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Preface

Let me lead this thesis with an old dialogue signifying the relationship between the Sun and humanity:

“Have you ever seen a beautiful, transparent stone at the druggists’, with which you may kindle fire?”
- Strepsiades (The Clouds, By Aristophanes in 419 B.C.E)

The growing dominance of solar energy in today’s energy mix is a sufficient motivation to research better solutions
outside the conventional silicon-based modules, with perovskite being one of the alternates. For perovskites, the
research is currently focused on lab-scale samples with emphasis on performance. There is not sufficient work on
devices fabricated with processes adaptable by industry. There is neither sufficient work on long-term stability of the
cells. This thesis is an attempt at checking all these boxes, thus aptly titled “Long-Term Stability of Scalable Perovskite
Architecture”.

The thesis is targeted at readers with some awareness about photovoltaics and the workings of a solar cell, including
recombination processes. An introduction is provided to characterization experiments undertaken without extensive
explanation on their principles. An awareness of lab-scale fabrication processes is beneficial to appreciate the necessity
of upscaling techniques described in chapter 3. Additional knowledge on the chemistry of the perovskite absorber layer
would be beneficial, but not necessary.

These nine months of experiments was a journey unlike any other. Especially with the onset of COVID, the challenges
also included simple activities like travel to work or store, conversing in person and scheduling work. The author would
like to thank the supervisors from TU Delft, Dr. Olindo and Dr. Luana for their positive academic support during the
challenging period of thesis. The Perovskite team in Solliance Solar Research, Eindhoven for their wisdom and wit in
performing my experiments and experiencing an enthusiastic work environment. Dr. Valerio, my direct supervisor, for
the hours of discussion and the knowledge that has imparted on me. The parents, siblings, and friends for their mental
support in keeping me motivated and grounded. The almighty Brahman, for providing me with the opportunity to meet
these people and learn from them.

Aswath Subramanian
Eindhoven, August 2021



Abstract

Perovskite Solar Cells are an increasing attraction in research with great strides in performance efficiencies. But their
commercialization is far from fruition, due to persistent issues. Stability under prolonged exposure to external stresses
is @ major concern. Furthermore, the adaption of upscaling technologies in research is presently slow.

This research is done on a fully scalable architecture, fabricated with technologies adaptable to mass-production.
Variations in active layer (dual cation and triple cation) and Electron Transport Layer are designed into different stack
combinations to discriminate the more resilient stack. Long-term stability of these stacks is tested by accelerated
thermal test and light-soaking test. Light-soaking test is done from different sides and with a filter to determine the
difference in behaviour of samples.

From thermal testing, the dual cation perovskite was found to be more resilient. In light-soaking tests done from side of
glass, all stacks failed, while the stacks illuminated from side of ETL showed a far better performance. The dual cation
perovskite was again found to be more resilient. Despite the performance loss, none of the stacks demonstrated
significant degradation in perovskite layer under XRD or photoluminescence. Therefore, recombination mechanisms
were studied under light-intensity measurements. The presence of carrier collection problems across stacks and
degradation of HTL particularly in samples of glass-side exposure are determined to be the probable cause.
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1. Introduction

1.1 The Great Electricity Question

The 215 century has the highest ever demand for electricity. The world gets hungrier for energy and
electricity day by day. The BP Energy Outlook 2020 estimates an increase in the total final
consumption (TFC) share of electricity from little over 20% in 2018 to anywhere between 34%
(business as usual) to 50% (Net Zero) [1]. Figure 1.1 provides an insight into the growth of per
capita electricity demand over the last two decades as against the GDP of selected nations [2]. A
closer look at the figure reveals the increase in per capita electricity consumption is propelled
mainly over the last two decades by emerging economies like China, India, and other non-OECD
countries. OECD members, on the other hand, have reached a plateau, if not reduction in per capita
electricity consumption, in 215t century.

Per capita electricity consumption in selected countries (2000-2017)
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Figure 1.1 Per-Capita Electricity Consumption in selected countries. Courtesy of EIA [2]

To match the demand problem, supply is ramped up in kind. Figure 1.3 shows the production of
electricity from various sources of energy. Even until 2019, the fraction of fossil fuels (cumulation of
coal, oil, gas) in global energy mix is approximately 62.74%, which is not a great improvement from
the 63.9% of 1985 [3]. The relative consumption of gas has increasingly supplanted oil in the global
stage but the cumulative share of renewable power (excluding hydropower which is consistently
between 16-20%) has risen only in the last two decades, accounting to 10.62% of the total mix as of
2019. The general outlook, presently, is that fossil fuels still dominate the energy generation mix.
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Figure 1.2 Electricity Production By Source, World. Courtesy of Our World In Data

Combustion of carbon-based fuels leads to emission of carbon dioxide. The story of CO, emission
requires a historical perspective to understand the severity and relevance of its negative
externalities in present day. The trend of CO, emissions is seen in the figure 1.4. The thrust in coal
mining during industrialization era (post 1750s) was the beginning of large-scale CO, emission by
humans with coal becoming the industry’s favorite fuel. The rise in slopes oil emissions in the first
half of 20t century, followed by the increasing consumption of gas in the second half is the story of
developed nations, while the steep increase in coal-emissions coincides with the increase in
industrialization in China and India post 1970s. As of 2019, the cumulative emission of carbon from
all fossil fuel sources is at 94.36% (34.36 billion tonnes of 36.42 billion tonnes). An understanding of
the growth of CO; emission in each sector is shown in figure 1.5. It is pertinent to note the share of
electricity/heat in the total emissions which has increased from 8.6 billion tonnes in 1990 to 15.59
billion tonnes as of 2018.
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Figure 1.3 Carbon Dioxide emissions by fuel. Courtesy of Our World in Data.
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Figure 1.4 GHG Emission per sector. Courtesy of ClimateWatchData.org
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The United Nations Framework Convention on Climate Change (UNFCCC) of 1992 defines “climate
change” as “a change of climate which is attributed directly or indirectly to human activity that
alters the composition of the global atmosphere and which is in addition to natural climate
variability observed over comparable time periods” [4]. The accelerated emission of greenhouse
gases in the last few centuries has increased the surface temperature. According to NASA, there has
been a 1°C increase in surface temperature between 1980 and 2019. This so-called “global
warming” has been roughly at 0.15-0.20°C per decade since 1975. The various effects of this
include melting of polar ice caps, rise in sea levels, submerging of coastal areas, erratic climatic
conditions like severe droughts or floods.

International action against global warming took shape with the operationalization of Kyoto
Protocol in February 2005. In recent times, the “Paris Agreement” adopted in December 2015 set a
global framework towards limiting global warming to below 2°C above pre-industrial levels and aim
towards 1.5°C above pre-industrial levels in order to “significantly reduce the risks and impacts of
climate change”. Figure 1.5 is a representation of the various pathways that may be taken to
reduce the global warming by reducing greenhouse gas emissions. The projection for current
policies stands at 2.7-3.1°C, which is falling short of the ambitious targets of Paris Summit.
Therefore, emphasis is heavily placed on technologies and processes that would help in reducing
GHG emissions.
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Figure 1.5 Global Warming Projections for 2100. Courtesy of ClimateActionTracker.org
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1.2. Going Green, “Chasing The Sun”

Article 2 of the Paris Agreement also recognizes to “Making finance flows consistent with a
pathway towards low greenhouse gas emissions and climate-resilient development” for addressing

climate change. The previous section allows to conclude that global warming is the resultant of an

increase in GHG emissions due to an increase in consumption of fossil fuels. The search for low GHG
emissions, thus, begins with searching for an alternate fuel source. The potential availability of

various energy sources is represented in figure 1.6.

Figure 1.6 Comparing finite and renewable planetary energy reserves- Adapted from “A Fundamental Look At Energy Reserves For

Solar 23,000 TW
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World Energy
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The Planet” by Perez et. al., The IEA SHC Solar Update 50(2),2009 [5]

From this figure, the non-replenishable energy sources that emit GHGs (coal, oil and gas) can be
seen to have potential alternatives that are non-conventional and have relatively lesser emissions

(biomass, geothermal) or significantly lesser emission of GHGs (solar, wind, hydro, wave, tidal). A
summary of the various advantages and disadvantages of such potential non-conventional energy

sources is listed in table 1.1.

Energy Harnessing Technology Advantages Disadvantages
source (examples)
Sun Solar Cells, Solar thermal | Easy installation, low Output influenced by
plants operational costs, abundant weather.
supply.
Wind Turbines Low operational costs, High setup costs,

abundant supply

inconsistent wind
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patterns.

Water Dams, Ocean Thermal Low operational costs Very high setup costs,
Energy Generator, Wave potential ecological
Turbine, Tide harnessing issues.

Biomass Reactors, Powerplants Low operational costs Low yield per mass

Table 1.1 Summary of pros and cons - Energy Sources

The generation share of “renewable” energy in electricity has increased consistently year-on-year
and the figure 1.7 shows the growth of the various sources with time.

Renewable electricity generation by source
(non-combustible), World 1990-2018
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Figure 1.7 Renewable Electricity generation by source. Courtesy of bp Statistical Review of World Energy [6]
The transition towards a decreasing dependence on fossil fuels is the prudent choice for the future
of production of electricity is thus stressed on. From the brief glimpse into such alternatives,
harnessing energy from the sun is seen as the most prospective option. While sun has always been

a traditional source of heat, exploitation of solar energy by directly transforming it into electricity is
gaining increasing relevance.

1.3. Photovoltaics — The Engine of Tomorrow

The most lucrative proposition in favor of solar energy is the potential energy that can be harvested
from the sun, which is the true perennial source of energy. Figure 1.8 shows how this abundance of
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solar power can be exploited across the world. “Photovoltaics” (abbreviated PV) is the
phenomenon of conversion of solar energy into electricity. The figure also shows thus, the potential
electricity output that may be derived at a geographic location annually. The detraction to this
abundant availability is the dependence on weather and the day-night cycle of Earth. This makes it
extremely important to anticipate such availability constraints by rigorous prediction
methodologies.

SOLAR RESOURCE MAP
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Thig map (g publishad by the World Bark Greap, fonded by FSMAR, and prepared by Salargis. Sor more infarmationr and terms of ase, pleass visit http://globalsclaratias.info

Figure 1.8 Photovoltaic Power Potential. Courtesy of Global Solar Atlas

Several PV technologies are adopted to generate electricity directly from solar energy. And the
conversion efficiency of these technologies are heavily researched upon for improvement. Figure
1.9 shows a timeline of the improvement in power conversion efficiency of some of the common
(blue labels) and researched (red, yellow labels) technologies. The rapid improvement in efficiency
of some of these technologies signify the interest and the potential of PV technology.
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Figure 1.9 Timeline of Record Efficiencies of various PV Technologies. Courtesy of Franhoufer ISE

The installation capacity, usually measured in Watts culminates in global installation capacity,

which is represented in figure 1.10.
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Figure 1.10 Projection for PV Module Installation Capacity. Courtesy of IEA.

Of course, not all the technologies mentioned in figure 1.9 are commercially available, or
competitive. The present PV industry is highly dominated by silicon-based technologies, as may be
seen from figure 1.11, while the share of thin-film alternatives varies in time and presently accounts

for only 5% of the total annual production.
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Figure 1.11 PV Production by Technology- Percentage of Global Production. Courtesy of Franhoufer ISE

Revisiting figure 1.9, there is interest in introducing PV technologies that are not based on Si. CIGS
(Copper Indium Gallium Selenide) and CdTe (Cadmium Telluride) are some promising inorganic
options, while ‘organic’ cells are usually based on polymers. One of the options listed in the figure
that can be organic, inorganic or a hybrid of both, is the perovskite technology. This makes the
Perovskite Solar Cell (PSC) an option with better potential for engineering and customization.

