickness of the perovskite layer applied in the
planar configuration SC is on order of few hundred nanometres, comparing to a submillimetre
thick silicon used in silicon solar cells. Similar perovskite thickness values were obtained by
Minemoto et al. through the modelling of the ideal perovskite device. [179] Nevertheless,
efficiencies above 5% were still obtained with perovskite thicknesses as low as 55 nm in order
to produce semitransparent PSC. [180] Furthermore, a slight decrease in the efficiency of
perovskite devices is observed for a thicknesses greater than 0.5 um, caused by a reduction of
the electric field inside of the photoactive layer. [179]

Planar PSCs suffer from transmission losses (parasitic light absorption), caused by the
bottom electrode and one of the charge selective layers. Similarly, in silicon solar cells, the top
electrode (having a form of silver stripes) is shading the surface of the solar cell. This gave rise
to the development of back-contact electrodes for solar cells, which are the main focus of this
Thesis.

2.3.2 Interdigitated back-contact perovskite solar cells

The IBC architecture for silicon solar cells was first proposed in 1975 by R. J. Schwartz. [181]
Thanks to the low series resistance of the electrodes (determined by their thickness), this new
architecture was particularly interesting for application in concentrator solar cells. As soon as
1985, IBC silicon solar cells reached an efficiency exceeding 20%. [182] A few years later,
Honda demonstrated the large-scale production of IBC silicon solar cells, based on a

photolithography method, for application in a solar vehicle, Honda Dream. [183] Despite a
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remarkable efficiency of IBC silicon solar cells, these devices did not pass a feasibility test,
due to their complicated and costly manufacturing process. However, over time the technology
spread across other types of solar cells, including DSSCs [184] and most recently perovskite
solar cells.

The structure of an IBC PSC is pictured on Figure 2.5b. The IBC electrodes lay on the
bottom of the device and consist of two comb-shaped electrodes, covered by HSL and ESL. A
perovskite layer is deposited on the top of the pre-made electrode pattern, as a last step of the
device fabrication. This avoids a number of processing issues encountered in the fabrication of
planar PSCs, affecting the quality of the photo absorbing layer. As an example, methods used
to deposit materials on top of the perovskite layer in the planar structure are constrained by the
chemical compatibility with the perovskite material (i.e. cannot dissolve or interact with the
perovskite layer in an unwanted and uncontrollable manner); whereas in the IBC structure this
problem is eliminated. Furthermore, the IBC architecture not only eliminates the transmission
and/or shading losses of the initial flux, but also allows for illumination of the SC from the top
and the bottom sides of the device. The double-side illumination of planar PSCs is also possible
if both electrodes and charge selective layers are transparent (or semi-transparent), which
further limits the choice and thickness of functional materials.

In an IBC PSC, the charge transport occurs in the direction parallel to the device plane;
whereas, in the planar structure charges travel perpendicularly to the device plane. Due to the
micron and sub-micron range charge diffusion length in polycrystalline perovskite material,
the gap between rear electrodes has to be of similar dimensions or smaller in order to collect
the charges efficiently. The distance between the electrodes plays a crucial role in the IBC
device performance, therefore, the manufacturing process of IBC electrodes is rather
challenging and requires the use of sophisticated equipment and a clean room facility. One of
the methods allowing for manufacturing such structure is photolithography, described in detail
in Chapter 3 of this Thesis. In this technique, a limiting factor, constraining the minimum size
of the electrodes is the occurrence of the UV light diffraction on the patterned mask. The
diffracted light causes an overexposure of the photoresist and a failure to obtain the photoresist
pattern. The effects of this diffraction become more prominent as the width of the electrodes
becomes narrower. Thus, the smallest pattern of IBC electrodes obtained by our research group
has an electrode width of 4 um and the gap between the electrodes of 4 um, still significantly
exceeding the career diffusion length in perovskite materials. [185] Other research groups
working in the IBC PSCs field produce devices with the gap width of the order of hundreds of
micrometres. [186], [187]
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Narrowing the gap between the positive and negative electrodes increases the
possibility of a short circuit between the electrodes. As we observed, this is usually caused by
the imperfections of the photoresist pattern (e.g. local overexposure, caused by a ununiform
light source or uneven photoresist thickness) or insufficient lift off. In order to tackle this issue,
our research group was the first to propose the use of quasi-interdigitated back-contact

electrodes for perovskite solar cells. [188]

2.3.3 Quasi-interdigitated back-contact perovskite solar cells

The structure of a QIBC PSC is pictured on Figure 2.5¢. This architecture is a hybrid of a
planar and the IBC devices. One of the rear electrodes is comb-shaped, whereas the other one
is planar. Both of the electrodes are covered with their corresponding charge selective layers
and are separated by a layer of an insulator. This architecture holds all the advantages of a
traditional IBC structure (i.e. the lack of transmission and shading losses, perovskite deposition
as a last step of the device fabrication, double-sided illumination), simultaneously vastly
reducing the possibility of an accidental short circuit of the electrodes. The method of
fabrication of QIBC PSCs developed by Jumabekov et al. [188] allows for fabricating a comb-
shaped electrode with teeth width of 2 um and the gap between the teeth of 2 um. However,
given the position of the electrodes and thus, the modified direction of the charge transport, the
longest distance that charges need to travel to reach an electrode is shorter than this value.

Numerical simulations performed by Ma et al. [189] show that decreasing the distance
that charges need to travel in order to reach their corresponding electrode plays a significant
role in the device performance. By varying a width of the gap between the IBC electrodes from
100 nm to 50 um, Ma noticed a drastic drop in the short circuit current (from 23.6 mA c¢cm™ to
4.7 mA cm) and the efficiency (from 22.1% to 4%) of the simulated device. The fill factor of
the simulated device was also reduced for gap widths of 1 um and above. This is caused by the
reduction of the electrical field between the electrodes, affecting the charge collection
efficiency of the IBC devices. In the same work, Ma suggested that adopting the QIBC
electrodes for perovskite devices may be beneficial for the device performance, because in this
structure the cathode and the anode are separated only by a several hundred nanometres thick
insulating layer.

The need to decrease the distance between the electrodes became even more
pronounced in the study performed by Lin ef al. [190] In his work, Lin observed an increase in
density of grain boundaries (GBs) in perovskite material when the layer was deposited on top
of the gold IBC electrodes. This was compared to the density of GBs in perovskite materials

deposited on a glass slide, as well as on a glass slide/flat gold layer substrate. It was discovered

Page | 26



that the topography and wettability of a substrate plays a significant role in the morphology of
the perovskite layer. A larger density of perovskite GBs increases the charge recombination at
the grain/grain interfaces, thus reducing the efficiency of the device. Hence, narrowing the
distance which charges need to travel in order to reach the electrode (and thus the number of
GBs on their way) may be a crucial step to increase the efficiency of the IBC and QIBC
perovskite devices.

Strategies to minimise the charge travelling distance involve modifying the shape of
the comb electrode, as well as developing new techniques for device fabrication, which exceed
the limits of photolithography. In the structure proposed by Hou et al. the comb-shaped
electrode was replaced by a honeycomb-like one (HQIBC electrodes). [191] Despite the use of
photolithography, Hou was able to obtain circular gaps with a diameter of 2.7 pum, and a 1.3
um spacing between the edges of the circles (Figure 2.6), shortening the charge pathways and

simultaneously improving the robustness of the structure.
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Figure 2.6. (a) A comparison of the interdigitated back-contact electrodes, quasi-interdigitated
back-contact electrodes and honeycomb quasi-interdigitated back-contact electrodes. (b)
Diagram showing the process of manufacturing of the honeycomb quasi-interdigitated back-
contact electrodes via photolithography. (¢, ¢) AFM images of the honeycomb quasi-
interdigitated back-contact electrodes of different sizes. (d, f) Corresponding SEM images of
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the electrodes. Figure reprinted with permission from: [191] RightsLink® by Copyright
Clearance Center.

In another study Jumabekov et al. attempted to developed a new method of
manufacturing HQIBC electrodes, eliminating the photolithography step. [192] Using a
modified natural lithography technique, Jumabekov deposited polystyrene nanobeads on top
of a glass/FTO/TiO; substrate which created a mask for the deposition of an insulating layer
and the cathode. This process was followed by the lift-off of the beads, oxidation of the cathode
and the deposition of the perovskite layer (Figure 2.7). The density of the deposited beads was
then significantly increased by Hou, [193] using a self-assembly nature of the beads, rather
than surface functionalisation.
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Figure 2.7. (a-g) Diagram showing the process of manufacturing of the honeycomb quasi-
interdigitated back-contact (HQIBC) electrodes via modified natural lithography method. (h)
Visual camera picture of a substrate containing 6 separate HQIBC devices, prior to perovskite
deposition. Reprinted with permission from: [192]. Copyright (2019) American Chemical
Society.

2.4 Applications of back-contact electrodes in perovskite solar cells field

The numerical simulations of back-contact perovskite solar cells performed by Ma et al.
confirm that these devices have the potential to exceed the efficiencies of their planar
analogues. In comparison to the planar architecture, back-contact devices are characterised by
an advantageous light utilization (no transmission losses, no shading losses) and should
theoretically generate a larger photocurrent. However, as of today, the efficiencies obtained
with the IBC and QIBC perovskite devices cannot compete with the champion planar
perovskite solar cells. This technology is relatively new and due to the low efficiencies have

not attracted much attention from the broader research community. Nevertheless, a few
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interesting applications of the back-contact electrodes were reported during the last few years,

some of which gave inspiration to the experiments performed for the purpose of this Thesis.

2.4.1 Studies of electronic properties of the perovskite material using back-contact electrodes
The first back-contact perovskite device was reported by Xiao ef al. [194] In his study, Xiao
presented IBC perovskite devices, with both electrodes made of gold, without the use of any
charge selective layers. The energy diagram of the so-prepared device was symmetric and did
not provide any driving force for the charge extraction. Hence, measured under illumination,
the solar cells did not generate any photocurrent. However, upon poling with a strong bias prior
to the measurement, Xiao observed a temporally induced photocurrent, whose direction
depended on the direction of the poling bias. The existence of this switchable photocurrent was
attributed to the ion migration inside of the perovskite material. Drifting ions, accumulated next
to the electrodes, induced a temporary p- and n- doping in the perovskite material, and created
a driving force for charge separation and extraction. A similar effect was observed by Xiao on
planar devices, also without charge selective layers, as well as in other studies performed by
the same research group. [195], [196] The minimum distance between the cathode and anode
of IBC electrodes used in Xiao’s experiments was 8 um, far exceeding the charge career
diffusion lengths in perovskite material. However, in this experiment, the IBC electrodes were
used to examine the fundamental properties of perovskite material, rather than creating an
efficient device.

Similarly, the IBC electrodes used by Pazos-Outon et al. [186] were applied to examine
electronic properties of the perovskite material. In this study, Pazos-Outon observed generation
of photocurrent in perovskite material even at distances greater than 50 pym away from the IBC
electrodes. Considering that the charge diffusion length in perovskite is a fraction of this
distance, the charge transport in perovskite material must take place through multiple photon
absorption — charge diffusion — radiative recombination — photon reabsorption processes
(“recycling of photons”). This may be the reason why IBC perovskite devices with largely
spaced electrodes are still able to generate photocurrents. Thanks to the IBC electrodes, Pazos-
Outén was able to discover the effects that could not be observed with planar devices. This
experiment also suggested the favourable application of perovskite materials in concentrator
solar cells, where radiative recombination is dominant.

A great application of back-contact electrodes was presented by Alsari et al., [187] who
performed in situ measurements of the perovskite material during film formation. Alsari used
the fact that perovskite deposition is the last step of device fabrication. This allows for the in

situ electronic measurements of the device. This experiment was the inspiration for work
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included in Chapter 4 of this Thesis. Traditionally, the method of perovskite deposition used
in this study (MAPDI3, prepared from MAIL:PbCl, and hydroiodic acid and Pbl: as additives, in
N,N-dimethylformamide) requires annealing of the perovskite for 2 h at 100 °C. [197]
However, Alsari was able to track the evolution of the devices’ performance during annealing
at few different temperatures and determine the time when the performance reaches its
maximum.

In his work, Alsari used IBC electrodes, separated by a 100 pum gap, which, most likely,
affected the electronic measurements of the perovskite material. The maximum photocurrent
density obtained by Alsari was lower than 200 pA cm?, and with a FF of ~25%, the device
efficiencies were negligible. In comparison, the gas-assisted method of deposition of perovskite
used in Chapter 4 (MAPbI3, prepared from MAI and Pbl, in N,N-dimethylformamide) requires
far shorter annealing times (10 min). [198] The QIBC electrodes used for this study are
characterised by an incompatibly shorter charge traveling pathways. Furthermore, all devices
presented in Chapter 4 demonstrated a measurable efficiency.

Numerous studies show that the morphology of the perovskite layer has a direct
influence on the efficiency of perovskite devices. [199], [200] In the same time, the
morphology is affected by the deposition methods and the environment in which this process
was performed. Factors, such as the temperature and time of annealing, the concentration of
individual components in precursor solution, the presence of additives, humidity, controlled
solvent or antisolvent vapour exposure during the deposition play a crucial role in the process
of manufacturing of highly efficient perovskite devices. In the crowd of so many variable
parameters, the in situ measurements of perovskite material during film formation are a useful

tool in the process of defining the most favourable conditions.

2.4.2 Other applications of back-contact electrodes in perovskite solar cells field

Coupled optical-electrical modelling performed by Adhyaksa et al. [201] show the superiority
of application of QIBC PSC in tandem perovskite/silicon solar cells. In his work, Adhyaksa
was comparing three different architectures of tandem perovskite/silicon solar cells, presented
in Figure 2.8. The conventional tandem solar cells (TSCs) are fabricated in either 2- or 4-
terminal architectures. 2-Terminal TSCs require current-matching of the sub-cells, to allow
both devices to work close to their maximum power point (MPP). In this configuration, both
sub-cells are connected in series and the output current is limited by the cell that produces lower
current at given applied voltage. In contrast, both sub-cells in the 4-terminal TSCs work
independently, however the device suffers from transmission and reflection losses occurring at

the interface of the sub-cells. The structure proposed by Adhyaksa consists of 3 terminals: the
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patterned QIBC top cathode and IBC electrodes, located at the bottom of the silicon sub-cell.
The sub-cells are separated from each other by an electron selective layer, which injects
electrons generated in perovskite to the bottom (silicon) sub-cell. By modelling such structures,
Adhyaksa obtained a 32.9% power conversion efficiency of 3-terminal TSC, whereas 2- and

4-terminal reached 24.8% and 30.2% respectively.
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Figure 2.8. (a) 3-terminal tandem perovskite/silicon solar cell. Top (perovskite) solar cell has
QIBC architecture, bottom (silicon) solar cell has IBC architecture. (b) 2-terminal tandem
perovskite/silicon solar cell. Both solar cells have a planar architecture and share the electrodes.
The solar cells are separated by a tunnelling layer. (¢) 4-terminal tandem perovskite/silicon
solar cell. Both solar cells have a planar architecture and separate electrodes. Reprinted with
permission from: [201] Copyright (2017) American Chemical Society, under Creative
Commons Attribution Non-Commercial No Derivative Works (CC-BY-NC-ND) 4.0 license.

An interesting application of QIBC electrodes was presented by DeLuca ef al. [202] In
his study, DeLuca manufactured transparent electrodes for the creation of semitransparent
perovskite solar cells. In this device, the bottom flat electrode was made of FTO, with a TiO»
electron selective layer deposited via spray pyrolysis. The comb-shaped ITO electrode was
made through a photolithography technique and subsequently covered with a hole selective
layer of copper(I) thiocyanate, deposited via an electrochemical method. Despite its rather low

efficiency (1.7%), DeLuca showcased a new potential material choice in QIBC electrodes for
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application in the tandem solar cells field. This is because the transparent QIBC electrodes
allow for transmission of the unabsorbed light by through the device, rather than being reflected
from the metal contacts. This light can be then absorbed by the bottom sub-cell of the tandem
configuration.

Recently, Wong-Stringer et al. [203] reported a new process of manufacturing BC
electrodes for flexible PSCs. In his work, Wong-Stringer embossed a polymer substrate to
obtain grooves, presented on Figure 2.9. Thanks to the directional e-beam evaporation, the
walls of the grooves were subsequently coated with the electrodes and charge selective layers.

As a last step, so-prepared substrate was covered with a perovskite material.

PET & Acrylic
Figure 2.9. (a) Directional evaporation of the electrodes and charge selective layers on top of
the patterned flexible substrate. (b) Schematic illustration of so-prepared back-contact
electrodes. (c¢) Scanning electron microscope image of the back-contact electrodes. (d) A visual
image of the flexible substrate with back-contact electrodes, prior to perovskite deposition.
Reprinted from: [203] under Creative Commons Attribution 3.0 Unported Licence.