1.4 Thesis Outline

This document is written as follows. Chapter 2 elaborates on the fundamentals of perovskite solar
cells and outline the various layers deposited on the cells. It also introduces the research questions
in section 2.6. Chapter 3 introduces the the various fabarication, testing and experimental
conditions and their principles. Chapter 4 and 5 address the RQs listed in section 2.6 and discuss the
results of various experiments. This thesis is concluded with chapter 6 on a summary of
recommendations. Appendix Al is added to the document to refer to the figures of the results
additionaly discussed in chapters 4 and 5.
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2. Perovskite Solar Cells

2.1. Introduction

“Perovskite” is the name given to any material that has the same structure of the mineral of the
same name, chemically Calcium Titanium Oxide (CaTiOs). The general formula of perovskite-class
materials is denoted by ABXs. A and B are two cations, usually of two different sizes and X is an
anion. As shown in figure 2.1, the idealized perovskite unit cell has a cubic symmetry, with B cations
in a 6-fold coordination, surrounded by anions in an octahedral configuration. This is then
surrounded by A cation in 12-fold cuboctahedral coordination. Perovskites are researched for their
potential application in diverse fields. Their properties like colossal magnetoresistance,
ferroelectricity, superconductivity make it a desired candidate in electronic industry.
Piezoelectricity of perovskites is being researched for energy storage applications. The other fields
of research that investigate perovskites include photocatalysis, lasers, LEDs and scintillation. In
2009, Tsutomu Miyasaka and a team demonstrated the application of perovskites in harnessing
solar energy, birthing the era pf perovskite solar cells (PSCs) [7].

This chapter will focus on the basics of perovskite solar cells — Their history, constitution, the
advantages and challenges they offer researchers.

2.2. Evolution of PSCs

In line with the general formula, the PSCs have the following species: A is a monovalent organic
cation (popularly methylammonium (MA) CH3NHs or Formamidinium (FA) CHsNH;) or inorganic
(i.e., Cesium), B is a divalent metal cation of carbon family (Pb?*, Sn?*, Ge?*) and X is a monovalent
halogen anion (I, CI, Br’). They are thus classified as “metal halide perovskites”.

17



Figure 2.1 Generic Structure of Perovskite Lattice

As noted earlier, the first demonstration of fully functional PSCs with lead halide perovskites was
done in 2009 by Kojima et al, reporting the application of organometal halide perovskites in DSC as
visible-light sensitizer [8]. The figure2.2(a) depicts the DSC technology wherein the mesoporous
TiO2 layer is used as an electron injecting layer. The perovskite forms nanodots on TiO; surface and
the architecture is completed by iodine/iodine based redox electrolyte and platinum counter-
electrode. The team obtained a power conversion efficiency of 3.13% and 3.81% with MAPbX3 with
anion | and Br respectively. While the presence of TiO: film improved performance relative to DSCs,
these cells faced severe degradation due to decomposition of nanocrystalline TiO2 in the presence
of redox electrolyte [9]. In 2012, Park et al tried to address the issue of liquid electrolyte by using
Spiro-OMeTAD as a solid hole transport material (HTM) and successfully achieved an efficiency of
9.7% [10,11]. The cells showed superior stability over 500 hours with ex-situ storage in air at room
temperature without encapsulation. They also compared the performance between deposition on
a mesoporous TiOz and Al;Osz layers, which yielded no significant difference, thus suggesting that
PSCs may work even without an electron injecting layer.

@ [ AuorAg (b) (c) (d) Au
HTM Spiro
en,
R A
L '
[ Yot W =
'\-O'""l\ \]
10,
FTO FTO

Figure 2.2 Structural evolution of perovskite solar cells: (a) sensitization concept with surface adsorption of nanodot perovskite, (b)

meso-superstructure concept with non-injecting scaffold layer, (c) pillared structure with a nano oxide building block, and (d) planar

pin heterojunction concept. Spheres represent TiO; in (a) and (c) and Al;Os in (b). Adapted from “Perovskite solar cells: an emerging
photovoltaic technology” by Park, Materials Today, 18(2), 65-72 [12]
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A breakthrough happened in 2012 when PSCs were confirmed to work in the absence of
mesoporous TiO; layer, i.e., electron transport can happen in perovskite layer without sensitization.
Snaith et al achieved 10.9% efficiency by depositing MAPbIsClx on Al,03 mesoporous film (still on
top of TiO2 compact layer) with spiro-MeOTAD as HTM [13]. The Al,Os layer was itself used as a
scaffold to deposit perovskite layer, which granted easier crystallization, superior charge collection
and higher Voc. This allowed the option of switching from mesoporous to planar structures depicted
in figure 2.2(b). They also showed that using mixed halide perovskites can improve performance
because of their higher charge carrying capacity [13]. In 2013, a “pillared” structure was proposed
by Heo et al to fill the mesoporous TiO; film (pillar) with perovskite instead of coating on surface
[14]. This approach is represented in figure 2.2(c) and Heo et al achieved an efficiency of 12%.
Burschka et al in 2013 demonstrated a two-step coating procedure for pillared structure that
produced PSCs with tremendously improved efficiency of 15%. In this procedure Pbl; is first
introduced to form a solution, which is transformed into perovskite in the second step by exposing
to a solution of CH3sNHsl [15].

Around the same time, research in fully planar devices also saw an upswing [17]. The planar
configuration is divided into two categories based on the order of layers deposited on the initial
glass/TCO substrate. The stack is called n-i-p planar if the transparent electrode is followed by n-
type layer and p-i-n planar if it is succeeded by p-type layer as shown in figure 2.3.

b)
N
S
9, o' )@
& | ETM
S "
: o/ 2ol e
- HTM
MESOPOROUS PLANAR
STRUCTURE STRUCTURE (n-i-p)
d)
cMenl
T ontact S
ETL g 9 —
Perovskite 9 [ ] /_ \”! /_\v
8
Mesoporous 'G-) "/_\
layer I.lc.l HTM I @
HTL —_—
TCO ETM
MESOPOROUS INVERTED INVERTED PLANAR
STRUCTURE (p-i-n) STRUCTURE (p-i-n)

Figure 2.3 Schematic illustration of the most common device architectures of PSCs: (a) (n—i—p) mesoporous and planar structures. (b)
Energy diagram of the different components of a conventional PSC. (c) Inverted (p—i—n) mesoporous and planar structures. (d) Energy
diagram of the different components of an inverted PSC. Adapted from “Hole transporting materials for perovskite solar cells: a
chemical approach” by Urieta-Mora et al, Chemical Society Reviews [16]
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In September 2013, Liu et al demonstrated an increased efficiency of 15.4% by vapor deposition of
the same structure with mixed halide perovskite and silver electrode [18]. In the same vyear,
Docampo et al presented an architecture in which the p-layer was deposited first on substrate
instead of n-layer [19]. The deposition sequence of FTO/PEDOT:PSS /perovskite/PCBM/TiOx/Al was
referred to as “inverted planar” where holes are collected through FTO, and electrons are collected
at the top electrode. In this work, the authors achieved an efficiency of 10% on rigid substrate and
6.5% on flexible substrate with ITO instead of FTO. Malinkiewicz et al in December 2013 improved
the performance of inverted device with the structure of
ITO/PEDOT:PSS/PolyTPD/perovskite/PCBM/Au and demonstrated an efficiency of 12% [20].

From this point, interest in PSC research has increased year on year with record efficiency
increasing rapidly. In 2016, Saliba et al introduced a triple cation (MA, FA, Cs) mixture of perovskite
and achieved an efficiency of 21.1% with high stability and reproducibility [21]. The current world
record reported is 25.5% [109]. This rapid growth in efficiency over a relatively short span is
indicative of the potential for perovskite solar cells. Due to the band gap compatibility with other
commercial technologies, PSCs have been massively investigated also to build up tandem
architectures to produce more power per area (yield). Currently monolithic perovskite fabricated
on Si tandem, achieved on 1cm? the impressive number of 29.5% which surpass the power
conversion efficiency of the single Si cell [109]. Similar has been achieved when fabricating the PSC
on top of another commercially available technologies such as copper indium gallium selenide, with
a demonstrated 24.2% again on 1 cm? [109].

2.3. Structure of PSC

The PSC is made of a number of layers that includes substrate, charge transport layers, perovskite
absorber and electrodes. The perovskite (active) layer is discussed in detail in the ‘Intrinsic Stability’
section. The other layers to be discussed here can be represented by the figure 2.4.

20



Cathode ETM Perovskite HTM Anode

Energy level (eV)

1

&
"

o

®)

Energy level (eV)

o b N d &b b LA L

Figure 2.4 (a) Charge movement in a planar PSC (in this case with p-i-n architecture) (b) Diagram showing the energy levels, from left
to right, for representative cathode, ETM, absorber, HTM, and anode materials of a PSC. Adapted from “Pathways toward high-
performance perovskite solar cells: review of recent advances in organo-metal halide perovskites for photovoltaic applications” by
Song et al, J. Photon. Energy, vol. 6, no. 2, 2016 [22]

2.3.1. ETL

ETL or Electron Transport Layer constitutes the n-region of the cell stack. The role of ETL is the
extraction and collection of electrons generated in perovskite layer by photoexcitation, while
blocking holes to prevent recombination. Therefore, the desired ETL has various properties
including high electron mobility, wide band gap, high transmittance, compatibility in energy level
with the bandgap of perovskite layer i.e., the conduction band minimum must be closer to that of
perovskite while the valence band maximum must be significantly deeper to block the holes. The
morphology of ETL is also a factor to consider minimizing current leakage at interfaces. Even since
the first PSC, TiO, as ETL has been extensively studied in both mesoporous and planar
configurations because of its good band alighnment. However, TiO; had lower electron mobility,
which prompted research into other options. Metal oxides, mainly ZnO and SnO; and organic
materials, especially fullerenes like PCBM and C60 are popularly studied. The deposition techniques
for ETLs vary from low-temperature solution processing (spin coating) to thermal evaporation,
sputtering, atomic layer deposition.

In literature, it is prevalently seen that inverted planar stacks have adopted organic ETLs and in
recent times, it is noted that electron injection/extraction is poor because of the barrier between

21



the Fermi Level of electrode metal (Au, in particular) and LUMO of organic ETLs. Therefore,
significant research has gone into interface engineering, with materials like SnO, or BCP being
preferred candidates to bolster the performance of organic ETL. The long-term stability of ETLs is
yet to be successfully discerned and issues like moisture and oxygen-induced degradation are being
studied. [24,25,26,27]

2.3.2 HTL

The Hole Transport Layer (HTL) on the other hand is required to behave in the opposite fashion of
ETLs. The hole mobility should be sufficiently high, the valence band maximum should be aligned
with that of perovskite layer to efficiently transport photogenerated holes and the conduction band
minimum should be sufficiently high to repel electrons. The material used should produce a
homogeneous layer and possess high optical, thermal, chemical stability offering resistance to air,
water. In inverted planar stacks, the HTL should also be insoluble in solvents such as DMF or DMSO
to not be dissolved in case of solution-processed perovskites. The candidates for HTL are typically
classified into organic (further into long-polymers, small molecules) and inorganic (metal oxides and
others) as given with examples in figure 2.5. From literature, the most adopted HTM is seen to be
(2,2',7,7'-Tetrakis[N, N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene) Spiro-MeOTAD. Spiro-
MeOTAD is favored because of its solubility in organic solvents, HOMO level matching the
perovskite layer and semi-crystalline nature with low glass transition temperature which allow for a
good deposition on the perovskite materials. However, Spiro-MeOTAD has low hole mobility and
low conductivity which makes doping strategies necessary. Usually, dopants like 4-tertbutylpyridine
(t-BP), lithium salts, FK 209 are used. Next to small molecules, polymer materials have also been
researched and adopted, including poly (3,4ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS), poly[bis(4-phenyl) (2,4,6trimethylphenyl)amine] (PTAA) and poly (3-hexylthiophene)
(P3HT). Among these, PTAA is seen from literature to be the common HTM for p-i-n planar stacks.
Alternatively, inorganic materials are also being investigated, including CuSCN, NiOy, CuOy, Cul etc.
Specifically for p-i-n stacks, NiOx is preferred for HTL due to their large bandgap and ideal band
alignment with perovskite layer. For NiO, it has been observed that post-treatment of the
deposited layers (i.e., UV-ozone, O, plasma, thermal annealing) is required to increase the p-type
behavior and the wettability. [12, 28,29,30].