In Wong-Stringer’s device, a single groove acts as a solar cell, demonstrating stabilised
efficiencies as high as 7.3% (Jsc = 22.33 mA cm2, Voc = 0.91 V, photoactive area: 6.4x10
cm?). By interconnecting 16 of the grooves in series, Wong-Stringer created a micromodule,
with open circuit voltages up to 14.6 V. However, the efficiencies measured on so-prepared
micromodule dropped significantly (n = 2.63%, Jsc = 0.42 mA cm), due to the large, photo -
inactive space between the grooves. It is clear that the devices presented by Wong-Stringer
need further optimisation. However, one must remember that this study was the first attempt
showing a new method of fabrication of BC electrodes. Interestingly, all techniques used in

electrodes fabrication are applicable to roll-to-roll processing and may potentially be

implemented in large scale production of BC PSCs.

2.5 Passivation of perovskite solar cells. Post-treatment strategies.
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The multilayer nature of PSCs leads to multiple interfaces between the functional layers:
TCO/ESL, ESL/Perovskite, Perovskite/HSL, HSL/rear contact, rear contact/air. Those
interfaces cause numerous trap states — “hot spots” for charge recombination, which largely
contribute to the current loss in PSCs. The trap states are formed by crystal defects at the surface
of a layer, where the external halide ions of perovskite cannot bind with their (missing)
neighbouring atoms. Those ions possess under-coordinated valence electrons that attract
photogenerated holes and recombine with them, decreasing the photocurrent. Similarly, the
trap states are present at the GBs of the perovskite material itself (perovskite/perovskite
interface)

To address this issue, many efforts were undertaken to passivate the interfaces and GBs
in PSCs, resulting in significant increase in device performance, improved stability and reduced
hysteresis. Examples of the strategies used to passivate surfaces of the charge selective layers
include: coating it with a thin layer of an insulating polymer, [204] [205] or self- assembled
monolayers, [206]-[211] or carboxyl groups, [212] as well as doping of the material. [213],
[214]

Interestingly, modulated surface photovoltage spectroscopy studies performed by
Supasai ef al. [215] show the self-passivation nature of GBs in a MAIPD; layer in the presence
of excess Pbl,. This hypothesis was also investigated by time-resolved femtosecond transient
absorption spectroscopy experiments, performed by Wang et al. [216] It was discovered that
Pbl; — rich perovskite layers show slower relaxation rates, in comparison to the samples with
stoichiometric Pblo:MAI ratios and Pbl-poor perovskite crystals. This observation was
credited to the passivation of the perovskite GBs by Pbl. It was reported in other studies that
the excess Pbl, causes a reduction in hysteresis [217] and an increase in the open circuit voltage.
[218] In contrast, many researchers believe that the presence of unreacted Pbl: in the perovskite
layer has a negative impact on the device performance. Upon increasing the concentration of
Pbl: in the precursor solution, Jacobsson et al. [219] observed a decrease in open circuit voltage
of the device and an increase in the hysteresis. Similarly, Liu et al. [220] observed that Pbl>-
rich PSCs undergo illumination and humidity degradation much faster than the regular devices.
Additionally, other studies show that the deficiency of Pbl, can lead to self-passivation of
MAIPbs GBs by MAI [221] and increased stability in humid environments, [222] as well as
that a thin MAI layer deposited on top of the perovskite material can passivate the
perovskite/HSL interface. [223]

The ideal Pbl2:MALI stoichiometry ratio of perovskite precursor solution is still a matter of
dispute in perovskite field. Recently, researchers reported passivation of GBs, achieved by

adding PCBM [224] or graphene quantum dots [225] to the precursor solution. PCBM can also
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be deposited on top of the perovskite layer (surface passivation) and diffuse into the perovskite
GBs (GBs passivation) upon a heat treatment. [226]

Different post-treatment strategies are used in the process of reducing the number of
defects and passivation of the perovskite material, some of which gave the motivation for
experiments included in Chapter 5 of this Thesis. Studies show that exposing the perovskite
layer to a methylamine vapour allows for the recrystallisation of this material and forms a new
perovskite film with less defects. [227] This “healing method” results in decreased charge
recombination and increased charge carrier lifetimes. Additionally, studies show that the
exposed samples are characterised by a significantly improved stability. [228], [229] It is
important to mention that the methylamine vapour does not passivate perovskite GBs, however,
the recrystallisation process largely decreases the number of GBs and thus, the number of trap
states present at perovskite/perovskite interfaces. A similar strategy was presented by Zhu et
al. [230] In his work, Zhu significantly improved the crystallinity of a perovskite film and
reduced the number of pin holes in the layer by exposing it to N-N dimethylformamide vapour.
This was done by multiple cycles of vapour fumigation (perovskite dissolution) and sample
annealing (perovskite recrystallisation) in an inert atmosphere. So-prepared samples showed
decreased hysteresis, a significant increase in photogenerated current as well as higher open
circuit voltage. Zhu was able to boost the average initial efficiency of devices from ~5% to
~10% after six recrystallisation cycles.

Interesting results were reported by Abate ef al. in 2014, [231] which shined a light on
the fundamental mechanisms taking place during the passivation process. In his work, Abate
discovered that the presence of under-coordinated halide anions causes charge accumulation at
the perovskite/HSL interface, leading to an unfavourable charge density profile within the HSL
and the perovskite layer. This reemphasised the need for surface passivation. Abate passivated
the top surface of the perovskite layer by immersing it in iodopentafluorobenzene (IPFB) for
few minutes. Through solid state '*C and '°F nuclear magnetic resonance measurements, he
observed that IPFB molecules self-assemble on the surface of MAPbI3 and create halogen

bonding with the perovskite crystal (Figure 2.10)
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Figure 2.10. Surface passivation of MAPbIz by IPFB. (a) Schematic illustration of IPFB
molecules attached to the perovskite crystals. (b) Self — assembly of IPFB on the crystal
surface. Reprinted from: [231] under American Chemical Society Licence (2019).

Noel et al. [232] performed similar experiments using pyridine and thiophene to
passivate the top surface of perovskite layer. However, instead of dipping the sample into those
Lewis bases, she diluted a small volume of the passivators in chlorobenzene and spin-coated
on top of the perovskite layer prior to HSL deposition. The method developed by Noel
improved the control of perovskite-passivator interaction, as she was able to tune the amount
of the passivating agent by varying its concentration in the solution. Through
photoluminescence measurements, Noel observed a significant decrease in nonradiative
recombination and a longer charge carrier life time for all post-treated samples. On average,
the power conversion efficiency of the devices increased from 12.1% to 14.3% (for thiophene)
and 15.5% (for pyridine).

This work was then continued by Yue ef al., [233] who combined the passivation and
HSL deposition steps. He mixed different pyridine-based additives into the HSL solution and
spin-coated it on top of the perovskite layer. All passivated samples performed better than the
reference (not passivated) sample. However, he observed that over time perovskite surface
crystals exposed to pyridine, 4-tert-butyl pyridine (TBP) and 4-amylpyridine (4AP) undergo
corrosion by forming a new complex with the additive, as shown by XRD diffraction patterns.
This additional XRD peak was also observed during the experiments preformed in Chapter 5

of this Thesis. On the other hand, additives with long-alkyl-chain at their o-position (2-
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amylpyridine (2AP) used in this study) can passivate the perovskite surface without damaging
it. Hence, samples passivated with 2AP show superior long-term stability during the 900 hours
- long efficiency measurement test, in comparison to pyridine, TBP and 4AP.

Another interesting study was performed by Jain et al., [234] who exposed perovskite
layers to a pyridine vapour. Jain observed that upon exposure, the perovskite undergoes an
optical bleaching, followed by the recovery of the perovskite black phase. The
exposure/recovery process was performed at room temperature, in ambient as well as in a
nitrogen atmosphere. The recovered perovskite film shown much larger grain size and
increased light absorption. The improved quality of the recovered film was also observed via
photoluminescence studies. In comparison to the non-treated samples, solar cell devices
featured with pyridine-treated perovskite layer showed larger short circuit currents,
significantly larger open circuit voltage and a negligible hysteresis, which in total doubled the
device efficiencies.

The studies presented above can be significantly improved by utilising QIBC
electrodes. In all cases where the passivating agent was spin-coated on top of the perovskite
layer, the ideal amount of the reactant is unknown. In order to find the desired ratio of reactant
volume to the perovskite surface area, one has to manufacture hundreds of planar solar cells,
varying the concentration of the reactant in the spin-coated solution. This process has to be
followed by the deposition of the remaining functional layers and photovoltaic measurements.

The pyridine vapour exposure was performed in an uncontrolled environment, simply
holding the sample above a beaker with the evaporating reactant for one minute. The amount
of pyridine interacting with the perovskite surface is unknown and the influence of the ambient
temperature on the evaporation rate was not investigated. Similarly, the ideal volume of DMF
and methylamine used in the recrystallisation studies was not investigated due to the workload
needed to define it.

The pilot experiment introduced in Chapter 5 of this Thesis allows for a quick
determination of the reactant volume (or mass) to achieve a desired effect at given process
parameters, saving weeks of work. A higher level of control was introduced by diluting the
reactant vapour with a nitrogen gas and performing the experiment in a nitrogen atmosphere.
The in situ electronic measurements allow us to observe a real time reaction of the solar cell
performance to the gas exposure and to stop the experiment when the efficiency reaches its
peak. The results of this experiment can be directly transferred to the planar devices to further

boost their efficiency.
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3. Experimental Methods

3.1 Sample preparation

All photovoltaic devices presented in this Thesis share the same architecture, utilising quasi-
interdigitated back-contact electrodes, presented in Figure 2.5¢. The samples are manufactured
using a modified method, previously published by Jumabekov et al. [188] The procedure can
be split into 6 stages, pictured on Figure 3.1.
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Figure 3.1. Sample preparation divided into 6 stages: substrate cleaning, deposition of ESL
layer, photolithography, deposition of a cathode, oxidation to HSL shell and deposition of
perovskite. The final sample consists of 4 separate solar cells.
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The process starts with substrate cleaning (Figure 3.1, STAGE 1). 25 x 25 mm
patterned FTO-coated glass pieces are sonicated for 15 min in Hellmanex (v/v 1:99 in RO
water), then in RO water (10 min), and ethanol (15 min). Next, the substrates are rinsed with
isopropanol and dried with a nitrogen gun.

Subsequently, the TiO» layer is deposited via spray pyrolysis (Figure 3.1, STAGE 2).
In this process, the substrates are heated to 500 °C (approximate rate 15 °C/min) and kept at
this temperature for 10 min. Next, a solution of titanium diisopropoxide bis(acetylacetonate)
(v/v 1:19 in isopropanol) is uniformly sprayed across the substrate. After the deposition, the
temperature of the glass is maintained at 500 °C for an additional 10 min and then allowed to
cool to room temperature while remaining on the hot plate. The TiO: layer acts as an electron
selective layer, resting on top of the FTO anode.

So-prepared substrates undergo photolithography in order to achieve the comb-shape
pattern of the cathode (Figure 3.1, STAGE 3). An approximately 2 pum thick layer of
AZ1512HS photoresist is spin-coated onto the substrate (acceleration: 1000 rpm/s for 8s,
constant speed: 8000 rpm for 30 s, deceleration: 1000 rpm/s for 8 s) and baked for 2 min at 110
°C. Next, the samples are exposed to UV light (specific power 14.73 mW c¢m 2 at 365 nm, 2.6
s), through a patterned chrome photomask. The structure is then developed in AZ726MIF (v/v
3:1 in water) for approximately 1 min.

As a next step, the cathode of the solar cell is deposited, preceded by an insulating layer
that separates the electrodes (Figure 3.1, STAGE 4). An approximately 150 nm thick layer of
AL O3 (insulator) is deposited using an e-beam evaporator, followed by ~30 nm of Al and ~50
nm of Ni (metals). The photoresist is removed by sonication in acetone for approximately 10
min (lift-off process). The substrates are rinsed with isopropanol and dried with a nitrogen gun.

The hole selective layer is created by annealing the samples on a hotplate at 300 °C for
15 min (Figure 3.1, STAGE 5). In this process, the outer atomic layers of Ni and Al undergo
an oxidation to form a NiOx and Al,Ox shells surrounding the cathode.

As a final step of the sample preparation, all substrates are treated for 10 min with ozone
plasma, and immediately after the perovskite layer is deposited (Figure 3.1, STAGE 6). In
Chapter 4 and Chapter 5 of this Thesis, a methylammonium lead iodide perovskite layer was
deposited via a gas-assisted method. In Chapter 6 the mixed-cation and mixed-anion
Cs0.0sFA0.79MA0.16Pbl2 49Bros1 perovskite was deposited via an antisolvent method. Both
methods utilise a centrifugal force in order to achieve a few hundred nanometre-thick,
homogenous perovskite layers. The perovskite deposition methods are described later in this

Chapter.
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So-prepared samples consists of 4 solar cells (active area 0.04 cm?). Due to the pre-
patterned FTO substrate, all solar cells can be measured independently. In contrast, our
previously reported devices consisted of 6 solar cells, all sharing the same FTO anode. Hence,
the devices very often suffered from an interconnection, which was particularly disruptive
during the electronic measurements. Figure 3.2a shows an image of the sample. The area

marked in red was magnified with optical microscope (Figure 3.2b).

I
i

1cm 50 um

Figure 3.2. (a) a visual camera image of the top view of the sample, with (b) magnified area
taken with optical microscope.

The profilometer analysis of the electrode after completing STAGE 5 of device
fabrication (without the perovskite layer) is presented on Figure 3.3a. The area coloured with

red represents a comb-shaped cathode.

Page | 39



Height (nm)
100 150 200 250

Distance (um)

0 5 10 15 20 25 30 35 40
b) Distance (pm)

250
~200
£
£150
5
2100

50k

0 5 10 15 20 25 30 35 40
Distance (um)

Figure 3.3. (a) Profilometer image of the top view of the electrode. (b) Profiles of the device
taken in the parallel (pink) and vertical (cyan) direction to the comb-shaped electrode.

The profilometer measurement shows a slight slope of walls of the comb-shaped
electrode Figure 3.3b. However, the ratio of the area of interfaces HSL/perovskite and
ESL/perovskite is still approximately 1:1. The small size of the features (cathode width — 2
um, gap width — 2 um) requires pushing the resolution of the photolithography to its very
limits. Hence, optimising the photolithography parameters (i.e. photoresist thickness, UV
exposure time, sample development time) is crucial in the process of manufacturing the QIBC
electrodes. A slight nonuniformity of the UV light source or variation of the photoresist
thickness across the sample can result in UV overexposure (wider gap width) or UV

underexposure (narrower gap width) and influence the mechanism of charge collection.

3.2 Deposition of the photoactive perovskite layer.
Spin-coating is the most widely used technique of depositing perovskite films on the laboratory
scale. This method allows for obtaining a uniform film on a relatively small substrate and with

a minimum use of the precursor solution.
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3.2.1 Gas-assisted method for deposition of methylammonium lead iodide

In Chapter 4 and Chapter 5 of this Thesis the photoactive perovskite material was deposited
via a gas assisted method, developed by Huang et al. [198] A 50 wt% stoichiometric solution
of CH3NHsl and Pbl, in DMF was prepared and deposited in a nitrogen atmosphere.
Approximately 40 uL cm of precursor solution was spread on the substrate before spinning.
The samples were spin-coated at 6500 rpm for 30 s (acceleration 6500 rpm). A stream of
nitrogen gas was introduced at 2.5 s for the duration of 10 s. In Chapter 4, the spin-coating
process was followed by in situ measurements during annealing at various temperatures. In
Chapter 5 all samples were annealed at 100 °C for 10 min. This process results in deposition
of ~600 nm / 400 nm (QIBC cathode / anode) thick layer of CH3;NH3Pblz (MAPbDI3).

3.2.2 Antisolvent method for deposition of a mix-cation perovskite film

In Chapter 6 of this Thesis, the photoactive perovskite layer was deposited via an antisolvent
method. The precursor solution was prepared in a nitrogen atmosphere by dissolving CHsIN»
(1 mmol), Pbl> (1.1 mmol), CH3NH3Br (0.2 mmol) and PbBr; (0.22 mmol), CsI (0.065 mmol)
in 1 mL of mixed solvent of DMF:DMSO (v/v 4:1) to achieve a final composition of
Cs0.05FA0.79MA0.16Pbl2.49Bro 51 with a concentration 1.32 M. Deposition of the perovskite was
achieved by spin-coating 50 pL cm™ of the precursor solution using a two-step program: 10 s
at 1000 rpm (1000 rpm s~! ramp) and then 20 s at 6000 rpm (6000 rpm s~! ramp). 200 pL of
chlorobenzene was deposited onto the spinning substrate 5 s prior to the end of the second step.
The substrates were then annealed in the dark at 100 °C for 1 h and then allowed to cool down
to room temperature naturally. All procedures were carried out in a Na-filled glove box. This
process results in deposition of ~600nm/400nm (QIBC cathode/anode) thick layer of
Cs0.0sFA0.79MA0.16Pbl2.49Br0 51.

3.3 Solar simulator measurements of perovskite solar cells

The most common instrument used for the examination of the solar cells is a solar simulator.
During the solar simulator measurements, devices are illuminated with a lamp (usually Xenon),
equipped with a filter, which imitates the solar spectrum. The samples are kept under Standard
Measurement Conditions (Air mass 1.5 spectrum, light intensity 100 mW cm?2, cell
temperature of 25 °C). The standardised methods for solar cells measurements are crucial for
comparing device performances between different research centres. Additionally, all champion
solar cells (with record efficiencies) are examined by independent certified test centres (e.g.
National Renewable Energy Laboratory NREL, USA).
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Current-voltage characteristic measurement allows for determining the value of the power
conversion efficiency (PCE, 1) of a solar cell, alongside with its other electronic parameters,
such as short circuit current density (Jsc), open circuit voltage (Voc) and a fill factor (FF). The
measurement is performed by applying voltage bias across the terminals of an illuminated solar
cell and recording a photogenerated current. During the measurement, the voltage undergoes
linear sweeping within a predefined range and the current recorded at different bias values
gives the shape of the I-V curve. The voltage can be altered from lower to higher values
(forward scan) or in an opposite direction (reverse scan). The photocurrent is usually presented
in units of mA cm (current density) to ease the comparison between solar cells of different
photoactive areas. An example of a current density — voltage (J-V) characteristic is presented
on Figure 3.4.

The power density (P,) curve is generated by multiplying the values of voltage and its
corresponding photocurrent density. The maximum power point (MPP) determines a value of
voltage (Vwmrp) at which a solar cell should be operated to give a maximum power density

output (P, oyr) = max ). Jupp represents the corresponding current density.

a

MPP
/
4
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Figure 3.4. An example of a current density-voltage characteristic of a solar cell with a
corresponding power density curve.

As shown on Figure 3.4, the Voc represents a bias voltage, at which the measured photocurrent
is equal to zero and Jsc represents the highest photocurrent density generated by a solar cell,

without the bias voltage.
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The FF of a solar cell is measured according to the equation:

\Y
FF = ~MPP Jmpp

Voc Isc

Graphically, it is a ratio of Area A to Area B marked in different shades of grey on Figure 3.4.

Under ideal conditions, the J-V graph of a solar cell would have a nearly quadratic shape, with
the length of the sides determined by values of Jsc and Voc. This solar cell would generate a
photocurrent close to its short circuit value at any voltage from range 0 - Voc. The FF of such
solar cell would have a value approaching 1. In practice, parasitic resistive losses (series
resistance and shunt resistance) and charge recombination cause “rounding” of a J-V curve and
reduce the value of the FF. [235] Hence, the FF can be understood as a parameter describing

the quality of a solar cell.

With such defined parameters, the efficiency of a solar cell generating power density P, oyr)

under the illumination of power intensity Py, can be calculated using the equation:

Pycoum) _FF VocJsc  Vmpp Jmpp

Pp(IN) Pp(IN) Pp(IN)

The J-V characteristics are performed with the intention of determining a steady-state
power output of a solar cell. However, organic solar cells and dye-sensitised solar cells are
known for showing different efficiency values, caused by light soaking prior to the
measurement. [236]—[240] Similarly, the measurement of silicon solar cells can be influenced
by extremely fast voltage sweep rate. [241] In other words, the J-V curves can appear different,
depending on how its measurement was performed. This phenomenon is called a hysteresis.

Perovskite solar cells are infamous for experiencing significant hysteresis. The results
of J-V measurements differ for different scan rates and when the cell is preconditioned (e.g.
light soaking, high bias poling voltage). Unlike other types of solar cells, perovskite-based
devices show hysteresis behaviour when measured in opposite scan directions, even at
extremely slow scans and without any preconditioning. [242]-[244]

The origin of the hysteresis is the source of dispute within the perovskite community.
One possible explanation of this phenomena can be related to ion migration within a perovskite

material. Studies show that upon illumination, the excess ions present in the perovskite film
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are able to travel towards either side of the film, causing a charge build-up. [245]-[248] Others
suggest that the hysteresis may be related to the internal defects within perovskite material.
Those defects are creating trap states for holes and electrons. The traps fill up under the open
circuit voltage condition and undergo a discharge once the cell is scanned towards short circuit.
Under the short circuit condition, the traps are emptied and charges are extracted to
corresponding charge selective contacts. The traps fill up again during the forward scan,
showing up as a decrease of the photogenerated current on the J-V curve. [242], [249]

The hysteresis phenomenon created the need to establish a strict protocol for reporting
perovskite device efficiencies (i.e. reporting the scan rates and avoiding any preconditioning
of the devices) and complementing the J-V scans with additional measurements, such as stable
power output measurements or maximum power point tracking.

During the stable power output measurement, an illuminated solar cell is kept at a bias
voltage for prolonged time. The value of the applied bias is calculated as an average of Vmpp
measured in reverse and forward directions of the J-V scans. The power output is a result of
multiplication of the applied bias and the photogenerated current. The measurement is
continued until the photogenerated current (thus also the power output) reaches a stable value.
In contrast, during the maximum power point tracking, the value of applied bias is not set to a
constant value. A computer controlled potentiostat, will search for a bias voltage, at which the
product of multiplication of photogenerated current and the bias voltage is maximum. In
practice, the applied bias will oscillate around the Vmpp value and correct it if necessarily, to
reach the maximum power output. Similar to stable power measurement, the maximum power

output tracking is continued until it reaches a stable value.

3.4 Materials
The list of materials used in this Thesis together in the corresponding suppliers are listed in
Table 3.1
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Table 3.1. List of materials used in experimental parts of this Thesis, with corresponding
suppliers.

Material Supplier
Lead (IT) iodide (99.9985%) Alfa Aesar
Methylammonium bromide GreatCell Solar

Formamidinium iodide

Methylammonium iodide (>99%, anhydrous)

Lead (IT) bromide (99.999%) Sigma-Aldrich
Cesium iodide (99.999%)

N,N-dimethylformamide (anhydrous, 99.8%)

Chlorobenzene (anhydrous, 99.8%)

Dimethyl sulfoxide (anhydrous >99.9%)

2-propanol (anhydrous, 99.5%)

Titanium diisopropoxide bis(acetylacetonate) (75 wt. % in isopropanol)
Poly(methyl methacrylate) (average Mw ~996,000 by GPC)
2-amylpyridine (>97%)

4-tert-butylpyridine (98%)

Ethanol (for cleaning) Univar
Acetone (for cleaning)

2-propanol (EMPARTA) (for cleaning) Merck

Hellmanex® III (for cleaning) Hellma

Additionally, FTO-coated glass was FTO-P003 (<15 ohm/sq), high-purity nitrogen (99.999%;

02 <2 ppm, H,0 < 0.1 ppm) was used in all operations and whenever N> is mentioned.
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4. In situ structural, optoelectronic and photovoltaic evolution of back-
contact perovskite solar cells during film formation

4.1 Chapter introduction

An undeniable advantage of quasi-interdigitated back-contact perovskite solar cells (QIBC
PSCs) is the possibility of performing in situ electronic measurements during the annealing of
the perovskite layer. In contrast, in a conventional planar architecture, the photoactive
perovskite film is sandwiched between two charge selective layers and the electrodes, and it is
not possible to perform electronic measurements until the final electrode layer has been
deposited.

Due to the presence of the BC electrodes during the deposition of the photoactive layer,
one can directly track the evolution of the electronic properties of a perovskite film during its
crystallisation. [187] This experiment has the potential to significantly accelerate the
optimisation of deposition parameters. An obvious example of a tuneable process parameter is
the annealing time. The optimum annealing time changes depending on the composition of the
deposited perovskite and the solvents used in the process, [250], [251] annealing temperature
[252], [253] and atmospheric conditions inside of the inert glovebox, [254] among many others.
Conventionally, based on all of those variables, determining the ideal annealing time required
manufacturing a large number of solar cells to create statistically significant optimised values
and to eliminate experimental errors. [255]-[257] In contrast, the in situ tracking of the solar
cell performance allows for the determination of the optimal time using only one device.
Similarly, another application of in situ electronic measurements can be determining the ideal
duration of vapour exposure during the solvent vapour-assisted deposition of perovskite.
[258]-[260]

In this Chapter, a systematic in situ study of the structural, optoelectronic and
photovoltaic properties of MAPbI; perovskite films on quasi-interdigitated back-contact
electrodes (QIBC) has been performed during the layer formation at different annealing
temperatures. The in situ open circuit voltage, short circuit current and J-V tracking
measurements show the trends in charge extraction mechanisms and the evolution of the device
performance. Additionally, the in situ photoluminescence measurements show changes in
quenching mechanisms over time. The in situ X-ray diffraction analysis, complemented by
SEM images, revealed the perovskite crystals growth process and the Scherrer analysis allowed
for calculation of the evolution of the perovskite crystallite size.

Methylammonium lead iodide (MAPbI3) was chosen as a photoactive material in this study

due to its desirable properties, such as long carrier lifetimes (up to 3 ms), phenomenal charge
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carrier mobility (up to 60 cm? V™! s7!) and long diffusion lengths. [121], [198] Additionally,
the ease of MAPDI; deposition (described in detail in Chapter 3 of this Thesis), i.e. at relatively
low temperatures and short annealing duration, allowed for the thermal effects on the charge

collective layers and the conductivity of the electrodes not to be considered in this study.

4.2 Results and discussion

As a first step, an FTO-coated substrate, of the same size as the substrates used in other
experiments of this Chapter, was placed on a hotplate preheated to 40, 60, 80 or 100 °C, and
was continuously monitored by a thermal camera. This was done in order to examine the time

needed for the sample to reach the temperature of the hotplate.

4.2.1 Thermal imaging

The thermal images collected at the moment of first interaction (0 s), as well as after 10, 20, 30
and 40 s on the hotplate, are presented on Figure 4.1a. Due to the difference in emissivity of
the FTO-coated glass and the metal surface of the hotplate, the temperature of the measured
sample is compared to a reference sample already at a stabilised temperature. For the same
reason, the area around the reference and measured samples visible on the figure appears darker
than the reference sample. This gives the illusion of the temperature of the hotplate being lower
than the temperature of the heated glass. Furthermore, the combination of reflection, thickness
and physical state changes that occurs during the solution drying process and perovskite
formation, causes even more complex changes in emissivity over time. Therefore, during those
measurements, the samples were not coated with the photoactive layer. These conditions were

accepted as a limitation of the thermal imaging method.
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Figure 4.1. (a) Thermal images of the FTO-coated glass substrate (marked in yellow in the
legend) and a reference sample (purple) placed on a hotplate set at different temperatures.
Images taken after 0, 20, 30 and 40s. (b) Temperature of the top surface of the glass substrates
measured over time. The curves are a result of a calculated average temperature over the area
marked in red.
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The in situ temperature measurements of the samples are summarised on Figure 4.1b.
The curves represent the temperature of the top glass surface, calculated as an average over the
area marked in red.

As seen in the graph, the top surface of the glass requires approximately roughly 20 s
to achieve 40 °C when placed on a hotplate set to the same temperature. As expected, the heat
exchange occurs faster with a greater difference in temperatures between the glass substrate
and the hotplate. Therefore, the substrate needs only roughly 7, 4 and 2 s to achieve 40 °C when
placed on a hotplate set to 60, 80 and 100 °C, respectively.

The initial rapid rise of the glass temperature slows down as the temperature of the
substrate that of the hotplate. Hence, the final temperature of the substrate was achieved after
~35 s for the sample placed on 60 °C and roughly 40 s and 43 s for samples placed on 80 °C
and 100 °C. The heating rate of a glass substrate is expected to further decrease once the sample
is covered with a perovskite solution. This is due to the energy of heat being transferred to the

latent heat of vaporization of the solvent and the formation of the perovskite crystals.

4.2.2 Perovskite crystal growth
The crystallisation process of the perovskite was studied using in situ X-ray diffraction
measurements (XRD). In preparation for this experiment, a perovskite solution was spin-coated
on top of a flat stack of TiO>, Al,Os, Al, Ni, NiOx layers deposited onto an FTO-coated glass
substrate. Prior to the annealing step, the substrate was transferred to the XRD chamber and
placed on a heating element. The first measurement (30 s long) was taken at room temperature.
The stage temperature was then rapidly increased to 40, 60, 80 or 100 °C, while diffraction
patterns were collected every 10.8 s for 15 min. Next, two additional diffraction patterns
collected over 30 s at the temperature of the experiment and after the sample was cooled down
back to the room temperature.

Figure 4.2a shows the time evolution of diffraction patterns of perovskite annealed at
40, 60 80 and 100 °C. The colours represent peak intensity, with red standing for the highest
and blue for the lowest intensity. The intensity is calculated as a square root of the number of

counts in order to enhance the brightness of the smallest peaks.
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Figure 4.2. (a) X-ray diffraction pattern evolution over time of freshly spin-coated perovskite
films, undergoing a crystallisation at 40, 60, 80 and 100 °C. (b) Magnified images of the initial
3 min of the experiment with identified peaks originating from perovskite, N,N-
dimethylformamide (DMF) - solvent, FTO-coated glass and the platinum stage. Measurement
interval and duration 10.8 s.
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The samples were heated and measured for 15 min, which exceeds the standard
annealing time of 10 min for this type of perovskite, [198] in order to examine if any structural
changes occur when the initial 10 min timeframe is exceeded. However, as seen in the figure,
the most prominent changes occur during the first 3 minutes of the experiment.

The diffraction pattern acquired at 40 °C visibly differs from the others, showing
additional peaks 20 = 28° and 20 = 51° throughout the entire experiment, which are not visible
at higher temperatures. This is attributed to 40 °C being below the tetragonal to cubic phase
transition temperature of MAPbI3, which takes place above ~53 °C. [261] Furthermore, the
peak 20 =~ 11° that disappears very fast for higher temperatures remains for the duration of the
whole measurement at 40 °C. The origin of this peak will be discussed later in this Chapter.

The first 3 minutes of the measurements were magnified in Figure 4.2b to further reveal
other differences. With the increase in temperature, the main perovskite peaks 260 = 16.5°, 20
~ 33° and 20 = 37° become much sharper. Furthermore, the patterns show a shift in the peaks
towards lower angles with the increase of the temperature. This is particularly visible in Figure
4.3, where the diffraction patterns before (t = 0 min) and after (t = 15 min) the in situ
measurements are compared to the diffraction pattern of the sample cooled down to the room
temperature (t = 17 min). The increase in magnitude of the shift accompanied by the increase
of the temperature suggests that the peak shift is related to the change of the perovskite lattice
parameters caused by a thermal expansion. The process is reversed as the sample cools down

to the room temperature.
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Figure 4.3. XRD diffraction patterns measured before (t = 0 min) and after (t = 15 min) the in
situ measurements and after cooling to room temperature (t = 17 min). Measurement duration
30 s. Sample crystalized at (a) 40 °C, (b) 60 °C, (c) 80 °C and (d) 100 °C. Identified
crystallographic planes of tetragonal lattice of methylammonium lead iodide perovskite.

Page | 52



Figure 4.3 shows the identified crystallographic planes of the tetragonal lattice of
methylammonium lead iodide perovskite. As seen in the figure, even at the time of the first
measurements (t = 0 min), the main perovskite peaks 20 =~ 16.5°, 20 =~ 33° and 20 = 37° are
visible and become much more prominent over time with the exposure to heat. This indicates
that small perovskite crystals are already present in the as-spun coated film. This in in
agreement with the SEM analysis of the freshly spun-coated perovskite films performed by
Huang et al. [198] Furthermore, the peaks 20 ~ 28° and 20 ~ 51°, which vanished during the
in situ measurements at 60, 80 and 100 °C, reappeared once the samples were cooled down to
the room temperature. This confirms its origin being related to the phase transition of the
perovskite lattice.

Interestingly, even a long heating duration of 15 min at the temperature of 40 °C did
not cause the peak 20 ~ 11° to disappear, although its intensity decreases slowly over time.
This peak vanished quickly for the samples crystalized at higher temperatures and did not
reappear when the crystalized samples were cooled down to room temperature. This may
suggest that its origin is related to a complex containing DMF and Pbl,, as published elsewhere,
[262], [263] hence, the peak disappears when the solvent is fully evaporated. This was
confirmed through the measurement of reference samples. As seen on Figure 4.4, the
diffraction patterns of pre-annealed samples did not show any peak at 20 = 11° neither before

nor after the in situ XRD measurement.
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Figure 4.4. XRD diffraction patterns of reference samples kept in the XRD chamber and
measured at (a) room temperature and (b) at 100 °C. Scans taken after 0, 15 and 17 min.
Measurement duration 30 s.