However, the ongoing research still shows concerns about intrinsic stability towards high
temperatures, water and oxygen degradation and batch-to-batch variations especially in upscaling.

2.3.3 Electrodes, TCO

The electrodes are the conduit for transfer of electrons to and from the external circuit. From the
architecture of PSCs, it is determined that at least one electrode should possess high transmittance
and preferably be a transparent material, in addition to excellent electrical conductivity. Indeed,
Transparent Conductive Oxides (TCOs) like Fluorine-doped Tin Oxide (FTO) or Indium Tin Oxide
(ITO) are chosen for the electrode deposited directly over the substrate. FTO is cheaper, chemically
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more stable, has higher conductivity than ITO. FTO also has high thermal stability while the
resistance of ITO increases steadily after 300°C. However, FTO requires very high temperature for
deposition (450°C) and is therefore limited to glass substrates. ITO, while inferior in properties, is
more ideal for low temperature deposition and is used extensively in flexible substrates.

The second electrode can be another TCO or, more prevalently, a metallic contact such as Au, Ag,
Al, or Cu. While these improve the carrier collection of the stack, their band alignment and
interface morphology should be considered, along with mobility and chemical nature. For example,
the barrier between gold electrodes and ETL in inverted planar architecture is mentioned in a
previous section. While gold is a better electrode in n-i-p architecture with Spiro, it is a scarce
metal and therefore economical constraints are unavoidable. Silver or Aluminum can be cost-
effective alternatives, but they are found to be corrosive and easily react with the iodine species.
Copper is being investigated as a more stable and cheaper substitute to gold, but other alternatives
being studied include carbon-based options like carbon nanotubes. Carbon nanotubes are
particularly interesting due to their excellent optoelectronic and mechanical properties,
hydrophobicity, low processing temperature, low cost, scalability, and ability to supplant HTL or
even ETL, without either layer relying on very costly alternatives. However, their efficiencies are still
lesser than TCOs or metal electrodes, but rapid progress is seen in this field of research.
[31,32,33,34,35,36]

2.4. Challenges

From several literature in previous section, it is seen that perovskite solar cells offer excellent
intrinsic properties, like an optical absorption coefficient around 10> cm™ at 800 nm, direct
bandgap, low non-radiative recombination, longer carrier diffusion length and higher carrier
mobility. In addition to this, they are also a low-temperature alternative, with potential to reduce
costs and increase ease of manufacture [8,48,105,110]. Even as the evolution of performance and
rapid improvement in efficiency is evident, PSCs face some serious limitations that are presently
detrimental to the technology becoming the next revolution of PV industry. The pertinent issues,
like toxicity, stability and hysteresis are discussed in this section.

2.4.1. Toxicity

The application of toxic materials in their manufacturing is a more widespread criticism on
perovskite solar cells. The toxicity of lead, which is well-known, poses a potential health hazard
during manufacture [37]. Their environmental impact is also under scrutiny in case of encapsulation
or recovery during recycling [38] This could lead to prejudiced perception of PSC technology. The
various solvents and precursors used at various stages may also pose significant health risks upon
unregulated contact. In case of p-i-n architecture, application of NiOx as hole transport layer might
be an issue due to its toxicity, especially upon chronic exposure [39, 40, 41, 42]
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The compounds are preferred because they exhibit superior efficiency or stability when used in
PSCs, thus posing a challenge in finding a non-toxic alternative with similar performance. But
despite this, research is ongoing on finding substitutes or improving encapsulants. Tin is presently
the highest-performing alternative to Pb. But Sn-perovskites present a different kind of toxicity.
They are extremely susceptible to oxidation of Sn?* into Sn**, thus liable to release more HI than Pb
counterparts when exposed to stresses, becoming more lethal. Some of the inorganic HTL
alternatives that are explored for p-i-n architecture along with their efficiencies are shown in the
following figure:
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Figure 2.5 Graphical representation of inorganic HTMs vs. PCE in PSCs for the years 2012—-2016 Adapted from “Emerging of Inorganic
Hole Transporting Materials for Perovskite Solar Cells” by Rajeswari et al, Chemical Record 17(7):681-99 [44]

Copper oxide and copper derivates appear as promising candidates, being low-cost, abundant, non-
toxic materials and showing high efficiencies up to 19% [43]. However, further tests need to be
done to prove the stability of this material when integrated into a perovskite device.

2.4.2. Stability

Stability is the most pertinent challenge faced by PSCs in commercialization and mass-production.
The lack of stability, or degradation, has been reported in literature and is classified into intrinsic
stability (the integrity of the solar cell or perovskite layer in absence of external influences) and
extrinsic stability (the performance of the solar cell under different influences or “stress factors”
like temperature, humidity etc.). The following figure shows a classification and stress factors on
PSCs:

24



Stability
issues

[

[
|

1
Irradiation

I_I_II_I_I

Figure 2.6 Factors affecting stability of Perovskite Solar Cells

In forthcoming sections, the different challenges to stability, the various degradation mechanisms
from literature and measures being perused to address these concerns will be discussed.

2.4.2.1 Intrinsic Stability

Crystallinity

The intrinsic stability of ABX3 perovskite structure is assessed by the Goldschmidt tolerance factor,
which is a semi-empirical geometrical parameter relating the ionic radii of constituent elements in
the following manner

Ty + 1y

A/ Z(TAB + rx)

Where ra, rs and rx are respectively the ionic radii of A, B cations and X anion. This factor is used to
predict the possibility of halide perovskites that may be formed for a given set of ions [45,46].
Another factor to consider is the ability of B cation to fit into the octahedral void, which is denoted
by an octahedral factor given by the following relation:

_ s

Sy
In an ideal three-dimensional cubic unit cell, the radius of B cation is minimized and therefore t = 1
and p=0.414 and 0.732. For 0.7 < t < 0.9, the A cation is small, or B cation is too large, which leads
to distortion in the lattice, creating orthorhombic, rhombohedral or tetragonal structures. Also, the
basic unit of perovskites is a BXs octahedron, a very small p may lead to instability in the unit cell
and thus, the perovskite. For practical purposes, it is reported that u > 0.442, below which the
octahedron will become unstable and not crystallize. From various literature, changing the
constituent ions of the perovskite unit cell has reported the range of values for tolerance factor and

octahedral factor can respectively be 0.81 <t < 1.12 and 0.44 < u < 0.90 [37,47]. For structures with
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t > 1 layered perovskite structures can also be formed, which exhibit several electrical and optical
properties of interest.

The photoactive phase of perovskite is the cubic (or stable tetragonal, orthorhombic phases with
comparable bandgaps and mobilities) so-called “black” or a-phase. Therefore, it allows materials in
multiple phases to act as absorbers. The other notable phase which occurs as a byproduct of
degradation, is an inactive hexagonal “yellow” &-phase which is a non-perovskite structure usually
with t > 1[48]. The 6-phase is accompanied by a drastic decline in the performance of the cell. Thus,
it is observed that the perovskite crystal structure is very sensitive to the constituent materials and
their optoelectronic, chemical properties and crystallographic phases are also determined by these
choices. The formation and retention of the structural integrity of the active layer is thus the
primary direction of research in improving intrinsic stability. The tolerance factors and phases of
common perovskite materials is given in following figure 2.7.

Tolerance Relevant phase
factor RT phase, color RT phase post anneal Eg Best PCE (%) transitions
MAPDI, 0.89 Tetragonal, black Tetragonal 1.55 20.3 (ref. 30) = cubic, 60 °C
FAPDI, 1.02 Hexagonal, yellow Cubic 1.49 17 (ref. 1) = cubic, 150 °C
CsPbl, 0.79 Orthorhombic, yellow Orthorhombie, yellow 1.72 10.77 (ref. 31) = cubic, 300 °C
CsPb(lge7Brpaa)s 0.81 Orthorhombic, yellow Cubic 1.9 6.5 (ref. 32) = cubic, 250 “C
FAy g eOsy1:Pbly 0.99 Tetragonal, black Tetragonal 1.52 17.3 (ref. 27)
FAy gsMAy 15Pb(1p gsBry 15)s 1.01 Cubic, black Cubic 1.62 22.1 (ref. 1 and 2)
FA, 08, 15Pb(1, 4 Br, o), 1.01 Tetragonal, black Tetragonal 1.74 20,0 (ref. 3)

Figure 2.7 3D metal halide perovskite compounds commonly used in PV Adapted from “Towards Enabling Stable Lead Halide
Perovskite Solar Cells; Interplay between Structural, Environmental, and Thermal Stability” by Leijtens et al, Journal of Materials
Chemistry A 5(23):11483-500 [48]

Cation Engineering

MAPbDI3 is the first and widely used perovskite absorber material in research, which is tetragonal in
room temperature and transitions to cubic phase at higher temperatures (60°C-100°C). This is
highly favorable since a photoactive phase can be maintained in real-world applications without
structural degradation throughout its lifetime. However, MA is susceptible to organic sublimation
due to its acidic nature, which in turn increases the probability of its deprotonation and reaction
leading to gaseous HI and a conjugate base (CHsNH; or NHCHNH>). This reaction is accelerated by
external stresses, as will be discussed in forthcoming sections. Furthermore, due to high chance of
polarization, MAPbIz has large current-voltage hysteresis [48,49]. These reasons have encouraged
research in supplanting MA as the A-site cation.

Formamidinium (FA) became the most investigated alternate to show promising results. FA being a

larger cation than MA leads to a larger t-factor and forms at room temperature a hexagonal yellow
non-perovskite structure also denoted as 6-phase. Annealing at temperatures above 150°C resulted
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in transition to tetragonal black perovskite phase, which was found to be retained even after
cooling to room temperature. However, with the possibility of reversion to a more stable 6-phase
over time, FA-based perovskites limited the scope for long-term stability. Alternatively, Cs was
researched as A-cation to produce fully inorganic perovskite to enhance thermal stability. However,
CsPbls due to the small size of Cs cation has a low tolerance factor and forms an orthorhombic
yellow phase at room temperature. To transition to a photoactive phase, the layer had to be
treated at extremely high temperatures (about 300°C) which remained stable in room temperature
for 200 days when stored at low RT in inert conditions [50]. Like case of FA, the thermodynamic
favorability of inactive phase limits the lifetime. Replacing the iodide anion with bromide was
widely researched as well. Br with a smaller radius leads to a more stable lattice but with higher
band gaps [51]. For example, CsPbBr3 in room temperature is cubic and structurally stable, but has
an unsuitably high bandgap of 2.3 eV, compared to the 1.72 eV of its iodide counterpart. It can be
observed that each cation has its own advantage, which led to mixing cations and the advent of
“dual” or “triple” cation hybrid perovskites.

Hybrid perovskites

Another line of research involved a mixed halide anion system with changing the stoichiometry
between | and Br in the lattice to tune the bandgap and structural stability of the perovskite.
“Hybrid perovskites” can be rudimentarily defined as perovskite structures with non-unitary
constituent species in one or more ionic sites of the lattice. Such mixtures across various literature
are reported to have tolerance factors very close to unity. Dai et al in a hybrid FA1.xMA«PbI;
demonstrated the stabilization of cubic lattice with addition of MA, also improving the structural
integrity of the complex higher than pure MAPbIs or FAPbI3 [111]. The best performance and PL
stability was found to be at x = 0.6 which was concurrent with the works of another team [50]. Seok
et al in December 2014 experimented on a further hybridized (FAPbIs)1x«(MAPbBr3)x architecture
and found the most optimal results at x = 0.15 which is dominated by stable a-perovskite and
yielded an efficiency of 18% with minimal hysteresis [52]. Although the results were promising, the
previously discussed issues of MA volatility and FA transition were present as well. The quantity of
MA in the lattice is therefore to be limited, which is also shown in the experiment. In addition,
mixed halide perovskites of MA and FA also suffered from a different issue, which is discussed in
the next section [52,53]. FA1xCsxPbls compounds were investigated to tune the structure by
substituting FA with small amounts of Cs with great success [54]. The resultant structure with 0.1 <
x < 0.3 showed an improved structural integrity. Highly efficient and stable compounds were
prepared over the entire Br range by tuning the halide composition of FAo.83Cso.17Pb(l1-xBrx)s
perovskites [55].