The in situ XRD measurements allows for estimation of the crystal size of the perovskite layer
during annealing. Figure 4.5a shows the in situ changes of the full width at half maximum
(FWHM) of the 20 = 16° perovskite peak. In order to extract this data, the peak was fitted to a
Gauss profile using MATLAB software. As seen on the graph, all curves follow a similar trend:
the width of the peak decreases rapidly during the first few minutes of annealing and then
stabilises at the end of the measurement. Additionally, the time needed to reach a plateau
decreases with an increase in the annealing temperature. Furthermore, the higher the annealing
temperature, the narrower the final XRD peak of the film, indicating a better crystallinity of
grains with less defects and/or a larger perovskite crystal size. Using this data, following the
equation developed by P. Scherrer, [264] one can calculate an average crystal size (t) of the

perovskite film:
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Where:

K — Crystallite shape factor. Commonly assumed to be 0.9 for random, unpredictable crystals
shape [265], [266]

A — X-ray wavelength (0.17902 nm for CoKa)

B — FWHM

0 — Bragg angle (0.145 rad for this peak)

The Scherrer equation is a common tool used to estimate the average crystal size of
polycrystalline films. The model is the most accurate for crystals with sizes up to 600 nm (for
low Bragg angles) with the limit commonly accepted to be 1 um for higher Bragg angles. [267]
The obtained values are way below the limits of this method. The average crystal size over

time of the films annealed at 40, 60, 80 and 100 °C was plotted on Figure 4.5b.
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Figure 4.5. (a) Full width at half maximum as a function of annealing time of ~16.5° peak at
different temperatures. (b) Average crystal size over time at different temperatures, calculated
using the Scherrer formula.

According to the Scherrer model, the average crystal sizes of the perovskite films
annealed at 40, 60, 80 and 100 °C for 15 min are roughly 50, 60, 65 and 70 nm, respectively.
As expected, the final average crystal size is greater for higher annealing temperature.
Interestingly, the graph shows that even really short exposure to a higher temperature results

in crystal size that cannot be achieved at 40 °C after a 15 min of heating.

Page | 55



The Scherrer formula is based on many assumptions, such as an infinitely
monochromatic X-ray beam, perfect symmetry of the peak and the crystallite shape factor value
of 0.9. [264] Furthermore, the FWHM was read from a Gauss function fitting of the peak,
which may slightly differ from its real value. Therefore, the presented average crystal size
values should be considered to be approximations.

The final grain size of the perovskite film annealed at 40, 60, 80 and 100 °C for 15 min
was observed via SEM imaging. In preparation for this experiment, perovskite films were spun-
coated on three different types of substrates: a flat stack of TiO2, Al,O3, Al, Ni, NiOy layers
deposited on an FTO-coated glass (“NiOx*), a layer of TiO», deposited on an FTO-coated glass
(“TiO>) and a quasi-interdigitated back-contact electrode resting on FTO-coated glass
(“QIBC”), which in fact consists in 50% of NiO, and in 50% of 7iO: substrates, in terms of
the surface area. The samples were annealed for 15 min. The samples marked as “NiO,” are
prepared in exactly the same process as the samples used during the XRD measurement.

As seen in Figure 4.6 and Figure 4.7 (with higher magnification), the grain size follows
the same trend as the one achieved via the Scherrer equation — the higher the annealing
temperature, the bigger the average crystal size. This trend is visible on all three types of
substrates. Interestingly, the crystals grown on the 7iO: substrate appear bigger than crystals
grown on the other two substrates at the same annealing temperature, with the smallest crystals
being formed on top of the Q/BC substrate.

The influence of substrate topography on the perovskite crystal size was already
observed by Lin et al. [190] During this study, the biggest crystals were obtained on a glass
slide, smaller crystals obtained on unpatterned glass/gold substrate and the smallest crystals
were obtained on top of gold back-contact electrodes. In the same publication Lin et al.
observed an improvement in the performance of BC PSCs correlated to the increase in
perovskite crystal size. This is caused by the reduced density of GBs, known to cause a charge
recombination, thus decreasing the charge-carrier diffusion lengths and consequently the
number of collected charges. [268]-[271]
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Figure 4.6. Scanning electron microscope images of perovskite films deposited on FTO-
coated glass covered with: a quasi-interdigitated back-contact electrode (“QIBC™), a flat stack
of TiOz, Al,O3, Al, Ni, NiOy layers (“NiO,) and a layer of TiO, (“7i0-"). The samples were
annealed at 40, 60, 80 or 100 °C.
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Figure 4.7. Scanning electron microscope images of perovskite films deposited on FTO-
coated glass covered with: a quasi-interdigitated back-contact electrode (“QIBC™), a flat stack
of TiO2, AL,Os, Al Ni, NiOy layers (“NiOy*) and a layer of TiO2 (“7i0O:*), taken with a higher
magnification. The samples were annealed at 40, 60, 80 or 100 °C.

The difference in the morphology of the top surfaces of the 7i0O: and NiOx substrates is
clearly visible in a low magnification SEM image of the QIBC electrode, taken in the secondary

electron mode (Figure 4.8a). As seen on the figure, the NiO, area appears “brighter” in the
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image, hence is much rougher compared to the 7iO: area. Interestingly, the grain size of the
film deposited on this sample appears homogenous over the 7i0: and NiO, areas. This is in
compliance with results obtained by Lin et al. [190]

The average grain size of each film was calculated again using a conventional intercept
technique described in the experimental section of this Chapter and used elsewhere. [272],
[273] The number of interceptions was obtained from a larger area of the SEM images
presented at Figure 4.6, in order to achieve a minimum requirement of 50 interceptions per

line. The results are presented on Figure 4.8b.

a) | NiO, ! TiO, ! NiO,! TiO, ! NiO,!

Intercept Technique

80 °C
100°C A

QiBC NiO_ TiO

Figure 4.8. (a) SEM image of the QIBC electrode before the perovskite deposition with marked
TiO; and NiOx areas. Perovskite film deposited on top of the QIBC electrode. (b) Average
crystal size of perovskite film deposited on QIBC, TiO: and NiOx substrates and annealed at
40, 60, 80 and 100 °C.

As seen in Figure 4.8b, the average grain size of the perovskite film deposited on the
NiO, substrate and annealed at 40, 60, 80 and 100 °C is roughly 150, 155, 165 and 180 nm
respectively, with crystal sizes of 50, 60, 65 and 70 nm in plane (110), obtained through
Scherrer equation.

The average grain size of the film deposited on QIBC electrodes and annealed at 100
°C (standard deposition procedure) is ~170 nm, which is more than 5 times smaller than a half
of the distance between the QIBC electrodes (1000 nm). This implies that the charges created

on top of the anode need to be transferred over multiple GBs to reach the cathode (and vice
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versa). This increases the probability of charge recombination and is a well-known efficiency
limiting factor of BC PSCs. [194], [195]

4.2.3 The evolution of the electronic properties of QIBC PSCs

The evolution of the electronic properties of the perovskite material was examined though in
situ open circuit voltage, in situ short circuit current and in situ J-V measurements. During
those experiments, samples were annealed at various temperatures and simultaneously
measured under illumination by a white LED.

It was discovered that the most significant changes to the electronic parameters are
taking place during the first minutes of the annealing. Figure 4.9a presents a waterfall diagram
of the evolution of open circuit voltage (in arbitrary units) at different temperatures from the
moment of the first contact of the sample with the hotplate surface (t = 0 s). In all cases, the
initial value of the open circuit voltage is not equal to zero. This was already observed in a
similar experiment by Alsari et al. [187] and proves a well-defined band gap of the perovskite
material is present at the early stages of its formation. Next, the open circuit voltage undergoes
a sharp increase. It can be observed that the time needed for the voltage response becomes
shorter with an increase in the annealing temperature. This was expected, as the perovskite
crystal size increased dramatically in the first few minutes at a greater rate with higher
temperatures. Interestingly, almost immediately after the sharp peak, the open circuit voltage
decays. For the samples crystallising at a temperature of 60 °C and above, the graphs show a
second local extreme followed by another rise. The time difference between those two extremes
is inversely proportional to the annealing temperature (Figure 4.9b).

Similarly, the short circuit current is showing a delayed response to the annealing, with
the decrease of the annealing temperature (Figure 4.9¢). The short circuit current starts
increasing at a similar time as the open circuit voltage, however, unlike the voltage, the initial
values of the current are equal to zero. Shortly after the initial increase, the current reaches a
temporary plateau, followed by another increase. Figure 4.9d shows that the temporary plateau
of the short circuit current takes place at a similar time as the second local extreme visible on
the open circuit voltage curve.

A visual camera recording of the annealing process of the solar cell shows that the delay
in response of the electronics of the solar cell is caused by the solvent evaporation (Figure
4.9¢) and formation of the perovskite film. A photocurrent is measured when the sample starts
turning black (~10 s for 100 °C annealing). At this stage, the absorption increases and the
absorbed photons can be converted into current. Visually, the sample reaches a final darkness

shortly after (~12 s for 100 °C annealing), however, the continuously rising photocurrent
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suggest that the solvent is still present in the crystallising material. This is confirmed by XRD
peaks attributed to a Pbl,e DMF complex in the in situ XRD measurements, which was
observed for ~25 s of annealing at 100 °C, ~35 s of annealing at 80 °C and ~45 s of annealing
at 60 °C.
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Figure 4.9. (a) In situ tracking of an open circuit voltage of solar cells annealed at different
temperatures. (b) Time difference between two local extremes present in the open circuit
voltage evolution as a function of the inverse of the annealing temperature, showing a lineal
trend. (c) In situ tracking of a short circuit current of solar cells annealed at different
temperatures. (d) /n situ open circuit voltage (dotted line) and in situ short circuit current (solid
line) measurements presented on one graph for samples annealed at 40, 60, 80 and 100 °C. (e)
Visual camera images of a sample annealed at 100 °C during the film formation process.
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The presence of open circuit voltage at t = 0 suggest that the perovskite nanocrystals
(visible by XRD) are in contact with the charge selective layers. The crystals are
photosensitive, thus can provide holes and electrons to the electrodes, inducing a voltage.
However, the lack of current suggests that charges are not extracted by the electrodes at this
stage.

The energy provided by the hotplate induces the evaporation of the solvent and the
growth of perovskite grains. The initial increase in the open circuit voltage and short circuit
current of the solar cell can be explained by the percolation threshold for bulk conductance,
showing a long-range conductivity between the perovskite grains forming in the precursor. At
that stage, perovskite grains are surrounded by the dielectric solution, which passivates the trap
states at the GBs, causing a peak in the open circuit voltage, but most likely, impedance any
current. [187], [274]

Next, the growth process of the grains leads to local collisions and crystal defects,
which act as hot spots for charge recombination. This causes a decrease in the open circuit
voltage and the temporary plateau of the photocurrent. As expected, this process takes place
more rapidly with the increasing annealing temperature. Finally, as the grains start aligning,
both the current and voltage continue to rise. The short circuit current reaches a maximum
when the perovskite phase is fully formed. As shown by the Scherrer analysis (Figure 4.5), at
this point of time the grain size is approaching its maximum value. This point also corresponds
with the time when the open circuit voltage begins to stabilise.

Subsequently, both voltage and current decrease again. This can be clearly observed in
Figure 4.10a, showing the long-time evolution of the open circuit voltage and the short circuit
current of a sample during its annealing at 100 °C. The values are presented in absolute units.
The origin of this decrease can be explained by the temperature effects on the charge transport
in the perovskite material. In order to confirm this, a reference sample (pre-annealed at 100 °C
for 10 min - as per a standard method of deposition) was measured at room temperature and at
100 °C under illumination by the same light source. As seen in Figure 4.10b (in black), the
short circuit current and the open circuit voltage of the reference sample measured at room
temperature does not decay over time. Hence, the changes are not related to light soaking
effects or sample degradation. However, once the same sample is placed on a hotplate set to
100 °C Figure 4.10b (in red), both voltage and current begin to decrease and stabilise at a
lower value to the one measured at room temperature.

Due to the rapid changes in both the short circuit current and open circuit voltage, the

in situ J-V measurements of the samples were rather challenging. The scan speed was a
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limitation of these experiments. The rate at which voltage is swapped during the J-V
measurements is a known factor influencing the efficiency of perovskite solar cells. [275]

The in situ J-V measurements of a sample during annealing allowed for calculations of
a fill factor and determination of efficiency of the samples in reverse and forward directions.
Figure 4.10c and Figure 4.10d show the evolution of those parameters for the sample annealed
at 100 °C. Both parameters show a very similar trend — they peak at the beginning of the

annealing and begin to decay.
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Figure 4.10. (a) The evolution of the open circuit voltage and the short circuit current of a
sample annealed at 100 °C measured in situ during crystallisation. (b) The evolution of the
open circuit voltage and the short circuit current of pre-annealed reference samples. Black —
sample measured at room temperature. Red — sample measured at 100 °C. In situ measurement
of (c) the fill factor and (d) the efficiency of a sample during annealing at 100 °C.
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4.2.4 The in situ photoluminescence measurements of QIBC PSCs

The evolution of the optoelectronic properties of the QIBC PSCs during annealing was
examined through in situ photoluminescence measurements. During this experiment the
samples were illuminated with a green LED. Figure 4.11 shows the changes in the

photoluminescence intensity of the solar cells annealed at 40, 60, 80 and 100 °C.
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Figure 4.11. The evolution of the photoluminescence signal coming from the perovskite layer
resting on QIBC, calculated as an average over the area of the electrode. Samples annealed at
40, 60, 80 and 100 °C

The photoluminescence signal is strongest at the beginning of annealing (t = 0). At this
stage, the QIBC electrodes are covered with a precursor solution containing perovskite
nanocrystals. The perovskite crystals are photoactive; however, the charge transport is
negligible. Hence, all absorbed photons undergo radiative recombination, sending a strong
photoluminescence signal.

With the formation of the perovskite film, the photoluminescence intensity decreases
significantly. This decrease is faster for higher annealing temperatures. At this stage, the
perovskite crystals and grains are forming. The short circuit current tracking shows the
appearance of charge transport. The photogenerated electrons are extracted from the perovskite
material and the radiative recombination decreases. The differences in the final value of the PL
signal may be related to the grain size of the perovskite material crystallising at different

temperatures, as described by XRD analysis. Smaller perovskite grains obtained at lower
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temperatures cause an increase in the number of the trap states at the GBs and internal crystal
imperfections, which facilitate the charge recombination.

Interestingly, the in situ photoluminescence curves do not follow the same trends as the
corresponding open circuit voltage. This suggests that the second local extreme on the open

circuit graph is caused by non-radiative charge recombinations, rather than the radiative ones.

4.2.5 Summary of the results for 100 °C sample. Comparison of the solar simulator
measurements of a sample annealed at 100 °C for 1 and 10 minutes.

The in situ electronic and optoelectronic measurements, together with the Scherrer analysis of
a sample annealed at 100 °C, are presented on Figure 4.12a-d. The process of perovskite film
formation on top of QIBC electrodes can be divided into five separate stages (S1-S5). Table
4.1. provides a summary of all processes, previously described in this Chapter, taking place at

each stage of the annealing process.
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Figure 4.12. (a) In situ measurements of a sample annealed at 100 °C: open circuit voltage and
short circuit tracking. (b) The evolution of the device efficiency in reverse and forward
directions. (c) Average crystal size calculated via Scherrer method. (d) photoluminescence
intensity tracking. S1-S5 represent different stages of the perovskite film formation. All graphs
have the same time scale.
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Table 4.1. The summary of processes taking place at different stages of perovskite film

formation.
S1 S2 S3 S4 S5
Voc Voc 0 Vo 11 Voc L V. stabilising Voc 4
Perovskite crystals | Increasing rapidly Decrease in open Open circuit Decrease in
present. as the crystals circuit voltage caused voltage is open circuit
Well-defined band grow. Self by local collisions of | stabilising on a voltage
gap of the passivation on perovskite grains. value lower caused by
perovskite grain boundaries | Crystal defects act as than its thermal
hot spots for non- | maximum value effects
radiative charge
recombination
Jse Joc =0 Joo =M Jsc temporary Jsc =T and Joo =4
plateau Stabilising
No charge Increasing rapidly | Photocurrent reaching Decrease in
transport as the crystals temporary plateau - Short circuit short circuit
grow. Solvent local collisions and current is current
evaporation. crystal defects act as reaching its caused by
Charge transport hot spots for non- maximum value thermal
between the radiative charge effects
electrodes recombination
n n=20 n =71 n="m" n =T and n={
stabilising
Lack of Changes in Changes in efficiency Decrease in
photocurrent, efficiency are are dominated by Changes in efficiency
hence, the dominated by changes in efficiency are caused by
efficiency is equal changes in photocurrent dominated by thermal
to zero photocurrent changes in effects
photocurrent
XRD T#0 =717 =717 =1 7 plateau
Small perovskite | Perovskite crystals | Perovskite crystals Crystal growth | Crystal size
crystals present at rapidly growing rapidly growing slowing down reaching
t=0 and stabilising plateau
PL PL = max PL ! PL | and PL plateau PL plateau
stabilising
High Photoluminescence No visible No visible
photoluminescence intensity is Photoluminescence | changesto PL | changes to
intensity. No decreasing as the | intensity is still slightly intensity PL intensity
charge transport charges start decreasing and then
causing high getting extracted decreasing as the
radiative charges start getting

recombination

extracted

The in situ J-V measurements suggest that the efficiency of the device peaks around 1

min of annealing at 100 °C. This contradicts the generally accepted annealing time of 10 min

for this type of perovskite. However, the decrease in the device efficiency measured during in
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situ experiment can be caused by the temperature effects, observed at short circuit current and
open circuit voltage measurements. Solar simulator measurements were performed in order to
validate this hypothesis. In preparation for this experiment, a set of 10 samples was annealed
at 100 °C for 1 min and another set of 10 samples was annealed for 10 min. Samples were then
cooled down to room temperature and measured under a solar simulator.