Until this point, the crystallographic structure of the active layer is discussed. However, the

formation of perovskite phases is also influenced by the precursor solutions, additives and solvents,
salts used in the deposition processes. Wang et al [56] demonstrate the superior performance of

27



DMF/DMSO blended solvent at v/v 4:1 in forming high-quality perovskite due to sufficient lattice
expansion as compared to DMSO alone. They further make MA-FA perovskites to demonstrate
further improvement at 1:1 ratio of MA:FA. In a different experiment, Liu et al create a 2D
perovskite at different DMF:DMSO ratios and produce the most stable compound at 1:3 [57].

To summarize, the tuning of A-cation and halide anion is shown to have tremendous influence on
the structural integrity, as well as the performance, of the PSC. It is also noted that the conditions
of deposition, including chemical nature of precursors and operating parameters, can contribute to
the overall structure of the perovskite layer. FA-Cs cation hybrid perovskites appear to be the most
promising way forward in the scope of “dual” cations and in the “triple cation” range, the necessity
to limit MA in the lattice is understood. Such phases would, while minimizing volatile species, also
guarantee improved stability of the black perovskite phase in addition to improving the
performance of the PSC. The effect of the stoichiometry of the perovskite layer, in addition to
structural integrity, is also seen to affect the stability of the cell while exposed to external stresses
like heat or light which are to be anticipated in real-world applications, as can be understood from
figure 2.8.

2.4.2.2 Extrinsic Stability

Structural stability of the perovskite compound is but the first step in achieving long-term stability
of PSCs. The device must be stable when exposed to external agents, in order to bring this
technology towards the commercialization. This section therefore addresses the effect of
environmental factors on stability of the PSCs. It also delves into the various degradation
mechanisms proposed in literature as a result of exposure to these factors, focusing on atmosphere
(oxygen and moisture), temperature(heat) and light (illumination). Other issues, like mechanical
stress, electrical stress under load is not discussed as they are beyond the scope of this thesis.

Temperature

Stability of a cell when heated up under the sun is of great importance. In addition to heat, the cell
must also be robust under the temperature cycles (from low to high temperature) which varies
across the day, locations and the seasons.

As seen in the section discussing intrinsic stability, the most prevalent perovskite materials are able
to maintain a stable photoactive phase at room temperatures and high temperatures. MAPblIs, for
instance, has a transition temperature around 60°C from tetragonal to cubic. Although both phases
are photoactive, the transitions might cause stability issues in long term, especially under
continuous thermal cycling [58,59]. Thermal decomposition and their pathways are the focus of
study under thermal stability. From various literature, the decomposition route taken by MAPbX; is
debated to be among the following two [60,61]:
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1) MAPDbIs -> Pbly(s) + CH3sNHx(g) + Hl(g)
2) MAPDIs -> Pbly(s) + CHsl (g) + NH3(g)

While these were done by thermogravimetric analysis at high temperatures, MAPbls; was found to
develop Pbl; and Pb(0) at 85°C even inside inert conditions (N2 atmosphere) within 24 hours, which
is accelerated in case of presence of water or oxygen [62]. This is attributed to the volatile nature of
the methylammonium cation, which was discussed earlier. Therefore, MAPbl; cannot be
considered as a suitable candidate for long-term operation under elevated temperatures.

Thermal stability was seen to be improved by substituting MA with a larger organic cation, FA. The
increased stability may be attributed to the hydrogen-bonding in FA and the lower tendency to be
deprotonated as against MA. While the short-term stability of FA perovskites is better than MA,
they still degrade upon exposure to other stresses, especially moisture [63] which can be mitigated
by encapsulation. Long-term thermal stability of FA perovskites is still to be demonstrated, but it is
suspected that they undergo a decomposition pathway similar to MAPbI3 [64] Substituting MA with
Cs also decreased volatility of the perovskite. CsPbl;Br was reported to show an enhanced thermal
stability, showing no signs of thermal decomposition even after heating for 30 minutes at 180°C
[65]. Hybrid FA-Cs perovskites are also a choice for improved thermal stability, with FAo.83Cso.17Pb(l1-
xBrx)s compounds being resistant to degradation over 6 hours at 130°C in an inert atmosphere [55].
The effect of partial substitution of MA with FA or Cs on the volatilization of MA is unclear. The
decomposition of (FA0.83MA0.17)0.95Cs0.0sPb(lo.83Bro.17)3 at 150°C was found to occur at two steps, the
first of which had kinetics similar to MAPbI3 decomposition [66]. This suggested the presence of
MA in lattice as non-ideal for thermal stability in the long term.

Organic HTMs are also prone to thermal stability. Popular options like PEDOT and Spiro-OMeTAD
are susceptible to stability issues [67]. t-BP, which was discussed as an additive for Spiro and PTAA,
is shown to evaporate as low as 80°C [68,69]. Therefore, more stable oxide layers and dopant-free
organic CTLs are pursued [70]. Among them, ZnO is reported to deprotonate the perovskite layer
upon heating to 100C for 20 min [71].

Oxygen and Moisture

Among several atmospheric components, oxygen and moisture can affect the performance of solar
cells. They provoke oxidation and solubilization, respectively, of many functional components in
any solar cell.

Metal halide perovskites have been reported to be relatively stable in presence of oxygen in the
dark, with a shelf-life ranging into months. This suggests that the active layer is relatively stable in
ground state [11,72]. However, MAPbI; showed rapid degradation upon exposure to both light and
oxygen. The diffusion of oxygen within the perovskite through iodide vacancy as well as at the

29



interface with the photocatalytic transport layer (like TiO2) can trigger the formation of oxygen
induced degradation mechanism via highly reactive superoxide (O27) which in turn leads to acid-
base reactions with the A-site cation [112]. This reaction results in deprotonated A-site gas, Pbl;
and water [73,74,75,76]. Since the reactivity is based on the acidity of A-cation, substituting MA
with less acidic options like FA or Cs can mitigate oxidation and concomitant degradation [77]. In
transport layers, finding replacement for UV-reactive species with fullerenes or oxides of tin, nickel
can improve resistance to oxidation. The use of UV filters can be considered as an alternative
[78,79].

Moisture, unlike oxygen, can cause rapid degradation even without illumination (In dark)
[35,22,80,81]. Water molecules can permeate into the perovskite lattice and form hydrated phases,
which can be reversible in short-term [82]. The stronger interaction of water is the formation of
hydrogen bonds with A-site cation, which weakens the bond between the cation and Pbl6, thereby
allowing faster deprotonation of the cation under other stressors [83]. Like that of oxygen, water
also reduces the iodide to form HI and Pbl,. This degradation in MAPbIls occurs over tens of hours
under ambient conditions at 80°C [84]. The similar inference of acidity of A-cation can be applied in
the case of moisture as well. However, CsPbls or FAPbIs are, unlike their oxidation resistance,
notoriously sensitive to moisture and revert to their respective photoinactive phases [85]. Outside
the active layer, transport layers are also susceptible to moisture-induced instability. Common
HTMs like Spiro-OMeTAD and PTAA are hygroscopic and induce degradation due to moisture as
early as 48 hours [86].

Resistance to moisture in dark storage is improved by incorporating Br- between 20-29% into the
lattice. The reason for this is postulated that Br, being a smaller ion, shrinks the lattice and makes it
more cubic, which strengthens the cation-lead halide bonding and reduces permeability [87,88].
Partial introduction of FA into the lattice also reduces moisture volatilization of organic cation [89]
because the dipole moment of FA, the larger cation, is ten times lesser than that of MA, which
leads to weaker hydrogen bonding with water and therefore lesser chance of deprotonation [90].
Alloying Cs in FAPblz improves storability of PSCs [91,92,93] in environments up to 90% RH. In the
case of transport layers, hydrophobic alternatives are being perused. Another line of improvement
is incorporating multiple layers to CTL, which has shown superior resistance to moisture [94,95].
Employing inert moisture-resistant polymers like polymethylmethacrylate (PMMA) as
encapsulation in composite structure with carbon nanotubes have enabled stable performance for
hundreds of hours under ambient conditions [96]

Light (Illumination)
The PSC has to be structurally and functionally intact upon prolonged exposure across all range of

solar spectrum. MAPbI; with encapsulation has been shown to have consistent absorption
spectrum over 1000 hours [11]. But a consistent spectrum and performance do not necessarily
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mean a lack of photoinduced changes in the cell. The various examples of cation and halogen
substitution discussed in previous sections that provide bandgap tuning and an improved thermal
stability have led to the observation of a new light-induced phenomenon. First observed by Hoke
et al, APb(Bryl1.y)3 perovskites undergo a segregation into Br- and I-rich perovskite phases upon
illumination. This was found to be reversible and attributed to the smaller bandgap of iodine-rich
regions acting as trap sites, thus limiting the overall performance of the cell [97]. Since then, this
phenomenon was dubbed as “Hoke Effect” and observed when the Br proportion was too high.
Partial substitution of Cs into the lattice has shown to improve resistance to light-induced halide
segregation [55]. Several models were proposed to explain this effect [98,99,100,101], but the
elucidation of mechanism and long-term effects of Hoke Effect are as of yet inconclusive.

A significant part of these tests has been performed using LED light source, which has an emission

spectrum after 400 nm and therefore devoid of UV light. An example of PSCs degrading under
illumination is given in the following figure 2.8:
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Figure 2.8 Evolution of normalized solar cell performance parameters, power conversion efficiency, short circuit current (Js), fill
factor (FF), and open circuit voltage (Voc) over 5 h of AM1.5 100 mW cm=2 solar illumination. Adapted from “Overcoming ultraviolet
light instability of sensitized TiO2 with meso-superstructured organometal tri-halide perovskite solar cells” by Leijtens et al, Nature
Communications, 4(1). doi: 10.1038/ncomms3885 [102]

The pattern of degradation is typical, with a decrease in efficiency (PCE) following the trend of short
circuit current (Jsc) with an almost intact open circuit voltage (Voc). This change has occurred within
a frame of only four hours. This was traced to the presence of TiO;, which is photolytically active
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under UV light [102]. Irreversible changes in perovskite composition were reported for hybrid
cation systems with TiO, [103,104]. The degradation pathway which is now well-known is discussed
in the previous section and overcome with different materials, for example SnO; or PCBM,
fullerenes [35,105,22]. Alternatively, UV filters were applied to improve the stability, as can be seen
in the figure above.

2.4.2.3 Hysteresis

Apart from the issues discussed above, perovskite solar cells also face an operational issue. The JV
curves of the device are dependent on the voltage scan rate and direction, thus producing a
pronounced hysteresis between forward and reverse scans. A pictorial representation of this is
given in the figure 2.9.
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Figure 2.9 Influence of solar cell architecture upon current-voltage hysteresis. Forward bias to short circuit (FB-SC) and short circuit to
forward bias (SC-FB) current-voltage curves measured under simulated AM1.5 100 mW cm-2 sun light for: (a) solution-processed
planar-structured TiO2-based solar cell; (b) solution-processed mesoscopic TiO2-based solar cell; (c) vapor-assisted planar-structured
TiO2-based solar cell; (d) vapor-assisted mesoscopic TiO2-based solar cell. Adapted from “Hysteretic Behavior upon Light Soaking in
Perovskite Solar Cells Prepared via Modified Vapor-Assisted Solution Process” by Liu et al [113]

Various plausible sources of JV hysteresis are postulated, like ferroelectricity [106] or unbalanced
charge collection due to interstitial and interfacial defects. Ferroelectric behavior is dependent on
the applied voltage bias, therefore causing hysteresis. A larger short circuit current and open circuit
voltage are generally recorded in sweeps starting from the forward to reverse bias than the

opposite [107]. While the effect of hysteresis on performance is unclear and largely regarded
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minimal, it poses a significant challenge in algorithms designed to maximize the power point

tracking during operation.

2.5. State Of Art

The following table is a summary of the state-of-art results obtained from degradation studies in
recent times. Several entries of this table are reproduced from the work of [108]

Table 2.1 State of art stability experimentations in PSCs in literature.