As can be seen on Figure 4.13, the difference between the average parameters obtained
through those two experiments are within the range of statistical error. The open circuit voltage
of the samples annealed for 1 min is slightly higher in both reverse and forward directions.
However, the short circuit currents are higher for the samples annealed for 10 min. The
efficiencies measured in the reverse and forward directions, as well as the stabilised efficiency,
are also slightly higher for the samples annealed for 10 min. The fill factor in reverse direction

decreased, and increased in the forward direction with the longer annealing time.
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Figure 4.13. Comparison of the batch statistics of samples annealed for 1 minute and for 10
minutes at 100 °C, obtained via sun simulator measurements. (a) Open circuit voltage and short
circuit current measured in reverse and forward directions. (b) Photon conversion efficiency
measured in reverse and forward directions as well as stabilised efficiency. Fill factor of the J-
V curves, obtained in reverse and forward directions.

4.3 Chapter conclusion

In this Chapter, the evolution of the structural, optoelectronic and photovoltaic properties of
MAPDI; perovskite during film formation on QIBC electrodes has been studied through in situ
measurements. It was discovered that the biggest changes to the aforementioned parameters
are taking place during the first few minutes of annealing. Those changes occur faster with the

increase in the annealing temperature.
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The in situ measurements allowed for dividing the annealing process into five Stages.
The processes dominating Stages 1-3 were directly correlated to the crystal growth and
formation of the perovskite grains. Stage 4 of the annealing occurred when the perovskite
crystals achieved the final size. At that time, the QIBC PSCs exhibited a peak of the
performance. Stage 5 showed a decrease in the electronic properties of QIBC PSCs. It was
discovered that thermal effects were the main factor influencing the device performance during
this stage.

The Scherrer analysis of the XRD patterns reveals that the increase of the annealing
temperature allows for growing bigger perovskite crystals. Similarly, the SEM images show
an increase in the size of the perovskite grains caused by an increase in the annealing
temperature. The PL intensity is slightly higher for the samples annealed at lower temperatures.
This may be explained by an increase in radiative recombinations at GBs — known hot-spots
for charge recombination. The grain boundary density increases with the decrease in the size
of the grains, causing an increase in the number of trap states and the probability of charge
recombination.

The solar simulator measurements suggest that annealing for 1 and 10 min at 100 °C
leads to solar cells of similar efficiency. This result may significantly speed-up the production
process of perovskite solar cells at a large scale, and reduce the energy consumed during
annealing. However, the large error bars, especially visible on short circuit currents and the
efficiencies on Figure 4.13, demonstrate the need for improvement in QIBC PSCs technology.
Furthermore, the obtained efficiencies cannot compete with the current champion planar solar
cell converting 25.2% of incident light into electricity. [84] QIBC PSC technology is a long
way from commercialisation. Therefore, the next Chapters of this Thesis will be focused on
different methods of improving the efficiency of QIBC PSCs.

Meanwhile, QIBC electrodes remain a useful tool to study the evolution of the
properties of the perovskite material. The characterisation methods used in this Chapter can be
transferable to different photoactive materials and adopted as a standard technique for the rapid

optimization of growth conditions of a photoactive layer.

4.4 Methods and materials

The quasi-interdigitated back-contact electrodes were fabricated via a photolithography
method, following the steps described in Chapter 3 of this Thesis. The insulator Al>O; (150
nm) and metals Al (30 nm) and Ni (50 nm) layers were evaporated using an AXXIS e-beam
evaporator supplied by Kurt J. Lesker. A photo active material (methylammonium lead iodide,

MAPDbI3) was deposited according to the gas assisted method, described in the aforementioned
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Chapter. The in situ measurements presented in this Chapter were performed during the last
step of the perovskite deposition — the annealing.

During all of the measurements, apart from the XRD, the samples were annealed on a
Heidolph hotplate MR Hei-Connect. The processes were directly following the perovskite
deposition and take place in the same nitrogen glovebox. Thermal images of a top surface of
the FTO-coated glass were taken every 0.6 s, with an FLIR camera X6540SC and analysed
using commercially available software ResearchIR. The measurement was performed in an
ambient atmosphere. Samples were not covered with a photoactive layer. X-ray diffraction
analysis (XRD) was carried out with Inel XRG-3000 Diffractometer equipped with Co Ka
radiation (1.79 A) in 20 range from 0 to 117°. Due to the location of the equipment, the first
XRD pattern of each sample was measured approximately 10 min after the perovskite
deposition. This allowed the time for transportation of the sample to a different laboratory. The
samples were carried in a nitrogen filled, sealed box (in order to minimize ambient air
exposure) and subsequently transferred to the XRD chamber. The samples were placed on a
platinum heating element, warmed at a rate of 110 °C/min to the desired temperature during
the first few scans of the measurement. The in situ diffraction patterns were collected every
10.8 s for 15 min. Additionally, three 30 s long scans were taken for each sample before (room
temperature) and after the in sifu measurements (hotplate temperature), as well as once the
sample was cooled to room temperature. All measurements were carried under a constant
nitrogen flow of 10 L/min. Due to the large spot size of the XRD measurements (exceeding the
size of a solar cell), the experiment was carried out on FTO-coated glass, covered with
unpatterned layers of TiO;, AlOs, Al, Ni, NiOx prepared according to a standard
evaporation/oxidising procedure described in Chapter 3 of this Thesis. The reference samples
were additionally annealed at 100°C for 10 min prior to the XRD measurement.

The photoluminescence images of solar cells were collected using a Nikon Digital
Camera D610, equipped with an AF-S MICRO NIKKOR 105 mm 1:2:8GED lens and Kenko
MC UV 62 mm digital filter. During this measurement the samples were kept at short circuit
current condition. The solar cells were illuminated with green (530 nm) LUXEON Rebel LEDs,
controlled by the DC power supply MAISHENG MS305D (Figure 4.14). The light intensity
was adjusted to 1000 W m~2 AM 1.5G and monitored using a secondary reference photodiode
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(Hamamatsu S1133, with KG-5 filter, 2.8 x 2.4 mm of photosensitive area), calibrated by a
certified reference cell (ISE CalLab PV Cells, certified by Fraunchofer ISE).

Figure 4.14. Experimental setup for PL measurements. The solar cell is kept at short circuit
current condition, simultaneously recorded by the Zahner potentiostat. The sample is
illuminated by a green LED while resting on the hotplate. The photoluminescence
measurement is taken by a digital camera. The measurements take place directly after spin-
coating the photo active layer, inside of a nitrogen filled glovebox, during the film formation.

The in situ Jsc, Voc and J-V measurements were recorded on a Zahner Electrochemical
Workstation ZENNIUM and Thales Z3 software. During those measurements, solar cells were
illuminated with a White (5650K) Rebel LED controlled by a MAISHENG MS305D DC
power supply. The light intensity was calibrated and monitored using aforementioned reference
sample.

The average grain size of the perovskite film was calculated from the SEM images via
an intercept technique. This method requires calculating the number of intersections (n;)
between an imaginary straight line with known length (1), drawn on top of a SEM image and
the GBs of the material (Figure 4.15).
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Figure 4.15. Graphic support explaining the method for intercept technique of calculating the
average grain size of a material.

The average grain size (d) is then calculated via equation:

x L
=1 nl
X

where x represents a number of the imaginary lines. The measurement was performed using 20
imaginary lines per each SEM image, pointing in random directions to reduce the statistical
error. Furthermore, the number of interceptions was calculated from a large area SEM images,

in order to achieve a minimum requirement of 50 interceptions per line.
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S. In situ measurements of back-contact perovskite solar cells during
post treatment experiments

5.1 Chapter introduction

As described in Chapter 2 of this Thesis, the passivation of perovskite solar cells is currently
an area of intense research in the field. Trap states present at the GBs of the perovskite material
and at the interfaces between functional layers foster charge recombination, thus significantly
reducing the photovoltaic performance of the solar cells. Scientists employ different strategies
to passivate those interfaces, including varying the molar ratio of constituents in the perovskite
precursor solution, [215]-[222] adding addition additives, [224], [225] or depositing additional
passivating layers at the interfaces. [204], [205], [226], [206]-[212], [223] Another approach
commonly used in the field is recrystallisation of the perovskite layer in order to improve the
film quality and reduce the number of GBs and thus, the number of defects. [227]-[230] As of
today, all those studies were performed on perovskite thin films and planar perovskite devices.

One of the biggest advantages of the BC architecture of PSC is the uncapped perovskite
top layer. This structure allows for in situ measurements of the photovoltaic performance of
the device during post treatment experiments. Choosing the right conditions for passivation of
a perovskite layer in the planar structure requires the manufacture of hundreds of devices in
order to capture a large batch of statistics. In contrast, the in situ measurements of BC PSCs
allow for the quick assessment of the right amount of the reacting agent for a given set of
conditions for passivation. The results of such experiment can be used to boost the efficiency
of BC PSCs, or adapted to the planar structure.

This Chapter presents three examples of in sifu post treatment experiments on QIBC
MAPbDIz-based PSCs. A gas exposure pilot plant was created for the purpose of these
experiments. The schematic piping and instrumentation diagram is shown in Section 5.4 of this
Chapter (Figure 5.13) and is referred to on multiple occasions in the results section. In brief,
during the experiment, a QIBC PSC sample is placed inside of an exposure chamber filled with
nitrogen gas. The chamber is fitted with a quartz window and sealed electronic feedthroughs,
enabling photovoltaic measurements of the solar cell during the post treatment processes.
Additionally, the chamber is made of a metal with a wall thickness of 2 mm. On few occasions,
the chamber was placed on a hot plate to increase the temperature of the sample. This
temperature was monitored by a thermocouple.

The experimental setup is fitted with two interconnected gas supply pipes. Nitrogen, an
inert gas, is used to carry the vapour of the reacting agent. The setup allows for the regulation

of the ratio of the reacting vapour to N2, thus varying the concentration of the reacting agent
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vapour into the inlet of the chamber. This is done in order to slow down the rate of reaction
between the perovskite film and the reacting gas and increase control over the experiment. The
reactants used in this study were 4-tert-butylpyridine (TBP), 2-amyl pyridine (2AP) and N,N-
dimethylformamide (DMF).

5.2 Results and discussion

5.2.1 Passivation of perovskite layer with 4-tert-butylpyridine

Multiple pyridine derivatives were previously reported to have a passivating effect on the
perovskite material. [232], [233] Among all of them, TBP is the most commonly used in the
PSC field. This is caused by the fact that TBP is usually employed as an additive to Spiro-
OMeTAD, a widely used HSL. TBP is known to increase the polarity of Spiro-OMeTAD and
improve the contact at the perovskite/HSL interface, leading to higher Voc and PCE of PSCs.
[276] Additionally, Habisreutinger ef al. demonstrated that TBP can serve as a p-dopant for the
perovskite layer through a direct chemical interaction between perovskite material. [277]

In order to examine the impact of TBP vapour on a perovskite film, steady-state short
circuit current tracking was performed on QIBC PSCs during the gas exposure. Throughout
the first experiment, TBP was kept at 130 °C and the total nitrogen stream was run through the
evaporation reservoir (F1 = 0 L/min, F2 =5 L/min, T = 130 °C, V = 1 mL, Figure 5.13), the
sample was kept at room temperature. The approximate evaporation rate (ER) of TBP was
calculated to be 53.5 puL/min.

Such rapid vapour exposure caused a temporary increase in the short circuit current of
the device (>36% increase in its initial value) (Figure 5.1a), which can be attributed to the
perovskite surface passivation and defect reduction. However, upon the constant vapour
exposure, the photocurrent began to fall and reached zero after ~27 min. Visual camera images
of a different sample undergoing the same vapour treatment were recorded at the beginning of
the experiment, and after 450 and 2000 s of TBP vapour exposure (Figure 5.1b). Those images
show that the complete loss of photocurrent is caused by bleaching of the perovskite material.
The mechanism of perovskite corrosion upon exposure to TBP was previously studied. [276]

In order to examine if the corrosion process is reversible, the chamber was placed on
another hotplate set to 133 °C. The sample was annealed for 10 min under a constant stream of
pure nitrogen (F1 = 5 L/min) and the temperature of the sample (130 °C) was monitored with
a thermocouple. Upon such treatment, the sample slowly recovered its colour and was then
cooled back to the room temperature. However, the steady-state short circuit current tracking

performed after such treatment showed negligible values (Figure 5.1a, inset).
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Figure 5.1. (a) In situ-measured steady-state short circuit current density of a QIBC PSC during
a rapid exposure to TBP. Inset shows results of measurements of the same sample after
recrystallisation. (b) Visual camera images of a different sample before and after 450 and 2000
s of TBP vapour exposure at the same conditions, as well as after a recrystallisation.

Despite being rather unsuccessful, this experiment gave a strong indication that
reducing the initial volume of TBP and diluting the TBP vapour concentration with nitrogen
would slow down the reaction.

The second experiment was performed at F1 =4 L/min, F2 =1 L/min, T = 130 °C, V
=150 uL (Figure 5.13). The approximate ER of TBP was calculated as 11.8 uL/min, meaning
the full volume of TBP was evaporated after ~12.8 min of the gas exposure. Figure 5.2a (in
green) shows an evolution of the photogenerated short circuit current of the device. The graph
was shifted down by 2 mA cm to improve the clarity of the figure. This strategy was used on
multiple occasions in this Chapter.

The photogenerated short circuit current of this sample rose much slower than in the
previous experiment and after approximately 8 min reached a temporary plateau. Next, the
ongoing exposure to the TBP vapour initiated the process of perovskite corrosion (as indicated

by the decrease of photogenerated current), which continued even after the TBP was fully
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evaporated. This may have been caused by residual TBP vapour in the pipes and the chamber.
The final short circuit current stabilised at ~85% of its initial value.

This experiment was repeated with a fresh sample. However, the flow of TBP/N; gas
mixture was cut off at approximately the same time as the previous sample reached a plateau.
From that moment, the chamber was purged with pure nitrogen (F1 =5 L/min, F2 = 0 L/min).
Figure 5.2a (in blue) shows that initially the short circuit current was following the same trend
as in the previous experiment. However, after the TBP/N> gas was cut off, the current slightly
decreased and eventually stabilised at a value 12% of its initial one. Assuming the same ER,
the evaporated volume of TBP at that moment was approximately 100 pL.

Next, both experiments were repeated, however, this time, the program was tracking
the open circuit voltage of the solar cells (Figure 5.2b). The results show that open circuit
voltages followed similar trends. For the sample exposed to 150 pL: an initial increase,
followed by a decrease caused by an overexposure and eventually, a stabilisation at a value
~5% lower that the initial Voc. For the sample exposed to 100 pL: an initial increase, followed
by stabilisation at a value ~4% higher that the initial Voc. Those results were also confirmed
by J-V characteristics of the same solar cells before and after the exposure to 150 uL (Figure
5.2¢) and 100 pL (Figure 5.2d) of TBP. Upon exposure to 150 pL of TBP, the efficiency of
QIBC PSC decreased by ~31% in reverse and by ~26% in forward directions. This change was
accompanied by a decrease in fill factor of the J-V characteristic by ~14% and ~7% in reverse
and forward directions, respectively. On the other hand, the exposure to 100 puL of TBP brought
a significant increase in device’s efficiencies (~34% in reverse, ~46% in forward directions) as

well as in the fill factors (~10% in reverse, ~6% in forward directions).
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Figure 5.2. (a) In situ-measured steady-state short circuit current density of QIBC PSCs during
an exposure to 150 uL and 100 pL. TBP. (b) In situ-measured open circuit voltage of QIBC
PSCs during an exposure to 150 uL and 100 uL TBP. J-V characteristics of QIBC PSCs before
and after the exposure to (¢) 150 uL and (d) 100 uL.
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A photoluminescence (PL) study was performed in order to validate the passivation
effect of TBP on the perovskite layer. During this experiment, the sample was illuminated by
a green LED. The PL measurement was taken by a visual camera equipped with an IR filter.
Due to the small size of the QIBC sample (0.04 cm?), and the insufficient resolution of the PL
camera, this experiment was performed on a planar perovskite film, deposited on
glass/FTO/TiO; substrate (area: 1.5 cm?). The PL intensity was extracted from the images and
calculated as an average pixel intensity over an area defined in the centre of the sample (0.5
cm?).

Figure 5.3 shows the evolution of the PL intensity of the samples during the exposure
to 150 and 100 pL of TBP. The introduction of the reactant to the chamber caused a gradual
increase in the PL intensity for both samples, confirming the passivation effect of TBP on the
surface trap states of the perovskite. The corrosion process of the sample exposed to 150 pL.
caused a significant and rapid decrease of PL. The final PL intensity of this sample eventually
stabilised at a value ~10% lower than the initial signal. In contrast, the PL signal of the sample
exposed to 100 pL stabilised at a value ~13% percent higher than the initial one and stayed

fairly constant throughout the rest of the experiment.