Year | Absorber PCE | Device stability Ref
(%)
2016 FAo,ggCSo_nPb(|0_eBro_4)3 17.1 /
2016 | MAPbo.75Sno.25(lo.4Bros | 12.6 | 30 days storage in inert atmosphere, 5%
)3 degradation
2017 | Rb- 15.4 12 h continuous one-sun illumination under
FA0.75MA0.15Cso.1Pbl2Br N2 environment at 25 °C, less than 5% degradation
2018 | Cso.sFA0.4sMAo.1Pb(loss | 16.0 | 5 days MPP tracking under AM 1.5 illumination in
Bro.17)3 N without encapsulation, no degradation
2018 | Csp.12MAo.05sFA083Pb(lo. | 19.3 Continuous MPP operation under AM 1.5
6Bro.a)s illumination with a 420-nm UV cut-off filter in N2 for
11 h, less than 3% degradation
2018 | KI- 17.5 | Stored in a nitrogen glove box over a month and
(Cso0.06FA0.79MA0.15)Pb(l tested regularly under full AM 1.5 simulated
0.85Bro.15)3 sunlight, negligible degradation
2018 | CsPbBrl1.78F0.22 10.3 Stored under 20% RH at room temperature without | [108]
encapsulation for 240 h, less than 30% degradation
2019 | Csp.925K0.075Pbl2Br 10.0 | Stored in a constant temperature-humidity
chamber (20 °C and RH = 20%) for 20 h, 20%
degradation
2019 | FA06Cso3sDMAg1Pblos | 19.2 Under constant bias and illumination in N2, no
Bros degradation
2020 | Csp.2FAo.sPbligBri 16.4 | 4 h MPP tracking under AM 1.5 illumination in
N without encapsulation, no degradation
2020 | KI- 18.38 | Stored under ambient air conditions without
Cso0.05FA0.79MA0.16Pb(lo. encapsulation for more than 2000 h, 6%
75Bro.25)3 degradation
2020 | Cso.99Rbo.01Pbl2Br 17.16 | Stored in ambient condition (<40% RH) without
encapsulation for 120 h
2017 | NT p-i-n with ITO 19.2 | Stable with 80% retention for 500 h in 85°C or 1000 | [114]
(ALD) h in light-soaking with 420 nm cutoff.
2018 | NT p-i-n with ALD and | 18.7 Retained 86% of PCE in simultaneous thermal [115]
Ag stressing (85°C) under 1 Sun illumination in ambient
air.
2018 | ST p-i-n with ITO (ALD) | 12-13 | Stored in 85°C-85% RH for 1000 h. [116]
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2019 | ST p-i-n with Ag (and 16.4 | Stored for 1000 h in 85° C, 85°C-85% RH, or 1 Sun [117]
ALD) illumination each.

2019 | ST p-i-n with ITO (ALD) | 18 Stored for 678 hours in 60°C under 1 Sun [118]
(LBG)

2.6. Research Questions

Until now, several positive and negative aspects of PSCs were discussed. However, over the course
of this literature review, a dominance of lab-scale research involving processes like spin-coating was
observed. To become commercially acceptable, PSCs are expected to be scalable in size and retain
their excellent properties observed in the smaller samples in laboratories. This thesis attempts to
address in that direction, by experimenting on fully scalable architectures. The following research
qguestions are formulated to answer, which will be recalled in several sections by their serial
numbers.

RQ1: How does the choice of perovskite affect the resilience of the scalable architectures?

RQ2: How does the choice of electron transport layer (ETL) affect the resilience of the scalable
architectures?

RQ3: What is the significance of the side of illumination on the stability of the PSC?

2.7. Conclusion

This chapter gave a bird’s eye view on the technology of perovskite solar cells, their evolution,
components and persisting issues. The chapter introduces the effect of choice of A, B and X
components on the performance and stability of the PSC to various external stimuli, or intrinsic
stability. The hybrid cation and hybrid anion systems are seen to perform better than their
standalone counterparts, with Cesium and Formamidinium combination for A-site being very
promising. The limited addition of Bromine in X-site is also seen to be beneficial.

PCE

Stability “Cost
Figure 2.10 Golden Triangle for PSC Upscaling
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While performance of PSCs is rapidly improving, they are far from being a commercial success due
to their persistent issues of toxicity and stability. An approach to upscaling requires balancing
performance with costs and life of the product, as illustrated in the following golden triangle in
figure 2.11.
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3.Experimental methods, characterization
methods

In this section, the technologies adopted for cell manufacturing, characterizing and
experimentation are discussed. The stacks fabricated throughout this thesis are made from scalable
technologies within Solliance Solar Research. A typical cell can be seen in the following figure 3.1 to
introduce the manufacturing processes.

Top Electrode Sputtering
Metal Oxide Buffer Layer ALD
Electron Transport Layer

Perovskite absorber layer Slot-die Coating
Hole Transport Layer

Substrate

Figure 3.1 Schematic of a typical stack in this thesis

3.1 Solution processing Deposition

3.1.1 Slot-Die Coating

In literature, a majority of samples studied are in laboratory scale and employ spin-coating
deposition technique. While it is cost-effective and good for initial screening of materials, spin-
coating is limited to small area substrates, and it is not continuous, thus unviable as an upscaling
technology. Slot-die coating (SDC), on the other hand, is the technique where a continuous
deposition of a material is pumped through the blade, throughout the motion of the blade, as
shown in figure 3.2 [172]. Whilst deposition of transport layers is relatively straightforward
(deposition and annealing to remove the solvents) SDC of perovskite active layer requires an
additional drying step to control the crystallization of the absorber over large area. [119,120] In this
work slot die coating has been used to deposit the HTL, the perovskite material.
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Figure 3.2 Slot Die Coating. Adapted from "Scalable slot-die coating of high performance perovskite solar cells" by Whitaker et al,
Sustainable Energy and Fuels, 2018 [126]

3.1.2 Atomic Layer Deposition (ALD)

Atomic Layer Deposition (ALD) is a chemical phase deposition method where the chemical
precursors are exposed to the substrate in a sequential, non-overlapping manner, as depicted in
figure 3.3. Each exposure step is followed by a “purging” step, usually flushing with an inert gas like
N,, to prevent reaction of precursors in gaseous phase (parasitic CVD). The reaction of precursor
molecules to the substrate is self-limiting in the sense that it terminates after all reaction sites on
the surface are consumed. This allows to acutely control the thickness of the film by regulating the
number of exposure steps and yet maintain high density of deposition. The aforementioned
sequential “temporal” approach of ALD, while resulting in layers with excellent properties, it is
generally time consuming and most likely not ideal in case of high throughput line such as roll to
roll (R2R) line for flexible perovskite solar cells for instance. Spatial ALD (sALD) is the variation
wherein the substrate is moved between precursors which are separated by inert gas “curtains” to
avoid parasitic CVD and purging regions sequentially. In this work spatial ALD has been used to
fabricate the buffer layer prior to the deposition of the sputtered TCO. [121]
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Figure 3.3 Schematic of ALD process. Adapted from "A brief review of atomic layer deposition: from fundamentals to applications" by
Johnson et al, materialsToday,Volume 7, 2014 [125]
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3.1.3 Physical Vapor Deposition - Sputtering

Sputtering is a method pf physical vapor deposition. It involves ejection of atoms from a target
material by bombarding heavy ions (Ar*, for example) to be deposited onto a substrate. In PSCs
sputtering is used commonly for deposition of TCO material or other inorganic oxides like NiOx
[122,123,124]. The principle of sputtering is summarized in figure 3.4

—  Substrate and film growth
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Figure 3.4 Principle of Sputtering. Courtesy of Wikipedia.
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3.2 Characterization Techniques

3.2.1 Characterizing the performance of PSC [128]

The most fundamental characterization of any solar cell is the current-voltage curve (termed JV
curve). A specimen of JV and the insights derived from it is presented in figure 3.5

shart circuit
A current density

/ X ) maximum power point
.,.\‘s‘c illuminated J-V curve
Jmp ““““““““““““““““““““
& >
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Figure 3.5 A typical JV Curve, Adapted from " Screen-Printed Front Junction n-Type Silicon Solar Cells " by Tao [127]

Current

Jsc is the current density of the cell under short circuit condition. It is a function of the incident
photon flux density, the absorptance of active layer, the parasitic absorption and interference of
the other layers deposited prior to the perovskite absorber, and also by the recombination
mechanism in the perovskite bulk and at the interface perovskite/transport layer.

Voltage

The highest voltage, Vo, is the voltage at open circuit condition in which current flow is zero. It
corresponds to the forward bias voltage at which dark current density compensates the
photocurrent density, i.e., the carrier generation rate is equal to recombination rate. Vo is
approximated to the following relation:

kT
.= “B" In (@)
q Jo
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The voltage is proportional to the exponential Jpn/Jo factor, which means there must be a high
disproportion between the two to maximize Voc. While the relation shows a positive linear
correlation between Vo and temperature, it must be noted that with increase in T, Jo increases
exponentially and the exponent term therefore reduces to offset any T increase, leading to a
cumulative drop in V.

MPPT

The point of maximal power output is denoted as MPP (Maximum Power Point) in figure 3.5. MPP
is the optimal operational point. Therefore, algorithms for tracking MPP (denoted MPPT) are used,
either by static encoding MPP into a device (indirect MPPT) or by dynamic reading of I-V data to
determine MPP (direct MPPT). A description of the MPPT algorithm in the experiment apparatus
will be given in following sections.

FF

In JV curve, the ratio between power at MPP and product of Voc and Jsc is called fill factor (FF). Itis a
measure of the realization of output as compared to the ideal scenario.

Efficiency

All aforementioned electrical parameters are used to find the power conversion efficiency (PCE) by
the following relation:

V,.FF
n (PCE) _ ]sc oc
Iin

Efficiency is the most discussed parameter of a solar cell because it is the hallmark of a solar cell.
However, for the same cell, under different operating conditions, the efficiency varies. Therefore, a
set of Standard Test Conditions (STC) are adopted to benchmark the efficiencies of all solar cell
technologies. A cell is operated under STC when it is irradiated with a light source of AM1.5G
spectrum at an intensity of 1000 W/m? in a fixed cell temperature of 25°C.

In common practice, the issues that could cause resistance to current flow are divided into two
categories: Series and Shunt. “Series resistance” models the defect density, recombination losses,
trap states etc. in the bulk of the active later and is in series to the current source. Therefore, it has
to be minimized for optimal performance i.e., the absorber layer should be homogeneous. “Shunt
resistance” on the other hand represents issues pertaining to interface like scratches, grain
boundary orientation, interface orientation (or lack thereof) that may offer an alternative path for
current flow. Therefore, shunt resistance should be sufficiently high to not create potential gradient
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enabling current flow in such undesired paths, making it a parallel component to the current
source.

3.2.2 Photoluminescence

Photoluminescence Spectroscopy (referred to as PL) is a non-contact, nondestructive method for
studying various electrical and structural properties of a surface. The process works on the principle
of photoluminescence - Upon excitation by an incident photon with energy greater than band gap,
the charge carriers are generated, a fraction of which undergo nonradiative relaxation towards the
valence band maximum (hole) and conduction band minimum (electron) wherein they undergo
radiative recombination to release a photon. These photons constitute an emission spectrum that
can provide information about band edge, presence of trap states, exciton peaks and electron-
phonon interactions [129].

A Horiba Scientific LabRAM ARAMIS is used for characterizing the PL spectrum within this thesis. PL
is carried out between 600 and 800 nm over time. The output of the experiment gives the
wavelength of peaks and their corresponding intensity. The peaks are associated with the bandgap
energy of the perovskite film and tracking the peak shift over time allows to define the increase
(blue shift) or decrease (red shift) of the bandgap energy. This is indicative of the composition of
the active layer. The intensity, on the other hand, is indicative of the radiative recombination of
charge carriers and thus an evaluation of charge recombination within the active layer. Measured
over time, the change in intensity gives insights about the quality of the active layer [129].

3.2.3 XRD

To understand the lattice characteristics of a material, crystallographic analysis at the level of unit
cell, like X-Ray Diffraction (XRD) is used. The XRD apparatus consists of a cathode ray tube housing a
filament that is heated to produce electrons. These electrons are collimated and accelerated
towards a target by high voltage. When electrons have sufficient energy to dislodge inner shell
electrons of the target material, secondary spherical waves are produced. Most of these waves
annihilate each other by destructive interference and the remaining, which add constructively, are
counted, and processed on a detector. The sample and detector are both rotated, and the intensity
of the reflected X-Rays is recorded. The conditions to satisfy for producing a constructive
interference are related by Bragg Equation:

nA = 2d sinf

In an XRD setup, A, n are fixed and for each angle, 6 = 6 can be considered. By measuring the X-Ray
spectra for the range of 20 angles, all possible diffraction directions of the sample should be
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attained due to random orientation of the sample. The output of XRD is an intensity-angle plot
which shows diffraction peaks at angles with constructive interferences. By Bragg equation, each
peak yields a corresponding d-spacing. Both angle and d-spacing are unique to each mineral and
therefore by comparing the result against standard reference patterns, the crystal properties and
constituents can be discerned. XRD is fairly quick and non-destructive. However, the penetration
depth of incident X-Rays is limited to the order of micrometers. Therefore, when measurement in
deeper layers is required, material removal is needed. An example of this case would be to measure
the bulk material because of a modification on surface that is not indicative of the bulk properties,
or if a study on phase contents or depth profile of residual stresses are needed. In such instances, it
must be ensured that the layer removal does not influence the XRD measurement or the
morphology of the material.

3.2.4 Absorbance and EQE [128]

Absorptance denotes the part of incident light that is absorbed i.e., not reflected, or transmitted. It
can be represented by the following relation:
A+R+T=1->A=1—-R-T

This principle of exclusion is applied in measuring absorptance. A Cary 5000 UV-Vis-NIR is used to
measure the reflectance and transmittance in the samples. The measurements are done within the
UV and visible components of the spectrum. A wide-spectrum lamp emits light which goes through
a series of filters, monochromators, and collimators (mirror and lens) to fall on the solar cell
sample. The results are measured in %T and %R varied with wavelength for transmittance and
reflectance respectively. Absorptance is then calculated by aforementioned equation.

EQE can be defined as the fraction of photons incident on a photoactive surface that is absorbed to
generate electron-hole pairs which are successfully collected. EQE is a function of wavelength of
incident light and determined by illuminating the solar cell with a monochromatic light and
measuring the photocurrent generated by this irradiation. The relation for EQE can be given as
LoD

quh,ﬂ

Where Wy is the wavelength-dependent incident spectral photon flow. The device measuring EQE

EQE (1) =

usually comprises of a wide-spectrum lamp to cover the relevant wavelengths in case of solar cell
(usually xenon gas discharge lamp) which is proceeded by a series of filters and monochromators to
emit a narrow spectrum of irradiation to be incident on the solar cell. EQE is done to determine the
short circuit current density using the following relation:

Ay
J = —q f EQE()SAMLS 42

1

It also provides a picture on which component of the spectrum is utilized the best. EQE is zero for
wavelengths below the bandgap of the perovskite material because the light is not absorbed due to
their inability to generate photoexcitation on account of low energy.
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EQE measurements in this thesis are carried out in RERA Solutions setup. A xenon discharge lamp is
set to emit light at AM1.5 spectrum. The range of measurement is fixed at 300nm-900nm to
simulate the irradiation from sunlight. The setup measures the spectral response from the sample
which is then converted to EQE.

3.3 Experimental Setup

The various layers of the PSC in successive order introduced in figure 3.1. The deposited samples
are stressed thermally and under light. The samples are measured at intervals of time under the
characterization techniques listed in the previous section. Thermal stress is done by placing the
samples on a hot plate at 85°C in the inert N; atmosphere within glove box.

Figure 3.6 Representative image of thermal stress testing apparatus

Accelerated ageing by light soaking is done in inert atmosphere. The samples are placed under the
soaking apparatus under 1 Sun illuminaiton of AM1.5 spectrum lamp as shown in the following
representative image. The tests are done in three versions:

i) Light Soaking Test 1 — Irradiation of samples incident to glass substrate.

ii) Light Soaking Test 2 — Irradiation of samples incident to top electrode.

iii) Light Soaking Test 3 — Irradiation of samples incident to glass substrate, with a cutoff filter.
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Figure 3.7 Representative image of illumination stress testing apparatus

Over the course of the discussion in results, the notation adopted is as follows:

ltem Terminologies used
CsFA Perovskite 2C, Dual Cation
MAFACs Perovskite 3C, Triple Cation
Thermal Stress test TH

[llumination stress/light soaking LS (exp. Suffix)




4. Choosing the Upscaling Architecture

This chapter addresses the experiments revolving RQ 1 and RQ 2, wherein the results obtained in
performance and characterization of PSCs aged under thermal and illumination stresses are
discussed. These results are considered in choosing the perovskite-ETL architecture with the most
potential for upscaling. The chapter is divided into two major sections: i) thermal stability in
section 4.1 and ii) light soaking stability in section 4.2. In each section the comparison between the
ETLs and then the different perovskite stoichiometry is carried out.

The target of at least 80% of the initial power conversion efficiency (TO, initial time/0-hour
measurement) after 1000 hours of accelerated stress tests (T1000) was chosen as internal target
withing this project to discriminate and select the most promising architecture. Before proceeding
with this chapter, it is recommended to revisit the notations for sample descriptions as listed in
section 3.3.

4.1 Thermal Stability

As discussed in section 3.3 the evaluation of the thermal stability of the perovskite architecture
under investigation consists of exposing the perovskite device to a continuous thermal budget
defined by a constant temperature of 85°C in inert atmosphere, specifically the environment inside
a glove box. The variation of parameters on intermediate measurements at different points of time
for the same comparison is shown in figure 4.1. To address the issue of hysteresis in measuring PCE,
only the efficiency at Maximum Power Point (MPP) is presented. In the other three quadrants, the
cell parameters are shown with the values from both forward and reverse scans.
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Figure 4.1 Trends for 3C Thermally Aged PSC
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Whilst the PV parameters change in overall duration, both the architecture with the two fullerene
layers under consideration appears to retain more than 80% of PCE at TO. Ideally a PV stable device
should exhibit no variation in the Voc, Jsc and FF. However, in the investigated case it can be
observed that during the intermediate measurements the PV parameters vary.

An initial increase in Vqc is observed in both ETLs which then starts reducing over time, only in the
last measurement point. This increase is also reported in literature for long-term thermal stability
tests [130,131,132]. The increase in Vo could be a consequence of the prolonged thermal budget
applied to the perovskite absorber leading to neutralization of defects or improvement in work
function due to suppression of recombination [133]. However, in long-term, the performance does
go down mostly due to the JSC trend, which is reported in these literature as an outcome of the
degradation of HTL layer [130-133]. As thermally stable perovskites are seen to retain their most of
the initial Jsc [134,135], the observed decline in short circuit current density could be ascribed to
the presence or increase of defects that can hamper carrier extraction [136].

From comparing the FF values presented in the trends, a decrease in hysteresis between TO and
T1000 is noticed. This can be quantified by introducing a ‘Hysteresis Index’ (HI) which can be
written as follows [137,138]:

PCERr — PCEg

PCER + PCEg

Where F and R are subscripts denoting forward and reverse scans respectively. A HI < 0.01 (1%) is
desirable and fixed as the target. The evolution of HI over time is given in the following figure 4.2:
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Figure 4.2 Hysteresis Index in thermally aged stacks

At T1000 for all four architectures, the Hl is less than 1% and the trend shows a decrease over time.
In case of C60, the TO measurement displays large hysteresis between two scans (~13%). However,
between 330 hours and 1220 hours, hysteresis is largely reduced. There is an initial increase in FF
and Voc between 0 and 330 hours, wherein FF has improved, and the hysteresis is minimized. Fill
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Factor, as known, is the effective utilization of incident light that is affected by various resistances
[139]. As proposed by Unger et al, illumination under JV-measurement would then lead to a
transient polarization within the absorber layer affecting the carrier collection efficacy at these
interfaces/carrier-selective contacts. This results in the hysteresis observed in figure 4.2. Such a
case could be avoided by preconditioning the samples before TO measurement by stabilizing the FF
(and Js¢) with sufficient biasing [140,141]. Interestingly, the measurements presented in the trends
are taken after MPP tracking, which exposes the sample to some preconditioning. The presence of
hysteresis despite the initial illumination could likely be influenced by the C60-perovskite interface
developed during deposition. Also, any state achieved in dark storage is suggested to be reversible,
as hysteresis is reduced after the initial thermal budget (330 hours) and consistently remains low.
This could indicate the rearrangement of the perovskite-ETL interface. But the initial energy
required to overcome the relaxation appears to be higher in the case of C60 rather than in the case

of PCBM.

Similar to what observed in the case of the triple cation mixed halide-based PSC devices, also the
devices including the dual cation mixed halide perovskite stoichiometry also retain above 80% of
the initial TO PCE at T1000 as reported in the variation of parameters in time (see Figure 4.3). A
reduction of hysteresis can also be observed from previous Figure 4.2.
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Figure 4.3 Trends for 2C Thermally Aged PSC

After initial measurement, an increase in Jsc and Vo is noted for both PCBM and C60, with a drop in
FF in case of C60. This trend is not observed in case of triple cation PSC. The difference could be due
to the difference in perovskite stoichiometries, leading to different interface behaviors. From the
measurements, Vo is stabilized and does not have a significant change. Jsc on the other hand shows
marginal decrease, which could also be attributed to the reasons discussed in the case of triple
cation PSC.
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Whilst both type of ETL can assure that at least 80% of the initial PCE can be retained after 1000
hours of thermal monostress, the use of C60 can deliver higher PCE with respect to PCBM most
likely due to the difference in deposition and coverage of the perovskite surface. A similar
consideration can be done in the case of the perovskite stoichiometry since all combination
retained more than 80% of PCE at TO.

To shed light into the evolution of the PV parameters during this ageing tests, XRD and steady state
PL have been carried out to assess whether these variations could have been ascribed to crystalline
or optoelectronic modification of the perovskite absorbers. X-ray diffraction (XRD) pattern have
been evaluated at TO and T1000 to assess whether crystalline structural changes occur at the
different perovskite architectures because of the thermal budget applied to it. Thermal monostress
on PSC is expected to bring about the changes described in section 2.4.2 This would mean an
increase in Pbl, at the expense of photoactive bulk perovskite material. Such a change can be
detected by comparing the peak angles and intensities in the XRD pattern for the two materials
(Pbl2, perovskite

The results for XRD analysis of 3C is shown in figure 4.4. Table 4.1 is attached to show specifically
the change in intensity and peak angle of Pbl2 and the photoactive a-Perovskite between TO and
end time. In case of 3C samples, even from TO, a peak s registered at 12.7° corresponding to Pbl,.
This is due to the excess of Pbl; taken into the precursor solution while fabricating the PSC would
have remained in the active layer after deposition. Lack of the same in case of dual cation sample is
due to no excess of Pbl,. The comparison however shows no discernable shift in peaks to suggest
any loss of a-perovskite, or indicative of thermal decomposition that may be expected. Thus, the
loss in performance may be ascribed to the effect of the thermal budget on other layers, like
evaporation of additives in HTL [134]
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Figure 4.4 XRD Results for thermally aged triple and dual cation PSC stacks. The difference between 3C and 2C in both ITO peak at
30.6° and Au peak at 38.18° is explained by the difference in the layers deposited. The 3C samples have Au deposition on the top to
increase carrier collection and minimize FF losses, which is not present in 2C samples.
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Sample XRD Peak Angle (°) | Peak Intensity
Component (AU)
TO T1000 | TO T1000

3C C60 A 141 | 1411 |4.11 |4.11
P 12.69 | 12.74 |3.43 |35
2C C60 A 14.07 | 14.05 |41 4.07

P 12.68 | 12.64 | 2.98 2.99
Table 4.1 XRD Peaks for Pbl, and a-Perovskite at TO and T1000

One other reason for the increase in Voc and decrease in Jsc could be a bandgap widening due to
blue-shift induced by temperature [142], which can be enhanced by a fullerene ETL [143]. Since no
structural crystalline changes were observed in XRD, steady state photoluminescence
measurements were carried out to understand whether the impact of the thermal stress modified
the optoelectronic properties of the perovskite layer.