: TBP
End @ ~810 s

PL Intensity (counts)
w
\

e peesneed : TBP
: End @ ~1065 s i
o[ _ (Offset: -108)
1} : TBP .
: Start @ ~300 s — 100 L TBP

= 150 uL TBP
L

0
0 120 240 360 480 600 720 840 960 1080 1200 1320 1440
Time (s)

Figure 5.3. The evolution of photoluminescence intensity of planar Glass/FTO/TiO2/MAPbDI3
samples during TBP vapour exposure.

Suns-Voc is a common method used in the field of solar cells that allows for the
assessment of their quality and the dominant recombinations taking place in the device. During

such experiments, a Voc of a solar cell is measured at different sun intensities. This experiment
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was performed on a QIBC PSC before and after an exposure to 100 pL. of TBP. Using a diode

equation of a non-ideal solar cell, one can calculate an ideality factor (n) of a solar cell:

[ =I(e" /nkr — 1)

Where:

I - photocurrent

I - dark saturation current

V - voltage applied across the solar cell
e - electron charge

k - Boltzmann's constant

T - absolute temperature (K)

n - ideality factor

At Voc condition V=Voc, I=0
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Hence, the ideality factor can be read as a slope of the linear fit presented at Figure 5.4.
An ideal single junction p-n diode would have an ideality factor equal to 1. As a general rule,
higher values of the ideality factor can be interpreted as a decrease in the quality of the solar
cell. A theoretical study performed by Tress et al. [278] on planar perovskite devices suggests
that for PSCs with n of values between 1 and 2, the charge recombinations taking place in the
bulk of the material and are mainly radiative (band-to-band), whereas, for n > 2 the non-

radiative Shockley-Read-Hall (trap-assisted) recombinations at depletion region are dominant.
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Figure 5.4. Results of the suns-Voc experiment on QIBC PSC before and after an exposure to
100 uL of TBP.

The initial ideality factor of the QIBC PSC was very high (n = 4.16), suggesting the
dominance of non-radiative recombination. The experiment shows that upon exposure to 100
pL of TBP, the ideality factor decreases significantly (n =2.88). However, according to Tress’s
study, the non-radiative recombinations are still dominant. Those recombinations may come
from the non-passivated interfaces in the QIBC device between the functional layers and at
perovskite GBs. During the TBP vapour exposure, only the top surface of the perovskite
material undergoes the passivation.

An SEM investigation of the QIBC PSCs was performed in order to examine if the
morphology of the perovskite material is impacted by the TBP vapour treatment (Figure 5.5).
The images show that the exposure of the perovskite to 100 uL of TBP does not induce any
noticeable changes at the surface. However, perovskite GBs become blurry for samples
exposed to 150 uL of TBP, and small features become clearly visible at the perovskite surface.
Those features are still present after the recrystallization of the sample. Additionally, multiple
cracks can be observed at the GBs of the recrystallised perovskite. Those cracks are likely to
impede the electrical connection between the grains, which could explain the negligible

photocurrent measured for this sample.
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Figure 5.5. SEM images of QIBC PSCs before and after the exposure to 100 puL, 150 pL and

I mL of TBP (last sample was annealed at 130 °C for 10 min to recrystalise perovskite material
pror to SEM imaging).

As a next step, the samples were measured with a UV-vis spectrometer (Figure 5.6).
Similarly to PL, QIBC electrodes were too small to obtain the spectra with sufficient accuracy,
hence, this experiment was performed on planar perovskite films, deposited on Glass/FTO.
The rapid exposure to TBP, followed by the recrystalisation brought an increase in the

transmission of the sample, also visible at the visual image of recrystalised QIBC PSC in
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Figure 5.1b. The decrease in the absorption was another factor contributing to the loss of
photogenerated current of the recrystallised sample. It is worth noting that experiments with
longer annealing times (30 min) were also performed in the course of collecting data for this
Chapter to examine if the pervoskite film was fully recrystalised. However, after longer
annealing, the measured photocurrents only decreased.

The absorption, transmission and reflection spectra of the 150 uL and 100 pL TBP-
exposed samples differ only slightly from each other and from the unexposed sample. The
differences are negligable (< 2%) and lie in the experimental error of the equipment or in the

mounting of the samples. They may be also caused by a slight difference in the film thicknesses.
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Figure 5.6. UV-vis transmission, reflection and absorption spectra of perovskite films

deposited on Glass/FTO. Films exposed to (a) 1 mL of TBP, 150 uL of TBP, (b) 100 pL of
TBP and unexposed sample.

Next, an XRD measurement was performed on an unexposed QIBC PSC, as well as on
samples exposed to 100 pL, 150 uL and 1 mL of TBP (recrystalised). The diffraction patterns
of the samples show no noticeable difference upon exposure to 100 pL of TBP in comparison
to the unexposed sample. However, the pattern collected for the sample exposed to 150 puL of

TBP shows an additional peak at 20 = 8°. This peak was also observed by Yue et al. upon
exposure to TBP and was attributed to the formation of a complex between Pbl, and TBP at
the perovskite surface, thus, the corrosion of a perovskite material. [233] This peak became

even more prominent for the sample exposed to 1 mL of TBP. Additionally, the recrystalised
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sample showed a small peak at 20 ~ 11°, which is usually attributed to Pbl> and caused by the

chemical decomposition of the perovskite material.
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Figure 5.7. XRD diffraction patters of the unexposed sample, as well as samples exposed to
100 pL, 150 pL and 1 ml of TBP (recrystalised). Arrows at 20 = 8° indicate the corrosion of
perovskite. Arrow at 20 ~ 11° show a rise of Pbl, peak.

5.2.2 Passivation of perovskite layer with 2-amyl pyridine

The next post treatment experiment was performed with 2AP, previously used as a
passivator in planar PSCs. As in the experiments with TBP, a QIBC PSC was first rapidly
exposed to 1 mL of 2AP (F1 =0 L/min, F2 =5 L/min, T =80 °C, V =1 mL, Figure 5.13) and
a steady-state short circuit current measurement was performed (Figure 5.8a). A rapid rise of
the photocurrent was observed when the 2AP vapour was introduced to the chamber. This
increase can be attributed to the passivation of the trap states at the surface of perovskite.
However, this time, a prolonged exposure to the passivator did not bring any further changes
and the photocurrent remained constant until the end of the experiment. After the treatment,
the short circuit current of the QIBC PSC stabilised at a value 19% higher than the initial one.
The approximate evaporation rate of 2AP in this experiment was calculated to be 23.9 uL/min,
meaning that the total introduced volume of 2AP evaporated after roughly 42 min of the
experiment.

Over the course of the data collection, it was discovered that complete passivation can

be achieved by exposing the sample to a volume of 2AP as low as 30 pL. This process was
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slowed down by diluting the vapour with nitrogen (F1 =4 L/min, F2 =1 L/min, T =80 °C, V
= 30 pL, Figure 5.13), and the approximate evaporation rate of 2AP in this experiment was
calculated as 5.6 pL/min. The steady-state short circuit current and open circuit tracking
measurement results of such an experiment are presented at Figure 5.8b. The results show that
upon the passivation, the photogenerated current increased by ~21% (slightly higher than in
the previous experiment). However, because of the gas dilution with nitrogen, the passivation
took place much slower, thus, the gradient of the current density slope is less steep.
Additionally, the open circuit voltage increased by 16% versus the initial value, which confirms
the passivation of the trap states at the surface of perovskite.

J-V characteristics (Figure 5.8¢), measured before and after the exposure to 30 uL of
2AP show a significant enhancement in PCE of the device (23% in the reverse and 11% in the
forward direction). Both the short circuit current and the open circuit voltage increased after
the treatment. Interestingly, a slight drop in FF of the device was observed after this exposure
(1% in the reverse and 9% in the forward directions). An origin of this FF decrease should be
a subject to further investigation in the future work.

The suns-Voc measurement reaffirms the passivating effect of 2AP on QIBC PSC.
Upon the exposure to 30 L of 2AP, the ideality factor of the solar cell decreased from 3.48 to
2.58 (Figure 5.8d). According to Tress’s study, discussed in the previous paragraph, the non-
radiative recombinations are still dominating in the device, however, its number significantly

reduced.
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Figure 5.8. (a) In situ-measured steady-state short circuit current density of QIBC PSCs during
an exposure to 1 mL of 2AP. (b) In situ-measured short circuit current density and open circuit
voltage of QIBC PSCs during an exposure to 30 uL of 2AP. (c) J-V characteristics of QIBC
PSCs before and after the exposure to 30 uL of 2AP. (d) Results of the suns-Voc experiment
on QIBC PSC before and after an exposure to 30 uL of 2AP.
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Next, the photoluminescence mapping measurement was performed following the
methods used in the TBP study (Figure 5.9a). During this experiment, a MAPDI; film was
deposited on a planar Glass/FTO/TiO> substrate and exposed to 30 uL. of 2AP. As a result of
the vapour treatment, the photoluminescence intensity increased by ~24% versus its initial
value. This further confirms the reduction in a number of trap states present at the surface of
the perovskite material. The XRD examination of an unexposed and 2AP-passivated QIBC
PSCs did not show any differences in the diffraction patterns (Figure 5.9b). This is in line with
study performed by Yue et al [233] on perovskite passivation with different pyridine
derivatives. Similarly, no significant difference in reflection, transmission and absorption
between the samples was observed in an UV-vis measurement (Figure 5.9¢). The SEM
examination shows that 2AP does not induce any morphological changes at the top surface of

perovskite (Figure 5.9d).
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Figure 5.9. (a) The evolution of photoluminescence intensity of planar
Glass/FTO/TiO2/MAPbI; samples during 2AP vapour exposure. (b) XRD diffraction patterns
of the unexposed sample, as well as samples exposed to 30 uL of 2AP. (¢) Comparison of UV-
vis transmission, reflection and absorption spectra of perovskite between unexposed sample
and sample exposed to 30 uL. of 2AP. Films deposited on Glass/FTO. (d) SEM images of QIBC
PSC before and after the exposure to 30 pL of 2AP. Scale bar 500 nm.
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5.2.3 N,N-dimethylformamide treatment

Results presented by Zhu et al. [230] were the inspiration for the last vapour exposure
experiment presented in this Chapter. In his study, Zhu deposited MAPDI; films via spin-
coating on top of Glass/FTO/TiOz(mesoporous) substrates, in order to manufacture planar
perovskite solar cells. However, after the deposition and annealing of the perovskite layer, he
exposed it to multiple cycles of DMF vapour fumigation and re-annealing, before completing
the devices with a layer of spiro-MeOTAD and a silver cathode. So-prepared solar cells showed
a significant increase in their PCE. His vapour fumigation process was performed by
introducing 0.5 mL of DMF dropped onto a filter paper, which was then placed directly next
to the sample. Both the paper and the sample rested on a hotplate set to 90 °C and were
subsequently covered with a petri dish to obtain a DMF-vapor atmosphere.

During the experiments performed for this Chapter, the QIBC PSCs were placed inside
of the exposure chamber, resting on the hotplate set to 94 °C. The temperature at the surface of
the sample (90 °C) was monitored with a thermocouple. The rapid exposure to the DMF vapour
was achieved by heating the solvent to 125 °C prior to the exposure, and directing the total
stream of nitrogen through the evaporation reservoir (F1 =0 L/min, F2 =5 L/min, T = 125 °C,
V =1 mL, Figure 5.13). After 5 s of such vapour treatment, the chamber was flushed with a
nitrogen stream (F1 = 5 L/min, F2 = 0 L/min, Figure 5.13). The annealing process of the
perovskite film at 90 °C and constant nitrogen flow was continued for an additional 10 min.

A steady-state short circuit current measurement was performed during the DMF
vapour exposure. Surprisingly, QIBC PSCs treated this way did not show any significant
improvement in generated photocurrent (Figure 5.10, in red). The photocurrent initially
decreased, presumably due to dissolution of the perovskite layer. Upon annealing, the final
short circuit current stabilised at a value similar to the initial one. This finding contradicts the
results obtained by Zhu. However, one must know that the one-step method of perovskite
deposition used in Zhu’s study resulted in a dendritic film that poorly covered the substrate.
The improvement gained by DMF-vapour fumigation was mainly caused by the
recrystallisation of the perovskite into a densely-grained, uniform layer. In the study presented
in this Chapter, the perovskite was deposited via a gas-assisted method, resulting in a densely
-grained coverage of the QIBC electrodes with perovskite. This may be the reason why no
significant improvement in photogenerated current was observed in this experiment.

In contrast, fascinating results were observed when aged QIBC PSCs were exposed to
the same DMF vapour treatment. In preparation for this study, all solar cells were stored for 2
weeks in a dark dry box. Upon the exposure, a photogenerated current showed a similar trend

as in the case of the non-aged (“fresh”) samples — an initial decrease, followed by the
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recrystallisation and a rise of the photocurrent. However, this time, the final short circuit current
stabilised at a value 32.9% higher than the initial one. (Figure 5.10, in blue).

Similar trends in short circuit currents were observed at J-V characteristics of the fresh
and aged QIBC PSCs (Figure 5.10c-d). Upon the exposure, a J-V characteristic of the fresh
samples remained nearly the same and the differences in PCE and FF were negligible.
However, the aged samples measured before and after the exposure to DMF vapour showed a
significant enhancement in PCE of the device (24% in the reverse and 38% in the forward
direction). The open circuit voltage of the devices remained constant. Interestingly, the increase
in PCE was accompanied with a slight (7%) drop of FF in the reverse direction and 6% increase
in the forward direction. An origin of the changes in the FF should be a subject of further

investigation in future work.
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Figure 5.10. (a) /n situ-measured steady-state short circuit current density of a fresh and aged
QIBC PSCs during a rapid exposure to 1 mL of DMF. J-V characteristics of a (b) fresh and (c)
an aged QIBC PSCs before and after the exposure to 30 uL of 2AP.

Page | 89



In order to investigate the origin of such significant changes in the performance of the
aged samples upon the exposure to DMF vapour, and lack of changes in the performance of
the fresh samples, a morphological study of the QIBC PSCs was performed. Figure 5.11a
shows SEM images of a fresh sample before and after the DMF treatment. As previously
mentioned, a perovskite layer deposited on top of the QIBC electrodes via a gas-assisted
method is non-dendric, but, rather homogenous, with numerous pin holes. The DMF exposure
did not bring any significant changes to the morphology of this layer.

The SEM analysis revealed the influence of aging on the QIBC PSCs. It was discovered
that storing the devices for a prolonged time, even in a dry environment, brings tremendous
changes to the morphology of the perovskite layer. Figure 5.11b shows multiple cracks at the
top surface of the aged QIBC PSC, which align with the position of the QIBC electrodes. Over
time, the perovskite layer seems to decompose faster at the edges of the cathode, and the
samples appear rougher. The cracks are likely to impede the electrical connection between the
grains of perovskite, thus, lowering the photocurrent generated by the device, as observed at
Figure 5.10. Upon the exposure to DMF, the top surface of the aged sample smoothens and
the number of cracks decreases. SEM images show that DMF treatment induces a self-repair

recrystallization of the perovskite layer, a process previously described by Zhu et al.
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Figure 5.11. (a) SEM images of fresh QIBC PSC before and after the exposure to DMF. (b)
SEM images of an aged QIBC PSC before and after the exposure to DMF at lower and higher
magnifications.

The top surface of an aged QIBC PSC was examined with an atomic force microscope
(AFM) before and after the DMF treatment (Figure 5.12a). Results of this experiment are in
the good agreement with the SEM analysis. The AFM profiles extracted from the image of an
untreated sample shows that over time, the perovskite layer undergoes decomposition and
shrinks, giving rise to significant discontinuty of the top surface. The difference in the height
of the perovskite resting on the cathode and on the anode reaches 100 nm. Upon DMF exposure,
the surface of the QIBC PSC flattens and the edges become less sharp.

As a next step, a UV-vis spectroscopy was performed on an aged perovskite layer
deposited on a Glass/FTO substrate (Figure 5.12b). Due to the small size of the solar cells, this
experiment could not be performed on the QIBC substrate with sufficient accuracy. Thus, the
results do not fully reflect the changes taking place in the real device. A slight decrease in the
transmission of the layer was observed in the wavelength range 600 — 850 nm after the DMF

treatment and, as a result, an increase in the absorption. However, this change is relatively
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minor and does not explain the large gain in photocurrent observed for the aged QIBC PSC
exposed to DMF. The reflection from the surface of the sample remained fairly constant across
whole measured spectrum (400 — 850 nm).