Figure 4.5 shows the variation in time of the PL peak for the 4 variations under investigation. The 2C
samples have PL peaks at ~15nm higher than 3C samples due to the different band gaps. In all four
architectures, the shift in peak wavelength between TO and T1000 is seen to be lesser than +3 nm
(£5meV) with no clear trends despite initial soft blue shift for the triple cation formulation, it can be
concluded that the absence of significant red or blue shifts indicates no massive change in
stoichiometry of the bulk absorbers to be associated at this stage to the variation in Jsc and Voc.

A potential explanation to justify the variations in the PV parameters can arise from the perovskite
modification which are not detectable with the type of techniques used during this project.
Formation of defects in the bulk and/or at the interface as well as the rearrangement in time of the
mobile ions could be feasible mechanism for the type of behavior observed here [136,144]
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Figure 4.5 Trend in photoluminescence peaks for triple and dual cation thermally aged stacks.
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To summarize, the perovskite architecture including the triple or dual cation mixed halide
perovskite absorbers and different fullerene layers show no significant change in the intrinsic
structure of the lattice that may be expected from thermal stressing as observed by the XRD and PL
measurements.

Therefore, to identify the most promising architecture, different strategies can be followed:

i) To increase the duration of investigation further; ii) to define stricter target (i.e., 90% of initial
PCE); iii) To evaluate also the photostability of the solar cell, as it is expected to work under
illuminated condition. This is indeed what is discussed in the forthcoming section.

So far, from the trends, the 3C seems favorite because the higher initial PCE, and the highest PCE at
T1000.

4.2 Light Soaking

The various types of light-soaking tests are discussed in section 3.3. For convenience, this section is
continued with PCBM samples. The appendix section A2 has figures relevant to the results of C60
samples, which show similar trends as those discussed in this chapter. The variation of parameters
on intermediate measurements at different points of time for the same comparison is shown in

figure 4.6.
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Figure 4.6 Trends for Glass-side light soaked PSC

In case of LS1 (illumination from the side of glass substrate), a drastic drop in performance for both
architecture including the two types of perovskite absorbers is observed. This loss in PCE is
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accompanied by a drop in Jsc and FF, which could point to a severe degradation within the

perovskite cell.

The increase in Vo could be due to an expansion in the band energy (blue-shift), which is caused by
light-induced halide segregation [97,147,148]. Characterization tests are performed to study this
hypothesis. Figure 4.7 and table 4.2 show the results for XRD test for LS1 samples.
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Figure 4.7 XRD Results for glass-side light soaked triple and dual cation PSC stacks. A high presence of 6-perovskite at TO at 30.6° can
be explained by the storage of the PSCs in dark for an extended period. Since FA and Cs-based perovskites favor the 6-phase for
natural state, it is suspected that a fraction of a-perovskite has reversed during this stored time.

Sample Peak Angle (°) Peak Intensity (AU)

TO T1000 TO T1000
3CLS1 14.14 14.1 4.01 3.98
2CLS1 14.07 14.06 4.11 4.1

Table 4.2 XRD Peaks for a-Perovskite for LS1 samples.

In case of irreversible phase segregation induced by the continuous irradiation, a-perovskite XRD

peaks should manifest a shift. However, as evident in the Figure and Table it is hard to conclude

that this is the case. Thus, from XRD, no significant evidence of peak shift is observed to confirm the

presence of halide rearrangement. A similar conclusion can be drawn from the steady state PL peak

position analysis that indeed shows no clear trend (see Figure 4.8).
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Figure 4.8 Trend in photoluminescence peaks for triple and dual cation LS1 stacks

However, the drop in Jsc and FF could be due to recombination losses through generation of sub-
energy bands (trap states) [145] in the bulk or out of the interface alignments between perovskite
and CTL [146]. Furthermore, an increase in hysteresis is observed between TO and T1000, which is
quantified by Hl in figure 4.9. As it can be seen, there is a steady increase over time, which could be
due to the irreversible changes caused by migration of mobile ions accelerated by light soaking,
leading to losses in Jsc and FF [149,150]. The more drastic response of 3C sample could also be due
to the segregation of MA-rich phase accelerated by light [151].
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Figure 4.9 Hysteresis Index in LS1 stacks

So far, not significant difference among the architecture can be highlighted neither when the
samples are light soaked from the glass side. Therefore, the attention was shifted to evaluate the
stability of the cells when illuminated from the TCO side (top side of the cells).
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The trends for LS2 samples are given in following figure 4.10. To reiterate, LS2 is the set of

experiments where the light passes in the order of TCO-ETL-Perovskite-HTL.
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Figure 4.10 Trends for TCO-side light soaked PSC

First of all, it clearly appears that the architectures are more light stable when illuminated from the
TCO side with respect to the previous case. The dual cation formulation retains 80% of their initial
PCE at TO, while triple cation formulation is between 70-80%. There is an increase in Voc in both
cases. However, while there is a steady decline in Jsc in case of 3C PSC which affects the PCE, in the
case of the dual cation formulation the Jsc remains roughly constant throughout the test.

Furthermore, a rise in hysteresis between TO and T1000 is seen is more evident again in the case of

the triple cation mixed halide formulation as reported in figure 4.11
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As previously observed neither in this case XRD and PL show significant differences among the two
formulation nor on the initial and the final spectra

A - a-Perovskite; D - §-Perovskite; P - Pbl,; C - CsPbl;. 1 - ITO
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Figure 4.12 XRD Results for LS2 test samples
Sample Peak Angle (°) Peak Intensity (AU)
TO T1000 TO T1000
3CLS2 141 14.09 4.16 4.13
2CLS2 14.06 14.07 4.1 4.09

Table 4.3 XRD Peaks for a-Perovskite for LS2 samples

So far, the main result consists in the observation that the illumination from the TCO/ETL side is
more stable than illuminating from the side of HTL. The type of characterization used in this project
points out that no massive bulk degradation occurs at the perovskite absorber. A potential clue to
understand this behavior can be obtained the external quantum efficiency (EQE) of the cells
illuminated from both side (Figure 4.14)
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Figure 4.14 EQE measurement of LS1 and Is2. The 2C PSC has a bandgap of 1.61eV and 3C of 1.57eV, which translates approximately
to a cut-off wavelength of 770 and 790 nm respectively.

The main difference is that the cell illuminated from the glass side generates and collects much
more carriers in the UV-blue region than the one illuminated from the TCO side, since the top TCO
and the fullerene typically absorbs the photons in these spectral regions [152,153,154,155].

To evaluate the impact of the energetic photons (UV-blue) on the long-term light stability of the
cell, LS3 is conducted with glass-side orientation placing a PEN foil just in front. PEN has been
chosen due to an onset of 375nm which therefore cuts at least the UV the component. A
comparison of all three tests is shown for 3C and 2C in figures 4.15 and 4.16 respectively.

The drop in Jsc is the biggest difference between the two architectures. This drop in case of 3C
between LS1 and LS3 is 9.2mAcm™ and 7.8 mAcm? respectively, while the same in case of 2C is 6.8
mAcm2 and 3.3 mAcm™. This shows the possible impact of the UV-filter on the cell. However, the
decrease in Js still occurs, despite the presence of UV-filter. Therefore, it is presently unclear how
UV light affects these architectures. The results for characterization in case of LS3 shown in
appendix figures Al1.1, Al1.2 also do not show significant changes between TO and T1000 to show
the presence of degradation.
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Figure 4.15 Comparison of LS experiments for triple cation stacks
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Figure 4.16 Comparison of LS experiments for dual cation stacks

To summarize, the results for accelerated illumination tests in different orientations lead to
different results. The LS2 configuration is seen to be the most performing and most stable among
the three cases investigated. 2C perovskite sample is seen to perform superior to 3C. The LS1
configuration shows a severe drop in performance, which is seen to be slightly ameliorated by the
presence of UV-filter in case of dual cation perovskites. A potential pathway for future research
could be to incorporate alternative UV-filters with different cut-off wavelengths.
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Interestingly, the samples do not show sufficient evidence to indicate significant degradation or
halide segregation in the active layer that could validate the change in performance. As suggested
earlier, the driving factor behind loss of performance may therefore not be limited to the chemical
composition of the active layer itself, but to issues not explored in this chapter. Possible
explanations can include trap-assisted recombination within the bulk and surface/interface
recombination mechanism as well as degradation of the HTL material. Further investigation in this
direction is thus recommended.

4.3 Conclusion

This chapter dealt with the results from thermal stressing and light-soaking tests conducted on
various perovskite samples. The initial expectations to observe heat-induced decomposition (in
case of thermal monostress) or light-induced halide segregation (in case of light-soaking) were not
observed to satisfactorily suggest these degradation mechanisms were indeed happening in their
respective samples. The trends in performance, along with the results from characterization
experiments, suggest the presence other sources of losses as mentioned in this chapter. Proper
selection of ABX3 components for the active layer is seen to be of vital importance to achieve long-
term stability and resilient performance. The choice of electron transport layer is seen to have an
impact on the performance, but over the course of these experiments, it is observed that the hole
transport layer might have a more immediate role in the results that were obtained. This chapter
answers RQ1 and RQ2, with dual cation architecture being selected for superior combination of
thermal and light-soaking stability and C60 electron transport layer selected for its overall
superiority.
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5.Elaboration on Light Soaking Orientations

The previous chapter presents the difference in performance and stability after light soaking stress.
Specifically, the PSCs devices exhibited more stable PV parameters when illuminated from the TCO-
side with respect to the case when the solar cell is illuminated from glass side. Chapter 5 takes a
closer look at the results of light soaking experiments, which addresses RQ 3. According to the
previous results, the tests and analysis carried out in this chapter focus exclusively on the
architecture based on the dual cation mixed halide perovskite formulation and the evaporated C60
as fullerene material.

The behaviors observed might be expected to vary with batch. Therefore, ensuring reproducibility
of the trends in chapter 4 is important. Therefore, a new batch (batch 2) is prepared and aged
under LS experiment for 1000 hours. The following figure 5.1 shows a comparison of the trends
from both batches of 2C-C60 samples in LS3 experiment. Similar figures for LS1 and LS2 can be
found in appendix figures A1.3 and Al1.4.
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Figure 5.1 Reproducibilty of trends - LS3 test.

As observed in these figures, the trends for LS1 and LS2 are similar to those obtained in batch 1.
The Vo is increased in all cases, Jsc and FF dropped for LS1 and LS3 while the same for LS2 are
retained in case of Jsc and increased in case of FF.

Consequently, PCE drops for LS1 and LS3, however, compared to the previous batch, the presence
of UV-filter does not appear to have improved the Jsc measured over time. Instead, LS3 results are
similar to LS1. This could be due to other factors beyond the materials in the cells themselves.
Some possible sources could be handling issues (scratches on filter or sample, for example),
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uncontrolled equipment malfunctions or material issues of other kind (substrates, precursors,
solvents etc.). The successful reproduction of LS1 and LS2 trends show consistency in observations
and therefore leads to consider that degradation is indeed minimal in the case of light exposure
from TCO/ETL-side.

The lack of evidence to prove sufficient material degradation in the active layer suggests the issue
with performance may be due to factors outside the crystallographic nature of the active layer.

This could include degradation at the interfaces of ETL-Perovskite, HTL-Perovskite, recombination,
degradation in the transport layers themselves.

5.1 Spectral Response of architecture

From the trends of batch 2 (appendix figure A1.5), it is observed that Js is the more influential
parameter affecting PCE. A tabular summary of forward-scan Jsc from JV measurement for three LS
experiments of batch 2 is given below.

Jsc (MAcm™?)
Time (hours) | LS1 LS2 LS3
0 17.62 | 18.55 | 15.51

1000 12.56 | 16.58 | 11.85
Table 5.1 Jsc Measured in batch 2 of LS samples.