XRD analysis on aged QIBC PSCs was performed in order to investigate if the DMF
treatment brings any changes to the crystal structure of the perovskite (Figure 5.12¢). The
results show a strong peak at 20 = 11° for both the untreated and the DMF-treated solar cells.
As mentioned before, this peak is usually attributed to Pbl, and is caused by the chemical
decomposition of the perovskite material. The results also show that upon exposure to DMF,
the dominant peaks of MAPDbI3 (26 ~ 14° and 260 =~ 28.5°) become more prominent, indicating
an improved crystallinity of the film. This is in agreement with the results reported by Zhu et

al.
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Figure 5.12. (a) AFM mapping results of an aged QIBC PSC before and after the DMF
exposure, with the corresponding profiles, extracted from the images. Scale bar: 4 um (b)
Comparison of UV-vis transmission, reflection and absorption spectra of an aged perovskite
before and after the exposure to DMF. Films deposited on Glass/FTO. (¢c) XRD diffraction
patters of an aged QIBC PSC before and after the exposure to DMF.
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5.3 Chapter conclusion

In this Chapter, three different post-treatments were performed on QIBC PSCs. The
photovoltaic properties of the solar cells were measured in situ, using a pilot plant built for the
purpose of this Thesis. Those experiments were complemented by various other measurement
techniques, in order to find an explanation of the processes taking place on and inside of the
perovskite film.

The first two chemicals used in this Chapter (TBP and 2AP) show a passivation effect
on the surface trap states of the perovskite layer. Results of the TBP treatment indicate that
choosing the right volume of the passivator is crucial if one aims to passivate the surface, rather
than corrode the material. Slowing down the process of the exposure allows for an
improvement in control over the experiment. On the other hand, a prolonged exposure to 2AP
does not damage the perovskite layer. A smaller volume of the passivator can be used to
passivate the surface trap states in order to reduce the consumption of the chemical and thus,
the cost of the process. Additionally, in this set of experiments, the passivation was slowed
down by diluting the stream of the vapour with nitrogen. However, the obtained results did not
differ significantly in comparison to the rapid exposure.

The morphological study performed on aged QIBC PSCs show that the perovskite layer
resting on QIBC electrodes undergoes massive changes over time, even if the sample is stored
in a dry environment. The aged samples can be recrystalised with a short and rapid exposure
to the DMF vapour in order to smoothen the top surface. This treatment reduces the number of
cracks present at the surface, increases the photogenerated current and improves the PCE of
the device. This study also suggests the need for encapsulating the top surface of BC PSCs — a
topic explored in greater detail in Chapter 6 of this Thesis.

The post-treatment experiments performed on QIBC PSCs and presented in this
Chapter can be applied to perovskite thin films used in planar perovskite devices. They have
the potential to significantly speed up the optimization of post-treatment processes and assist

in the improvement of PCE of the most efficient perovskite solar cells.

5.4 Methods and materials

As in the previous Chapter of this Thesis, QIBC electrodes were fabricated via a
photolithography method, described in Chapter 3. An AXXIS e-beam evaporator supplied by
Kurt J. Lesker was used to evaporate the following materials: AlbO3 (thickness: 150 nm), Al
(thickness: 30 nm) and Ni (thickness: 50 nm). The electrodes were oxidised for 15 min at 300
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°C to obrain a layer of NiOx HSL. MAPbI; was deposited according to the gas-assisted method
described in Chapter 3. The post-treatment experiments were performed in a pilot plant, built

according to the process diagram presented on Figure 5.13.
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Figure 5.13. Piping and instrumentation diagram of the pilot plant used in the post treatment
experiments presented in this Chapter.

X-ray diffraction (XRD) analysis was carried out in air with a Bruker D2 Phaser
Diffractometer equipped with Cu Ka radiation and Scintillation counter 1-dimensional
LYNXEYE detector in the 20 range from 5 to 60°. AFM measurements were performed in air
using a Dimension Icon (Veeco) system equipped with chromium-platinum coated conductive
probes (ElectriMulti75-G, BudgetSensors). PL images were collected using a setup described
in Chapter 4 in this Thesis (Section 4.4). This measurement was performed on a planar
perovskite film, deposited on glass/FTO/TiO; substrate (area: 1.5 cm?). The in situ Js, Voc and
J-V measurements were recorded on a Zahner Electrochemical Workstation ZENNIUM and
Thales Z3 software. During those measurements, solar cells were illuminated with a White
(5650K) Rebel LED controlled by a MAISHENG MS305D DC power supply. The light
intensity was adjusted to 1000 W m2 AM 1.5G and monitored using a secondary reference
photodiode (Hamamatsu S1133, with KG-5 filter, 2.8 x 2.4 mm of photosensitive area),
calibrated by a certified reference cell (ISE CalLab PV Cells, certified by Fraunchofer ISE).
Surface SEM images were obtained using a Nova NanoSEM 450 Scanning Electron

Microscope operated at 3 kV and spot size 2.0. UV-Vis spectra of the films were measured
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using a Perkin Elmer Lambda 1050 spectrometer fitted with an integrating sphere attachment

in an ambient atmosphere.
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6. A solution processed antireflective coating for back-contact perovskite
solar cells

6.1 Chapter introduction

The QIBC architecture of PSCs allows for the direct illumination of the perovskite photo-
absorber layer, thus eliminating the transmission losses caused by the glass substrate and one
of the charge selective layers in the planar structure (Figure 6.1a-b). Numerical simulations
performed by Ma et al. [189] show that BC PSCs can theoretically obtain PCEs higher than
the planar devices. However, to date all reported BC PSCs show significantly lower
photogenerated currents and fill factors (and thus efficiencies) than their conventional planar
counterparts. One potential source of the current loss is the reflection of light by the perovskite
layer that occurs due to a high refractive index mismatch between perovskite and air.

The minimization of light reflectance in order to enhance the photovoltaic performance
of BC solar cells has already been explored for decades. For instance, the light reflection from
the top surface of monocrystalline silicon solar cells is reduced by texturing it with a pyramid-
shaped pattern, usually through anisotropic etching in alkaline solutions. [279] This process is
less effective for multicrystalline silicon solar cells, due to the random orientation of the
crystals. Therefore, for these devices, the texturing of the top surface is usually achieved
through reactive ion etching [280] or acidic etching. [281]

Another approach to increase light absorption, typically used in conjunction with
surface texturing in inorganic solar cells, is the application of an antireflective coating (ARC).
This addresses the mismatch of refractive indices at the photoaborber/air interface, thus
decreasing the reflection at the surface of the solar cell. A commonly used ARC in silicon solar
cells is SiN4, obtained through low-pressure high-temperature chemical vapor deposition.
Additionally, the silicon nitride film rests on SiO; (passivation layer), obtained through a
thermal oxidation of the top surface of a silicon SC.

Due to the sensitivity of the photoabsorber material, the texturing techniques typically
employed in minimizing reflective losses in conventional inorganic solar cells cannot be
directly transferred to hybrid organic-inorganic BC PSCs, leaving the application of an ARC
as the only facile route to minimize reflection losses. However, this still presents a challenge;
the ARC and the solvents used in its deposition must be chemically compatible with the
underlying perovskite layer.

One candidate is poly(methyl methacrylate) (PMMA), with a refractive index of ~1.5,
[282] which lies between the refractive indices of air and MAPbI; [283] in the visible

wavelength spectrum (Figure 6.1c-d).
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Figure 6.1. Schematic cross-section diagrams of (a) a planar and (b) a QIBC PSC. TCO -
transparent conductive oxide. (¢) Reduced reflection from a top layer of perovskite solar cell
after the deposition of the PMMA ARC. (d) Refractive index dependence on wavelength for
air, PMMA [282] and MAPbI3 [283].

One of the biggest advantages of using this polymer is the ease of its deposition. A layer
of PMMA ARC can be deposited simply by spin-coating a dilute solution of PMMA in
chlorobenzene onto a perovskite film. Secondly, the chemical compatibility of PMMA with
perovskite has already been demonstrated and no adverse effects on the underlying perovskite
layer were observed during its use as an encapsulant in energy-dispersive X-ray [284] and
surface photovoltage spectroscopy measurements, [285] and in microwave photoconductivity
imaging. Furthermore, in 2014 Habisreutinger et al. proposed a charge selective layer made of
carbon nanotubes and PMMA that sealed the perovskite layer, thus retarding moisture-related
degradation processes. [286], [287] The vulnerability of PSCs to moisture is caused by
hygroscopicity of organic cations and remains one of the biggest challenges of perovskite

technology. As an example, upon exposure to water, MAPbI; rapidly decomposes to MAI and
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Pblo. [288] PMMA, amongst many other polymers, is hydrophobic and it was proven to provide
a protection of the perovskite layer from humidity. [289]

This Chapter presents theoretical and experimental investigations into the use of
PMMA as an ARC for QIBC perovskite solar cell devices. Transfer matrix optical simulations
are performed to predict the performance enhancement of the solar cells and determine the
optimal thickness of the PMMA ARC. UV-Vis spectroscopic measurements are used to
quantify the effect of the PMMA ARC over the different areas of the QIBC PSC. The device
measurements confirm an increase in PCE with the use of the ARC. Furthermore,
photoluminescence mapping experiments reveal a passivation effect of the top surface of QIBC

PSC observed after the deposition of PMMA layer.

6.2 Results and discussion

As a first step, transfer matrix (TM) optical modelling was performed for a QIBC PSC. For the
purpose of the calculations, the QIBC PSC was modelled to best reflect its real counterpart.
The anode of the QIBC electrode was assumed to be a continuous layer of FTO on a glass
substrate, coated with 50 nm TiO. The comb-shaped cathode consisted of a 50 nm-thick Al
layer and 30 nm-thick Ni layer, coated with a 2 nm-thick NiOx layer. The cathode and anode
were separated by a 150 nm-thick Al,Os insulating layer. The modelled QIBC PSC was
completed by a layer of MAPbI3 perovskite photo-absorber layer, covering both the anode and
cathode in a conformal manner with thicknesses of 600 nm and 370 nm, respectively.

The TM modelling was performed for the device without and with a PMMA ARC over
the perovskite photo-absorber. The calculations were undertaken in Matlab with bespoke
software based on the formalism of Pettersson et al. [290] Figure 6.2a shows the calculated
transmission and reflection spectra of the QIBC PSC based on literature refractive index values
[282], [283], [291]-[295] without (red line) and with the PMMA ARC (green line). The
absorption spectra of the perovskite photo-absorber layer in both cases were calculated from
the transmission and reflection spectra, taking into account the effects of the internal back
reflection from the underlying layers (Figure 6.2b). All presented graphs are a result of an
average over both electrode regions.

Based on the calculated absorption spectra, the estimated the maximum achievable
short-circuit photocurrent density (Jsc) under incident AM1.5G solar irradiation is 18.8 and
22.9 mA cm™? for the device without and with a PMMA ARC, respectively. The >20% gain in
photocurrent caused by the ARC results from a greater impedance matching to the absorbing

perovskite layer and an increase in the photo-generation near the front of the device (Figure
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6.2c). The TM optical modelling revealed that such a significant increase in photocurrent can

be achieved with an optimum thickness of 85 nm for the PMMA ARC (Figure 6.2d).
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Figure 6.2. Transfer matrix optical simulation of a QIBC PSC with (green line) and without
(red line) the 85 nm thick PMMA ARC. (a) Transmission and reflection spectra based on the
refractive indices data acquired from the literature, calculated as a result of the weighted
average over both contacts. (b) Calculated absorption spectra of the perovskite layer. (c)
Simulated active charge carrier generation through the photoactive area of the device. (d)
Calculated maximum Jsc value, assuming 100% charge carrier collection efficiency, as a
function of PMMA thickness, with an optimum at 85 nm.

As a next step, a ~400 nm thick perovskite film was characterized through UV-Vis
spectroscopy measurements, with and without the PMMA ARC. Due to the small active area
(2 x 2 mm) of the photovoltaic devices prepared in this study, a direct optical characterization

of QIBC PSC could not be achieved with satisfactory accuracy. Therefore, the experiments
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were performed on glass substrates covered with FTO. The thickness of the PMMA ARC layer

(~85 nm) was chosen according to the results of the TM modelling.

The application of the PMMA ARC resulted in a negligible change in transmission
below the 750 nm wavelength. The presence of the PMMA layer caused a reduction in the
average reflection from ~21.5 % to ~12.5 % over the visible part of the spectrum (400 — 750
nm), yielding a ~40 % relative decrease in reflection (Figure 6.3a). This is attributed to a
reduction in both specular and diffuse reflection, (Figure 6.3c-d) which suggests a random
orientation of the perovskite crystals on the film surface. The significant change in the optical
properties of the sample resulted in ~11.5% relative increase in photo-absorption of the
perovskite film, as calculated as an average over the visible component of the absorption
spectra (Figure 6.3b). The difference between the anticipated gain (calculated through TM
modelling) and the gain observed in the acquired absorption spectra can be caused by irregular
coverage of the perovskite surface by the ARC due to surface roughness. However, the UV-
Vis spectroscopy results clearly demonstrate that a beneficial increase in absorption can be
achieved by coating PMMA onto a perovskite photo-absorber layer deposited onto a QIBC

electrode.
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Figure 6.3. (a) Transmission and reflection spectra of the perovskite layers on an FTO-coated
glass substrate. (b) Calculated absorption spectra of the perovskite layers. Specular and diffuse
reflection UV-Vis measurements of perovskite layer (c) before and (d) after the deposition of

PMMA ARC.

In order to validate the predictions of the TM modelling, QIBC PSCs were fabricated

and measured under simulated solar irradiation, without and with a PMMA ARC. The SEM

cross-section image of the device shows that the thickness of the PMMA ARC layer varies

between 80 and 90 nm across the sample surface (Figure 6.4a). This is caused by the random

crystal orientation of the perovskite layer deposited on top of the QIBC electrodes. Moreover,

a top view SEM picture of the sample (prior to PMMA deposition) further reveals numerous

imperfections in the perovskite film, referred to as ‘pin holes’ elsewhere (Figure 6.4b).
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Figure 6.4. (a) Cross-section SEM image of the back-contact perovskite solar cells covered
with PMMA layer, scale bar 400 nm. (b) High magnification SEM images of perovskite layer
deposited on top of QIBC electrodes (without PMMA ARC), scale bar 400 nm. (c) Typical J-
V characteristic of QIBC PSCs under AM1.5 (1000 W/m?) simulated solar irradiation in
reverse and forward scan directions before and after the deposition of the PMMA ARC. (d)
Typical time evolution of stabilized maximum power output and (e) corresponding maximum
power point photocurrent. Red line — samples without ARC, green line — samples covered with
PMMA ARC.

In order to distinguish the photovoltaic performance improvements resulting from the
antireflective PMMA layer from those resulting from solvent exposure at the perovskite/air
interface, all solar cells were tested in the following sequence: (a) QIBC PSC as-fabricated, (b)
the same device after pure chlorobenzene was spin-coated on the surface and (c) the same
device after an additional spin-coating step with PMMA in chlorobenzene to apply the ARC.
The results are presented in Tables 6.1-6.4.

Page | 102



Table 6.1. Performance of QIBC PSCs, without PMMA ARC.
Perovskite

(Jsc)rev  (Jsc)rFor  (Voc)rev  (Voc)ror (FF)rev (FF)For (M)rRev  (M)For
mAcm?2 mAcm?2 V V % % % %

Cell 1 12.17 12.65 0.961 0.720 4243 2096 496 1.9
Cell 2 10.58 11.46 0.978 0.741 4048 1567 419 1.33
Cell 3 11.70 12.76 0.961 0.702 38.35 16.96 4.31 1.52
Cell 4 13.00 12.51 0.899 0.661 36.10 1452 422 1.20
Cell 5 11.12 11.73 0.981 0.801 39.06 1437 426 1.35
Cell 6 13.14 13.91 0.959 0.721 37.36 22.05 471 221
Cell 7 11.59 12.92 0.981 0.742 3546 1522 4.03 1.46
Cell 8 16.00 16.93 0.960 0.841 51.80 29.02 796 4.13
Cell 9 15.57 16.40 1.019 0.821 4997 26.80 793 3.61
Cell10 14.78 15.16 1.020 0.820 50.95 27.85 7.68 3.46
Cell11  14.35 15.70 1.000 0.840 4587 20.56 6.58 2.71
Cell12  15.61 16.51 1.020 0.799 49.74 2766 792 3.65

average 13.30 14.05 0.999 0.808 4313 2097 5.73 2.38

Table 6.2. Performance of the same QIBC PSCs, without PMMA ARC, after spin-coating of
chlorobenzene on surface.
Perovskite/CBZ

(Jsc)rev  (Jsc)rFor  (Voc)rev  (Voc)ror (FF)rev (FF)For (M)rRev  (M)For
mAcm?2 mAcm?2 V V % % % %

Cell 1 13.76 14.12 0.980 0.722 43.61 2238 588 228
Cell 2 11.69 12.92 0.981 0.739 39.78 1947 456 1.86
Cell 3 13.07 13.90 0.960 0.720 39.06 2149 490 215
Cell 4 12.65 12.36 0.919 0.702 36.20 1522 421 1.32
Cell 5 11.20 12.25 0.981 0.803 38.79 1566 4.26 1.54
Cell 6 12.70 13.42 0.959 0.740 38.17 23.15 465 230
Cell 7 11.75 12.93 0.980 0.739 35.51 17.05 4.09 1.63
Cell 8 15.76 15.97 0.980 0.800 56.65 39.23 8.75 5.01
Cell 9 15.10 15.50 1.010 0.801 5411 36.18 8.25 449
Cell10 13.94 14.10 1.011 0.800 53.65 37.68 7.56 4.25
Cell11  13.96 14.91 1.010 0.800 48.25 2992 6.80 3.57
Cell12  15.08 15.81 1.010 0.800 51.04 33.74 7.77 4.27

average 13.39 14.02 1.000 0.795 44.57 2593 597 2.89
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Table 6.3. Performance of the same QIBC PSCs, covered with PMMA ARC.

Perovskite/CBZ/PMMA

(Jsc)rev  (Jsc)ror  (Voc)rev  (Voc)ror  (FF)rev  (FF)ror  (M)rev  (M)rFor

mAcm? mAcm? V vV % % % %
Cell 1 16.13 15.98 0.980 0.759 4574 2779 7.23 3.37
Cell 2 14.84 15.05 1.000 0.760 4412 2456 6.55 2.81
Cell 3 15.50 15.74 0.959 0.740 4183 2549 6.22 297
Cell 4 14.87 13.64 0.840 0.659 36.50 1837 456 1.65
Cell 5 15.18 15.57 0.980 0.799 4159 2210 6.19 275
Cell 6 16.07 15.60 1.000 0.781 4149 28.25 6.67 3.44
Cell 7 14.66 14.98 0.980 0.779 3592 2338 516 273
Cell 8 18.32 18.56 1.040 0.880 55.05 34.77 1049 5.68
Cell 9 17.65 18.19 1.040 0.840 54.88  33.71 10.07 5.15
Cell 10  16.91 17.62 1.040 0.880 54.34  32.51 956 5.04
Cell 11 16.79 17.45 1.021 0.840 4983 2853 854 4.18
Cell12 17.58 18.26 1.020 0.880 50.96 28.70 9.14 4.61
average 16.21 16.39 1.009 0.825 46.02 2735 7.53 3.70

Table 6.4. Stable power output of the devices during aforementioned three measurements

Mo)r  (Mw)crz

% %
Cell 1 208 2.09 2.60
Cell 2 164 1.75 2.26
Cell 3 1.80 1.9 2.46
Cell 4 1.81 1.80 2.16
Cell 5 1.76  1.69 2.46
Cell 6 1.97 1.96 2.74
Cell 7 1.50 149 2.35
Cell 8 3.56 3.49 4.41
Cell 9 3.21 3.32 4.16
Cell10 3.30 3.15 4.22
Cell11 237 2.51 3.30
Cell12 3.34 3.43 3.74
average 2.36 2.38 3.07

The chlorobenzene treatment only brought about very minor changes in photovoltaic

performance. Short circuit currents (Jsc) and open-circuit voltages (Voc) recorded in forward

and reverse bias scan directions varied by less than 2 % as a result of the treatment. All devices

showed a strong hysteresis behaviour, with a scan-direction dependent efficiency variability of
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more than a factor of 2. Therefore, the maximum power point tracking was used in order to
determine stabilized power outputs as a more meaningful estimate for the energy conversion
efficiency of these solar cells.

Coating of the perovskite top surface with a thin layer of PMMA resulted in a
significant improvement in the photovoltaic performance (Figure 6.4c-e, Figure 6.5). Short
circuit currents measured in reverse scan mode improved by ~21.5% to an average of 16.21
mA cm2, while stabilized power conversion efficiencies improved by ~31% to an average of
3.07 %. The measured short circuit current is lower than the predicted ideal value due to the
anticipated (but not modelled) recombination losses inside of the perovskite material and at the
interfaces. The observed improvements in fill factors (< 6%) and open circuit voltages (4%)
were only marginal. The relative changes of all PV parameters of samples

perovskite/CBZ/PMMA versus perovskite/CBZ are summarised on Figure 6.5.

8 & 8
o
o
lof
o

Relative Change (%)
8 o
kA
4
>

A
o
T

Reverse Forward 7

@
o
T
|

| | 1 | | | | 1 |

(FRg (V ( (FR)g (V

(J

sc)r (g oc)R sc) (e oc)F M

Figure 6.5. Relative percentage change of QIBC PSCs parameters after the deposition of
PMMA ARC. The relative change is calculated as an average of the results obtained for all
samples.

The best performing QIBC PSC with a PMMA ARC exhibited a Jsc of 18.6 mA c¢cm™
and a stabilized power output of 4.41 %, which is to date the highest reported efficiency for a
QIBC PSC (Figure 6.6).
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Figure 6.6. (a) Current voltage characteristic of the champion QIBC PSC. (b) Power density
and corresponding current density tracking.

The relative increase in short circuit current being greater than the increase in light
absorption would suggest that the application of the PMMA layer may also have a passivating
effect on the surface of the perovskite layer, as previously reported. [205], [296]-[298] This
was proven by space-resolved photoluminescence (PL) measurements on QIBC PSCs in air,
before and after PMMA deposition (Figure 6.7a-b). The results of the measurements show
that PL intensity for a perovskite film capped with a PMMA layer is significantly higher,
compared to a PL intensity measured for the same perovskite film prior coating with the
PMMA layer and after spin-coating pure CBZ. This is in agreement with other reports,
indicating that the lone pair electrons on C=0O in PMMA bonded with the uncoordinated halide
ions of perovskite, reducing a number of surface trap states of perovskite material. [299]
Combined with the J-V measurements for complete devices this result suggest that the PMMA

layer indeed has a passivation effect on the surface of perovskite film.
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Figure 6.7. (a) Photoluminescence mapping of a perovskite film, perovskite film with spun-

coated pure CBZ and after PMMA coating. Scanning dimension: 15 x 6 um?, excitation
wavelength of the laser: 533 nm. (b) line scans extracted from the images.

6.3 Chapter conclusion

Employing a BC architecture is predicted to give perovskite solar cells with efficiencies
that exceed those possible with a conventional sandwich structure. However, achieving these
efficiencies requires minimization of the reflection at the photoabsorber/air interface. PMMA
makes an effective ARC on QIBC perovskite solar cells due to its optical properties, chemical
compatibility with the photoabsorber material, passivating properties, and its ease of
deposition. With the optimal PMMA ARC thickness determined by transfer matrix modelling,
QIBC PSCs demonstrated an increase in photocurrent, resulting in a ~30% average relative
increase in the stabilized power output. This surface treatment yielded a champion solar cell

with a stabilized power output of 4.41 %, the highest reported for a QIBC PSC.

6.4 Methods and materials

The QIBC electrodes were manufactured using methods described in Chapter 3 of this
Thesis. A photo active material (Cso.0sFA0.79MAo.16Pbl2.49B10.51) was deposited according to
the antisolvent method, described in the aforementioned Chapter. Poly(methyl methacrylate)
(PMMA) was dissolved in chlorobenzene (concentration 0.1 M) by stirring overnight at 70 °C.
70 pL of the PMMA solution was spin-coated at 1000 rpm for 45 s on top of the perovskite

layer. All procedures were carried out in a N»2-filled glove box.

Page | 107



The J-V characteristics of the solar cells were measured under a nitrogen atmosphere
with a computer-controlled Keithley 2400 Sourcemeter. The cells were illuminated with a 150
W Xenon lamp (Newport) coupled with an AM 1.5 G solar spectrum filter through a quartz
window. The light intensity was adjusted and monitored using a secondary reference
photodiode (Hamamatsu S1133, with KG-5 filter, 2.8 x 2.4 mm of photosensitive area),
calibrated by a certified reference cell (PVMeasurements, certified by NREL) under 1000 W
m 2 AM 1.5G illumination from an Oriel AAA solar simulator fitted with a 1000 W Xenon
lamp. The samples were measured through a shading mask with a photo active area of 0.015
cm?. The voltage was changed between —0.1 and 1.1 V with an interval of 0.02 V.

Cross section SEM images of the solar cells were obtained using a Zeiss Merlin Scanning
Electron Microscope with 5kV beam energy. Surface SEM images were obtained using a Nova
NanoSEM 450 Scanning Electron Microscope operated at 3 kV and spot size 2.0. UV-Vis
spectra of the solar cells and the separate layers were measured using a Perkin Elmer Lambda
1050 spectrometer fitted with an integrating sphere attachment in an ambient atmosphere.
Steady-state photoluminescence mapping (PL) was performed using WITec 300 R system with

533 nm laser excitation wavelength, with scan area: 15 x 6 um?.
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7. Thesis conclusion

The discovery of a photovoltaic effect in perovskite materials is the greatest breakthrough in
the field of solar cells this century. PSCs have come a long way in a relatively short period of
time, with a new efficiency record being reported even few times a year. The performance of
PSCs rapidly reached levels comparable with silicon solar cells and the research world is now
addressing other factors that are preventing the perovskite technology from entering the market,
e.g. scalability of the manufacturing process and stability. Further increases in device
efficiencies and stability are reported by manipulating ratios of different cations and anions in
perovskite materials, increasing the grain sizes, as well as through different strategies that
improve the interface between functional layers.

Numerical simulations performed by Ma et al. [189] show that BC PSCs have the
potential to exceed the performance of their planar counterparts. This is caused by beneficial
light management in BC devices, i.e. the lack of shading and transmission losses, induced by
layers resting on top of the photoactive material in conventional SCs. However, as of today,
BC PSCs are not a matter of interest for the RE industry, due to their rather complicated
manufacturing processes and relatively low efficiencies. Chapters 4 and 5 of this Thesis focus
on other applications of BC PSCs, which can be beneficial in improving charge collection in
all perovskite PV devices. A range of in situ measurements were performed utilising the novel
QIBC architecture, allowing for rapid optimisation of process conditions.

Chapter 4 is an in situ investigation into the evolution of the structural, optoelectronic
and photovoltaic properties of the perovskite during its formation on QIBC electrodes. Sun
simulator experiments, complemented by PL and XRD analysis (all performed during the
annealing of the photoactive layer), show that the biggest changes to the device performance
and perovskite itself are taking place during the first few minutes of the annealing. It was
discovered that those changes occur faster with an increase in the annealing temperature.

Chapter 5 presents post-treatment experiments on perovskite materials, a current “hot
topic” in the perovskite scientific world. Utilising the QIBC architecture of PSCs and a pilot
plant developed for the purpose of these experiments allowed for a higher level of control than
ever reported in the perovskite field. The results show a passivating effect of 4-tert-
butylpyridine and 2-amyl pyridine on the trap states present at the top surface of the perovskite
layer. Choosing the right volume of TBP was critical to obtaining a passivating effect on the
perovskite while simultaneously avoiding damage to the layer. The experiments with 2AP
showed that exposing perovskite to a higher volume of the passivator does not harm the

perovskite. However, the volume may be decreased in order to reduce the cost of the process.
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Additionally, it was shown that N,N-dimethylformamide can recrystallise an aged perovskite
resting on QIBC electrodes into a more homogenous layer, yielding an improvement in the
device efficiency.

Throughout the process of collecting data for this Thesis, it was discovered that the
perovskite resting on QIBC electrodes is undergoing significant morphological changes over
time. This investigation reemphasised the need of capping the BC PSC with an encapsulating
layer. One candidate, presented in Chapter 6 of this Thesis, is PMMA. This polymer was
previously used by other researchers in the field as an encapsulant during various experiments
on planar perovskite layers. The transfer matrix modelling revealed that PMMA has another
beneficial effect on BC PSC, namely, it reduces the reflection from the top surface of
perovskite, thus, it acts as an antireflective coating. The photocurrent generated by a QIBC
PSC increased significantly when the QIBC PSC was covered by the PMMA ARC. This
resulted in an improvement in the device efficiency. Furthermore, the PL mapping
measurements showed that PMMA has a passivating effect on the trap states present at the top

surface of the perovskite.

7.1 Future outlook

For the purpose of this Thesis, a few main improvements in the architecture of QIBC
electrodes were incorporated, in comparison to the first devices reported by Jumabekov et al.
Firstly, the replacement of the ZnO ESL layer with TiO: imparted a greater thermal stability
onto the electrodes, which is particularly important during the oxidation of the nickel layer.
Secondly, adding an additional bar at the top of the comb teeth brought an improvement in the
durability of the electrodes, particularly important during the photoresist removal-sonication
step. Thirdly, the Glass/FTO substrates used in the experiments had four separate FTO
electrodes, which avoids any accidental interconnection between the devices and improving
the accuracy of the solar simulator measurements. However, the QIBC PSCs still could benefit
from further modifications. The morphology analysis performed by SEM on several occasions
in this Thesis show that the layer of the perovskite deposited on top of the QIBC has multiple
pinholes. Due to the novel architecture of QIBC electrodes, these pinholes did not impose a
danger of short circuiting the anode and cathode, as it would happen in the conventional, planar
device. Nevertheless, the pinholes give rise to a large number of unbounded perovskite ions,
thus, increasing the amount of trap states, causing charge recombination. Further improvements
in the efficiency of QIBC PSCs could come from improving the quality of the photoactive
layer, possibly by utilising different methods of deposition. One potential technique could be
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an evaporation of the perovskite layer, which usually results in more conformal coverage and
larger perovskite grains.

Furthermore, simulations performed by Behrouznejad et al. [174] show that replacing
AI/Ni comb-shaped electrode with a gold one would have a beneficial effect on the charge
collection from the perovskite devices. This is caused by the superior conductivity of gold and
the fact that its work function is in a better alignment with MAPbI;. The reason for choosing
the Al/Ni electrodes is the ease of thermal annealing, leading to the creation of a NiOx HSL.
Replacing it with gold would require the electrochemical deposition of a HSL or a modification
of the gold work function at its surface, as reported by Lin ef al. [185]

The increase in power conversion efficiency is naturally one of the main areas of
interest of the BC PSCs field. Different strategies developed in this Thesis may serve as a
guideline to achieve this goal. The in situ experiments in Chapter 4 were performed on MAPbI3,
the most widely studied of all PV perovskites. However, methods developed in this Chapter
can be used to examine other PV materials. Performing such experiments should lead to a faster
optimisation of the annealing parameters and minimising the time spent on developing new
deposition methods of photoactive layers. Similarly, the pilot plant developed in Chapter 5 can
be used for experiments with other types of PV perovskites, as well as other types of reagents.

The antireflective properties of PMMA presented in Chapter 6 are attributed to its
refractive index, which lies between the refractive indices of air and perovskite. The polymer
was chosen for the purpose of the experiments due to its chemical compatibility with the
underlying perovskite layer and its ease of deposition. However, multiple polymers could
potentially be applied as ARC on BC PSCs as a single layer, or even in conjunction with other

polymers, creating a multilayer ARC of a gradually increasing refractive index.

The studies performed for the purpose of this Thesis have the potential to significantly
contribute to the field of PSCs. By exploring the benefits of the BC architecture, one can
perform experiments which are impossible with the planar devices. This Thesis serves as an
evidence that QIBC electrodes are a useful tool on the path to commercialising perovskite solar

cells.
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9. Nomenclature

24P — 2-amylpyridine

4AP — 4-amylpyridine

AFM — atomic force microscope

AR5 — 5™ Assessment Report on Climate Change

ARC — antireflective coating

BC —back — contact

CBZ — chlorobenzene

CIGS — copper indium gallium selenide

COP — Conference of Parties to United Nations Framework Convention on Climate Change
DMF — N-N dimethylformamide

DSSCs — dye — sensitized solar cells

ER — evaporation rate

ESL — electron selective layer

FF — fill factor

FFCIP — emissions of carbon dioxide through combustion of fossil fuels and industrial
processes

FOLU — emissions of carbon dioxide through forestry and other land use
FTO — fluorine doped tin oxide

FWHM — full width at half maximum

GBs — grain boundaries

GHGs — greenhouse gasses

HQIBC — honeycomb quasi-interdigitated back-contact electrodes
HSL — hole selective layer

IBC — interdigitated back-contact

IPCC — Intergovernmental Panel on Climate Change

IPFB — iodopentafluorobenzene

ITO — indium tin oxide

Li-TFSI — lithium-bis(trifluoromethanesulfonyl)imide

MAPbI; — methylammonium lead iodide

MPP — maximum power point

NDCs — nationally determined contributions

PA — Paris Agreement

PCBM —[6,6]-phenyl C61 butyric acid methyl ester
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PCE — power conversion efficiency

PEDOT:PSS — poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
PL — photoluminescence

PMMA — poly(methyl methacrylate)

PSCs — perovskite solar cells

PV — photovoltaic

QIBC — quasi-interdigitated back-contact

RE — renewable energy

ROI — return on investment time

SC — solar cells

SEM — Scanning electron microscope

Spiro-OMeTAD — 2,2',7,7'-Tetrakis-(N,N-di-p- methoxyphenyl-amine)9,9'-spirobifluorene

SR1.5 — Special Report on “Global Warming of 1.5°C”

TBP — 4-tert-butyl pyridine

TCO — transparent conductive oxide

TM — transfer matrix

TSC — tandem solar cell

UNFCCC — United Nations Framework Convention on Climate Change
XRD — X-ray diffraction
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