One of the possible issues causing this drop in Jsc could be a change in spectral response. This can
be quantified by measuring the behavior of a sample under a wide spectrum irradiation incident
upon it. This is done in two levels: i) The actual component of incident light that is absorbed and ii)
The part of absorbed light that is converted into electricity. These are denoted by absorptance and
External Quantum Efficiency (EQE) respectively.

Figure 5.2 shows the results for EQE measurement for all LS samples along with the calculated Js..
Before discussing the results, one point of interest is also the difference in the Jsc values noted in
table 5.1 and figure 5.2. This may be explained by a combination of various factors like difference in
experimental setup, ambient setup, time difference between two experiments or ageing-driven
delay in response of the sample [156]. The measurements show a drop in EQE in all LS cases, across
the spectrum. The drop in EQE can be the outcome of light-induced carrier collection issues in the
bulk or the interfaces, or photoinduced degradation of active layer, which may shift the bandgap of
the cell [157,158,159,160,161]. An easy option to verify this is to observe the changes in light
absorbed by the cell. Therefore, the trend of 1-R is also compared alongside EQE. LS3 sample,
which has not registered any noticeable change in 1-R or absorptance in the visible region, is an
indication of carrier collection problems. The case of LS1 does not register any change in 1-R.
However, in figure 5.3, a clear reduction in absorptance is seen. There is a larger drop in Jsc relative
to LS3, which could indicate at additional issues besides carrier collection. The case of LS2 however,
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has a drop in 1-R in the yellow-red region of spectrum. This could indicate a combination of
increase in R and decrease in A or T. From figure 5.3, it is indeed seen that absorptance goes down.
This could hint at a change in the TCO layer due to light-soaking or leading to the perovskite
becoming more transparent, which is to be investigated further. From an initial look, the case of
LS2 appears to not have carrier collection problems.
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Figure 5.3 Result for Absorptance of LS samples.

The discrepancy in Jsc values measured in EQE setup and JV setup was mentioned and several
potential reasons were listed [156]. Figure 5.4 shows the absolute difference in Jsc between TO and
T1000 for the light-soaking experiments. It is interesting to note the margin of deviation which is
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significant at higher intensities, is very little in lower intensities. This difference arising from the
experimental setup, could be the reason for the EQE setup registering a higher Jsc than JV.
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Figure 5.4 |AJsc| between TO and T1000 for LS samples.

The carrier collection issues, which cause this loss in absorptance, may originate from defects that
are not radiative, i.e., non-radiative recombination in the bulk or interfaces. To determine the type
of recombination mechanism occurring in the cell, the Ideality Factor of the samples are evaluated
and discussed in the next section.

5.2 Light Intensity Measurements

To shed light on the PSC recombination mechanism, the ideality factor (IF) of the cells is evaluated.
In particular, the IF is extrapolated by the analysis of the Vo as a function of illumination intensity
[162]. The basis of this analysis is the logarithmic relationship between Vo and intensity (through
carrier generation rate) by the following relation:

[,
eV,c = Eg — nypkgln (7)

Where n;p is IF and I, is a constant with the same unit as | (Wm). The IF which is determined is
usually within the range of 1-2. The implications of this on the type(s) of recombination mechanism
in the PSC are summarized in figure 5.5. In short, an IF closer to unity usually denotes the
dominance of surface recombination which observed in cases of low built-in voltage [163]. IF
greater than unity but closer to 2 denotes to the presence and domination of non-radiative
recombination mechanisms like trap-assisted Shockley-Reed Hall (SRH).
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Figure 5.5 Ideality factor for different recombination mechanisms and corresponding trends, Adapted from "Interpretation and
evolution of open-circuit voltage, recombination, ideality factor and subgap defect states during reversible light-soaking and
irreversible degradation of perovskite solar cellst” by Tress et al, Energy Environ. Sci., 2018, 11, 151 [162]

Next to the ideality factor, the relationship between photocurrent and light intensity can give
information about the quality of the charge carrier collection, although not possible to discriminate
in case which interface is responsible for. They follow a power law relationship, i.e., JxI%, with acin a
range between 0.85 and 1 [164]. a is determined by the slope of a logarithmic plot between Jsc and
light intensities. The closer a is to unity, the superior is the charge extraction and suppression of
non-radiative recombination in the solar cell [165]. This power law relationship is attributed to the
space-charge that is built up in the device that could be brought about by the variation in charge
carrier mobilities under different intensities.

For this thesis, the Voc-light intensity and Js-light intensity measurements are done in the same
apparatus for JV measurement by setting up neutral filters to obtain 1, 0.83, 0.53, 0.33, 0.1 and
0.01 Sun intensities.

The factors IF and a are determined by the slope of linear fitting of Voc and Jsc as a function of light
intensity as reported in figures 5.6, 5.7 respectively and presented in table 5.2.

The a parameter shows significant difference between LS tests. Specifically, there is a massive
decrease in a for both LS tests illuminated from glass-side (LS1 and LS3, without and with PEN filter
respectively). As already mentioned, when a is closer to 1, it is indicative of effective charge carrier
extraction and suppression of non-radiative recombination [165]. Therefore, it is plausible to say
that the PSC illuminated from ETL-side maintain a more efficient charge carrier collection which
would explain also the retention of the Jsc during the light soaking tests with respect to the other 2
cases [166].
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Experiment | Time | IF a
Oh 1.52 0.975
LS1
1000h | 2.07 0.932
Oh 1.46 0.988
LS2
1000h | 1.72 0.986
Oh 1.58 0.975
LS3
1000h | 1.83 0.942

Table 5.2 Summary of IF, a

As a consequence of the results it can be concluded that the interface HTL/perovskite in this work is
responsible for the charge collection issue with an impact in the Jsc value measured with the JV
scan. The issue in this interface could be the generation of trap states due to formation of smaller
perovskite crystals near the interface is reported by Ni et al [167], or the degradation of the
PTAA/perovskite interface and potentially also its delamination lead to a massive decrease of the
performance despite mild ageing conditions (35°C, dark) reported by Perrin et al [168]. The
degradation of HTL or HTL-Perovskite interface would clearly explain the decrease in Jsc observed in
both batches of PSCs. The initial reduction of Jsc also in the case of the illumination from the TCO
side can on the other hand be related to the photoinduced modification under light soaking as
explained by Zhao et a/ [166]. Next to the impact on the charge accumulation at the interface, the
authors point out that a complementary effect is the decrease of the bulk-electrical polarization
which causes a decrease on Jsc.

The samples in batch 2 for LS3 experiment did not reproduce the retention of Jsc demonstrated by
batch 1. One explanation for this behavior could be that UV radiation is not the most contributing
component of the spectrum to accelerate defects in HTL/Perovskite interface. Alternatively, the
non-impact of UV-filter could be exclusive to this batch alone. This difference could have originated
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from the preparation of HTL precursors, or the process and operating conditions of the fabricating
technique, leading to localized defect sites that cannot be detected by present capacity.

The decrease in a, which indicates higher presence of carrier collection problems and non-radiative
recombination, is expected to affect the Voc negatively. However, there is no signifncant decrease in
Voc for LS1, and in case of LS2 and LS3, Voc actually increases. To understand this behavior, the IF of
LS tests is calculated.

As observed by the extrapolated values, the IF tends to increase for all the light-soaking conditions
investigated in this project. The initial values among all LS are similar between 1.5 and 2 which,
according to Tress et al, should be attributed to SRH recombination in the bulk of a mostly intrinsic
or depleted perovskite film [162]. The devices stressed when illuminated from the ETL side (TCO
side) exhibits actually a slightly lower IF, which might indicate that illumination direction and where
most of the electron-hole pairs are photogenerated has an impact on the formation on the SRH
mechanism and therefore that trap states can indeed photoinduced. After light soaking the ideality
factor increases for all the investigated architectures which indicates the formation on new
recombination channels in the perovskite [162], mostly related to SHR bulk state formation. What it
is interesting is that whilst Tress et al observed a decrease of Voc upon light soaking, all the three
investigated scenarios within this projects exhibit an increase of Voc. This behaviour has been
reported mostly in the case of p-i-n architecture rather than the n-i-p studied by Tress et al
[169,170]. In these two contributions, the Voc increase is attributed to a redistribution of mobile
ions after light soaking towards the interfaces. This rearrangement which can change the built-in
electric field modifying the charge accumulation at electrode interfaces, can therefore neutralize
interfacial defects [170]. This increase in Vo, alongside FF, is attributed to the defect suppression in
interface also in the works of Kim et al and Zhao et a/ [171,166]

Different from the paper, where a recovery of the PCE have been measured when storing the
sample in dark after the light soaking, within this projects the modification seems irreversible after
storing in dark (2hrs). A potential explanation can be attributed to the extremely longer light
soaking test carried out within this project, or the type of defects created upon light soaking. It
could be interesting to perform FTPS analysis to shed light to the energy level position of the bulk
defects as reported by Tress et al [162]. Whilst a higher IF indicates more SRH recombination, it is
also observed that the IF tends to decrease for higher illumination intensities (an example provided
in figure 5.8 from the work of Tress et al) which highlights that still surface recombination becomes
relevant for higher Vo (or higher light intensity and therefore during the JV scans measurements).
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However, the IF does not change in orders of magnitude with light intensity, thus not be influenced
by radiative recombination or change with intensity of light exposed [162]. The IF exhibit similar
trends for all of the investigated cases, therefore making it complicated to draw a possible

explanation on the difference in behavior observed with direction of illumination.

5.3 Conclusion

The chapter attempts at answering RQ3, which involves understanding the recombination
mechanisms of the various light-soaked samples. The behavior of samples under varying
illumination intensities is studied and found to display their dominant recombination mechanisms.
All three tests show an increase in IF, which is indicative of the growing dominance of bulk
recombination. On the other hand, the a is seen to decrease drastically for glass-side illumination.
This is in agreement with the results from EQE and UV-Vis, which hinted towards carrier collection
issues. This leads to the conclusion that ETL/perovskite interface is possibly more resilient than
HTL/perovskite interface. The behavior of PTAA in long-term stability tests must therefore be
studied further.
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6. Conclusions and Remarks

Perovskite solar cells are a promising technology for harnessing solar energy. Although their
performance is increasingly positive, their commercial feasibility is limited by stability issues and
costs of components in small-scale fabrication. This thesis is written about the experiments
conducted on PSCs made wholly from fabrication techniques that can be upscaled for
commercialization. The cells are tested for stability at >1000 hours in the two most important
stresses faced by a PSC — Heat and light. The inert atmosphere of stress tests precludes the effect of
the other important stresses like oxygen and moisture. To select the most prospective architecture
for upscaling, a comparison is done between two perovskites (triple cation and dual cation) and
two electron transport layers (PCBM and C60). Their performance and structural changes are
characterized by various tests.

The results of thermal stress tests show resilience (>80% PCE) in PCE for all configurations, but 2C
architecture is preferred for better retention of Jsc than 3C architecture. Light-soaking tests done
from glass-side did not retain 80% initial PCE for both dual and triple cation architectures. Light-
soaking done from ETL/TCO-side showed retention of 80% initial PCE in case of 2C perovskite.
Among the tested configurations, it is concluded that dual cation-C60 architecture is the more
resilient option. The characterization done by XRD, and photoluminescence did not show sufficient
evidence for material degradation that may be from long-term exposure to stressors.

To justify this difference in performance with illumination side, their recombination mechanisms
are studied to determine IF and a by light intensity measurements. The a parameter drops for
glass-side illumination but does not change significantly for ETL/TCO-side. This establishes the
presence of carrier collection problems and potential degradation of HTL layer under UV or blue
spectrum over long-term exposure from glass-side exposure.

For further studies, several recommendations are presented. i) To conduct further experiments to
study the possibility of ion migration, like XPS ii) To perform advanced microscopy tests like cross-
section SEM to detect interface issues like delamination iii) Incorporation of FTPS, capacitance-
voltage and electroluminescence methods to throw more light on the recombination mechanisms
iv) Performing trap density calculations by measuring Space Charge Limited Current (SCLC) v)
Incorporation of alternative UV filters to discriminate wavelength dependency of degradation
mechanism vi) Replacement of HTL material.
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